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We demonstrate an ion-doped liquid-crystal (LC) cell that can provide a very low specular transmittance in the
opaque state using the electro-hydrodynamic effect. In the opaque state, the LC and dye molecules are oriented
randomly in planes parallel to the substrates because of the electrohydrodynamic effect. We found that the total
transmittance of an ion-doped LC cell is almost the same as that of a light shutter based on light absorption and
its haze value is the same as that of a light shutter based on light scattering. Moreover, an ion-doped LC cell can

be fabricated without an ultraviolet curable process. Owing to its excellent opaque state properties, an ion-doped
LC cell can be used in see-through display and smart-window applications.

1. Introduction

Liquid-crystal (LC) light shutters can be used for various applica-
tions, such as light modulators, smart windows, and see-through dis-
plays [1-21]. In particular, light shutters, which can be used to control
the haze and transmittance simultaneously, have been actively studied
for smart-window and see-through display applications [6-16,19]. By
simply adding dichroic dye molecules in an LC light shutter based on
the light scattering, the light scattering and absorption can be si-
multaneously controlled.

However, there is a trade-off between the light scattering and ab-
sorption. Light scattering relies on the random orientation of LC mo-
lecules, whereas light absorption can be maximized by orienting the
dye molecules in planes parallel to the substrates. To overcome this
trade-off, double-layered devices can be employed [11,16]. One layer is
used for light scattering and the other for light absorption. However,
these light shutters may suffer from disadvantages, including a low
transmittance in the transparent state, a high thickness, and high fab-
rication costs.

In this study, we demonstrate a single-layered LC light shutter in
which LC molecules with negative dielectric anisotropy are oriented
randomly in planes parallel to the substrates using the electro-hydro-
dynamic effect when an electric field is applied between the two sub-
strates. We confirmed that the proposed light shutter exhibits not only
almost the same total transmittance as a light shutter based on light
absorption, but also the same haze value as a light shutter based on
light scattering. Owing to its excellent opaque state and simple struc-
ture, we consider the proposed LC light shutter a promising candidate

* Corresponding author.
E-mail address: thyoon@pusan.ac.kr (T.-H. Yoon).

https://doi.org/10.1016/j.dyepig.2017.11.001

for smart-window and see-through display applications.
2. Principle of operation
2.1. A light shutter using the electro-hydrodynamic effect

Simply by adding ion dopants in LCs, we can realize a light shutter
that is based on light scattering using the electro-hydrodynamic effect
[22-24]. For switching the light shutter, the frequency of the applied
voltage wave must be carefully chosen because the haze value and
operating voltage strongly depend on it.

To confirm the frequency dependence, an LC cell fabricated using
ion-doped negative LCs was observed using a polarized optical micro-
scope (POM), as shown in Fig. 1(a). We also measured the total trans-
mittance, specular transmittance, and haze using a haze meter (HM-
65W, Murakami Color Research Laboratory) while changing the fre-
quency of the applied voltage wave (direct current (DC), 10 Hz, 100 Hz,
1 kHz, and 10 kHz), as shown in Fig. 1(b).

The specular [diffuse] transmittance T [T4] refers to the ratio of the
power of the beam that emerges from a cell, which is parallel (within a
range of angles of 2.5°) [not parallel] to a beam entering the cell, to the
power carried by the beam entering the LC cell. The total transmittance
T, is the sum of the specular transmittance T, and the diffuse trans-
mittance Ty T; = Ts + T4 The haze H is the ratio of the diffuse
transmittance to the total transmittance: H = Ty/T,.

In the initial transparent state, the POM images exhibit the dark
state because of vertically aligned LC molecules. When a voltage wave
with a frequency between 0 and 1 kHz is applied, the negative LCs are

Received 7 September 2017; Received in revised form 1 November 2017; Accepted 2 November 2017
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Fig. 1. (a) POM images and (b) the measured total transmit-
tance, specular transmittance, haze of an ion-doped LC cell when
DC, 10-Hz, 100-Hz, 1-kHz, and 10-kHz voltage waves were ap-
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aligned parallel to the substrates. At the same time, the rotation of ions
generates turbulence in the cell and POM image shows patterns called
the ‘Williams domain’ [25]. As the applied voltage is increased, the
turbulence becomes stronger, and the patterns become small domains
which can scatter the incident light strongly. When the frequency of the
applied voltage wave was 1 kHz, the cell showed a high haze of 85.3%.
The POM image showed dependence on the frequency and amplitude of
the applied voltage because the rotation of ions was affected by them
[22-24]. When a 10-kHz voltage wave is applied to the cell, negative
LCs is aligned parallel to the substrates and distributed randomly.
However, the cell showed a low haze of 1.1% because the domains were
not small enough for scattering when there was no turbulence. We set
the operating frequency as 100 Hz, at which the operating voltage is
lowest.

2.2. Ion-doped LC cell based on light scattering and absorption

The operating principle of the proposed light shutter is illustrated in
Fig. 2. For light absorption by the LC cell, we use dichroic dye mole-
cules because they are easily aligned along the LC alignment direction.
When the polarization direction of the incident light is parallel to the
absorption axis of the dye molecules, the incident light is strongly ab-
sorbed. Conversely, the incident light is weakly absorbed when the
direction of polarization is perpendicular to the absorption axis [1,10].
For light scattering via the electro-hydrodynamic effect, we doped the
LC mixture with an ionic material (tetra-n-butylammonium bromide,
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Fig. 2. Structure and operation of an ion-doped LC cell in the transparent and opaque
states.

TBAB).

In the initial transparent state, most of the incident light passes
through the LC cell because the LC and dye molecules are aligned
perpendicular to the substrates. When a 100-Hz voltage wave is applied
to the LC cell, the negative LC and dye molecules try to orient per-
pendicular to the vertical electric field. At the same time, rotation of
ions caused by the electro-hydrodynamic effect brings about turbu-
lence, which distributes LCs and dye molecules randomly in planes
parallel to the substrates. In this state, the incident light is strongly
absorbed because most of the dye molecules are oriented parallel to the
substrates and scattered strongly by randomly distributed negative LCs
with small domains. Using this scheme, an ion-doped LC cell can
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Fig. 3. Structure of the ionic material, monomer, photo-initiator,
and positive LC mixture used for the fabrication of an ion-doped LC
cell.
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provide an excellent opaque state without a trade-off between light
absorption and scattering.

3. Cell fabrication

To investigate the electro-optic characteristics, we fabricated an ion-
doped LC cell. We mixed negative LCs (BHR28300-400, Bayi, An: 0.230
and Ae: -9.3) with 0.1 wt% of TBAB (Sigma-Aldrich, the structure is
shown in Fig. 3) for the electro-hydrodynamic effect and 1.5 wt% of
dichroic dye for light absorption. We used a dichroic dye mixture
consisting of X12 (BASF) and S-428 (Mitsui) for a ratio of 7:3. We used
the homeotropic alignment layer (SE-5662, Nissan Chemical) and a cell
gap of 10 um for the LC cell.

To compare the transmission characteristics of an ion-doped LC cell
with other LC light shutters, we fabricated polymer-stabilized LC
(PSLC) and cholesteric LC (ChLC) cells [17,20]. For the same char-
acteristics in the transparent state, we used the same cell gap, dichroic
dye mixture, and concentration.

For the PSLC cell, we mixed negative LCs (RTA93000-100, HCCH,
An: 0.200 and Ae: -5.5) with 1.6 wt% of ultraviolet (UV) curable
monomer (RM257, Merck, the structure is shown in Fig. 3), 0.4 wt% of
photo-initiator, (Irgacure 651, BASF, the structure is shown in Fig. 3)
and 1.5 wt% of the dichroic dye mixture. We used the same home-
otropic alignment layer for the initial transparent state. Then, the LC
cell was exposed to UV light of 30 mW/cm? for 10 min to form the
polymer structure.

For the ChLC cell, we mixed positive LCs (E7, Merck, An: 0.237 and
Ae: 14.1, the structure is shown in Fig. 3) with 10 wt% of a chiral do-
pant (S811, Merck, reflection wavelength = 1600 nm, number of pit-
ches: 10) and 1.5 wt% of the dichroic dye mixture. We used a homo-
geneous alignment layer (PIA-5310, Nissan Chemical) and rubbed in
the anti-parallel direction.

