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ABSTRACT: Vesicle hydrogels are supramolecular structures formed by the P
self-assembly of surfactant molecules in solution, which have great application e ' : e L
prospects. The phase behavior of perfluorononanoic acid (C4F;,COOH) and D g
an amphoteric hydrocarbon surfactant, tetradecyl dimethylaminoxide e e
(C4DMAO), in an aqueous solution has been studied. By changing the ons -

mixing ratio and concentration of CgF;COOH and C;,DMAOQO, the phase
diagram of the system was drawn, and interestingly, a hydrogel composed of
polyhedral and spherical vesicles was successfully constructed. The formation
mechanism of the polyhedral and spherical vesicle hydrogel was studied by
differential scanning calorimetry (DSC), small-angle X-ray diffraction (XRD),
wide-angle X-ray scattering (WAXS), and 'H nuclear magnetic resonance ('H
NMR) measurements, and the rheological properties and influencing factors
of the hydrogel were systematically investigated. The formation of the vesicle
hydrogels in this system was considered to be caused by the “cocrystallization” of two surfactant molecular chains.
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H INTRODUCTION

In recent years, as an attractive, practical, and bottom-up
approach, molecular self-assembly has been used to Jprepare
structurally well-defined and functional materials.'™" Espe-
cially, hydrogels formed from surfactant self-assembly have
drawn much attention due to their low toxicity, multiscale,
multilevel, and multistructure.”™” Under certain conditions,
vesicles can form hydrogels that retain the properties of both

cosurfactant were proposed, and the phase structure trans-
formation of gel was discussed, which laid a foundation for the
study of vesicle hydrogels. Menger et al. used a gemini
surfactant with asymmetric carbon chain length to prepare
“necklace” vesicles, and such interesting “pearls on a string”
morphology of the vesicles led to the formation of a hydrogel
with a network ultrastructure.> Raghavan synthesized hydro-
phobic modified chitosan by which the vesicles formed from

vesicles and gels and therefore show some unique advan-
tages.”” For instance, researchers have used vesicle hydrogels
for drug release and found that the shear-thinning property of
the vesicle hydrogel helped these gels become easier to be
injected into specific sites, and the drugs encapsulated in the
vesicle interior could be released at the local site for a longer
time."”

The research of surfactant vesicle hydrogels has taken
decades."' " Different from the traditional hydrogels with a
“three-dimensional” network structure, the one-dimensional
structure characteristics of vesicles make it difficult for them to
form hydrogels. Usually, researchers must take certain
measures to obtain vesicle hydrogels. Hoffmann et al. prepared
a vesicle gel phase with sodium oleate and cosurfactant hexyl
alcohol in an aqueous solution and found that the formation of
vesicle gel must meet two conditions: one was to form
monodisperse monolayer vesicles, and the other was that
monolayer vesicles must reach a certain density.'* Besides, the
formation process of monodisperse vesicle gel and the
relationship between the cosurfactant and surfactant chain
length ratio and the concentration ratio of the surfactant and
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catanionic surfactant mixtures were joined together to form
hydrogels because the hydrophobic chains could be inserted
into the bilayers of the vesicles.'®

The morphology of vesicles reported is usually spherical.
Nowadays, increasing interest has been paid to polyhedral
vesicles that have been found to be formed from some
nonionic surfactant systems and catanionic surfactant
mixtures.'”'® However, the hydrogels consisting of polyhedral
vesicles have been rarely reported until now.””™*' In our
previous work, we systematically studied catanionic fluoro-/
hydrocarbon surfactant mixtures with different alkyl chain
lengths and found that hydrogels composed of polyhedral

: . ; 22,23
vesicles were formed in certain systems.” " Therefore, to
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extend our earlier research about the catanionic fluoro-/
hydrocarbon surfactant systems, in this paper, an amphoteric
hydrocarbon surfactant, tetradecyl dimethylaminoxide
(C;4DMAO), was chosen to mix with perfluorinated n-
nonanoic acid (CgF;;COOH) in an aqueous solution. The
phase behavior and rheological properties were investigated.
When the total concentration of the two surfactants was fixed,
with the mixed ratio changing, a polyhedral vesicle hydrogel
was obtained when the C4F;;COOH concentration was higher
than the C;,DMAOQO concentration, while rodlike and spherical
vesicles formed when the C;,DMAO concentration was higher
than the C4F,,COOH concentration. This work further proved
that the crystalline state of the vesicle bilayers formed by the
two surfactants was the main reason for the formation of the

polyhedral vesicle hydrogel.

