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The influence of polymer system on polymer-stabilised (PS) blue phase (BP) liquid crystal (LC) is investigated.
After polymer stabilisation, anchoring energy appears between the polymer network and LC molecules, which is
related with the stiffness of the polymer system. As the stiffness of polymer system decreases, the Kerr constant
can be improved with the degradation of response time, hysteresis, and residual birefringence. Furthermore, the
Kerr constant and response time can be improved simultaneously by polymer system with reactive diluents.

Keywords: blue phase; polymer system; Kerr constant; polymer-stabilised; hysteresis

1. Introduction

Blue phase (BP) liquid crystals (LCs) appear as a reg-
ular array of double twist cylinders (DTCs) separated
by a network of disclination lines in a narrow tempera-
ture range between the isotropic phase and the chiral
nematic (N*) phase.[1–4] Recently, the temperature
range of BPLCs, usually less than several Kelvins, has
been broadened to more than 60 K by stabilising the
disclination cores with amorphous polymer chains loca-
lised within them.[5] Polymer-stabilised (PS) BPLCs
promise great potential applications in field sequential
displays,[6,7] phase modulator devices,[8–10] and three-
dimensional (3-D) tunable photonic crystals [11,12]
owing to their interesting features, including sub-milli-
second response time, optical isotropic status in the
absence of electric field, and 3-D helical structure with
a periodicity on the order of the visible wavelength.
However, there are still several issues to be overcome
before wide applications of the PS-BPLCs, such as high
driving voltage, hysteresis, and residual birefringence.
[13–15] To improve the electro-optic performance of
the PS-BPLCs, several studies have been carried out,
such as the effects of chiral pitch,[16] polymerisation
process,[17,18] and polymer concentration on BPLCs.
[19,20] Nevertheless, the anchoring energy of the poly-
mer network system which may have significant effect
on the properties of the PS-BPLCs has rarely been
studied.

In this paper, the effects of polymer system on the
thermal stability and electro-optic properties of
PS-BPLCs are investigated. As the stiffness of poly-
mer system increases, the anchoring energy of poly-
mer system increases, resulting in the decrease of Kerr

constant, hysteresis, response time, and residual bire-
fringence. Nevertheless, by a polymer system with
reactive diluents, the Kerr constant and response
time can be improved simultaneously. The residual
birefringence can be removed by thermal energy since
the deformation of PS-BPLC lattice structure induced
by applied electric field can be recovered by the ther-
mal energy.

2. Materials and experiments

To investigate the effect of polymer system on the
PS-BPLC, several kinds of the monomers were doped
in the mixture of conventional materials to stabilise the
disclination lines in the BPLCs. Here, the conventional
PS-BPLC mixture was chosen to be composed of a
positive nematic liquid crystal (BP-06, Δn = 0.158,
Δε = 34.2, Jiangsu Hecheng Display Technology Co.,
Ltd. (HCCH)), a chiral dopant (R5011, HCCH), a
cross-linking agent (RM257), an ultraviolet (UV) cur-
able monomer (TMPTA 1,1,1-Trimethylolpropane
Triacrylate, HCCH), and a photoinitiator (IRG184,
HCCH). As the number of functional group increases
and the chain length of monomer decreases, the stiffness
of polymer system increases, resulting in a larger
anchoring energy of the polymer network. To make
the polymer system with different anchoring energy, a
cross-linking agent, RM257, and four kinds of mono-
mers with different chemical structures, TMPTA, NVP
(N-vinylpyrrollidone), ACMO (Acryloyl morpholine),
and 12A, were chosen in this experiment. The chemical
structures of the monomers are illustrated in Table 1.
Among them, RM257 is a di-function monomer,
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TMPTA is a tri-function monomer, and NVP, ACMO,
and 12A are mono-function monomers.

