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ABSTRACT ARTICLE HISTORY
The polymer/liquid-crystal composite materials have been extensively studied for their potential Received 24 April 2019
applications. Various optical devices based on this composite material have been proposed and Accepted 7 July 2019
realised. The device performance is highly dependent on the phase separation of this composite KEYWORDS

material. Here, we investigate the photopolymerisation-induced phase separation in this compo-  pp,polymerisation; phase
site material. Depending on the mass ratios between the polymer and the liquid crystal, the separation; morphology;
phase separation can be well controlled and subsequently affect the morphological and electro- electro-optical properties
optical properties. At a fixed ratio, we can realise either phase-separated composite films or

conventional polymer-dispersed liquid crystal films with completely different optical properties.

By carefully controlling the exposure conditions, the morphologies and electro-optical properties

have been studied and optimised in details. With in-depth studies and optimisation, the photo-

polymerisation-induced phase separation technique could be utilised to realise many different

optical functions based on the polymer/liquid-crystal composite materials.

Great morphological changes demonstrated by the NOA65/E7 samples that were fabrlcated at
different temperatures of (@) 30°C, (b) 35°C, (c) 40°C, (d) 45°C, and (e) 50°C with the fixed exposure
intensity of 10 mW/cm?. (f) Cross- sectlonal view of the corresponding sample (e).

1. Introduction separation [24]. Polymerisation-induced phase separation
can be achieved by thermal polymerisation, electron beam
polymerisation, or photopolymerisation [25-27]. Among
them, photopolymerisation-induced phase separation
(PIPS) stands out with many advantages including easy
control, high resolution, cost-effectiveness. Meanwhile, it
is also convenient to study the dynamic evolution of the
fabrication process so as to analyze the internal relationship
between fabrication conditions and optical performance of
the sample [28,29]. With well-controlled phase separation
between the LC and the polymer, one can achieve various
phase-separated structures for different applications, such

The polymer/liquid-crystal (LC) composite materials have
been extensively studied for their many potential applica-
tions [1-7]. Various optical devices based on this compo-
site material have been proposed and realised [4,8-16]. Up
to date, researchers have tried different approaches to
achieve the well phase-separated polymer and LC domains.
The phase separation approaches mainly include solvent-
induced phase separation [17], polymerisation-induced
phase separation [18-20], temperature-induced phase
separation  [21-23],  Fringing-field-induced  phase
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as polymer-dispersed liquid crystal (PDLC) [30], polymer-
stabilised liquid crystal (PSLC) [31,32], phase-separated
composite films (PSCOF) [33]. With a photomask, one
can even design and achieve much more complex phase-
separated structures with different optical functions like
light valve, light steering, and phase condenser [34,35].
With advantageous features of cost-effective fabrication,
easy integration, and stimuli-responsive tunability, the
PIPS-enabled optical devices based on the polymer/LC
composite materials could play an important role in future
development of active photonic devices.

The PDLC and PSCOF structures are essentially
fabricated based on similar composite materials but
their optical functions are quite different. For the
PDLC structure [36-46], LCs exist in the format of
droplets inside the polymer matrix. Upon light inci-
dence, these LC droplets will strongly scatter the
incoming light due to the index mismatch between
the LC droplets and the polymer, resulting in an opa-
que state. Once an external stimulus is applied, the LC
molecules in each droplet will realign along the field
direction and then meet the index match condition,
leading to a transparent state. While for the PSCOF
structure [47-49], the polymer and the LCs are sepa-
rated into two adjacent uniform layers. The configura-
tion of the optic axis in the LC layer can be pretreated
with an alignment layer on the substrate closest to the
LC layer. The working mechanism of PSCOF devices
relies on the direction changes of the optic axis under
an external electric field, as in conventional LCDs.

