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Impact of Comonomer Chemistry on Phase Behavior
of Polymerizable Lyotropic lonic Liquid Crystals:

A Pre- and Post-Polymerization Study

Nicolas Goujon,* Ludovic F. Dumée, Nolene Byrne, Gary Bryant, and Maria Forsyth

The design and characterization of polymerizable lyotropic ionic liquid
crystals with an intact alkyl chain bilayer are described. The bilayer is left
intact to enable further inclusion of peptide-based channels to mimic
biological protein membranes for potential separation applications. Impact of
comonomer concentration and chemistry on the mesophase formed pre- and
post-polymerization is characterized. An optimum comonomer concentration
of 20 wt% is found for the poly(ethylene glycol) diacrylate (PEGDA) system,
before full disruption of the discontinuous cubic phase occurs. Little impact on
the discontinuous cubic phase is observed by varying comonomer chemistry
from PEGDA to either poly(ethylene glycol) dimethacrylate or 2-hydroxyethyl
acrylate, with exception of variation in the thermal stability of the resulting
mesophase. Surprisingly, the use of 2-hydroxyethyl methacrylate as comon-

separation.' Such materials may display
unique properties, including 3D-intercon-
nected conducting channels (e.g., bicon-
tinuous cubic phase) and anisotropic
transport properties (e.g., 2D-hexagonal
phase), making them relevant for individual
molecule diffusion.>>% To date, various
design approaches have been reported for
the fabrication of highly ordered nanostruc-
tured polymeric membranes, including the
use of block copolymer,”# polymerizable
thermotropic liquid crystal,>®! or polymer-
izable lyotropic liquid crystal (LLC).[!

The LLC self-assembly method offers
the advantage that the mesophase can

omer results in formation of the 2D hexagonal phase, which is of interest for
the design of biological protein membranes. Unfortunately, mesostructure
retention is not observed in any systems studied. A sequence of structural
changes, modeled as a change from a spherical micelle to a cylindrical micelle,
and to finally a lamellar architecture, is rather observed using in situ small-
angle X-ray scattering polymerization measurements, suggesting a reduction
of the headgroup area, likely caused by cross-linking of the acrylate moiety.

1. Introduction

The development of polymeric membranes with highly ordered
nanostructure has attracted a great deal of interest for their
potential application in drug delivery, energy devices, and
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be tailored prior to polymerization to
target specific application needs.'!) Such
lyotropic liquid crystalline phases are
formed by spontaneous self-assembly of
amphiphilic molecules via the addition of
a cosolvent such as water or alcohol'-13]
Depending on the nature and concentra-
tion of the cosolvent, a wide variety of
mesophases may be generated, including
lamellar, 2D-hexagonal and discontinuous
or bicontinuous cubic phases.['!]
Additionally, the alkyl chain bilayer formed by some LLC sys-
tems is quite similar to biological membrane, which could unlock
the use of peptide-based channels as ion/molecule carriers in a
polymeric membrane.'*! Peptide-based channels, such as cyclic
peptide nanotubes (CPNs) represent an elegant way to selec-
tively transport ions/molecules via size exclusion or inner wall
functionalization.'>7] Briefly, CPNs consist of a cyclic amino
acid sequence which can self-assemble into tubular architecture
via hydrogen bonding. CPNs with inner diameter ranging from
5.9 to 13.1 A can be readily achieved by selecting the number
of amino acid subunits.'®! The fabrication of sub-nanometer
porous membranes remains challenging using conventional
techniques, and therefore the design of a biological membrane
using a polymerizable LLC system in conjunction with CPNs
could potentially help to overcome current fabrication limitations.
Recently, we showed that the nanostructured domains presented
in LLC systems could be used to align CPNs in a similar manner
to that of protein membranes in biological membrane.['’!
Unfortunately, the poor mechanical properties of LLC sys-
tems, due to their gel-like nature, have hindered their imple-
mentation.?%2] As mentioned previously, the mesophases
formed by LLC systems are extremely sensitive to cosolvent
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concentration, which is an advantage for design flexibility
but also a key challenge in terms of mesophase thermal sta-
bility.2%22] The use of ionic liquids with very low vapor pres-
sures as cosolvents has already been suggested to improve the
thermal stability of an LLC mesophase.?>?*1 Mechanical sta-
bility remained a concern since the LLC mesophases formed
with ionic liquids are still gellike materials. A promising
alternative, which could address both thermal stability and
mechanical integrity simultaneously, lies in the development
of photopolymerized LLC systems, whereby long-range order is
retained after UV-polymerization.”"?>2¢] Photopolymerized LLC
systems reported so far can be categorized into two subclasses
where: i) an LLC system is used as a pore former and is sub-
sequently removed post-polymerization, resulting in the forma-
tion of nanoscale porosity!?>?”28] or where ii) a polymerizable
LLC is used and covalently bonded to the polymer backbone.
The latter case allows the amphiphile to be used as a perma-
nent scaffold for the incorporation of host molecules, particles,
and peptide-based channels.!'*?°]