For comparison, precursors were prepared in the
same condition, as listed in Table 2. The chiral pitches
were controlled at about 329 nm by adjusting the
chiral concentration because the electric-optic perfor-
mance of PS-BPLCs is related with their chiral pitch.
[21,22] To keep the total concentration of monomers
from affecting the properties of PS-BPLC, the overall
monomers concentration in the precursors was fixed
at 9.9% by weight. After homogeneous mixing, the
precursors were filled into in-plane switching (IPS)
cells, whose cell gap is 7.5 μm, the indium tin oxide
(ITO) electrode width is 7.5 μm and the electrode gap
is 12.5 μm, at the isotropic phase in a temperature
controller (HCS302, Instec Co., USA). To measure
the electro-optic properties of the PS-BPLC, a white
light-emitting diode (LED) was used as a light source
to avoid the diffraction of the IPS devices.[9,10,23]
The IPS cells applied with a 1 kHz square-wave AC
signal was placed between two crossed polarisers. The

transmittance was detected with a spectrometer
(HR4000, Ocean optic Co., USA). The PS-BPLC
reflects light in green regime owing to their Bragg
reflection. To avoid the Bragg reflection, one can
either change the pitch of PS-BPLC, or shift the
reference wavelength. Here, the reference wavelength
of our IPS devices was set to 633 nm.

3. Results and discussion

3.1. Thermal stability

To study the influence of polymer system on the
thermal stability, the samples were irradiated at blue
phase, whose chiral pitch was about 329 nm, under an
ultraviolet light with an intensity of 3 mW · cm−2.
After 15 minutes exposure, the clearing point of the
samples A, B, C, and D was 338 K. The phase
transition of the samples was observed under a reflec-
tive polarising optical microscopy during the cooling
process (338–263 K). The cooling rate was 0.2
K · min−1 and is controlled by the temperature con-
troller (HCS302, Instec Co.). The blue phases of the
samples A, B, C, and D were observed when the
temperature was cooled down to 263 K. Figure 1(a),
(c), (e), and (g) shows the platelet textures of the
samples when the temperature was cooled down to
313 K. As the temperature was further cooled, the
blue phase was observed in samples A, B, C, and D at
265 K (Figure 1(b), (d), (f), and (h)). The blue phase
temperature ranges of samples A, B, C, and D were
all expanded to more than 70 K (263–338 K) after
polymerisation.

3.2. Kerr constant

The voltage-dependent transmittance (V-T) curves of
the IPS devices were measured by applying a square
wave voltage with 1-kHz frequency. Figure 2 shows
the normalised V-T curves of our devices. At the
room temperature (~299 K), the on-state voltages
(Von) of samples A, B, C, and D are 145, 118, 105,
and 90 V, respectively. Among the samples, sample A
has the highest Von and sample D has the lowest Von.
As shown in Figure 2, there is a mismatch between
the normalised V-T curves of sample D before ultra-
violet irradiation and after ultraviolet irradiation,
which is attributed to the anchoring energy between
the polymer system and DTCs.

According to the extended Kerr effect,[24] the
induced birefringence (Δnind) of PS-BPLCs is related
to the electric field.

Δnind ¼ Δnsð1� exp½�ðE=EsÞ2� (1)

Table 1. The chemical structure of monomers.

Type Name Chemical structure

Tri-function
monomer

TMPTA Three-
dimensional

Mono-
function
monomer

NVP Five-
membered
ring

ACMO Six-membered
ring

12A Linearity

Table 2. Summary of PS-BPLC precursors with different
component ratios.

Precursors
BPLC
(%)

RM257
(%)

TMPTA
(%) Monomers

IRG184
(%)

A 89.5 4.4 5.5 0.6
B 89.5 3.3 3.3 3.3% (NVP) 0.6
C 89.5 3.3 3.3 3.3% ( ACMO) 0.6
D 89.5 3.3 3.3 3.3% (12A) 0.6
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where Δns is the saturated induced birefringence and
Es is the saturation electric field. In the weak field
region, the Kerr constant is derived as follows:

K � Δns=ðλE2
s Þ (2)

