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Formation and Phase Transition of Hydrogel in
Zwitterionic/Anionic Surfactant System

Haiming Fan, *** Shuzhi Zhao, “ Bingcheng Li,“ Haijian Fan,* Wanli Kang* and
Jianbin Huang, *“¢

The phase behavior and microstructure in a mixture of zwitterionic surfactant N-hexadecyl-N,N-
dimethyl-3-ammonio-1-propane sulfonate (HDPS) and anionic surfactant sodium dodecylsulfate
(SDS) were studied. Macroscopic appearance, tube inversion test and rheological measurement
are employed to characterize the phase behavior and it was found hydrogel formed in an
appropriate total concentration (Cr) and molar percentage of SDS (Xsps) at 25 ‘C for HDPS/SDS
systems. Microstructures in the hydrogel were identified to be long wormlike micelle and small
spherical vesicles by transmission electron microscopy (TEM). The coexistence of wormlike
micelles and small vesicles brings an appropriate packing parameter (p), which makes the
wormlike micelles reach enough length and entangled to three-dimensional elastic hydrogel. The
HDPS/SDS hydrogel transforms into viscoelastic sol upon increasing temperature and the
determined gel-sol transition temperature (Tys) is around 30 C by optical and rheological
method. Besides, adding salt makes the wormlike micelle lengthened and the solution
rheological properties reinforced. Even it may induce a sol-gel phase transition for mixed

zwitterionic and anionic surfactant systems.

Introduction

Hydrogels have attracted considerable growing interest because
of their unique features and potential applications such as
sensors or optical scaffolds for
engineering®”, template for nanomaterial synthesis®® and

components,l’2 tissue
carriers for drug release and delivery”!®. The formation of
hydrogels has been well documented with biopolymers such as
collagen, hyaluromic acid, fibrin, alginate, F-actin and chitosan,
and also synthetic polymers generated from derivates of
poly(hydroxyethyl methacrylate) (PHEMA), poly(ethylene
glycol) (PEG), poly(vinyl alcohol), poly(acrylic acid),
poly(methacrylic acid), polyacrylamide and other derivated. '"
12 Gelation with polymeric gelators is believed to occur by
chemical and/or physical cross-linking of polymeric chains,
leading to the formation of a highly intertwined three-
dimensional network, which restrains water molecules by
surface tension. On the other hand, low-molecular-mass
hydrogelators create three-dimensional network structures

through molecular self-assembles driven by noncovalent

physical interactions and gelation results from a balance of

solubilization and crystallization.'*"!?

A wide variety of
molecular species have been discovered to act as hydrogelators
during the last few decades including amino acid derivates,

polypeptides, carbohydrate derivates, bile acid, lipids and

This journal is © The Royal Society of Chemistry 2015

surfactants. Compared to polymeric hydrogelators, these small
molecule hydrogelators offer the advantage of easily
controllable gel properties by changing parameters such as the
temperature, pH value, salinity or mechanical agitation.
Furthermore, they are easier to degrade than most polymers
which benefit biological application.

