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ABSTRACT

The alignment and order control in an anisotropic system is of interest in broad fields of research and
engineering. Although the alignment control technique has been developed for decades in commercial-
ization of liquid crystal (LC) displays, achieving polyimide-free high homogeneity in LC alignment and
precise modulation of pretilt remain challenging. Here, we demonstrate a LC-reactive mesogen (RM) bin-
ary mixture that can control vertical alignment with neither alignment-inducing additives nor poly-
imides coated on the surface. A synthesized RM itself plays both roles of a vertical alignment inducer
and pretilt fixer. To achieve it, we conduct two-step polymerization. In step 1, UV exposure energy is con-
trolled minimal enough to polymerize RMs partially as LC is well aligned vertically. In step 2, a voltage is
applied from patterned electrodes to produce pretilt and then second UV is exposed to fix the pretilt by
polymerization of the residual RMs. The result contributes to aiding the efficiency of the material synthe-
sis, fabrication process and enhance electro-optic properties like quicker response time, low-threshold,
operating voltage, and on-state transmittance. We believe this approach will open a new way to achieve

the pretilt in anisotropic medium from not only engineering but also scientific perspectives.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Over the decades, displays have been a crucial element for gain-
ing, consuming, or exchanging information. In liquid crystal dis-
plays, one of the widespread inventions to control light into
expressing meaningful information, the molecular anisotropy and
its ordering control are the key to achieve the best electro-optic
performance of display devices. Based on how the ground state
of liquid crystals (LCs) is set and how to reorient them, each display
company has developed its own display mode. In the vertical align-
ment (VA) mode among those various LC display modes, to achieve
high performances, like short response time and wide field-of-
view, the alignment of the VA mode has been controlled to be
set in multi-domains [1-3]. Such development conveys polymer
sustain alignment (PSA) or polymer-stabilized (PS) VA mode [4-
6]which is one of the flagship modes in TV sets. In PS-VA mode,
the initial LC director has an approximately 89-degree pretilt angle
into different azimuthal directions for a ready-to-reorient status.
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The PS-VA mode requires to mix LCs with negative dielectric aniso-
tropy with polymerizable reactive mesogen (RM) in LC mixtures.

Since the beginning of development in display modes, poly-
imide containing hydrophobic side chains is the most familiar
material to generate robust vertical alignment [7]. However, coat-
ing of the polyimide requires multiple fabrication steps, including
thermal process at above 250 °C, with thickness of less than
100 nm, which result in inefficiency in cost and time for fabrication
[8,9]. Moreover, the high-temperature fabrication process is not
suitable for flexible substrates. Engineers in this industrial field
have long been looking for an alternate method or materials that
can eliminate such complex fabrication steps. For example, some
reports proposed LC-polymer composites whose internal structure
shows nanosize-confined LCs in polymer matrix or network and
exhibits electro-optical switching between optically isotropic and
induced anisotropic states [10-13]. Such LC-polymer composites
have not commercialized yet. However, eliminating the
polyimide-coating process has been ongoing on the vertical [14]
and planar alignments [15,16].

For the polyimide-free vertical alignment, additives like
nanoparticles and monomers to LC mixtures have been reported
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[17-20]. Among those, the PS-VA mode shows relatively successful
trajectory on the commercialization. In recent work on this mode,
two or more additives are mixed with a host LC. For example, on
the one hand, Inoue et al. and Li et al. reported RMs that contain
two or more methyl methacrylate-functional groups at two ends
to control vertical alignment by polymerization of RMs at the sur-
face [21,22]. On the other hand, Son et al. reported two additives to
induce vertical alignment and fix it: hydroxyl-functionalized LCs
and acrylic monomer. The hydroxyl-functional group is for hydro-
gen bonding between the end of molecules and surface. And ben-
zene rings and alkyl chains help the molecules stand up and mix
with LCs [23]. The acrylic-functional group is to polymer-
stabilize the pretilt by being exposed to UV light under applied
voltage. Although using two or more additives like a combination
of an alignment inducer and RM looks effective in controlling the
alignment and stabilization, it causes inhomogeneity in molecular
migration onto the surface and takes longer time than using a sin-
gle additive owing to the complexity in molecular mobility, espe-
cially if dimension of substrates were huge.