The main challenge regarding the development of a poly-
merizable LLC system is the retention of the mesostructure
post-photopolymerization. Most polymerizable LLCs reported
to date belong to the class of charged surfactants, including
anionic-based surfactants('*3932l (e.g., sodium undecenoate,
imidazolium-based ionic liquids), hydrated lipids®*-*’ (e.g.,
phosphoethanolamine), cationic-based surfactants®¢3# (e.g.,
imidazolium and phosphonium-based ionic liquids), and
gemini-based surfactantsi®¥ (e.g., phosphonium-based ionic
liquids). All confirmed cases of mesostructure retention have
been reported for LLC systems where polymerizable moieties
were located on the surfactant alkyl chain.F1363% Attempts
of LLC photopolymerization, where the polymerizable moiety
was located at the counterion or associated with the cation
headgroup®” of an imidazolium-based ionic liquid, have been
reported by Firestone et al. However, these LLC systems under-
went phase rearrangement toward mesostructure with lower
spontaneous curvature during photopolymerization. Phase
rearrangement was also reported for another imidazolium-
based ionic liquid where the polymerizable moiety was this
time located on the surfactant alkyl chain.’”) Interestingly, the
common feature of all these imidazolium-based ionic liquids
was their relatively short alkyl chain (<10 carbons) compared
to that of traditional surfactants. The short alkyl chain length
of the amphiphile might have weakened the nano-segregation
of the hydrophilic/hydrophobic domains in these systems.!*’!
The change in balance between hydrophilic and hydrophobic
domains in that case might have contributed to a detrimental
effect on the mesostructure retention of these systems during
photopolymerization. Building upon prior work from Firestone
et al., a polymerizable lyotropic ionic liquid crystal with a longer
alkyl chain (hexadecyl) was recently designed by our group, and
its phase behavior upon addition of water determined.*!l In
this work, an imidazolium-based ionic liquid with a polymeriz-
able moiety located on the counterion (i.e., acrylate ion, as per
Firestone et al. work!!*)) was selected to limit the disruption of
the alkyl chain bilayer for the incorporation of host molecules,
particles, or peptide-based channels.[¥

Herein, the development of a polymerizable LLC
system using a polymerizable lyotropic ionic liquid crystal,
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Figure 1. a) Chemical structure of the polymerizable lyotropic ionic liquid
crystal, 1-hexadecyl-3-methylimidazolium acrylate (CygmimAcr) and the
comonomers investigated: b) poly(ethylene glycol) diacrylate (PEGDA,
M,: 575), c) poly(ethylene glycol) dimethacrylate (PEGDMA, M,: 400),
d) 2-hydroxyethyl acrylate (HEA), and e) hydroxyethyl methacrylate
(HEMA).

1-hexadecyl-3-methylimidazolium  acrylate (CigmimAcr,
Figure 1a) is described and characterized. For fabrication of an
LLC copolymer network, a comonomer is often required for
the production of a self-standing membrane.'**? Therefore,
the impact of the comonomer chemistry and concentration
on the phase behavior of the C;smimAcr/water/comonomer
systems was characterized prior and post-polymerization. In
situ small-angle X-ray scattering (SAXS) polymerization assays
were also performed on selected LLC systems to give real-
time insights on the structural rearrangement occurring in
these systems during photopolymerization. This study aims to
give insights on the key parameters required for the develop-
ment of sustainable peptide-based polymeric membrane using
polymerizable LLC, in particular, the importance of the loca-
tion of the polymerizable moiety and comonomer chemistry
on the mesostructure retention of polymerizable LLC during
photopolymerization.

2. Experimental Section

2.1. Chemicals and Materials

1-methylimidazole (99%), acrylic acid (99%), cyclohexane (=99%),
poly(ethylene glycol) diacrylate (M, = 575), 2-hydroxyethyl
acrylate (96%), 2-hydroxyethyl methacrylate (97%), 2-hydroxy-
2-methylpropiophenone (97%), and Amberlyst-26 OH form were
purchased from Sigma-Aldrich (New South Wales, Australia).
Poly(ethylene glycol) dimethacrylate (M,, = 400) was purchased
from Polysciences Inc (Taipei, Taiwan). 1-chlorohexadecane
(97%) was purchased from Alfa Aesar (New South Wales,
Australia). All chemicals were used as received.

1.5 mm outer diameter special glass 10 capillaries were pur-
chased from Hampton Research Corporation. Quartz cover-
slips (25.4 x 25.4 square mm) were purchased from ProSciTech
(Victoria, Australia).
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2.2. lonic Liquid Synthesis
2.2.1. 1-Hexadecyl-3-methyl-imidazolium Chloride (C;smimCl)

C;emimCl was synthesized according to the following proce-
dure. In a 250 mL round bottom flask equipped with magnetic
stirrer and a water-cooling system, 1-methylimidazole (11.96 g,
0.1458 mol) and 1-chlorohexadecane (43.13 g, 0.160 mol) were
added simultaneously. Then the mixture was stirred at 80 °C for
72 h under a nitrogen atmosphere resulting in a slightly yellow
solid. The product was purified by recrystallizing twice from
ethyl acetate. Finally, the pure C;qmimCl was dried under high
vacuum at 50 °C for 8 h resulting in a white powder product.

'H NMR (500 MHz; DMSO-dg, 8): 9.49 (s, 1H), 7.86 (s, 1H),
7.80 (s, 1H), 4.18 (t, 2H), 3.87 (s, 3H), 1.75 (m, 2H), 1.20
(m, 26H), 0.82 (t, 3H).

2.2.2. 1-Hexadecyl-3-methyl-imidazolium Acrylate (C;¢gmimAcr)

Anion exchange step used in this work differs from the pro-
cedure previously reported by Firestone et al.'¥ where silver
acrylate salts were used. It was found to be quite difficult to
remove the silver bromide product by filtration due to the small
particle size of the silver bromide. As a consequence, the use
of an ion exchange resin for the anion exchange step was pre-
ferred, as it avoids the presence of silver bromide impurity and
the procedure is described below.

