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Abstract. Structural transitions triggered by pH in an aqueous micellar system comprising of a cationic
surfactant (cetylpyridinium chloride) and an aromatic dibasic acid (phthalic acid) was investigated. Re-
versible switching between liquid-like and gel-like states was exhibited by the system on adjusting the
solution pH. Self-assembled structures, responsible for the changes in flow properties were identified using
rheology, light scattering techniques and cryogenic Transmission Electron Microscopy (cryo-TEM). High-
viscosity, shear-thinning behavior and Maxwell-type dynamic rheology shown by the system at certain pH
values suggested the growth of spheroidal/short cylindrical micelles into long and entangled structures.
Light scattering profiles also supported the notion of pH-induced microstructural transitions in the solu-
tion. Cryo-TEM images confirmed the presence of spheroidal/short cylindrical micelles in the low-viscosity
sample whereas very long and entangled thread-like micelles in the peak viscosity sample. pH-dependent
changes in the micellar binding ability of phthalic acid is proposed as the key factor regulating the mor-
phological transformations and related flow properties of the system.

1 Introduction

Sensitivity of surfactant micelles to external stimuli has
drawn considerable interest in the area of soft matter re-
search, owing to the ease of designing switchable fluids.
External stimuli, which trigger reversible fluidity changes
in surfactant solutions, can be light, temperature, pH,
salt or electric field [1–7]. Among these, pH is widely ac-
cepted as a facile and economic trigger for fabricating tun-
able fluids by tailoring the aggregation properties of sur-
factant micelles [8–11]. Thread-like micelles (TLMs) are
one of the most fascinating morphologies resulting from
amphiphilic self-aggregation. Entanglement of sufficiently
long TLMs into a transient network can induce viscoelas-
tic properties to the solution. The ability of entangled mi-
celles to break and reform reversibly under shear enables
their use in thickening and drag reducing applications [12–
14]. Very high zero shear viscosity and non-Newtonian
flow behaviour make TLMs distinctive from their spherical
analogues. Spherical micellar solution generally possesses
water-like viscosity and shear-independent Newtonian flu-
idity. Inter conversion between spherical and thread-like
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morphologies can be achieved by the wise choice of addi-
tives and stimuli.

Herein we report a systematic study of pH-stimulated
structural progressions in aqueous cationic micellar sys-
tem comprising of cetylpyridinium chloride (CPC) as the
surfactant and phthalic acid (PhA) as the additive. The
cationic surfactant CPC is an active antiseptic and emul-
sifying ingredient in many personal care products [15]. Ph-
thalic acid with polar carboxylic groups on an aromatic
ring can be considered as a strongly binding counter ion.
Polar aromatic additives are well known for their abil-
ity to get adsorbed on to the palisade layer of cationic
micelles and transforming them to rod-like or thread-
like geometry [16,17]. Huang and co-workers have demon-
strated the efficiency of potassium phthalic acid to pro-
mote structural growth of cetyltrimethylammonium bro-
mide (CTAB) micelles into long and entangled structures
in aqueous medium and proposed a facile route to de-
sign pH-switchable fluids, by making use of surfactant-
hydrotrope interaction [10]. CPC is quite distinctive from
CTAB, in terms of its head group, counter ion, hydropho-
bicity and micellization capabilities. As the head group
size of the surfactant determines the packing of monomers,
a different packing is expected in the case of CPC and
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CTAB. Also, with aromatic pyridinium salts, there would
be delocalization of charge and less charge shielding com-
pared to trimethyl ammonium salts. These factors will
obviously influence the additive binding, growth pattern
and overall viscosity of the system [18]. This motivated
us to carry out a systematic study of the pH-dependent
changes in CPC-phthalic acid system and to explore the
microstructural features using light scattering techniques
and cryo-TEM imaging. We observed that, without any
pH modifications, higher concentrations of phthalic acid
are capable of inducing high viscosity and viscoelasticity
to CTAB solution. But such a dramatic viscosity growth
was not observed in CPC-PhA solution even at equimo-
lar concentration. Samples exhibited Newtonian flow be-
haviour in all mixing fractions, which suggested the pres-
ence of spherical or short cylindrical micelles in the sys-
tem. The presence of charged and bulky pyridinium head
groups restricts close packing and elongation of CPC mi-
celles [19]. Also, the charge screening offered by PhA
molecules to CPC micelles, at its native pH, is insuffi-
cient to bring enormous elongation of micelles. However,
on increasing the solution pH, a perceptible increase in
viscosity was observed. Around pH 3 the system exhib-
ited Maxwell-type viscoelastic response, as expected for
TLMs. Beyond this pH, the system reverted back to low
viscosity Newtonian fluid as reported in the case of CTAB-
potassium phthalic acid system. Thus a cyclic transition
between spherical and long cylindrical morphologies can
be assumed in CPC-PhA solution on moving within pH
range of 1.8–5.5. By proper adjustment of solution pH,
reversible switching between water-like and gel-like states
(from very low pH to pH 3) or the other way round (from
pH ≈ 3 to higher values) can be achieved in the system.

