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Macroscopic properties of amphiphilic systems can be reversibly controlled by tailoring micellar

morphology via appropriate choice of additive and external stimulus. In this work we report an aqueous

micellar system showing pH responsive viscoelasticity and optical properties. pH sensitive behaviour of a

phenolic acid, namely, ortho-coumaric acid (OCA) is effectively utilized to tune self-assembly in

cetyltrimethylammonium bromide (CTAB) solution. Reversible switching between colourless, gel-like

state and fluorescent green colour, liquid-like state can be attained by pH adjustment. pH dependent

changes in bulk properties and the microstructures responsible for the behaviour were studied by means

of rheology, UV-vis and fluorescence spectroscopic techniques, small angle neutron scattering (SANS)

and cryogenic transmission electron microscopy (cryo-TEM). Rheological studies suggested transition

between viscoelastic fluid and Newtonian liquid or vice versa, with specific changes in pH. Viscoelasticity

of the system is attributed to the presence of entangled threadlike micelles. pH sensitive interactions

between surfactant micelles and phenolic additive is regarded as the key factor regulating the

morphological transitions and related flow behaviour in CTAB–OCA solution.
1. Introduction

The phenolic analogues of cinnamic acid are naturally occur-
ring products distributed among a wide variety of plants.
Relying on their ability to scavenge free radicals, development
of anticancer drugs from phenolic acids is an active area of
research.1 Certain positional isomers of hydroxy cinnamic acid
can act as strongly binding counter-ions which can dramatically
modify the aggregation properties of surfactants in aqueous
medium.2 The unique properties of surfactant based micelles
attract a great deal of interest due to their ease of preparation
and reversible response to various external stimuli. There are
ample works referring to the ability of strongly binding counter
ions to modify effectively the viscoelastic properties of surfac-
tant systems by aiding the elongation of micelles.3–5 Threadlike
(“wormlike”) micelles are one of the most fascinating
morphologies resulting from amphiphilic self-aggregation.
Entanglement of long worms into a transient network can
induce viscoelastic properties to the solution. The ability of
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entangled threadlike micelles (TLMs) to break and reform
reversibly under shear enables their use in thickening and drag
reducing applications.6–8 Gel-like appearance with non-
Newtonian ow behaviour makes wormlike micelles distinctive
from their spherical analogues. Spherical micellar solution is
characterized by water like uidity and shear independent New-
tonian viscosity.9 Inter conversion between spherical and worm-
like morphologies is generally accompanied with a dramatic shi
in ow behaviour. The ortho isomer of hydroxy cinnamic acid
(ortho-coumaric acid, OCA), when introduced to an aqueous
micellar solution containing the cationic surfactant, cetyl-
trimethylammonium bromide (CTAB), showed the ability to
increase the viscosity of the system signicantly. Higher
concentrations of the acid are capable of bringing viscoelasticity
to the system. Ortho-coumaric acid, with an aromatic ring
bearing two nearby polar substituents, can effectively bind to the
palisade layer of surfactant micelles, thereby transforming the
spherical micelle to threadlike geometry.

Recently there has been much interest in developing switch-
able TLMs for stimuli-responsive applications. External stimuli
such as temperature, light, pH, redox coupling etc., can reversibly
control the ow properties by tailoring micellar morphology in
solution.10–15 Among those parameters, pH is of particular interest
in industrial and pharmaceutical areas due to the ease of execu-
tion and quickness of reversibility. Most of the related reports
involve the use of pH responsive polymeric hydrogels or synthetic
amphiphiles bearing pH sensitive functional groups.16,17 High
cost, complexity of synthesis and low yield narrow down their
RSC Adv., 2015, 5, 11397–11404 | 11397
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Scheme 1 Chemical structures of (a) cetyltrimethylammonium
bromide and (b) ortho-coumaric acid.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 T

ec
hn

io
n 

- 
Is

ra
el

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 1

7/
09

/2
01

6 
11

:1
6:

07
. 