From the aforementioned discussion, the morpho-
logical and electro-optical properties of the PDLC and
PSCOF structures are highly dependent on the phase
separation of the polymer/LC composite material.
While the PDLC and PSCOF structures have been
extensively studied, respectively, little effort has been
put to investigate the phase separation using the same
composite material. In this work, we investigate the
morphological and electric-optical properties of PIPS-
fabricated samples based on the polymer/LC compo-
site material. Depending on the mass ratios between
the polymer and the LC, the phase separation can be
well controlled and subsequently affect the morpho-
logical and electro-optical properties. At certain
ratios, we can realise either PSCOF or PDLC films
with completely different optical performance. By
carefully controlling the exposure conditions, such as
exposure intensity and temperature, the morphologies
and electro-optical properties have been studied and
optimised in details. With in-depth studies and opti-
misation, the PIPS technique could be utilised to
realise many different optical functions based on the
polymer/LC composite materials.
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2. Experimental
2.1. Materials

In our experiments, the polymer/LC composite mate-
rial used consists of a nematic LC, E7 (Jiangsu Hecheng
Display Co., Ltd.) and an optical adhesive, NOA 65
(Norland Products, Inc.). The LC E7 is a mixed mate-
rial with 51% 5CB, 25% 7CB, 16% 80CB, 8% 5CT. It
has a clearing point of 59.6°C and a high anisotropy
with its ordinary and extraordinary refractive indices of
n, = 1.517 and n. = 1.741, respectively, at the wave-
length of 589 nm and the temperature of 20°C. The
NOA65 is a mixture of trimethylolpropane diallyl
ether, trimethylolpropane tris thiol, isophorone diiso-
cyanate ester and a benzophenone photoinitiator [50].
Its refractive index is 1.524, which matches well with n,
of E7. All these materials were used without any further
purification.

2.2. Sample preparation

E7 and NOAG65 were mixed together at 60°C and stirred
at 500 rpm/min for 2 h. In the NOA65/E7 composite
material, the mass ratio of E7 was gradually varied from
30 wt% to 60 wt% with the step size of 10 wt%. The
mixed syrup was then injected a LC cell using the
capillary action at room temperature (25°C). The LC
cell was assembled using two pieces of indium-tin-
oxide (ITO) glass substrates with the thickness of ~20
pum. A UV light beam from an Ar™ laser operating at 363
nm (Innova 306C, Coherent, USA) was used to irradiate
the samples for 1 min with different exposure intensities.
The exposure temperature was also controlled to vary
from room temperature to 60°C with the heating rate of
5°C/min using a temperature controller (mK2000,
Instec, Inc. USA).

2.3. Characterisation

The morphologies of the PDLC and PSCOF samples were
characterised using the field emission scanning electron
microscopy (FESEM) (GeminiSEM 300-71-10, Zeiss,
Germany) and the polarizing optical microscope (POM)
(Nikon ‘pi’, Japan). The electro-optical properties were
measured by a LC electro-optic complex tester equipped
with a white light source (ZKY-LCDEO-2, Chengdu
Shijizhongke Equipment Co., Ltd.). The samples were
driven by a square wave voltage with a frequency of 1
KHz, which was generated by a signal function generator
(DG4102, Rigol, China) followed by 50x magnification
using a power amplifier (PZD350A, Trek, USA). The
response time was measured using an oscilloscope
(DP0O2024, Tektronix, USA).
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3. Results and discussion

For the NOAG65/E7 composite material, upon UV
light exposure, the photoinitiator inside the NOA65
will produce free radicals that further induce the
monomer to polymerise and then form crosslinking
polymer matrix. Meanwhile, the LC molecules will
start to nucleate and then grow into the droplets
due to the photopolymerisation-induced diffusion
and counter-diffusion. Thus, it is straightforward
that the photopolymerisation process is highly
dependent on the exposure conditions. We studied
and compared the effect of exposure intensity and
temperature on the size of LC droplets inside
PDLC films. Figure 1 shows the typical morpholo-
gies of PDLC samples fabricated at different inten-
sities with the NOA65 and E7 mass ratio of 1:1. It
is worth noting that the morphologies (Figure 1(a-
c)) are observed under FESEM with the LC cell de-
capped and the LCs washed away by ethyl alcohol.
Judging from the holes that are originally occupied
by the LC droplets, the size of the LC droplets can
be statistically estimated, as shown in Figure 1(d-f).
We can see that with the exposure intensity
increased from 10 mW/cm® to 20 mW/cm?, the
size of LC droplets decreases dramatically from
0.89 pm to 0.32 pum. This can be well explained
by the fact that the higher the exposure intensity,
the faster the polymerisation rate. As known, the
morphology of PDLC can be affected by many
factors, such as the polymerisation rate, the diffu-
sion rate, monomer ratio, and so on [51]. The

