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Optically and spatially templated polymer architectures
formed by photopolymerization of reactive mesogens in
periodically deformed liquid crystals

Vijay Kumar Baliyan, Seung Hee Lee and Shin-Woong Kang

A unique and versatile method for forming optically (that is, orientationally) and spatially patterned polymer architectures was
developed based on the photopolymerization of reactive mesogens (RMs) in a periodically deformed liquid crystal (LC). Without
using lithographic or holographic implements, various polymer patterns were produced by employing nematic LCs as reaction
solvents and spatially nonuniform electric fields. The nematic mixture, containing 5.0 wt.% RMs and sandwiched between
patterned electrodes, was exposed to spatially uniform reaction-initiating radiation. The spatially nonuniform electric field
induced periodic optical patterns in the reaction template with spatially varying elastic deformations. The resulting polymerized
RM networks were both spatially and optically patterned, with good fidelity with respect to the electrode pattern and subsequent
periodic director profiles. The spatial distribution of dense RM networks coincided precisely with the profile of highly deformed
regions in the reaction medium. The optical birefringence of the polymer network was templated by the local director of the
reaction template. Numerical calculations of director configuration and the associated elastic energy of the reaction template
precisely matched the spatial and orientational order of polymerized RM networks. The proposed method provides ease and
flexibility in forming organized polymer architectures for functional materials that require both positional and orientational order

for their applications.
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INTRODUCTION
Processing soft matter with various functionalities is critical for
organic electronic and photonic applications. Soft materials provide
conformational, processing and design advantages in effectively
exploiting the desired properties of small molecules on longer length
scales.)> However, making functional materials is only the first step.
To realize and optimize the performance of practical devices, pattern-
ing in one or more dimensions is frequently required to achieve both
spatial distribution and orientational order in their collective
assembly.>® The materials’ functionality and potential for application
are severely compromised if they cannot be effectively processed using
straightforward techniques.

In this context, liquid crystals (LCs) have attracted great attention as
a typical example of self-assembling soft materials with electronic and
photonic functionalities.””'% Because of their mesomorphic behaviors,
particularly their electrical and optical anisotropies with respect to
dynamic fluidity, LCs have been intensively studied for several
decades. LC—polymer composites in particular have been broadly
investigated for electro-optical applications.!!=!3 Polymerization of
reactive mesogens (RMs) in LC phases has been widely explored for
the stabilization of particular optical states, for the modification of
electro-optical properties and for templating the orientational order of

functional materials.'!'® Much is known about templating the
orientational order of LCs into polymer networks based on the
photopolymerization of RMs in an orientationally ordered LC
medium. The templated polymer networks exhibit both morphologi-
cal and orientational anisotropy, mimicking those of the host LCs.!1=20

However, in a majority of the systems investigated to date, the
polymer networks are positionally disordered or ordering is imposed
externally by manipulating the intensity distribution of reaction-initiating
radiation. To manipulate the spatial distribution of polymer networks,
lithographic and holographic techniques have been developed and
refined by many researchers.!* The control of network distribution,
perpendicular to the wavefront of reaction-initiating ultraviolet (UV)
light, has been demonstrated by manipulating the intensity gradient
along the light-propagation direction by using UV-absorbing dye
additives or by selecting the appropriate UV wavelength.?>~2°

The formation of both spatially and orientationally structured
networks, without using external lithographic or holographic imple-
ments, has been demonstrated by using pattern-forming states of
cholesteric liquid crystals as reaction templates.’*3 Tt has been
hypothesized that the spatial templating is driven by the spatially
nonuniform elastic deformation of cholesteric pattern-forming states
as a reaction medium.332 However, this method is rather restrained
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Common electrode

Figure 1 Schematic illustration and polarized optical microscopy (POM) textures of the liquid crystal (LC) cell used as a reaction vessel and medium.
(a) Structure of the LC cell used as a reaction vessel for photopolymerization reactions; (b) polarized optical micrograph of the cell, with a conoscopic figure
in the inset under no applied electric field; (c, d) polarized optical textures with different orientations at 4.0 V,,; and (e) polarized optical image after
polymerization and removal of applied electric field. In (a), green and purple represent the common and signal electrodes, respectively. A nonpatterned
common electrode was used as the top substrate. The green and purple arrows denote the locations of the corresponding common and signal electrodes in
(c—e). Crossed double-ended arrows indicate the direction of the transmission axis of the polarizer and analyzer in the POM images. In (c—e), the periodicity
of the optical patterns corresponds to 32.0 um that is double that of the electrode pattern.

by the limited number of pattern-forming states of cholesteric liquid
crystals. The patterns can be templated only by the available pattern-
forming states of cholesteric LCs.