The ability of polar additives to assist the formation of
elongated structures in aqueous micellar solution depends
on the extent of ionization and hydrophobicity. Aromatic
acids with two distinct pKa values can show different
modes of micellar interaction at different pH values [10,
11]. This leads to pH-sensitive fluidity changes, since each
micellar morphology is characterized by its own flow pat-
tern. The flow behaviour of CPC-PhA system at different
pH values was studied by both steady shear and dynamic
rheology. Steady shear approach measures the sample re-
sponse to a constant shear rate and helps to construct
the flow curve of the material whereas a deeper analysis
of the viscoelastic properties can be achieved by dynamic
rheological measurements [20]. The dynamic rheological
data obtained for CPC-PhA samples at around pH 3 re-
sembled Maxwell-type stress relaxation shown by TLMs.
Dynamic light scattering studies revealed a progressive in-
crease in the apparent hydrodynamic diameter of micelles
till pH 2.9. Thereafter a reduction in hydrodynamic di-
ameter was observed. These observations are consistent
with the pH-induced structural changes in the system.
The results from small angle neutron scattering at differ-
ent pH values also supported the notion of pH triggered
morphological transitions in CPC-PhA system. Finally,
the coexistence of spherical and cylindrical micelles in the
low viscosity sample and the presence of long and entan-
gled TLMs in the high-viscosity sample were confirmed

Fig. 1. Chemical structures of (a) cetylpyridinium chloride
and (b) phthalic acid.

by cryo-TEM imaging. Thus, this work provides strong
experimental evidences for pH switchable structural evo-
lutions in aqueous CPC-PhA micellar solution.

2 Materials and methods

2.1 Materials and sample preparation

CPC and phthalic Acid were purchased from BDH Eng-
land (99% assay) and Sigma Aldrich (99.5% assay) respec-
tively. 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 exper-
iments. pH of the solution was adjusted by adding mi-
cro volumes of aqueous solutions of NaOH or HCl (Nice
Chemicals, India) and measured using Systronics digital
pH meter-335 (±0.01). Figure 1 shows the chemical struc-
tures of CPC and PhA.

2.2 Rheological measurements

Rheological measurements were performed on an MCR-
301 rheometer (Anton Paar, Germany) with a parallel
plate measuring system (50mm diameter). Sample tem-
perature was maintained to the accuracy of ±0.01 ◦C. All
the experiments reported below were conducted at a fixed
temperature of 25 ◦C. The viscosities of samples were ob-
tained from steady shear measurements with shear rate
ranging from 0.001 to 100 s−1. Dynamic frequency spec-
tra were obtained in the linear viscoelastic regime of each
sample as determined by strain sweep measurements. All
the frequency sweep measurements were performed in the
angular frequency range of 0.05–100 rad/s.