4. Experimental results and discussion

To evaluate the electro—optic characteristics of the fabricated LC
cells, we measured the total transmittance, specular transmittance, and
haze using a haze meter (HM-65W, Murakami Color Research
Laboratory) while changing the frequency of the applied voltage wave
because the electro-hydrodynamic effect strongly depends on the fre-
quency of the applied voltage wave.

Fig. 4 shows the measured total transmittance, specular transmit-
tance, and haze of an ion-doped LC cell. In the initial transparent state,
the total transmittance, specular transmittance, and haze values of the
ion-doped LC cell were 61.2%, 60.1%, and 0.7%, respectively. When a
100-Hz voltage wave was applied to the cell, the total transmittance
and specular transmittance decreased, and haze increased as the am-
plitude of the applied voltage wave was increased because the negative
LC and dye molecules were randomly oriented parallel to the substrates
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Fig. 4. Measured total transmittance, specular transmittance, and haze of an ion-doped
LC cell.

by the electro-hydrodynamic effect.

We verified the trade-off between the scattering and absorption in
the opaque state by measuring the transmission characteristics of an
ion-doped LC cell and other light shutters. The measured specular
transmittance can be influenced not only by light absorption but also
light scattering, whereas the measured total transmittance can be in-
fluenced only by light absorption.

As shown in Fig. 5, the fabricated LC cells exhibited almost the same
specular transmittance in the transparent state because we used the
same dye mixture and concentration. In the opaque state, the ion-doped
LC cell exhibited the lowest specular transmittance among the fabri-
cated LC cells. A ChLC cell in the planar state exhibited a relatively high
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Fig. 5. Measured transmission spectra in the transparent and opaque states of ChLC,
PSLC, and ion-doped LC cells.
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Table 1
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Total transmittance, specular transmittance, and haze values of ChLC, PSLC, and ion-doped LC cells.

Transparent state

Opagque state

ChLC cell PSLC cell Ion-doped LC cell ChLC cell PSLC cell Ton-doped LC cell
(homeotropic 45 V) (planar) (50 V) 40V)
Total transmittance (%) 60.9 62.9 61.2 18.9 31.4 20.8
Specular transmittance (%) 60.5 60.8 60.1 18.7 5.3 3.0
Haze (%) 0.7 4.3 0.7 1.1 82.7 85.6
a b c Transparent Opaque
[ ] [ ] [ ]
- =
- - N , N\ PSLC cell
_— = - -
=
- - =2
L - !
m——
» Ion-doped LC cell
[ ] [ ] [ |
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Fig. 6. LC and dye distributions in (a) ChLC, (b) PSLC, and (c) ion-doped LC cells assumed
for the numerical calculation and (d) the angular dependence of the total transmittance
measured or calculated using a polarized light source. The angle 0° is defined as the
rubbing direction in a ChLC cell.

specular transmittance because it does not rely on light scattering.

However, the total transmittance of the fabricated cells in the
opaque state shows a tendency different from the specular transmit-
tance, as shown in Table 1. Among the fabricated LC cells, the ChLC cell
exhibited the lowest total transmittance, whereas the PSLC cell ex-
hibited the highest total transmittance. The total transmittance of an
ion-doped LC cell is similar to that of a ChLC cell, whereas the haze
value is similar to that of a PSLC cell.

We expect that an ion-doped LC cell strongly absorbs the incident
light because of the negative LCs and dye molecules that are aligned
parallel to the two substrates and strongly scatters the incident light via
the electro-hydrodynamic effect. The operating voltage (40 V) of the
ion-doped LC cell was lower than those of the PSLC (50 V) and ChLC
(45 V) cells.

To investigate the distributions of the LC and dichroic dye molecules
in the opaque state, we measured the total transmittance using a haze
meter while rotating the polarization angle of the light source. For
comparison, we calculated the distributions of the LC and dye by using
the commercial software Techwiz LCD 1D (Sanayi System Company,

19

Fig. 7. Images of PSLC and ion-doped LC cells placed on a printed paper.

Ltd.). For numerical calculations, we assumed that all the LC and dye
molecules in the ChLC cell were aligned in planes parallel to the sub-
strates, as shown in Fig. 6(a). We assumed that the LC and dye mole-
cules in the PSLC cell were oriented randomly, as shown in Fig. 6(b).
We assumed that the LC and dye molecules in the ion-doped LC cell
were distributed randomly but that all of them had a tilt angle of 0°, as
shown in Fig. 6(c). As shown in Fig. 6(d), the calculated results match
the experimental results very well. The angular dependence of the total
transmittance in the ChLC cell is caused by the wave-guiding effect
[10].

The ChLC cell exhibited the lowest transmittance regardless of the
polarization angle because all the LC and dye molecules were aligned
parallel to the substrates, and it had a twisted structure in the planar
state. The PSLC cell exhibited the highest transmittance among all the
fabricated LC cells because most of the LC and dye molecules were not
aligned parallel to the substrates. The ion-doped LC cell exhibited a
slightly higher transmittance than the ChLC cell because all the LC and
dye molecules were not oriented parallel to the substrates.

Fig. 7 shows the images of PSLC and ion-doped LC cells placed on a
printed paper. We can identify the printed images clearly in the
transparent state of both types of LC cells. In the opaque state, both
types of cells could hide objects behind them. However, the ion-doped
LC cell exhibited a far darker state than the PSLC cell because of the
lower total transmittance.

5. Conclusion

We demonstrated an LC cell that can provide a very low transmit-
tance in the opaque state. To realize light absorption and the scattering
effect simultaneously, we doped the LC with TBAB and dichroic dye. In
the opaque state, an ion-doped LC cell can have a very low total
transmittance because most of the dye molecules are oriented nearly
parallel to the substrates; thus, we can achieve an excellent opaque
state. Moreover, the cell can be fabricated without a UV curing process.
We consider the ion-doped LC cell an excellent new candidate for see-
through display and smart-window applications.
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ABSTRACT: A dye-doped polymer-dispersed liquid crystal (PDLC) is an N7
attractive material for application in smart windows. Smart windows using a < &,

PDLC can be operated simply and have a high contrast ratio compared to those of I 4=

other devices that employed photochromic or thermochromic material. However, in  Membrane emulsification

DK
LC encapsulation

\ /1

conventional dye-doped PDLC methods, dye contamination can cause problems

OFF ON
and has a limited degree of commercialization of electric smart windows. Here, we M —"2’5‘67‘?666
000000

report on an approach to resolve dye-related problems by encapsulating the dye in

monodispersed capsules. By encapsulation, a fabricated dye-doped PDLC had a

ST s

Opaque state

e

Transparent state

contrast ratio of >120 at 600 nm. This fabrication method of encapsulating the dye
in a core—shell structured microcapsule in a dye-doped PDLC device provides a practical platform for dye-doped PDLC-based

smart windows.

KEYWORDS: smart windows, dye-doped PDLC, polymer-dispersed liquid crystal (PDLC), core—shell structure, polyurethane capsule,

optical materials

1. INTRODUCTION

Electro-optical switchable materials have been studied exten-
sively to develop smart glass or smart windows that function
through light transmission changes in response to a simple
electric charge.' ® For smart windows, polymer-dispersed
liquid crystal (PDLC) devices have been studied extensively,
which can control the transmission of light by an applied
voltage.” ™' For practical use in smart windows, it is necessary
to have a distinct transition between an opaque and transparent
state. As such, a high contrast ratio (CR) is critical for an
improved switching-state yield.

Until now, high switching yields with chromism have been
achieved by using dichroic dyes."'™'* However, the use of the
dichroic dye may cause stain contamination from dye residue
inside the polymer matrix. This results in the altered absorption
of UV light by the dye, causing poor polymerization of the
polymer matrix.'""*'*7'® These dye-related problems can be
responsible for a low switching-state yield, a short lifetime, and
a high driving voltage for the operation of a dye-doped PDLC
device. Thus, it is important to overcome dye-related problems
and enhance the CR in the development of a dye-doped PDLC.

