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ABSTRACT: Ionic liquid crystals (ILCs) with hexagonal and lamellar °*

H, Phase
phases were successfully fabricated by the self-assembly of a polymerizable w .:-We:-.}“’ v:i'.“ H,
amphiphilic zwitterion, which is formed by 3-(l-vinyl-3-imidazolio)- « _ é"’ﬁg"’gé“” uv v"’g
propanesulfonate (VIPS) and 4-dodecyl benzenesulfonic acid (DBSA) ’/n" ‘K’e” g

based on intermolecular electrostatic interactions. The microstructures and
phase behaviors of ILCs were studied by polarized microscope (POM) and
small-angle X-ray scattering (SAXS). The ILC topological structures can be
considered as proton pathways and further fixed by photopolymerization to
prepare nanostructured proton-conductive films. The introduction of highly
ordered and well-defined ILC structures into these polymeric films radically

improves the ionic conductivities.
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B INTRODUCTION

Fuel cells are electrochemical devices that convert chemical
energy to electrical power with high efficiency and large energy
density. They can be applied in various fields including portable
electronic devices and light electric vehicles."” As the central
elements of fuel cells, proton conductors have gained
remarkable interest.* ¢ Perfluorinated sulfonic acid—based
polymers such as Nafion are the popular proton conducting
membranes due to their good thermal stability and high proton
conductivity.” ™ It is well-known that the phase-separated
morphology of Nafion is responsible for the efficient proton-
conducting.lo’11 However, the ordered alignment of ionic
clusters within Nafion is still limited due to the defined
molecular structures. Therefore, the development of a proton
conductor with highly ordered structures is necessary for the
next generation of fuel cells. Ionic liquid crystals (ILCs) with
highly ordered and well-defined self-assembled structures are
good candidates.

ILCs, considered as a class of liquid crystalline compounds
by ionic species, take advantages of the properties of both ionic
liquids (ILs) and liquid crystals (LCs)."> Our group has
previously constructed several ILC systems using pyrrolidinium
and imidazolium IL-based surfactants.>™"° Very recently,
Ohno’s group has developed the ion-conducting materials on
the basis of self-assembly in thermotropic ILCs.'*™'® The
introduction of ILCs can significantly improve the ionic
conductivity. However, the topological structures of ILCs are
extremely dependent on the component concentrations or
temperature. Additionally, the low mechanical strength and
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some deformations of ILCs still restrict a deeper application of
these gel electrolytes in practical applications.

Hence, the fixation of ILC nanostructures within a solid
polymeric film will make a great progress for the development
of ion-transport materials. The construction of nanostructured
ILCs based on polymerizable amphiphilic molecules is an
efficient approach. Gin and co-workers have achieved a lithium
ion conductor based on lyotropic LCs via polymerization.'®
Ohno et al. also designed polymerizable ammonium or
imidazolium salts forming thermotropic LCs to prepare ion-
conductive polymer films.***" Ivanov et al. synthesized a
polymerizable amphiphilic sodium salt to construct ion-
conducting polymer membranes with bicontinuous cubic
nanostructures.”” In spite of the remarkable properties of
ILCs, the strict requirements on selective transport of target
ions are the drawbacks of ILCs in practical cell applications. For
example, only protons are the target ions and can be required
to conduct in the fuel cells.

To overcome this problem, zwitterions as a covalent
combination of cations and anions can be proposed as
candidates for the selective target ion transport.>* ¢ The
zwitterions are expected not to migrate under an applied
potential gradient due to the intramolecular neutralized
charges. Hence, the applied voltage can only be used to
operate the target ions. Several fan-shaped zwitterions have
been synthesized in complicated steps and then self-assembled
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Figure 1. Molecular structures of (a) polymerizable zwitterion 3-(1-vinyl-3-imidazolio) propanesulfonate (VIPS) and (b) 4-dodecyl benzenesulfonic
acid (DBSA). (c) Phase diagram of the VIPS—DBSA aqueous mixture. H;, hexagonal phase; L,, lamellar phase; S, undefined solution. POM images

of (d) 40 and (e) 60 wt % samples at 25 °C.

into ILCs for ion conductors.”’3° However, to the best of our
knowledge, the preparation of proton-transporting polymeric
films based on ILCs fabricated by polymerizable zwitterions are
still limited. The suitable design of polymerizable zwitterions is
a considerate solution for the target ion-transport as well as the
fixation of ILC nanostructures.

