
This article was downloaded by: [University of Haifa Library]
On: 17 August 2012, At: 19:30
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number:
1072954 Registered office: Mortimer House, 37-41 Mortimer Street,
London W1T 3JH, UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Formation of Polymer Walls
by Phase Separation of Lc-
Polymer Binary Mixtures in a
Nonuniform Electric Field
Volodymyr H. Bodnar b , Yoan Kim a , Bahman
Taheri a & John L. West b
a Liquid Crystal Institute, Kent State University,
Kent, Ohio, 44242
b Chemical Physics Interdisciplinary Program

Version of record first published: 24 Sep 2006

To cite this article: Volodymyr H. Bodnar, Yoan Kim, Bahman Taheri & John L.
West (1999): Formation of Polymer Walls by Phase Separation of Lc-Polymer Binary
Mixtures in a Nonuniform Electric Field, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 329:1,
405-412

To link to this article:  http://dx.doi.org/10.1080/10587259908025963

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/
terms-and-conditions

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259908025963
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,
reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make
any representation that the contents will be complete or accurate or
up to date. The accuracy of any instructions, formulae, and drug doses
should be independently verified with primary sources. The publisher
shall not be liable for any loss, actions, claims, proceedings, demand, or
costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
9:

30
 1

7 
A

ug
us

t 2
01

2 



Mol. Crysr. Liq. Crysr., 1999, Vol. 329, pp. 405-412 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1999 OPA (Overseas Publishers Association) N.V. 
Published by license under the 

Gordon and Breach Science Publishers imprint. 
Printed in Malaysia 

Formation of Polymer Walls by Phase Separation 
of Lc-Polymer Binary 

Mixtures in a Nonuniform Electric Field 

VOLODYMYR H. BODNARb*, YOAN KIMa, BAHMAN TAHERIa and 
JOHN L.  WEST^+ 

aLiquid Crystal Institute, Kent State University, Kent, Ohio 44242 and bAlso with 
Chemical Physics Interdisciplinary Program 

We investigated the mechanism of polymer wall formation induced by an inhomogeneous 
electric field. The patterned electric field drives the phase separation of a liquid crystal-poly- 
mer mixture. By proper selection of polymer and liquid crystal, polymer walls can be formed 
in the interpixel region of a multiplex display. We found that difference in the dielectric prop- 
erties of the LC and polymer components of the mixtures in conjunction with gradient of the 
electric field results in formation of the polymer walls. We discuss factors controlling the 
phase separation process such as concentration, temperature and electric field. 

Keywords: liquid crystal - polymer mixtures; field induced phase separation 

INTRODUCTION 

In recent years, liquid crystal (LC) formulations with various polymers included 
have been of great interest for display applications. The first bistable, polymer 
stabilized cholesteric texture (PSCT) devices utilized a low concentration of photo- 
curable monomer dispersed in a cholesteric liquid crystal mixture."-'] 

At the same time, using relatively high polymer content formulations to 
produce bistable PSCT di~plays[~-~]  provides some additional advantages over no or 
low polymer content formulations, making possible fabrication of large area flexible 
devices. However, the polymer networks produced using high polymer content 
formulations can reduce significantly the contrast and brightness of a display due to 
light scattering. 

To overcome the drawbacks of displays made by using high polymer 
content formulations, while maintaining the structural advantages of polymer 
networks, polymer walls have been formed in PSCT displays"]. Irradiation of 

* E-mail: vbodnar@kentvm.kent.edu. 
t E-mail: johnwest@scorpio.kent.edu. 
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selective areas of a cell with ultraviolet (W) light using a photo-mask forms 
polymer walls through phase separation induced by photo-polymerization.'*l 

Recently polymer walls have been formed by applying a patterned electric 
field during the phase separation process of a LC-monomer s~lution. '~ '  Generally. 
cooling a LC-monomer mixture results in passing from the one phase region into the 
miscibility gap, causing the phase separation. Application of a patterned electric 
field during the separation process forms a patterned distribution of the mixture 
components that can be fixed by UV light irradiation. 

In this paper we report results of polarizing microscopy studies and analysis 
of the mechanism of polymer wall formation in a patterned electric field. 

