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Fréedericksz transition in polymer-stabilized nematic liquid crystals
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We have constructed polymer-stabilized nematic liquid crystals by photopolymerizing diacrylate monomers
in the nematic phase. The orientation of the liquid crystal was controlled by the polymer network. We studied
the Freedericksz transition in these systems. Experimentally we studied the transition by measuring the ca-
pacitance of the liquid crystal cells as a function of applied voltage. The transition was affected profoundly by
the dispersed polymer network. The threshold was higher with shorter interpolymer network distance. Theo-
retically we studied the systems using a two-dimensional model in which the polymer networks were repre-
sented by parallel cylinders with random location. The interaction between the liquid crystal and the polymer
network was described by the boundary condition imposed by the polymer network. By fitting the experimental
data, we found that the polymer cylinders had diameters of a few submicrons, and a substantial amount of
liquid crystal was trapped inside the cylinders.

PACS numbg(s): 61.30.Cz, 64.70.Md, 64.75g

INTRODUCTION fibrils might be different from the polymer network before
the liquid crystal was extracted, because the polymer net-
Polymer-stabilized liquid crystals are composites withwork might have collapsed during the extraction. Confocal
small amounts of polymer networks dispersed in liquid crys-microscopy also showed that the fibrils of the polymer net-
tals [1-5]. They are heterogeneous systems and have atwork had a lateral size of a few tenths of a micron, but the
tracted a lot of attention in the past few years. Polymer staimage was not very shaffi4]. Birefringence is another tech-
bilization is also a very useful technique in applications.nique that has been used to study polymer-stabilized liquid
Desired properties, not possible with surface alignmentsgrystals[15,16]. When the temperature was raised from the
have been achieved using this techni¢6el11]. A polymer- nematic phase to the isotropic phase, the orientational order
stabilized liquid crystals is constructed by mixing a smallof the polymer network was retained because the network
amount of bifunctional monomer and liquid crystal. Whenwas a cross-linked polymer. The polymer network induced a
the monomer is polymerized, the mixture is in a liquid crys-nematic order in the liquid crystal nearby. Both the polymer
tal phase such as nematic, cholesteric, or smectic. During theetwork and the liquid crystal with induced order contributed
polymerization, the environment for the monomers is anisoto the birefringence of the material. The induced birefrin-
tropic because the liquid crystal possesses anisotropic progence depended on the surface area of the polymer network,
erties. The liquid crystal has an aligning effect on the monowhich in turn depended on the lateral size of the polymer
mers and the diffusion of the monomers is anisotropicfibril when the concentration of the polymer was fixed. By
Because of these two factors, fibril-like and anisotropic poly-measuring and modeling the birefringence of the polymer-
mer networks are formed. The polymer network mimics thestabilized liquid crystal, the lateral size of the polymer fibril
structure of the liquid crystal to some extd®]. It has an  was found to be a few nanometers.
aligning effect on the liquid crystal and, in turn, can be used In order to explain the experimental results, a fibril-
to control the orientation of the liquid crystal. bundle model was proposed for the polymer network in a
It is important to study the morphology of the polymer polymer-stabilized liquid crystall) a few polymer molecu-
networks formed in liquid crystals and to understand the relar chains form a fibril of lateral size of a few nanometers;
lation between the morphology and the polymerization con{2) hundreds of fibrils and some trapped liquid crystal form a
ditions. The morphology of a polymer network is determinedbundle with lateral size around a few tenths of a micron and
by the chemical structure of the monomer and the process afistance between the fibrils of a few nanomefers]. The
phase separation, which is affected by the polymerizatioribril-bundle model of the polymer network is shown in Fig.
conditions. The interaction between polymer networks and.. Scanning electron microscopy and confocal microscopy
liquid crystals depends on the morphology of the polymerwere used to detect the polymer bundles. In the birefringence
network. Understanding the morphology of the polymer netstudy, the induced birefringence was mainly from the liquid
work helps us to understand phase separation and also ecrystal trapped inside the bundle and therefore the birefrin-
ables better use of polymer networks in applications. Severalence study was sensitive only to the lateral size of the poly-
experimental techniques have been used to study the momer fibrils.
phology of the networks in polymer-stabilized liquid crys-  In this paper we report the results of a study on theséire
tals. Scanning electron microscop$EM) was used to ob- ericksz transition in polymer-stabilized nematic liquid crys-
serve directly the polymer network after the liquid crystaltals. The transition was studied by measuring the capacitance
was extracted. It was observed that the polymer network wasf the liquid crystal cells. At the electric field we applied, the
fibril-like with fibril lateral size of a few tenths of a micron liquid crystal between the polymer bundles reoriented but
[6,12,13. There was concern, however, that the observedot the liquid crystal trapped inside the bundles. As we will
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FIG. 1. Schematic diagram showing the bundle model for the