In the present study, we used a facile method to prepare a
polymerizable amphiphilic zwitterion by 3-(1-vinyl-3-
imidazolio)propanesulfonate (VIPS) and 4-dodecyl benzene-
sulfonic acid (DBSA) based on intermolecular electrostatic
interactions. According to the hard—soft acid—base theory, the
preferential interactions between 4-dodecyl benzenesulfonate
anions and the imidazolium cationic part of the zwitterions
encourage the formation of zwitterionic amphiphiles with
polymerizable moieties.>’ The VIPS—DBSA aqueous mixtures
can construct hexagonal and lamellar phases with the increasing
component contents. The proton-conductive polymeric films
with hexagonal or lamellar nanostructures were successfully
derived by photopolymerization of the ILCs. The fixation of the
ILC topological structures within the proton-transporting films
generates a high ionic conductivity. We expect this work may
shed light on the potential of nanostructured proton
conductors in practical applications.

B EXPERIMENTAL SECTION

Materials. 1-Vinylimidazole (97%) and 4-dodecyl benzenesulfonic
acid (95%) were purchased from Sigma-Aldrich. 1,3-Propane sultone
(99%) and 2,2-Dimethoxy-2-phenylacetophenone (99%) were the
products of J&K Scientific, Ltd. Acetone was obtained from Shanghai
Chemical Co. All the materials were used as received without any
purification. Deionized water was used throughout all the experiments.

Synthesis of 3-(1-Vinyl-3-imidazolio)propanesulfonate
(VIPS). 1-Vinylimidazole (0.1 mol, 9.41 g) was dissolved in 60 mL
of acetone. Then, an equimolar amount of 1,3-propane sultone (0.1
mol, 12.24 g) dissolved in 40 mL of acetone was added dropwise to
the above solution at 0 °C under a nitrogen atmosphere. The mixture
was stirred for 3 days at room temperature. After the reaction, the
result solid was filtered and washed with acetone at least three times.
Finally, the obtained VIPS was dried under a vacuum at room

temperature. The purity of the product was confirmed by 'H NMR.
"H NMR (D,0, 300 MHz): 9.04 (s, 1H), 7.75 (s, 1H), 7.59 (s, 1H),
7.10 (t, 1H), 5.77 (d, 1H), 5.38 (d, 1H), 4.37 (t, 2H), 2.92 (t, 2H),
2.32 (m, 2H).**

Preparation of ILC Phase. The VIPS—DBSA mixture was
prepared by weighing all components as designed compositions in
weight percent (wt %). VIPS and DBSA were mixed in an equimolar
ratio, and the water content varied from 70 to 20 wt %. In detail,
appropriate amounts of VIPS—DBSA mixture and water were
weighted into a vial, sealed with Parafilm, and homogenized and
equilibrated by repeated vortex mixing and centrifugation. Then, each
sample was kept at 25 °C for one month before further investigation.
It should be noted that the ILC phases are sensitive to water
evaporation loss, so each step should be taken to keep the samples
sealed as much as possible.

In-Phase Photopolymerization. The photopolymerizable sample
was prepared by weighting appropriate amounts of VIPS—DBSA
mixture and water into a vial according to the phase diagram. Then,
2,2-dimethoxy-2-phenylacetophenone (2 wt % to the monomer) was
added as photoinitiator. After the ILC phase equilibrated, the mixture
was sandwiched between two quartz substrates and irradiated by a UV
arc lamp with an intensity of 9 mW/cm? for 2 h at room temperature
from both top and bottom surfaces of the substrates to ensure
maximum conversion.