Surfactants are one particularly interesting class of
hydrogelators. '>'® Surfactant molecules are often well soluble
in water as well as they self-assemble into various aggregates
such as wormlike micelle,'”? vesicle,’*?® lamellar,??
nanofiber and microtube *°*®in aqueous solution above the so-
called critical micelle concentration. These aggregates have
shown the ability to build stable hydrogels. For example,
Gradzielski et al.*® studied the gel phase formed in
tetradecyldimethylamine oxide (TDMAO)/ tetradecyltrimethyl
-ammonium bromide (TTABr) mixed systems, and the
formation of hydrogel was attributed to densely packed
monodisperse and unilamellar vesicles. Gonzalez et al*
investigated the effect of pH on the phase behavior of sodium
dodecylsulfate (SDS)/lystine mixtures, and it was found
hundreds of micrometers long fibers entangled to form gels. Lin
et al.*® found that elastic hydrogel formed in a mixture of 1-
hexadecyl-3-methylimidazolium bromide (C16MIMBr) and
sodium salicylate (NaSal) and attributed it to the crystallization
of wormlike micelles. And more important, to achieve the
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required balance of solubilization and crystallization for
hydrogel formation, the interaction between the aggregates can
be modulated and optimized by careful adjusting environmental
factors (e.g., concentration, composition, temperature, pH, salt
et al) and the surfactant molecular structures (e.g., the nature of
the headgroup, the length and architecture of the hydrophobic
tail, the spacer length for Gemini and Bola surfactants).
Zwitterionic surfactants are interesting molecules owing to
their low toxicity, high foam stability and resistance to hard
water. ' 2% 347 1n previous works, Kumar et al.'” found that
elastic hydrogel formed by zwitterionic surfactant erucyl
dimethyl amidopropyl betaine(EDAB, C,;-unsaturated tailed)
and Chu et al. % also found hydrogel formed by concentrated 3-
(N-erucamido-propyl-N,N-dimethyl =~ ammonium) propane-
sulfonate (EDAS, Cj-unsaturated tailed) in the presence of
NaCl. The long-chain zwitterionic surfactants are hard to be
soluble in water, and the unsaturated carbon-carbon double
bond and amido group in the hydrophobic tail of EDAB and
EDAS can enhance the solubility, but also make the surfactant
easily to lose gelation activity by oxidation and hydrolysis. *°
For short-chain zwitterionic surfactants, it has been reported by
Lopez-Diaz et al., Qiao et al. and Fan et al. that viscoelastic
solution with wormlike micelles formed in the aqueous
mixtures of N-dodecyl-N,N-dimethyl-3-ammonio-1 -propane
sulfonate (DDPS, C,-saturated tailed) or tetradecyl dimethyl-
ammonium propane sulfonate(TDPS, C4-saturated tailed) and
SDS. 341
microstructure

Compared these reported phase behavior and

results of short-chain and long-chain
zwitterionic surfactant solutions, the microstructures are all
wormlike micelles, but the wormlike micelles formed by long-
chain zwitterionic surfactants are longer, which led to a
surprising result that the solutions behave like an elastic gel
with an infinite relaxation time and can support their own
weight. Herein, the phase behavior is studied in the mixed
system of zwitterionic surfactant N-hexadecyl-N,N-dimethyl-3-
ammonio-1-propane sulfonate (HDPS, C4-saturated tailed) and
anionic surfactant sodium dodecylsulfate (SDS). This selection
involves two important considerations, namely (i) using a
medium length saturated chain zwitterionic surfactant (HDPS)
to avoid insoluble and instability; (ii) adding anionic surfactant
to promote the formation of long wormlike micelle. It is found
that hydrogel formed in HDPS/SDS systems by changing the
total concentration (Ct) and molar percentage of SDS (Xgps).
Microstructures in the hydrogel are coexistence of long
wormlike micelles and small vesicles, which is why hydrogel
can be found in HDPS/SDS surfactant systems but not in
TDPS/SDS and DDPS/SDS surfactant systems. Moreover, the
effects of temperature and salt on the sol-gel phase transition
are investigated to understand the general rules for hydrogel

formation in mixed zwitterionic/anionc surfactant systems.

Experimental

Materials

N-hexadecyl-N,N-dimethyl-3-ammonio-1-propane sulfonate (HDPS,
J&K Chemical, >99%), N-tetradecyl-N,N-dimethyl-3-ammonio-1-
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propane sulfonate (TDPS, J&K Chemical, >99%), N-dodecyl-N,N-
dimethyl-3-ammonio-1-propane sulfonate (DDPS, Fluka, >97%),
sodium dodecylsulfate(SDS, Alfa Aesar, >99%), NaCl (Beijing
Chemical Co.,A.R. grade) were used as received. The water used
was bidistilled from potassium permanganate containing deionized
water to remove traces of organic compounds.