olymer network formed in a nematic liquid crystal. . . . .
poly q ¥ FIG. 3. Liquid crystal director on the cross section perpendicu-

show, the threshold and the capacitance-voltagja/j curve Ie::ret; the polymer bundles when a sufficiently high voltage is ap-

depend on the lateral size of the bundles and the distancé
between the bundles. By measuring and modeling the. . I L .
capacitance-voltage curve, we were able to find the Iatergl'nzlt':mg the liquid crystal trapped inside thers ve,
size of the bundles, the distance between the bundles, and tWé1
percentage of the liquid crystal trapped inside the bundles. ND2
b
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THEORETICAL MODELING

We studied theoretically a polymer-stabilized nematic lig- The liquid crystal directon is in the xz plane. At zero
uid crystal system with homogeneous orientation. The liquidvoltage, i is along theX direction. When the voltag¥ is
crystal has a positive dielectric anisotroppd=¢,—¢, applied,n is tilted to thez direction. The angle betweean
>0). At zero field, the liquid crystal and the polymer net- andX is 6. #is a function ofy andz, that is,6= 6(y,z). The
work are unidirectionally aligned parallel to the cell surfacee|ectric field has only @& componentE=E(y,z)2. The z

(in the x direction), _a_nd the .ceII has th‘? minimum capaci- component of the electric displacemdfmis a constant inde-
tance. When a sufficiently high voltage is applied across th%endent ofz, given by

cell, the liquid crystal between the polymer bundles is reori-

ented by the field to be perpendicular to the cell surface D.= 1+ Ag sir? E _ 2
the z direction while the polymer network and the liquid 2=2oeul esim 0y, 2)JE(y.2)=0(y), (2

crystal _trapped i.nsid_et it remain in the direction. In the where o is the surface charge density, a functionyoénd
simulation we simplified the polymer bundles as parallelAS:(EH_si)/sl _ The voltage applied across the cell is the

square prisms as shown in Fig. 2. They were assumed to L
of the same size with circumference lengtbdand were %eame atany position, independentyof

randomly located as shown in Fig. 3. This is a two- H H o(y)

dimensional problentin the yz plane. The thickness of the V:f E(y,z)dzzf . dz
cell is H. The length we consider in thg direction isL. 0 0 eoeL[1+Ae sin 6(y,2)]

There areN polymer bundles inside the area definedHiy. ()

The average distance between the polymer bundles is calcu- o
lated asL, = (HL/N)°*. The volume fraction of the bundles For the purpose of simplicity, it is assumed that the polymer
has the same dielectric tensor as the liquid crystal. This does

not produce too much error because the concentration of the
polymer is usually less than 5 wt %. The average capacitance
C of unit area of the cell is calculated from

1
C==

1L
ol a(y)dy). @

0

In our calculation,L was chosen large enough to give a
stable average value of the capacitance.
FIG. 2. Schematic diagram of the simplified model of polymer ~ The components of the liquid crystal directorare
bundles used in modeling the capacitance-voltage curve in the
Freedericksz transition in polymer-stabilized liquid crystals. ny=cosh(y,z), ny=0, n,=sind(y,z). 5)

Liquid Crystal Polymer Bundle
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The elastic energy density of the liquid crystal was found to 5
be

b}
1 _ 960\? 1 76\? g 4]
fe|a=§(K11CO§ 0+K33S|n2 (9) E +§K22 W . .§
(6) =
o 3
The electric energy density of the liquid crystal is given by 3
[17] N
3]
£ 2
f 1|§ D lED oY) 7 5
el = T 257 Dee, (1+ Aesi 0) @

The following dimensionless variables are introduced:

_Ku
! K22,

_Kas
¥ Ky

o?H?