polymerisation rate is greatly dependent on the
intensity of the exposure light [52]. Therefore, the
high exposure intensity will result in the rapid
polymerisation locally, hence leaving the LC mole-
cules insufficient time and limited room to grow
into a big droplet. In contrast, the low exposure
intensity causes the slow polymerisation so that the
LC molecules get enough time and room to grow
into a big droplet. Therefore, macroscopically, the
rate of the photopolymerisation-induced diffusion
and counter-diffusion plays a critical role on the
formation of the morphology in the polymer/LC
composite materials.

As known, the diffusion rate of the LC has
a strong dependence on its viscosity, which is
further highly temperature-dependent. Hence, we
further investigated the temperature effect on the
morphological properties. Figure 2 shows the typi-
cal morphologies of the fabricated samples under
the exposure temperatures varying from 30°C to
50°C with the step size of 5°C at the exposure
intensity of 10 mW/cm®. We can clearly see from
Figure 2(a,b) that the size of the LC droplets
decreases as the exposure temperature increases,
which is mainly caused the increase of the diffusion
rate of LC and polymer. With the further increase
of the exposure temperature, we can see that there
are no obvious LC droplets formed in the polymer
matrix. Interestingly, a much smooth polymeric
surface is formed when the temperature is larger
than 40°C (see Figure 2(c-e)). This indicates that
the polymer and the LCs may form completely
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Figure 1. (Colour online) Typical morphologies (a—c) and corresponding histograms (d—f) of the LC droplet size distribution in the
0

polymer matrix for the fabricated PDLC samples with the exposure intensities of (a, d) 1

temperature, respectively.
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Figure 2. Morphologies of NOA65/E7 samples fabricated at the temperature of (a) 30°C, (b) 35°C, (c) 40°C, (d) 45°C, and (e) 50°C
with the fixed exposure intensity of 10 mW/cm? (f) Cross-sectional view of the corresponding sample (e).

separated layers via the phase separation (i.e.
PSCOF). To confirm this, we therefore checked
the cross-sectional morphology of the sample.
Figure 2(f) shows the cross-sectional view of the
corresponding sample fabricated at the exposure
temperature of 50°C. It is obvious that separated
adjacent polymer layer (bright region) and LC layer
(dark region) are formed inside the LC cell. The
thicknesses of the polymer and LC layers are mea-
sured to be 14 and 6 um, respectively. It is well
known that as the exposure temperature increases,
the viscosities of both the polymer and the LC
decrease, resulting in high molecular mobility.
Along the direction of the cell thickness, due to
the absorption of the NOA65/E7 composite mate-
rial, an intensity gradient of the UV exposure light
will be created from one side nearest (the top of
the LC cell) to the incoming light to the other side
farthest (the bottom of the LC cell). As a result,
NOA 65 will firstly undergo polymerisation at the
top of the cell. The bottom NOA65 will diffuse
towards the top and the LCs will be expelled into
the bottom of the cell. With deliberate exposure
conditions, long enough UV exposure eventually
consumes all the NOA65 monomers and causes
LCs to move out of the polymerised volume [53].
Finally, a PSCOF structure inside the LC cell is
formed. The texture of the formed PSCOF structure
was further checked under the POM, as shown in
Figure 3. Completely different from the PDLC
structure, a locally-aligned domain texture can be
observed, which is mainly caused by the volume
driving force generated during the temperature
quench after removing the sample from the hot

stage according to the Allen-Cahn theory [54,55].
Alternate bright and dark regions are demonstrated
by rotating the PSCOF sample counterclockwisely
with the rotation step size of 60°, confirming the
multi-domain textures inside the PSCOF. It is
worth noting that with a proper pretreatment of
the cell, a uniformly aligned LC layer could be
achieved in the PSCOF structure.