Sample Preparation

Samples were prepared by mixing the individual surfactant aqueous
solution directly in a test tube at certain total concentrations and
molar percentages of SDS. The molar percentages of SDS, Xspg, is
defined as Xgps=[SDS]/Cr, where Cr (mmol-L'") is the total
concentration of surfactants in the system. Then the desired amount
of inorganic salt was added to the tube. After sealing, these samples
were vortex-mixed and equilibrated at high temperature (~70°C) for
1 h to ensure complete solubility and uniformity. The resulting
mixture was maintained in a 25°C thermostatic bath at least for 72 h
before measurements. All measurements are performed at 25°C
without specific documented.

Rheology Measurements

The rheological properties of samples are measured with a
conventional rheometer (Physica MCR301, Anton Paar, Graz). A
cone-plate sensor is used with a plate diameter of 49.959mm, a cone
angle of 1° and a default gap of 0.047mm. A chamber that covers the

sample is used to avoid evaporation. Frequency sweep
measurements are carried out from 0.05 to 100 rad.s™ in the linear
viscoelastic region determined via dynamic strain sweep
measurements.

Transmission Electron Microscopy (TEM)

Micrographs were obtained with a JEM-100CX II transmission
electron microscope by negative-staining method using uranyl
acetate.

Transmittance Measurement

The transmittance measurements are obtained by using a Turbiscan
MA2000 (Formulaction, France) with a pulsed near-infrared light
source (A=880nm) to measure the average transmittance.*® The gel in
a test tube is placed in the instrument and the light transmitted from
the sample is then measured periodically along the height at different
temperature. The results are presented as the transmittance changes
as a function of sample height.

Results and discussion

Phase Behavior and Hydrogel Formation

The phase behavior of aqueous mixtures of HDPS and SDS at 100
mmol-L™" total concentration (Cy) was investigated for six different
molar percentages of SDS (Xsps) as shown in Fig.1. It has been
found that samples at Xspg=0.1 and Xgps=0.2 are transparent
viscoelastic isotropic solutions, which are the typical features of
samples containing wormlike micelles and similar with the previous
34 At Xgps=0.6,
the sample is opalescent viscoelastic solution with birefringence

reported results in TDPS/SDS surfactant systems.

viewed under crossed polarizer characterizing the existence of

This journal is © The Royal Society of Chemistry 2015
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lamellar phase. 51 These samples all flow to the bottom in the tube
inversion test. However, in the region with Xgpg ranging from 0.3 to
0.5, the samples are opalescent hydrogel that can support their own
weight in inverted tubes. It is worth noting that we also studied the
phase behavior of TDPS/SDS and DDPS/SDS surfactant systems at
the same conditions or more concentrated solutions, and hydrogel
can be only observed in HDPS/SDS surfactant system.
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formed and is in agreement with the macroscopic appearance results.
Fig.3b shows the values of G' and G" as a function of the total
concentration, and it has been found the hydrogel can be obtained at
the concentration larger than 30 mmol-L™" for Xgpg=0.4.

Fig. 1 Macroscopic appearance (a) and the tube inversion test (b) of HDPS/SDS
mixed surfactant solutions (G;=100 mmol-L").The numbers in the photos are the
molar percentages of SDS (Xsps).
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Fig. 3 Variation of elastic modulus (G', open symbols) and viscous modulus (G",
filled symbols) of HDPS/SDS mixed surfactant solutions with the mixed molar
percentage (a, (=100 mmol-L"l) and total concentration (b, Xsps =0.4) at a fixed
angular frequency (w=1 rad.s'l).
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Fig. 2 Frequency dependence of the elastic modulus (G'), viscous modulus (G")
and the complex viscosity (|n*|) of HDPS/SDS hydrogel (C;=100 mmol-L™, Xsps
=0.4).
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Fig. 4 TEM image of the HDPS/SDS hydrogel (C;=100 mmoI-L'l, Xsps =0.4).