B EXPERIMENTAL SECTION

Materials. Perfluorononanoic acid (Cg4F,,COOH, purity
>98%) was purchased from Fluorochem in the United
Kingdom. Tetradecyl dimethylaminoxide (30% solution) was
purchased from Shanghai Maoming Petrochemical Co. and
purified for use. Deionized water (ultrapure water) was
purchased from Beijing Maiuida Technology Co., Ltd.,, and
heavy water (D,O, purity >99.9%) was purchased from
Shanghai Civic Chemical Technology Co., Ltd.

Purification of C,;;DMAO. Appropriate amounts of
C4sDMAO solution were put in the surface dish, refrigerated
for 24 h, and then frozen to be dry in a freeze-dryer for 48 h
before taking out. The freeze-dried C;,DMAO was added to
acetone, which was heated to about 50 °C and stirred until it
was completely dissolved. Then, the obtained solution was
drained immediately to get the filtrate, which was placed in a
surface dish to crystallize naturally. The crystallized samples
were refrigerated for 24 h and freeze-dried to obtain a high-
purity sample after three repetitions.

Preparation of Samples. Different concentrations of
C4,DMAO solutions were prepared, and an appropriate
amount of CgF,;,COOH was added to the C,,DMAOQO solution
and fully mixed by shaking with an Aika shaker. After the
reaction of the solution was complete, all samples were stored
in an incubator at 25.0 + 0.1 °C and gently shaken by hand
every day to accelerate the reaction balance. The balance time
was 1 month.

Observation of the Phase Behavior. The phase behavior
of the sample was determined by two methods: visual
observation and polarizing observation. The method to
determine whether the gel-phase sample was formed was
mainly by inverting the sample to observe whether the sample
flowed. The method to judge the layered phase was to place
the sample in the middle of two fully polarized polarizers for
observation to see whether it would appear as a color pattern
phenomenon.

Textures of the Birefringent Hydrogel and L, Phase
Samples. The birefringent hydrogel and L, phase samples
were characterized on a Carl Zeiss Axioskop 40 light
microscope (Jena, Germany) at 25.0 + 0.1 °C to observe
the textures.

Conductivity Measurements. The conductivity was
determined by a conductivity meter of model DDSJ-308A
and an electrode of model DJS-10C at a constant temperature
of 25.0 + 0.1 °C. The conductivity value of the two-phase
system was tested by stirring with magnetons. The final
conductivity was the average value after three measurements.

pH Measurements. The pH of the samples was measured
by a precision pH meter of model PHS-3C at 25.0 + 0.1 °C.
The two-phase sample was tested by stirring with magnetons.

Freeze-Fracture Transmission Electron Microscopy
(FF-TEM) Observations. The etching and copying of the
sample were done with a freeze-etched sample maker (EM
BAF 060, Leica, Germany). The sample was transferred to the
sample chamber of the preparation table, and the temperature
was maintained at —150 °C through a liquid nitrogen stream,
while the vacuum was controlled at 3 X 1077 Pa. When the
sample temperature reached equilibrium with the cavity
temperature, a hard metal knife was used to break the sample
bulge, while the temperature was adjusted to briefly etch the
ice on the sample surface. Pt/C was then sprayed onto the
sample surface at 45° to reproduce the sample structure, and
Pt/C was electrosprayed onto the sample surface at 90° to
support and strengthen the duplicate film. Finally, the replica
film was washed and transferred to a bare copper net for drying
and was observed by a JEOL JEM-1400 electron microscope at
120 kV. The images were recorded by Gatan 831 CCD (2.7 K
X 2.7 K). All transfer operations were performed in a liquid
nitrogen environment (—196 °C).