EXPERIMENTAL 

In this study we used a mixture of a nematic liquid crystal, E48, and photo- 
polymerizable monomer, Norland Optical Adhesive 81 (NOA 81). E48 is a nematic 
mixture of BDH, Ltd. with positive dielectric anisotropy, A€ = 15.1 with 
E,,  = 20.5 (at 2OoC, 1 Mz). NOA 81 is a single component liquid adhesive of 
Norland Products, Inc. which cures in seconds to a tough, hard polymer when 
exposed to UV light. The dielectric constant of NOA 81 is about 5.2. The phase 
behavior of E48 and NOA 81 mixtures is shown in Figure 1. 

1 oa 

0 10 20 30 
NOA 81, Yo 

FIGURE 1 Phase separation temperatures of E48/NOA 81 mixtures. 

To study phase separation and polymer wall formation under a patterned 
electric field action we used an E48MOA 81 mixture with a 9:l ratio by weight. 
Two glass plates with etched patterns of transparent indium tin oxide (ITO) lines 
were used to assemble the cells. The width of IT0 electrode lines was about 300 pm 
and the distance between them was about 20 pm. The glass plates were sandwiched 
using 5-micron fiber spacers to produce patterned 80-dpi multiplexed cells. The 
pixel-interpixel volume ratio of the cells was 7: 1. Then the cells were capillary filled 
with the E48/NOA 81 mixture heated to its isotropic state at 100OC. 
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Phase separation of the E48MOA 81 mixture in multiplexed cells with and 
without an applied electric field were observed during cooling from the isotropic 
state at a cooling rate of O.S"C/min. Cooling rates were controlled by a microscope 
hot stage system HS250-RTC-1 (Instec, Inc). The changes during the cooling 
process with and without an electric field were observed under a polarizing 
microscope, Laborlux 12 Pol (Leitz Wetzlar, GmbH), equipped with photo and 
video accessories. 

The cells were driven by an amplified 1 kHz sine-wave AC signal from an 
HP 8904A Function Synthesizer and the applied voltage was measured by a Kethley 
196 System DMM. 

The electric potential in three dimensions for a 5 pm multiplexed cell filled 
with a homogeneous isotropic material of average dielectric constant E = 10 were 
calculated using the finite difference successive overrelaxation methodflol realized in 
the DIGITAL Visual Fortran programming language of Digital Equipment 
Corporation. The results of the electric potential calculations were processed and 
visualized using a program in MATLAJ3 (The Mathworks, Inc.). 

RESULTS AND DISCUSSION 

The phase separation process in a multiplexed cell was induced by thermal 
quenching of a mixture, made of 10% NOA 81 and 90% of E48, from IOOOC to 
25°C. Under crossed polarizers and without an electric field, the mixture exhibits 
formation of spherical birefringent droplets uniformly throughout the isotropic 
mixture. As the phase separation continues the droplets grow and start to coagulate. 
Finally, liquid crystal domains, separated from the monomer, fill the majority of the 
visual field. If an electric field is applied to the multiplexed cell before the phase 
separation process begins, the dynamics of the process becomes different. 

When the voltage is applied to the multiplexed cell, it creates a nonuniform, 
fringing electric field inside the cell. The first indication of the phase separation in 
the E48/NOA 81 mixture under such a field is the appearance of the image of 
crossed IT0 lines that can be seen if the polarizers are not completely crossed. This 
phenomenon is a result of density modulations in the mixture at the edges of the IT0 
lines. As the sample cools down, the image of IT0 lines becomes visible even if the 
polarizers are crossed. At the same time the LC droplet formation begins. 

In the pixel region one can see the formation of LC droplets by switching 
the applied voltage off for a short period of time or slightly rotating one of the 
polarizers from the crossed state. When the field is switching off, the droplets appear 
as bright spots on the dark background due to their birefringence. If the field is on, 
only difference of droplet refractive index from that of the surrounding allows 
determining, with parallel or partly crossed polarizers, the presence of the droplets. 
This is because the LC of the droplets is aligned normally to the cell by the strong 
electric field of order lo7 V/m. As the temperature decreases the droplet size 
increases. 

