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ABSTRACT

The filling factor of LCs in the LC-polymer composite system is a crucial factor for the electro-optic per-
formance of optically isotropic liquid crystal (OILC) devices. The polymerization-induced phase separa-
tion method is well-known method to fabricate the OILCs; however, this method spontaneously limits
the filling factor by ~ 40%, which is inadequately low, owing to low-LC concentration in the mixtures.
To overcome such intrinsic problem, we propose an encapsulated LC which is fabricated by means of
oil-in-water encapsulation. Through this approach, the filling factor of LCs is effectively increased up
to 67.8% because the capsules are closely packed. Consequently, we achieve a thin-composite film of
nano-size LC encapsulation whose isotropic state is reliably switched to anisotropic state in response
to an external electric field with low-operation voltage (Ex, = 1.4 V/um and E,, = 4.6 V/um), fast-
response time (7on, = 0.5 ms, To¢ = 2.2 ms), and hysteresis-free electro-optic behavior. The highly
improved electro-optic performances of the proposed encapsulated LC device would give versatile appli-

LC-polymer composite system

cations in blooming free-form flexible displays and various tunable photonic systems.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Flexibility is a key feature for multifunctional applications in
wearable devices, sensors, and displays. Light emitting materials
such as organic light emitting diodes (OLEDs) are optically ideal
for flexible displays [1,2]. Nevertheless, when we adopt non-
emissive materials to modulate light, such as liquid crystals
(LCs), the functionality and applicability are wide and versatile
because of capability of adopting the passive optical effects, such
as light scattering, diffraction, refraction, reflection, and even com-
bination of all these. In liquid crystal displays (LCDs), LCs modulate
incident polarized light via well-aligned LC molecules at pixels
under applied electric fields, controlled by thin-film transistors.
The optic axes of LC molecules are reoriented under applied elec-
tric fields and then the polarized incident light experiences phase
retardation between extraordinary wave and ordinary wave. An
LCD exhibits a change in transmission as a LC layer is placed
between two polarizers. However, the geometric deformation,
which is essential in flexible LCDs, always results in light leakage
because of non-uniform thickness of curved LC layers, non-
uniform alignment of LC molecules in curved LC layers, extra
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stress-induces birefringence of curved polarizers [3,4]. This all
leads to poor dark states which turn out poor contrast ratio of flex-
ible LCDs. It motivates us to develop optically isotropic LCDs whose
optical polarization state is relatively independent on the geomet-
ric deformation. In prior arts, optically isotropic LCs can be
achieved by means of LC-polymer composite materials [5-8]. Such
optically isotropic LC-polymer composite is similar to polymer-
dispersed liquid crystals (PDLCs), fabricated by the
polymerization-induced phase separation, but the size of poly-
meric cavities or pores that contain LCs is much smaller than the
wavelength of light in order to avoid light scattering and display
a feature of a polarization independent optical phase modulation.
However, the interactive energy of optically isotropic LC-polymer
composite between the LC and the polymer is too high to harness.
As a result, the concentration of LCs in the optically isotropic LC-
polymer composite should be<50% to display the optical isotropy
[6]. When the size of a polymeric cavity is large, the correlation
length in the polymer networks is longer, which results in an
increase of light scattering, especially the wavelength of incident
light and the size of a polymeric cavity are compatible. This ulti-
mately leads to low transmittance and high-driving voltages in
the optically isotropic LC.

The birefringence of optically isotropic LCs (the dielectric aniso-
tropy of LC A¢ greater than 0 or A¢ < 0) is induced under an exter-
nal stimulus, such as an applied voltage, which is known as the
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Kerr effect [9]. When the host LC is blue phase liquid crystals
(BPLCs) in LC-polymer composite materials, the induced birefrin-
gence is expressed as [10].

Aljng = JKE? (1)

where / is light wavelength, K is the Kerr constant, and E is the elec-
tric field strength. In principle, an increase of An;,y by means of
increasing the K and E help us not only to keep the same phase
retardation at low-operating voltage, but also enhance transmit-
tance. The field-induced birefringence in Equation (1) of optically
isotropic LCs can be seen as a deformation of refractive-index ellip-
soid and the optic axis of the refractive-index ellipsoid is along the
direction of the electric field. Thus, the birefringence An of the host
LC is always greater than the An;,q due to the local reorientations of
the LC molecules. We can reasonably presume that the average-
refractive index is a constant under various electric fields, nayg =
(2no(E) + ne(E)) | 3 = nj, where ny(E) and ne(E) are the field-
dependent ordinary refractive index n, and extraordinary refractive
index n . [10]. The change in refractive index between E and no elec-
tric field 6n then can be described as.

ne(E) = no(E)
3 @

and the Kerr effect can be extended to fit practical measure-
ment by considering the dependence of the high-order term at
strong electric field strength and by minimizing the fourth-order
term in the electro-optic effects as [11],

o1 = onge (1 - e[‘ffm)z]> 3)

where 8ns,. and Es,; denote the saturation refractive index change
and the saturation electric field. In Equation (3), the model
describes the Kerr effect when the applied electric field is strong,
and the refractive index change én is closed to encounter the satu-
ration point dng;,¢.