2.3 UV-vis spectroscopy

UV-visible spectra were recorded on a double beam spec-
trophotometer (Systronics, 2202) using quartz cuvette.
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2.4 Fluorescence spectroscopy

Fluorescence spectra were obtained with LS 45 fluores-
cence spectrometer (PerkinElmer) using Nile Red as the
fluorescence probe. 2.5 μM Nile Red was added to the sur-
factant solutions and stirred for 24 hours to reach equilib-
rium. The excitation wavelength of Nile Red was 575 nm
and the fluorescence emission was monitored for surfac-
tant solutions of different pH.

2.5 Dynamic Light Scattering (DLS)

DLS measurements were performed using Malvern 4800
Autosizer employing 7132 digital correlator (Malvern IN-
struments UK) at scattering angle of 130◦. A vertically
polarized light of wavelength 532 nm from a diode pumped
solid state laser was used as the incident beam. The in-
tensity correlation function was analyzed by the method
of cumulants, where unimodal distribution of relaxation
of time is considered.

2.6 Small Angle Neutron Scattering

Neutron scattering 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 diffractome-
ter 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 the sample temperature was main-
tained at an accuracy of ±1 ◦C. The differential scattering
cross section per unit volume, I(q) of the sample was de-
termined from the measured scattered neutron intensity
as per the procedure described elsewhere [21].

2.7 Cryo-TEM

Vitrified cryo-TEM specimens were prepared in a con-
trolled environment vitrification system (CEVS), at a con-
trolled temperature and fixed 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, oper-
ated at 120 kV, using a Gatan 626 cryo-holder system. Im-
ages were recorded digitally in the minimal electron dose
mode by a Gatan US1000 high resolution cooled CCD
camera with the digital micrograph software package.

3 Results and discussion

CPC is a well-known cationic surfactant capable of form-
ing spherical micelles in aqueous medium. Certain strongly
binding counter ions like sodium salicylate can aid the for-
mation of long worm-like micelles in CPC solution [22,23].

Fig. 2. Steady shear viscosity plot for 100mM CPC/80mM
PhA solution at different pH values.

We investigated the effect of phthalic acid, an aromatic di-
carboxylic acid, on micellar growth in aqueous CPC sys-
tem. The aqueous solubility of PhA is enhanced consid-
erably in the presence of CPC, but no dramatic change
in viscosity was observed visually. Though viscosity mea-
surements revealed a slight viscosity increment on pro-
gressive addition of PhA to CPC solution, the solution
remained water-like. Even 100mM CPC/80mM PhA so-
lution showed a shear-independent Newtonian behaviour.
But a dramatic change in viscosity was observed on grad-
ually increasing the solution pH. Initially the water-like
solution transformed to a viscoelastic fluid with gel-like
appearance but, beyond certain pH values the water-like
fluidity was re-established. The steady shear rheological
response of 100mM CPC/80mM PhA solution at selected
pH values is presented in fig. 2.

At pH 1.8 the solution was Newtonian with low viscos-
ity, hinting the presence of spherical or short cylindrical
micelles. On increasing the pH, zero shear viscosity showed
an upward shift and a shear-thinning non-Newtonian flow
pattern was observed around pH 3. Shear-thinning be-
haviour is typical of TLMs which can align under flow [24].
For the pH 2.9 sample, shear thinning started at lower
shear rates. However with further increase in pH, zero
shear viscosity decreased and the critical shear rate above
which shear thinning begins shifted back to higher values.
Shear-independent Newtonian flow pattern was observed
again form pH 5.3 onwards.

Figure 3 shows the variation of zero shear viscos-
ity with the solution pH. Viscosity reached a maximum
at pH 2.9 and decreased thereafter. The initial viscos-
ity growth along with the onset of shear-thinning be-
haviour suggests a structural modification of the small
micelles to long and entangled worm-like micelles upon
increasing the pH. A turnover in viscosity trend was ob-
served beyond pH 2.9. Such peak behaviour in viscosity
is widely reported in worm-like micellar literature and is
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Fig. 3. Variation of zero shear viscosity versus pH for 100 mM
CPC/80mM PhA solution.

interpreted in terms of various phenomena such as mi-
cellar disintegration, branching or formation of bilayered
structures [25–27].