A material encapsulation technique using core—shell
structured microcapsules may be a good candidate for
manufacturing a dye-doped PDLC. Via the adoption of the
encapsulation method, LC with a dye can be isolated in
microcapsules, resulting in the separation of dyes from the
polymer matrix. Furthermore, monodispersed LC-containing
capsules can provide enhanced light transmission by preventing
the light scattering caused by differently sized LC droplets.”"”

-4 ACS Publications  © 2015 American Chemical Society

Thus far, the microcapsule fabrication technique has shown
tremendous improvements by employing various methods such
as a layer-by-layer (LbL) method, microfluidic droplet
generation, and membrane emulsification.'®™>* Those methods
can open new avenues to overcome the limitations of dye-
doped PDLCs, which include dye-related issues and additional
light scattering due to LC distribution.

In this study, we fabricated uniform-sized microcapsules with
LC/dichroic dye cores and polyurethane/polyurea (PU/PUR)
shells to create a dye-doped PDLC with a high CR. To prevent
dye-related problems and to increase the CR, we fabricated the
LC/dye-encapsulating polyurethane particles through integra-
tion of membrane emulsification and interfacial polymerization.
Membrane emulsification produced monodispersed LC drop-
lets ~4.5 pm in diameter, and the capsules were directly made
through interfacial polymerization on the surface of the liquid
core.”>"** Isolation of LC with the dye by the PU/PUR capsule
allowed us to avoid previously reported dye-related issues.
Using LC/dye-encapsulated capsules, we demonstrated the
switch from transparent and opaque states of a dye-doped
PDLC through control of an ac current. We also performed
optical evaluations, including light transmittance and CR, to
demonstrate its practical application in smart windows.

Received: May 23, 2015
Accepted:  July 20, 2015
Published: July 20, 2015

DOI: 10.1021/acsami.5b04496
ACS Appl. Mater. Interfaces 2015, 7, 17904—17909


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b04496

ACS Applied Materials & Interfaces

Research Article

2. EXPERIMENTAL SECTION

2.1. Materials. Isophorone diisocyanate (IPDI), polypropylene
glycol (PPG, M,, ~ 2000), diethylenetriamine (DETA), dibutyltin
dilaurate (DBTDL), polystyrene (PS) particle (10 ym), Tween 20,
square-shaped indium tin oxide (ITO)-coated glass (surface resistivity
of 70—100 Q/sq, refractive index of 1.517), and polyvinylpyrrolidone
(PVP, M,, ~ 10000) were purchased from Sigma-Aldrich. ABIL EM 90
was purchased from Evonik Industries. LC (HPC 21600-000) and
Sudan black B (SBB) were obtained from HCCH China and TCI
America, respectively. The nematic—isotropic transition temperature
of LC was 95 °C, and refractive indices of LC are as follows: n, =
1.524, n, = 1.765 at 589 nm, 20 °C. NOA 65 was purchased from
Norland Products, and the refractive index of the cured polymer was
1.524. Deionized (DI) water (Human UP900, Human Corp.) was
used for all aqueous solutions. All chemicals were used as received
without purification.

2.2. Preparation of Emulsions and Microcapsules. The
dispersed phase consisted of 9.385 g of LC, 3.33 g of IPDI (1.0 M),
1.8 g of PPG (0.06 M), 0.4S g of ABIL EM 90 (3 wt %), and 0.01 g of
SBB (0.1 wt %).%° A mixture of 180 mL of DI water, 0.25% PVP (w/
v), and 0.0074% Tween 20 (w/v) was used as the continuous phase. In
this study, ABIL EM 90, PVP, and Tween 20 were used as a surfactant
to stabilize the emulsions and prevent droplet merging. The
microdroplets were generated by using a 1.1 gm pore SPG membrane
device (IMK-40M1, MC Tech) under a pressure of 20.2 kPa using
nitrogen gas. In the reservoir, as a dispersed phase, an LC solution was
passed through the membrane and a continuous phase was stirred at
175 rpm. The procedures are schematically shown in Figure S1. To
make a PU/PUR shell, the generated emulsion was first mixed with
0.03 g of DBTDL in a beaker and then mixed with the aqueous
solution of DETA (30.9 g), Tween 20 (0.07 g), PVP (0.3 g), and DI
water (90 mL) at 60 °C. Then, the beaker was sealed, and the solution
was stirred gently at 60 °C for S h. To characterize the generation of
the capsule quantitatively, the yield was defined as the weight ratio
between products and reactants. The obtained capsules were 13 g on
average using the conditions described here. According to the number
of functional groups in IPDI (two groups) and DETA (three groups),
supposing IPDI and DETA reacted with a 1.5:1 ratio, 1.03 g of DETA
reacted with 3.33 g of IPDI in the dispersed phase. Thus, the yield was
81%.

2.3. Stability Test of Capsules. To confirm the LC/dye
protection performance of the capsules, we dispersed the LC/dye-
containing capsules, cracked capsules using a mortar, and naked
droplets. Each sample (1 g) was dispersed in DI water (30 mL) for 1
h. Then, 1 mL of the solution was obtained, and samples were
separated with a centrifuge. The separated water was analyzed with a
Fourier transform infrared spectroscopy microscope (FT-IR, ALPHA,
BRUKER). In addition, we dispersed the capsules (0.03 g) in DI water
(12 mL) to confirm the stability of capsules depending on time. After
mixing, 1 mL of the solution was obtained, and the capsules were
separated with a centrifuge. The separated water was analyzed by FT-
IR.

2.4. Fabrication of a Dye-Doped PDLC Device. To fabricate a
dye-doped PDLC device, LC-encapsulating microcapsules, uncured
NOA 65, 10 ym diameter PS particle spacers for a uniform thickness,
and two ITO glasses were used. For the uniform dispersion of LC
capsules, 0.1 g of PS particles and 0.3 g of LC capsules were mixed in 1
g of DI water. Then, ITO glass was coated with 0.05 g of LC capsules
and the PS mixture. After being coated, the glass was dried at room
temperature for 12 h to evaporate the water completely. To make a
polymer matrix, 0.025 g of NOA 65 was coated on the other ITO
glass. Then, two ITO glasses were assembled together so that the
glasses were stacked with each other and pressed. Finally, NOA 65 was
cured by applying 7.5 J/cm?* of UV irradiation at 365 nm.

2.5. Electro-optical Property Measurements. The electro-
optical property of the dye-doped PDLC was measured by applied
voltage in the range of 0—100 V for a dye-doped PDLC device at 1
kHz using a function generator (332204, Agilent/HP), a voltage
amplifier (F10A, FLC Electronics), and UV—vis spectroscopy

(OPTIZEN 3220UV, MECASYS). The function generator can apply
0—-10 V in 1 kHz, and the voltage amplifier can amplify the voltage 10
times. UV—vis spectroscopy was used to monitor the transmittance
change of the dye-doped PDLC device according to the applied
voltage.

2.6. Instruments. A field-emission transmission electron micro-
scope (FE-TEM, Tecnai TF30 ST, FEI Co.), a field-emission scanning
electron microscope (FE-SEM, S-4800, Hitachi), and a polarized
optical microscope (POM, LV-100POL, Nikon) with a charge-coupled
device (CCD) camera were used to characterize the morphology of
the capsules.

3. RESULTS AND DISCUSSION

3.1. Design of the Overall Experimental System. All
the fabrication procedures are schematically shown in Figure 1.

AN AR

o
Al &
Sl &
* ' . .. .'T *./
ol xtll I\\t encapsulation
Membrane emulsification dyg—glc_)ged Shell formation
fabrication
D
=
®@ ON
000000 Q®
P

Opaque state

7/ L.C #:dye @: IPDIJx: PPG ‘:waterO: PU/PUR

Transparent state

Figure 1. Schematic diagrams of the overall experimental system. (A)
LC-containing droplet generation by the SPG membrane. (B) PU/
PUR shell formation by interfacial polymerization. Electro-optical
switching of dye-doped PDLC device in (C) the opaque state and (D)
the transparent state by the applied electric field.