The Kerr constant is obtained by fitting the V-T
curves with the extended Kerr effect model. The elec-
tric field of our IPS devices was simulated with soft-
ware TechWiz LCD 3D (Sanayi System, Taiwan).
The Kerr constants of sample A, B, C, and D are
1.5 nmV−2, 2.3, 2.9, and 3.9 nmV−2, respectively.
Among the samples, the Kerr constant of sample A
is the smallest one since the anchoring energy of
polymer system formed by RM 257 and TMPTA, a
tri-function monomer, is higher than that of the other
polymer system formed with a mono-function mono-
mer or a di-function monomer. Although the NVP
and ACMO show the similar chemical structure, the
Kerr constant of sample B is smaller than that of
sample C because the anchoring energy of polymer
formed with a five-membered ring is higher than that
formed with a six-membered ring with oxygen.
Compared to the sample A, B, and C, sample D
shows a smaller Kerr constant owing to its low

Sample A Sample A

Sample B

(a)

(c)

(e)

(g) (h)

(f)

(d)

(b)

Sample B

Sample C Sample C

Sample D Sample D

313 K

313 K

313 K

313 K 265 K

265 K

265 K

265 K

100 µm 100 µm

100 µm

100 µm100 µm

100 µm

100 µm 100 µm

Figure 1. (colour online) Platelet textures of the PS-BPLC samples under a polarised optical microscope (POM).
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Figure 2. (colour online) Normalised voltage-dependent
transmittance (V-T) curves of the samples at 299 K,
λ = 633 nm.
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anchoring energy originating from the polymer
system with flexible linear side chains.

3.3. Hysteresis

Hysteresis is a key issue that affects the grayscale in
LC displays and it should be solved before the wide
application of PS-BPLCs. To measure the hysteresis
of our IPS devices, the IPS devices were driven by
switching the applied voltage upwards to Von and
then downwards to zero, as shown in Figure 3(a).
The hysteresis is defined as ΔV/Von, where ΔV is the
voltage difference between the upward and downward
scans at half of the peak transmittance. According to
the measured V-T curves, the hysteresis of samples
are 2.4%, 4.8%, 5.6%, and 6.2% at their Von, respec-
tively, as shown in Table 3. Among the samples, the
hysteresis of sample A is the lowest one and that of
sample D is the largest one. The hysteresis of sample
B is larger than that of sample C. Figure 3(b) shows
the hysteresis of sample B with different applied

voltages. The V-T curves of the sample B were fitted
well when the device was driven by switching the
applied voltage upwards to 70 V and then downwards
to zero, resulting in free-hysteresis. An obvious hys-
teresis is observed in sample B at its Von. Therefore,
there is a critical electric field (Ec) for hysteresis of PS-
BPLCs. If the applied electric field is less than Ec, the
hysteresis-free can be achieved.

Figure 4 shows the schematic diagram of polymer
chain surrounded by liquid crystal molecules. The
alignment of the liquid crystal molecules is related
to the polymer chains due to the anchoring energy
between polymer chains and liquid crystal molecules.
Macroscopically, a PS-BPLC is considered as an
optically isotropic material without electric field
(Figure 4(a)). After the electric field was applied,
the BPLC molecules and the polymer chain are
induced to dipole movement (Figure 4(b)). As
shown in Figure 3(b), if the applied electric field is
less than Ec, the PS-BPLC shows hysteresis-free since
the BPLC molecules and polymer chain recover auto-
matically to their original state (Figure 4(a)).
Otherwise, if the applied electric field exceeds Ec,
the hysteresis will appear because the BPLC mole-
cules and the deformed polymer chain (Figure 4(c))
cannot fully relax to its original state. As the stiffness
of polymer system increases, the hysteresis of PS-
BPLC device can be suppressed since the distorted
polymer system with higher stiffness is conducive to
be recovered. The hysteresis of sample A is lower1.0
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Figure 3. (colour online) (a) Measured normalised V-T
curves for hysteresis of the samples; (b) the hysteresis of
sample B with different applied voltages, λ = 633 nm.
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Figure 4. (colour online) Schematic diagram of the polymer
network surrounded by liquid crystals with different electric
field.

