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Abstract : Methods to control the polymer network structure were investigated for the polymer/liquid
crystal composite films prepared by a solvent cast from a homogeneous solution. The polymer network
structure was controlled via the intermolecular interaction between matrix polymer and solvent.
Composite film prepared from a mixed solution including a small amount of non-solvent for the matrix

polymer gave polymer

network structure without

fine fibrils evidenced from morphological

observations by scanning electron microscopy (SEM). The control mechanism of the polymer network
structure for the composite film has been studied by evaluating the time-resolved light transmittance
and light scattering patterns during film formation. The morphology of the polymer network in the
composite film was strongly related to the mutual solubility of solvent and matrix polymer. The electro-
optical properties of the composite films directly depended on the morphology of the polymer network.
The formation of the phase-separated structure consisting of large LC channels and three-dimensional
polymer network structure without fine fibrils was suitable to achieve an electro-optical switching
driven by a low electric voltage in the composite film.

Introduction

The conception of the novel composite mate-
rials with the unconventional combination of a
polymer and a low molecular weight liquid crystal
{LC) burgeoned in the end of 1970s in order
to apply unique characteristics of LC as a self-
supported flexible film."! Preparation methods,
aggregation structure and the physical properties
of the composite film consisting of polymer and
LC have been extensively studied.*” Recently, the
composite films have attracted much attention
because of their potentially promising applications,
for examples, for large-scale displays, switchable

windows and light shutters in projection systems.’**
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The composite film can be switched between the
light scattering state and the light transmitting
one upon removal and application of an electric
field, respectively. The light scattering and trans-
mitting states result from the macroscopic random
orientation and unidirectional one, respectively, of
LC directors embedded in the three dimensional
polymer networks. Since the LC possesses a
large birefringence, the spatial distortion of LC
directors on the order of sub-mm induced by the
complicated polymer network formations is par-
ticularly supposed to be an important origin for
the light scattering in addition to the mismatch of
refractive indices between polymer and LC.*
Since the transparent state is realized on the basis
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of light scattering without any polarizers being
used, a bright display is expected. Other advan-
tages of the composite films might arise from
wide viewing angle, fast response and the
absence of surface treatment. Thus, the electro-
optical properties depend on various factors such
as the size of LC domains in the polymer matrix,*"’
the electric properties of polymer and LC,"®*® and
also, the interfacial interaction between poly-
mer and LC.** Various preparation methods of
the composite films have been reported, that is,
emulsification method,” polymerization method,*
and solvent cast method.'** The size and uni-
formity of LC channels or domains in the
polymer matrices are generally resolved by both
thermodynamics and kinetics of phase separation
during the preparation processes. When the
matrix polymer and LC are dissolved in a
common solvent, a large-area composite film can
be prepared through a simple procedure such as
bar coating, spin coating and offset printing. The
composite films prepared by a solvent -cast
method are formed from an initially homogenous
state via a phase separation process. The phase
separation of polymer and LC was studied by
several researchers and the phase separation
behavior could be explained on the basis of the
spinodal decomposition mechanism.'”** The
Chan's theory was commonly used to understand
the control mechanism of phase separation which
was induced by the spinodal decomposition.?2
When the solvent evaporation rate is low, ap-
preciable phase separation might occur at fairly
low concentration, resulting in a longer periodic
distance A. due to the concentration fluctuation.
On the order hand, when the rate of evaporation
is high, appreciable phase separation is expected
at a higher concentration, resulting in a shorter
periodic distance A.. However, this method is not
effective to control the polymer network structure
in the polymer matrix and there still remain
uncontrollable problems in the composite film
preparation by the solvent cast method.

In this paper, dominant factors that control the
aggregated structure and electro-optical prop-
erties were presented for the composite films
prepared by a solvent cast method from a homo-
geneous solution. Also, a change of transmitted
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light intensity and light scattering patterns of the
composite films during solvent evaporation have
been investigated to understand the control me-
chanism affecting the phase-separated structure,
and a possible mechanism has been discussed
based on the intermolecular interaction between
matrix polymer and solvent. Furthermore, the
relationships between polymer network structure
and electro-optical switching properties of the
composite films have been investigated.

Experimental

Materials and Preparation of Composite
Film. The chemical structures and the physico-
chemical properties of polymer and LC are given
in Figure 1. Poly(diisopropyl fumarate) (Pdi-iPF)
supplied by Nippon Oil & Fats Co., Ltd. was
used as the matrix for the polymer/LC com-
posite system. The LC employed in this study
was E8 (BDH), which was a nematic mixture of
several cyano-pheny! type LCs with a positive
dielectric anisotropy.