Cryo-Transmission Electron Microscopy Observa-
tions (Cryo-TEM). Cryo-TEM measurements were used to
determine the microstructure of the L, phase samples. About §
uL of solution was loaded onto a TEM copper grid, which was
blotted with two pieces of filter paper to obtain a thin film.
After about 4 s to relax any stress induced by the blotting, the
sample was instantly frozen by plunging it into liquid ethane
(cooled by liquid nitrogen) at —165 °C. Then, the vitrified
specimen was inserted into liquid nitrogen and transferred to a
cryogenic sample holder (Gatan 626). Finally, a JEOL JEM-
1400 electron microscope (120 kV) was used to observe the
sample. The images are recorded by a Gatan multiscan CCD.

Differential Scanning Calorimetry (DSC) Measure-
ments. The DSC experiments were performed on a
differential scanning calorimeter model DSC-8500 from
PerkinElmer. The sample was placed in an aluminum pot,
sealed with a nitrogen stream rate of 20 mL-min~!, and
temperature-scanned under this protection at a warming rate
of 5 °C-min~', with a scanning range of 10—80 °C. An empty
aluminum pot was used for reference.

Wide-Angle X-ray Scattering (WAXS) Measurements.
The WAXS measurements were performed by using SAXSess
Anton-Paar (Austria) with Cu Ka radiation (0.154 nm)
operating at 50 kV and 40 mA. The distance from the samples
to the detector was 261 mm, and the temperature was kept at
25.0 £ 0.1 °C.

Small-Angle X-ray Diffraction (XRD) Measurements.
The XRD tests of the gel samples were performed on a
Shimadzu XRD-6000 X-ray diffractometer. The working
conditions were: incident light source, Cu Ka target (1 =
1.5418A); voltage, 40 kV; current, 40 mA; scanning speed, 1°-
min~'; recording angle, 1—10° (small angle). MDI Jade 6
software was used for data processing.

'H Nuclear Magnetic Resonance ('"H NMR) Measure-
ments. 'H NMR experiments were performed on a Bruker
AVANCE 400 Meg NMR instrument using a pulsed field
gradient module (Z-axis) and a S mm BBO probe. The
operating temperature was controlled at 25.0 + 0.1 °C.

Rheological Property Measurements. The Z41 Ti
coaxial rotary measuring system was used for nongel samples,
and the nonslip PP20 laminae measuring system was used for
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hydrogel samples. The curves of the energy storage modulus
(G’) and loss modulus (G”) with angular frequency were
measured (the scanning frequency range was 0.01—10.0 Hz),
and the curves of G’ and G” with shear stress were also
measured (the shear rate range was 0.001—1000 s™'). The
scanning range was 0.001—20.0 Pa, and the test operating
temperature was 25.0 + 0.1 °C.

B RESULTS AND DISCUSSION

Phase Behavior of CgF;;COOH/C;,DMAO/H,O0. Figure
1 shows the phase diagram of the C4gF,COOH/C,,DMAO/
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Figure 1. Phase diagram of the CgF;;COOH/C;,DMAO/H,0
system at 25 & 0.1 °C. The pictures of the gel phase and L, phase
under the polarized film were also shown in the corresponding
regions.

H,O system at 25 °C, in which the concentrations of both
surfactants ranged from 0 to 200 mmol-L™". As shown in
Figure 1, the system showed very rich phase behavior, and the
phase diagram was divided into five regions. When the content
of CgF;COOH was high and the content of C;;,DMAO was
low, the bottom right corner of the phase diagram was the gel
region. The hydrogel sample in this region was clear and
transparent in appearance, and a distinct multicolored pattern
was observed under the polarizer. Besides, as revealed in Figure
2a, the typical gel sample with 160 mmol-L™" C4F,;,COOH
and 40 mmol-L™" C;,DMAO showed stripe textures under a
polarizing microscope, which demonstrated the existence of