In this work, we synthesize a special RM that can play both roles
of inducing vertical alignment and polymer-stabilizing the pretilt,
and that can easily migrate onto the surface with high homogene-
ity. In the chemical structure, the RM contains three parts: an acry-
late functional group as a head, diphenylacetylene as a rigid body,
and alkyl chain as a tail. At first, the tail group helps the molecules
well mixed with LCs. Second, the body group contributes to build-
ing a concrete foundation with raising RM molecules up as they
gather on the surface so that a vertical alignment with strong
anchoring energy can be induced. Lastly, when the head group
begins being polymerized and the RMs become oligomerized, they
turn to be unfriendly with LCs due to the structural change from a
planar sp? to a tetrahedral sp> hybridization. This effect brings the
RM molecules migrate onto the surface for further polymerization.
The molecular motion during polymerization is not complicated
because of the monodispersity with a single additive.

Applying voltage during the UV cure process is an efficient way
to form pretilt. We divide UV curing process into two steps to
achieve it. In step 1, to enhance the uniform movement of the
oligomerized RM molecules, migrating onto the surface during
the UV irradiation, no voltage is applied, and UV exposure energy
is controlled minimally so that the RMs are partially polymerized.
In this condition, LC ordering in the vertical alignment is well
achieved, which means RMs are quite uniformly moving towards
the surface for being polymerized to make monodisperse protru-
sions. In step 2, voltage is applied to determine the pretilt into
domains, and further UV irradiation with sufficient energy com-
pletes the polymerization. Therefore, the polymer protrusions are
now densely and uniformly generated into the size or shape as it
gives the pretilt in the direction of each domain.

2. Materials and methods

2.1. Synthesis of reactive monomer: 4-((4-pentylphenyl)ethynyl)
phenyl acrylate

The RM, 4-((4-Pentylphenyl)ethynyl)phenyl acrylate, was syn-
thesized according to a procedure described in the literatures
[24,25]. 4-((4-Pentylphenyl)ethynyl)phenol (3.0 g) and triethy-
lamine (3.5 g) were added to 50 ml of tetrahydrofuran (THF), and
the mixture was cooled to 5 °C. To this mixture, 1.6 g of acryloyl
chloride in 10 ml THF was added dropwise for 5 min. After stirring
the reaction mixture for 1 h, 100 ml of ethyl acetate was added,
and the organic layer was separated and washed with aq. NaHCO3
and distilled water. The solution was dried with anhydrous sodium
sulfate, and the solvent was removed under reduced pressure to
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obtain 3.1 g of crude product. After purification by column chro-
matography in silica gel with mixed eluent of ethyl acetate : n-
hexane (1:8 v/v), 2.1 g of 4-((4-pentylphenyl)ethynyl)phenyl acry-
late was obtained (Figure S1). TH NMR (500 MHz, CDCl5): 6 = 0.87-
0.91 (t, 3H), 1.28-1.36 (m, 4H), 1.57-1.65 (m, 2H), 2.57-2.63 (¢,
2H), 6.00-6.05 (q, 1H), 6.28-6.35 (q, 1H), 6.58-6.64 (q, 1H),
7.10-7.18 (m, 4H), 7.41-7.45 (d, 2H), 7.51-7.55 (d, 2H) ppm.
(Figure S2)

2.2. Materials

We used a nematic LC (ZSM-7125, JNC Corporation, Ty, = 76.0 ©
C, An =0.101 at 25 °C, n. = 1.583, n, = 1.482, A¢ = -2.90) and syn-
thesized RM (Tcn = 59.6 °C, Ty = 67.1 °C) with the concentration in
the mixture LC:RM (98.8:1.2). The mixture was well vortexed at
the temperature above the isotropic transition temperature.

2.3. Cells

Indium-tin oxide (ITO) was coated on two glass substrates as an
electrode and patterned on one of the substrates before sand-
wiched with the cell gap d = 3.1 um. The electrode pattern looks
a fishbone, and it is four-fold asymmetric with the width and spac-
ing w = [ = 3 pm as shown in Fig. 2 (d, e).

2.4. Characterization

Nuclear magnetic resonance (NMR, J]NM-ECZ500R, JEOL) and
Fourier transform infrared spectrometry (FTIR, Frontier IR, Perkin
Elmer) were conducted to identify the chemical structure of the
synthesized RM (See Supplemental Information for details). The
phase transitions were detected by differential scanning calorime-
try (DSC, Q20, TA Instruments). A polarizing optical microscope
(POM, Eclipse E600, Nikon) with a charge-coupled device (CCD,
DXM 1200, Nikon) was used for observation of optical micro-
images and conoscopic images of cells. The pretilt angle was mea-
sure by a modified crystal rotation method (PAMS, Sesim Photonics
Technology) in which the transmittance was measured upon vary-
ing the polar angle in the plane, parallel to the applied electric field
direction. The electro-optical measurements were done by setting
up with a function generator (33521A, Agilent), a photodetector
(DET36A/M (350-1100 nm), Thorlabs) and an oscilloscope (DPO
2024B, Tektronix). A square wave was applied to the samples.
The response times were determined between the interval of 10%
and 90% of the maximum transmittance. In the optic setup, light
travels through cells, which are placed in between crossed polariz-
ers, in a way that the optic axis of LC at a voltage-on state is 45° to
the polarization directions. The UV spectroscopy was done by a
UV-Vis spectrometer (S-3100, Scinco). The surface morphology
was evaluated by using an atomic force microscope (AFM, Park
NX10, Park systems).