First, 300 g of ion exchange resin (Amberlyst-26 OH form)
was loaded with the desired acrylate anion using a 10 wt%
acrylic acid solution (1000 mL). The resin was then washed
with an abundant amount of Milli-Q water to remove the
unreacted acrylic acid residue. 30.03 g of 1-hexadecyl-3-methyl-
imidazolium chloride was dissolved in 100 mL of Milli-Q water
and the aqueous solution of ionic liquid was flushed through
the column ten times (anion exchange yield was assessed by
'H NMR). The acrylate-based ionic liquid was concentrated and
dried under high vacuum resulting in a slightly yellow gel-like
material. The product was purified by recrystallizing twice from
ethyl acetate. Finally, the pure C;gmimAcr was dried under high
vacuum at 30 °C for 8 h resulting in a white powder product.

'H NMR (500 MHz; DMSO-dg, 8): 9.71 (s, 1H), 7.84 (s, 1H),
7.77 (s, 1H), 5.97-5.92 (dd, 1H), 5.69-5.66 (dd, 1H), 5.13-5.10
(dd, 1H), 4.17 (t, 2H), 3.87 (s, 3H), 1.75 (m, 2H), 1.21 (m, 26H),
0.82 (t, 3H).

2.3. Lyotropic Liquid Crystalline Phase Preparation
2.3.1. lonic Liquids/Water/Comonomer Systems

Each lyotropic liquid crystalline phase was prepared by weighing
the appropriate amount of C;gmimAcr into a 4 mL glass vial.
Residual water present in the C;gmimAcr was assessed using a
Karl fisher method, via dissolving the C;gmimAcr into a meth-
anol solution with a known water content. The amount of water
already present in the C;gmimAcr was taken into consideration
for the preparation of the lyotropic liquid crystalline phase. The
desired amounts of Milli-Q water and comonomer were added
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according to their respective densities using a micropipette.
Each mixture was first sonicated for several hours as a pre-
mixing step. Then the mixture was heated into their fluid state
(90 °C) for a brief moment and mixed using a vortex agitator
(avoiding the formation of bubbles). For the polymerization
study, the photoinitiator was added after this step, by melting
again the LLC phases into their fluid state (90 °C) for a brief
moment and mixed using a vortex agitator.

To study the impact of comonomer concentration,
CigmimAcr/water/PEGDA systems with the following formu-
lation were prepared: 35/65/0, 35/60/5, 35/55/10, 35/45/20,
35/35/30 wt%.

To study the impact of comonomer chemistry, C;gmimAcr/
water/comonomer systems with a formulation of 35/45/20 wt%
were prepared.

2.4. Polymerization of Lyotropic Liquid Crystal Systems

For the polymerization study, all lyotropic liquid crystalline
phases were doped with 2 wt% of a radical photoinitiator,
2-hydroxy-2-methylpropiophenone. The lyotropic mesophases
were sandwiched between two standard coverslips with a
250 um-thick PTFE spacer. Polymerization temperature was
controlled using a linkam stage equipped with quartz windows
(Linkam Scientific LTS350). All lyotropic mesophases were
photopolymerized using a high-pressure mercury UV lamp
with sample-lamp distance of =15 cm (irradiance intensity of
89 mW cm at 15 cm for UVC range (250-260 nm) without
any filter or coverslip). The UV-exposure times were varied
from 30 min to 3 h, depending on the UV-exposure times
required for each Cj;gmimAcr/water/comonomer system to
form a self-standing polymer film. It is important to note that
some C;gmimAcr/water/comonomer system did not form a
self-standing polymer film, even after 3 h of UV-exposure (see
Supporting Information for details).

2.5. SAXS/WAXS
2.5.1. Benchtop SAXS/WAXS Setup

SAXS and wide-angle X-ray scattering (WAXS) measurements
were recorded with a microcalix SAXS system (Bruker) using
Cu Ko radiation (50 kV, 10 mA). The scattering vector, g, was
calibrated using silver behenate. Prior to polymerization, the
samples were placed into 1.5 mm outer diameter capillaries
(special glass #10). For the polymer sample, the samples were
mounted directly on a solid sample holder. Measurements
were carried out under vacuum at 20 °C with exposure times
of 600 or 2400 s for the gel sample and the polymer sample,
respectively. For the C;qmimAcr/water/comonomer system
containing 20 wt% comonomer, SAXS patterns were also col-
lected at 40, 60, 80, and 90 °C, in order to assess the melting
point of the lyotropic mesophase. The program Fit2D was
used to extract the 1D-SAXS profile (ie., intensity vs scat-
tering vector, q = (47 sin 6)/A), both presented on a logarithmic
scale. The data were not corrected for the scattering from
an empty capillary since the SAXS data were only analyzed
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crystallographically.'! The broad peak observed at 0.4 A~ is
caused by the Kapton windows of the capillary holder and does
not affect data interpretation. No Kapton windows were used
for the solid sample holder, thus no peak Kapton was observed
for the polymer sample.

2.5.2. Synchrotron SAXS/WAXS Setup

In situ SAXS polymerization measurements were performed at
the Australian Synchrotron on the SAXS/WAXS beamline. An
in-vacuum undulator (22 mm period, 3 m length, K,,, = 1.56)
with a beam energy of 20 keV and a 0.9 m camera length were
used, allowing a detection range for a momentum transfer of
0.03 Al< qg<15 Al The scattering vector, g, was calibrated
using silver behenate. The 2D SAXS patterns were recorded
with a 1M Pilatus detector with 981 x 1043 pixel resolution.[*3]

A similar polymerization protocol, as described above, was
used for the in situ SAXS polymerization measurement. SAXS
patterns were recorded every 18 s.

