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pH-Responsive wormlike micelles based on
microstructural transition in a C,,-tailed cationic

surfactant—aromatic dibasic acid system

Pengxiang Wang, Wanli Kang,@* Hongbin Yang,* Xia Yin, Yilu Zhao, Zhou Zhu

and Xiangfeng Zhang

pH-Responsive wormlike micelles based on microstructural transition, and formed by complexation of N-
erucamidopropyl-N,N-dimethylamine (UC,,AMPM) and potassium phthalic acid (PPA) at a molar ratio of
2:1, were developed and compared with CTAB/PPA at the same molar ratio. Phase behavior,
viscoelasticity, and microstructural transitions of solutions were investigated by observing their
appearance, rheological characteristics, dynamic light scattering, and *H NMR measurements. It was
found that the phase behavior of UC,,AMPM/PPA solutions undergoes transitions from transparent
viscoelastic fluid to phase separation with white floaters upon increasing pH. By increasing pH from 2.01
to 6.19, the viscosity of wormlike micelles in the transparent solutions continuously increased and
reached ~1.4 x 10° mPa s at pH 6.19. As pH was adjusted to 7.32, the opalescent solution showed

a water-like flowing behaviour and the 7o rapidly declined to ~1.7 mPa s. The viscosity of the CTAB/PPA
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Accepted 23rd July 2017 solutions had a maximum at pH 2.98 and then decreased with increasing pH. This radical variation in

rheological behavior is attributed to the pH dependent hydrophobicity of PPA and ultra-long

DOI: 10.1039/c7ra07000d hydrophobic chain of UC,,AMPM. Additionally, dramatic viscosity changes of about 6 magnitudes can be
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Introduction

Wormlike micelles (WLMs) have attracted growing interest due
to their unique properties in the past few years.'” These types of
micelles, with contour lengths ranging from several nanometres
up to several micrometres, are usually self-assembled from
aqueous surfactant solutions. They may overlap and entangle to
form three-dimensional network structures which exhibit
viscoelastic properties. Hitherto, the fascinating properties of
WLMs render them extremely useful in many aspects of
industrial applications including oil production,'*** drag
reduction agents,**** and drug delivery.">"”

Recently, particular interest has been focused on the design
of WLMs that are responsive to external stimuli, such as pH,">
CO,,»*?¢  light,”* and temperature.®**** These stimuli-
responsive viscoelastic fluids produced by WLMs can find
applications in transmission clutches,* shock absorbers,*
vibration control,>” human muscle stimulators, and clean frac-
turing fluids."** Compared to other external stimuli, pH is
a simple and economical trigger for controlling viscoelasticity of
WLMs solutions. To date, pH-responsive WLMs have been
mainly formed by mixing a cationic surfactant and a low
molecular weight hydrotrope that screen electrostatic
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triggered by varying pH without any deterioration for the UC,,AMPM/PPA system.

repulsions between the surfactant charged headgroups. Among
these hydrotropes, phthalic acid has been widely used. For
example, Lin et al.* introduced potassium phthalic acid (PPA)
as a pH-responsive hydrotrope into the cationic surfactant
cetyltrimethylammonium bromide (CTAB) solution to design
pH-responsive WLMs. This viscoelastic fluid can be switched
between a highly viscoelastic solution and a water-like solution
within a narrow pH range, which was attributed to a transition
from WLMs to short cylindrical micelles. More recently, Rose
et al.*® proposed pH-dependent changes in the micellar binding
ability of phthalic acid as the key factor regulating reversible
switching between liquid-like and gel-like states on adjusting
the pH of cetylpyridinium chloride (CPC)/phthalic acid solu-
tions. However, the viscosity of these systems decreased rapidly
with an increase of pH when the pH was more than 3.00. And
none of these experiments focused on understanding the
microstructural changes and underlying molecular interactions
that brought about the pH-responsive rheological behavior
(Scheme 1).

Scheme 1 The chemical structure of N-erucamidopropyl-N,N-
dimethylamine (UC,,AMPM).
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Since these surfactants, which are bearing hydrophobic
chains shorter than C,g, cannot form wormlike micelles spon-
taneously by themselves, the addition of organic or inorganic
hydrotropes is inevitably necessary.*** To address this, several
kinds of surfactants that bear a C,,-tail have been investi-
gated.**™*® Protonated N-erucamidopropyl-N,N-dimethylamine
(UC,,AMPM) is a cationic surfactant which can form the WLMs
without any hydrotropes when pH is less than 6.20, and the
addition of an inorganic polyacid improved the formation of
“oligomeric” surfactants which significantly increased visco-
elasticity of the system.>*” But the combination of UC,,AMPM
and PPA has not been reported so far, and we believed this ultra-
long hydrophobic chain will have an unusual impact on the
performance of the mixed system.