the lamellar phase (the L, phase). As the amount of
C4sDMAO increased, a large area of the precipitate was
observed in the phase diagram. With the further increase of the
content of C;,DMAO, the appearance of the sample appeared
light blue, and very obvious colorful patterns were seen when
observed through polarizers. This area was also the L, phase,
which was further proved by the crosslike spherulite textures
(Figure 2b) of the selected sample with 40 mmol-L™"
CgF,COOH and 160 mmol-L™' C,,DMAO. When the
content of C,,DMAO was high and the content of
CgF;,COOH was low, the appearance of the sample was
clear and transparent with good fluidity. The isotropic L, phase
in this region was a micellar phase. In addition, there was a
small range of the L,/L, two-phase coexistence zone, where
the upper part was the L, phase and the lower part was the L,
phase, indicating that the density of the L, phase was greater
than that of the L; phase.

In order to study the phase behavior of this system more
accurately, the diagonal line in the phase diagram, that is, the
total concentration of the system solution was 200 mmol-L ™",
and the mixed ratio of the two surfactants (r = nc pyao/

ncr,.coon) was changed, and it was chosen for further study.

The results are shown in Figure 3, including the conductivity
and pH values of the samples. As can be seen from Figure 3,
when the concentration of C;;,DMAO ranged from 0 to 50
mmol- L™, a birefringent hydrogel phase was observed, a
typical sample of which is shown in Figure 1. FE-TEM
measurements showed that interesting monolayer polyhedral
vesicles and spherical vesicles were formed in the hydrogel
phase, as shown in Figure 4a, in which the vertices and edges
of the polyhedron were clearly visible. When the concentration
of C;,DMAO ranged from 50 to 122 mmol-L™, the system
presented a precipitated phase, which might be due to the
mutual repulsion of carbon and fluorine chains, leading to
macroscopic phase separation in the system. When the
concentration of C;,DMAO was 122—170 mmol-L™}, the
solution was in the L, phase, and a typical sample of this region
is shown in Figure 1. Unlike the hydrogel phase, monolayer
spherical vesicles, rod vesicles, and some elongated vesicles
were found to be formed in the L, phase samples (Figure 4b),
which were much smaller in size than the vesicles of the
hydrogel phase. The L, micellar phase was observed by
increasing the concentration of C,DMAO. In addition, it was
observed from Figure 3a that with the increase of C,,DMAO
content, the pH value of the system gradually increased, which
was due to the neutralization of acid by weakly alkaline
C4sDMAO. The conductivity test results in Figure 3b showed
that the conductivity of the hydrogel phase and the L, phase

—_—
400um

400um

Figure 2. Polarized textures of two birefringent samples: (a) the gel phase with 160 mmol-L™" C¢F,,COOH and 40 mmol-L™' C,,DMAO and (b)
the L, phase with 40 mmol-L™" C4F,;,COOH and 160 mmol-L™' C,DMAO.
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Figure 3. (a) Conductivity and (b) pH values of the C¢F,;,COOH/C;,DMAO/H,0 system. ¢y = 200 mmol-L™". T = 25 + 0.1 °C.

Figure 4. (a) FF-TEM picture of the gel phase with 160 mmol-L™"
CgF,COOH and 40 mmol-L™' C,,DMAO and (b) cryo-TEM
picture of the L, phase with 40 mmol-L™' C¢F,;COOH and 160
mmol-L™' C;,DMAO.

was lower than that of the samples in the adjacent phase region
because the vesicles formed in these two regions could cover
some conductive ions.

Phase Transition Temperature. Differential scanning
calorimetry (DSC) can be used to characterize the states of
surfactant bilayers of the hydrogel phase and the L, phase. As
shown in Figure 5, the presence of phase transition
temperature was observed when the hydrogel samples were
heated, indicating that the bilayer films had a transition process
from the crystalline state to the liquid state. In addition, it was
also observed that when 20 mmol-L™" C,DMAO was added
to a 180 mmol-L™" C4F;,COOH solution, the phase transition

55 56 57 58 59 60 61 62
Temperature/°C

Figure S. DSC curves of the typical samples with different mixed
ratios of C;,DMAO and CgF;;COOH (ncy/ncg): (a) 1:9, (b) 2:8,
and (c) 8:2. ¢; = 200 mmol-L ™%