In this study, both spatially and orientationally structured polymer
architectures (that is, morphologically and optically patterned net-
works) were formed without using externally imposed lithographic or
holographic patterning tools. A reaction mixture containing a low
concentration of RMs dissolved in a nematic LC was confined by
standard LC cells (that is, reaction vessels) with one-dimensionally-
patterned transparent electrodes. The spatially nonuniform deforma-
tion of nematic LCs was induced by applying a patterned electric field,
and the LCs were used as a reaction template. Polymerization of RMs
using spatially uniform UV light resulted in morphologically patterned
phase separation of the networks. Periodically architectured RM
networks with embedded molecular orientational order were con-
structed and thoroughly examined by polarized optical microscopy
(POM) and scanning electron microscopy (SEM).

To elucidate the origin of the templating effect, director configura-
tions and the associated elastic deformations of the reaction template
were computed and compared with those of the patterned RM
networks. The spatial distribution of dense RM networks coincided
precisely with the profile of highly deformed regions in the reaction
medium. Our results unambiguously verify the origin of both spatial
and orientational templating of polymer networks in periodically
deformed LCs. In addition, the proposed method provides flexibility
and versatility in constructing various polymer patterns with mole-
cular orientational order by employing patterned electrodes of various
shapes and length scales.
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MATERIALS AND METHODS

Materials

For the anisotropic reaction solvent, nematic LC MLC 15600-100 (Merck
Performance Materials, Pyongtaek, Korea) was used as received. 4-(3-Acryloy-
loxypropyloxy) benzoic acid 2-methyl-1,4-phenylene ester, known as RM-257,
was used as a RM that forms polymer networks through photopolymerization.
A small amount of IrgaCure 651 was added to initiate the photopolymerization
reaction. The RM and photoinitiator were homogeneously dissolved in the host
LC in the following weight ratio: host LC (94.75), RM (5.00) and photoinitiator
(0.25). For more details on the materials used for the study, see Supplementary
Figure S1 in the Supplementary Information.

Sample preparations

Standard LC cells were fabricated and used as reaction vessels. To fabricate LC
cells, both unpatterned and one-dimensionally-patterned indium tin oxide
(ITO) glass slides were employed as the top and bottom substrates, respectively.
For the patterned bottom substrate, a one-dimensional striped pattern with a
16 pm pitch and 8 pm width for the ITO electrode was formed in the plane of
the substrate, as shown in Figure la. The inner surfaces of both substrates were
treated with a homeotropic polyimide solution (AL-60702, JSR Micro Korea,
Cheongju, Korea) and baked at 180 °C for 1 h. A cell gap of ~10.0 pm between
the patterned and unpatterned substrates was maintained using tape as a spacer.
The homogeneous reaction mixture was loaded into the cells at an isotropic
temperature. The LC cells were cooled to room temperature and used for the
photopolymerization reaction.

Polymerization

Before initiating polymerization, an external electric field was applied to the
common and signal electrodes, as shown in Figure 1a, to induce a periodically
deformed director profile in the reaction medium. Various amplitudes of a



square-form electric field were applied at a frequency of 1 kHz. The resulting
polarized optical patterns were examined by POM, and two voltages (4.0 and
16.0 V) were applied to induce distinct optical textures and subsequent
polymerization. Under an applied voltage (that is, in the periodically deformed
LC solvent), the polymerization of RMs was initiated by UV light (over a
wavelength range of 350-390 nm, with a peak at 370 nm). The entire cell was
illuminated with uniform UV light from the patterned bottom substrate
without using lithographic or holographic tools. Polymerization was induced at
an intensity of 200 pW cm™ 2 for 1 h.