Many literatures have proposed different approaches to
enhance the electro-optical properties of optically isotropic LCs,
including BPLCs, such as implementing wall-shape (protrusion)
electrodes that promise greater contribution of the in-plane vector
component for LCs to reorient [12-16] and developing materials
with a large Kerr constant because the driving voltage is inversely
proportional to K'2 [5,6,17-22]. According to the Gerber’s model of
BPLCs, it suggests that Kerr constant depends on birefringence An,
dielectric anisotropy Ag, the elastic constant K;¢ and chiral pitch p

of the host LC, and the relation should be K ~ A/.f;égigf [23].In case of

optically isotropic LCs, the cavity size R replaces the chiral pitch
and Kerr constant is then written as,

on =Ny, — N (E) =

_ AnAggR?
- )vKLc4TC2

However, the filling factor of LCs in optically isotropic LC-
polymer composites is also a crucial factor, which is not included
in Equation (4). To elucidate how filling factor affects the Kerr con-
stant, the polymerization-induced phase separation method may
not be an ideal approach to achieve a good electro-optic perfor-
mance governed by the Kerr effect and An in Equation (4) should
be modified as,

K (4)

An = Anwrnpasite ~ AnLCCLC + AnPolymerCl’olymer (5)

where ¢ denotes the concentration of each component (LC or poly-
mer) in the LC-polymer composite. Therefore, to enhance the K, the
filling factor of LC in the LC-polymer composite is the crucial control
parameter.
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For the enhancement of the filling factor of LCs, preformation of
enclosed LCs could be an ideal solution because they can be closely
packed after removal of solvent after coating on the surface. Many
works have demonstrated the oil-in-water based approach to
encapsulate LCs in water for variety of applications such as color
correlative optical responses or structural color generations
[17,24]. In this work, we show nano-size LC encapsulation sur-
rounded by a polymeric shell, polyvinyl alcohol (PVA) in water to
achieve the high filling factor of LCs in the LC-polymer composite
system. Through this approach, we can achieve a thin-composite
film of nano-size LC encapsulation whose isotropic state is reliably
switched to anisotropic state in response to an external electric
field. We fabricate the LCs encapsulated by PVA shells in water
and blade-coat onto a single substrate with interdigitated elec-
trodes where the size distribution of LC capsules is well controlled.
The solvent water is easily dried away so that the LC filling factor is
highly achieved.

Another important drawback in the optically isotropic LC is
residual birefringence that causes an electro-optic hysteresis,
which is reported with many approaches to solve such as control-
ling polymer morphology [18-20,25], polymer-stabilized amor-
phous BP (BPIII) [18,20,25,26], monodomain or single crystalline
BPs [22,27,28] and mixing with nanoparticle additives [13-15].
However, the key reason of the residual birefringence is the
high-driving voltage, which breaks both initial polymer morphol-
ogy and the alignment of LCs. The LC encapsulation method
achieves meaningfully low-driving voltage that does not break
the initial polymer morphology and LC alignment so that no resid-
ual birefringence is generated. With the proposed nano-size LC
encapsulation method, superior electro-optic properties are
achieved in the experimental demonstration, compared with opti-
cally isotropic LC.

2. Experimental Section
2.1. Encapsulation in the mixtures.

We used a nematic LC (Ae = 18 at 1 kHz, Ty; = 85 °C, n. = 1.752,
no = 1.512, An = 0.24 at 589 nm, ImageLab), a partially-hydrolyzed
Polyvinyl Alcohol (PVA) with an average molecular weight, 22,000
Mn, and a degree of hydrolysis of 85 % mol (Kuraray, Japan), Surfy-
nol 420 (HLB:4.0, BASF) is used to lower the surface tension of oil-
water interface in oil-water emulsions, Gulutaraldehyde (40%,
Sigma Aldrich) was chosen as a cross-linking agent of PVA, and
deionized water as a solvent. All materials were used as received.
LCs are encapsulated by micro-channel emulsification method
[29].