3. Results and discussion
3.1. The role of synthesized reactive mesogen in the pretilt formation

Schematic description of the molecular behavior in fabrication
process is illustrated in Fig. 1. The LC director configuration in each
stage is discussed with the measurement results in Fig. 2. The
chemical structure of the synthesize RM and its schematic descrip-
tion are shown in Fig. 1(a). After injecting the LC-RM mixture into
an empty cell, the LCs are vertically aligned although there is minor
imperfection (Fig. 1(b)). We believe that this is probably due to the
spontaneous migration of some RM molecules onto the surface of
glass substrates owing to their relatively polar acryl functional
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Fig. 1. Schematic description of the molecular behavior in fabrication process. (a) Chemical structure of synthesized RM in this work that contains cross-linkable, rigid, and
flexible parts. (b) After infiltration of LC-RM mixture. (c) The first UV exposure that induces the RM partially migrating to the surfaces (step 1). (d) Voltage on and the second
UV exposure (step 2). (e) After voltage off. Two-domain PS-VA achieved by the directed pretilt at the surfaces. We indicate migration of RMs onto the surface by red arrows.

group, which prefers the surface to the bulk LCs. When the RM sec as shown in Fig. 1(c) to ensure the perfection in its uniformity
molecules are located on the surface, their rigid diphenylacetylene and the vertical LC alignment. In this step, we modulate the UV
body and long alkyl tails could induce the vertical alignment. We energy to be minimal enough for the RMs to migrate onto the sur-

conduct curing step 1, by irradiating UV at 10 mW/cm2 for 80 face and partially be cured. In step 2, voltage is applied (at operat-
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Fig. 2. Polarizing optical microscopy (POM) images corresponding to the fabrication steps in Fig. 1 and the bright field image of the patterned electrodes. (a) Vertical
alignment after infiltration of LC-RM mixture. (b) The state after the first UV exposure (step 1). (c) After voltage on and the second UV exposure (step 2). The insets are
conoscopic images and measured incident angle-dependent transmittance when conducting a modified crystal rotation method. The schematic inset in (c) describes the
director tilt in a polar angle 0 and an azimuthal angle ¢. The scale bar is 200 pm. (d) The patterned electrode whose width and space are w = [ = 3 pm. The scale bar is 100 pm.
(e) Schematic of the director tilt with respect to the electrode direction in the polar coordinate.
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ing voltage V,, = 5.2 V) between top and bottom ITO - the pat-
terned electrode on the bottom substrate helps to form the lateral
component in the electric field - to reorient LC in a desired initial
director configuration (Fig. 1(d)). The LC directors in the middle cell
region are well reoriented, perpendicular to the electric field direc-
tion, into both polar and azimuthal angles that we aim. The second
UV irradiation at 10 mW/cm? for 500 sec then complete the poly-
merization under the applied voltage. In this step, the residual RM
molecules are fully polymerized on the surface to secure the LC

pretilt that is stabilized after removal of voltage (Fig. 1(e)).

3.2. Verification of vertical alignment and pretilt

In Fig. 2(a-c), we verify the vertical alignment and pretilt corre-
sponding to each fabrication step in Fig. 1 as the POM images show
dark states. In addition to the observation of the optical status of
the cell, we confirm the vertical alignment with the conoscopy
and measure the pretilt angles (insets in Fig. 2(a-c)) formed after
the UV cure step 1 and both step 1, 2 via a modified crystal rotation
method (see Experimental Section). LC shows vertical alignment
after filling into a cell (Fig. 2(a)) and the UV cure step 1 gives no
change in overall pretilt angle. The alignment of LC, however,
becomes more ordered as the conoscopic image shows brighter
light leakage at the four corners (inset in Fig. 2(b)) than before
the step 1 (inset in Fig. 2(a)). We further observe that the light
leakage in the conoscopic image after UV cure step 1, 2 in Fig. 2
(c) is even brighter than that in Fig. 2(b). This implies that the
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ordering of LC becomes higher after the UV cure. More importantly,
the bright region at the left bottom corner is larger than the right
top corner in Fig. 2(c). As the broken symmetry in the four-fold
rotational axis of the electrode pattern, four-fold symmetry is not
achieved in the conoscopic image, which means the pretilt is
formed. To verify it, we measured the pretilt angle via a modified
crystal rotation method as shown in the plots in Fig. 2(b,c). The
measured pretilt angle after the step 1 is 0; = 89.9° and after step1,
2 it is O, = 88.7° at the azimuthal angle ¢ ~45°, which is perpendic-
ular to the longer axis of the patterned electrode as shown in Fig. 2
(d,e). The measured pretilt angle is in a good agreement with the
previously reported results [26].