Characterizations

The optical and polarized optical characteristics of the LC cells (that is, reaction
vessels) and polymer networks were examined using a polarized optical
microscope (Nikon Eclipse LV 100 POL, Tokyo, Japan) equipped with a
Nikon DS-Ril CCD camera. Before and after polymerization, the optical
patterns and corresponding director profiles of the LC cells were carefully
investigated and compared with the calculated results and structured polymer
networks. To scrutinize both the spatial and orientational order of the
structured polymer networks, the LC host was preferentially removed from
the crosslinked networks by dissolving in hexane-dichloromethane co-solvent
(80/20 wt. ratio). The optical patterns and orientational order of the
polymerized RMs were inspected by POM for both assembled cells and
dismantled substrates. The morphological patterns and spatial order of the bare
networks were investigated using SEM (JEOL JSM-5900/Hitachi, Tokyo, Japan)
after depositing a thin platinum film over each sample.

Calculation of elastic energy

The director configuration and corresponding elastic energy density of the
reaction medium at various applied voltages were computed by using the
commercial software LCD Master 2D (Shintech, Kumage-Gun, Japan) and
confirmed by TechWiz LCD (Sanai System, Incheon, Korea).>»* The resulting
two-dimensional director field and associated elastic energy density were used
to elucidate the patterned phase separation of polymerized RM networks.
Further details can be found in the Supplementary Information.

RESULTS AND DISCUSSION

To construct three-dimensionally (3D)-architectured polymer net-
works with optical birefringence, elastically deformed LCs were used as
an anisotropic polymerization medium. Standard LC cells were
fabricated by combining two glass substrates with a 10 pm gap as
shown in Figure la. The common and signal electrodes are shown in
green and purple, respectively. After injecting the reaction mixture
into the cell, the LC molecules were aligned vertical to the substrate.
The POM image in Figure 1b shows a complete extinction state of the
homeotropically aligned LC cell, observed with no applied voltage. The
conoscopic figure in the inset confirms the vertical orientation of the
uniaxial optic axis (that is, LC director) of the anisotropic reaction
mixture. The LC molecules with positive dielectric anisotropy (Ag>0)
were reoriented parallel to the electric field upon the simultaneous
application of both in-plane and vertical fields to the common and
signal electrodes. As a result, spatially induced birefringence formed a
periodic optical pattern along the x-direction (that is, across the
patterned electrodes). Figures 1c and d display the POM textures
observed at 4.0 Vi, that show different orientations with respect to
the crossed polarizers, marked by double-ended arrows. The green and
purple arrows represent the corresponding locations for the common
(green) and signal (purple) electrodes at the bottom substrate.

At a given voltage, the areas corresponding to the common and
signal electrodes appeared as thick, dark lines (Figures lc and d)
because the LC director retained its homeotropic orientation above the
patterned electrodes. Above the signal electrode, the vertical field held
the LC molecules in a homeotropic state, whereas the orientation of the
LC molecules above the common electrode was not affected because
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the molecules experienced no effective electric field. However, both
edges of the signal electrodes exhibited strong birefringence and thus
appeared as bright stripes. The bright stripes near the edges of the
signal electrode gradually moved toward to the center of the interelec-
trode area with an increase in the applied voltage. The periodicity of the
optical pattern was 32.0 pm that was double the electrode pitch. The
overall darker image shown in Figure 1d, compared with that shown in
Figure 1c, reveals that the director reorientation occurred along the
transverse to the electrodes. Switching between the states illustrated in
Figures 1b and ¢ was completely reversible. A similar observation has
been reported for display applications with positive Ae LCs and in-
plane electrodes with no electrode on the top substrate.>»3” In this case,
however, the director configuration and periodicity were different
because there was no top common electrode.

After polymerization of the RMs, however, the optical pattern was
stabilized against the removal of the applied voltage. Figure le shows
the POM image obtained after polymerization and removal of the
electric field. Upon removal of the electric field, the overall optical
texture retained its pattern, although slight relaxation of the local
director was observed. In Figure le, the wide, dark band on the
common electrode (marked by the green arrow) corresponds to
vertically aligned LCs as the initial state. However, the signal electrode
area (purple arrow) in between white stripes is divided into two
regions colored green and brown, indicating the asymmetry of the LC
orientation induced by the polymerized RM networks. This phenom-
enon was further confirmed by the structured RM networks discussed
in the following paragraph.