2.2. Optically isotropic LC mixtures.

We used MLC-2053 (A¢ = 46.2 at 1 kHz, Ty; = 86 °C, n. = 1.7472,
n, = 1.5122, An = 0.235 at 589 nm, K;; = 13.2 pN, K2, = 6.5 pN,
K33 = 18.3 pN, y; = 123 mPa-s, Merck Advanced Technologies Co.,
Ltd.) as a nematic LC, trimethylolpropane triacrylate (TMPTA,
n, = 1.473 at 589 nm, T, = 62 °C, Sigma Aldrich), pentaerythritol
tetraacrylate (PETTA, n, = 1.484 at 589 nm, Ty = 65 °C, Sigma
Aldrich) as host monomers (Figure S1), and 2-Methyl-4’-(methyl
thio)-2-morpholinopropiophenone (Irgacure-907, excitation at
365 nm, Merck Advanced Technologies Co., Ltd.) as a photo-
initiator (PI) for the initiation of radical photopolymerization in
the composite upon the exposure of UV light. All materials were
used as received. We basically reproduce the optically isotropic
LC cell by following the fabrication process in the ref [6].
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2.3. Cell process

The encapsulated LC mixtures were blade-coated on a glass
substrate with patterned interdigitated indium-tin-oxide (ITO)
electrode (electrode width w = 4 um and space [ = 4 um). After dry-
ing water, the cell was baked at 90 °C for 1 h. The optically isotropic
LC mixture was injected into a cell at 90 °C by capillary action. The
cell was fabricated by sandwiching one glass substrate onto the
other glass substrate with patterned ITO electrode (w = | = 4 pm)
with the cell gap d. All cells were tested under a polarized optical
microscope (POM) to observe the homogeneity of the mixture to
clarify the optically isotropic property before and after UV curing.
All cells were irradiated under UV with intensity of 140 mW/cm?
for 8 min. All cells were prepared by following above condition
unless otherwise mentioned.

2.4. Characterizations

We used a particle size analyzer (ELSZ-2000 series, Otsuka Elec-
tronics Co.,Ltd.) to analyze the size of the capsules. A POM (Eclipse
E600, Nikon) was used for optical images taken by a CCD camera
(DXM 1200, Nikon). The electro-optical properties were measured
by a photodetector (DET36A/M, 350 - 1100 nm, Thorlabs), a func-
tion generator (33521A, Agilent), an oscilloscope (DPO 2024B, Tek-
tronix), and He-Ne laser light (633 nm). Cells were placed in
between crossed polarizers where longer-electrode axis was 45°
to the polarization directions. To investigate the surface morphol-
ogy of the polymer matrix, cells were soaked in n-hexane for a day
to remove LCs from polymer matrix. The PVA polymer film was
then coated with a conductive gold layer by RF sputtering to avoid
the charge accumulation and then observation was done by a field
emission scanning electron microscope (FESEM, SUPRA40VP, Carl
Zeiss) installed in the Center for University-wide Research Facili-
ties (CURF) at Jeonbuk National University. The post image pro-
cessing was done by an open-source software (Image/, NIH). We
fabricate submicron thin layers of both encapsulated LC and opti-
cally isotropic LC and removed LCs to acquire the polymer matri-
ces. After taking FESEM images of the two cases, we analyze the
average and standard deviation of cavities. We then analyze the
areal filling factors (Figure S3).

3. Results and discussion

The schematic of LC encapsulation in PVA-dissolved water
shows the LC director and the PVA shell in Fig. 1a. The fabricated
LC-PVA encapsulation solution is shown in Fig. 1b. As the solution
shows a white (in a brown vial) light scattering state, the measured
diameter distribution of capsules is 565 * 122 nm as shown in
Fig. 1c. The blade-coating process is described in Fig. 1d-g that
show the optical status of the mixture on a substrate. On a
patterned-ITO glass substrate, we blade-coat the loaded encapsu-
lated LC solution in room temperature as the white light scattering
occurs right after the coating (Fig. 1e). The thin film of the solution
is then kept in ambient air until water is all evaporated and the
light scattering vanishes (Fig. 1f), which proves that LCs are well
encapsulated in PVA without water. The substrate is then baked
in the oven at 90 °C for 1 h. After the baking is done, the film shows
excellent transparency as shown in Fig. 1g. The transparency
implies the size of the capsule coated on the substrate is below
the visible wavelength. We believe the size of the capsules is
shrunk after water is dried away and polymerization of PVA.