The shear-thinning behaviour exhibited by the sam-
ple at certain pH values is a strong indication of existence
of transiently networked structures in the system which
can undergo reversible disruption under shear. The tran-
sient mesh resulting from the entanglement of elongated
micelles can bring viscoelastic properties to the system.

Viscoelastic nature of micelle solution can be better in-
ferred from the dynamic rheological measurements. TLMs
are typical examples for Maxwell fluids with single relax-
ation time. The variation of elastic modulus (G′) and vis-
cous modulus (G′′) with oscillatory shear frequency (ω)
for Maxwellian fluids is given as

G′ =
ω2τ2

R

1 + ω2τ2
R

G0, (1)

G′′ =
ωτR

1 + ω2τ2
R

G0, (2)

where G0 is the plateau modulus (steady value of G′ at
high frequency) and τR is the relaxation time [28].The re-
sponse of 100mM CPC/80mM PhA solution under oscil-
latory shear at different pH values are presented in fig. 4.

Maxwell-type behaviour, exhibiting a viscous nature at
low ω and an elastic nature at high ω with a plateau for
G′ and minimum for G′′, was closely followed at pH 2.9.
Deviation from Maxwell behaviour was observed at high
frequency. Such a deviation from the Maxwell pattern is
predicted for worm-like micelles in terms of the Rouse
mode relaxation at high frequency regime as shown by
Granek and Cates [29]. In the low-frequency region the
relaxation mechanism is governed by reptation and scis-
sion mode which strictly follows the Maxwell pattern [30].
At other pH values shown here, the sample exhibited a
large deviation from Maxwell behaviour over the entire

frequency range. Sample response showed a shift in the
crossover frequency (ωc, frequency at which G′ and G′′

cross) to higher-frequency region above pH 2.9. This sig-
nifies a reduction in relaxation time (τR = 1/ωc) which in
turn hints a shortening of micellar length beyond pH 2.9.
Agreement to Maxwell model can be further confirmed
by semi-circular shape of Cole-Cole plot (plot of G′′ as a
function of G′). The semicircle nature can be expressed
as [31]

G′′2 +
(

G′ − G0

2

)2

=
(

G0

2

)2

. (3)

The Cole-Cole plots for 100mM CPC/80mM PhA solu-
tion at different pH values are given in fig. 5.

The sample closely followed a semi-circular pattern
at pH 2.9, but deviated considerably at other pH val-
ues shown in the plot. Oscillatory shear response of the
samples together with the high viscosity observed in the
steady shear rheology suggests the existence of entangled
worm-like micelles in the system at and around pH 2.9.
The departure from Maxwell behaviour, sequential reduc-
tion in relaxation time and the over turn in viscosity trend
beyond pH 2.9 intimate shortening of the micellar length
on further pH increment, eventually leading to the re-
establishment of water-like state similar to the original
solution (100mM CPC/80mM PhA solution without any
pH modification).

UV-vis measurements were performed to investigate
the changes in spectral pattern upon increasing the pH.

As shown in fig. 6, aqueous phthalic acid solution
showed an absorbance maximum at 281 nm. This peak
was retraced by the CPC–phthalic acid solution in its na-
tive pH, along with an additional peak at 258 nm with
a shoulder, which corresponds to the UV absorption by
CPC. A change in the absorbance pattern can be clearly
noted in the spectrum obtained for CPC/PhA solution
with pH > 5.5, which is in agreement with the forma-
tion of disodium phthalic acid at higher pH [10]. Thus the
transformation of phthalic acid to di-ionised form in solu-
tion with pH above its second pKa (5.43) can be inferred
from the changes in the UV absorption behaviour.

Dynamic light scattering measurement was performed
to get an insight of change in apparent hydrodynamic di-
ameter of the aggregated structures with specific changes
in pH. The intensity-weighed distribution of apparent hy-
drodynamic diameter is presented in fig. 7.