2.6. Differential Scanning Calorimetry

DSC measurements were performed on an NETZSCH DSC 214
polyma instrument, which was calibrated using cyclohexane.
The samples were accurately weighed (20-40 mg) into standard
sealed aluminum pans. The weights of the pans containing the
samples were measured before and after the DSC measure-
ment to determine eventual weight loss, which was attributed
to water loss. The samples were heated from 173.15 to 363.15 K
and then cooled down from 363.15 to 173.15 K at the rate of
10 K min~'. Isothermal steps of 5 and 2 min were added at
173.15 and 363.15 K, respectively. This cycle was repeated three
times.

3. Results and Discussion

The incorporation of a comonomer into the LLC mesophase
formed by C;gmimAcr/water system is likely to induce some
structural disruptions that could affect either the thermal sta-
bility of the present mesophase or to even greater extent the
type of mesophase formed. On the other hand, it was also
found that the concentration of comonomer (i.e., PEGDA) has
a significant impact on the resulting mechanical properties
of the polymerized LLC membrane, with higher comonomer
concentration resulting in the fabrication of self-standing LLC
polymer film at a given UV-exposure time (30 min, see Sup-
porting Information for details). Therefore, the comonomer
concentration needs to be precisely controlled in order to pro-
duce self-standing LLC polymer film without sacrificing the for-
mation of the mesophase. Additionally, the chemical properties
of the comonomer are an important parameter, where param-
eters such as the type of polymerizable moiety, the number
of polymerizable moieties per comonomer molecule, and the
hydrophilic nature of the comonomer can all play a role in
impacting the polymerization kinetics, cross-linking density,
and resulting physical properties of the films.
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To study these effects on this polymerizable LLC system (i.e.,
CismimAcr), the following comonomers have been selected
to explore the impact of comonomer chemistry: poly(ethylene
glycol) diacrylate (PEGDA, M,;: 575 g mol™!), poly(ethylene glycol)
dimethacrylate (PEGDMA, M,: 400 g mol™), 2-hydroxyethyl
acrylate (HEA), and hydroxyethyl methacrylate (HEMA). The
chemical structure of the polymerizable LLC and the different
comonomers used in this study are presented in Figure 1.

3.1. Pre-Photopolymerization Characterization

First, the impact of comonomer concentration on the phase
behavior and thermal stability of the mesophase formed by the
Cy¢mimAcr/water/PEGDA systems was investigated by means
of SAXS and DSC, using the PEGDA comonomer, due to the
fast polymerization kinetics of this system (see Supporting
Information). The C;gmimAcr/water system containing 65 wt%
water was selected for this study, as water evaporation was
occurring prior to the melt at composition containing lower
water concentration.

3.1.1. Impact of PEGDA Comonomer Concentration

The impact of PEGDA incorporation was investigated by
substituting a portion of the water originally present in the
CigmimAcr/water system (35/65 wt%) with up to 30 wt% of
PEGDA. Figure 2 shows the SAXS profiles of C;gmimAcr/
water/PEGDA as a function of PEGDA concentration. As pre-
viously reported, the C;gmimAcr/water system containing
65 wt% water exhibits a SAXS pattern characteristic of a discon-
tinuous cubic phase, which could be properly indexed as a Pm3
n space group.!! The discontinuous cubic phase is observed
for all PEGDA concentrations up to 20 wt%; it was also indexed
as a Pm3n lattice, with up to 15 identified reflections for the
sample containing 20 wt% PEGDA. As PEGDA concentration

30 wt.% PEGDA

20 wt.% PEGDA

10 wt.% PEGDA

5 wt.% PEGDA

0 wt.% PEGDA

Log (Intensity) (a.u)

0.1 0.2
-1
q (A"
Figure 2. Integrated lab-SAXS patterns of C;gmimAcr/water/PEGDA sys-
tems containing: 35/6/0 wt% (black), 35/60/5 wt% (red), 35/55/10 wt%

(blue), 35/45/20 wt% (green), and 35/35/30 wt% (brown). Peak assign-
ment for the main diffraction peaks is also included (arrows).

0.3 04 05
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Figure 3. DSC heating profiles of the C;gmimAcr/water/PEGDA system containing: 35/65/0 wt% (black), 35/60/5 wt% (red), 35/55/10 wt% (blue),
35/45/20 wt% (green), and 35/35/30 wt% (brown); a) First heating scan and b) second heating scan.

increased up to 20 wt%, the SAXS pattern gradually shifted to
higher g values, suggesting that the lattice parameter, a, of the
discontinuous cubic phase is decreasing (see Table S3, Sup-
porting Information). This decrease in a is probably related
to the water layer around each micelle, which shrinks as the
global amount of water is reduced. Polar fragrance compounds
solubilized into a discontinuous cubic phase previously also
showed a strong tendency to be located at the headgroup inter-
face, causing a reduction of the lattice parameter.***! There-
fore, it could be assumed that the PEGDA molecules are located
at the headgroup interface due to its hydrophilic nature, and
thus, contributing to the reduction in a. At 30 wt% PEGDA, the
SAXS pattern of the system changes drastically and an inter-
micelle interference peak centered at g = 0.15 A~ appears, indi-
cating the formation of an isotropic micellar solution. This new
peak corresponds to the correlation length of the pair distribu-
tion function of micelles, & = 41.7 A (from q = 27/&,).[2%40]

Figure 3 shows the DSC profiles of the C;gmimAcr/water/
PEGDA system as a function of PEGDA concentration. All
PEGDA concentrations are highly viscous and transparent
materials that do not flow, with the exception of the 30 wt%
PEGDA which was liquid and transparent at room temperature.
Below 30 wt% PEGDA, the main endothermic event between
0-4 °C appears more resolved during the second heating scan.
This is likely due to difference in thermal history of the sample
as a relatively slow cooling rate of 10 °C min! is used between
cycles. Unless specified, DSC discussion in this section refers
to the second heating scan.