Table 3. The hysteresis, residual birefringence, and decay
time of samples.

Samples A B C D

Hysteresis (%) 2.4 4.8 5.6 6.2
Residual birefringence (%) 0.22 0.35 1.14 4.35
Decay time (μs) 575 523 934 1240
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than that of the other samples owing to the highest
stiffness of polymer system formed with TMPTA.
Compared to the other samples, the hysteresis of
sample D is larger one because of its lower stiffness
of the polymer system formed with a high flexible
linear side chains. The hysteresis of sample B is lower
than that of sample C because the stiffness of poly-
mer formed with a five-membered ring is larger than
that formed with a six-membered ring with oxygen.

3.4. Residual birefringence

Residual birefringence is another key issue which
should be solved before the wide application of PS-
BPLCs. Here, the residual birefringence is defined as
T0, where T0 is the normalised transmittance at
V = 0 V during the voltage downward process, as
shown in Figure 5. According to the measured V-T
curves, the residual birefringence of samples are
0.22%, 0.35%, 1.14%, and 4.35%, respectively, as
shown in Table 3. Similar to the hysteresis, sample
A shows the lowest residual birefringence and sample
D shows the largest residual birefringence. The resi-
dual birefringence of sample C is larger than that
of sample B.

The distortion will happen if the applied electric
field exceeds Ec. Therefore, after the applied electric
field was removed, the LC molecules around polymer
chain cannot recover to its original state due to the
distorted polymer chain and the anchoring energy
between polymer chains and the LC molecules, result-
ing in residual birefringence, as shown in Figure 4(d).
As the stiffness of polymer system increases, the resi-
dual birefringence of PS-BPLC will decrease because
the deformed structure of polymer chain is easier to
recover to its original state. The devices were heated
in a temperature controller. When the temperature of

the PS-BPLC is close to its clearing point, the residual
birefringence of the device disappeared because the
deformed structure (Figure 4(c)) of polymer chain is
recovered to its original state (Figure 4(a)) by the
thermal energy.

3.5. Response time

For PS-BPLCs, the fast response time is one of the
major attractions. As the rise time depends on the
driving voltage, we only evaluate the decay time in
this paper. As listed in Table 3, the decay time of
sample D is the slowest one among the samples
because anchoring energy of sample D is the lowest
one due to its polymer system with a high flexible
linear side chains. The decay time of sample A is
faster than that of sample C because the anchoring
energy of polymer system formed with RM 257 and
TMPTA, a tri-function monomer, is higher than that
of polymer system formed by RM257 and ACMO, a
mono-function monomer. Anyhow, the decay time
will decrease as the anchoring energy of polymer
system increases.

3.6. Discussion

Comparing the sample D with the sample A, the Kerr
constant can be increased by 160% and the decay time
will be increased by 110%. If the applied electric field
is less than Ec, the PS-BPLC device will be hysteresis-
free. Though the anchoring energy of sample A is
larger than that of sample B, the decay time of sample
B is faster than that of sample A. A reactive diluent
can be formed by NVP and acrylic functional groups
of the RM257 and TMPTA after polymerisation and
can decrease the effective rotational viscosity of the
material system, resulting in a fast response time.
According to aforementioned, the Kerr constant of
sample B is larger than that of sample A. Anyhow, by
using the polymer system with reactive diluents and
limiting the applied electric to Ec, a novel PS-BPLC
device with large Kerr constant, fast response time,
and hysteresis-free will be obtained.

4. Conclusions

The effects of polymer system on the thermal stabi-
lity and electro-optic properties of PS-BPLC are
investigated. The experimental results indicate that
the electro-optic properties of PS-BPLC are affected
by anchoring energy of polymer system. As the
anchoring energy of polymer system decreases, the
Kerr constant increases with the degradation of
response time, hysteresis and residual birefringence.
However, the Kerr constant and response time can
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Figure 5. (colour online) The residual birefringence of the
samples at 299 K, λ = 633 nm.
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be improved simultaneously by polymer system with
reactive diluents.
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