We in addition discuss about the structural effect of the poly-
merization. Exposing UV on one side of the cell may be treated
as an asymmetric external stimulus. We believe there are two dif-
ferent reasons that the RMs migrate on to the surface. At first, the
RMs prefer the surface to the bulk LCs because the head part of
synthesized RM with an arylate functional group is polar. Secondly,
under exposed with low UV intensity, some portion of RM mole-
cules is oligomerized. The generated oligomers may induce LC
deformation that causes elastic energy cost. Thus, they would
migrate onto the surface to reduce the free energy. From the first
reason, RMs have no preferred substrate they want to move. From
the second reason, they would be polymerized on the surface but
the cell gap (d = 3.2 pum) is not too big for UV reaching the other
substrate. Thus, the polymerization may occur with similar rate
on both surfaces.
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Fig. 3. Electro-optic properties after done with the UV cure step 1 and after both step 1, 2. (a) Voltage-dependent and (b, c) time-dependent transmittance curves that show

rising (Ton) and falling (7o) times.



Young Jin Lim, Jun Hyeok Lee, Gwan Yong Lee et al.

0 ms

Journal of Molecular Liquids 340 (2021) 117302

1818 ms 65,512 ms

(a)

([ U } | ' l T

/
l

(4 |

\ ( l (

4 J ' |
p \

Fig. 4. Time-resolved polarizing optical microscopy (POM) images of the cells under the operating voltage V,, = 5.2 V (a) after done with the UV cure step 1 and (b) after the

step 1, 2. Scale bars are 100 pum.

3.3. Enhancement of electro-optic properties

We measure electro-optic properties of the cells after done with
the UV cure step 1 and after the UV cure step 1, 2 to analyze the
contribution of the pretilt (Fig. 3). The voltage-dependent trans-
mittance (V-T) curves show the threshold and operating voltages
Vin = 2.5 V and V,, = 5.2 V after the step 1 as shown in Fig. 3(a).
After the step 1, 2, the threshold voltage remains almost
unchanged, but the operating voltage is reduced to Vo, = 44V,
which is 15.4% reduced. In addition, the result shows transmit-
tance at the operating voltage is enhanced up to 12%. After the step
1, 2, the fixed pretilt and specified azimuthal angle allow the LC
reorientation in a guided direction to reach the maximum trans-
mittance. Without the pretilt, LC reorientation is not guided, and
even topological defects may occur, which result in relatively low
transmittance.

We also measured the response times to verify how the pretilt
of LCs contributes to the LC reorientation and relaxation dynamics.
The rising time 7,, and falling time 7,¢ after done with the UV cure
step 1 (after the UV cure step 1, 2) are 7o, = 251.8 (12.7) ms and
Toe = 29.2 (25.2) ms respectively as shown in Fig. 3(b, c¢). Both rising
and falling times after the step 1, 2 are shorter than those after the
step 1, especially for the rising time. The longer response times are
resultant from undirected reorientation of the LCs. Upon the
applied voltage, the vertical LC alignment with no pretilt is not able
to guide preferential azimuthal direction when LC reorients their
optic axis toward into the plane of the surface. The measured result
of the falling time after both step 1, 2 also shows quicker response
than that in the step 1 although the difference is relatively minor.
We believe the anchoring strength upon the case both step 1, 2 are
done becomes stronger because the surface roughness and the
peak height get higher owing to the bigger polymer protrusion as
schematically described in Fig. 1(d,e).

We keep our focus on the reason of the quicker response upon
voltage on. We believe the observation of POM images within short
time frames should be helpful to understand the behavior of the LC
reorientation with the result shown in Fig. 4. The result after done
with the UV cure step 1 shows a chaos status of entangled disclina-
tions at t = 150 ms in Fig. 4(a) owing to the absence of the pretilt
when the operating voltage V,, = 5.2 V is applied. It takes long time
for the disclinations to be annealed to show clear bright state with-
out any defects. According to the result in Fig. 4(a), some defects
still exist near the region above the main bone of the electrode pat-

tern in 1818 ms, and the defects vanish after more than 65000 ms.
On the other hand, the case after step 1, 2 are done, the clear bright
texture without defect lines is achieved within 67 ms as shown in
Fig. 4(b), clearly proving the pretilt is well produced.

