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ABSTRACT
Optically isotropic nature can open a new type of high-performance liquid crystal (LC)
displays. The main features emerge from the interaction between LC and polymer network
at the interface. At this point, we investigated the influence of cross-linking monomer
concentration and functionality on electro-optic properties of optically isotropic liquid crystal
(OILC) obtained by polymerisation-induced phase separation method. Interestingly, we
obtained a pore-like network structure constructed by highly interlinked polymer beads in
acrylate monomers and achieved fast decay response time (0.6 ms). We found that the
voltage-dependent hysteresis was mostly eliminated (~0.25%), and the contrast ratio was
enhanced (1:1550) for high functional monomers. The result inspires a simple way to optimise
the materials to fabricate a high-performance OILC device and it shows high-transparency,
low-driving voltage, hysteresis-free and sub-millisecond response time.
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1. Introduction

Liquid crystal (LC) display technology has achieved a
tremendous growth in flat panel displays owing to its
compact size and minimal power consumption.
Among various LC technologies, an optically isotropic
liquid crystal (OILC) mode shows the manufacturing
advantages (alignment layer free, cell gap insensitivity
and low cost due to minimal manufacturing steps)
and novel display properties (fast response, high con-
trast ratio, touchmura free, wide viewing angle due to

optically isotropic state and adaptability to flexible
devices), which would make the mode a potential
candidate for future displays [1–6]. The polymer-sta-
bilised blue-phase liquid crystal (PSBPLC) is one
example of OILC such that its prototype was already
demonstrated [7]. Although most of the advantages of
PS-BPLC are quite similar to that of OILC, shortcom-
ings remained for PS-BPLC such as its high driving
voltage, electro-optical hysteresis, narrow temperature
range to polymer-stabilisation and temperature-
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dependent Kerr constant. Also, the optical activity of
PS-BPLC limits the optically isotropic nature as a
quasiisotropic state [8]; the electro-optic property is
dominated by electrostriction forces when applied
electric field exceeds the critical field [9], and thus,
the residual birefringence limits the contrast ratio
[10]. Considering demerits of PSBPLC, the OILC
obtained by polymerisation-induced phase separation
(PIPS) could be a more promising way to realise high-
performance displays. Unlike PSBPLC, the OILC
phase obtained by PIPS method, the electro-optical
properties are independent of operation temperature,
and high thermal stability could be easily achieved
[11–14].

In PIPS method, the small LC droplets, typically
below 300 nm, are formed in a polymer network [15].
Usually, the low-molecular-weight reactive monomers
mixed with a LC. When a monomer is polymerised, the
phase separation usually occurs by monomer nuclea-
tion and growth, thereby the LC molecules are formed
as a droplet separated by network walls [16]. The
droplets randomly distribute in the polymer matrix
and the optically isotropic property can be realised
when a visible light passes through this phase. Under
an external field, LC molecules reorient along the field
direction; therefore, it induces birefringence along the
field direction.

Considering the close interaction between the
polymer network and LC molecules in OILC phase,
the driving field drastically increases that is opposite
to the requirement of real devices. Generally, the
required driving voltage is higher than 50 Vrms to
achieve 2π phase shift in a 10-μm cell. Employing
high dielectric constant LC is the straightforward
way to solve this problem, but it leads to slow capa-
citor charging when addressed to thin film transistor
and increases the rotational viscosity which is not
desirable for fast response. Another major challenge
in this system is to minimise the scattering which
improves the isotropic nature and contrast ratio
while maintaining the efficient electro-optical prop-
erties. Many trails have been made to overcome this
problem such as encapsulation, doping star polymer
and improving the driving scheme [17–19]. However,
making better OILC phase with high LC concentra-
tion is still remaining as a critical issue. Moreover,
the other electro-optical properties such as response
time, hysteresis and contrast ratio are highly depen-
dent on the LC molecules interaction at network
interface and droplet size, shape and distribution
[20–24]. Although the rise time has been improved
by introducing overdriving technique, the decay time
still remains a major challenge. To overcome the

aforementioned challenges, the novel cross-linking
monomers need to be adopted and the concentration
and functionality are required to be finely tuned.
Numerous trails have been done to improve the
driving voltage, hysteresis free, fast response and
fabrication techniques of OILC films based on PIPS
method [4,25–30]. To make an efficient OILC device,
the effect of cross-linking monomer concentration
and functionality should be studied in detail.