27512

temperature of the hydrogel sample was 59.1 °C. The phase
transition temperature increased relative to the Krafft point of
CgF,,COOH (48.3 °C**). When 40 mmol-L™! C,,DMAO was
added to a 160 mmol-L™! C4F,;,COOH solution, the phase
transition temperature of the hydrogel sample was 58.3 °C.
When the C,DMAO concentration was increased to 160
mmol-L™!, the phase transition temperature disappeared.
Apparently, the phase transition temperature of the samples
decreased as the C;,DMAO concentration was increased. This
was because the fluorocarbon chain was rigid and had a high
chain melting temperature, while the C;,DMAOH" chain was
soft and its chain transformation temperature was lower than
room temperature, so in this system, the transformation
process of the vesicle bilayer from the crystal state to the liquid
state was mainly caused by the melting of the CgF;,COO~
chain when heated. Therefore, the phase transition temper-
ature obtained by DSC was mainly the result of the synergistic
effect of the following two factors: one was the electrostatic
interaction between the CigF,,COO~ chain and the
C4,DMAOH" chain, which led to the increase of the chain
melting temperature, and another factor was the cocrystalliza-
tion of the CgF{;COO~ chain and the C;,DMAOH" chain.
The phase transition temperature of the C;,,DMAOH" chain
was lower than room temperature, so this cocrystallization
would lead to the reduction of the chain transition temper-
ature. When a small amount of C,,DMAOH"* was added,
electrostatic interaction occurred between the CgF,COO~
chain and the C,DMAOH" chain, thus making the phase
transition temperature higher than the Krafft point of the
CgF,COO™ chain, as shown in curves a and b in Figure S.
However, when the concentration of C,,DMAOQ increased, the
cocrystallization of the CgF;;COO~ chain and C,,DMAOH"*
chain played a dominant role, so the phase transition
temperature disappeared, as shown in curve c of Figure S.
For the sample of 40 mmol-L™" C4F,;,COOH/160 mmol-L™*
C,DMAO, no phase transition occurred in the studied
temperature range (Figure Sc), indicating that the bilayer of
spherical and rod-shaped vesicles was in the liquid state, which
was consistent with the results observed by FF-TEM (Figure
4b). It was because of the “flexibility” of the bilayers that some
spherical vesicles were elongated into ellipsoids. The hydrogel
system was more inclined to form polyhedral vesicles because
the bilayer was in the crystalline state and the rigidity was
relatively strong.

Layer Spacing of the Hydrogel Phase. In order to
obtain more information on the hydrogel phase, XRD
measurements were performed for the typical sample with 40
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mmol-L™' C;,DMAO and 160 mmol-L™* C4F,;,COOH, and
the result is shown in Figure 6. From Figure 6, it was seen that

2.8

1 Y f

2 4 29() 8 8 10

Figure 6. XRD curves of the hydrogel sample with 160 mmol/L
CgF;COOH and 40 mmol/L C,,DMAO.

the hydrogel phase had two well-resolved reflection peaks at
2.8 and 5.7°, and the corresponding diffraction factor q values
of these two peaks were 2.0 and 4.0, respectively. The ratio of
q:/9, was 1:2, indicating that the hydrogel had high
crystallinity, which was highly consistent with the DSC results.
The crystal structure was layered, and the layer spacing d was
3.2 nm, calculated by the Bragg equation. Furthermore, the d
value of 3.2 nm was a little less than twice as long as the chain
length of the C;,DMAO molecules (3.8 nm), which belonged
to the combination of two C;,DMAO molecules through
hydrophobic interaction in each unit of the arrays.”**®
WAXS Measurements. The selected hydrogel sample with
160 mmol/L C¢F;;,COOH and 40 mmol/L C;,DMAO at
different temperatures was further investigated by WAXS
measurements, and the results are shown in Figure 7. The

ot st A

b

5 10 415 20
¢/nm

Figure 7. WAXS curves of the hydrogel sample with 160 mmol/L
CgF;;COOH and 40 mmol/L C;,DMAO at 25 + 0.1 °C (a) and 60
+ 0.1 °C (b) respectively.