View Article Online
practical applicability. pH-responsive wormlike micelles are
nowadays getting accepted as simple and cost effective alterna-
tives for strategies involving tedious synthetic procedures. Huang
and co-workers have demonstrated the smart choice of different
aromatic counter-ions for constructing switchable TLMs, active at
different pH ranges.18 This motivated us to inspect the possibility
of developing the current system, comprising of CTAB and OCA as
a pH tunable uid. Interestingly, the system showed pH sensitive
ow properties along with colour and uorescence switching. The
system can be switched between colourless, gel-like state and
uorescent green coloured, liquid-like state by pH adjustment.

In most of the pH switchable uids fabricated through the
incorporation of pH responsive additives to amphiphiles, the
response is elicited in the form of perceptible changes in the ow
behaviour. The use of phenolic additives to induce pH respon-
siveness to micellar uid is not much discussed in the literature.
In strongly alkalinemedium, phenolic compounds tend to exist as
phenoxide ion which alters the extent of aqueous solubilisation
and mode of interaction with surfactant micelles.19 In addition,
phenoxide ions induce colour and uorescence properties to the
system which can be modulated via pH. Since phenoxide forma-
tion is a strong function of pH, the mode of surfactant–additive
interaction and optical properties of the solution can be
controlled through pH adjustments. Thus, phenolic compounds
are attractive additives to surfactant solutions to design smart
uids showing duel response to pH changes. In the present study
ortho-coumaric acid is specically selected because of its struc-
tural similarity to strongly binding counter ions. No complex
synthesis is required to incorporate pH sensitive moiety to the
surfactant micelles. pH triggered changes in viscoelasticity and
optical properties were investigated by means of rheology, UV-vis
and uorescence spectroscopic techniques. Self-assembled
structures, responsible for the changes in ow properties were
identied using small angle neutron scattering (SANS) and cryo-
genic transmission electron microscopy (cryo-TEM).
2. Experimental section
2.1 Materials

Cetyltrimethylammonium bromide (CTAB) and ortho-coumaric
acid (OCA) were purchased from BDH England (99% assay) and
Alfa Aesar England (99.5% assay) respectively. All the chemicals
were used as received. Samples were prepared in deionized
Milli-Q water and kept in a water bath at 45 �C with stirring for
about one hour for homogeneity. The resulting samples were
stored at room temperature for at least one day before running
experiments. pH of the solution was adjusted by adding micro
volumes of aqueous solutions of NaOH or HCl (Nice Chemicals,
India) and measured using Systronics digital pH meter-335
(�0.01). Scheme 1 shows the chemical structures of CTAB and
OCA.
2.2 Rheological measurements

Rheological measurements were performed on an MCR-301
rheometer (Anton Paar, Germany) with a parallel plate (50 mm
diameter) or double gap cylindrical measuring system. Sample
11398 | RSC Adv., 2015, 5, 11397–11404
temperature was maintained to the accuracy of �0.01 �C. The
viscosities of samples were obtained from steady shear
measurements with shear rate ranging from 0.001–100 s�1.
Dynamic frequency spectra were obtained in the linear visco-
elastic regime of each sample as determined by strain sweep
measurements. Frequency sweep measurements were performed
in the angular frequency range of 0.05–100 rad s�1. All the
measurements reported here were carried out at 30 �C.

2.3 UV-vis spectroscopy

UV-visible spectra were recorded on a double beam spectro-
photometer (Systronics, 2202) at room temperature, using
quartz cuvette.

2.4 Fluorescence spectroscopy

Fluorescence spectra of surfactant solutions at different pH
values were obtained with LS 45 uorescence spectrometer
(PerkinElmer) at room temperature. The excitation wavelength
used was 385 nm.

2.5 SANS

SANS experiments were carried out using SANS diffractometer
at Dhruva Reactor, Bhabha Atomic Research Centre, Trombay.
The mean wavelength of the incident neutrons is 5.2 Å and the
angular distribution of the scattered neutrons were recorded
using a one dimensional position sensitive detector. The
diffractometer covers the scattering wave vector, q range of
0.017–0.032 Å�1. The sample was loaded in a quartz cell of
0.5 cm path length and in all the measurements the tempera-
ture was kept xed at 30 �C. The differential scattering cross
section per unit volume, I(q) of the sample was determined from
the measured scattered neutron intensity as per the standard
procedure.20

