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Electric fields modify the optical properties of nematic liquid crystals (NLCs) by changing the nematic molecular orientation
or order parameters, which enables electro-optic applications of NLCs. However, the field-induced optic change is unde-
sirable in some cases. Here, we experimentally demonstrate that polymer stabilization weakens the birefringence change of
NLCs caused by the nanosecond electrically modified order parameter effect. The birefringence change is reduced by 65% in
the NLC doped with 25% reactive monomer, which is polymerized close to the nematic-to-isotropic phase transition. This
technique could be used in liquid crystal devices where the birefringence change is unfavored.
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1. Introduction

Nematic liquid crystals (NLCs) have a wide range of electro-
optic applications[1–14], such as displays[1–3], optical shutters[4,5],
modulators[6,7], splitters[8,9], and beam steerers[10,11], due to
their unique optical and dielectric anisotropies[15,16], i.e., the
birefringence Δn = ne − no, where ne and no are the extraordi-
nary and ordinary refractive indices, respectively, and the dielec-
tric anisotropyΔε = εk − ε⊥ with εk and ε⊥ measured along and
perpendicular to the optic axis, respectively. NLCs with rod-like
molecules possess partial orientational order, and their aver-
age molecular orientation is called the director n̂, which is also
the optic axis of the uniaxial NLCs. Traditional electro-optic
devices are based on the realignment of the n̂ with the switching
time on the order of milliseconds[15,17,18]. Diverse approaches
have been proposed to accelerate the switching of NLCs, such
as sub-millisecond electro-optic response in the bidirectional
field switchingmode[19], and 0.1 ms response time by employing
a dual-frequency NLC in a special geometry with a high pretilt
angle[20]. The reactive monomer is also introduced into the
NLCs to reduce the switching time. They are polymerized to
form polymer stabilized liquid crystals (PSLCs)[21–25], where
the director of NLCs can be reoriented within ∼0.1ms[26].

Such a three-dimensional polymer structure enables the PSLC
to have a fast fringe-field switching, low operating voltage[27],
low hysteresis effect, and high contrast ratio[28].
Recently, the birefringence of NLCs with a negative dielectric

anisotropy has been electrically changed on the time scale of
nanoseconds for both switching-on and switching-off processes
by the so-called nanosecond electrically modified order param-
eter (NEMOP) effect[29–31]. In the NEMOP effect, the applied
electric field changes the optical property of NLCs by the
enhanced uniaxial order parameters and the induced biaxial
order parameters[29–31]. However, the NEMOP effect has not
been explored in PSLCs.
In this work, we experimentally investigate the effect of the

polymer network on the field-induced birefringence change
caused by the electric modification of order parameters by
varying the concentration of the reactive monomer and the
polymerization condition. The field-induced birefringence
change δn is reduced by 65% via the polymerization of a mixture
composed of 25% (mass fraction, hereinafter the same unless
specified otherwise) reactive monomer and 75% nematic host.
Both the field-on (τon) and field-off (τoff ) switching times are in
the range of tens of nanoseconds, indicating that the polymer
network does not cause a dramatic change in the response time.
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2. Experimental Materials and Methods

We use two commercially available NLC mixtures MJ961200
(Δn = 0.11 at 589 nm, Δε = −5.6 at 1 kHz, 20°C, purchased
from Merck) and HNG7058 (Δn = 0.08 at 589 nm, Δε = −9.2
at 1 kHz, 20°C, purchased from Jiangsu Hecheng Display
Technology). The host NLCs are mixed with reactive monomer
1,4-bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylben-
zene (RM257, BDH, Ltd.). To induce polymerization of the reac-
tive monomer, a small amount (about 1%) of photo-initiator
IRG651 (Aldrich) is added to the monomer-NLC mixture,
which can provide free radicals when irradiated with UV light.
To study the concentration dependence of the field-induced
birefringence change δn, we use two PSLCs composed of
MJ961200 and different mass fractions of RM257, 5% (M5)
and 15% (M15), respectively. The mixtures M5 and M15 are
polymerized at 23°C. To explore how the polymerization tem-
perature influences δn, we use three mixtures composed of
HNG7058 and various concentrations of RM257, 10%
(HT23), 25% (HT84), and 10% (HT100) which are polymerized
at 23°C, 84°C, and 100°C, respectively.
To obtain homogenous mixtures, the mixtures are dissolved

in chloroform, vibrated with a vortex shaker at a speed of
1500 r/min for 10 min, and stirred in an ultrasonic bath at
40°C for 75 min. After the evaporation of chloroform in a
vacuum chamber for 24 h, the mixtures are injected into the cells
in their isotropic phase. The cells are irradiated with UV light
(wavelength 365 nm, intensity 1mW=cm2) for 3 h to induce
the photopolymerization.
To study the electro-optic performance, we use cells compris-

ing two glass plates with transparent indium tin oxide (ITO)
electrodes of low resistivity (between 10 and 50Ω/sq). The poly-
imide PI-2555 (HDMicroSystems) is coated onto the inner sur-
faces of two plates and then unidirectionally rubbed to provide a
planar alignment of the studied NLCs and PSLCs. Two parallel
glass plates are separated by silica spheres of diameter in the
range of d = 2.6–6.1 μm. We use a He–Ne laser beam of wave-
length λ = 632.8 nm to measure the electro-optic response of
pure NLCs and PSLCs. The beam passes through the cell,
Soleil-Babinet compensator, and two crossed polarizers. The test
cells are sandwiched between two prisms so that the linearly
polarized laser beam enters the PSLC slab at an angle of 45°,
which eliminates the contribution of director fluctuations to
the optical response[30], as shown in Fig. 1(a). The director n̂
is parallel to the incident plane of the cell. The transmitted light
intensity is recorded by a photodetector TIA-525 (Terahertz
Technologies, response time < 1 ns), which can be expressed as