Consequently, we investigated pH-responsive structural
changes in aqueous UC,,AMPM/PPA solutions through
a combination of observing their appearance, rheology,
dynamic light scattering (DLS), and "H NMR measurements.
Our results show an unexpected rheological behavior with
changing pH and offer new insights into microstructural
evolution controlling self-assembly in cationic surfactant-
aromatic dibasic acid mixtures.

Experimental

Materials

UC,,AMPM with purity greater than 99.0% (HPLC) was
synthesized based on a procedure previously reported.*” Cetyl-
trimethylammonium bromide (CTAB), potassium phthalic acid
(PPA), hydrochloric acid (HCI) and sodium hydroxide (NaOH)
were all analytical grades and purchased from Beijing Chemical
Company (China). Water used was triply distilled by a quartz
water purification system. All reagents were used without
further treatment.

Sample preparation

Samples were obtained by mixing 30 mM UC,,AMPM with
15 mM PPA in distilled water; then it was well-mixed and fol-
lowed by magnetic agitation for several minutes. The pH values
of the UC,,AMPM/PPA system were regulated by adding HCI
and/or NaOH aqueous solutions dropwise. Generally, for freshly
prepared wormlike micellar solutions, the samples were left at
room temperature for at least 1 day prior to measurements. The
CTAB/PPA system was prepared in the same manner as
described above.

Rheology

Rheological experiments were performed on a Physica MCR 301
(Anton Paar, Austria) rotational rheometer equipped with
a searle-type concentric cylinder geometry CC27 (ISO3219).
Samples were equilibrated at the temperature of interest for no
less than 20 min prior to measurements. Dynamic frequency
spectra were conducted in the linear viscoelastic regime of the
samples, as determined from dynamic stress sweep measure-
ments. The temperature was set to +0.1 °C accuracy using
a Peltier temperature control device.
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Dynamic light scattering (DLS)

DLS was performed with a spectrometer (ALV-5000/E/WIN
Multiple Tau Digital Correlator) and a Spectra-Physics 2017
200 mW Ar laser (514.5 nm wavelength). The scattering angle
was 90°, and the intensity autocorrelation functions were
analyzed by using the methods of Contin.

H NMR

'"H NMR was carried out in solutions of D,O with Mercury Plus
300 MHz. The NMR measurement was carried out at 25 °C.

Results and discussion
Comparison of zero-shear viscosity variations induced by pH

The effect of pH on zero-shear viscosity (n,) variation of the
UC,,AMPM/PPA system is shown in Fig. 1. The 7, is ~2.8 X 10*
mPa s at pH 2.01 for 30 mM UC,,AMPM/15 mM PPA solution.
When the pH was increased to 6.19, the 5, reached to ~1.4 x
10° mPa s, which was improved about 50 times and nearly
enough to support its own weight. When further increasing the
pH, the 7, rapidly declined to ~1.7 mPa s and this character
remained almost unchanged up to pH 9.17. As a comparison,
the 7y of 30 mM CTAB/15 mM PPA was also investigated. It is
noteworthy that this solution showed a volcano change when
pH was increased from 2.01 to 6.19, while the viscosity of the
UC,,AMPM/PPA system increased monotonously in that same
pH range. Furthermore, the 7, of CTAB/PPA is smaller than that
of the UC,,AMPM/PPA solution at the same pH; the reason may
be due to different structures of the two surfactants. Compared
with CTAB, UC,,AMPM has an ultra-long hydrophobic carbon
chain. Thus, an increase in the aggregate parameter p can be
expected,*®* and the formation of larger aggregates with low
curvature is more favored. The variation of 7, also reflects that
pH has a significantly different effect on these two systems,
since the chemical structures of two surfactants are without any
variation within the pH range from 2.01 to 6.19. Therefore, we
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Fig.1 The appearance and zero-shear viscosity variations induced by pH.
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speculate that the radical variations in rheological behavior
between the two systems were caused by the pH-sensitivity of
PPA.