B Ko _ RS :
fofL 2(28) FIG. 4. Capacitance-voltage curves in the defericksz transi-

tion in polymer-stabilized nematic liquid crystal samples with dif-

Voltage (V)

z y
f—ﬁ- =g

Minimizing the total free energy with a given(y), we ob-
tain

52 _ 520

6—7]2+(ch0§ 6+ K sir? 9) a—§2+(K3—K1)

10 cosh 70\ RAssinacose_O o
Xsiné cosd| — +m— . (9

ferent polymer concentrations. Points: experimental data; solid line:
theoretical fitting.

00 H
- =4+ _——qj
pp d. siné cosé, (13

where + is for the right side surface and for the left.
In the experiment, a liquid crystal with known dielectric

J

¢ constants and elastic constants was used. In fitting the ex-
An over-relaxation numerical method is used to find the soperimental results, the fitting parameters were the volume
lution for Eq. (9). In the simulation we use the following fraction of the polymer bundle;, the size of the bundle
strategy: For a given value of the surface charge densitp, , and the surface anchoring strength on the surface of the
o(y=0) aty=0, the voltage across the cell a0 is cal-  polymer bundlew. In the calculation of theC-V curve, v
culated as andDg affected the threshold of the Tedericksz transition
and the part of th&€-V curve at voltages near the threshold
W affected theC-V curve at intermediate voltages, ang
affected theC-V curve at high voltages.

o a(0)
V(y—O)—fo goe,[1+Ae sir? 0(0,2)]d2'

At any other placey, the surface charge density(y) is
adjusted so that the voltage across the cell is the same every-
where, that isV(y)=V(y=0). The polymer-stabilized nematic liquid crystal was a mix-
The surface anchoring on the cell surface is assumed to Bere of nematic liquid crystal ZL14469-10(from Merck),
infinitely strong. The boundary condition at the cell surfacediacrylate monomer RM20&rom Merck), and photoinitia-
is tor BME (bezoin methyl ether, from Polysciencéhe con-
centration of the monomer was 5 wt% unless otherwise
specified. The ratio between the concentration of RM206 and
o S that of BME was 10:1. The liquid crystal had the following
A periodic boundary cond|t|on is usedyt0 andy=L. On parameters:K ;;= 10.0< 10" 12N, K,,=6.3X10 12N, K
the polymer bundle surface, it is assumed that the polar an-= 13 g« 10" 12N, ,=29.8, ande, =6.1. RM206 has a rigid

choring strength and the azimuthal anchoring strength havgsre and flexible tails like liquid crystal molecules. The mix-
the same valu&V. The surface anchoring energy density is

EXPERIMENT AND RESULTS

0(z=0)=0, 6(z=H)=0. (10

TABLE I. Threshold and fitting parameters for the Edericksz
transition in polymer-stabilized nematic liquid crystal samples with
edifferent polymer concentrations.

fo=2 Wsir? 6. (11

The boundary condition on the surface of the polymer bundl
parallel to the cell surface is

Polymer Trapped
: concentration  Vy, Vi liquid Dy Ly
% _,H__ shbcost 12 (%) V) @) cysales)  (m)  (m
9¢ T da (Kycos +Kssint 6)
0 0.7
whered,=K,,/W is the anchoring extrapolation lengtt, 3 1.95 5.0 40 527 2356
is for the top surface and- for the bottom surface. The 5 3.8 9.0 44 428 1426
boundary condition on the surface of the polymer bundle 7 6.1 11.7 40 308 900

perpendicular to the cell surface is
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TABLE Il. Threshold and fitting parameters for the Eder-
icksz transition in polymer-stabilized nematic liquid crystal samples
with different cell thicknesses.

Trapped
Cell thickness Vth Vi ||qU|d Db Lb
(pm) V) (0 crystal(%)  (hm)  (nm)
5 2.0 12.2 59 526 1506
10 3.8 9.0 44 428 1426
15 5.4 9.5 47 464 1505

The Fredericksz transition was studied using a HP
4284ALCRmeter. The frequency of the applied voltage was
1 kHz. The applied voltage was varied at the rate of 0.04 V/s.
The maximum applied voltage was 20 V, the highest voltage
that can be provided by theCR meter. The result was the
same for increasing and decreasing voltage.

After the Freedericksz transition study, the samples were
prepared for SEM study. The cells were split using a razor
blade and then were immersed in hexane for a few minutes
to extract the liquid crystal. The polymer network was left
behind on the glass plate and was coated with gold for SEM.