To verify the size of the encapsulation, we observe the polymer
matrix after removal of LCs in both the encapsulated LC and opti-
cally isotropic LC in Fig. 2. To verify more clear images of cavities
in the polymer matrix, we fabricate submicron thickness d ~ 0.7
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8 um with a single substrate for the encapsulated LC (Fig. 2a,b)
and double substrates for the optically isotropic LC (Fig. 2c¢,d).
The relatively uneven upper surface of the polymer matrix in
Fig. 2a tells us which the dehydration and polymerization process
is done without the upper substrate. The observed cavity size dis-
tribution is analyzed as the diameter is 379 + 160 nm from Fig. 2b
and 141 £ 55 nm from Fig. 2d. We also analyze the areal filling fac-
tor as 67.8% from Fig. 2b and 40.5% from Fig. 2d. (See Experimental
Section for details) The results clearly show more than 27.3%.
higher areal filling factor of the encapsulated LC than the optically
isotropic LC, and the size of cavities in the encapsulated LC is ~ 2.7
times higher than that in the optically isotropic LC.

We observe the electro-optic properties of the encapsulated LC
and compare the result with an optically isotropic LC as shown in
Fig. 3. The POM images show a complete dark state of the encapsu-
lated LC in between crossed polarizers. No scattering is observed in
the dark states, which tells us the cavity size of the encapsulated LC
and the optically isotropic LC is below the visible wavelength
(Fig. 3ab). Upon applying voltage, LCs reorient into the electric field
direction and consequently birefringence is induced owing to the
Kerr effect as shown in Equation (1). We note that granular-like
domains are observed upon the applied field in the encapsulated
LC, which occurs owing to the topless coating process. The size is
below the spatial resolving power of human eyes so it may not
be an issue but controlling the time between drying and thermal
polymerization may help to reduce the roughness in the encapsu-
lated LC.

The electric field-dependent transmittance curve of the encap-
sulated LC shows threshold electric field E, = 1.4 V/um and driving
electric field E,, = 4.6 V/pum, which are 30% and 46% lower than
those of the optically isotropic LCs (Ey, = 2.0 V/pm and E,p = 8.5V
/um). In optically isotropic LC, on the other hand, there is residual
birefringence as shown in the voltage-off state in Fig. 3b as the
POM image is taken after a few cycles of field-driving up to
8.5 V/um. As shown in Fig. 3c, we apply the voltage until the curve
reaches the plateau in the voltage-dependent transmittance curve
and almost no hysteresis is clearly observed in the encapsulated
LC. To evaluate the hysteresis, we determine H = (E,sc — Eges) /
E, x 100%, where Ep is the electric field strength at peak transmit-
tance, and Easc and Edes respectively are half of the peak when the
voltage is ramping up and down. From Fig. 3b, we calculate
H = 0.43% and 7.06% in the encapsulated LC and optically isotropic
LC, respectively. It clearly tells us the hysteresis-free behavior in
the encapsulated LC.

The measured refractive index changes are depicted in Fig. 3d.
The dotted-straight lines are calculated from Equation (1), which
represent quadratic field response of the induced birefringence.
As the measured values with solid circles, however, are out of
the tendency of the induced birefringence line, we calculate the fit-
ting curves along the measured values with extended Kerr effect,
which is governed by Equation (3). The measured values and the
fitting curves seem to be in a good agreement; besides some small
deviation that might be caused by the white light we used for the
light source in the measurement, which covers the range of the vis-
ible wavelength (400 nm < % < 650 nm). As explained in the Intro-
duction, the induced-refractive-index change 6n is smaller than the
refractive index of the host LCs (An = 0.235 and 0.240, respec-
tively). We measure én ~ 0.028 at E ~ 6.26 V/um and én ~ 0.054
at E ~ 2.60 V/um in the optically isotropic LC and the encapsulated
LC, respectively. The results show that the encapsulated LC shows
almost 1.7 times higher én at 2.4 times lower E than the optically
isotropic LC. However, the acquired 8ng,¢ is ~ 17% less in the opti-
cally isotropic LC and 2.5% less in the encapsulated LC than the
ideal case (Aninq [ 3) even though we consider the filling factors
and the factor of 1/3 from Equation (2). We note that the 17%
and 2.5% are big difference. We can clearly explain this tendency
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Fig. 1. Encapsulation and a unit cell fabrication process. (a) Schematic representation of encapsulated LCs. (b) The LC encapsulated mixture in a brown vial. The scale bar is
1 cm. (c¢) The dynamic light scattering shows a peak with the diameter of 565 + 122 nm when analyzing a particle size analyzer (Table S1). (d-g) Schematics of the fabrication
process: (d) the mixture dropped on a patterned-ITO substrate, (e) blade coating, (f) drying, (g) baking. Insets in (e-g) show the mixture on a substrate at each step. The scale
bar is 1 cm.