2.6 Cryo-TEM

Vitried cryo-TEM specimens were prepared in a controlled
environment vitrication system (CEVS), at a controlled
temperature and xed relative humidity (100%). It is 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
This journal is © The Royal Society of Chemistry 2015
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in the minimal electron dose mode by a Gatan US1000 high
resolution cooled CCD camera with the digital micrograph
soware package.
Fig. 2 Oscillatory shear rheology of 100 mM CTAB/x mM OCA
samples with relatively high OCA concentration. Filled symbols
represent G0 and open symbols represent G00. Solid line is a fit to
Maxwell model.
3. Results and discussion
3.1 Rheological studies

Flow properties of surfactant solution depend strongly on the
morphology of aggregates present in the system. It is well known
that the cationic surfactant CTAB forms spherical micelles in
aqueous medium and shows water-like viscosity, at relatively low
surfactant concentration.21 Strongly binding additives can visco-
sify CTAB solution by bringing the elongation of micelles. OCA is
an aromatic additive with sparing solubility in water.22 But
aqueous solubility of OCA was enhanced considerably in pres-
ence of CTABmicelles. In addition, the viscosity of CTAB solution
was found to increase with successive increase in the concen-
tration of OCA. The effect of OCA concentration on the steady
shear rheology of a xed concentration of CTAB solution (100
mM) is presented in Fig. 1. Samples with low OCA concentration
showed shear independent Newtonian ow behaviour and
viscosity comparable with that of water. On increasing the addi-
tive concentration, the zero shear viscosity was found to increase
and samples with relatively high OCA concentration exhibited
shear thinning behaviour at high shear rates. Shear thinning
behaviour is an indication of the existence of transiently net-
worked structures in the system which can undergo reversible
disruption under shear.23 The transient mesh resulting from the
entanglement of long micelles (TLMs) can bring viscoelastic
properties to the system.

Viscoelastic nature of micelle solution can be better inferred
from the dynamic rheological measurements. TLMs are typical
examples for Maxwell uids with single relaxation time. The
variation of elastic modulus (G0) and viscous modulus (G00) with
oscillatory shear frequency (u) for Maxwellian uids is given as

G0 ¼ u2sR2

1þ u2sR2
G0 G00 ¼ usR

1þ u2sR2
G0 (1)
Fig. 1 The steady shear rheological response of 100 mM CTAB/x mM
OCA system at varying concentrations of OCA.

This journal is © The Royal Society of Chemistry 2015
where G0 is the plateau modulus (steady value of G0 at high
frequency) and sR is the relaxation time.24 Oscillatory shear
rheology at three different additive concentrations is shown in
Fig. 2. A remarkable shi in the cross over frequency (uc,
frequency at which G0 and G00 cross) towards low frequency
region can be seen with increase in additive concentration. This
signies an increase in relaxation time (sR ¼ 1/uc), which in
turn, hints the elongation of micelles. Data obtained for 100
mM CTAB/70 mMOCA was tted to Maxwell equations. Though
the t is not excellent, typical pattern, exhibiting a viscous
nature at low u and an elastic nature at high uwith a plateau for
G0 and minimum for G00, is closely followed by sample. Such
behaviour was not strictly followed by samples with lower OCA
concentration. Shear thinning behaviour observed in the steady
shear rheology along with the Maxwell type pattern obtained in
the oscillatory shear measurement suggest that high concen-
tration of OCA is capable of inducing viscoelasticity to 100 mM
CTAB solution by aiding the elongation of micelles. Adjacent
Fig. 3 The steady shear rheological response of 100 mM CTAB/40 mM
OCA sample at different pH values.

RSC Adv., 2015, 5, 11397–11404 | 11399
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positioning of two polar functional groups (carboxyl and
hydroxyl groups) on the aromatic ring enables the strong
binding of OCA molecules to CTAB micelles.25 Binding of
sufficient number of additive molecules offers effective charge
screening to cationic micelles and bring micellar elongation.

100mMCTAB/40mMOCA sample, with relatively low viscosity
but sufficient additive concentration to show pronounced
response to pH, was chosen in order to investigate the effect of pH
on CTAB–OCA micellar system. The steady shear rheology of the
sample at different pH values is presented in Fig. 3. At pH 2.9, the
sample showed relatively low viscosity (z0.04 Pa s). On increasing
the solution pH to 5, huge increase in viscosity (z600 Pa s) and an
explicit shear thinning non-Newtonian ow pattern were
observed. However on further increase in pH to 9, a signicant
drop in viscosity (z0.001 Pa s) occurred, and the sample followed
shear-independent Newtonian ow pattern.