A. Samples with different polymer concentrations

10 um We first studied the effects of the polymer concentration.
The cell thickness was fixed at 10m. The experimental
FIG. 5. SEM pictures of polymer bundles in polymer-stabilized results are shown in Fig. 4. The experimental data are indi-
nematic liquid crystal samples with different polymer concentra-cated by symbols and the calculated data are represented by
tions. solid lines. As the polymer concentration was increased, the

ture was in the nematic phase at room temperature. It was
introduced into cells consisting of two parallel glass plates
with thickness controlled by glass spacers. The cells had an-
tiparallel rubbed polyimide alignment layers with pretilt
angle less than 1°. The cells were irradiated with uv light for
photopolymerization. The uv intensity was 12 mWfcom-

less otherwise specified. The uv curing time was 30 min. The
curing was at room temperature unless otherwise specified.

Normalized Capacitance

Voltage (V)

FIG. 6. Capacitance-voltage curves in thé getericksz transi- 10 um
tion in polymer-stabilized nematic liquid crystal samples with dif-
ferent cell thicknesses. Points: experimental data; solid line: theo- FIG. 7. SEM pictures of polymer bundles in polymer-stabilized
retical fitting. nematic liquid crystal samples with different cell thicknesses.
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0.04 mW/cm?

Normalized Capacitance

1'0 1‘5 20
Voltage (V)

o
w

FIG. 8. Capacitance-voltage curves in thé detericksz transi-
tion in polymer-stabilized nematic liquid crystal samples cured with
different uv intensities. Points: experimental data; solid line: theo-
retical fitting.

threshold Vy, of the Freedericksz transition was shifted
higher because the distance between the polymer bundles
was decreased. The fitting parameters were volume fraction
v¢, the width of the square primB,,, and the surface an-
choring strengthW. The concentratiorx, indicated in the 10 pm

figure is the concentration of the polymer, i.e., the weight

concentration of the monomer, but not the volume fraction FIG. 9. SEM pictures of polymer bundles in polymer-stabilized
v; of the polymer bundle, which contained some liquid crys-nematic liquid crystal samples cured with different uv intensities.
tal. It was assumed that the densities of the monomer and the

liquid crystal were the same. The fitting parametersand

i ; T the percentagéwith respect to the total polymer concentra-
D, are listed in Table I. The volume fractian is larger than P géw P poly

th | trati Th i fthe t q tion) of polymer network in the bulk was lower when the
€ polymer concentraliox, . 1he percentage ot the trappe polymer concentration was lower. In order to fit the

liquid crystal is the percentage of the volume of the liquid capacitance-voltage curve, a bundle smaller than the value

crystal inside the polymer bundle. For example, when the. . i
polymer concentration was 3%, the volume fraction of th(j'Sted in Table 1 had 1o be used when the polymer concen

polymer bundle was 5%. That means that the polyme}ratlon was lower. Then the difference between bundle sizes

bundle consisted of 60% polymer fibril and 40% liquid crys- W't.h different polymer cor_mentzatlon will be smaller. Calcu-
tal. As the polymer concentration was increased, the fittinglat'on shows that if there is 1.8% polymer at the cell surface,
showed that the lateral size of the bundle decreased. The
SEM pictures of the samples are shown in Fig. 5. It can be 4
seen that the polymer bundles have lateral sizes of a few
tenths of a micron, and the lateral size of the bundles seem Q
independent of the polymer concentration. This discrepancyg
for the lateral size of the bundle between the results of fittings 3 1
the capacitance-voltage curve and the SEM study may beS
attributed to there being more polymer near the cell surfacesS
than in the bulk, as observed by SEM studhg]. If the 3
amount of polymer formed near the cell surfaces was fixed & 2 -

[0

£
TABLE lIl. Threshold and fitting parameters for the Eder- 2
icksz transition in polymer-stabilized nematic liquid crystal samples
cured with different uv intensities.

10 15 20

o
w

Trapped
uv intensity Vi, Vi liquid Dy, Ly Voltage (V)
(mW/cr?) V) %) crystal(%)  (hm)  (nm)

FIG. 10. Capacitance-voltage curves in thédelericksz transi-
0.04 2.1 8.0 38 706 2496  tion in polymer-stabilized nematic liquid crystal samples cured at
12 3.8 9.0 44 428 1426  different temperatures. Points: experimental data; solid line: theo-
retical fitting.
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TABLE IV. Threshold and fitting parameters for the Eder-
icksz transition in polymer-stabilized nematic liquid crystal samples
cured at different temperatures.