The C;gmimAcr/water system containing 65 wt% water
exhibits a sharp endothermic peak around 4 °C with a higher
temperature shoulder.*!] As previously reported, the main tran-
sition corresponds to the lamellar crystalline phase to lamellar
gel phase transition, while the higher temperature shoulder
endothermic transition is likely to be a lamellar gel phase to dis-
continuous cubic phase transition, in this case.?>*!l As PEGDA
is incorporated into the system, this higher temperature
shoulder becomes more pronounced and gradually shifts to
higher temperature with increasing PEGDA concentration, sug-
gesting that PEGDA addition stabilizes the lamellar gel phase
present after the crystallization of these systems, below 13 °C.[?
At 30 wit% PEGDA, this transition finally becomes a distinct
endothermic event, observed at 13 °C, which corresponds to

Macromol. Chem. Phys. 2018, 219, 1800097 1800097

the melting into an isotropic liquid. Simultaneously, the main
endothermic event shifts from 4 to —3 °C as PEGDA concen-
tration increases, suggesting this time that the thermal stability
of the lamellar crystalline phase decreases. Additionally, a glass
transition around —69 °C and a crystallization event around
—47 °C, likely associated to the ethylene oxide chains, become
more apparent as the PEGDA concentration is increased.

A noticeable difference between the first and second heating
scans for the samples containing up to 20 wt% PEGDA is
the appearance of a weak endothermic event between 40 and
80 °C during the first heating scan, which is not apparent in
the second heating scan. As suggested by the temperature-
dependent SAXS analysis (Figure S1, Supporting Information),
this endothermic event represents melting of the mesophase
into an isotropic micellar solution. The latent heat associated
with these endothermic events is of the order of 1-2 ] g™!, con-
sistent with latent heat values for a liquid crystal phase to iso-
tropic phase transition.”] For the sample containing 65 wt%
water (i.e., no PEGDA), this endothermic event is observed at
45.9 °C and likely represents melting of the discontinuous cubic
phase into an isotropic state. As small amounts (5 or 10 wt%) of
PEGDA are added to the system, this transition shifts to higher
temperatures, and is observed at 65.9 °C for 10 wt% PEGDA,
suggesting that the addition of PEGDA, up to 10 wt%, stabilizes
the discontinuous cubic mesophase in these systems. However,
at 20 wt% PEGDA this endotherm has shifted back to 49.5 °C,
suggesting that further addition of PEGDA no longer stabilizes
the discontinuous cubic mesophase.

While the system containing 35 wt% IL and 65 wt% water
exhibits a discontinuous cubic phase; at 30 wt% IL and 70 wt%
water, the cubic mesophase is disrupted and a micellar solu-
tion was observed instead.!l This indicates that 65 wt% water
is close to the maximum water content that the system can
tolerate before disruption of the discontinuous cubic phase.*!!
Therefore, it could be rationalized that substitution of 5 or
10 wt% water by PEGDA stabilizes the mesophase present
by reducing the total amount of water. However, at 20 wt%
PEGDA, there are insufficient amount of water molecules to
effectively solvate the headgroup of the ionic liquid, therefore
the melting point of the system decreases. This is consistent
with the formation of a micellar solution, as suggested by the
SAXS data at 30 wt% PEGDA.

(5 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In conclusion, both DSC and SAXS results suggest that PEGDA
incorporation has little effect on the type of mesophase formed,
although its thermal stability starts to decrease above 10 wit%
PEGDA, before being completely disrupted at 30 wt% PEGDA.

3.1.2. Impact of Comonomer Chemistry

Since an optimum comonomer concentration of 20 wt% was
determined for the C;gmimAcr/water/PEGDA systems, further
investigation of the impact of comonomer chemistry was con-
ducted at this concentration.

Figure 4 shows the SAXS patterns of 35/45/20 wt%
CismimAcr/water/comonomer systems containing 20 wt%
PEGDA, PEGDMA, HEA, and HEMA. Similarly to the PEGDA
system, the SAXS pattern of the PEGDMA system exhibits a
characteristic pattern of a discontinuous cubic phase, which
could be indexed as a Pm3n lattice with up to 12 identified
reflections. The lattice parameter, a, of the PEGDMA system
is 100.4 A. This value is slightly larger than the lattice param-
eter calculated for the PEGDA system (a: 97.5 A). The smaller
reduction of the lattice parameter for the PEGDMA system may
indicate that the PEGDMA molecules are not only located at
the headgroup interface, but also, may be slightly deeper in the
hydrophobic domain,*# possibly due to either the presence
of the methacrylate functional group and/or the slightly smaller
size of the of PEGDMA, allowing PEGDMA molecule to pen-
etrate deeper in the hydrophobic domain (M, = 400 and 575 for
the PEGDMA and PEGDA, respectively).