3.4. Verification of photopolymerization and surface morphology of
polymers

Now we verify how the degree of polymerization can be con-
trolled based on the UV exposure energy onto the RMs. To control
the degree of polymerization, quantifying the UV energy with
respect to the number of acrylates in the RMs. In Fig. 5, the mea-
sured spectrum when no UV exposure (0 J/cm?) is in excellent
agreement with the UV/Vis spectrum of acrylates [27]. The mea-
sured spectrum of the cured cell under UV exposure energy dosage
higher than 4.8 J/cm? no longer shows much difference in the spec-
tral curves, which means no residual RM in the cell is cured above
this UV exposure energy. In UV step 1, we control the UV energy at
0.8 J/cm? (below 4.8 J/cm?), which partially polymerize RMs with

——0Jlicm’
—— 0.8 Jiem®
— 1.6 Jlcm’
——2.4Jlcm’®
—— 3.6 Jicm®
—— 4.0 Jlem®
4.8 Jicm®
—— 5.6 Jlem®
6.4 Jlcm®

200 250 300 350 400
Wavelength / nm

Absobance / a.u.

Fig. 5. UV spectra when the acrylates are polymerized by UV curing. The spectral
absorbance does not change much when the UV cure with exposure energy above
4.8 J/cm?.
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Fig. 6. Atomic force microscopy (AFM) analysis of surface topography of (a,b) bare ITO electrode on a substrate, (c,d) after done with the UV cure step 1 and (e,f) after the step

1, 2. (a,c,e) 2D and (b,d,f) 1D surface profile.

no induction of pretilt. In UV step 2, the UV energy is controlled at
5 J/cm? to polymerize all RMs.

Finally, we visualize the surface morphology after the UV cur-
ing steps by AFM measurement (Fig. 6). The topographic AFM
images and corresponding height profiles help us to directly con-
firm the degree of polymerization at the surface as we expect. In
the result with a bare ITO glass, the protruded height does not
exceed 4 nm as shown in Fig. 6(a, b). The cell after done with
the step 1 shows relatively higher density of protrusion with
the height above 4 nm and some peaks reach above 8 nm. The
density is measured by approximately 0.6 pm~' as shown in
Fig. 6(c,d) In case of the cell after done with both step 1, 2, on
the other hand, the density of protrusion with the height above
4 nm becomes 2.4 um~' and much more numbers of peaks reach
above 8 nm as shown in Fig. 6(e,f). These results clearly verify
and confirm the polymer protrusion on the surface is well and
densely built after the UV step 1,2, which significantly con-
tributes to the enhancement of the electro-optic properties of
the cell with well-achieved pretilt.

4. Conclusion

In this work, we propose a binary mixture consisting of a liquid
crystal (LC) and a synthesized reactive mesogen (RM). The RM spe-
cially plays two roles of a vertical alignment inducer and a
polymer-stabilizer. In this way, conventional polyimide layer,
which has been the most reliable material to produce the align-
ment but requires high-thermal process, is unnecessary and only
one additive is mixed with the host LC to produce vertical align-
ment. In addition, we propose two-step UV curing process to con-
trol the pretilt. In UV cure step 1, we modulate the degree of
polymerization by controlling UV energy such that the polymer-
stabilization is partially done to induce the uniform vertical align-
ment. In UV cure step 2, we apply voltage through a patterned elec-
trode to form the pretilt in the vertical alignment. Further UV
exposure then complete the polymerization of RMs to hold the pre-
tilt tight and to secure the higher order in the alignment.

The proposed method shows four-improved approaches: 1) the
LC-RM binary mixture used in this work gives successful vertical
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alignment at the ground state; 2) varying UV exposure energy in
each step enables us to control the degree of polymerization of
RM at the surface; 3) the UV cure step 1 enhances the ordering
of LC vertical alignment; 4) the result after the UV cure step 1, 2
well achieves the pretilt in the domains of designated patterned
electrodes. The demonstrated polymer-stabilized vertical align-
ment (PS-VA) mode cell exhibits excellent electro-optic properties,
such as quick response times, reduced threshold and operating
voltages, and high on-state transmittance. In addition, this method
requires LC and RM, only two materials in the mixture with no
additional material for the vertical alignment and significantly
reduces the fabrication processing steps compared to those con-
ventional methods to achieve the pretilt. We believe this method
will not only enhance the engineering in PS-VA modes but also
contribute to explore the scientific interests in the field of surface
alignment controlling techniques.
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