JBNU 5.0kV 8.1 x20.0 V 2 JBNU 5.0kV 8.1mm x20

Fig. 2. Field-emission scanning electron microscope (FE-SEM) images of the polymer matrices of (a,b) the encapsulated LC and (c,d) optically isotropic LC.
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Fig. 3. The electro-optical properties of the encapsulated LC and optically isotropic LC. (a,b) Polarized optical microscopy (POM) images of (a) the encapsulated LC cell and (b)
optically isotropic LC cell as ramping up electric field strength. The white arrows represent the optic axes of crossed polarizers. The red-double headed arrow and rod indicate
the direction of the electric field and induced birefringence. The scale bar is 100 pm. (¢) Measured electric field-dependent transmittances. The red and blue arrows represent
when ascending and descending the electric fields. (d) The measured refractive index change (circles), linear lines with Equation (1) (dotted-straight lines), and the extended
Kerr effect with Equation (3) (magenta-convergent lines). (e,f) The time-dependent transmittance of (e) the encapsulated LC and (f) the optically isotropic LC. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by the different LC filling factors in the polymer matrices (40.5%
and 67.8% in the optically isotropic and encapsulated LCs) even if
the difference in An of the host LCs in each mode is slight.

We also evaluate the response time and analyze it from the
time-dependent transmittance measurements as shown in
Fig. 3e,f. The measurement gives the response times 7o, (Toff) = 0.5
(2.2) ms in the encapsulated LC when applying 4 V/um, and 7o
(Tofr) = 3.3 (10.3) ms in the optically isotropic LC when applying
8.5 V/um. This shows the fast response time in the encapsulated
LC. As the hysteresis analysis tells us there is residual birefringence
upon the applied electric fields, the relaxation of LCs is slow in the
optically isotropic LCs. The hysteresis-free response contributes to
the fast response of LC in the encapsulated LC composite system.
As all the estimated, calculated, and measured physical values
are summarized in Table 1, the encapsulated LC shows greatly
improved K., with high F, and fast response time with minor
hysteresis.

Table 1

4. Conclusion

In this work, we fabricate a highly filled LC-polymer composite
film by oil-in-water encapsulation method. By using this method,
the filling factor can be increased because the LC capsules are clo-
sely packed. We have achieved high LC filling factor by 67.8% in the
encapsulated LC, compared to of 40.5% in the conventional opti-
cally isotropic LC. We measure the threshold and the operating
electric fields of the encapsulated LC (Ey, = 1.4 V/um and Eq, = 4.
6 V/um), which are relatively lower than those in the optically iso-
tropic LC (Eg, = 2.0 V/pum and E,p, = 8.5 V/um). We also measure the
response times of the encapsulated LC, 7o, (Tofr) = 0.5 (2.2) ms,
which are much faster than those in the optically isotropic LC,
Ton (Torr) = 3.3 (10.3) ms. We can confirm that the highly filled
LC-polymer composite system shows low-operating voltage, fast-
response time, and hysteresis-free in electro-optic field responses.
With the proposed LC encapsulation method, superior electro-

Encapsulated LC (ELC), optically isotropic LC (OILC), the concentration of LC in composites c;c, the areal filling factor F, the cavity size D, saturated refractive index change dns,,
saturated electric field strength Es,, threshold electric field E,, operating electric field E,p,, Kerr constant K, response times Top, Tofr, and hysteresis H.

Sample names Polymer Cic F D n Ewh (Eop) K: Ton Toff H
[%] [%] [nm] (E) [V/pm] [nm/V?] [ms] [ms] [%]
[V/um]

ELC PVA 70 67.8 379 0.054 1.4 14.50 0.5 2.2 043
+160 (2.6) (4.6)

OILC PETTA 42 40.5 141 0.028 2.0 2.50 33 10.3 7.06
TMPTA +55 (6.3) (8.5)

OILC? NOAG65 42 - - - 1.6 2.66 0.8 2.3 0.40
(9.0)

2 from the reference [6].
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optic properties can be achieved as demonstrated in the experi-
ments. We believe this study can provide us an efficient solution
to realize free-form flexible LC displays and compact tunable pho-
tonic systems with low power.
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