pattern of the hydrogel sample presented a single, sharp peak
at 13.1 nm™' (Figure 7a) at room temperature, which was
characteristic of the surfactant chains in the crystalline state
with a local in-plane orthorhombic packing spatially averaged
into hexagonal packing.zé_28 However, no peak was seen from
the pattern of the hydrogel sample at 60 °C, as shown in
Figure 7b, indicating that the surfactant chains of the sample
were in the liquid state when the temperature was higher than
the phase transition temperature (58.3 °C). The WAXS results
were consistent with the results of DSC measurements.

'H NMR Results. In order to better understand the
formation of the polyhedral vesicle hydrogel, we further
characterized the hydrogel phase by "H NMR. Figure 8 shows
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Figure 8. 'H NMR curves of two samples: (a) 40 mmol-L™"
C1,DMAO solution and (b) the hydrogel phase with 160 mmol-L™"
C4F,,COOH and 40 mmol-L~! C,,DMAO.

the '"H NMR curves of the 40.00 mmolL™ C;,DMAO
solution and the hydrogel containing 40 mmol-L™" C;,DMAO
and 160 mmol-L™" C4F,,COOH. When C4F,,COOH was not
added, the C;,DMAO molecular chains in the C;,DMAO
solution could flow freely, thus making the 'H NMR signals of
different groups on the carbon chains very strong and the
signal peaks very sharp, as shown in Figure 8a. However, as
shown in Figure 8b, it was found that when the fluorocarbon
surfactant was added to the system, the chemical shift of the
hydrogen spectrum of C,DMAO moved to a low field.
Meanwhile, the peak width formed became significantly wider,
and the signal peak became weaker. Especially a-CH, and p-
CH, peaks disappeared, which was because in the gel phase,
the fluidity of the C;,DMAO monomer was limited, so the "H
NMR signal became difficult to distinguish and the signal peak
became weak. At the same time, it also showed that
C4sDMAQO, after being protonated by CzF;;COOH, had a
great influence on hydrogen in these positions, which proved
the existence of hydrogen bonds in the system. Therefore, it
could be concluded that the driving force of vesicle formation
was not only the electrostatic interaction between cationic and
anionic ions and the interaction between C—H and C-—F
chains but also the intermolecular hydrogen bond.
Formation Mechanism of the Vesicle Hydrogel. Based
on the above results, the formation mechanism of the vesicle
hydrogel was proposed, as shown in Scheme 1. The sample
preparation in the CgF;,COOH/C ,DMAO system was only
done by heating at 60 °C to facilitate CgF,,COOH dissolution
and cooling at 25 °C to achieve phase equilibrium. Therefore,
no additional energy was introduced, thus ensuring that the
shape of the vesicle was determined only by the intermolecular
forces. Besides, the DSC and WAXS results proved the
crystallization state of the bilayers of the polyhedral vesicles,
which demonstrated that the formation of the polyhedral
vesicles was driven by the recrystallization of the two kinds of
surfactants.”” The formation of the polyhedral vesicles is
presented in Scheme 1. Perfluorooctanoic acid dissolved in an
aqueous solution was easily ionized to form CgF,,COO™.
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Scheme 1. Schematic Representation of the Polyhedral Vesicle Formed from the Self-assembly of the C;F,,COOH@
C;;,DMAO Complexes in an Aqueous Solution
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Figure 9. Oscillatory rheological results of the typical samples with different r: (a) 1:9, (b) 2:8, and (c) 8:2. ¢y = 200 mmol-L™".