When 100mMCTAB/40mMOCA sample is at and around its
native pH (z2.9), OCA molecules are only weakly ionised and
poor electrostatic interaction with CTAB micelles is expected. In
addition, the selected concentration of OCA is not sufficient to
bring strong viscoelasticity to the system via hydrophobic
interaction. So the morphology at this pH is limited to
ellipsoidal/short cylindrical micelles, which is manifested as
the low viscosity and nearly Newtonian ow behaviour of the
system at low pH values. The carboxylic acid group of OCA can
be ionised depending on the solution pH. Progressive depro-
tonating of OCA molecules take place on increasing the pH by
adding NaOH.26 More ionised molecules can offer better charge
screening to cationic surfactant heads. With the aromatic ring
and ionised carboxylic acid group, OCA can bind more effec-
tively to CTAB micelles through both hydrophobic effect and
electrostatic attraction which leads to micellar elongation and
eventually brings viscoelasticity to the system. This is evident
from the increase in viscosity of 100 mM CTAB/40 mM OCA
sample with increase in pH.

Very high viscosity and viscoelasticity observed for the
sample around pH 5 can be explained in terms of the pKa value
of OCA (¼4.61).27 Above pKa, major fraction of OCA molecules
Fig. 4 Dynamic rheology of 100 mM CTAB/40 mM OCA sample at
three different pH values. Filled symbols represent G0 and open
symbols represent G00. Solid line is a fit to Maxwell model.

11400 | RSC Adv., 2015, 5, 11397–11404
exists as carboxylate anions. Hence maximum CTAB–OCA
interaction occurs around pH 5. Shear thinning behaviour
observed for 100 mM CTAB/40 mM OCA sample at pH 5 suggest
the presence TLMs in the system. The dynamic rheology of the
sample at this pH (Fig. 4) satisfactorily ts with Maxwell
behaviour which conrms the presence of TLMs.

Some fascinating changes were observed on increasing the
pH further to alkaline range. Colourless sample turned green
and viscosity started decreasing with successive increase in
pH beyond 5. Shear thinning behaviour disappeared around pH
9 and the sample exhibited Newtonian ow pattern (Fig. 3) with
viscosity close to that of water (z0.001 Pa s). Maxwell behaviour
was poorly followed by the sample at alkaline pH. A shi in the
cross over frequency towards high frequency region was
observed in the dynamic rheology of 100 mM CTAB/40 mMOCA
sample on increasing the pH beyond 5 (Fig. 4). This signies an
increase in uidity and hence the reduction in micellar length.
Thus, the sample is switched from a viscoelastic uid to watery
liquid on increasing the pH from 5 to 9. This switching can be
reversibly controlled by modulating the pH between 5 and 9 by
the addition of minute volumes of aqueous NaOH or HCl.

Different mechanisms such as second dissociation of dibasic
additive,18 quarternization of tertiary amine group attached to
the surfactant,28 variations in the net charge of amino acid type
additives29 etc., were proposed to explain the pH-switchable ow
properties in aqueous micellar solution. In most of such
reported systems the authors suggested pH sensitive threadlike
to spheroidal/short cylindrical micellar transition as the phys-
ical reason behind the drastic viscosity drop. The additive used
in the present system is a phenolic acid bearing both –COOH
and –OH functional groups. In alkaline solution, phenolic
compounds tend to exist in the phenoxide form due to the
possibility of resonance stabilization. Hence the reversible
formation of phenoxide ions in basic medium could be the
plausible chemistry behind the observed viscosity-drop in
CTAB–OCA system at elevated pH values. The better aqueous
solubility of phenoxide ions lead to progressive leaching out of
additive molecules from themicellar surface to the surrounding
medium upon increasing the pH. This will either result in
shortening of micellar length, or makes the system more ex-
ible by catalysing entanglement scission.30
3.2 Spectroscopic studies