Polymer
Poly(diisopropylfumarate)(Pdi-iPF)
CHy
0= C‘-O—(F~ H

| CHs
—{—cn +
GHs (]:H X
H-C-0-C-0
CH3

Tg=500 K(decomposition), n=1.464
Mw=2.49X 105, Mw/Mn=2.24

Liquid crystal
E8(Nematic mixture)
k-15  Nc<O~O)-Cshy, 45%
M9 Nc<{O~O)-0cyn, 16%
'M—ls NCOCSHU 12%
m-2 Ne-QO-Or-ocsny; 16
T15  Ne-O~O~O-ch,, 1%

Tew=261K, Tw=345K, ni1=1.774, n,=1.527,
An=0.247, € 1=21.3, £.=5.7, A £ =15.6

Figure 1. Chemical structures and physico-chemical prop-
erties of the matrix polymer and LC for the composite film.
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In the preparation of the composite films, Pdi-
iPF and E8 were dissolved in solvent such as
chloroform, toluene, and the mixed solvent of
ethylmethylketone or toluene with chloroform.
These solvents are good-solvents for the matrix
Pdi-iPF and E8. Mixed solvent of hexane with
chloroform is also used where hexane is a poor-
solvent for the matrix Pdi-iPF. Furthermore,
mixture of solvent and a small amount of non-
solvent for the polymer such as methanol,
ethanol or cyclohexane were used to control the
polymer network structure for the composite film.
The weight ratio of Pdi-iPF/E8 was 20/80 and
the initial concentration of polymer and LC was
about 14 wt%. The solutions were bar-coated on
an indium tin oxide (ITO)-coated poly(ethylene
terephthalate) (PET) film with a doctor-blade.
The solvent was evaporated at the natural rate
under the atmospheric pressure and room tem-
perature. The thickness of the composite films
was controlled to be about 8~10 pm. The film
specimens were dried at room temperature in
vacuo for 72 hr.

Scanning Electron Microscopic(SEM) Obser-
vation. The phase-separated structure of the
composite films was investigated by means of the
scanning electron microscope (SEM, Hitachi S-
2150). For the SEM observation, the composite
film was fractured in liquid nitrogen and the L.C
molecules were extracted with methanol at room
temperature. The film and fracture surfaces were
coated with gold for the SEM observation.

Light Transmittance and Light Scattering
Measurement. The light scattering and light
transmittance properties during the formation
process of the composite films were studied using
a He-Ne gas laser (wavelength: 632.8 nm) as an
incident light beam. The transmitted light
intensity changes in each casting solution during
the film formation process were measured with a
photodiode which was positioned in the direction
of incident beam, and was monitored with a
digital storage oscilloscope (Kawasaki KDS-102),
and recorded with a personal computer. Also, the
changes in light scattering pattern during the
formation process of the composite film were
studied using a He-Ne gas laser as an incident
light beam through the casting solution. The
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Figure 2. Schematic diagram of the measuring system for
electro-optical properties of the composite film.

scattered light projected onto a screen was
recorded by a TV camera system composed of a
CCD camera and a video tape recorder (VTR).
The periodic distance of concentration fluctuation
during the film forming process was evaluated on
the basis of the light scattering patterns.

Electro-Optical Measurement. In order to
evaluate the electro-optical properties of the
composite films, changes in light scattering and
light transmittance upon the application of an a.c.
electric field were studied by an experimental
setup as shown in Figure 2. The composite films
were sandwiched between two ITO-coated sub-
strates. A He-Ne gas laser was used as an
incident light source. A rectangular-wave with a
frequency of 1 kHz produced by a function
generator was amplified by a power amplifier to
drive the sample cell. The measurement of the
transmitted light intensity through the composite
films without any polarizers was carried out with
a photodiode under the modulation of an a.c.
electric field. The transmitted light intensity
through the sample cell was normalized by the
intensity of the incident light through a blank cell.
The transient changes in the transmitted light
intensity upon the application and the removal of
an a.c. electric field were monitored with a digital
storage oscilloscope and recorded with a personal
computer. The distance between sample cell and
photodiode was 305 mm and the sensing area of
the photodiode was 6.6 mm®

Results and Discussion

Solvent Dependence of Polymer Network
Structure of (Polymer/LC) Composite Film.
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Figure 3. SEM photographs of the matrix Pdi-iPFs which were prepared from a mixed solution of {(a) Pdi-iPF/E8/chloroform,
(b) Pdi-iPF/E8/chloroform/ethylmethylketone, (c) Pdi-iPF/E8/chloroform/toluene, and (d) Pdi-iPF/E8/toluene, respectively.