I�t� = I0 sin2
�
π�δn�t� � Δneff �L

λ
� ϕSB

2

�
, (1)

where ϕSB is the variable phase retardance controlled by the
Soleil-Babinet compensator, L is the optical path, I0 is the initial
intensity of the laser beam, and Δneff is the effective birefrin-
gence of the NLC in the experiment. To eliminate parasitic
effects (such as light scattering), we use two compensator

settings A and B, where the transmitted light intensities are
IA�t� and IB�t�, respectively:

IA�t� = sin2
�
πLΔneff

λ
� ϕA

2

�
= sin2�ϕAe�, (2)

IB�t� = sin2
�
πLΔneff

λ
� ϕB

2

�
= sin2�ϕBe�: (3)

We choose two compensator settings, which satisfy
ϕBe = ϕAe � π

2 ; one can obtain

ΔIA�t� − ΔIB�t� = cos�2ϕAe� − cos�2�δϕ� ϕAe��, (4)

where ΔIA = IA�t� − IA�0� and ΔIB = IB�t� − IB�0�.
The laser beam propagates inside the nematic slab at an

angle of 45° with respect to the cell normal, L =
���
2

p
d.

Considering k = 2π
λ , the field-induced birefringence change

can be expressed as

δn =
− arccos�1 − ΔIA − ΔIB� − 2 arccos�1 − 2IA�t�����

2
p

kd
: �5�

The dynamics of the transmitted light intensity of a cell filled
with NLC HNG7058 is obtained with the settings IA�0�=
IB�0�, ϕA = 0.35π, and ϕB = 0.85π, as shown in Fig. 1(b). IA�0�
and IB�0� are the transmitted light intensity measured at the
field-free initial state. Figure 1(c) shows the dynamics of the
field-induced birefringence change of the NLC HNG7058 in

Fig. 1. (a) Experimental setup: a cell sandwiched between two right angle
prisms, probed with a linearly polarized laser beam that propagates inside
the nematic slab at an angle of 45° with respect to the cell normal. (b) Trans-
mitted light intensity of the cell filled with the NLC HNG7058 in response to the
applied voltage pulse amplitude U0 = 478 V. (c) Dynamics of the field-induced
birefringence change δn(t) of the NLC HNG7058 in response to a voltage pulse
amplitude U0 = 478 V. The experiments are performed at 23°C in a cell of
thickness d = 6.1 μm for the two compensator settings A and B.
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response to the voltage pulse amplitude U0 = 478V, which is
calculated from the data in Fig. 1(b) by using Eq. (5).

3. Experimental Results

3.1. Effect of monomer concentration on the field-induced
birefringence change

We investigate the field-induced birefringence change δn and
the switching-on and switching-off times in the pure NLC
MJ961200 and the PSLCs M5 and M15 before and after polym-
erization. The maximum field-induced birefringence change
δnmax of the mixtures decreases as the concentration of reactive
monomer RM257 in the nematic MJ961200 increases from 0%
to 5% and then 15%, as shown in Figs. 2(a), 2(b), and 3(a), 3(b).
The reduction in δnmax measured after polymerization is larger
than that obtained before polymerization, as shown in Figs. 2
and 3. Compared with MJ961200, δnmax of M5 and M15
decreases slightly before polymerizing, as shown in Figs. 2(a),
2(b) and 3(a), 3(b). However, after polymerizing, δnmax of M5
and M15 decreases by 9% and 30%, respectively, as shown in
Figs. 2(a), 2(b), and 3(a), 3(b). There is an obvious contrast
between the reduction of δnmax for M5 and M15. The latter is
nearly 21% lower than the former, which demonstrates that with
a higher doping concentration of reactive monomer the decrease
in δnmax is larger. The relationship between the electric-field and
δnmax is generally quadratic, with a few deviations observed at
high electric field intensity, as shown in Figs. 2(b) and 3(b).