pH-Responsive viscoelastic behavior in UC,,AMPM/PPA
system

As mentioned above, pH has an extra significant effect on the 7,
of the UC,,AMPM/PPA system, so the rheological properties of
this system under different pH conditions were further studied.
As shown in Fig. 2a, when the pH ranged from 2.01-6.71, it can
be seen that all solutions show shear-thinning behavior when
the shear rate exceeds a critical shear rate, indicating the
presence of WLMs in all solutions. When the pH is higher than
7.32, the apparent viscosity of the solution remains constant
regardless of the shear rate, which is typical of Newtonian fluid.
It is known that viscosity is related to the type and morphology
of various aggregates, and the viscosity variation of the UC,,-
AMPM/PPA solution has an abrupt massive change which
reflects growth first and then sharp decrease of the wormlike
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Fig.2 Effect of pH on steady (a) and dynamic (b) rheological curves for
the 30 mM UC,,AMPM/15 mM PPA solutions at 25 °C.
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micelles. The plots of the elastic (G’) and viscous modulus (G”)
are shown as a function of oscillatory shear frequency (w) for
UC,,AMPM/PPA solutions at different pH in Fig. 2b. All solu-
tions exhibit a typical viscoelastic response and the viscoelas-
ticity of them is attributed to entanglement of long WLMs to
form a transient network. It is easy to see that the viscoelastic
behavior of these solutions are like a strongly elastic gel where
the values of G’ are always higher than G” when the pH ranged
from 2.01 to 6.19. The relaxation time 7z can be determined
from the reciprocal of the frequency at the crossover of G’ and
G", which is proportional to the average micelle length.
However, the w, values of UC,,AMPM/PPA solutions are too low
to detect, so the relaxation time 7y is extremely long.

Results of microstructure variations at different pH values
can be derived from the macroscopical pH-responsive rheo-
logical behaviors of the UC,,AMPM/PPA aqueous system. To
further confirm micelle transition from a micro perspective,
DLS measurements were carried out to investigate the micro-
scopic structures at four different pH values. As demonstrated
in Fig. 3, the average hydrodynamic radius of 13.5 nm gained at
initial pH 2.01. When pH increased to 4.02, two peaks in the
plot appeared with average hydrodynamic diameters of 21.0 nm
and 4800.7 nm, respectively. This phenomenon indicates that
different growth degrees of micelles are coexistent at that pH.
Then, the two peaks continued moving right and the intensity of
50.7 nm decreased with an increase at 5559.6 nm when pH
arrived at 6.19, demonstrating that the micelles gain sufficient
growth. However, the peaks move back left and the intensity of
higher average hydrodynamic radius almost disappeared with
a continued increasing of the pH to 6.71, which can be ascribed
to deprotonating of the tertiary amine and more neutral UC,,-
AMPM occurring in the system. It is also shows the average
diameter size as a function of pH (Fig. 3 insert). The average
diameter size of aggregates in the UC,,AMPM/PPA aqueous
system rose with pH to reach a maximum value and then
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Fig. 3 Effects of pH on the average hydrodynamic diameter of the
aggregates at 25 °C. Inset: the average diameter size as a function of
pH.
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Fig. 4 Species distribution resulting from an aqueous solution of PPA
at 25 °C.

declined, implying that the aggregates undergo growth and
destruction procedures with increasing pH. The rheological
performance of the system was consistent with the test results.

Microstructural transition induced by pH

As mentioned above, we speculate that the structural changes in
PPA lead to differences between these two systems. As the pH
increased with addition of NaOH, PPA molecules were gradually
transformed into DPPA. Fig. 4 shows species distribution of PPA
solutions varying with pH values. It is illustrated that PPA and
DPPA are the main existence forms for UC,,AMPM/PPA and
CTAB/PPA solutions when pH values are around 2.96, and higher
than 5.40, respectively. In pH ranges from 4.15 to 6.19, the
content of PPA gradually decreased with an increase of DPPA.
The solubility of DPPA (~1.5 M) is larger than that of PPA
(~0.7 M) due to the special molecular structure of two ionized

0
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Fig. 5
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carboxylic acid moieties.* Thus, it can be suggested that DPPA
is more hydrophilic than PPA and cannot effectively insert
between the surfactant tails acting like hydrotropes to moder-
ately increase the volume of the lipophilic chain. As a result,
a loose packing between hydrocarbon chains was adapted in the
CTAB/PPA system, and short cylindrical micelles were formed
when pH was larger than 3.56. However, UC,,AMPM can form
wormlike micelles spontaneously on its own. While DPPA
cannot insert between the surfactants, the headgroups can
promote further closing with each other due to electrostatic
attraction and elimination of steric hindrance of the benzene
ring. This intermolecular interaction makes DPPA and UC,,-
AMPM behaved as “pseudo” Gemini surfactants, and a tight
packing between hydrocarbon chains was adapted in the
UC,,AMPM/PPA system. Consequently, this leads to the growth
of larger WLMs and the enhancement of corresponding
viscosities. Further increasing the pH to larger than 6.19 drops
the viscosity rapidly due to deprotonation of the tertiary amine
and disintegration of the WLMs. In summary, molecular
structure and hydrophobicity of PPA was influenced by pH,
which may result in a variation of molecular interactions
between surfactants and hydrotropes. As a result, two different
pH-responsive macroscopic rheological properties can be ob-
tained by surfactants with different tails. A representative
scheme is illustrated in Fig. 5.