Upon uniform UV light irradiation, RM networks were templated
by the periodically deformed LC host that was used as a polymeriza-
tion medium. Figure 2a shows the director profile and associated
elastic deformation of the LC host at 4.0 V.. Figures 2b and ¢ show
polarized optical and optical patterns of bare polymer networks after
polymerization and complete removal of the LC solvent. Most of the
networks were formed and bound to the bottom substrate. Negligible
amounts of polymer were observed on the top substrate. The dense
polymer bundles were located in the interelectrode area (marked by
@, @, ®). The weak birefringence of the dense bundles suggested a
nearly vertical orientation of the optical axis of the polymerized RMs.
The birefringent polymer networks were connected to the dense
bundles, with the optical axis along the transverse direction on the side
of the signal electrodes. Figure 2b shows no evidence of the existence
of birefringent networks on either electrode (green and purple dots).
Figure 2d shows SEM images of the patterned networks observed on
the bottom substrate. A uniform morphological pattern can be
observed throughout the entire active area of the cell. The green
and purple dots correspond to the regions of the common and signal
electrodes, respectively. The SEM images exhibit a continuous polymer
layer with periodic dense polymer walls. These POM and SEM results
verify that the optical axis of the thin RM network formed on the
bottom electrodes was aligned normal to the layer.

Note the unequal distance between dense polymer walls. The
distances between D and @ and between @ and ® are different
in Figure 2. Although the pitch was fixed by the electrode pattern, the
location of the dense walls varied with the applied voltage and
dielectric anisotropy (Ag) of the host LCs. At a low voltage and small
Ag, walls were formed near the edges of the signal electrode. The
displacement of the walls toward the common electrode was propor-
tional to the increase in the applied voltage and Ae. This effect was
closely related to the director configuration and its spatial distribution
that also depended on the applied voltage and Ae. The images in
Figure 2d, which were obtained at a rotation angle of 45° in the
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Figure 2 Optically and morphologically templated reactive mesogen (RM) networks formed at 4.0 V,,. (a) Computed director configuration and associated
elastic energy distribution of the polymerization medium, (b) polarized optical and (c) optical images of the polymer networks after polymerization and
complete removal of liquid crystal (LCs), (d) scanning electron microscopy (SEM) images of the bare polymer networks formed on the patterned electrodes and
(e) schematic illustration of spatial and orientational order of polymer networks along a cross-sectional view. The green and purple dots designate the locations
of the common and signal electrodes, respectively. In (a), LC molecules are designated by the thin rods and elastic energy is represented by the color scale.
Blue and red correspond to the minimum and maximum elastic energy density, respectively. For the circled area in (d), magnified views of the dense polymer
walls are presented as leaning toward the common electrode. The periodicity (0-®) of the polymer patterns corresponds to 32.0 um that is double that of the
electrode pattern. In (e), white and colored arrows correspond to the local director profiles for the host LC and polymerized RM networks, respectively.

substrate plane and at a tilt angle of 30°, clearly show the unequal
spacing between the walls. This unequal spacing was caused by the
tilting of the polymer walls toward the common electrodes. The
magnified views of the circled area in Figure 2d clearly demonstrate
the tilting of the walls away from the signal electrode. This tilted
morphology also corroborates the brighter lines observed near the
edges of the signal electrodes compared with those near the common
electrodes in Figure 2b. The location of the walls was strongly
dependent on the applied voltage. The walls gradually shifted toward
the common electrode with an increase in voltage.

Figures 2a and e summarize the results obtained for the patterned
phase separation of RM networks formed at 4.0 V,, in an anisotropic
LC solvent. Figure 2a presents the director configuration (represented
by thin solid bars) at 4.0 Vp,, and the corresponding elastic deforma-
tion density (scaled by color). Blue and red indicate minimum and
maximum elastic energy, respectively. Note the different length scales
for the horizontal and vertical directions. At a given voltage, the initial
vertical alignment of the LCs was maintained across a wide area above
the common electrodes, where no effective field existed (see also
Supplementary Figure S3 in the Supplementary Information). Almost
no elastic deformation was observed. Meanwhile, the vertical orienta-
tion of the director above the signal electrodes was reinforced by the
dielectric coupling between the vertical field and the positive dielectric
anisotropy (Ae>0) of the LCs. The reorientation of the LC molecules
and the associated elastic deformation mainly occurred in the
interelectrode regions because of a lateral in-plane field between the
interdigitated electrodes. At a low voltage, a highly deformed region
formed near both edges of the signal electrode, as shown in Figure 2a.
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The highly deformed region shifted laterally toward the common
electrode and expanded toward the top substrate with an increase in
the applied voltage (see Supplementary Figure S3 in the Supplementary
Information). This finding coincides with the observations discussed
above with respect to Figure 1. The thick white lines near the signal
electrode in Figure 1c¢ and the polymer walls in Figure 2¢ show similar
lateral shifts with increasing voltage. The director configuration in
Figure 2a well supports the optical patterns shown in Figures 1c and d.
More importantly, the spatial variation of the elastic deformation
energy precisely coincides with the observed network morphology. The
pattern of the dense polymer walls closely matches the profile of the
highly deformed region, shown in red in Figure 2a. The same tilt
direction and cleavage at the top of the polymer wall are observed in
the highly deformed red region in Figure 2a.

