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SYNOPSIS 

Effects of copolymer composition on morphology and electrooptical properties of polymer / 
liquid crystal (LC) (40/60 w/w) composite films were studied with styrene-co-acrylonitrile 
(SAN) of varying acrylonitrile (AN)  content (6.3-35 wt % )  and a cyanobiphenyl-type 
liquid crystal (E8). The dimension of the LC domain in the composite film decreased with 
increase of AN content of SAN up to 30 and increased at 35 wt %. The contact angle of 
the film with an LC drop showed a similar trend; however, its minimum was obtained at 
24% AN. Threshold voltage ( Vth) and rise time ( T ~ )  increased, and decay time ( T ~ )  decreased 
with AN content up to 30%, and the tendency is reversed at 35%. The results were inter- 
preted in terms of, possibly, a solubility parameter matching between SAN and LC. 0 1993 
John Wiley & Sons, Inc. 

INTRODUCTION 

Liquid crystals ( LCs ) have generated considerable 
interest in regard to use in information displays, 
where a controllable response of the LC to an applied 
voltage is made use of.' In such a device, LC is sand- 
wiched between conducting glass plates, and this 
poses restrictions on the device geometry and fab- 
rication of a large-area display.'-3 

Polymer/ LC composite films have recently been 
introduced in electrooptical  application^.^-" Such 
composite film is self-supported with mechanical 
durability and flexibility and with freedom of its ge- 
ometry for fabrication, especially suitable for large- 
area  display^.'^-'^ Advantages of the composite film 
over the T N  type are well documented in the liter- 
a t ~ r e . ~  A number of amorphous polymers have been 
adopted. However, to the knowledge of the present 
authors, a detailed report on the effect of copolymer 
composition cannot be found. 

This paper describes the use of styrene- co-acry- 
lonitrile (SAN) as a polymer matrix in polymer/ 
LC composite film for optical display. The inter- 
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actions between polymer and LC molecules should 
depend on the copolymer composition. SAN of 
varying acrylonitrile (AN ) content (6.3-35 wt 96 ) , 
and a nematic-type liquid crystal (E8) with a pos- 
itive dielectric anisotropy were used to prepare the 
film by solvent casting in chloroform. The effect of 
copolymer composition on morphology and the 
electrooptical properties of the composite film were 
studied. 

EXPERIMENTAL 

Basic molecular parameters of SAN are given in 
Table I. E8 is a mixture of nematic liquid crystal 
( cyanobiphenyl derivatives, BDH Chemical) with 
T K N  = 261 K (crystal-to-nematic transition tem- 
perature), T N I  = 345 K (nematic-to-isotropic tran- 
sition temperature ) , n, (extraordinary refractive 
index) = 1.774, no (ordinary refractive index) 
= 1.527, and 7 (viscosity) = 54 cPs at 298 K with 
positive dielectric anisotropy. The film was prepared 
by the solvent-induced phase separation (SIPS) 
method in chloroform at room temperat~re.~ The 
thickness of the film was 30 +. 0.5 pm. To study the 
morphology of the film, LC domains were first ex- 
tracted in methanol for 10 h, and films were frac- 
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Table I 
in Composite Films 

Molecular Weight of SAN, Solubility Parameter of SAN and E8, and Major Domain Size of LC 

SAN 

AN Content (wt W )  E8 

6.3 11 14.7 24 30 35 E8-1" E8-2b 

Molecular weight 

Solubility 
(MW) 343,000 198,000 181,000 124,000 160,000 145,000 

parameter (6) 
( ~ a l / c m ~ ) ' ' ~  8.777 8.940 9.070 9.401 9.617 9.799 9.53-9.58 9.36-9.47 

Major domain 

Maker Dow Asahi Asahi Lucky Dow Hyosung BDH 
size (pm) 1.6 1.45 1.4 1.2 1.02 1.15 

R alkyl chain containing 1-12 carbon atoms. 

tured at liquid N2 temperature, followed by sputter- 
ing with gold before viewing under a scanning elec- 
tron microscopy (SEM, JEOL JSM-820). The 
average dimension of the LC domain was determined 
from the SEM micrographs. For this, a few parallel 
straight lines were drawn on the micrographs, and 
holes on the lines were identified with their major 
dimension. Usually, 30 holes were measured on av- 
erage. 