The macroscopic appearance of the sample at different pH
values is shown in Scheme 2. In acidic pH range, sample
appeared colourless. On increasing the pH to the alkaline range,
sample changed to a uorescent green coloured liquid.
UV-visible spectrum of the sample at different pH values is
presented in Fig. 5. Two absorption peaks were observe in the
acidic pH, one at 271 nm and the other at 317 nm. No charac-
teristic absorption was observed in the visible region. Both n/

p* and p/ p* transitions are expected in phenolic acids.31 The
absorption peak at 317 nm could be due to the presence of
unsaturated carboxylic acid group on the benzene ring in OCA.
On increasing the pH to the alkaline range, the absorption peak
at 317 nm exhibited a red shi towards the visible region, and
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Fluorescence emission spectra of diluted solutions of 100 mM
CTAB/40 mM OCA at different pH values.

Fig. 7 Change in zero shear viscosity (measured at 30 �C) and fluo-
rescence emission intensity (at 490 nm) of sample during repeated

Scheme 2 Changes in additive structure, micellar morphology and
macroscopic appearance of the sample with pH variation.

Fig. 5 UV-vis spectra of diluted solutions of 100 mM CTAB/40 mM
OCA at different pH values.
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the sample changed to a water-like liquid with uorescent
green colour.

The variation in uorescence emission of the sample at
different pH values are plotted in Fig. 6. At pH 2.9, a weak
uorescence emission was observed at 437 nm (when excited at
385 nm). A red shi in uorescence emission was noticed on
increasing the pH by adding minute volumes of NaOH. Beyond
pH 5, an additional uorescence emission peak was observed at
490 nm. On further increase in pH, the emission intensity of
peak at 490 nm increased, whereas the peak at 437 nm dimin-
ished. Above pH 7, only the peak at 490 nm persisted, and
showed continuous increase in intensity with pH. In short, the
sample progressed from nearly colourless, viscoelastic uid to
deep uorescent green coloured, viscous liquid upon increasing
the pH from 5 to 9. Both the red shi in absorption and the
This journal is © The Royal Society of Chemistry 2015
successive increase in intensity observed in the uoresce
emission of CTAB–OCA samples upon increasing the pH
suggest phenoxide formation and resonance stabilization.
Phenoxide ions formed in alkaline solution, together with the
unsaturated carboxylate group, extend the conjugation on OCA
considerably, and shi the absorption towards the visible
region. This contributes towards the coloured appearance and
enhanced uorescence at high pH.

Both the rheological properties and uorescence of the
system can be reversibly controlled by the addition of minute
volumes of NaOH or HCl. Fig. 7 shows the variation of zero
shear viscosity and uorescence emission intensity by reversible
control of pH between 5 and 9. The system retains its viscosity
and uorescence without much deviation even aer being
switched three times.

3.3 SANS studies

pH dependent changes in the ow behaviour of CTAB–OCA
micellar solution, as inferred from rheological studies, strongly
cycles of pH variation.

RSC Adv., 2015, 5, 11397–11404 | 11401
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suggest morphological transitions in the microscopic level. In
order to investigate the structural features, SANSmeasurements
were performed at selected pH values. Fig. 8 shows the SANS
spectra obtained for 100 mM CTAB/40 mM OCA sample at
different pH values. The spectra at pH 2.9 shows a correlation
peak in the low q region (at q� 0.032 Å�1) which is an indication
of repulsive interaction between charged micellar heads.32 An
increase in the scattering intensity and disappearance of
correlation peak were seen at pH 5, which strongly suggest
scattering from well screened and elongated micelles. Re-
appearance of a broad peak, indicating some modications in
the micellar interaction, was observed at pH 9. Prolate ellip-
soidal model was used for the analysis of SANS data. For mono
disperse micelles, the coherent differential scattering cross
section dS/dU is given by the equation33,34

dS/dU ¼ n(rm � rs)
2V2[hF(q)2i + hF(q)i2(S(q) � 1)] + B (2)

where n is the number density of micelles, rm and rs are scat-
tering length densities of micelle and solvent respectively and V
is the volume of the micelle. F(q) is the single particle form
factor and S(q) is the inter-particle structure factor. B is a
constant that represents the incoherent scattering background.
For ellipsoidal micelles, the single particle form factor can be
obtained from35,36

D
FðqÞ2

E
¼

ð1
0

h
Fðq; mÞ2dm

i
(3)

hFðqÞi2 ¼
� ð1

0

Fðq;mÞdm
i2�

(4)

Fðq;mÞ ¼ 3ðsin x� x cos xÞ
x3

(5)

x ¼ q[a2m2 + b2(1 � m2)]1/2 (6)

where a and b are the semi-major and semi-minor axis of the
ellipsoidal micelle respectively and m is the cosine of the angle
Fig. 8 SANS profiles of 100mMCTAB/40mMOCA sample at different
pH values (measured at 30 �C). Solid line represents fit to the model
used for data analysis.