Characterization. The textures of ILC phase were examined by a
polarized optical microscope (Zeiss, Axio Scope) equipped with
cooled CCD. The temperature was controlled with a Linkam
THSMEG600 liquid crystal freezing and heating stage system with a
TP94 temperature controller (Linkam Scientific Instrument Ltd,,
UK.). Small-angle X-ray scattering (SAXS) measurements were
performed on the SAXSess mc® X-ray scattering system (Anton
Paar) with a Cu Ka radiation operating at 2 kW (50 kV and 40 mA).
The distance between the sample and detector is 264.5 mm, and the
wavelength of X-rays is 1.542 A. The exposure time was 600 s for each
sample. The morphologies of the polymeric films were investigated by
scanning electronic microscopy (SEM, JEOL JSM-7600F) after gold
sputter coating. FT-IR spectra were recorded with a resolution of 2
cm ™! using a BIORADFTS-165 spectrometer. Conductivity measure-
ments were carried out by electrochemical impedance spectroscopy in
the frequency of 0.1—10° Hz with 0.3 mV oscillating voltage using a
glass cell consisting of two Pt electrodes and a Teflon spacer.
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B RESULTS AND DISCUSSION

ILC Phase Behavior and Characterization. The chemical
structures of polymerizable imidazole zwitterion VIPS and 4-
dodecyl benzenesulfonic acid DBSA are shown in Figure 1a,b.
Equimolar amounts of VIPS and DBSA were mixed in aqueous
solution with increasing total concentration. A polymerizable
amphiphilic zwitterion can be obtained by VIPS and DBSA
based on intermolecular electrostatic interactions according to
the hard—soft acid—base theory. The temperature—concen-
tration phase diagram of VIPS—DBSA aqueous mixture is
shown in Figure lc. An anisotropic hexagonal phase (H;) and
an anisotropic lamellar phase (L,) can be constructed with the
increasing VIPS—DBSA concentration at 25 °C.

SAXS technic%ue is an efficient method to analyze the details
of ILC phases.”* > Figure 2 exhibits the SAXS patterns of
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Figure 2. SAXS spectra for the VIPS—DBSA aqueous mixture with
increasing concentration of VIPS—DBSA at 25 °C.

VIPS—DBSA aqueous mixture with increasing VIPS—DBSA
amounts at 25 °C. For the 30, 40, and 50 wt % samples, three
scattering peaks in SAXS spectra can be observed. These Bragg
peaks with ratio of 1:\/3:2 can be assigned to (100), (110), and
(200) reflections of a hexagonal structure for H; phase. The
nongeometric pattern in POM for hexagonal lattice is also
illustrated in Figure 1d. When the VIPS—DBSA concentration

increased to 60 wt %, only two Bragg peaks with a relative ratio
of 1:2 can be obtained. The two peaks can be indexed as (100)
and (200) reflections of a lamellar structure for L, phase. The
oily streaks and Maltese crosses in POM as shown in Figure le
are the typical textures of L, phase.

The SAXS characterization of ILC phases is based on the
periodic order in ILC state. Therefore, the positions of Bragg
peaks in SAXS spectra are characteristic for different types of
ILC phases. The relevant structure parameters can also be
calculated from the SAXS patterns. All the parameters of the
VIPS—DBSA systems were deduced from the SAXS results.
The corresponding theories and equations, as well as the
indexing of the SAXS data, are shown in the Supporting
Information. As shown in Table 1, the thickness of water
channel (d,) for the hexagonal phase decreased with the
increasing content of VIPS—DBSA. It means the cylinder-like
aggregates in H, phase pack more densely as the VIPS—DBSA
content increases, resulting in a thinner solvent layer. While the
radius of cylinder unit (dy) for the hexagonal phase showed
negligible variation with the increasing VIPS—DBSA content.
This result suggests that the arrangement of VIPS—DBSA
molecules per cylinder-like aggregate is equilibrium at this
VIPS—DBSA concentration region. However, the L, phase
shows a different tendency. The thickness of hydrophobic
domain (dy ) increases whereas the thickness of water layer (d,,)
decreases with an increasing amount of VIPS—DBSA. In other
words, as the VIPS—DBSA content in the lamellar phase
increases, the water channel is compressed by the expanding
surfactant bilayer.