For electrooptical measurements, the film, across 
which an electric field was applied, was first sand- 
wiched between two indium-tin oxide (ITO) -coated 
glass plates. A laser ( He-Ne, wavelength 632.8 nm) 
beam was incident normal to the film surface and 
the transmittance through the film was recorded us- 
ing a digital storage oscilloscope (Hitachi, VC-6023). 
The distance between cell and photodiode was 305 
mm. The contact angle of the film surface with water 
and E8 drops was measured using a contact angle 
meter (Erma) at  room temperature. 

RESULTS 
Film Morphology 

Figure 1 shows the SEM micrographs of the frac- 
tured surface of polymer/LC (40/60 w/w) com- 
posite film. It is seen that both SAN (white region) 
of spongelike network and LC domains (dark re- 
gion ) are continuous. The structural heterogeneity 
is a source of optical heterogeneity for the composite 

in the absence of an external field. It is seen that 
the LC domain becomes larger as the AN content 
of SAN increases up to 30% and becomes smaller 
at 35% AN. The number-average major dimension 
of the dispersed domains, measured from the SEM 
micrographs, is also given in Table I. Generally, in 
immiscible polymer blends and composites, reduc- 
tion of the dispersed domain occurs when the in- 
teractions between the two phases increase.l6-l8 

In the absence of an external field, the LC mol- 
ecule will adopt a configuration of minimum free 
energy of the LC domain, which is determined by 
the interaction at the polymer-LC interface." In 
most polymer/LC composite films, the optic axis of 
LC molecules varies randomly from domain to do- 
main in the absence of an external field. Upon ap- 
plying the electric field across the film, the LC mol- 
ecules will tend to align with their nematic director 
along the applied field (positive dielectric anisot- 
ropy). At this time, a much stronger external field 
should be applied when the polymer-LC interactions 
are strong. In this regard, it is expected that smaller 
LC domains would require a stronger electric field 
to orient the LC molecules along the field direction. 

Voltage Dependence of Transmittance and 
Response Times 

Transmittance as a function of voltage at 1 kHz is 
shown in Figure 2. It is clearly seen that the thresh- 
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( C )  ( f )  
Figure 1 SEM photographs of SAN/E8 (40/60, w / w )  composite film at different AN 
contents (wt % )  of SAN: (a )  AN 6.3; (b )  AN 11; ( c )  AN 14.7; (d)  AN 24; ( e )  AN 30; ( f )  
AN 35. 
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Figure 2 
300 K ) .  

Transmittance vs. applied voltage ( 1  kHz, 

old voltage (Vth), i.e., the voltage at which the 
transmittance becomes lo%, and the breadth of the 
threshold ( Vlo - Vg0) strongly depend on the com- 
position of the polymer matrix. vth is less than 10 
V,, for SAN containing 6.3% AN and it increases 
with AN content of SAN up to 30%, where a max- 
imum (> 130 V,,) is obtained. vth decreases below 
30 V,, at 35% AN. In polymer-dispersed LC, the 
threshold voltage is approximated by the following 
equation 20: 

d K(12 - 1) 1'2 

vth = k [ coAc ] 
where d is the film thickness, R, the droplet radius; 
K, the effective elastic constant; A&, the dielectric 
anisotropy; c0,  the vacuum dielectric constant; and 
1, the aspect ratio of the LC droplet (major dimen- 
sion/minor dimension). This equation states that 
Vth does not directly depend on the matrix charac- 
teristics. Instead, the effect of matrix, i.e., the in- 
teraction between the matrix and the LC, is intro- 
duced via the dispersed domain size [ R in eq. ( 1 ) 1.  
The dependence of Vth on AN content is opposite 
to the LC domain size and the present results qual- 
itatively agreed with eq. ( 1 ) . The variation of trans- 
mittance with voltage is due to the LC domain 
alignment along the electric field.21 As the domain 
size of the LC decreases, interfacial areas between 
the polymer and the LC increase, and a stronger 
electric field becomes necessary to overcome the in- 
terfacial interactions. 