Figure 3 shows the SEM photographs of the
matrix Pdi-iPFs which have been cast from
various types mixed solutions viz. (Pdi-iPF/E8/
chloroform), (Pdi-iPF/E8/chloroform/ethylmethylke-
tone), {Pdi-iPF/E8/chloroform/toluene) and (Pdi-
iPF/E8/toluene). All of the solvents used above
are a good-solvent for both Pdi-iPF and E8. As
shown in Figure 4, the composite films were
also formed by casting from the Pdi-iPF/E8/
chloroform solution containing 20 wt% of hexane,
methanol, cyclohexane and ethanol, respectively.
Hexane is a poor-solvent for Pdi-iPF and a good-
solvent for E8. Also, methanol, cyclohexane and
ethanol are good solvents for E8 and non-
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solvents for Pdi-iPF. The wvapor pressure of
hexane and methanol is lower than that of
chloroform at 298 K. The E8 phase which has
been extracted in methanol should be embedded
in the dark holes in Figures 3 and 4. The bright
parts, on the other hand, might correspond to the
Pdi-iPF phase. All of the composite films
exhibited the phase-separated structure, in which
an entirely continuous E8 phase was embedded
in a three-dimensional Pdi-iPF network. When
toluene was added to chloroform as a casting
solvent, the channel size of E8 became larger.
This might be caused by a reduction in the
evaporation rate due to the lower vaporization

Korea Polym. J., Vol. 6, No. 5, 1998
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Figure 4. SEM photographs of the matrix Pdi-iPFs which were prepared from a mixed solution of (a) Pdi-iPF/E8/chloroform/
hexane, (b) Pdi-iPF/E8/chloroform/methanol, (c) Pdi-iPF/E8/chloroform/cyclohexane, and (d) Pdi-iPF/E8/chloroform/ethanol,

respectively.

rate of toluene as compared with chloroform.
However, addition of methanol or ethanol in a
casting solvent provided a dramatic increase in
channel size of E8 and thickness of fibrils
constructing the polymer network as shown in
Figures 4{b) and (d). Figures 4(b) and {(d) do not
show any fine fibrillar network structures
observed in Figures 3, 4(a) and (c). Therefore,
these results apparently indicate that when a non-
solvent to the matrix polymer is added to the
ternary solution Pdi-iPF/E8/choroform, the thick
polymer networks without fine fibrils were
formed. This result may not be explained by the
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difference in the evaporation rate of the casting
solvent. Such a fine network structure as shown
in Figures 3, 4{(a) and {(c) might be produced by
the further phase separation of Pdi-iPF from the
E8-rich phase after the formation of main phase
separation of Pdi-iPF-rich phase and E8-rich as
mentioned later.

Formation Process of Phase-Separated
Structure in (Polymer/LC) Composite System.
It has been reported that the size of LC channels
in the polymer matrix can be controlled by
regulating the solvent evaporation rate during the
preparation process of the composite film
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according to the Cahn's theory.”” That is, larger
LC channel is formed in the case of the slower
solvent evaporation rate. The solvent evapora-
tion rate during the formation process for the
composite film (F) and (H) as shown in Figure
4(b) and (d) should be similar to those of the
composite films (A), (B), (E) and (G) as
mentioned later. Hereupon, a fundamental
question might arise on why the polymer network

structure without fine fibrils was formed in the
composite films (F) and (H) as mentioned above.
In order to investigate the formation mechanism
and kinetics for the phase separation in the
composite films, time-resolved light transmittance
and light scattering studies were performed
during the solvent evaporation process of each

solution corresponding to the composite films (A),
(C), (D), (E) and (F).
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Figure 5. Time dependence of the transmitted light intensity during the formation process of the composite films (A), (C), (D),