The formation of hydrogel is further proved by dynamic
rheological measurement and the HDPS/SDS mixture at Xsps=0.4
was chose as illustration (Fig.2). It shows viscoelastic behavior in
which the elastic modulus (G') and the viscous modulus (G") slightly
change with the increase of frequency () and the complex viscosity
(|77*)) varies as |77*|~@ ", while the values of G' (~800 Pa) is always
larger than that of G" (~200 Pa) in the entire investigated frequency
range. From a rheological standpoint, these above results indicate an
elastic gel rheological behavior with infinite relaxation time for the
sample. 2 A study is also made of the effect of molar percentage
Xsps and total concentration on the G’ and G" of HDPS/SDS mixed
surfactant solutions. As is shown in Fig.3a, the G’ exceeding G" and
both values over 100 Pa are observed for Xgpg =0.3~0.5 at 100
mmol-L total concentration, which demonstrates the hydrogel

This journal is © The Royal Society of Chemistry 2015

Transmission electron microscopy (TEM) was employed to
study the microstructure in HDPS/SDS hydrogel. As is shown in
Fig.4, a large number of long wormlike micelles and small spherical
vesicles are observed, which gives a deeper understanding for the
above phase behavior results. Firstly, the mechanisms of aggregate
microstructures formation and transformation can be realized by the
well-known theory of packing parameter p, proposed by Israelachvili
et al.,>> > which has been widely and successfully used to explain
the aggregate microstructures in surfactant solutions: 1/3<p<1/2 for
cylindrical micelles, 1/2<p<1 for bilayer structures and p=1 for
planar extended bilayers. The synergistic interaction between
zwitterionic and anionic surfactants reduces the repulsion force
between surfactant headgroups and then increases the aggregate
packing parameter p. Hence, the wormlike micelles in HDPS/SDS
surfactant system grow in contour length and the aggregate
microstructures undergo transitions from wormlike micelle to
wormlike micelle/vesicle coexistence and then to lamellar structure
upon increasing Xsps as observed in Fig.1. Secondly, the coexistence
of wormlike micelles and small vesicles brings an appropriate
packing parameter p, which makes the wormlike micelles reach
enough length and entangled to three-dimensional elastic hydrogel.
Thirdly, the packing parameter p also increases with increasing the
hydrophobic tail length of zwitterionic surfactants. Thus, the

RSC Adv., 2015, 00, 1-7 | 3
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wormlike micelles formed in HDPS/SDS mixtures are longer than
those in TDPS/SDS and DDPS/SDS mixtures at the same condition.
That is why hydrogel can be found in HDPS/SDS surfactant systems
but not in TDPS/SDS and DDPS/SDS surfactant systems.

Thermo-reversible Sol-gel Phase Transition

The hydrogel formed in HDPS/SDS system undergoes gel-sol
transition similar to other surfactant-based hydrogel and the
microstructure transited from entangled long wormlike micelles to

. . . . 17, 18
short rodlike micelles upon increasing temperature.

This phase
transition process is first studied by an optical analyzer, Turbiscan
MAZ2000. The hydrogel was equilibrated at different temperature for
2h and the transmittance changes are detected as a function of
sample height for the HDPS/SDS hydrogel at C;=100 mmol-L™! and
Xsps =0.3. It can be seen from Fig.5a, at temperature below 28 C,
the sample is opalescent hydrogel and the transmittance approaches
to zero. As the temperature increases to 29 ‘C, the sample becomes
clearer and more light is transmitted, whereas it exhibits the
hydrogel characteristics by supporting its own weight in inverted
tubes. When the temperature is higher than 30 ‘C, the solution is
transparent fluid and about 90% incident light is transmitted. It can
be inferred that the system is in a sol state in this regime. The
transmittances at 20 mm sample height are presented as a function of
temperature in a stepwise heating-cooling cycle (Fig.5b). It is clearly
seen that the transmittance at each temperature can be repeated
simply by heating or cooling, which indicates that sol-gel phase
transition is thermo-reversible. Herein, the gel-sol transition
temperature (7,) is 30 ‘C for the HDPS/SDS hydrogel at Cr=100
mmol- L™ and Xgps=0.3 from the viewpoint of optical method.
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Fig. 5 The transmittance for the HDPS/SDS hydrogel (Gr=100 mmol-L?, Xsps =0.3)
at different sample height (a) and temperature (b).