To fabricate LC-containing droplets, a hydrophobic dispersed
phase (LC, dye, and monomers) was pressurized equally by
nitrogen gas through a uniform pore-sized hydrophilic
membrane. When the pressure reached a critical value, the
LC solution overcomes the capillary pressure of the membrane
pore and forms pendant drops on pores. With enough pressure
to overcome the interfacial tension of each drop, the drops
became sufficiently large and detached by shear force from the
agitation of the surrounding water as shown in Figure 1A.*
The detached droplets were stabilized by surfactants, and the
polymerization began. The droplets are shown in Figure S2.
The droplets had a diameter of 446 + 0.24 um, and the
coeflicient of variation was 5%. Inside the droplets, monomers
reacted with each other and formed a polymer shell at the
interface between the LC solution and amine-containing water
as shown in Figure 1B. Finally, the fabricated capsules were
applied in a dye-doped PDLC device to demonstrate control of
light transmission as illustrated in panels C and D of Figure 1.
The word “KAIST” was covered with the opaque dye-doped
PDLC device at an off state, whereas “KAIST” can be seen
when the electric field was applied to the dye-doped PDLC
device.

3.2. Mechanism of PU/PUR Capsule Formation. To
cover the LC and dye, PU/PUR was adopted as a LC-
encapsulating polymer shell because of its refractive index
(1.5—1.6), good mechanical property, and weatherability.”' =
For the formation of a PU shell, IPDI and PPG were mixed
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with a LC solution and became components of the droplets. As
monomers, IPDI and PPG have an isocyanate (NCO) group
and hydroxyl (OH) group, respectively (Figure 2A and reaction

CHs
n + mHo*Yo’l;)\OH
OcN NCO CHs
H\>é\ 9 (1)
.
\[‘c’ N,c\oh/oﬂw

N Chy
Oligomer
PeN
OCN\>é\ L
NCO
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—_— n
OCN\>é\ Cu @)
N""TOH
H
— >é "
OCN NH,
nom@é\ H
NCO + m AN
+ HoN NH,
Oligomer
(3)
H
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@ H20 @:DETA@: PU/PUR

Figure 2. Scheme of PU/PUR shell formation. (A) IPDI, PPG, LC,
and the dye-containing droplet. (B) Oligomer-synthesized droplet.
(C) DETA-added droplet. (D) LC/dye-containing PU/PUR shell
microcapsules. During the process, (1) urethane reaction, (2) reaction
between IPDI and H,0, and (3) a urea reaction can occur.

1). Here, PPG was not only a reactant but also a nonionic
surfactant that improved the stability and size distribution of
the emulsion.”* In an IPDI molecule, two types of NCO groups
exist, a primary isocyanatomethyl and a secondary cyclo-
aliphatic isocyanate. Between the two NCO groups, the
secondary isocyanate group is more reactive than the primary
isocyanatomethyl group. In comparison with the secondary
isocyanate group, the primary isocyanatomethyl group is less
reactive because it is shielded to a greater extent by the adjacent
methyl group and S-carbon.”

The reaction between the NCO group and OH group did
not occur at the emulsification step (Figure 2A) because of the
low activity of IPDI. Hence, the produced emulsion was mixed
with a Sn catalyst and heated to activate a NCO group. The
catalyst made the carbonyl carbon of the NCO group electron-
deficient and reactive. The activated NCO group reacted with
the OH group of PPG and produced a urethane oligomer for
step growth polymerization (Figure 2B and reaction 1).

In addition to reaction 1 in Figure 2, a side reaction can also
occur between the NCO group and surrounding water
molecules as shown in reaction 2. The NCO group forms an
unstable amino acid group that dissociates into carbon dioxide

and an amine end group.”® The amine group of the resulting
reaction 2 participated in the following urea reaction 3 and
converted to a urethane group.

After the formation of an oligomer, the remaining IPDI and
oligomer reacted with DETA for further polymerization and
interconnection of the oligomers by reaction 3 (Figure 2C).
The DETA molecule has one reactive secondary amine in the
middle and two primary amines at both ends.”’ The NCO
group of IPDI and oligomers in a droplet reacted with the
amine groups of DETA in the surrounding solution to form a
urea group and cross-link the polymer chains on the surface of
the droplets. After all of the reactions, LC/dye-containing PU/
PUR capsules were obtained as illustrated schematically in
Figure 2D.

3.3. Characterization of Fabricated LC Capsules. To
confirm the proposed mechanism of PU/PUR shell formation,
reactants and products were characterized by FT-IR (Figure 3).

Transmittance (a.u.)

4=
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¥y
r
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Figure 3. FT-IR spectra of the LC (black), (A) the IPDI/PPG/LC/
dye mixture, (B) the oligomer-synthesized droplet, (C) the DETA-
added droplet, and (D) the LC/ dye-containing PU/PUR  shell

microcapsules.

In the spectra of the LC, the absorption peak located at 2225
cm™" was used to identify the LC. Here, the peak originated
from the stretching vibration of nitrile (C=N) group, and
another peak at 2950 cm ™" was from the stretching vibration of
CH in the alkyl chain. In the spectra of the dispersed phase
(IPDL, PPG, and LC) (Figure 3A), the peak of the C=N group
appeared to be due to the LC, and other peaks were also
present at 2250 and 1100 cm ™', which were attributed to the
stretching vibration of the NCO group from the IPDI and ether
(C-0-C) group from PPG, respectively. Because of the
synthesized urethane (—NHCOO—) group, two more peaks
were present at 3340 cm™' for the NH group and 1720 cm™
for the carbonyl (C=0) group as shown in Figure 3B. The
intensity of the peak of the NCO group at 2250 cm ™" decreased
sharply, and the intensity of the peak of the NH group at 3340
cm™' increased with the addition of DETA (Figure 3C).
Furthermore, new peaks were observed at 1630 and 1560 cm™,
which can be ascribed to the stretching vibration of the C=0
group in the urea (—NHCONH-) group and the bending
vibration of NH in the urea group. These changes and
generation of peaks prove that the NCO group reacted with an
added amine (DETA) and produced urea linkages. In the
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spectra of the fabricated capsules (Figure 3D), we were able to
observe the disappearance of the peak corresponding to the
NCO group at 2250 cm ™, the appearance of the peak of the
NH group at 3340 cm ™, and the peak of the C=N group of
LC at 2225 cm™". The obtained results provide confirmation of
the encapsulation of LC in PU/PUR.

3.4. Characterization of the Morphology of LC
Capsules. The fabricated PU/PUR capsules were character-
ized to examine their morphology and size distribution as
shown in Figure 4 and Figure S3. The capsules had a diameter

Figure 4. (A) SEM image of PU/PUR capsules and TEM images of
the capsule (B) with LC and (C) without LC. The scale bar is 2 ym.

of 4.58 + 0.19 um with a of shell thickness of 100 nm on
average, and the coeflicient of variation was 4%, which indicates
high monodispersity.*® The monodisperse capsules can prevent
additional light scattering caused by interdroplet scattering of
different-sized droplets. To check the core—shell structure,
sliced capsules were analyzed by scanning electron microscopy
(Figure S4), and transmission electron microscopy analysis was
also used to observe the inside of the capsules. The fully filled
dark shape (Figure 4B) represented that LC was filled in the
PU/PUR capsule. The wrinkled transparent image (Figure 4C)
showed a case of deflated capsules. The results confirmed a
core—shell structure. Filled LC was also investigated by a
polarized optical microscope.

To demonstrate the performance of the LC core, polarized
light was illuminated to microcapsules as shown in Figure 5.

Figure S. (A) Optical microscopic image of microcapsules and (B)
polarization microscopic image of microcapsules. The scale bar is 25
pm.

The LC cores showed shiny colors because of its optical
anisotropy, whereas isotropic material like water was shown as
black. The LC cores show aligned characteristics in Figure SS5.
In addition, the nematic—isotropic transition temperature was
investigated (Figure S6). The original nematic—isotropic
transition temperature of LC was 95 °C. However, the
temperature of encapsulated LC with dye became 90 °C.