NMR spectroscopy is a powerful tool for investigating the
association between a hydrotrope and amphiphile in aqueous
solutions from the viewpoint of chemical shifts.***> The 'H
NMR spectra of 15 mM PPA in the presence and absence of
30 mM UC,,AMPM at different pH values are shown in Fig. 6.
With the addition of UC,,AMPM, different degrees of peak shift
are observed at pH 6.19, 5.02, 4.02, and 3.56.

It can be noted that the protons on an aromatic ring show an
apparent shift with addition of UC,,AMPM: the proton H,
shifted upfield while the proton H, shifted downfield. A similar

KL o=/
|

Schematic representation of microstructures transition mechanism induced by pH in the UC,,AMPM/PPA system.
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——UC,,AMPM / PPA

Fig. 6 Proton resonances for 30 mM UC,,AMPM/15 mM PPA solution at different pH values.

result was also found in CTAB/PPA aqueous solutions.*® H; was
exposed to bulk water and experienced a polar environment in
the absence of UC,,AMPM; however, with addition of UC,,-
AMPM, proton H; undergoes from a polar environment to
a nonpolar environment and as a result the NMR signal shifted
upfield. The parameter Ad was applied to better discuss the
effect of pH interaction between UC,,AMPM and PPA, which
was proposed by Huang and defined as®

Ao=0 —0

where ¢ and 6 are the chemical shifts of the proton on the PPA
aromatic rings in the absence and presence of UC,,AMPM,
respectively. As discussed above, the signal shift change Ad was
caused by changes in the chemical environment. In turn, the
value of A¢ can scale the environment of PPA qualitatively.

A plot of Aé (H,) and Aé (H,) as a function of pH value is
shown in Fig. 7. Note that the signal shift change Aé for both Hy
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e —e—H,
—=—H,
~0.1r -
g e
£ ~.
Sool !
-0.1 I / _
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Fig. 7 Variation of proton chemical shift change Aé on the aromatic
ring at different pH.

This journal is © The Royal Society of Chemistry 2017

and H, is gradually reduced as the pH rises. Considering that Ad
was caused by changes in chemical environment, decrease of Ad
(H;) and Aé (H,) means that the environment of aggregates
transfers from a nonpolar environment to polar environment,
and confirms that DPPA entered the aqueous phase from
a micelle with an increase of pH.

Cryo-TEM images of UC,,AMPM/PPA solutions are shown in
Fig. 8. When the pH is 2.01, there are high-density wormlike
micelles with relatively shorter lengths in the solution and the
flexible worms can also entangle with each other to form
aggregates of networks. When the pH increases to 6.19 (Fig. 8b),
the length of micelles can reach to hundreds of nanometres or
even several micrometres. The micelles are also found to over-
lap with each other and entangle to form three-dimensional
network structures.

The above results reflect the remarkable effects of pH on the
viscoelastic behaviors of a UC,,AMPM/PPA solution. As we can
see, the rheological properties of the solution can also be
reversibly switched via a facile way of tuning pH through the
addition of acid or base in small amounts (Fig. 9). The viscosity
of a solution changes between ~1.4 x 10° and ~1.7 mPa s and,
at the same time, the flow state of the solution turns between
gel-like and water-like states for at least three cycles without any
deterioration. This high pH sensitivity and reversible control of
rheological properties may greatly facilitate practical applica-
tions of such a responsive viscoelastic fluid.

Fig. 8 Cryo-TEM images for 30 mM UC,,AMPM/15 mM PPA at pH
2.01 (A) and 6.19 (B).
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Fig. 9 pH-Switchable viscosity of 30 mM UC,,AMPM/15 mM PPA
solution at 25 °C.

Conclusions

A pH-responsive wormlike micelle based on a “pseudo” Gemini
surfactant was developed by complexation of UC,,AMPM and
PPA with a molar ratio of 2 : 1 and compared with a CTAB/PPA
system. The UC,,AMPM/PPA system has a wider range of pH-
responsiveness and a different variation of viscosity; the
appearance of aqueous states with a pH range of 2.01 to 9.17
depends on hydrophobicity of PPA and ionization of UC,,-
AMPM. Rheological results and "H NMR spectroscopy corre-
spondingly revealed the microstructure's transition. The
viscosity of the UC,,AMPM/PPA system is much higher and
adjustable because of the variation from monomer to
a “Gemini” surfactant. The WLMs system also has excellent pH
reversible ability for at least 3 circles of pH regulation, which is
very important for its practical applications.
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