Curing Trapped
temperature Vi, V¢ liquid Dy Ly
(°C) \] (%) crystal (%) (nm) (nm)
-5 7.6 10.8 54 244 371
22 3.8 9.0 44 428 1426
60 1.8 7.0 29 662 2502

then samples with different polymer concentrations will have
the same bundle size of 350 nm.

Regarding the surface anchorillg on the surface of the
polymer bundle, when it was equal to or larger than
1.5x10 4 m~2, good fitting was obtained. This value is
comparable to that of the rubbed polyimide surface.

The fitting parameters were obtained by visually fitting
the calculated curve to the experimentally measured curve.
When the fitting parameters were varied 1l 0%, the fit-
ting curve became significantly different from the measured
curve, so the relative error of the fitting parameters listed in
the tables is about10%.

10 um

B. Samples with different cell thicknesses

We studied polymer-stabilized nematic liquid crystals in ~ FIG. 11. SEM pictures of polymer bundles in polymer-stabilized
cells with various thicknesses. The polymer concentratiofpeématic liquid crystal samples cured at different temperatures.

was fixed at 5%. The experimentally measured capacitancesgp pictures shown in Fig. 9. At low curing uv intensity,

voltage curves are shown by the points in Fig. 6. The threshg oo is aiso less liquid crystal trapped in the bundles.
old increases with cell thickness. Without the polymer net-

work, the orientation of the liquid crystal was imposed by the
anchoring of the two cell surfaces; and the voltage threshold
is a constant independent of the cell thickness. In the The temperature at which polymerization took place was
polymer-stabilized nematic liquid crystal, the orientation ofanother factor affecting the polymer network. We prepared
the liquid crystal is imposed by the polymer bundles and thesamples at three temperatures. The cell thickness wasml0
distance(~1.5 um) between the polymer bundles is much and the polymer concentration was 5%. The experimental
smaller than the cell thickness. As expected, the threshold igeasured and simulated capacitance-voltage curves are
approximately linearly proportional to the cell thickness. Theshown in Fig. 10. The fitting parameters are listed in Table
fitting parameters are listed in Table Il. The lateral size of thdV. At higher curing temperature, the diffusion of the mono-
polymer bundle is approximately independent of the cellmers is faster, and in the phase separation, more polymer
thickness. The SEM pictures are shown in Fig. 7, and thdibrils can get together to form larger bundles. This tendency
lateral size of the polymer bundles are approximately thds also confirmed by the SEM pictures shown in Fig. 11.
same. Furthermore, at higher curing temperature, theeBegicksz
transition study shows that less liquid crystal is trapped in
the polymer bundles.

D. Samples cured at different temperatures

C. Samples cured with different uv intensities

The intensity of the uv irradiation is a factor affecting CONCLUSION

polymerization. We prepared two polymer-stabilized nem- We have studied the Federicksz transition in polymer-
atic liquid crystal samples with uv intensities of 0.04 and 12stabilized liquid crystals. Our results support the bundle
mW/cn?, respectively. The curing time wat h when the uv  model of the polymer network formed in liquid crystals. By
intensity was 0.04 mW/cfn The cell thickness was 1@m  fitting the experimentally measured capacitance-voltage
and the polymer concentration 5%. The experimentally meaeurves, we were able to determine the size of the polymer
sured capacitance-voltage curves are shown in Fig. 8. Thieundle, the amount of liquid crystal trapped inside the
fitting parameters are listed in Table Ill. As expected, atbundle, and the anchoring strength of the bundle surface. The
lower curing uv intensity, there are fewer activated photoini-lateral size of the polymer bundle was found to be a few
tiators; the polymer bundles grow larger. The lateral size otenths of a micron, which was confirmed by SEM. The
the polymer bundles given by the fitting agrees with thebundle consisted of approximately equal amounts of polymer
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fibrils and liquid crystal molecules. Our results also showedmer network can be described in terms of the boundary con-
that smaller polymer bundles can be formed by using highegition imposed by the polymer network.

curing uv irradiation intensity or lower curing temperature.
Because of the good agreement between the experimental
data and the results of the theoretical modeling, we conclude This research was supported by NSF under ALCOM
that the interaction between the liquid crystal and the poly-Grant No. DMR89-20147.
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