3.5. Test of the Stability of Capsules. Stability tests were
performed to confirm the dye-doped LC holding capability of
the capsules during the fabrication process (Figure S7). In
panel A, the case of encapsulated LC/dye showed no peaks. In
the case of cracked capsules, there were several low peaks
around 1500 cm™!, which differed from those seen in
encapsulated LC/dye tests. This result might come from the
small amount of leakage of core materials. The naked droplets
also showed several little peaks around 1500 cm™; in addition,
this case showed LC peaks at 1500 and 1600 cm™". This result
was reasonable because the naked droplets were present in
forms of emulsion, which means there were many dispersed
dye-doped LCs in the water. The results show the dye-doped
LC holding capability of capsules. In addition, to confirm the
stability of capsules depending on time, the fabricated LC/
dye—core capsules were dispersed in DI water for 0 h to 7 days
(Figure S7B). The FT-IR spectra showed no peaks even after 7
days. The results showed that a PU/PUR shell successfully held
the LC/dye during the fabrication process. Therefore, the
proposed LC/dye encapsulation can prevent dye-related
problems and enhance the electro-optical properties of the
dye-doped PDLC. The capsules were also tested in various
organic solvents such as acetone, ethanol, and isopropyl
alcohol. In these solvents, the capsules released core materials
by dissolving the capsules.

3.6. Application and Evaluation of a Dye-Doped PDLC
Device. Using the PU/PUR capsules, we assembled a dye-
doped PDLC device to demonstrate the applicability of the
capsulized LC (Figure 6). The dye-doped PDLC device was

Figure 6. Photographs of (A) the voltage supplier and amplifier, (B)
the fabricated dye-doped PDLC device, and (C) the off state (opaque)
and (D) on state (transparent) of the dye-doped PDLC.

operated by supplying voltage from a function generator and a
voltage amplifier (Figure 6A,B). In the absence of an electric
field, LC and dye were randomly distributed. This random
arrangement brought about mismatched refractive indices
between the LC and polymer matrix and caused the opaque
state of the dye-doped PDLC (Figure 6C). In comparison,
applying an electrical field produced alignment of LC with the
dye, which resulted in the refractive index matching with the
polymer substrate as shown in Figure 6D.° The appearance of
the previously hidden words “PROCAL” and “KAIST”
indicates that a transparent state was achieved for the dye-
doped PDLC.
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We evaluated the electro-optical properties of dye-doped
PDLC for practical application. Transmittance, CR, threshold
voltage (Vy), and driving voltage (V) are typical evaluation
parameters for dye-doped PDLCs.'”"""#***” We present the
data in Figure 7 and Table 1. Parameters Vy, V,,, and CR are

100-
2 80
X
3
© 60
©
= —e—700
£ 40 ——650
@ <+—600
© 2550
= 20 —4—500
—e—450
—=—400
0 T T T T )
0 20 40 60 80 100
Voltage (V)

Figure 7. Applied voltage (1 kHz) dependence of the transmittance at
different wavelengths.

Table 1. Electro-optical Properties of the Dye-Doped PDLC
at Different Wavelengths

wavelength (nm) T, (%) T (%) CR Vi (V) Vo, (V)
700 0.83 90.46 109 8.1 20.9
650 0.69 82.83 120 8.1 21.3
600 0.66 79.89 121 8.2 224
550 0.68 81.39 120 8.3 23.6
500 0.67 78.68 117 8.6 26.4
450 0.57 61.79 108 8.7 33.5
400 0.45 26.04 58 8.4 39.9

generally defined as the voltage at 10 and 90% of the total
transmittance change and the ratio between maximal trans-
mittance (T,) and minimal transmittance (T,), respectively. In
Figure 7, transmittance increased with the wavelength because
of the dispersed LC, which has a high transmittance at a high
wavelength. As a result, the highest T,,, was measured in dark
red light at 700 nm as 90.46. Table 1 reports the properties
over a visible wavelength range. In this range, the CR was 121
at 600 nm, corresponding to orange light. This value is
sufficiently high compared with those from other studies in
Table 2. The enhanced CR would be a result of the synergistic
effect of the dye and monodisperse capsules. On the basis of
the presented data, we believe that a dye-doped PDLC device
using LC/dye capsules is suitable for practical smart windows.

Table 2. Data from Other Studies

[dye]
light source dye (wt %) CR“
halogen laser beam, - 0 45-50"°
560 nm
UV—vis, 600 nm Sudan black B 0.1 117.28%
He—Ne laser, Disperse red 1 0.015 114.6"
632.8 nm
anthraquinone red S 85.5%
white light Hayashibara, azo type 0.2 ~9'?
(G-series)
Disperse orange 3 0.0625 105.88"

“The CR values are the maximal values of each study.

4. CONCLUSION

In this work, we fabricated microcapsules to isolate LC with a
dye from a polymer matrix in dye-doped PDLC to improve
transmittance and to prevent problems with dye contamination.
The produced LC/dye-containing PU/PUR microcapsules
were monodisperse with a diameter of ~4.5 ym. A mechanism
for shell formation was also proposed. Furthermore, the LC/
dye holding capacity of capsules without leakage was carefully
investigated. To demonstrate the capability of encapsulated
LC/dye in capsules as smart windows, we fabricated a dye-
doped PDLC device. The device showed a CR higher than 120
at 600 nm and a T, of 90 at 700 nm. The results for the LC/
dye—core/PU/PUR—shell microcapsules and dye-doped
PDLC device indicate that LC-encapsulated capsules are
promising for application in flexible displays and wearable
PDLCs, as well as in improved smart windows.
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Dichroic-dye-doped short pitch cholesteric liquid crystals for the application
of electrically switchable smart windows
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ARTICLE INFO ABSTRACT

A short pitch cholesteric liquid crystal (CLC) acts as one-dimensional photonic crystals. It was widely studied for
electro-optical switching devices. Although it was proposed for a switchable smart window, its spectral char-
acteristics have critical limitations for window applications. In this report, we present dichroic-dye-doped short
pitch CLC films, suitable for switchable window applications. The spectral limitations of a conventional CLC film
in the voltage-off screening states were resolved by combining two different approaches of doping dichroic dye
and increasing film thickness. Although each adjustment showed insufficient improvements, the implementation
of a combined approach resulted in a drastically enhanced shielding performance in the voltage-off state, de-
sirable for privacy windows. The increased film thickness promoted both the scattering focal conic and reflective
multi-domain planar configurations for two different voltage-off states. The modified planar configuration
caused a specific colored reflection with some turbidities. Furthermore, the dichroic dyes in both states effec-
tively absorbed transmitting and scattered lights, resulting in the dark gray focal conic state and opaque colored
reflection in the multi-domain planar state. Such combined efforts brought a great synergetic effect for en-
hancing a shielding efficiency. As a result, spectral properties of the voltage-off screening states were greatly
different from the conventional CLC films, which show a milky white and tinted color, respectively, in a bright
environment. The spectral performances of three switchable states were dramatically improved for the appli-
cation of electrically switchable smart windows. The dichroic-dye-doped CLC films may be usefully adopted for
switchable ultraviolet and heat windows if the cholesteric pitch and dichroic dyes are optimized for the cor-
responding wavelengths of electromagnetic radiation.

Keywords:

Cholesteric liquid crystal
Dichroic dye

Smart window
Reflective color
Photonic crystal

Privacy window

1. Introduction

Cholesteric liquid crystal (CLC) is one-dimensional (1D) periodic
phase of matter with a liquid-like molecular order. It has a great po-
tential for display applications and various electro-optical devices
[1-4]. In the CLC phase, LC molecules are associated in a helical
fashion, exhibiting one-dimensional periodicity. Due to the periodic
helical arrangement of the molecules, the CLC exhibits periodic varia-
tion of refractive indices and therefore acts as the 1D photonic crystal.
The periodicity (i.e., pitch) can be controlled by the concentration of
added chiral components in the mixture. The CLC reveals a unique
selective reflection of incident light in the regime of pitch (P) ~ re-
fractive index (n). Depending on the handedness, the CLCs selectively
reflect propagating lights, which meet the wavelength A = n'P. Such
selective reflection of CLC films has been adopted for various optical
components such as color-filters [5-7], reflective displays [8,9],

* Corresponding author.
E-mail address: swkang@jbnu.ac.kr (S.-W. Kang).

https://doi.org/10.1016/j.dyepig.2019.03.045

switchable gratings [10,11], light shutters, lasers [12], broadband re-
flectors [13-15], and composite films [16,17].