Figure 2e shows the simplified director orientation of the host LCs
(white arrows) and the local orientational order of the RM networks
(colored arrows), reconstructed based on POM/SEM observations and
the computed director configuration. The more inclined optical axis of
the local networks on the side of the signal electrodes (denoted by
yellow arrows), compared with that on the common electrode side
(red arrows), was responsible for the more birefringent networks
shown in Figure 2b. The spatial distribution (that is, morphological
pattern) of the RM networks was precisely determined by the elastic
deformation of the anisotropic reaction medium. The molecular order
(that is, optical birefringence) in local networks was templated by the
local director orientation of the LC host used as a reaction medium.
The origin of the vertically aligned thin networks (blue arrows)
appears to have been different from that of elastic energy-driven



templating. Because the LC cell was illuminated by polymerizing UV
light from the bottom substrate with patterned electrodes, the intensity
gradient of UV light inside the cell may have caused preferential
polymerization near the front surface of the cell, followed by frontal
polymerization, 25293839

By increasing the applied voltage, the vertical field in between the
signal and top common electrodes strengthened the uniform vertical
orientation of LCs with minimum elastic deformation above the signal
electrode. At the same time, the increased in-plane field further
squeezed the deformed regions toward both the (bottom and top)
common electrodes. The director configuration and corresponding
elastic energy at 16.0 Vp, are shown in Figure 3a. The spatial
distribution of the elastic deformation is significantly different from
that shown in Figure 2a. A highly deformed disclination line (that is,
wall in 3D), where the director could not be defined, formed at the
center of the bottom common electrode, denoted by the red wavy line
in Figure 4a.>%% Disclination lines appeared as thick green lines under
POM, as shown in Figure 3b. In Figure 3b, the wide dark bands
coincide with the signal electrodes with homeotropic LCs (marked by
the purple arrow), and the disclination lines are positioned at the
center of the common electrode (marked by the green arrow).’%%7

Figure 3 (a) Calculated director profile with associated elastic energy density
of the host liquid crystals (LCs) at 16.0V,, and (b) polarized optical
microscopy (POM) texture exhibiting the transition of the polarized optical
pattern at 16.0 V. In (a), LC molecules are designated by the thin rods
and elastic energy is represented by the color scale. Blue and red
correspond to the minimum and maximum elastic energy density,
respectively. In (b), green and purple arrows indicate the center of the
common and pixel (signal) electrodes on the bottom substrate. The relatively
darker stripes on the left randomly transform line by line into the brighter
ones on the right. The periodicity of the patterns corresponds to 32.0 um
that is double that of the electrode pattern.
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Over time, large changes in the POM textures were observed. A
much brighter line formed on top of the common electrode and
propagated along the disclination line, as shown in Figure 3b.3%37 This
phenomenon occurred randomly line by line, and eventually the
brighter line replaced all green disclination lines throughout the cell.
The formation of a much brighter POM image implies that a higher
degree of in-plane orientation and elastic deformation of the LCs
occurred through the transition. A similar transition has been reported
for display applications with a positive Ae LC and in-plane electrodes
with no electrode on the top substrate.’®3” Further details regarding
this transformation can be found in the Supplementary Information.
Once the transformation was complete over the entire cell, the RMs
were polymerized as described in the Materials and Methods.