When CgF;;,COOH was added to the C;,DMAO solution, the polyhedral vesicle, and C,DMAOH" was randomly
CsF;,COOH was inserted into the monolayer of the embedded in the bilayer of the polyhedral vesicle to form an
C,;;,DMAQO micelle. In the mixtures, the CgzF,;,COOH ion pair with CgF;;COO~ (Scheme 1). Polyhedral vesicles
molecules protonated C;,DMAO molecules with the carboxyl were then densely packed to form hydrogels.

group to form C,,DMAOH"--C4F,COO~ ion pairs. When Rheological Properties of the Polyhedral Vesicle

the solution was cooled from 60 °C to room temperature, the Hydrogel. Figure 9 shows the shear rheological test results

hydrocarbon—fluorocarbon chain crystallized into a solid state, of three typical samples. The elastic modulus G’ and the

while the ionized CgF,,COO™ aggregated to form the apex of viscous modulus G” of the samples decreased with the
27514
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C14DMAO concentration. Besides, it was seen from Figure
9a,b that the elastic modulus G" and the viscous modulus G” of
the hydrogel samples were both very high, and the elastic
modulus was higher than the viscous modulus within the
measured range. The composite viscosity decreased linearly
with the increase of frequency, which indicated that it had
great viscoelasticity. At the same time, both the elastic modulus
and viscous modulus increased with the increase of frequency,
and the amplitude of the increase remained the same, which
was a typical rheological property of the hydrogel phase. The
rheological properties of L, phase samples were different from
those of the gel-phase samples. As shown in Figure 9c¢, the
elastic modulus and viscosity modulus of L, phase samples
hardly change with the change in frequency, and their values
were also much smaller than those of the gel-phase samples. A
similar phenomenon can also be observed in the steady shear
results shown in Figure 10. The apparent viscosity also

]0'2 1 1 - 1 1 1 1
-1
10 Y/S 10 10

Figure 10. Steady shear rheograms of the selected samples with
different r: (a) 1:9, (b) 2:8, and (c) 8:2. ¢y = 200 mmol-L ™%,

decreased with increasing C14DMAO concentration. The
samples with ncy/ncg = 1:9 and 2:8 behaved strongly with
shear thinning with increasing shear rate, which was the gel-like
character. Differently, the apparent viscosity of the sample with
fncu/neg = 8:2 remained almost unchanged over the full range
of shear rates with a viscosity of around 0.06 Pa-s.

In order to further study the factors affecting the rheological
properties of the hydrogel phase, a series of hydrogel samples

were obtained by fixing the concentration of the cationic
surfactant in the gel phase and changing the concentration of
another one, and the rheological properties were determined.
The stress scanning curves of different samples are shown in
Figure 11. Figure 1la shows the elastic modulus stress-scan
curve obtained by changing the concentration of CgF,,COOH
with a fixed concentration of C;,DMAO of 20 mmol-L™", and
Figure 11b shows the elastic modulus obtained by changing
the concentration of C;,DMAO with a fixed concentration of
CsF;,COOH of 180 mmol-L™". As could be seen from Figure
11, when the stress increased, obvious yield values were
observed, and the yield stress could be intuitively compared
from the figure. When the C,DMAO concentration was fixed
and the concentration of CgF;COOH was changed, the yield
stress showed an obvious rise with the increase in
concentration (Figure 1la). However, when the
CgF;,COOH concentration was unchangeable but the
C4sDMAO concentration was changed, the yield stress did
not change significantly. This fully showed that the
viscoelasticity of such vesicle gels was mainly determined by
fluorocarbon surfactants. Due to the strong rigidity of
fluorocarbon chains, changing the content of fluorocarbon
chains would have a great impact on the rheological properties
of the hydrogels.

B CONCLUSIONS

The C4F;,COOH/C,DMAO mixed system studied in this
article had rich phase behavior and novel aggregation
properties in an aqueous solution. Interestingly, the hydrogels
consisting of both polyhedral and spherical vesicles were
successfully constructed in this system, and the bilayer film was
in a crystalline state at room temperature. Therefore, the
formation of polyhedral vesicles in this system was caused by
the cocrystallization of CgF;COO™ and C;,DMAOH" chains
in the bilayer. The rheological results showed that the vesicle
hydrogels had great viscoelasticity, and the viscoelasticity was
mainly determined by the content of CgF;;COOH. This work
is of great significance in explaining the formation mechanism
of vesicle hydrogels and expanding the application of such
hydrogels in various fields.
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