Rise time ( T R )  and decay time ( T D )  as a function 
of voltage are shown in Figures 3 and 4. T R  is con- 
ventionally defined as the time for a transmittance 
change from 10 to 90% upon turning the electricity 
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Figure 3 
same as Fig. 2 ) .  

Rise time vs. applied voltage ( 1 kHz, 300 K; 

on, and rD,  as the reverse of TR, measured upon 
turning the electricity off. It is seen that TR increases 
with AN up to 30% and decreases at 35%. The vari- 
ation of T D  with voltage is generally much smaller 
when compared with rR ,  and this is probably due to 
the residual electric charge in the measuring cell 
serving as a capacitor.' However, it is clear that the 
decay time decreases with AN content up to 30% 
and slightly increases at 35% AN, and the tendency 
is exactly opposite to the rise time. Rise time is cal- 
culated by balancing electric, elastic, and viscous 
torque densities, with the following result 2 2 :  

In the above equation, q is the viscosity; p, the re- 
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I 

sistivity; and a, the major dimension of the dispersed 
domain; subscripts p and LC designate polymer and 
liquid crystal, respectively, and other symbols are 
the same as in eq. ( 1 ) . Decay time is simply obtained 
by letting V = 0 in eq. ( 2 ) .  Since TR is normally 
dominated by the first term, the effect of domain 
size does not directly enter the equation. The vari- 
ation of 71) with copolymer composition follows that 
of the dispersed domain size ( a )  and qualitatively 
agrees with eq. ( 2 )  (TR + TD, V = 0). 

Frequency Dependence of Response Times 

Variation of response times with frequency (Figs. 5 
and 6 )  shows a similar tendency to that of voltage. 
However, it is noted that the frequency dependence 
of TR and TD is, respectively, smaller and larger than 
the voltage dependence. The optical response of the 
composite to electric frequency should come from 
the partition of the external electric field ( E )  to the 
polymer (E , )  and LC (ELC)  domain^,^ i.e., E, /E  
and ELc/E. For example, in a composite composed 
of polymer and LC in a series, the ratio of Ep to ELC 
can be written as23724 

where E is the amplitude of external electric field; 
E*, the complex dielectric constant; k ,  the in-phase 
component of the dielectric constant; w, the angular 
frequency; and u, the conductivity. The equation 
states that at high enough frequencies (the case en- 
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300 K; same as Fig. 2).  

Decay time vs. applied frequency (250 Vp.p, 

countered here), the ratio is inversely proportional 
to the dielectric constant ratio. To take this into 
consideration, E of SAN was calculated from the 
group cont r ibu t i~n .~~ E increases monotonically with 
the AN of SAN (2.58 for 6.3 and 2.73 for 35% AN). 
With the increase of E,, higher ELc results and a 
smaller rise time is expected due to greater partition 
of the external field on LC domains. However, the 
results of Figure 5 do not confirm this, and it is, 
rather, the opposite. 

On the other hand, for composites with different 
dielectric properties, the external field will induce 
interfacial polarizations and augments ELc. During 
the process of interfacial polarization, partition of 
E to ELC would increase.22 The interfacial polariza- 
tion should increase with the increase of the inter- 
facial area, i.e., SAN of 30% AN, which has smallest 
LC domain, is supposed to give minimum TR since 
it induces maximum interfacial polarization and the 
highest partition of E to ELC. However, this effect 
does not show up, either. This may, in part, be due 
to the contamination of each phase with the other, 
lowering the resistivity of both phases.22 

It seems that the key property to control the re- 
sponse time as well as other electrooptical properties 
is the morphology of the composite, i.e., the domain 
size of LC in SAN, which agrees with the electroop- 
tical response. Perhaps, the contribution of electric 
field partition to the LC phase is of one order of 
magnitude higher than that of the LC domain size. 
This postulation can possibly be seen from Figure 
5, i.e., the composite films having relatively large 
LC domains give a practically insignificant differ- 
ence in 7 R  among themselves and show little change 
in frequency as well. 
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Contact Angle 