Similar to the results presented in Figure 1, the periodic optical
pattern of the LC host was stabilized by the polymerized RM
networks. Both the optical and morphological patterns of the net-
works were templated by the periodically deformed LC host.
Supplementary Figure S7 in the Supplementary Information presents
the results obtained for a combined cell. Figure 4 shows structured
networks bound to the top substrate (that is, far side of UV range)
after disassembling the cell. Although unpatterned ITO glass was used
for the top substrate, an RM network with a regular pattern was
formed with twofold the periodicity of the ITO pattern of the bottom
substrate. The green and purple dots in the figures correspond to the
common and signal electrodes on the opposing substrate, respectively.
By referring to Figures 4a and b, it is evident that a residual amount of
networked material was formed on the signal electrode (purple dot)
and dense homeotropic bundles were located above the center of the
common electrode (green dot). Most of the birefringent networks
were formed above, near the edges of the common electrode. The in-
plane component of the optical axes of the local networks lay in the
transverse to the electrode (that is, along the direction of the in-plane
electric field). The SEM images in Figures 4c and d reveal the details of
the network morphology. The network density exhibits high spatial
contrast, forming a morphological pattern. As shown in Figure 4d,
adjacent cylindrical channels, formed above, near the edges of the
common electrode, were divided by a vertical polymer wall, located
above the center of the common electrode. The pattern was uniform
throughout the sample. The fibril-like morphology of the local
networks precisely replicated the local director orientation (that is,
optical birefringence) of the host LCs.

Figure 5 shows that structured networks formed on the bottom
substrate with patterned electrodes. The polarized optical image in
Figure 5a shows a pattern similar to that observed on the opposite
substrate (Figure 4a). The pattern is characterized by dark bands on
the electrodes and birefringent networks near the edges of the
common electrode. The optical image in Figure 5b confirms the
existence of a dense polymer bundle at the center of the common
electrode (marked by green dots) and a substantial amount of
networked material on the signal electrode (marked by purple dots).
These observations verify the vertically aligned optical axes of the
networks on both electrodes. Figure 5c¢ and the inset show SEM
images of the patterned networks with a layered structure. A large
amount of networked material formed as a curved layer above the
interelectrode area. The spatial distribution of the networks precisely
matched the profile of the highly deformed regions of the host LCs, as
shown in red in Figure 3a and Supplementary Figure S3. The optical
axes of the local networks were replicated by the local director of the
LC host.

To investigate the surface networks shown in Figures 5a—c in greater
detail, the upper networks were carefully removed using adhesive tape.
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Figure 4 (a) Polarized optical, (b) optical and (c, d) scanning electron micrographs of the reactive mesogen (RM) networks formed on the top substrate with
an unpatterned indium tin oxide (ITO) electrode. Green and purple dots designate the corresponding locations of the common and signal electrodes on the
bottom substrate. The transmission axis of the crossed polarizers is denoted by the double-ended arrows in (a). In (a—d), the periodicity of the polymer

patterns corresponds to 32.0 pm.

Figure 5 Optical, polarized optical and scanning electron micrographs of the reactive mesogen (RM) networks, formed on the bottom substrate with patterned
indium tin oxide (ITO) electrodes. (a—c) Pristine networks observed after the removal of liquid crystal (LCs), and (d-f) templated surface networks adhered to
the patterned electrodes. The surface networks were observed after removal of the dense curved networks shown in Figure 6¢. The insets in (c, f) present
magnified views of the patterns. Green and purple dots represent the locations of the common and signal electrodes. The transmission axis of the polarizers
is denoted by the double-ended arrows in (a, d). The periodicity of the polymer patterns corresponds to 32.0 um.

POM and SEM images of the surface networks strongly adhered to the
bottom substrate as shown in Figures 5d—f. No polymer network was
observed on the signal electrode (marked by purple dots). In the
interelectrode area, fine fibrils aligned transverse to the electrodes
formed a thin surface layer. As confirmed by the polarized optical and
optical images in Figures 5d and e, the optical axis of the network was
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parallel to the fibril direction. On the common electrode, however, the
polymer fibrils, which formed a dense wall at the center, were aligned
predominantly normal to the surface, as shown in the inset of the SEM
image (Figure 5f). All observed morphologies and optical birefringences
of the networks corroborate the director configuration of host LCs near
the surface (see Figure 3a and Supplementary Figure S3).
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Figure 6 Three-dimensionally (3D)-architectured reactive mesogen (RM) networks formed at 16.0 V. (a) Calculated director configuration with associated
elastic deformation of the host liquid crystals (LCs), polarized optical microscopy (POM) and scanning electron microscopy (SEM) images observed on the
unpatterned top substrate (bi, bii) and formed on the patterned bottom substrate (ci—ciii), (d) cross-sectional view of the reconstructed RM networks with the
local director orientations and (e) 3D view of the reconstructed RM networks. Green and purple dots indicate the locations of the common and pixel (signal)
electrodes on the bottom substrate. In (a), white and pink solid lines illustrate the director profiles with the disclinations (shown by the red wavy lines) bound
to both the top and bottom substrates. The pattern in (ciii) corresponds to the surface layer of the networks shown in (cii). White and colored arrows in (d)
represent the local director orientation of the host LCs and RM networks, respectively. The periodicity of the polymer patterns corresponds to 32.0 pm.