The above experimental results show that the rate of
phase separation can be deliberately controlled to
achieve the completely different morphologies in the
NOAG65/E7 composite material system. It is also
expected that the phase-separated structures will pos-
sess morphology-dependent electro-optical properties.
Figure 4(a) shows the normalised optical transmittance
versus the applied voltage for the samples fabricated at
the exposure intensity of 10, 15, and 20 mW/cm?,
respectively. From the electro-optical curves, we can
achieve the threshold (Vy,) and switching (V) voltages,
which define as the applied voltages making the trans-
mittance reach 10% and 90%, respectively. As reported
previously [40], the threshold (Vy,) and switching (V)
voltages can be written as

d() 03 K(lz — 1) 172
Vin o 3a <0—1 + 2) |:7A8 (1)
2 1/2
Vs do [4mK(l 1) 2
3a Ae

where d is the sample thickness, I = a/b is the aspect
ratio of the LC droplet with a and b being the
lengths of the semi-major and semi-minor axes of
the droplet, o; and o, are the conductivity of
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Figure 3. (Colour online) A group of POM images (a—f) of the PSCOF sample taken by rotating the sample counterclockwisely with
the rotation step size of 60°. The inset in (a) labels the crossed polarisation directions given by the polarizer (P) and analyzer (A).
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Figure 4. (Colour online) Electro-optical properties of three PDLC samples fabricated at room temperature with the exposure
intensity of 10, 15, and 20 mW/cm?, respectively. (a) Normalised transmittance versus the applied voltages; (b) Threshold and
switching voltages versus the exposure intensities; () Measured response time at the switching voltage; (d) Measured CR at
different exposure intensities. All the data were achieved at room temperature.

polymer and LC, respectively, K is the deformation
constant, Ae is the anisotropy in the dielectric con-
stant. From Equations (1) and (2), low threshold and
switching voltages can be achieved for PDLC films

with large LC droplets. It can

be also derived that the

slope of the switching voltage is steeper than that of

the threshold voltage, as shown in Figure 4(b). The
response time can be described as
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where y; is the rotational viscosity coefficient. When
the applied voltage is large, Equation (3) can be re-
written as:

)}1 (4)

2
_ _h-a

Figure 4(c) shows the measured response time that
is summarised in Table 1. Note that the response time
is the sum of the rise and fall time. From Equations. (4)
and (5), the rise time is inversely proportional to the
square of the applied electric field (i.e. the switching
voltage), while the fall time is proportional to the size
of the LC droplets. As we can see from Figure 1, the
size of the LC droplets decreases as the exposure inten-
sity increases. Experimentally measured results from
Figure 4 and Table 1 show that both the rise and the
fall time decreases due to the increased switching vol-
tage and the reduced size of the LC droplets, respec-
tively, resulting in total decrease of the response time.

Contrast ratio (CR) is another important parameter
for PDLC that is defined as
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Table 1. The response time of different irradiation intensity.

Intensity Rise time Fall time Response time
(mW/cm?) (ms) (ms) (ms)
10 10.84 16.47 27.31
15 7.19 10.63 17.82
20 3.45 5.92 9.37
T,
CR = ™= (6)
Tmin

where Tp.x and Tp,;, are the highest and lowest trans-
mittance of the PDLC film before and after applying
the driving voltage. For the NOAG65/E7 composite
material, with the exposure intensity increasing from
10 to 20 mW/cm?, the LC droplets become small gra-
dually, leading to weak scattering and high transmit-
tance. As a result, CR decreases gradually from 12.26 to
8.07, as shown in Figure 4(d).