The SAXS pattern of the HEA system also exhibits a pattern
characteristic of a discontinuous cubic phase, which could be
indexed as a Pm3n lattice with up to 15 identified reflections.
Again, the SAXS pattern of the HEA-containing system is
shifted to higher g values compared to that of the C;gmimAcr/
water system. The lattice parameter, a, of the HEA system is
95 A. This value is slightly smaller than the lattice parameter

20 wt.% HEMA

Log (Intensity) (a.u)

01 02 03 04 05

q (A7)

Figure 4. Integrated lab-SAXS patterns of 35/45/20 wt% CismimAcr/
water/PEGDA system (black), 35/45/20 wt% C;gmimAcr/water/PEGDMA
system (red), 35/45/20 wt% CygmimAcr/water/HEA system (blue), and
35/45/20 wt% CigmimAcr/water/HEMA system (green). Peak assign-
ment for the main diffraction peaks is also included.
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calculated for the PEGDA system, which was equal to 97.5 A.
This indicates a better packing of the HEA comonomer at the
headgroup interface,***! likely due to the difference in mole-
cule size, when comparing PEG-based comonomer with HE-
based comonomer.

Interestingly, the incorporation of HEMA results in a signifi-
cant change of the SAXS pattern, indicating the presence of a
2D-hexagonal phase, with up to three identified reflections. The
change in mesophase between the HEMA and HEA systems
might be due to differences in the comonomer molecule loca-
tion, with the HEMA molecules not only located at the head-
group interface, but also, slightly deeper in the hydrophobic
domain.*+®] This results in the formation of a different spon-
taneous curvature which would allow the accommodation of the
new molecular arrangement, associated with the 2D-hexagonal
phase. Similar observations, in terms of comonomer locations
are made when comparing the PEGDA and PEGDMA systems,
which could be attributed to the presence of the additional methyl
group on the comonomer backbone. However, no mesophase
change is observed in the PEGDMA system. This is likely due to
both molecular size difference between the PEG-based and HE-
based comonomers and a difference in the hydrophilic nature
between the two comonomers (PEO chains), limiting the pen-
etration of the comonomer into the hydrophobic domain. The
formation of a polymerizable LLC system with a 2D-hexagonal
phase is important for the incorporation/alignment of CPNs.["’)

To further investigate the impact of comonomer chemistry,
DSC analysis was also performed to probe the thermal stability
of the mesophase formed by the various C;gmimAcr/water/
comonomer systems.

Figure 5 shows the first and second DSC heating scans of
the 35/45/20 wt% C;gmimAcr/water/comonomer systems
containing 20 wt% PEGDA, PEGDMA, HEA, or HEMA. DSC
profiles of the systems with PEGDA and PEGDMA are quite
comparable, as expected from their similar chemical structures.
However, the weak endothermic event associated with the
melting of the mesophase for the PEGDA system is shifted to
higher temperature in the case of the PEGDMA system (i.e.,
85.8 vs 49.5 °C for PEGDMA and PEGDA, respectively). This
suggests that the discontinuous cubic phase present in the
PEGDMA system is thermally more stable than that of the
PEGDA system. This coincides with the observation of a shaper
endothermic event at =1 °C for the PEGDMA system, which
is also slightly shifted to lower temperature, when compared
to the PEGDA system. Overall, these results suggest that the
discontinuous phase formed by the PEGDMA system is more
ordered, resulting in enhanced thermal stability of the meso-
phase, when compared to the PEGDA system.

On the other hand, significant changes in the DSC
profiles of the HE-based system (2-hydroxyethyl-based
system) are observed compared to the PEG-based systems
(poly(ethyleneglycol)-based system). A complex endothermic
event is observed between —30 and 5 °C, likely representing
the lamellar crystalline phase to lamellar gel phase transition
and the lamellar gel phase to either a micellar or columnar
mesophase transition. Unlike the systems containing PEG-
based comonomer, the HE-based systems do not undergo any
crystallization or glass transitions in the temperature range
studied, supporting the conclusion that these transitions are
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Figure 5. DSC heating profiles of 35/45/20 wt% CysmimAcr/water/PEGDA (black), 35/45/20 wt% C;gmimAcr/water/PEGDMA (red), 35/45/20 wt%
CigmimAcr/water/HEA (blue), and of 35/45/20 wt% C;¢mimAcr/water/HEMA (green); a) First heating scan and b) second heating scan.

associated to ethylene oxide chains present in PEG-based
comonomers. A weak endothermic event, associated with
the melting of the discontinuous cubic phase, is observed at
35.4 °C, for the HEA system.

It is clear from the DSC results that the chemistry of the
comonomer has a significant impact on the thermal stability
of the discontinuous cubic phase formed by the PEGDA,
PEGDMA, and HEA systems. When comparing the PEGDA
and PEGDMA systems, the use of the latter results in a drastic
increase of the mesophase melting temperature, going from
49.5 to 85.8 °C for PEGDA and PEGDMA, respectively. For
acrylate-based comonomers, the substitution of the PEGDA for
the HEA comonomer results in a significant reduction of the
mesophase melting temperature, going from 49.5 to 35.4 °C,
respectively. The enhanced thermal stability of the PEGDA
system is likely due to the entanglement of the ethylene oxide
chain, as more energy is required to break the intermolecular
polymer chain interaction.