Figure 6 shows the 3D-architectured polymer networks constructed
by photopolymerizing RMs in a periodically deformed nematic liquid
crystal as a reaction medium. Figure 6a illustrates the director profile,
the associated elastic energy and the formation of disclinations at
16.0 Vpp. The textural transformation, discussed with respect to
Figure 3b and the Supplementary Information, cannot be understood
based solely on the theoretical calculations. Because of the boundary
conditions and topological theory applied to defects, the observed
transformed state cannot be obtained by computer simulation.*® Based
on our observations and previous reports,’®3’ we infer that the
disclination wall, anchored at the center of the bottom common
electrode (Supplementary Figure S6), split into two disclination walls,
each residing on opposing substrates, as illustrated by the red wavy
lines in Figure 6a. Because of strong dielectric coupling, the elastic
deformation became stronger and extended toward the top substrate
in the common electrode and interelectrode regions. The extended
disclination wall was suppressed through structural transformation, as
discussed in the Supplementary Information. Eventually, disclination
walls could be mitigated by localization and were bound to each
substrate through the transition, as depicted in Figure 6a (see also
Supplementary Figures S4-S6 in the Supplementary Information).

The POM and SEM results well support our inference. The
polarized optical and morphological patterns shown in Figures 6b
and c correspond to the structured RM networks formed on the top
and bottom substrates, respectively. The green and purple dots
indicate the locations of the common and signal electrodes on the
bottom substrate. Figures 6a—c clearly demonstrate that the spatial
distribution of the networks was determined by the corresponding
elastic deformation and that the orientational order of the networks

was templated by the local director of the host LCs. Figure 6d shows a
cross-sectional view of the reconstructed 3D networks. The LC host
occupies the dark region, and its director orientation is denoted by the
white arrows. POM and SEM imaging allowed for the identification of
the local molecular order of the RM networks, indicated by the
colored arrows. The corresponding 3D view of the reconstructed
networks is presented in Figure 6e. The figure shows an elaborately
interconnected and unique 3D structure with the embedded pattern of
molecular orientational order (that is, optical birefringence).

At a low applied voltage of 4.0 Vi, structured networks formed near
the edges of the electrodes, where most of the elastic deformation
occurred. However, polymerization in a more spatially deformed
reaction medium at a high voltage (16.0 V;,,) resulted in unique 3D-
architectured polymer networks with high spatial contrast and fidelity.
The results for both low (Figure 2) and high (Figure 6) applied voltage
unambiguously demonstrate that the spatial and orientational templat-
ing of polymerized networks can be achieved in an elastically deformed
LC host as a polymerization medium. Studies aimed at formulating a
more detailed mechanism for the phase separation process and elastic
energy-driven templating procedures are currently underway.

CONCLUSIONS

In conclusion, it was demonstrated that spatially and orientationally
patterned polymer architectures can be constructed by photopolymeriz-
ing RMs in periodically deformed liquid crystals. Without using
lithographic or holographic implements, various 2D or 3D polymer
patterns can be produced by employing nematic LCs as reaction solvents
and spatially nonuniform electric fields with patterned electrodes.
Deliberately planned experiments and computer simulations clearly
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support our conclusions on the formation of polymer architectures with
embedded orientational order at a molecular level. The gradient in
elastic energy, induced by a spatially nonuniform electric field and
corresponding director configuration, is the driving force for the
morphologically patterned phase separation of the RM networks. Our
results provide a unique and versatile method for constructing 3D
architectures of polymer networks with optical birefringence. Functional
soft materials, combining both mesogenic properties and reactivity, can
be polymerized into predetermined organized patterns with an incor-
porated molecular order. This can be achieved by employing LC cells
with various types of patterned electrodes (that is, a reaction vessel) and
liquid crystals as the reaction medium. Therefore, the proposed method
is useful for processing functional soft materials with morphological and
orientational anisotropy to enhance their functional performance.
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