Except for the concentration, temperature is also a key factor
for the phase behavior of VIPS—DBSA aqueous mixture. Figure
3 shows the SAXS patterns for 40, 50, and 60 wt % samples.
With the temperature increasing from S to 85 °C, the 40 and 60
wt % samples gave a hexagonal columnar structure and a
lamellar structure, respectively, indicating the thermal stability
of the topological structures during this temperature range. For
the 50 wt % sample, only hexagonal structural reflection can be
observed below 45 °C. When the temperature increased over
45 °C, the Bragg peak assigned to (110) reflection of H; phase
disappeared gradually, indicating the topological structure
turned into L, phase. The SAXS patterns for 30, 70, and 80
wt % with increasing temperature from S to 85 °C are also
collected and shown in the Supporting Information. Due to the
topological structure in ILC phase is sensitive to temperature
and water content, it is pertinent to fix the ILC nanostructure
by photopolymerization.

Fixation of ILC Structures by Photopolymerization.
The preparation process of nanostructured proton-transporting
films is shown in Scheme 1 (more details in the Supporting
Information). The hexagonal and lamellar phases were first

Table 1. Structure Parameters for the ILC Phase of VIPS—DBSA Aqueous Mixture®

phase sample wt % VIPS wt % DBSA wt % H,0
H, 30 12.08 17.94 70.
40 15.98 23.86 60.

50 19.79 30.71 49.

L, 60 23.82 36.04 40.
70 27.95 42.61 29.

80 32.03 48.50 19.

wt %
01
16
49
14
44
47

L a, (nm) dyy (nm) di (nm) dy (nm)
0.1383 7.042 1.375 4.292
0.1839 5.939 1.337 3.265
0.2368 5.386 1.376 2.633
0.2778 4.574 1.271 3.304
0.3284 4.343 1.427 2918
0.3738 4.032 1.507 2.525

“@, is the volume fraction of hydrophobic alkyl chains in surfactant molecule; g, is the lattice parameters of ILC phase; dy is the radius of cylinder
unit in H, phase; dy is the thickness of hydrophobic domain in L, phase; dy; is the thickness of water channel in ILC phase.
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Figure 3. SAXS spectra for the (a) 40, (b) S0, and (c) 60 wt % samples with increasing temperature.

Scheme 1. Schematic Illustration of the Strategy for Preparation of Nanostructured Proton-Transporting Films
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Figure 4. SAXS patterns of (a) Film-H, obtained by photopolymerization of VIPS—DBSA in H, phase and (b) Film-L, obtained by
photopolymerization of VIPS—DBSA in L, phase. The SAXS data were collected at different temperatures. POM images of Film-H; (c) and Film-L,

(d) at 25 °C, respectively.

21973

dx.doi.org/10.1021/am504504m | ACS Appl. Mater. Interfaces 2014, 6, 21970—-21977



ACS Applied Materials & Interfaces

Research Article

NONE LEI

50KV X5000

NONE

Figure S. Scanning electron micrographs of the cross sections for (a) Film-H, and (b) Film-L,.
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Figure 6. (a) Arrhenius plots of ionic conductivity for the VIPS—DBSA aqueous mixture in H, phase (black squares) and in L, phase (red circles);
(b) Arrhenius plots of ionic conductivity for the Film-H, (black squares) and Film-L, (red circles).