(E), and (F), respectively.
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Figure 5 shows the time dependence of the
transmitted light intensity during the formation
processes of the composite films (A), (C), (D), (E)
and (F), respectively. The formation process for
the composite film could be roughly divided into
stages I, Il and [Il based on the magnitude of light
transmittance.” In stage I, no change of the
transmittance was observed, and then the light
transmittance decreased abruptly in stage II. At
the beginning of stage III, the light transmittance
decreased down to almost 0%. Here, to, t;n and
tum designate the start times of stage of I, Il and
11, respectively. It has been reported that the opti-
cally isotropic phases were separated in the
casting solution during stage II. Also, an optical
anisotropy was recognized in stage Il based on
the polarized optical analysis under crossed nicols
and this result clearly indicates that an optical
anisotropy of the LC-rich phase appeared in the
stage II.* The magnitudes of tt, for the
composite films (A), (C). (D), (E) and (F) were
about 19, 49, 105, 18 and 23, respectively. Also,
The magnitudes of tyut for the composite films
were about 20, 101, 125, 23 and 22,
respectively. These results apparently indicate
that the phase-separated
composite films (A), (E) and (F) were formed
under a similar solvent evaporation condition, but
the solvent evaporation rates of the composite
films (C) and (D) are lower than those of
composite films (A), (E) and (F). Therefore, it is
reasonable to conclude that the size of LC
channels and the polymer network structure are
strongly affected by intermolecular interaction, i.e.,
the difference of solubility between matrix
polymer and solvent as well as the solvent
evaporation rate. As shown in Figure 5{e), the
casting solution containing a small amount of
methanol was optically homogenous and did not
have any light scattering factor in stage I. This
means that the phase separation in the composite
film (F) shown in Figure 4(b), like the phase
separation in the composite film (A), was formed
apparently from a single phase solution, though
methanol is a non-solvent to Pdi-iPF. The phase
separation into Pdi-iPF-rich phase and the E8-
rich one became more obvious with the increase
in the casting solution concentration, because the

structures of the
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phase separation state was more stable in stage II.
This means that the E8-rich phase might take a
role as a poor-solvent to Pdi-iPF. The transmitted
light intensity for the composite film (F) rapidly
decreased in the first several seconds of stage Il
and started to increase again after about 7 s
from t;;. On the other hand, the light transmitted
intensity for the composite films (A), (C), (D) and
(E) decreased monotonously during stage 1. The
reduction of light transmittance with time in stage
II might be attributed to the generation of light
scattering bodies in the solution, that is, the
appearance of a periodic phase-separated
structure of the Pdi-iPF-rich phase and the E&-
rich one. Then, the appearance of light scattering
bodies in stage I made the difference between
refractive indices of the Pdi-iPF-rich phase and
the E8-rich one greater. Since the light scattering
intensity in the composite film (F) was much
higher than those of the composite films (A), (C),
(D) and (E), it is reasonable to consider that the
difference between refractive indices of the Pdi-
iPF-rich phase and the E8-rich one in the casting
solution might be much larger for the composite
film (F) than those of the composite films (A), (C),
(D) and (E). Also, the increase of light scattering
intensity with elapsed time should mean that the
growth rate for the amplitude of concentration
fluctuation rapidly increases. As discussed above,
these results apparently indicate that the
inclusion of Pdi-iPF in E8-rich phase and E8 in
the Pdi-iPF-rich one, respectively, during the
formation process of the composite film (F) was
lower than those of the composite films (A), (C),
(D) and (E).

Next, the magnitude of A, of each casting
solution at the initial stage of phase separation in
stage Il was qualitatively investigated on the basis
of the time dependence of the light scattering
patterns. Figure 6 shows the time dependence of
the periodic distance of concentration fluctuation
A, in stage II during the formation process of the
composite films (A), {C) and (F). The magnitude
of A, of each composite film increased with
elapsed time, suggestive of domain growth
dominated by the concentration fluctuation. Also,
the final magnitude of A, in stage I of the
composite film (F) was longer than those of the
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Figure 6. Time dependence of the periodic distance of con-
centration fluctuation A, during the formation process of
the composite films (A), (C), and (F).

composite films (A) and {C). This result
apparently indicates that when the magnitude of
Pdi-iPF included in the E8-rich phase at the
initial stage of phase separation decreased, the
longer A. was generated during the formation
process of the composite film. However, the
amount of Pdi-iPF existing in the E8-rich phase
at the initial stage of phase separation greatly
affected the growth rate for the amplitude of
concentration fluctuation, and then, the longer A,
at the latter stage of spinodal decomposition was
generated by the higher growth for the amplitude
of concentration fluctuation. In the case of the
composite films (A) and (C) prepared by use of
only the good-solvent to the matrix Pdi-iPF and E
8, a large fraction of Pdi-iPF might be included in
the E8-rich phase as mentioned above, because a
sufficient amount of good-solvent to Pdi-iPF was
still left in the E8-rich phase at the initial stage of
II. Then, the Pdi-iPF could form a fine fibrillar
network in the final state, resulting in an irregular
phase-separated structure of the composite films
(A) and (C) as shown in Figures 3(a) and (c).
Therefore, it is reasonable to consider that the size
of LC channels and the polymer network struc
ture in the composite film strongly depend on the
polymer existing, dissolved in the E8-rich phase at
the initial stage of phase separation.
Electro-Optical Switching of (Polymer/LC)
Composite Films. Figure 7 shows the applied
voltage dependence of the light transmittance for
the composite films (A), (C) and (F) upon the
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for the composite films (A), (C), and (F), respectively, at
1 kHz and 298 K.

