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Virtual surfaces, director domains, and the Fre ~edericksz transition
in polymer-stabilized nematic liquid crystals
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The critical field of the Fredericksz transition and switching dynamics are investigated for
polymer-stabilized nematic liquid crystals as a function of polymer concentration. A simple
phenomenological model is proposed to describe the observed critical field and dynamic response
time behaviors as a function of concentration. In this model, the polymer fibrils form director
domains, which are bounded by “virtual surfaces” with a finite anchoring energy.2062
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Polymer-stabilized liquid crystal®SLCg are composed monomer is polymerized with UV in a liquid crystal solvent,
of a polymer network dispersed in a nematic liquid crystal.the orientation and order of the resultant network depend on
They are promising materials for many display configura-the orientation and order of the liquid crystakhich can be
tions. Small amounts of reactive monomer polymerized in sslightly different from the liquid crystal alignment prior to
nematic liquid crystal create an aligned polymer network thaphotopolymerization due to the formation of the polymer
under some circumstances can provide a memory effectnetwork. Nevertheless, we assume that the polymer network
The polymer network structure captures details of the nemhas homogeneous alignment identical to the alignment of the
atic director prior to photopolymerization. We present resultdiquid crystal prior to photopolymerizatioh
on the influence of the polymer network on the switching A schematic illustration of the experimental setup for
behavior of a homogeneously aligned nematic liquid crystalmeasuring the transmission properties of a PSLC cell is

Previous studies calculated the critical field of thedere  shown in Fig. 1a). The cell is situated between a pair of
ericksz transition in PSLC systems by modeling the polymeiparallel polarizers, with the nematic director oriented 45° to
morphology as a collection of planes or bundles parallel tdhe transmission axes of the polarizers. Glass plates coated
the substrate$® or collectively as an effective fieiThe  with ITO serve as the electrodes to apply 1 kHz square ac
model of the polymer matrix as a series of planes perpen-
dicular to thex, y, andz axes of the Cartesian coordinate  (a)
system was introduced by Hikmet and Bodtdone of these
models explicitly accounts for the observed dependence of
the critical field on the polymer concentration. We introduce )7 /
a phenomenological model which describes the dependence/ g33,m /A
of the critical field and the response time on the polymer E PSLC l : g'
concentration, and accounts for the change in the polymer cell / y
network’s characteristic length and anchoring strength.

Consider a homogeneous cell of PSLC sandwiched be-
tween two transparent indium tin oxid€TO) coated glass PC

. . 1kHz

plates with a 5um cell gap thickness. The glass substrates Square Wave
are coated with rubbed polyimid@Nissan-0821 such that Power Supply——!—L——':j—
the nematic directors on both surfaces are anchored paralle
to the plates. We prepared two sets of PSLCs using the low (b)
molecular weight nematic liquid crystal BLO3&M Indus-
tries) and diacrylate monomers LC24BASF) and RM257 0.8
(EM Industries. Both monomers have negative dielectric an-
isotropy (.~ —2) and a stable nematic phase in the range F 0.6
of temperatures: 65—-118°C for LC242 and 70-126 °C for

Linear Z Linear
Polarizer Polarizer

4
/ / Detector
)

RM257. A low percentag€2% of monomer weightof pho- Q4

toinitiator Darocur-1173Ciba) was used. In our studies we 0.2 , : :
investigated the concentration range where the diacrylate 0 10 Ve 20 \a 30
monomers are dissolved in liquid crystals at room tempera- V (V)

tures(<6% of the monomer by weightWhen a diacrylate

FIG. 1. (a) Experimental apparatus for measuring the transmission proper-

ties of a homogeneously aligned PSLC cell. The cell is situated between

dAlso  with: Division  of  Engineering;  electronic  mail: parallel polarizers oriented 45° to the nematic directanside the cell(b)
gregory_crawford@brown.edu Example of transmittance vs applied voltage scans.
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12 the free space, and=20.7 pN is the Frank elastic constant
1 | m Lc242 ; for BLO38 in the one constant approximation.
104 | ® RMm257 - To explain these results we assume that the polymer net-
] : work is composed of polymer fibrils oriented parallel to the
8 nematic director in the field-off state. The density of the
of 6_' fibrils (the number of polymer fibrils per unit volumés
= | proportional to the concentration of the dissolved diacrylate
w o, monomer. By assuming that the polymer fibrils are perfectly
] straight we can treat the problem as two dimensional. We
2] model the domains of the nematic director in the field-on
state by rectangles of dimensi@nalong thex axis andb
04— ; ; : — along they axis. We consider the Feeericksz transition in
0 1 2 4 4 5 6 the PSLC cell of cell gap thickneskin context of the tran-
c (%) sition in each of these identical rectangles defined by the