Figure 7 shows the contact angle of the film with 
E8 and water. For this purpose, the film was pre- 
pared from solvent cast of SAN in chloroform, and, 
hence, the film contains neither LC nor vacancy. 
The variation of contact angle with AN of SAN 
shows a similar trend for E8 and water. Since the 
films do not contain the LC domain or vacancy in 
it, the variation of the contact angle is a purely poly- 
mer effect. It is also clear that the contact angle of 
water ( 75-94.2" ) is significantly greater than that 
of E8 ( 12.4-34.8" ) and the AN content of the min- 
imum contact angle (30% A N )  is higher than that 
of E8 (24% ) . These differences should come mainly 
from the difference in the chemical affinity of E8 
and water toward the film and should have same 
origin with the morphology variation along with co- 
polymer composition. 

DISCUSSION 

The variations of electrooptical response and contact 
angle with copolymer composition seems to follow 
the morphology of the composites. Also, since the 
morphology is governed mainly by the chemical af- 
finity between the components, we calculated the 
solubility parameters ( 6 )  of SAN and E8 (Table I ) .  
E8 is a mixture of cyanobiphenyl derivatives, and 
the length of the alkyl chain is in the range of 1-12 
carbon atoms. Assuming E8 is a 50/50 mixture of 
the two types of LC (see Table I )  , and each alkyl 

AN C o n t e n t ( w t  X )  
Figure 7 
temperature. 

Contact angle vs. AN content of SAN at room 

group contains 5 carbon atoms, 6 of E8 is about 9.48 
(cal/cm3) 'I2. It is seen that the solubility parameter 
of SAN nears that of E8 when the AN content of 
SAN is 24%, and the result agrees well with the 
measured contact angle. This indicates that the key 
parameter controlling the film properties is the sol- 
ubility parameter, and the best chemical affinity be- 
tween SAN and E8 is obtained at this copolymer 
composition. Much greater contact angle and shift 
of minimum to higher A N  for water is due mainly 
to the much higher solubility parameter of water 
[ ca. 23.4 ( cal/cm3) 1/2] over the E8 and SAN. (Note 
that 6 of SAN monotonically increases with AN.) 

The AN content of SAN (24% ) where minimum 
contact angle and solubility parameter matching 
were obtained does not exactly match with the con- 
tent for minimum L c  domain size and highest Vth 
(30% ) . This may be due, in part, to the connectivity 
of the LC domains, i.e., polymer and LC phases are 
cocontinuous in our film, and correct identification 
of LC domain size is not possible. However, this 
disagreement may imply that chemical affinity be- 
tween polymer and LC does not solely govern the 
morphology and electrooptical response of the film. 
The intramolecular repulsion of SAN could be con- 
sidered as follows: 

A certain random copolymer of monomers A and 
B is miscible with homopolymer C in a certain range 
of copolymer composition (miscibility window) , 
whereas homopolymer C is not miscible with ho- 
mopolymer A or B.25 Such a phenomenon is properly 
explained in terms of the concept that the repulsions 
between the units within copolymer may promote 
their miscibility. SAN is a typical copolymer that 
shows a miscibility window with a number of ho- 
mopolymers. For example, SAN/PMMA [poly- 
(methyl methacrylate) ] blends show an LCST 
(lower critical solution temperature) when the AN 
content of SAN is in the range of 9-28 wt %.25-27 

Since the miscibility of a copolymer with a homo- 
polymer is driven by the intrachain repulsions of 
the copolymer, a similar effect is expected between 
SAN and low molar mass LC. The relatively smaller 
LC domain size is up to 30, and the larger one at 
35% AN in SAN apparently resembles the phase 
behavior of SAN/PMMA blends. 

The variation of V,, with AN of SAN may pri- 
marily come from the LC domain size. With smaller 
dimensions of LC domains, more LC molecules in- 
teract with the polymer wall and a stronger external 
field is necessary to overcome the polymer-LC in- 
terfacial interactions and to align themselves along 
the electric field. This should provide the composite 
with higher vth and rR. On the contrary, upon turn- 
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ing the field off, randomization of the nematic di- 
rectors becomes easier when the interfacial inter- 
actions are stronger, which would give smaller TD. 
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