In this report, we systematically investigated the
impact of cross-linking monomer concentration and
functionality on electro-optical properties of OILC.
Interestingly, we obtained the pore-like network struc-
ture constructed by highly interlinked polymer beads in
acrylate monomers. We found this system is free of
hysteresis (~0.25%), and high contrast ratio (1:1550)
while keeping fast decay response time (0.6 ms). This
work would give a simple way to find optimised condi-
tion of pre-polymers in an OILC mixture, which is
strongly desirable for displays and photonic application.

2. Theory

The driving principle of the OILC film is schematically
shown in Figure 1. After phase separation, sub-micron-
sized LC domains form in polymer network and direc-
tions of LC molecules at polymer surfaces are random.
When visible light passes through the cell and the
correlation length of the polymer network is shorter
than the wavelength of the light, the LC/polymer
matrix is optically isotropic and there is no light scat-
tering because the LC director is randomly oriented.
With the optical set-up with the film placed in between
crossed polarisers, the incident light passes through it
without any phase change and blocked by the second
polariser. Thus, it appears dark and it is schematically
represented in Figure 1(a). Under an applied field, the
LC directors are reoriented along the field direction
and birefringence is induced. Thus, it results in a bright
state as shown in Figure 1(b).

According to the scattering theories, the light scat-
tering occurs due to change in the refractive index of
the medium on the light path. When the size of LC
droplets in a polymer matrix is assumed to be similar,
the fraction of scattered light to the light incidence
can be described as B ¼ Nσavgd, where N, σavg and d
denote number density of droplets, average backscat-
tered cross-section of droplets and the distance of the
light travelling, respectively. Assuming the radius of a
single droplet is smaller than the wavelength in the
Rayleigh–Gans limitation and the angle between the
direction of incident light and backscattered light is
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assumed to be very small, the backscattered light can
be described as [31],

σavg / m� 1j j2k4R6; (1)

where R is the radius of droplets; k is wave vector
(2πnp/λ, np = refractive index of the polymer matrix)
and m = nLC/np is the ratio of the refractive index of
LC to the polymer matrix.

The birefringence of OILC under an electric field is
induced as the induced birefringence Δnind = KλE2,
where K is Kerr constant, Δnind is induced birefrin-
gence, λ is the wavelength of the incident light and E is
an applied electric field. The induced birefringence at
higher field is more precisely explained by the extended
Kerr effect, which can be described as [32,33]

Δnind ¼ Δns 1� exp � E
Es

� �2
" #( )

; (2)

where Δns is saturated birefringence and Es is saturated
applied electric field. When an applied electric field (E)
gets close to Es, the Δnind reaches Δns. Here, it is worth
to describe the Kerr constant (K) [6],

K ¼ 1
15

ΔnΔεεo
R

λWs

� �
; (3)

where Ws is surface anchoring energy for the reorien-
tation of LC director and Δε is dielectric anisotropy of
the LC. Unlick other optical isotropic materials, the
OILC phase obtained by PIPS method is highly affected
by surface anchoring energy.

3. Experiments

To prepare an OILC films, we mixed high dielectric
constant nematic LC with different photo curable
cross-linkers. We used MLC2053 (Δε = 42.6,
Δn = 0.235 at 589.3 nm, TNI = 86°C, from Merck
Advanced Technology in Korea) as a nematic LC and
four acrylate monomers, namely, DPHA (dipentaery-
thritol penta-/hexa-acrylate, np = 1.483, Sigma-
Aldrich), PETTA (pentaerythritol tetraacrylate,
np = 1.487, Sigma-Aldrich), TMPTA (trimethylolpro-
pane triacrylate, np = 1.474, Sigma-Aldrich) and EHA
(2-ethylhexyl acrylate, np = 1.436, Sigma-Aldrich),
where np is refractive index of the isotropic polymer.
We also employed one thiol-ene-based optical adhesive
NOA65 (Norland Optical Adhesive, np = 1.524, from
Norland Products Inc., USA). The schematic molecular
structure of each monomer is shown in Figure 2. A
small amount of the radical rich photo-initiator,
Irgacure 907 (from Merck Advanced Technology,
Korea), was added to initiate the radical photo poly-
merisation. Here, we intentionally used mono-acrylate
monomer, EHA, aimed to decrease the viscosity of the
high functionalised monomers and consistent material
concentrations used in this report are shown in
Table 1. All these materials are used without further
purification. To investigate both the critical monomer
concentration and monomer functionality effect on
electro-optical properties, we employed increase in
monomer concentrations in one set of samples with
equal monomer ratios, S1–S4, and manipulated mono-
mer functionality on another set of samples, S5–S8.