P =
K

sir? 0}, (1)

£,80E?
K

G 2 Critical field on aLc s 038direc:tor domains. Within each rectangular domain the total
FIG. 2. Critical field vs concentration for two PSLC prepared using BL ; ; FR T _
and diacrylate monomers LC242 and RM2&(.is the critical field normal- free energy densityper unit volumg of nematic liquid crys
ized to the critical fieldgq in the homogeneous cell filled with pure BL0O38. tal can be expressed as
The solid curve represents the based on &j. Error bars, where not KI1a0\2 [96\2
shown, do not exceed the symbol size. =22 =] =

Vo2 ]\ ax ay
voltage,V. In the field-off state, the cell exhibits phase re- Where6(x,y) is the distortion angle of the nematic director
tardation I'=2m/\(ne—n,)d~4m, where n,=1.799 and With respect to the axis. By minimizing the total free en-
n,=1.527 are the extraordinary and ordinary refractive indi-€rgy, we obtain the differential equation for the distortion
ces, respectively, of the BLO38 at 589 ndh=5 um, is the angle,
cell gap thickness, and=633 nm is the wavelength of the 220 520
incident laser light. Due to uniform alignment of the liquid 2t (9_y2+ sin# cosf=0. 2
crystal and the polymer network, the light intensity of the
cell transmitted) = 3 co€(I'/2), is maximized in the field-off Assuming strong anchoring boundary conditions at the sur-
state with the present arrangement of polarizers. A transpaface of the domain, i.e¢=0 atx=0, a andy=0; b the
ent cell can be switched to an opaque state when an electriitical field E, is obtained by solving Eq2):

field is applied due to the creation of director domains in the > > >

6 o . : K[ (1 1
cell.” By application of the field only a portion of the mol- E.= i el B (3)
ecules reorient. Those molecules, which are in close vicinity €afo[\@ b

to the polymer network, remain less influenced by the fieldwe assume that lengtlesandb decrease with an increase in
due to anchoring to the polymer. In this way domains withconcentration as &~ 1/d+1/¢ and 1b=1/¢, where the
different orientations of the nematic director can be createdcharacteristic lengtljis determined by the polymer network.
The phase retardation of the reoriented molecules becom&he average distance between the centers of the randomly
I'=27/\[[ne(0) —n,]dx, where the integral is over the do- distributed polymer fibrils changes with the polymer concen-
main size andn.(6) is given by [1/n.(6)]?=(sin@In,)?> tration asal.c, where we express in %, and« will be
+(coséing?. The angled= 6(x,y) is the tilt angle of the determined from the data. Therefore, if we denote the diam-
director with respect to the axis [see Fig. 1&)], which de-  eter of the polymer fibrils by3 [see Fig. 8)], the polymer
pends on positions andy of the molecule in the domain and characteristic lengtl§ can be expressed @$c) = a//C— .
the field strength. The transmittan€e=1(V)/I (V=0) of the  With finite surface anchoring, which is the case on the pe-
cell in the field-on state is affected by two factors: scatteringimeter of each of the rectangular director domains, lengths
by the nematic director domains and the change in phasandb have to be modified. We assume that the surface an-
retardation. The scattering leads to a decrease in the transhoring energy per unit area takes Rapini—Papoular form:
mlttance_ and to the opaqueness qf the PS!_C_ceIIs.. The fo=12Wsir? 6, @)
change in phase retardation gives rise to oscillations in the
transmittance. An example of the transmittance versus aprhere W is the anchoring strength on the surfaces of the
plied field is shown in Fig. (). rectangular domains. The boundary conditions at finite an-
By monitoring the transmittance of the cells as a func-choring aré® (dé/dx),=W/K sinfcosf=0 and @d6/dy),
tion of the voltage applied we determine the critical voltage® W/K sin §cosé=0, where the derivatives are taken on the
V. of the Freedericksz transition, and hence the critical field perimeter of the rectangles. Hence the critical field with finite
E.=E.(c) for each concentration of the polymer. The re- anchoring can be approximated as
sults of the critical field of the Femlericksz transition for 7K
both types of PSLC are shown in Fig. 2. We normalized our E.(c)= \/77
data to the critical fieldEy= 7/d K/ (e ,&0) = 0.24 V/um for €afo
homogeneously aligned BL038 in the absence of a polymer
network €=0), wheree,=¢,—¢, =16.4 is the dielectric This expression is valid whe/W<10¢.° In comparing the