In the interpixel region LC droplets formed during the phase separation are 
visible or slightly visible between crossed polarizers. Their appearance depends on 
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how close they are to the IT0 edges. The droplets in the center of an interpixel gap 
are less visible and thcir brightness increases as thcy get closer to an dge.  

As the size of LC droplets in the interpixel region increases, thcy begin to 
inovc toward the IT0 lines. Once a droplet reaches the IT0 edge, it mows into a 
narrow region along the edge. As more LC droplets move to the edgc regions. thcy 
widen and hecome brighter between crossed p>larizers (Figure 2a). The width of the 
edge regions increasas near the pixel corners and decreases again in the inttrpixcl 
intersection square. 

The droplets that arc ftxined in the interpixel square never move toward the 
pixel corners. First they move in the direction o f  the closest edge and then, along the 
cdgc and out of the interpixel region. When the pixel edge regions are saturated with 
the LC, they bcgin to grow into the pixel area, pushing still isotropic LC/monomcr 
mixture out to the intcrpixel region, where the separation occurs. 

The final appearance of a multiplexed cell is shown in the Figure 2b. The 
monomer occupics nitat of the interpixel region, except the part cltae t o  the pixel 
corncrs. The liquid crystal fills all the pixcl and pixel cdgc regions, and sometime 
fills the interpixel intersection complctely or partially (as in the Figure 2b). The 
hehdvitw at the interpixel interscclion dcpcnds on the difference bctwwn the volume 
ratio of the pixcl-interpixel volume and volume ratio between the LC and monomer. 
which generally is lower than weight ratio 9: 1 due to higher density of the monomer. 

FIGURE 2 Polarizing microscopy photographs of an 80-dpi CLP cell fillcci 
with a 9: 1 weight ratio mixture of FA8 and NOA 8 I .  a) Polarizers are C T O S S ~  at an 
intermediate anglc betwccn 0 and R) dcg to facilitatc the prcxess observation. b) 
Polarims are crossed at 90 deg and parallel to the photograph cdges. 1 corrcsponds 
to a LC rich region in pixcl area and 2 indicates monomer rich domains in the 
intcrpixel regions. (See color plate XIIat the back of this issue) 

It appears that the ditil'fercncc in diclcctric constants of  thc FA8 and NOA 81 
along with the electric field nonuniformity play an important rolc in the proccsses of 
polymer wall ftrmaiion. We take the electrosiatic lield functional for thc dielectric 
medium such as a LC-monomer isotropic mixturc as 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
9:

30
 1

7 
A

ug
us

t 2
01

2 
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The integrand in the first term of Eq. 1 is the volume free energy density, E 

is the dielectric constant of the medium, E is the electric field strength, p is the 
density of static charges, and Q, is the electric potential. As a first approximation, an 
isotropic mixture of two dielectric liquids (E48 and NOA 81 at high temperatures) 
without static charges ( p = 0 ) is assumed to have an effective dielectric constant 
that depends linearly on the LC concentration: 

E m ,  = (ELC -EJCLC + E m ,  (2) 

where cLc is the concentration of the LC, E~ and E~~ are the dielectric constants 
of monomer and LC in its isotropic phase respectively. 

Minimizing the functional we can transform the Euler equation, 

into the following form: 

which is equivalent to the Maxwell equation V . E , ~ E  = p = 0. 
Taking into account Eq. 2, we will amve at 

( E ~ ~ - - E , ) V C ~ ( . E + ( ( E ~ ~  -E,)c,, + E , ) v . E = o .  ( 5 )  

The Eq. ( 5 )  tells us that in the case of a non-zero V . E  the LC 
concentration in the mixture should have some gradient too. This could induce local 
(in the region of the electric field of high magnitude and gradient) concentration 
gradients of the mixture at temperatures above the phase separation point. A strong 
nonuniform electric field is able to increase noticebly (I-10°C) the phase separation 
point by changing the local concentration of liquid crystal. This phase separation 
would take place only in regions where the electric field is high and highly 
nonuniform. 