Figure 1. (Colour online) Schematic representation of OILC switching under crossed polarisers. (a) At zero-field and (b) at the driving
field. The arrows represent the individual droplet’s average orientation. The blue and red colours represent a signal and common
electrodes, respectively.
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Polarising optical microscopy (POM) was used to
observe an optically isotropic phase using a polarising
optical microscope (Nikon eclipse E600 POL) with a
CCD camera (Nikon, DXM 1200). The wavelength-
dependent transmittance measured with UV-Visible
spectroscopy (SCINCO, S-3100) from ultraviolet to
near-infrared region. The digital camera (Samsung,
NX1000) used to take the cell photographic images. All
the electro-optical properties such as driving field, elec-
tro-optic hysteresis and response time of obtained films
were measured from voltage-dependent transmittance
curves. The cells were placed between the crossed polari-
sers in such a way that the long-side electrode direction is
45° to the polarisers, and transmittance is detected by a
photo-detector and signal read by an oscilloscope
(Tektronix, DPO2024B) using a He-Ne light source

(λ = 633 nm) while applying square wave by a function
generator (Tektronix, AFG3101C) and amplifier (FLC
A400). The efficiency of the dark state was calculated
from the off-state POM images by using an image ana-
lyser i-solutionTM (iM Technology, i-Solution Inc.).
Next, we experimentally evaluated the polymer effect
on contrast ratio and light leakage with crossed polari-
sers. The contrast ratio was measured by detecting both
on-state and off-state light transmittances using a white
light source that pass through normal to the cell sub-
strate. The light leakage defined as amount of light leak-
ing out under crossed polarisers when applied filed is
zero. Finally, the obtained polymer network structures
was examined by field emission scanning electron micro-
scopy (FESEM).

We employed an IPS (in-plane switching) cell having
a periodic comb-like indium tin oxide (ITO)-coated elec-
trodes on the bottom substrate with no electrode on the
top substrate. The long and uniformly shaped electrodes
are separated by 4-μm spacing and each electrode width
is 4 μm. The separation between the two glass substrates
was fixed to 10 μm with uniformly shaped silicon ball
spacers. The homogeneous OILC mixture is filled in the
IPS cells by capillary action at a temperature greater than
the clearing temperature of the nematic LC, 90°C.
Finally, the phase separation process was initiated by
exposing 350 mW/cm2 intensity of 365 nm UV light
for 10 min at isotropic phase, 90°C.

Figure 2. Molecular structures of reactive monomers used in this work.

Table 1. LC and monomer concentrations used for preparing
the OILC film.
Sample MLC2053 (wt.%) TMPTA (wt.%) PETTA (wt.%) EHA (wt.%)

S1 38 30 30 2
S2 48 25 25 2
S3 52 23 23 2
S4 56 21 21 2
S5 50 48 - 2
S6 50 – 48 2
S7 50 48a – 2
S8 50 50b) – –

aDPHA used as monomer.
bNOA65 used as monomer.
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4. Results and discussion

The wavelength-dependent transmittance was measured
by UV-visible spectroscopy from ultraviolet to near-infra-
red region after phase separation, and the obtained trans-
mission spectra are shown in Figure 3(a). Unpolarised
light source with a wavelength range from 200 to
1100 nm is used. No polarisers were employed here.
The relative transmittance change is more pronounced
in the visible range, but it is not profound in the near-
infrared region. Measured transmittance varies from 77%
to 89% depending on the monomer concentration and
functionality. The transmittance is affected by both the
monomer functionality and concentration. We have also
observed the transparency of cells by taking photographic
images, as shown in Figure 3(b). The background char-
acters are unclear for S4 and S5 due to light scattering
from the film. The photographic images seem to indicate
that the transparency of final obtained film is propor-
tional to monomer concentration. The background
images clearly appear with high monomer concentration
samples and high functionalised monomer samples.
Therefore, the scattering free OILC can be achieved by
the high functionalised and high concentration of cross-
linking monomers.