anisotropy of the BL0O38 at 1 kHz is the permittivity of  elastic energy, Eq1), and the surface energy, E¢), of the
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FIG. 4. Time off results for both types of PSLC as a function of the polymer
concentration. The solid curve represents the fit based of6Ederror bars,
where not shown, do not exceed the symbol size.
related to the critical fieldE, defined in Eq(5) by
2
i . 2 T
FIG. 3. (a) Polymer network shown as a collection of fibrils parallel to the TofEe=—", (6)
nematic directom in the field-off state(z axis). The electric fieldE was €afo

applied along thex axis perpendicular to the glass substrates. The director . . . . o
domains are modeled by parallelepipeds with a rectangular cross section ¥fhere y is the rotational viscosity of the liquid crystal. For

dimensionsa along thex axis andb along they axis. (b) The average each concentration the time off was measured after applica-

distance between the centers of polymer fibrils at concentratisn/ \/c, tion of a field with strength corresponding to Voltdgé [see

and the diameter of a fibril i8. (c) SEM picture of the aligned 3% RM257 Fi b h the liaht t ittance h its first

polymer network(the nematic director orientation is vertigal 9. 1(b)], w ere e light fransmittiance reaches Is 1irs
minimum, to insure that for each concentration of the poly-

mer the phase retardation is the same at the maximum volt-

“age applied/*. Figure 4 shows the experimental results and

: 5 > fit corresponding to Eq(6). By considering the identical
~fs [or, equivalently,K(6/£)°B~Wé°], we conclude that  yomains in our model, the time off is effectively averaged

_ 2 H

2(KIW)=A(&71 B), Wher'eA IS a constqnt. As can be seen over domains of all sizes. From the fit we calculate the rota-
from the above expression, the anchoring streMjis con- o4 viscosity of BLO38 to be 0.33 Pass. Althougthas not
centration dependent due to the dependenceaf the con-  een measured for BLO38, the calculated valug tbm the
centration. At concentratioo=0, the critical field in Eq(5) i js comparable to the measured rotational viscosity of other
reduces to the original Feeericksz critical field,E(c) mixtures in the BL seriege.q., y=0.374 Pas for BLOSY
=Eo=m/d|K/(ea50), as expected. The polymer morphol- e time off of ~3 ms is achievable for 6% polymer con-
ogy was studied by scanning electron microsc@S¥M).  centration. The comparable measured values of the critical
Polymer feature sizes on the order of 50 nm are prominent iRq|q4 and the time off for the two types of PSLC studied
the SEM image for a 3% RM257 sampileig. 3(c)]. Due 10 | co42 and RM25F suggest the existence of a common

removal of the liquid crystal, which is necessary for taking polymer network morphology and influence on the nematic
the SEM image, the polymer network collapsed considery, ;.

ably, resulting in some grosser featurésollections of

fibrils). By fitting the experimental datdhe diameter of the This work was supported by the National Science Foun-

polymer fibrils 3=0.05um was fixed to the critical field of  dation under Grant Nos. DMR-9875427, NSF-INT 98-

expressiorn(5) we obtaina=0.21um andA=23.92. The fit 15313, and DMR-9873849.

is shown in Fig. 2 by the solid line. As our model assumes

that the polymer fibrils do not touch each other, we can

evaluate the polymer concentration above which our model, = . -

is not valid by settingé=0. We find that this criterion cor- ;f;frggsltals '”diomp'?x fe%met”le?j'ted by G. P. Crawford and S.
ylor an rancis, Lonaon, BG

responds t@=17.72%. This concentration is already suffi- 2c.-c. Chang, L.-C. Chien, and R. B. Meyer, Phys. Re\66E 595-599

ciently high for the nematic liquid crystal to form a droplet 3(1997)-

like structure in the polymer matrix similar to polymer- 43"?' ya S‘t?ch'_cK' ggv’;?e'ypkgsﬁg‘r’éﬁb ?js;(éogo'zumer Appl. Phys

dispersed liquid crystal$PDLC)," for which our model is |y 75 3264(1999. T ’ ' S '

not relevant. The anchoring strength value from our modelsRr. A. M. Hikmet and H. M. J. Boots, Phys. Rev.5, 5824(1995.

W(c)=1.95<10 °(1/Jc—0.24) 2 J/n? would cross overto ~ °R-A. M. Hikmet, J. Appl. Phys68, 4406(1990.

a concentration independent value in the PDLC case. Sﬁ'ﬁé’h"r'i:'gagdF'\Q"'Ié'r'n';fzpzl::gr#j ngﬁéf;?nﬁpcs %?;73550 (1976

Another way to test the validity of our model is to mea- s\ Blinov and V. G. ChigrinovElectrooptic Effects in Liquid Crystal

sure the switching behavior of the PSLC. The time®ff is Materials (Springer, New York, 1993 Chap. 3, pp. 111-113.

nematic liquid crystal on the boundaries of the nematic di
rector domains where we assign the virtual surfatg8
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