The movement of LC rich droplets in the interpixel region to the IT0 line 
edges indicates the presence of force. The nature of this force can be directly 
associated with the nonuniformity of the fringing field. In Figure 3 we present the 
results of computations of the electric field in a 5 pm muliplexed cell as the 
negative gradient of the 3D electric potential, Q, : 
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These calculations show chat the clwtric licld in the cell has the highest 
gradient along the clectrtde edges. Also the magnitude of the fringing field at the 
cdgcs can exceed significantly lo’ Vlni, the value of the field inside the pixel region 
(Figure 3a and 3h). This is hecause the electrtxies, as conducttxs. must have higher 
charge dcnsity a1 the Ccigcs to maintain unipotcntial. 

FIGURE 3 Electric field magnitude profiles anti ctnresponding contour 
plots calculated for an 80-dpi mulripiexcd cell. The Spin cell is fil led with a 
homogeneous, isotropic dielectric liquid with average dielectric constant, E = 10. The 
applied voltage is SO V. (a) and (h) ctsrespond to the middle plaric of thc cell. (c) 
and (d) to the distance o f  1.Spni from the middlc plane toward the suhstrate with 
1 ’ 1 0  lines parallel t o  axis .r. (See Color Plate XI11 at the back of this issue) 

Small 1.C droplets formed during the phase separation i n  thc interpixel 
region experience the Kelvin polarization force, the density of which can hc 
determined as 
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POLYMER WALLS IN A NONUNIFORM ELECTRIC FIELD [ l0231/4l I 

F = (c,, - c  ,,,, , )E 'VE,  ( 7 )  

where F,,  is the effective dielectric constant of the LC in droplets and E,,,, is the 
dielectric constant of the isotropic mixture. Since we use strong electric lields. the 
1.C inside the droplets is aligned along the field direction. Therefore the value for 
E,  can bc assumed to he c,, of the LC. E,,,,, can be dcterniincd according to Eq. 2, 

assuming the efl'ectivc diclcctric constant of the LC in the niixturc to he the average 
value: cI,(. = ( 2 ~ ,  +&,])/3. For E4X and NOA X I  the estimation is 

( F , ~  -E, , , ,  ) = 1.5. Simple transforiiiati(~1is prtxlucc the following formula to 

calculate the Kelvin force density: 

1 
2 

F = -(cd -E, , , , , )V(E') .  

The results of the calculations we shown in Figure 4. It i s  seen that the force 
density distrihution has its maxiinum at the edges ol the clcctrode lines and is 
practically z e r t ~ d  in  the pixcl region. This ineans that a sniall LC: droplet will 
expcricnce the ftxce only near the electrode edge. 

(a) ( h) 

FIGURE 4 Kelvin polarimtion force density calculated fix an 80-cipi 
multiplexed cell. a) inidtile plane ol the cell. h) plane shifted by 1.S 1-1111 toward the 
substratc with electrodes parallel axis .v. (See color plate XIV at the back of this issue) 

The I x ' ,  as the component with higher dielectric constant, tends t o  txcupy 
the space with higher electric fields. The regions with the highest electric field arc. 
thosc near the pixel cdpes (corr~sp~inds to I in Figure 3d); then the pixel regions 2, 
then the cdgc rcgions 3 at thc intcrpixcl interscction, and finally the minimum 
electric field is i n  regions 4 in  the middle of the space hetwecn adjacent pixels and i n  
the center ot the intcrpixel intcrsection. Since the LC componcnl dominates in 1hc 
mixture. it is most likely that the 1,C, aftcr the phase sqaration is cornpletcd, will 
lill rcgions 1-3 and the niononicr, as the crmponcnt with low dielectric constant, 
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will occupy regions 4. This corresponds to the experimental results (compare with 
Figure 2b). 

CONCLUSIONS 

Polymer wall formation in liquid crystal-monomer mixtures confined in a patterned 
electrode cell occurs due to nonuniformity of the applied field and mismatch of 
dielectric constants of the mixture components. The electric field in a multiplexed 
cell has the highest gradient and strength near the IT0 lines edges. Such a field, 
applied to an isotropic LC-monomer mixture in a patterned electrode cell at 
temperatures above the phase separation point, can change locally the concentration 
ratio of the mixture components and can cause of phase transition temperatures to 
shift. As the phase separation occurs, the same nonuniformity of the applied field 
can drive the component with the higher dielectric constant into the high field 
region, and the other component into the low field region. These processes result in 
the space demixing of the mixture components that produces the polymer walls upon 
UV light irradiation. 
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