The gel-sol phase transition of the above sample was further
studied with oscillatory rheological experiment. The elastic module
G' were continuous measured at 6.28 rad.s”' while heating at each
temperature for 400 s and then increasing to next temperature with

4 | RSC Adv., 2015, 00, 1-7

the speed of 0.01 “C.s". This procedure aims to give the sample
enough time to fully equilibrate at every temperature and reduce the
water evaporation by shortening the measurement time. Then, the
measured G' was normalized as plotted in Fig.6. For the HDPS/SDS
hydrogel at Cr=100 mmol-L" and Xsps =0.3, the normalized elastic
modulus (Gy') slightly decreases but still larger than 0.5 below 29 C,
which infers that the gel structure is kept. At 30 'C, G\' drops
dramatically over three-order of magnitude, suggesting that the gel is
transition to sol. All these results are in good agreement with the gel-
sol transition monitoring by optical method. As reported by many
researchers, the gel-sol transition temperature (7,) can be
determined from the sharp decrease of the Gy' curve in rheological
measurement. >> ¢ The obtained 7, s Of Xgps =0.3, 0.4 and 0.5 are
30 C, 31 ‘C and 29 °C for 100 mmol-L' HDPS/SDS hydrogel,
respectively.
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Fig. 6 Variation of normalized elastic modulus (GN') at 6.28 rad.s™ with time for
the hydrogel (G;=100 mmoI-L'l) while heating at each temperature for 400 s and
then increasing to next temperature with the speed of 0.01 C.s

Salt-induced Sol-gel Phase Transition
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Fig. 7 (a) Dynamic stress sweep of the HDAPS/SDS hydrogel (C;=50 mmol-L?, Xsos
=0.4) at a fixed angular frequency (w=1 rad.s'l); (b) Elastic modulus (G') and
viscous modulus (G") as functions of NaCl concentration.

Hydrogel formed in HDPS/SDS surfactant system is owing to
the existence of wormlike micelle with enough contour length.
Therefore, the controlling factors for wormlike micelle growth are
expected to affect the HDPS/SDS solution properties. It is well
known that salt is such an external stimulus. >’ The effect of NaCl
on the rheological properties of the HDPS/SDS hydrogel at C1=50
mmol-L! and Xsps =0.4 is studied. As Fig. 7 shows the elastic
modulus (G') and viscous modulus (G") increase with NaCl
concentration. It is suggested that that the hydrogel strength is

This journal is © The Royal Society of Chemistry 2015
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gradually enhanced with the increase of NaCl concentration. Further
investigations show that salt can also induce sol to gel phase
transition. Fig.8 shows the elastic modulus (G') and viscous modulus
(G") as a function of the angular frequency (w) for HDPS/SDS
mixed surfactant solution (Cr=15 mmol-L™!, Xgpg =0.4) without and
with 100 mmol-L"' NaCl. It can be seen that the rheololgical
responses of HDPS/SDS mixed solution (Cr=15 mmol-L", Xgpg
=0.4) reflect its viscous nature with G" being much higher than G'
within all measured frequency. Moreover, G' is smaller than 0.0001
Pa. However, after the addition of 100 mmol-L"' NaCl, the sample is
dominated elastic with G' exceeding G" over the entire range of
frequency and G' is larger than 100 Pa. These results imply that the
HDPS/SDS mixed solution at C;=15 mmol-L'and Xgps=0.4 is in a
sol state but transit to gel state by adding NaCl.