Up to pH 2.9, a successive shift towards a larger diam-
eter region can be observed. This suggests an anisotropic
growth of micelles to rod-like or to thread-like struc-
tures [19]. However, a backward shift towards the lower di-
ameter region occurred on further increasing the pH to 5.5
which indicates shortening of micelles. DLS profile recom-
mends that the pH-dependent changes in flow behaviour
can be ascribed to the morphological transition between
short and elongated micelles.

In order to further identify the microstructural fea-
tures responsible for the pH-induced rheological changes,
SANS analysis was performed on 100mM CPC/80mM
PhA solution. Samples were made in D2O to get the re-
quired contrast between micellar structures and solvent.
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Fig. 4. Frequency spectrum of 100 mM CPC/80mM PhA system at different pH values.

Fig. 5. Cole-Cole plot for 100mM CPC/80mM PhA solution
at different pH values.

SANS spectra obtained at three different pH values are
shown in fig. 8.

The scattering profile at pH 1.8 showed a broad cor-
relation peak in the low q region (at q ∼ 0.05 Å−1) which
is an indication of repulsive interaction between charged
micellar heads. The peak appeared at qm ∼ 2π/d, where
d is the average distance between micelles and qm is the
value of q at the peak position [32]. Significant rise in the
scattering intensity and disappearance of correlation peak
was seen at pH 2.9, implying an increase in the micellar di-
mension and decrease of effective charge per micelle. These
observations along with the q−1 dependence as shown in
fig. 8 strongly suggest scattering from elongated micelles
at pH 2.9 [33]. Multiplication model, used to fit the exper-
imental values appears to be in good agreement with the
data (solid lines in fig. 8). The value of semi-minor axis ob-
tained from large q data analysis of the SANS spectrum
at pH 2.9 (b ≈ 20 Å) is comparable with the length of

Fig. 6. UV–vis spectra of dilute solution of phthalic acid in
the presence and absence of CPC.

hydrocarbon chain of CPC molecule [19]. A considerably
high value of semi-major axis (a ≈ 100 Å) hints at the
one-dimensional elongation of micelles. However a reduc-
tion in scattering intensity and a plateau at low q region
was observed in the SANS curve of the sample at a higher
pH of 4.8 which suggests the presence of smaller micelles.
The micelle radii obtained at this pH value with the aid of
ellipsoid model fitting (b ≈ 19 Å and a ≈ 30 Å) indicates a
reduction in the micellar length and the existence of short
rods or spherical micelles in the system. It can be seen
from fig. 8 that the SANS data at high q region remains
unaffected by pH changes, indicating a constant diameter
for the micelles. The results obtained from SANS analysis
are in good agreement with the rheology data, confirming
pH-triggered structural evolutions capable of modifying
the flow properties of 100mM CPC/80mM PhA solution
dramatically.
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Fig. 7. Intensity-weighed distribution of apparent hy-
drodyanamic diameter of aggregates in 100mM CPC/80mM
phthalic acid solution at different pH values.

Fig. 8. SANS profile for 100 mM CPC/80mM PhA solutions
with varying pH at 40 ◦C. Solid lines represent fit to the data
using models described in the text.

The alterations in the surfactant packing upon pH
modification are reflected by the vertical shifts in fluores-
cence intensity of Nile Red incorporated into the micellar
aggregates (fig. 9).

There was a perceptible increase in fluorescence inten-
sity with increase in pH. Nile Red is a lipophilic dye, the
fluorescence intensity of which varies depending on the hy-
drophobicity of the environment [34]. Noticeable increase
in Nile Red fluorescence intensity in the CPC/PhA so-
lution with successive increase in pH suggests that there
is an expansion in the hydrophobic core volume of the
micelles into which the stain is encapsulated. Elongated
micelles are characterised by higher packing parameter
(p = v/a0l, where v is the volume of hydrocarbon tail with
a maximum effective length l and a0 is the cross sectional
area of the head group at the interface) as compared to

Fig. 9. Fluorescence emission spectra of Nile Red (2.5 μM) in
100 mM CPC/80mM PhA solution at different pH values.

spherical micelles [35]. The high p value of TLMs signifies
increased volume of the hydrophobic micellar core. But
beyond pH 2.9 a reduction in fluorescence intensity is ob-
served indicating the shortening or disintegration of long
micelles leading to shrinkage of hydrophobic core volume.