equilibrated with 40 and 60 wt % of VIPS—DBSA aqueous
mixture. Subsequently, the UV irradiation of the corresponding
ILC sample in the presence of photoinitiator was conducted by
a UV arc lamp around 365 nm with an intensity of 9 mW/cm*
for 2 h at room temperature. The photopolymerization of
VIPS—DBSA in hexagonal and lamellar phases has given two
types of transparent free-standing polymeric films as Film-H,;
and Film-L,. To determine the polymerization process, we
conducted FT-IR spectroscopy to monitor the intensity of C=
C stretching bands at ~1650 cm™"' and C—H stretching bands
at ~920 cm ™%’ In the case of the ILC phase, D,O should be
used to replace H,O to avoid the strong overlapping H-O—H
band at ~1600 cm™.** As shown in Figure S2 (Supporting
Information), the intensities of IR bands at ~1650 and ~920
cm™" significantly decrease for the Film-H; and Film-L, after
photopolymerization, which indicates that the cross-linking
reaction occurs.

SAXS technique was applied to confirm the preservation of
ILC nanostructures after photoirradiation. As shown in Figure
4, the SAXS pattern of Film-H; at 25 °C shows the typical
Bragg peaks assigned to (100), (110), and (200) reflections of a
hexagonal structure. The Film-L, polymerized in the lamellar
state also exhibits two peaks indexed as (100) and (200)
reflections of a lamellar structure. The SAXS spectra support
that the ILC nanostructures have been retained in the
polymeric film during photopolymerization. The stability of
the nanostructures in the cross-linked ILC phase was also
examined by SAXS at different temperatures. The SAXS
patterns of Film-H, and Film-L, at 105 °C higher than the
boiling point of water still show their typical Bragg peaks. This
result demonstrates that the nanostructures of ILC fixed by
photopolymerization are generally retained at a higher

21974

temperature region. Figure 4c,d shows the POM images of
Film-H, and Film-L, samples at 25 °C, respectively. The
birefringence patterns for the two solid film samples were still
observed after polymerization. The POM images of Film-H,;
and Film-L, at higher temperature were also collected and
shown in the Supporting Information.

The lattice parameter a, was also calculated on the basis of
the SAXS data. The value of a, for Film-H, is 8.078 nm, which
is much higher than that of the H; phase (5.939 nm in Table 1)
containing 40 wt % VIPS—DBSA before photo cross-linking.
However, the value of g, for Film-L, reduces to 3.746 nm
compared with the L, phase (4.574 nm in Table 1) fabricated
by 60 wt % VIPS—DBSA aqueous mixture. The polymerizable
ethylenic bonds are located among the hydrophilic head groups
and the cross-linking between these ethylenic bonds can result
in an increase of the effective area of headgroups. The
expansion of the cylinder unit cell can be rationalized by the
enlargement of headgroups. For the L, phase, the surfactant
molecules show paratactic alignment, and so, the cross-linking
of headgroup causes a more dense packing of the surfactant,
resulting in the contraction of the lamellar unit cell.***
Additionally, the variation in lattice parameter of H, phase is
more pronounced than that of L, phase due to the more
interfacial curvature of monolayer cylinder aggregates.