The DSC results for the HEMA system, which is the only
system exhibiting a 2D-hexagonal phase, are similar to those for
the HEA system, with a complex endothermic event observed
between —30 and 10 °C. However, a significant increase of the
melting temperature of the mesophase to 70.4 °C is observed.
In this case, it is not clear if the increase of the melting tem-
perature of the mesophase is due to the formation of different
mesophases and/or the introduction of a methyl group on the
polymerizable moiety of the comonomer.

3.2. Post-Photopolymerization Characterization

Now that a better understanding of the impact of comonomer
chemistry on the type of mesophase formed and their relative
thermal stability has been established, the mesostructure
retention of the C;gmimAcr/water/comonomer systems, post-
photopolymerization, was assessed by SAXS.

3.2.1. Mesostructure Retention Study

Independent of the chemistry of the comonomer (ie.,

PEGDA or PEGDMA) used or the mesophase present (e.g.,
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polymerization temperature) prior to polymerization, all self-
standing polymer formed by PEGDA or PEGDMA systems
exhibit a similar SAXS pattern post-photopolymerization, sug-
gesting both systems undergo structural rearrangement toward
a similar nanostructure. On the other hand, the photopolymeri-
zation of the HE-based did not result in self-standing polymer
film (see Supporting Information for details). Figure 6a shows
an example of the SAXS pattern obtained by all C;gmimAcr/
water/comonomer systems, in this case from the C;gmimAcr/
water/PEGDA system with 20 wt% PEGDA, pre- and post-
polymerization. The SAXS pattern post-polymerization has
changed significantly compared to that prior to UV-exposure,
suggesting that structural rearrangements are occurring during
the photopolymerization. The post-polymerized SAXS pattern
could be indexed as two different lamellar phases where L,
91(100) = 0.165 A1, corresponding to a repeat distance d =
2m/q = 38.1 A and Ly, ¢;(100) = 0.190 A~!, corresponding to a

q *1
q
—
S
©
- s
’>: V6 2
= \4
®
c
@
Pt
c
=
o
o
-
0.1 02 03 04 0506

q (A7)

Figure 6. Integrated lab-SAXS patterns of 35/45/20 wt% CigmimAcr/
water/PEGDA; (black) pre- and (red) post-polymerization. The broad
peak observed at 0.4 A”' for the pre-polymerization system is from
the Kapton window of the capillary sample holder. A different sample
holder without Kapton windows was used for the post-polymerization
sample. Peak assignment for the main diffraction peaks is also included.
Inset is a photograph of the 35/45/20 wt% CysmimAcr/water/PEGDA
post-polymerization.
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Figure 7. Time-resolved synchrotron-SAXS pattern of a C;gmimAcr/water/PEGDA sample containing 20 wt% of PEGDA during UV-exposure at a) 20 °C

and b) 60 °C.

repeat distance d = 27r/q = 33.1 A. The repeat distances of the
two lamellar structures suggest the formation of an interdigi-
tated bilayer configuration.*8#1 Additionally, the second-order
diffraction peak of the second lamellar phase is observed at
0.386 AL,

To better understand why these structure rearrangements
occurred, in situ SAXS polymerization measurements have
also been performed during the photopolymerization of the
CismimAcr/water/PEGDA system containing 20 wt% PEGDA,
due to its fast polymerization kinetics. Figure 7 shows the
synchrotron source SAXS patterns of the C;gmimAcr/water/
PEGDA system during UV-exposure at 20 °C as well as for the
post-polymerized sample. As described earlier, the SAXS pat-
tern of the PEGDA system pre-polymerization suggests the
formation of a discontinuous cubic phase. As can be seen in
Figure 7a (brown line), a significant change in the SAXS pat-
tern of the PEGDA-containing system is observed after only
54 s of UV-exposure with the appearance of an intense reflec-
tion centered at g = 0.141 A~", This reflection has a clear lower
q shoulder, which is centered at approximately 0.130 A~1. Three
low intensity reflections were also observed at 0.220, 0.245, and
0.375 A1, Surprisingly, the two lowest g reflections could be
indexed along with the main reflection (i.e., 0.141 A™') using
the following relationship characteristic of a 2D-hexagonal
phase: q;(100): g,(110): ¢3(210) = 1:V3:V7. On the other hand,
the broad shoulder observed at 0.130 A" shows a q;/g, relation-
ship equal to V3 with the reflection centered at 0.220 AL, This
relationship could be attributed to a 2D-hexagonal phase with
a slightly larger lattice parameter, a, compared to that of the
2D-hexagonal phase indexed previously.

After 40 min of UV-exposure (blue line in Figure 7a), a sim-
ilar indexation could be made, except for the extinction of the
reflection centered at 0.375 A~! along with an additional reflec-
tion at 0.288 A~'. This additional reflection could be indexed
with the main reflection peak centered at 0.144 A-l, giving
the following relationship: g;(100): g,(110): g3(200) = 1:\3:V4,
characteristic of a 2D-hexagonal phase. In contrast, no addi-
tional reflection could be associated with the lower g shoulder
observed at 0.135 A1,

The synchrotron source SAXS pattern of the PEGDA system
acquired 1 week after polymerization (i.e., not in situ) is
shown in Figure 7a (green line). A slight shift to higher g of
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the two main reflections is observed compared to the in situ
condition, likely due to water loss. TGA measurement of the
PEGDA system gave a water content of approximately 20 wt%
immediately after 30 min UV-polymerization. After a week of
storage, the sample reached an equilibrium water content of
10 wt%. In the SAXS pattern of the post-polymerized sample,
five reflections are observed at 0.154, 0.164, 0.330, 0.493, and
0.657 A1, which could be indexed as: g;(100): g,(200): g3(300):
q4(400) = 1, 2, 3, and 4, indicating the presence of a lamellar
phase. Although the lower g shoulder observed in the in situ
condition appears more resolved for the post-polymerized
sample, no additional reflections were observed which could
be indexed. However, as the two most intense reflections were
indexed to two similar phases with slightly different lattice
parameters during the in situ measurement, it could be ration-
alized that the reflection centered at 0.154 A" corresponds to
the first-order diffraction of another lamellar phase. The struc-
tural changes observed between the end of in situ measure-
ment and post-drying suggest that structural rearrangement
also occurs during the drying period of the polymer.

