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ABSTRACT: The use of lyotropic liquid crystals (LLC) as
a template to form periodic nanostructures in polymer
materials is a promising technology. In this study, cross-
linked poly(ethylene glycol) diacrylate nanostructured
materials were prepared by photopolymerization in LLC
hexagonal phases. Polarized light microscopy and small-
angle powder X-ray diffraction were used to understand the
original LLC order retention on photopolymerization, and
scanning electron microscope was used to investigate the
morphology under different purifying solvents and drying
conditions. A Quantachrome Autosorb 1 system was used

to study the pore size distribution of samples. It was found
that the LLC hexagonal structure was retained to a great
extent after photopolymerization. The formation of nano-
structures was affected by purifying solvent and drying
condition. The nanostructure synthesized from LLC with
favorably aligned nanopores will find increasing applica-
tions in gas and water filtration, biology, and health science.
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INTRODUCTION

Controlling the size and distribution of interstitial
voids or nanopores in nanofiltration (NF) mem-
branes is crucial to the selectivity, filtration effi-
ciency, and energy consumption.1–3 An NF polymer
membrane with aligned nanopores perpendicular to
the membrane surface will improve the flow rate
and reduce the energy consumption associated with
the water treatment and desalination processes.

Carbon nanotubes have perfect atomic dimensions
and atomic smoothness, representing a potential
unique family of materials for controlled flow. The
ideal orientation of nanopores such as single-walled
carbon nanotubes2 and multiwalled carbon nano-
tubes4 can significantly improve the gas and water
permeabilities of these nanotube-based membranes.
However, the extraordinarily high cost involved in
fabricating this kind of membranes has encouraged
the exploration of other materials with equivalent
structural advantage but less expensive to be
synthesized.

Lyotropic liquid crystals (LLC) exhibit periodic
nanostructures (ranging from micelles, lamellar, hex-
agonal, to bicontinous) depending on concentration
and temperature. The hexagonal LLC phases have
molecular aggregate ordering that corresponds to a
hexagonal arrangement.5 The diameter of the hexag-
onal cylinders is generally less than 10 nm, which is
the typical pore size of NF membranes. Studies on
hexagonal LLC template in inorganic6–8 and organic
materials9–12 to generate ordered nanostructures
have attracted a great deal of interest in recent years.
However, templating the hexagonal LLC nanostruc-
tures onto polymer membranes for water treatment
has been rarely reported. Zhou et al.13 used the
polymerizable ionic amphiphiles, which itself acted
as both the surfactant and the monomer, to generate
the nanostructured NF membrane. Although the
reported water flux of this membrane was quite low,
the LLC renders a promising technology that can
generate pores of nanodimension and controllable
orientation for high flux gas and water transport.
In our study, the hexagonal LLC phase was used

as the sacrificed template to generate cylindrical
pores in polymer materials. Figure 1 represents the
main LLC templating process: first dispersing the
surfactants in monomers to form hexagonal phase,
then photopolymerizing the monomers followed by
surfactant removal, and finally achieving nanopo-
rous structure with cylindrical pores. Photopolymeri-
zation method was chosen because it offers
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extremely rapid initiation rate, which enables better
template structure retention by allowing the growing
polymer to do significant cross-linking before phase
separation can happen.14

The retention of original LLC structure on poly-
merization and after surfactant removal has been

one of the key issues in this research field. The aim
of this study was to investigate the retention of LLC
structure on polymerization and the effects of puri-
fying solvents and drying conditions on nanostruc-
ture generation. A highly cross-linked poly(ethylene
glycol) diacrylate (PEGDA) was photopolymerized
in hexagonal LLC mesophases formed from Brij56

Figure 1 Representative LLC templating process. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 2 Polarized light microscopy images of the sam-
ples: (a) before and (b) after photopolymerization in hex-
agonal phases formed from Brij 56/water system.

Figure 3 XRD profiles of samples: (a) before and (b) after
polymerization in the hexagonal phases formed from Brij
56/water system.

1818 ZHANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



surfactant and water system. The samples were puri-
fied using different solvents and dried under differ-
ent conditions.

EXPERIMENTAL

Materials

PEGDA (n ¼ 11, molecular weight ¼ 575 g/mol), 2-
hydroxyl-2-methylpropiophenone (97%), Brij 56, and

2-hydroxy-2-methylpropiophenone (97%) were pur-
chased from Sigma-Aldrich (St. Louis, MO). All
chemicals were used as received.

Synthesis

All LLC solutions were synthesized by mixing
PEGDA/Brij56/2-hydroxy-2-methylpropiophenone/
deionized water in a ratio of 40/35/0.5/24.5 (by
weight). Mixture was stirred in a 50�C water bath
for 20 min to obtain a homogenous solution, which
was then cast on a glass sheet. The samples were
sealed in a glove box under argon atmosphere
before being placed under a 300–400 nm ultraviolet
light source (intensity 2.0 mW/cm2, 10 min) for pho-
topolymerization. After polymerization, the samples
were purified by distilled water or absolute ethanol
to remove Brij 56 and unreacted monomer, and then
dried either in a vacuum oven or in air at room
temperature.