11402 | RSC Adv., 2015, 5, 11397–11404
between the directions of a and the wave vector transfer q. The
inter-particle structure factor S(q) species the correlation
between the centres of different micelles and is the Fourier
transform of the radial distribution function g(r) for the mass
centre of the micelle. The calculation of S(q) for any shapes other
than spheres is complicated. Hence, for S(q) calculations, prolate
ellipsoidal micelles are assumed to be a rigid equivalent spheres
of diameter s¼ 2(ab2)1/3 interacting through a screened Coulomb
potential. The dimensions of micelle were determined from the
model tting of SANS data. The values of semi minor axis (b¼ 20
Å) and semi major axis (a ¼ 45 Å) obtained from large q data
analysis of the SANS spectrum of 100 mM CTAB/40 mM OCA
sample at pH 2.9 suggest the presence of ellipsoidal micelles in
the system. A considerably high value of semimajor axis (az 164
Å) was obtained for the sample at pH 5. But the semi minor axis
(b ¼ 20 Å) remained unaltered, which supports the uniaxial
elongation of micelles. On increasing the pH further to 9, a
decrease in the semi major axis to 65 Å, hinting a reduction in
micellar length, was observed. When TLMs with length longer
than a few tens of nanometers are formed by one-dimensional
elongation, the main feature of SANS spectra is limited to the
cross-sectional radius of the micelle.27 So the values obtained for
semi-major axis may not match with the exact length of the TLM.
However, the observed spectral features and trend of calculated
micellar dimensions, strongly support the notion of pH induced
structural transitions in the system.
3.4 Cryo-TEM observation

Transmission electron microscopy under cryogenic conditions
is the most desirable technique for the direct visualisation of
micellar morphology.37 From the results of rheological investi-
gation it is clear that mode of CTAB–OCA interaction and
subsequent micellar elongation depend on the extent of
aqueous ionisation of OCA molecules. Aqueous ionisation in
turn, is a strong function of pH of the medium. The progressive
increase in the zero shear viscosity of the system up to around
rst pKa of OCA strongly supports this notion and suggests
structural progression from ellipsoidal/short cylindrical
micelles to long TLMs on increasing the pH till pKa. The smart
feature of the system i.e., reversible switching between colour-
less, viscoelastic uid and uorescent water like liquid, occurs
beyond rst pKa. SANS results indicate that aggregates at pH 9
are shorter than those at pH 5. According to the literature
viscosity reduction beyond peak viscosity can be due to various
reasons such as micellar shortening/disintegration,38 branching
of TLMs,39 increased concentration of free counter ions in the
bulk phase making the TLMs more exible30 etc. So in order to
conrm unambiguously the structural transition responsible
for the switching between gel-like and water-like state with in
the pH range 5–9, we carried out the cryo-TEM imaging at pH 5
and pH 9. The images are presented in Fig. 9. Very long micelles
responsible for the high viscosity and viscoelasticity of sample
can be clearly seen at pH 5 (Fig. 9a). TLMs are aligned along the
shear ow due to sample preparation procedure. Spheroidal
micelles or micellar end caps are rarely observed in the imaged
area. At pH 9, network of highly exible and overlappedmicelles
This journal is © The Royal Society of Chemistry 2015
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are present in the sample. Several dark spots are also visible
which could be either spherical micelles or TLM end caps. This
suggests that micelle length has reduced on increasing the pH
to 9. These observations are in qualitative agreement with the
SANS results. Considerably high value of semi-major axis and
absence of correlation peak in the SANS spectrum obtained for
the sample at pH 5 suggest scattering form long micelles.
Reduction in semi-major axis and appearance of a broad peak
in the SANS spectrum on increasing the pH to 9 are consistent
with the presence of shortened micelles.