In particular, the electrically switchable bistable CLC was ex-
tensively studied for display applications [18,19]. Monochromatic in-
formation was effectively displayed on a black background, achieved by
painting with the black ink. For a privacy window, however, the con-
ventional CLC films have an intrinsic drawback for shielding trans-
mitting light. Although it shows a good colored reflection with a dark
background, it lacks in shielding capability (~16% in visible wave-
lengths) on bright environments. This is mainly due to the transmitted
light (~84% in a visible range) coming from the opposite direction. For
a privacy window application, therefore, it is important to curtail the
transmitted light intensity for enhancing the screening efficiency.

The dichroic-dye-doped long pitch CLC film was proposed for
electrically switchable windows [20-23]. Because the dye molecule
with shape anisotropy exhibits dichroic absorptions, uniaxially aligned
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Available online 19 March 2019
0143-7208/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2019.03.045
https://doi.org/10.1016/j.dyepig.2019.03.045
mailto:swkang@jbnu.ac.kr
https://doi.org/10.1016/j.dyepig.2019.03.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2019.03.045&domain=pdf

V.K. Baliyan, et al.

dyes show anisotropic absorption of light, depending on the propaga-
tion directions. When the dichroic dye is doped in LCs, the rod-like dye
molecules are aligned along the LC director and switchable with LC
molecules by applying electric field [22]. By switching CLC between
planar and homeotropic states, the dye doped film present transparent
and opaque states, respectively. In this case, the shielding state ex-
hibited a dark gray with no color. The contrast between transparent and
opaque states is not sufficient enough for effective switchable windows.
Recently, emerging technologies were reviewed for the application of
energy-efficient smart windows [24]. Each reviewed approach has ad-
vantages and disadvantages over other approaches. Currently, not
many of them successfully reached to commercial markets. So far, none
of them is predominating in the field. Competitiveness of each tech-
nology may depends on specific applications, requiring different spe-
cialty in their performances.

In this report, we demonstrate the dichroic-dye-doped short pitch
CLCs for the electrically switchable smart window. To overcome the
intrinsic drawback of conventional CLCs, we attempted to effectively
shield a transmitting light by doping dichroic black dyes and by in-
creasing film thickness. Although each adjustment made insufficient
progress, the combined efforts resulted in dramatically enhanced
screening efficiency. Four different types of CLC cells were fabricated to
compare the performances for a switchable privacy window. The
switching states of the cells were compared on various backgrounds.
The molecular configurations of three switching states were confirmed
by polarized optical microscopy. The spectral characteristics were ex-
amined by measuring reflectance and transmittance in the visible
range. For the dye-doped CLC film with 20.0 um thickness, both the
multi-domain planar and focal conic states showed excellent screening
state. They revealed opaque green reflection and dark gray scattering
state, respectively. Based on the experimental results, the much en-
hanced shielding efficiency was explained by schematic illustrations on
the molecular configurations of the three switching states, together
with the macroscopic cell images.

2. Experimental section
2.1. Materials

The nematic liquid crystal MLC 15600-100 with dielectric aniso-
tropy (g = 60.6, e, = 10.4, Ae =50.2) and optical birefringence
(ne = 1.6634, n, = 1.5018, An = 0.1616) was used as a host LC. The
eutectic mixture showed the phase transition from the crystal to na-
matic and isotropic phase at — 20.0 °C and 90.0 °C, respectively. The
chiral dopant R-811 (R-octan-2-yl 4-((4-(hexyloxy)benzoyl)oxy)
benzoate), was employed for adjusting the helical pitch of cholesteric
mixtures [25]. The measured helical twisting power of R-811 in
MLC15600-100 was approximately 12.5/um. Both were provided by
the Merck Performance Materials (Pyongtack, Korea) and used as re-
ceived. For light absorbing dye, the commercial dichroic dye S-428
(black) was supplied by the Mitsui Fine Chemicals (Tokyo, Japan) and
doped to the cholesteric mixtures as received [20,22]. The black dye
was a mixture of multiple components from azo- and anthraquinone
derivatives. Its dichroic ratios in ZLI-1840 were 9.6 (450nm), 12.6
(550 nm), and 10.7 (650 nm). The solubility in ZLI 1840 was 5.0 wt%
and absorption coefficients in toluene were 38.6, 25.9. 25.5, and
27.6L/g cm. The absorption maxima in ZLI 1840 (toluene) were
406 nm (399nm), 525nm (530nm), 594nm (582nm), and 639 nm
(624 nm). The indium-tin-oxide (ITO) coated glass was used as sub-
strates.

2.2. Preparation of cholesteric mixture
The color, originated from the selective reflection, could be opti-

mized to red, green or blue by changing the concentration of a chiral
dopant. For achieving green reflection at ~550nm, the cholesteric
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liquid crystal (CLC) mixture was prepared by adding 23.5 wt% of the R-
811 to the host LC. Homogeneous CLC mixture was obtained by stirring
in the isotropic phase. By adding 23.5 wt% of the R-811, the nematic to
isotropic phase transition temperature (Ty;) was lowered from 90.0 to
73.0 °C. For the dye-doped cells, the CLC mixture was doped with the
dichroic dye S-428 by 1.0 wt%. By mixing the dye, the Ty was further
reduced to 70.5 °C (decreased by ~ 2.5 °C).

2.3. Cell fabrication

The etched and unetched ITO-coated flat glasses were used as sub-
strates with the alignment-layer coating. The commercial polyimide
(PI) solution AL 6514 (JSR Korea) was spin cast and baked at 220 °C for
1 h. Subsequently, the PI-surface was uniaxially rubbed by a rubbing
machine. Two facing substrates were assembled to the cell, where the
rubbing direction of inner surfaces were aligned antiparallel each other.
The cell gap was maintained using ball spacers at 5.0 pm or 20.0 pm.
The top and bottom substrates were glued by the sealant. The CLC and
dichroic-dye-doped CLC mixtures were loaded into the cells by capillary
action in the isotropic temperature and slowly cooled to ambient tem-
perature for characterizations. The switchable active area was either 15
X 15 mm or 42 x 24 mm.

2.4. Characterizations

Macroscopic optical properties of the CLC cells were inspected on
white and black backgrounds. Microscopic switching states of the CLC
cells were examined by polarized optical microscopy (POM), employing
Nikon Eclipse LV 100 POL. The POM images were recorded by the
Nikon DS-Ril CCD camera. Transmissive and reflective spectral char-
acteristics were investigated using the UV-vis spectrophotometer
(Jasco V-670, Japan), equipped with a contour integration accessory
ARSN-733. Circularly polarized reflectance was measured by em-
ploying right or left circular polarizer for an incident beam. The elec-
trical signals for electro-optical switching were produced by the func-
tion generator (Agilent 33521A, USA) and amplifier (FLC Electronics
A400, Sweden). Square-wave voltage at 1 kHz frequency was applied
across the CLC cells with various amplitudes. All characterizations were
performed at a room temperature.

3. Results and discussion

Fig. 1 shows transmissive and reflective spectral characteristics for a
conventional CLC cell with 5.0 um gap (Cell-1). The distinct optical
transmission spectra of three switchable states are shown in Fig. 1(a).
The voltage-on homeotropic state at 13.0 V,,, (black curve, ~85%) was
transparent in the entire visible rage while the voltage-off focal conic
state (blue curve, ~40%) exhibited semi-transparent state. For the
other voltage-off state (red curve, ~70%), however, the transmittance
was characterized by the semi-transparent window in a green spectral
range, ~57 nm width centered at ~ 536 nm, which was attributed to
the selective reflection of a planar cholesteric film. The transmittance
differences between on-off switching from the homeotropic to the
planar and focal conic state were approximately AT, ~15 and AT ~ 45,
respectively.