We measured the electric field-dependent transmit-
tance of prepared samples as shown in Figure 4(a). The
threshold electric field (Eth) and driving electric field (Eop)
are defined at 10% and 90% transmittance, respectively.
The hysteresis is defined as the voltage difference between
the ascending and descending field sweeps at 50% trans-
mittance. The rise time (τrise) and decay times (τdecay) are

defined as the time taken for 10–90% transmittance change
when the sample is driven to its peak transmittance and
transmittance change from 90% to 10%when applied field
is zero, respectively. In other words, the rise time is defined
as reorientation of LC director from random order to field
direction that is strongly influenced by applied field, while
the decay time defined as the nematic director relaxation to
equilibrium position after the field is withdrawn which is
independent of the applied field.

Figure 4(a) shows that the transmittance starts to
increase with applied field, i.e., the sub-micron-sized
droplets tend to reorient along the electric field direc-
tion resulting in induced birefringence, following
Equation (1). On the other hand, the highest satura-
tion transmittance implies that the induced birefrin-
gence (Δnind) saturates, as indicated by Equation (2).
The measured Eop are 13.5, 11.5, 9, 7.5, 8.1, 9.2, 12
and 7.5 Vrms/μm for S1–S8, respectively. The mea-
sured Eth are 1.9, 1.7, 1.2, 0.8, 1.6, 1.6, 1.8 and 0.6
Vrms/μm for S1–S8, respectively. Both Eth and Eop
decrease by decrease in monomer concentration as
from S1 to S4. It could be due to linear dependence
of Kerr constant on LC concentration. From S5 to S7,
the increase in Eth and Eop could be due to change in
droplet size and anchoring energy at interface
(Equation (3)). The transmittance curves of S4, S5
and S6 samples deviate from baseline, probably due
to scattering effect. Although the Eth and Eop are low
for S4 and S5, the strong scattering effect makes them
pseudo-OILC. Therefore, highly functional and high
concentration monomers are the best choices to make
an OILC.

Figure 3. (Colour online) (a) UV-Vis transmission spectra of prepared OILC samples after phase separation. (b) The photograph
image of prepared cells. Photos have been taken at ambient light conditions and a uniform height was maintained to observe the
backscattered effect from the background surface.
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We also measured the percentage of electro-optical
hysteresis from voltage-dependent transmittance curves.
The measured hysteresis is 4.2%, 2.4%, 1.1%, 0.8%, 2.2%,
0.96%, 0.25% and 1.2% for samples from S1 to S8,
respectively. Here, we would assume that the hysteresis
is strongly affected by monomer network morphology
such as droplet shape, size, uniformity, etc. The hyster-
esis reduced dramatically up to about 0.25% for S7. It
could be due to the strongly anchored LC molecules to
polymer network. In Figure 4(b,c), the rise time is
mostly not affected by the polymer concentration and
functionality whereas both strongly affected the decay
time. The sample S7 shows the fastest decay time
(0.6 ms) and the obtained value is faster than the result
in reference [4]. The hysteresis-free and fast response
time could be due to stronger anchoring at the polymer
network.

For better understanding of the obtained OILC, we
observed the phase under crossed polarisers using
POM. The phase appeared black, revealing that the
incident light passes through the film and then blocked
by the second polariser. No change in transmittance is
observed when the sample is rotated on the stage.
Hence, the obtained film is optically isotropic, as illu-
strated in Figure 5. From obtained POM images, one
can notice that the light leakage at field-off state is
increasing with the decreasing monomer concentra-
tion, S1–S4. The excellent dark state is achieved for
high monomer concentration samples. We measured
the efficiency of dark state at off-state with i-solution
software in which the zero dark level is predefined. The
measured dark levels are 2.9, 9.3, 17.2, 42.9, 39.5, 25.3,
3.0 and 2.9 for samples from S1 to S8, respectively. The
functionality of the monomer also strongly influences

Figure 4. (Colour online) Measured electro-optic properties of prepared OILC samples under crossed polarisers: (a) field-responsive
transmittance in which the solid and dashed lines represent field increasing and decreasing voltage swipes, respectively. (b) Rise
response time. (c) Decay response time.
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the dark level at off-state. In addition, the on-state
transmittance was also strongly influenced by both
the monomer concentration and functionality. For a
better understanding of on-state and off-state transmit-
tances, we measured light leakage and contrast ratio.