From the view of practical applications, we use the industry-
standard 10%–90% switching time to characterize the electro-
optic response time of the mixtures. Namely, the switching-on
(τon) and switching-off (τoff ) times of themixtures are calculated
as the δn changes from 10%–90% of the δnmax 1 − δnmin 1 and
from 90%–10% of the δnmax 2 − δnmin 2, respectively. The
δnmax 1 − δnmin 1 and δnmax 2 − δnmin 2 are the differences
between the maximum and minimum values of the switching-
on (τon) and switching-off (τoff ) processes, respectively.
Polymerization of RM257 speeds up the switching-on and

switching-off processes of the MJ961200 mixtures, as shown
in Figs. 2(c), 2(d), and 3(c), 3(d). Both average switching times
τ̄on and τ̄off of the mixture M5 (∼20–25 ns) are several nanosec-
onds faster than those of MJ961200, as shown in Figs. 2(c) and
2(d). The response of the PSLC is faster with the increase of con-
centration of RM257 in the mixture. For example, the average
switching-on time τ̄on of the polymerized M15 is ∼10 ns, which
is half of that for MJ961200 and even less for M5. The average
switching-off time τ̄off of the M15 after polymerizing is about
20 ns, which is 10 ns faster than that of MJ961200, as shown
in Figs. 3(c) and 3(d).

3.2. Effect of polymerization temperature on the field-
induced birefringence change

We further investigate δnmax, τon, and τoff in the pure NLC
HNG7058 and the PSLCs HT23 and HT100 before and after
polymerization. δnmax of the mixtures decreases with the polym-
erization temperature increasing to 23°C and 100°C, as shown in

Fig. 2. Electro-optic responses of the NLC mixtures MJ961200 and M5 before
and after polymerization. (a) Dynamics of field-induced birefringence change
δn(t) in response to an electric field of amplitude E = 1.44 × 108 V/m.
Dependences of (b) the maximum field-induced birefringence change δnmax,
(c) the switching-on time τon, and (d) the switching-off time τoff on the applied
electric fields. The cell thicknesses of the MJ961200 cell and the M5 cell are
6.1 μm and 4.6 μm, respectively. The working temperature is T = 21.5°C.

Fig. 3. Electro-optic responses of the NLC mixtures MJ961200 and M15 before
and after polymerization. (a) Dynamics of field-induced birefringence δn(t) in
response to an electric field of amplitude E = 1.44 × 108 V/m. Dependences
of (b) the maximum field-induced birefringence change δnmax, (c) the switch-
ing-on time τon, and (d) the switching-off time τoff on the applied electric
fields. The cell thicknesses of the MJ961200 cell and the M15 cell are
6.1 μm and 4.6 μm, respectively. The working temperature is T = 21.5°C.
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Figs. 4(a) and 4(b). Compared to the non-doped NLC
HNG7058, δnmax of HT23 changes slightly, and δnmax of HT100
decreases by 12%, as shown in Figs. 4(a) and 4(b). The average
switching-on time τ̄on of HT23 is about 5 ns shorter than that of
HNG7058, and the average switching-off time τ̄off of HT23 and

HT100 is about 10 ns longer than that of HNG7058. The average
response times τ̄on and τ̄off of HT100 are several nanoseconds
longer than those of HT23, as shown in Figs. 4(c) and 4(d).
Taking advantage of a higher concentration of RM257 and a

high polymerization temperature, we prepare another mixture
composed of HNG7058 doped with 25% reactive monomer
RM257 and then investigate its δnmax, τon, and τoff . The mixture
is polymerized at 84°C, which is 1.5°C below the nematic-to-
isotropic phase transition temperature TNI. The δnmax of HT84
is about 35% of the δnmax of HNG7058, as shown in Figs. 5(a)
and 5(b). The 65% decrease of δnmax in HT84 is larger than that
of the other PSLCs in this work. Compared to HNG7058, the
PSLC HT84 has a smaller τon and larger τoff . Both of them
are on the order of tens of nanoseconds, as shown in Figs. 5(c)
and 5(d).

4. Discussions and Conclusions

We demonstrate that the electro-optic response coming from
the nanosecond electrically modified order parameter effect
can be attenuated in PSLCs. The results show that the character-
istic parameters δnmax, τon, and τoff of the optic response can be
tuned by varying the doping concentration of RM257 in host
NLCs and curing the active monomer at different temperatures.
The reduction effect of the optic response is stronger when a
higher concentration active monomer is doped. The 30% reduc-
tion of δnmax in the NLC MJ961200 is obtained from the PSLC
doped with 15% RM257. The comparison of the electro-optical
responses between HT23 and HT84 reveals that a greater reduc-
tion in δnmax occurs in the PSLC, which is polymerized at the
high temperature close to TNI. The value of δnmax can be dra-
matically reduced by 65%. The response time of the studied
PSLCs is in the range of 10–40 ns. The strong interaction
between polymer rods and NLC molecules at the polymer/
NLC interface stabilizes the nematic order close to the polymer,
which could be the potential mechanism of the reduction of bire-
fringence change caused by doping more reactive monomers.
When polymerization occurs at high temperature, the number
of polymer rodsmay increase and cause an increase in the area of
the polymer surfaces, affecting more NLC molecules. Thus, the
order parameter of NLCs is further enhanced. To obtain a con-
crete and comprehensive understanding of the mechanism of
the reduction effect, systematic studies need to be performed
using more sophisticated characterization techniques in the
future. The reduction of the field-induced birefringence change
by PSLC could be used to protect some liquid-crystal-based pre-
cise devices exposed in the surroundings where an unexpected
electric field occurs and causes damage to the devices.
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