It is known that the distinct optical states are originated from mo-
lecular configurations of CLC films. Under applied voltage, cholesteric
helix is completely unwound and LC molecules are aligned parallel to
the electric field (i.e., homeotropic state). The cholesteric helix is uni-
formly aligned vertical to the substrate in the planar configuration
while the cholesteric domains are randomly oriented in the focal conic
state. Therefore, the corresponding configurations exhibit selective re-
flection and scattering of incident light, respectively. The configura-
tions for voltage-off states are determined by the turn-off procedure.
The homeotropic state switches to the planar configuration by abruptly
removing the applied field to zero. However, it transforms to the focal
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Fig. 1. Transmissive and reflective spectral characteristics of the CLC cell (Cell-1: 5.0 um cell gap with no dichroic dye): (a) UV-vis transmission spectra for the
homeotropic (black), planar (red), and focal conic (blue) states; (b)/(c)/(d) macroscopic cell images and (e)/(f)/(g) POM images for the transmitting homeotropic,
reflective planar, and scattering focal conic states; The cell images of voltage-on homeotropic and voltage-off planar states on (h)/(i) black and ((j)/(k) white
backgrounds. The active switching area (15 x 15 mm) was marked by the dotted square. The crossed arrows represent polarizer and analyzer for the POM images.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Transmissive and reflective spectral
characteristics of the CLC Cell-2 (5.0 um
cell gap with 1.0wt% dichroic dye): (a)
UV-vis transmission spectra for the home-
otropic (black), planar (red), and focal conic
(blue) states; (b)/(c)/(d) macroscopic cell
images for the transmitting homeotropic,
reflective planar, and scattering focal conic
states; the cell images of voltage-on home-
otropic and voltage-off planar states on (e)/
() black and ((g)/(h) white backgrounds;
(i) circularly polarized reflectance of the
cells with (black, Cell-2) and without (red,
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Cell-1) dichroic dye. The active switching
area (15x15 mm) was marked by the
dotted square. The applied voltage for black
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conic configuration if the voltage is gradually decreased. The focal
conic state is metastable and slowly transits to the planar states [18].

The macroscopic cell images in Fig. 1(b), 1(c), and 1(d) shows the
corresponding optical states. The switchable active area was marked by
the dotted square. Such transparent homeotropic, reflective planar, and
scattering focal conic states were confirmed by the polarized optical
microscopic images as shown in Fig. 1(e), 1(f), and 1(g). These elec-
trically switchable and optically distinct states were usefully employed
for information display applications [18].
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However, they are unsuitable for switchable window applications
due to a poor screening state, especially for a privacy window. As ob-
served in Fig. 1(c) and (d)), the objects are easily seen through the
window. Fig. 1(c) appears to be a tinted glass and 1(d) shows milky
translucent state. Both states shows insufficient blocking state. In case
of Fig. 1(c), a planar reflective state looks effective on the black back-
ground as in Fig. 1(i), together with the decent transparent voltage-on
state in Fig. 1(h). On the white background, however, the voltage-off
planar state exhibits undesirable shielding effect (Fig. 1(k)). This can be
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explained by the transmittance curve (red in Fig. 1(a)). The CLC cell is
transparent in the visible range, except for the green reflective band
near 536 nm. In addition, the CLC film selectively reflects the green
wavelengths depending on the handedness of circularly polarized light.
Consequently, 50% of green light was reflected and it resulted in
transmitting the other 50%. As a result, only ~16% of visible light was
screened and thus exhibited a tinted complementary color of green as in
Fig. 1(c).

Therefore, the conventional CLC film (Cell-1) was not suitable for a
switchable window application although it provided an effective elec-
trical switching. It requires much enhanced shielding efficiency. To
solve the problem, we took two different approaches. One was adding
light absorbing dyes to shield the transmitting light from an opposite
side and the other was increasing a thickness of the CLC film.

For the first approach, the same kind of CLC cell (Cell-2) was pre-
pared using dichroic-dye-doped cholesteric mixture (1.0 wt% dye S428
and 5.0um cell gap). Fig. 2 shows the transmissive and reflective
spectral characteristics, observed from the Cell-2. Transmittance of the
three switchable states was decreased to some extent. However, the
voltage-off states still exhibited insufficient shielding for transmitting
light. The average transmittance was ~75%, ~45%, and ~30% in the
visible range, corresponding to the homeotropic, planar, and focal conic
states, respectively. The differences in transmittance were approxi-
mately AT, ~30 and AT¢ ~45. The poor shielding states were clearly
noticed from the macroscopic photographs as shown in Fig. 2(b), 2(c),
and 2(d). Although it showed an excellent transparent state under 12.0
Vpp, both the turn-off states displayed slightly darker tinted and
translucent states. Fig. 2(e)-2(h) demonstrate the origin of deficiency in
shielding. As observed in the Cell-1, it showed good on- and off-state on
the black background while it performed poor on the white back-
ground. Fig. 2(i) presents circularly polarized reflectance of the CLC
cells with (black curve) and without (red curve) doping dichroic dye.
Because the CLC mixture was composed of a left-handed helix, the film
selectively reflected left circularly polarized light. The reduced re-
flectance in the black curve was attributed to the absorption of doped
dyes. It was obvious that the poor shielding performance was caused by
the transmitted light and doped dichroic dye was not enough to effec-
tively absorb the transmitting light.

For the second approach, we increased the thickness of CLC films to
enhance both reflection and scattering. The CLC cell (Cell-3) was pre-
pared using cholesteric mixture with no use of dichroic-dye. Simply the
cell gap was increased from 5.0 um to 20.0 pum. Fig. 3 presents the
transmissive and reflective characteristics of the Cell-3. Compared to
the Cell-1, the transmittance of three switchable states was decreased
simply by increasing a thickness of the CLC film. The average trans-
mittance was ~80%, ~30%, and ~25% in the visible range, corre-
sponding to the homeotropic, planar, and focal conic states, respec-
tively. The transmittance differences between on-off states were AT,
~50 and AT¢ ~55. The cell showed a good transparency for the vol-
tage-on homeotropic state (black curve at 83.0 Vy,;,). For the focal conic
state, light scattering was significantly increased, resulting in a reduc-
tion of transmitted light intensity (blue curve). However, the most
significant decrease was observed from the green reflective state (red
curve).

The molecular configurations of CLC film were confirmed by POM
textures. Fig. 3(b) and (d) correspond to the homeotropic and focal
conic states, similar to Fig. 1(e) and (g). For Fig. 3(c), however, the
green reflecting planar state showed very distinct texture from the
corresponding Fig. 1(f). The cell image for a voltage-off planar state in
Fig. 3(f) was also quite different from Fig. 1(c)/2(c) while the voltage-
on (83.0 V) transparent state showed a similar characteristics as ob-
served in Figs. 3(e) and 1(b)/2(b). For the same off-state under different
environments, Fig. 3(f) exhibited strong scattering together with
slightly colored reflection while Fig. 3(h) presented strong reflection
with some degree of scatterings. As seen in Fig. 3(f) and (h), the cell
showed milky scattering with a slight magenta, and green reflection
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with some turbidity. These observations confirmed that the texture in
Fig. 3(c) is the mixed state of scattering focal conic and reflecting planar
states. Therefore, it resulted in a significantly improved opaque state
while maintaining a good transparent state (black and red curves in
Fig. 3(a)). Due to better shielding efficiency, compared to the Cell-1,
the enhanced on-off contrast was also evidenced by the cell images in
Fig. 3(e)/3(g)/3(i) and 3()/3(h)/3().

Although the addition of scattering effect for shielding improved the
on-off contrast (AT, ~ 50), the off-state was still insufficient for a
switchable window application due to forward scatterings of trans-
mitting light as seen in Fig. 3(f) and (j) on a bright environment. To
solve the problem, the adjustment was made by adding light-absorbing
dichroic dyes to the thicker CLC film, which was a combination of the
first and second approaches discussed above. The CLC Cell-4 was fab-
ricated, by doping 1.0 wt% S428 to the CLC mixture, with 20.0 um cell
gap.

Fig. 4 shows a spectral performance of the on-off switching states.
The transmittances of three switching states were significantly reduced
in the visible range, as shown in Fig. 4(a). The transmitting home-
otropic state (80.0 V) showed ~ 40% transmittance on average. Al-
though dye molecules were aligned parallel to a LC director, the in-
creased film thickness lowered transparency. The transmittance for
both planar and focal conic states was reduced to 1-2% in a visible
range. The dye-doped CLC film with the increased thickness enhanced a
shielding efficiency dramatically. In addition to the thickness, the
planar and focal conic configurations promoted the absorption by dye-
molecules, lying planar to the cell surface. Both scattering and ab-
sorption effectively screened the transmitting light.