Transmission electron microscopy under cryogenic con-
ditions is the most desirable technique for the direct vi-
sualisation of micellar morphology [36]. So in order to
confirm unambiguously the structural transition respon-
sible for the switching between water-like and gel-like
state, we carried out the cryo-TEM imaging of 100mM
CPC/80mM PhA solution at pH 1.8 and pH 2.9. The im-
ages are presented in fig. 10.

In fig. 10a, for the sample with unmodified pH (≈ 1.8),
coexistence of spheroidal and short cylindrical/thread-like
structures can be seen. From the steady shear rheology of
the sample at pH 1.8, it can be assumed that micelles
are not sufficiently long to induce viscoelasticity. The zero
shear viscosity of the sample at pH 1.8 (≈ 0.001Pa 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 thread-like structures. Shikata et
al. proposed that free counter ions in the bulk phase can
catalyse entanglement scission of long micelles, thereby
quickening the relaxation process and imparting high flu-
idity to the solution [37,38]. Since the selected concen-
tration of additive is comparatively high and the extent
of ionisation is weak, a larger fraction of unbound PhA
molecules in the bulk phase could also contribute towards
the water-like viscosity of the sample at low pH. Very long
and entangled micelles responsible for the high viscosity
and viscoelasticity of sample can be clearly seen at pH 2.9
(fig. 10b). Dark spots seen along with the entangled struc-
tures could be micellar end caps. Cryo-TEM images along
with the Maxwell-type rheology strongly confirm that the
viscoelasticity exhibited by the sample around pH 3 is due
to the presence of highly entangled TLMs.
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Fig. 10. Cryo-TEM images of 100 mM CPC/ 80 mM PhA sample at (a) pH 1.8 and (b) pH 2.9 (scale bar: 100 nm).

With the support of rheology, UV spectroscopy, flu-
orescence studies, DLS, SANS and cryo-TEM, the pH-
sensitive rheological evolutions in the present micellar sys-
tem can be ascribed to the cyclic structural transition
between globular or short TLMs and highly entangled
TLMs. The inability of PhA to bring viscoelasticity to
CPC solution without the aid of pH modifications is obvi-
ous from the low-viscosity and Newtonian flow behaviour
of the 100mM CPC/80mM sample at pH 1.8. Phthalic
acid is an aromatic dicaroxylic acid with two distinct pKa

values, 2.94 and 5.43, respectively [39]. Solution pH can
significantly influence the extent of ionization of PhA.
100mM CPC/80mM phthalic acid solution possesses a
native pH of 1.8. At this pH, phthalic acid is weakly ionised
and lesser extent of micellar binding is expected. On in-
creasing the pH by adding NaOH, ionisation of PhA oc-
curs to a larger extent. At pH close to the first pKa of
phthalic acid (2.94), the major structure will be sodium
phthalic acid. With an aromatic ring bearing ionised car-
boxylic moiety, sodium phthalic acid can act as a strongly
binding counter ion, which can effectively screen the head
group charge thereby promoting enormous elongation of
micelles. Under this circumstance, most of the hydrotrope
ions will be in the micelle-bound state and fewer ions
are available for catalysing entanglement scission. So the
stress relaxation in the system is relatively slow, leading to
very high viscosity and Maxwellian viscoelasticity. There
are strong evidences for the formation of TLMs in aque-
ous micellar system comprising cationic surfactants and
strongly binding aromatic counter ions [40,41,25]. Both
the cryo-TEM image and SANS data support the exis-
tence of TLMs in the system around pH 3. With further
increase in pH, sodium phthalic acid might transforms into
disodium phthalic acid, as the solution approaches second
pKa of PhA, which is 5.43. Presence of two ionised car-
boxylic acid moieties modifies the hydrophilicity of ph-
thalic acid resulting in increased solubility of disodium