Characterization

Polarized light microscope (Olympus BH2-UMA)
was used to characterize textures of the mesophase
of samples before and after photopolymerization.
Powder X-ray diffraction (XRD) was used to exam-
ine the phase behavior of the samples before and af-
ter photopolymerization. It was conducted using a
Bruker AXS diffractometer with a Cu Ka radiation
operating at 40 kV, 40 mA under transmission
mode. Scanning electron microscopy (ESEM Philips
XL30) was used to characterize sample morphology.
Differential scanning calorimetry (TA DSC Q200)
was used to determine the glass-transition tempera-
tures (Tg) of untemplated cross-linked PEGDA and
templated samples. The analysis was conducted
under nitrogen and at a scan rate of 10�C min�1.
The pore size distributions of the samples were

characterized with a Quantachrome Autosorb 1 sys-
tem by using nitrogen as an adsorbent at
liquid nitrogen temperature. Barrett–Joyner–Halenda
method on desorption data was used to work out
the pore size distribution.
The water uptake was determined as follows: the

dried samples were weighed first, and then were
soaked in deionized water for 2 h. After that, the
samples were taken out from water and weighed
immediately after blotting the free water on the sur-
face. Water uptake was calculated according to the
following equation:

Water uptake ¼ ðWS �WdÞ
Wd

� 100%

where Ws and Wd are the weights of swollen and
dry cross-linked PEGDA samples, respectively.

Figure 4 Cross-sectional scanning electron microscopy
images of dried samples: (a) purified by ethanol and dried
in air; (b) purified by ethanol and dried in vacuum oven;
and (c) purified by distilled water and dried in vacuum
oven.
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RESULTS AND DISCUSSION

In this study, a highly cross-linked PEGDA was pho-
topolymerized in hexagonal LLC mesophases
formed from Brij 56 surfactant and water system. To
gain better understanding of the original LLC order
retention on photopolymerization, polarized light
microscopy and XRD were used to observe the
phase behavior before and after polymerization. Fig-
ure 2 shows the polarized light micrographs before
[Fig. 2(a)] and after [Fig. 2(b)] polymerization. Before
polymerization, a focal conic texture was observed,
indicating the presence of a hexagonal meso-
phase.12,15 After polymerization, the sample
remained in a focal conic texture, though it was
slightly coarsened. There was no apparent phase
separation on cure, indicating that the original LLC
structure is retained to a great extent.

Figure 3 shows the XRD profiles of samples before
and after polymerization. The observed d-spacing
ratios of 1, 1/31/2, 1/41/2, 1/51/2, and 1/71/2 in the
sample before polymerization and 1, 1/31/2, and 1/
51/2 in the sample after polymerization are charac-
teristic of the hexagonal LLC phase.16,17 This is in
good agreement with the polarized light microgra-
phy results, i.e., the original LLC order is retained to
a great extent after photopolymerization.

It is believed that purifying solvent and drying
conditions affect the morphology of samples. A se-
ries of samples were prepared by using different
purifying solvents and dried at different conditions.
Figure 4(a,b) shows the morphologies of samples
purified using absolute ethanol but dried under dif-
ferent conditions The sample dried in air shows an
irregular porous structure, whereas that dried in the
vacuum oven has a denser structure. The sample
dried in the vacuum oven might result in a less

chance for rearranging the polymer chains. When
the sample is dried in air, some small pores might
collapse, leading to the formation of large pores.
Figure 4(b,c) shows the morphologies of samples

purified by different solvents and dried in vacuum
oven. Both samples have a dense morphology. The
pore size distribution of these two samples is shown
in Figure 5. The sample purified by ethanol has a
pore size distribution between 1.4 and 12 nm,
whereas the membrane purified using water has a
broader pore size distribution between 1.4 and 22
nm. It is possible that the lower solubility of Brij 56
in water may accelerate the polymer arrangement.
Thermal properties of the untemplated and tem-

plated cross-linked PEGDA samples were studied by
differential scanning calorimetry. Figure 6 shows the
differential scanning calorimetry thermal graphs of

Figure 5 Barrett–Joyner–Halenda desorption pore size
distribution of samples purified by ethanol and water,
respectively. Both samples were dried in vacuum oven.

Figure 6 Differential scanning calorimetry test of untem-
plated cross-linked PEGDA and templated samples puri-
fied by ethanol and dried in air; purified by ethanol and
dried in vacuum oven; and purified by water and dried in
vacuum oven, respectively.

Figure 7 Water uptakes of samples prepared with differ-
ent purification and drying conditions.
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samples prepared under different conditions. It was
found that purifying solvent and drying conditions
have no significant influence on glass-transition tem-
perature (Tg). Furthermore, the LLC templating also
has little influence on Tg. The Tg of untemplated
cross-linked PEGDA is �24�C, the templated sample
purified by ethanol and dried in vacuum oven is
�25�C, and the other two samples �26�C. The low
Tg of this material represents high chain mobility,
which, in turn, facilitates the polymer rearrangement
during the removal of Brij 56 and drying process.

Figure 7 shows the water uptake of samples pre-
pared under different conditions. It can be found
that water uptake of the sample purified using etha-
nol and dried in air is 180 wt %, whereas the one
dried in vacuum oven is 250%, which is 70% higher,
though the former sample is more porous as shown
in scanning electron microscopy images (Fig. 4). The
sample purified by water has the lowest water
uptake, only 130%. Previous research has shown
that a higher water uptake would indicate more or-
dered hexagonal structure.12 The sample purified
using ethanol and dried in the vacuum oven has the
highest water uptake, which implies this sample has
a better nanostructure than other samples. This is in
agreement with the narrow pore size distribution
(Fig. 5).

CONCLUSIONS

The hexagonal phase was successfully formed in
LLC solution and was retained to a great extent after
photopolymerization. The sample morphology is
affected by the purified solvents and drying condi-
tions. The sample purified with ethanol and dried in
vacuum oven has good nanostructure with a narrow

pore size distribution and a high water uptake,
implying high water permeability of this kind of ma-
terial for the potential application of water treat-
ment. Purifying solvents and drying conditions have
no significant influence on glass-transition tempera-
ture (Tg). Furthermore, the LLC templating also has
little influence on Tg.
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