Cryo-TEM image conrms that the shear thinning ow
behaviour and Maxwell-like rheology observed for the sample at
pH 5 are due to the presence of very long TLMs which can align
under shear.

The zero shear viscosity of the sample at pH 9 (z0.001 Pa s)
is similar to that of purely spherical micellar solution. But the
cryo-TEM image of the sample revels that the system is not fully
devoid of TLMs. Spherical aggregates are coexisting with exible
TLMs. So in addition to shortening of micelles, the increased
exibility of TLMs could also contribute towards the reduction
in viscosity. One mechanism that has been proposed to explain
the drop in viscoelastic properties of TLMs is the ‘ghost-like
Fig. 9 Cryo-TEM images of 100 mM CTAB/40 mM OCA sample at (a)
pH 5 and (b) pH 9 (scale bar: 50 nm, spherical micelle is indicated using
arrow in b).

This journal is © The Royal Society of Chemistry 2015
crossing’ through entanglement point.40–42 According to this
model, TLMs can pass one another via fusion at the entangle-
ment positions. This process is catalysed by the collision of free
counter ions in the bulk phase with TLMs. Thus increased
concentration of counter ion in the bulk phase quickens the
relaxation process (reduces sR) leading to a drop in viscoelas-
ticity. As discussed earlier, phenoxide ions formed in the
alkaline solution tend to desorb from micelle surface into
surrounding water medium there by increasing the counter ion
concentration in the bulk than on micellar surface. This, in
addition to cause shortening of micelles, promotes the ghost-
like crossing mechanism. Water-like viscosity and Newtonian
ow pattern exhibited by the 100 mMCTAB/40 mMOCA sample
at pH 9, in spite of the presence of a signicant proportion of
TLMs as observable in the cryo-TEM image, support this
opinion.

Changes in additive structure and micellar morphology
responsible for the pH tunable behaviour of 100 mM CTAB/40
mM OCA sample is summarised in Scheme 2. Relatively low
viscosity, nearly shear independent ow behaviour and the
SANS prole of the sample indicate the presence of ellipsoidal
micelles as the predominant morphology at and around pH 2.9.
Rheological results and cryo-TEM observation strongly suggest
the existence of long TLMs, inducing high viscosity and visco-
elasticity to the sample, at pH 5. As the pH is around the pKa of
OCA, maximum ionisation and micellar binding is expected.
Non-readily owing nature of the sample at pH 5, in an inverted
vial, can be seen from the photograph. Colour and uorescence
property exhibited by the sample in alkaline medium suggest
the existence of OCA in the phenoxide form. Cryo-TEM image
revealed the coexistence of spherical micelles and TLMs in the
sample at pH 9. Better aqueous solubility of phenoxide ions
contributes towards reduction in micellar length and increased
exibility of TLMs. Since the extent of ionisation and micellar
binding of OCA depend on solution pH, aggregate morphology
and bulk properties of CTAB–OCA micellar solution can be
tuned by pH adjustments.

4. Conclusions

Manipulation of micellar morphology and properties like
rheology, uorescence etc., by simple tuning of pH, reported in
this work, is facile and cost effective. Both the surfactant and
additive used are easily available, and the production of
switchable micelles in the system needs no complicated
synthetic procedure. In addition, the counter-ion used in the
system possesses native uorescence and interesting pharma-
cological activities. The novelty of the system lies in the colour
and uorescence switching observed along with the viscosity
changes. The sample changes from colourless viscoelastic uid
to strongly uorescent liquid on increasing the pH from 5 to 9.
Using rheology, UV-vis spectroscopy, uorescence spectroscopy,
cryo-TEM and SANS, it was hypothesised that the pH respon-
siveness originates from phenoxide formation and subsequent
leaching out of counter ions from micellar interface favouring
the formation of highly exible micelles. pH switchable
TLMs are widely used for industrial formulations, such as drag
RSC Adv., 2015, 5, 11397–11404 | 11403
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reducing agents, thickeners etc. TLMs with native uorescence
switching properties are rarely reported in the literature. Since
the additive used is anti-oxidative, proper replacement of the
current surfactant with non-cytotoxic analogues will make the
system biocompatible, and will enable different kinds of
biomedical applications.43,44
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