application of a 1 kHz rectangular-wave field at
298 K. In the case of the composite film (F), the
driving voltage of the electro-optical switching,
which is defined as the applied voltage to achieve
the saturated light transmittance, decreased remar-
kably, where the saturated light transmittance
was 89%, and also, the magnitude of Vs showed
16 V... The magnitude of Vo is defined as the
applied voltages at the 90% transmittance of
To-Tmm where T, and T.. are the saturated light
transmittance upon application of an electric field
and the light transmittance in an electric field-off
state, respectively. The electro-optical properties
of the composite films shown in Figure 7 clearly
indicate that the magnitude of Vs is strongly
dependent on the size of LC channels and the
polymer network structure. Electric field affect
LC in various ways to include, that is, (1) the
electric properties of polymer and LC such as the
dielectric constant and the conductivity, (2) the
elastic modulus of nematic directors, (3) the
dielectric torque or viscosity induced by the
dielectric anisotropy of LC and (4) the anchoring
of LC molecules on the polymer wall.

It is apparent that the factors (1) and (2) may
not be important to the electro-optical charac-
teristics of composite films, because polymer and
LC used in this study were common to all of the
composite films. Also, the factor (3) should be
similar between the composite films, if the polymer
and the LC are completely phase-separated. The
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factor (4) viz. the anchoring resists to the LC
molecular reorientation along the direction of an
applied electric field. It is well known that when
an equal magnitude of an electric field is applied
to the composite film, the value of coherence
length & affected by the anchoring of LC to the
polymer wall or networks is strongly dependent
on the original properties of the polymer and the
LC such as the dielectric constant and the elastic
constant.”?® Namely, the value of coherence
length is essentially dependent on the magnitude
of an electric field for the same type of polymer
and LC between two composite films. The
coherence length is in the order of a micron and
increases with a decrease of an electric field. It
seems reasonable to consider that when the size
of polymer network, viz., the dimension of LC
channels was much greater than the magnitude
of coherence length, the fraction of oriented LC
molecules upon application of an electric field
was increased as shown in Figure 8, because the
LC molecules away from the polymer wall could
reorient along the direction of an applied electric
field. In other words, the fraction of the LC
molecules strongly anchored by the polymer wall
is small for large LC channels and network
structure without fine fibrils. LC molecular
reorientation behavior could also be detected
optically as a light transmittance change upon

1. In the case of composite film(A)
Smaller LC d

e |ﬁ\ff0{‘0\\fl&||0&xf&ﬂ}o\;f;l& L
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Figure 8. Hypothetical diagram for the polymer network
structure dependence of the value of coherence length £.
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application of a low driving voltage. Therefore, it
is reasonable to conclude from a remarkable
decrease of Vg for the composite film (F) that the
fraction of oriented LC molecules along the
direction of an applied electric field in the
composite film (F) is much larger than those of
the composite films (A) and (C) upon applica-
tion of a low driving voltage as shown in Figure 8.

Conclusions

The phase-separated structure for the composite
film prepared by solvent casting method could
be controlled on the basis of intermolecular
interactions between matrix polymer and solvent.
The phase-separated structures of the composite
film were investigated by means of the SEM
observation. When the composite film was
prepared from a casting solution in which a non-
solvent for the matrix polymer was added, thick
networks without fine fibrils were formed. The
control mechanism of the polymer network struc-
ture for the composite film could be studied by
evaluating the time-resolved light transmittance
and light scattering patterns during film formation.
The morphology of the polymer network in the
composite film was strongly related to the mutual
solubility of matrix polymer and solvent. The
results of the electro-optical properties of the
composite films could be explained by the
effective anchoring strength at the interface of
polymer and LC which depends on the effective
interfacial area. In order to achieve the composite
film which gives an electro-optical switching
driven by a low electric voltage, the phase-
separated structure consisting of large LC channels
and the polymer network structure without fine
fibrils is required.
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