Figure 5 shows the electro-optical measurement
of the samples fabricated at different exposure tem-
peratures. From Figure 5(a), we can see that as the
temperature increases from 25°C to 45°C, the trans-
mission curves have a gradual right-shift, indicating
increased threshold and switching voltages, as
shown in Figure 5(b). This can be ascribed to the
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reduced size of the LC droplets, as shown in Figure
2. Astonishingly, when the exposure temperature
rises to 50°C, the transmission curve shifts back to
the left, showing a greatly reduced threshold vol-
tage. This is caused by the structural change from
PDLC to PSCOF. In PSCOF, the LCs exist in
layered bulk state instead of droplet form. Figure 5
(c) shows the measured response time that is sum-
marised in Table 2. We can see that as the tempera-
ture increases from RT to 40°C, the size of the LC
droplets decreases, and the response time including
both the rise and fall time will decrease due to the
high surface-to-volume ratio. When the structure
transforms from PDLC to PSCOF above 45°C, the
layered bulk LC demonstrates response time at least

Table 2. The measured response time of the samples fabricated
at different exposure temperatures with the same exposure
intensity of 10 mW/cm?

one order magnitude slower than PDLC case. It is
worth mentioning that we did not measure the
response time for the case at the temperature of
50°C as the optical transmittance does not change
much upon applying a voltage. Figure 5(d) shows
the measured contrast ratios of the different sam-
ples. For the PDLC structure, the contrast ratio
decreases dramatically from ~11 to ~3 as the dro-
plet size decreases. For the PSCOF structure, since
the optical transmittance does not change much
before and after applying a voltage, leading to
a low contrast ratio of only ~1, as shown in
Figure 5(d).

We further investigated the effect of the LC concentra-
tion in the mixture solution of NOA65 and E7 on the
PSCOF formation, and found that PSCOF structure can
be obtained by adjusting the exposure temperature when
the LC concentration is in the range of 30-60 wt%, as
shown in Figure 6(a). The transition temperature from
PDLC to PSCOF increases with the increase of the LC
concentration. This could be mainly ascribed to the
decreased viscosity of the composite material caused by
the increased exposure temperature. Figure 6(a) provides
an empirical boundary in terms of the LC concentrations
and exposure temperatures to achieve the PDLC and
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PSCOF, respectively. With a relatively low exposure
intensity, the phase separation of the polymer and the
LCs could reach a deliberate equilibrium, forming
a bilayer PSCOF structure. With this empirical boundary,
we have fabricated four typical PSCOF samples with
different LC concentrations and exposure temperatures
and then measured their corresponding electro-optical
properties, as shown in Figure 6(b,c). Figure 6(b) shows
the normalised transmittance as a function of the applied
voltages of the PSCOF samples. As the LC concentration
increases from 30 to 60 wt%, the transmission curves
show a left-shift, indicating decreased threshold and
switching voltages. Figure 6(c) shows the measured
response time correspondingly. The response times for
all samples are about few hundred milliseconds, showing
similar response as the bulk LCs.

4. Conclusion

In summary, we have investigated morphological and
electro-optical properties via the PIPS technique in the
NOAG65/E7 composite material. At certain mass ratios,
we have achieved both PDLC and PSCOF structures
with completely different electro-optical properties. For
PDLC, the exposure intensity has a strong effect on the
morphological and electro-optical properties. As the
exposure intensity increases, the LC droplets decrease,
resulting in fast response time, high threshold and
switching voltages, and low CR, and vice versa. While
for PSCOF, the exposure temperature plays a critical
role. The high temperature causes the reduced viscos-
ities of both the polymer and the LC, resulting in high
molecular mobility. With deliberate exposure condi-
tions, the phase separation can be well controlled and
subsequently affect the morphological and electro-opti-
cal properties. With in-depth studies and optimisation,
the PIPS technique could be utilised to realise many
different optical functions based on the polymer/LC
composite materials.
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