To examine the nanostructures of the polymeric films on
larger size scales, scanning electronic microscopy (SEM) was
applied to analyze the bulk morphology of Film-H, and Film-
L,. Figure 5 shows the SEM images of cross sections for the
two films. For SEM analysis, water must be removed, which
may cause the polymer structure to collapse. However, the
morphology of films should still show difference if the
nanostructure is present.*"** Specifically, the SEM image of
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Film-H; shown in Figure S5a exhibits defined cylindrical
structures and the micrograph of Film-L, shown in Figure Sb
contains directed sheet-like structures. This structural informa-
tion on SEM images directly parallels the above SAXS data.
lonic Conductivity of the Films with Proton-Trans-
porting Nanochannels. The phase behavior of the VIPS—
DBSA aqueous mixture can be taken as a guideline for the
study of proton-transporting behavior. We expect that the
information on water channels in ILC phases can act as proton
pathways and have significantly positive influence on the
proton-transporting mechanism. First, we measured the ionic
conductivities of the VIPS—DBSA aqueous mixture by an
alternating current impedance method. As shown in Figure 6a,
the ionic conductivities of the samples in both H; and L,, phase
increase with the increasing temperature from 25 to 85 °C. The
ionic conductivity of the sample with 40 wt % VIPS—DBSA in
H, state is 0.129 S/cm at 25 °C and reaches to 0.187 S/cm at
85 °C. The sample with 60 wt % VIPS—DBSA in L, state also
exhibits an increasing ionic conductivity from 0.077 to 0.117 S/
cm within the temperature range of 25—85 °C. Due to the
sensitivity of ILC phases to the water content, the operation
temperature cannot exceed 100 °C in order to avoid the water
boiling. While for the cross-linking polymeric Film-H, and
Film-L,, the ionic conductivities can be measured at temper-
atures higher than 100 °C because the nanostructures of ILC
fixed in the films are generally retained at a higher temperature
region. Figure 6b shows the ionic conductivities of Film-H; and
Film-L, in a temperature range of 25—115 °C. The ionic
conductivity of Film-H; varies from 8.51 X 10™* to 6.02 X 1073
S/cm and the ionic conductivity of Film-L,, increases from 1.07
X 107* to 1.95 X 107> S/cm with the increasing temperature.
Although Film-H, and Film-L, have different unit structures in
film matrix, the ionic conductivities of the two films are still in
the same order of magnitude because they both form low-
dimensional hydrophilic channels for proton transport. It
should be noted that the ionic conductivities of the solid
polymeric films are lower than those of the samples in ILC
state. Generally, the cross-linking of molecules can suppress the
diffusion of molecules themselves and lead to the decrease in
ionic conductivity.””** However, the ionic conductivities of
these nanostructured films are still 1—2 orders of magnitude
higher than that of another electrolyte membrane Nafion 117.*
This interesting phenomenon indicates that the topological
structures of ILC phase fixed in the polymeric films play a chief
role for the efficient proton transportation. We proposed that
the proton transporting occurs in the hydrophilic part of
VIPS—DBSA. So it is reasonable to consider the water channels
as proton-transporting pathways. To better understand the
proton-transporting mechanism, the activation energies of
Film-H; and Film-L, were calculated from the Arrhenius
plots of ionic conductivity. The activation energies of Film-H,
and Film-L,, are 8.96 and 11.82 kJ/mol, respectively. It is noted
that the activation energy of water-swelled Nafion is
approximate 15 kJ/mol.**® The decrease in activation energy
is believed to generate from the introduction of highly ordered
topological structures within the polymer matrix. It is
noteworthy to mention that there are two different ion-
transporting mechanisms, vehicle and Grotthuss mechanisms.
The vehicle mechanism is controlled by ion diffusion with a
small value of conductivity,*” while the Grotthuss mechanism is
generated by ion hopping with high conducvitity."® When the
protons are transported on the surface of the cylinder or layer
unit, proton hopping always occurs through the hydrogen bond

networks of headgroups,”” while for the protons transported in
the continuous water medium among cylinder or layer unit,
diffusion controlled transport (vehicle) is the main mechanism.
We proposed that the ion transport in Film-H, and Film-L,
consists of a series of hopping within cylinder or layer units and
diffusion through water medium among cylinder or layer units.
Thus, the more ordered nanostructures in Film-H; and Film-L,,
can provide more ionic conduction pathways for proton
hopping, resulting in a higher conductivity and lower activation
energy.

B CONCLUSIONS

In summary, we have successfully constructed proton-trans-
porting ILC phases by a polymerizable imidazolium-type
zwitterion and a kind of organic acid. The obtained hexagonal
phase and lamellar phase can be retained by in-phase
photopolymerization of ILC. The vinyl group in imidazolium-
type zwitterions as a polymerizable moiety is the key in the
cross-linking of the ILC topological structures. The poly-
merized Film-H; and Film-L, with nanostructured channels
have higher ionic conductivities and lower activation energies
than the common electrolyte membrane Nafion 117. The
present work shows a facile method to construct a nano-
structured solid state film for proton-transporting membrane
materials.
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