The on-off states on a dark background were shown in Fig. 4(b) and
(c). The green reflection was more distinct than those for the previous
cells, shown in Figs. 1(i), 2(f), and 3(h). Because the dye absorbed
backward scatterings of a front light, the reflected color became more
vivid as shown in Fig. 4(c). The cell images in Fig. 4(d)/4(e)/4(f), show
voltage-on homeotropic, voltage-off planar and focal conic states on a
white background. Due to a dichroic absorption of the dyes, the focal
conic state exhibited a darker gray, rather than a milky white. The
green reflective state with the combined planar and focal conic con-
figurations revealed very effective shielding for a bright environment.
Fig. 4(e) demonstrate an excellent colored-opaque state, compared to
the previous cells shown in Figs. 1(k), 2(h), and 3(j). Fig. 4(g), 4(h), and
4(i) also shows three switchable states on a casual environment, which
correspond to the transmitting homeotropic, reflective planar, and
scattering focal conic configurations, respectively. Although both AT,
~40 and AT; ~40 were decreased compared to the Cell-3, the visibility
of on-off switching states was drastically enhanced by adjusting the
mixture and film thickness of a short pitch cholesteric liquid crystal.

To comprehend the results, we present schematic illustrations for
the molecular configurations and the corresponding optical character-
istics of the three switchable states. Fig. 5 compares the dichroic-dye-
doped short pitch CLC films with 5.0 pm and 20.0 pm thickness. First,
for the thin film CLC, two voltage-off states were switched from the
transparent homeotropic state with a good transparency. The black dye
S428 was doped to absorb transmitting and scattered lights as illu-
strated in Fig. 5(a) and (d). The molecular configurations were con-
firmed by POM images (Fig. 5(b) and (e)). However, the corresponding
optical images of the cell showed poor shielding states as shown in
Fig. 5(c) and (f). Although the transmittance was slightly decreased
from the conventional CLC film with no doped-dyes, it wasn't enough to
effectively screen transmitting and scattered lights.

In case of dichroic-dye-doped CLC film with 20 um thickness,
however, it exhibited dramatically enhanced shielding efficiency.
Fig. 5(g) corresponds to the molecular configuration of a voltage-on
homeotropic state, confirmed by the POM image in Fig. 5(h). Because
dichroic dye was aligned parallel to the incident light, the absorption by
the dye was minimized. Therefore, the cell showed a good transparent
state (Fig. 5(i)). When the applied voltage was gradually turned off, the
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Fig. 3. Transmissive and reflective spectral characteristics of the CLC Cell-3 (20.0 um cell gap with no dichroic dye): (a) UV-vis transmission spectra for the
homeotropic (black), planar (red), and focal conic (blue) states; POM images for the transmitting homeotropic (b), reflective planar (c), and scattering focal conic
states (d); (e)/(f) macroscopic cell images of voltage-on homeotropic (83.0 V,,;,) and voltage-off planar states; the cell images of voltage-on homeotropic and voltage-
off planar states on (g)/(h) black and (i)/(j) white backgrounds. The active switching area was 42 x 24 mm. The crossed arrows represent polarizer and analyzer for
the POM images. The applied voltage for black curve in (a), (b), (e), and (i) was 83.0 V,,,. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 4. Transmissive and reflective spectral characteristics of the CLC Cell-4 (20.0 um cell gap with 1.0 wt% dichroic dye S428): (a) UV-vis transmission spectra for
the homeotropic (black), planar (red), and focal conic (blue) states; (b)/(c) macroscopic cell images of voltage-on transparent and voltage-off reflective states on a
black background; the cell images of voltage-on homeotropic, voltage-off planar, and voltage-off focal conic states on the (d)/(e)/(f) white background and (g)/(h)/
(i) casual circumstance. The active switching area was 42 x 24 mm. The applied voltage for black curve in (a), (b), (d), and (g) was 80.0 V.. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

CLC cell was switched to the scattering focal conic state as illustrated in
Fig. 5(j) and confirmed by Fig. 5(k). The randomized cholesteric do-
mains with a larger film thickness increased the scattering of an in-
cident light as denoted by the slanted arrows. In this case, both the
forward and backward scattered light were absorbed by the dye

molecules. The absorption reduced a scattered light intensity on both
directions. Therefore, the CLC cell effectively shielded transmitting
light and appeared to be a dark gray as shown in Fig. 5L

When the applied voltage was abruptly turned off, the CLC cell was
switched from the homeotropic to the reflective state as presented in
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Fig. 5. Schematic representation of the molecular configurations and corresponding optical characteristics of the dichroic-dye-doped short pitch cholesteric LCs: (a—f)
dichroic-dye-doped CLC film with 5.0 um cell gap, the voltage-off (a)/(b)/(c) planar and (d)/(e)/(f) focal conic configurations, corresponding POM textures, and cell
images; (g—o) dichroic-dye-doped CLC film with 20.0 um cell gap, (g)/(h)/(i) the voltage-on transmitting homeotropic, (j)/(k)/(1) the voltage-off scattering focal
conic, (m)/(n)/(o) the voltage-off planar configurations, and the corresponding microscopic polarized optical and macroscopic optical image of the CLC cell. The blue
and black ellipses represent LC and dichroic dye molecules, respectively. The crossed arrows indicate polarizer and analyzer. The double-ended arrow (blue)
designates a switching route. The arrows in the cell denote transmitted, scattered, reflected, and incident lights. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

Fig. 5m/5n/50. In addition to the green reflection, the POM texture
(Fig. 5(n)) and the cell image with a high turbidity (Fig. 5(0)) indicated
a mixed state of molecular configuration. As depicted in Fig. 5(m),
multiple domains of planar aligned CLC selectively reflect 50% of a
green light (green arrows) and the domain boundaries scatter a white
light (gray arrows). In this case, the dichroic dye plays an important
role to absorb both transmitting and scattered lights. It effectively ab-
sorbs transmitting light in visible wavelengths. It also absorbs forward
and backward scattered lights. As a result, the CLC cell showed a green
reflection in both dark and bright environments.

For the dye-doped thick CLC cell, compared to the conventional one,
both the voltage-off states showed excellent shielding for a bright en-
vironment. The focal conic state in Fig. 5(j) appeared to be a dark gray
(Fig. 50), rather than a milky white. The multi-domain planar state in
Fig. 5(m) exhibited a greatly improved opaque state with a green re-
flection. A reflected color can be turned to various colors by optimizing
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a cholesteric pitch with varied chiral concentrations. In Fig. 5, it was
comprehended that the dichroic-dye-doped CLC with an increased film
thickness has a great advantage to enhance a shielding efficiency. Both
the voltage-off states provided outstanding quality for the blocking
state of a switchable smart window.

The dye-doping ratio was optimized by considering absorptions for
both the transparent and shielding states. When it was higher than
1.0%, the transparent state became poor. When it was too low, the
shielding efficiency wasn't enough for a privacy window application.
For the dye-doped mixture, it seemed that dye caused a slight increase
in Ae of the mixture. It was understood by observing a slightly de-
creased threshold voltage for a homeotropic state of the dye-doped
cells. For both thin and thick cells, the threshold voltages were de-
creased by ~1 and ~ 3 Vp,, respectively.
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4. Conclusions

The short pitch CLC films were investigated for the application of
electrically switchable smart windows. The conventional CLC films,
used for display applications, showed insufficient optical performance
for a switchable window application, mainly due to a poor shielding
efficiency. We made two approaches to enhance a shielding perfor-
mance by doping dichroic dyes and increasing a film thickness.
Although each adjustment made insufficient progress, the combined
efforts resulted in a great synergetic effect for the enhancement of
screening states. The increased film thickness produced not only a
strong scattering of the focal conic state but also promoted reflective
multi-domain planar state. The modified planar configuration exhibited
turbid scattering state with a specific colored reflection. In addition,
both transmitting light and backward/forward scattered light were ef-
ficiently absorbed in the voltage-off states by doped dichroic dyes while
the CLC film showed a good transmitting homeotropic state under ap-
plied voltage. As a result, spectral properties of the voltage-off
screening states were dramatically improved for the application of
electrically switchable window applications. If the cholesteric pitch is
tuned for visible wavelengths, it can be usefully employed for a
switchable privacy window with a desirable color. It may also be ap-
plied for switchable ultraviolet and heat windows when the pitch of
CLC and dichroic absorption of dye are adjusted in the ultraviolet and
near infrared range, respectively.
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