phthalic acid in water. The preference of disodium ph-
thalic acid for aqueous medium reduces its binding to mi-
celle surface resulting in the desorption of bound counter
ions to water phase. The successive reduction in relax-
ation time and viscosity is a strong indication of progres-
sive leaching out of phthalic acid molecules from the mi-
celle surface on gradually increasing the pH to 5.5. This
results in the shortening of micelles and recurring of water-
like flow behaviour. Increased availability of free counter
ions in the bulk water phase also contribute towards mak-
ing the system more flexible. The structural transitions
in micellar solution resulting from non-covalent counter
ion binding can be controlled reversibly. The responsive-
ness of present micellar solution to pH favours its applica-
tion as tunable fluid. The pH range within which gel-like
to water-like transition takes place in CPC–PhA system
(pH 2.9-5.5) was found to be similar to that reported for
CTAB-potassium phthalic acid system, as it is dependent
mainly on the pKa values and binding ability of the diba-
sic acid used.

In order to make a comparison, we studied the effect
of two other dicarboxylic acids, namely maleic acid and
terephthalic acid on the pH-dependent viscosity behaviour
of 100mM CPC solution. Both the acids showed a neg-
ligible effect on the viscosity of aqueous CPC micelles.
Maleic acid (MA), a non-aromatic dicarboxylic acid with
pKa values 1.92 and 6.23 [39] is fairly soluble in water.
100mM CPC/80mM MA solution showed water-like vis-
cosity over the entire pH range monitored, which hints
at the inability of MA molecules to offer effective charge
screening to CPC micelles. Due to better aqueous solubil-
ity, MA molecules preferably remain in the medium than
associating on to the CPC micelles. Increasing the pH
of the solution merely improves the dissociation of acid
molecules without altering the viscosity the system con-
siderably. Unlike PhA, an aromatic ring capable of in-
ducing hydrophobicity and promoting micellar binding is



Page 8 of 9 Eur. Phys. J. E (2015) 38: 4

absent in MA which could be the credible reason for the
insensitivity of 100mM CPC/80mM MA micellar solu-
tion to pH changes. Terephthalic acid (tPhA) is isomeric
with PhA. In PhA, the carboxylic acid groups are on ad-
jacent positions whereas in tPhA they are para to each
other. The geometrical features offer negligible dipole mo-
ment to tPhA and its water solubility in the absence of
any alkali is much less. So we selected a lower concen-
tration of tPhA (100mM CPC/5mM tPhA) for viscos-
ity studies. Apart from improving the water solubility
of tPhA, the increase of pH does not affect the viscos-
ity trend of the solution. Even though tPhA possesses
an aromatic ring to induce sufficient hydrophobicity, the
structural trait of the molecule hinders its proper binding
to CPC micelles even at high pH. The para-positioned
functional groups remain as a barrier for the aromatic
ring to bind to the micellar interface [42]. On the other
hand, in PhA, the geometry highly favours its micellar
binding.

The insignificant effect of MA and terephthalic acid
on the pH-dependent viscosity behaviour of CPC solu-
tion reveals that both the optimum hydrophobicity and
favourable geometry of PhA compliment the pH-sensitive
structural changes in CPC/PhA micellar solution.

4 Conclusion

pH-responsive changes in the aggregation behaviour of
CPC/phthalic acid micellar system in aqueous medium
are demonstrated. System showed a cyclic transition be-
tween water-like and gel-like states within the pH range
1.8–5.5. Variations in molecular interactions between the
surfactant and dicarboxlic acid at different pH values are
considered as the key reason for structural and rheolog-
ical modifications. Rheological results are in agreement
with the proposed structural transitions in the system.
Formation of elongated micelles at selected pH values and
their disintegration upon further increase of pH were con-
firmed through SANS analysis. The presence of entangled
TLMs responsible for the strong viscoelasticity of sample
around pH 3 was further confirmed by Cryo-TEM imag-
ing. The system can serve as a stmuli-responsive fluid with
reversible control over viscosity.
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