In Figure 6, we explore the polymer functionality
and concentration effect on contrast ratio and light
leakage with crossed polarisers. The contrast ratio is

defined as the ratio between maximum transmittance
(field-on), and minimum transmittance (field-off) by
using visible light that propagates normal to the sub-
strate. The light leakage is defined as the amount of
light leaking out through the crossed polarisers when
applied field is zero. We compared the results with
well-studied NOA65 because the contrast ratio highly
depends on the experimental conditions such as nature

Figure 5. (Colour online) POM images of the obtained OILC film under crossed polarisers. The first column represents texture at the
field off-state and next column represents textures when driven to square wave field. Scale bar represents 50 μm. The long-side ITO
electrode was set to 45° to the polariser.

Figure 6. (Colour online) The contrast ratio and light leakage of prepared OILC films under crossed polarisers at normal direction.
The contrast ratio is defined as the ratio of maximum and minimum transmittance when the cell is driven with the driving voltage
and zero voltage, respectively. The light leakage was defined as the amount of light leaking out through crossed polarisers when
applied field is zero.
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of the light source, the acceptance angle of the detector,
polariser thickness and efficiency, and alignment of
polarisers. In Figure 6, the off-state light leakage mostly
eliminated for high monomer concentration samples
(S1, S2 and S3) and high functional monomer samples
(S7 and S8). The contrast ratio enhanced for high
concentration and high functionality monomers. The
highest contrast ratio 1:1550 is achieved for S7. The
off-state light leakage and contrast ratio are inversely
proportional to each another. The minimum light leak-
age at off-state was a crucial parameter for improving
the contrast ratio.

Finally, the network structure was examined by
FESEM. The LC molecules were extracted from the
film by immersing it in hexane for approximately
48 h. After LC molecules were extracted, the two sub-
strates were taken apart carefully. Finally, the surface of
the polymer film was sputtered with gold and micro-
structure was observed normal to the substrate; no tilt
of the substrate was performed. From Figure 7, it is
clear that the pore-like polymer network constructed
by highly interlinked polymer beads was achieved in
acrylate monomers in S1–S7 while highly spherical and
isolated droplets are formed in thiol-ene based

monomers in S8. The pore size was increasing with
decrease in both monomer functionality and concen-
tration. The filling factor of LC and pore size is mea-
sured with ImageJ software, a Java-based image-
processing program developed at the National
Institutes of Health and the measured filling factors
of LC are 15%, 24%, 28%, 31%, 30%, 29%, 32% and
19% for S1, S2, S3, S4, S5, S6, S7 and S8, respectively. It
is clear that some of the pores, in S4 and S5, are larger
than 300 nm and those can affect the propagation of
the incident light by scattering. The close observation
of pore shape suggests that the elongated pores were
formed in acrylate monomers. A smaller and elongated
shape would make strong coupling interaction of LC
molecules at polymer interface, which could be the
reason for reduced hysteresis and fast decay time. The
surface of the polymer strand is smoother for S7 and
filling factor is higher, which could be the reason for
high contrast ratio and fast decay time.

5. Conclusion

We have examined the performance of OILC system as
a function of cross-linking monomer concentration

Figure 7. (Colour online) Polymer network morphology of prepared OILC film obtained from FESEM. The scale bar is equal to 1 µm.
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and functionality. We obtained a hysteresis-free and
fast-response OILC phase. Interestingly, we obtained a
highly inter-linked pore-like polymer network con-
structed by highly interlinked polymer beads in acry-
late monomers. The evolution of polymer network
architecture revealed that high functional polymers
formed smaller LC droplets and enhanced the coupling
interaction between LC molecules and polymer walls.
It leads to reduce the hysteresis (0.25%) and high
contrast ratio (1:1550) while keeping fast decay
response time as 0.6 ms. This work highlights the
cross-linking monomer concentration and functional-
ity effect on switching performance and it suggests a
simple way to optimise the consistent materials for
potential applications. These OILC films can improve
the performance of displays by increasing the accuracy
of grey scale, such that it can have less sensitivity to
hysteresis, less image motion blur due to fast response
time and high contrast ratio. Also, it can be a promis-
ing material for the flexible display application.
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