For the HDPS/SDS mixed solution, the aggregate surface is
negative charge. In the presence of NaCl, the binding Na“ can
the
headgroups and increase the critical packing parameter p of
HDPS/SDS system. As a result, adding salt makes the wormlike

continually reduce repulsion force between surfactant

micelle lengthened and the solution rheological properties reinforced.

Even it may induce a sol-gel phase transition.

100

Fig. 8 Frequency dependence of the elastic modulus (G') and viscous modulus
(G") of HDAPS/SDS mixed solution (Cr=15 mmoI~L'1, Xsps =0.4) without and with
100 mmol-L™ Nacl.

As is mentioned above, only viscoelastic wormlike micelle can
be detected in TDPS/SDS mixed surfactant system by adjusting
surfactant concentration and molar ratio at the temperature ranging
from 25 C to 5 "C. And it was found that upon adding of NaCl into
TDPS/SDS mixed solution, the system has the ability to form gel
upon cooling, e.g., the gel-sol transition temperature (7,.,) is about
17 °C for TDPS/SDS system at C;=100 mmol-L! and Xgpg =0.4 in
the presence of 100 mmol-L™ NaCl. Fig.9 shows the effect of NaCl
on the rheological responses of TDPS/SDS system at 15 C. The
dynamic stress sweep experiment of TDPS/SDS solution (Ct=100
mmol-L™!, Xgpg =0.4) only shows viscous modulus (Fig.9a). Upon
increasing the concentration of NaCl, it also shows elastic modulus
and both modulus increase. When NaCl concentration more than 100
mmol-L™!, the elastic modulus (G') exceeds viscous modulus (G")
and G' is larger than 100 Pa (Fig.9b). Moreover, the changes of G'
and G" with frequency is very similar to HDPS/SDS hydrogel for
TDPS/SDS solution with 100 mmol-L" NaCl. All these results also

This journal is © The Royal Society of Chemistry 2015
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confirm the phenomenon of salt-induced sol-gel transition for mixed
zwitterionic and anionc surfactant systems.
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Fig. 9 At 15°C, rheological responses of TDPS/SDS mixed solutions (C;=100
mmol-L™, Xsos =0.4) in the presence of NaCl: (a) dynamic stress sweep at a fixed
angular frequency (w=1 rad.s™); (b) Elastic modulus (G') and viscous modulus
(G") as functions of NaCl concentration; (c) Frequency dependence of the elastic
modulus (G') and viscous modulus (G") with 100 mmol-L™* NaCl.

Conclusions

In the present study, the phase behavior and microstructures are
studied in the mixed system of zwitterionic surfactant N-hexadecyl-
(HDPS, Ci¢-
saturated tailed) and anionic surfactant sodium dodecylsulfate (SDS).

N,N-dimethyl-3-ammonio-1-propane  sulfonate
Wormlike micelles and small vesicles are demonstrated to coexist in
the HDPS/SDS system and wormlike micelles can prolong and
entangle each other to form three-dimensional elastic hydrogel.
Using a medium length saturated chain zwitterionic surfactant
(HDPS) as hydrogelator avoids the insoluble in water and instability
by oxidation and hydrolysis of long chain zwitterionic surfactants
containing unsaturated carbon-carbon double bond and amido group
as noted by previous literatures. 19,20, 36
temperature and adding salt concentration, the wormlike micelle

Based on the variation of the

growth can be controlled and further induced the formation or
destroyment of the hydrogel. Thus the mixed HDPS/SDS surfactant
solution can be easily switched between gel and sol by the dual
stimuli responses. These results provided templates for the synthesis
of controlled nanomaterials and controlled release carriers for drug
release and delivery. It is expected that this study may provide
further understanding of the general rules for surfactant-based
hydrogel formation and advance hydrogel applications in related
fields.
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