Another in situ experiment was also performed at 60 °C
to investigate the impact of polymerization temperature on
structural rearrangement. Figure 7b shows the SAXS patterns
of the C;¢mimAcr/water/PEGDA system during UV-exposure
at 60 °C. At this temperature, the PEGDA system exhibits
only one broad reflection peak centered at 0.152 A~!, indi-
cating the formation of a micellar phase (i.e., fluid sample).
This is consistent with the observation of a weak endothermic
event at 49.5 °C in the DSC traces of the PEGDA-containing
system, which corresponded to the liquid crystalline phase
melting into an isotropic state. After only 36 s of UV-exposure,
the SAXS pattern again changes significantly with the appear-
ance of two sharp reflections centered at 0.146 and 0.254 A,
giving the following relationship characteristic of a 2D-hex-
agonal phase: ¢;(100): g,(110) = 1:\3. The structural rear-
rangement toward the formation of a 2D-hexagonal phase
was also suggested by the in situ experiment on the PEGDA
system at 20 °C. As the UV-exposure time increases, a clear
lower g shoulder from the most intense reflection becomes
more pronounced, resulting in a reflection peak centered at
0.129 A~' after 33 min of UV-exposure. Four reflections are
observed at this time. The indexation of the SAXS pattern
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suggests that the two most intense reflections centered at
0.129 and 0.149 A~! represent the first-order diffraction peaks
of two lamellar phases, with second-order reflections centered
at 0.256 and 0.295 A~!, respectively. The formation of two
lamellar phases was not observed during the in situ experi-
ment on the PEGDA system at 20 °C, instead the SAXS data
suggested the presence of two 2D-hexagonal phases. How-
ever, after a drying period of 1 week, the SAXS pattern of
the PEGDA system polymerized at 20 °C also suggested the
formation of two lamellar phases. No significant changes are
observed in the SAXS patterns after 33 min of UV-exposure,
apart from partial disappearance of the first reflection, sug-
gesting that this lamellar phase is likely to be less ordered.

The sequence of structural changes, going from spherical
micelle to cylindrical micelle and finally to a lamellar architec-
ture, observed during the photopolymerization of the PEGDA-
containing system, follows a typical order that is related to an
increase in the critical packing parameter."® This parameter is
a function of the hydrocarbon volume divided by the headgroup
area and the critical chain length. The increase of the critical
packing parameter is likely due to a reduction of headgroup
area induced by cross-linking of the acrylate moiety.

4, Conclusions

Polymerizable LLC systems with intact alkyl chain bilayers
for peptide-based channel inclusion, were developed using a
polymerizable LLC and various comonomers. The impact of
comonomer concentration on the mesophase originally formed
by the C;gmimAcr/water/PEGDA system was characterized
prior to photopolymerization by means of DSC and SAXS. The
incorporation of 20 wt% PEGDA was found to be the optimum
comonomer concentration in terms of mesophase preserva-
tion and polymerization kinetics, with the fabrication of a self-
standing polymer membrane in only 30 min.

Additionally, the effect of comonomer chemistry on the
phase Dbehavior of CjgmimAcr/water/comonomer systems
with a comonomer concentration of 20 wt% was investigated
by substituting PEGDA with PEGDMA, HEA, or HEMA. The
substitution of PEGDA for either PEGDMA or HEA had little
impact on the type of mesophase formed pre-photopolymeriza-
tion, in these cases, a discontinuous cubic phase. However, the
chemistry of the comonomer has a significant impact on the
thermal stability of the resulting mesophase, with thermal sta-
bility described as follows: HEA<PEGDA<PEGDMA. Interest-
ingly, the use of HEMA comonomer triggers the formation of a
2D-hexagonal phase, likely due to difference in location of the
comonomer molecules with respect to the headgroup interface.

Finally, post-photopolymerization SAXS analysis of the
Ci¢mimAcr/water/comonomer systems suggests that the for-
mation of two lamellar phases with slightly different repeat
distances, is observed for all systems. In situ SAXS polym-
erization analysis highlights that the sequence of structural
changes occurring during photopolymerization follows a typ-
ical order that is related to an increase in the critical packing
parameter, likely due to a reduction of headgroup area induced
by cross-linking of the acrylate moiety. These results provide a
better understanding of the development of polymerizable LLC
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system, especially on the impact that the polymerizable moiety
location has on the mesostructure retention during photopoly-
merization. It appears that having a polymerizable counterion
is detrimental for the mesostructure retention, as rearrange-
ment occurred during the cross-linking process. Future work
will investigate the mesostructure retention of a polymerizable
LLC system, where the polymerizable moiety is located on the
cation headgroup. This could limit the reduction of headgroup
area and still allow access of the alkyl chain bilayer for the
incorporation of peptide-based channels.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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