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Dependence of threshold behavior upon surface distribution of polymer chains in a twisted
nematic liquid crystal
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On the basis of a general Rapini and Papoular equation and a unified surface anchoring energy theory,
dependence of the threshold behavior of the liquid crystal director upon the statistical distribution of polyimide
chains is theoretically investigated for a twisted nematic liquid crystal cell. We assumed that the anisotropy
distribution of polyimide chains induced by the rubbing can be dominated by a Gaussian distribution around
the rubbing direction. Our results show that the threshold behavior of a twisted nematic liquid crystal is
affected strongly by the surface distribution of polymer chains.

DOI: 10.1103/PhysReVvE.69.062702 PACS nunerd2.70.Df, 61.30-v

The director distribution of liquid crystgLC) molecules  solid substrate. A unified surface anchoring energy has been
in the bulk and at the surfaces of the twisted nematic liquidproposed by Akiko Sugimurat al. who studied director de-
crystal(TNLC) cell has caused considerable interest in botiformation of a twisted chiral nematic liquid crystal cell
basic and applied science. Behavior of the director distribu¢TCNL) [18].
tion is affected by the surface distribution of solid substrate In this paper, on the basis of a general Rapini and Papou-
materials such as polymer chains, as well as by the interfdar equation and a unified surface anchoring energy, a thresh-
cial anchoring strength between LC molecules and solid subeld field of the LC director depending on Gaussian statistical
strate, and by external fields such as magnetic and electr@istribution of Pl chains is researched for TCNL.
fields. Interactions between the LC molecules and solid sub- For a twisted nematic LC sample, the extended aniso-
strate determine the orientational order of the LC moleculed/OPic energy density of director orientation described by
in the monolayer that comes across solid substrate. Thisugdimura is as follows:
monolayer orients in turn with LC molecules in bulk because fo=—ZA(L -u)?, (1)

of the tendency of intermolecular interaction to align mol- . 2 ] .
ecules parallel to each othgt-5]. which is a nonlinear combination of the azimuthal and polar

The solid surface treated by the conventional rubbingndles, whereA means the anisotropic anchoring strength
method, which has been widely used to obtain a uniformfi€t€rmined by the distribution of PI chains, ahdand u
director alignment in liquid crystal cells, orients the LC di- €XPress the LC director along a particular orientation and the

; . : o : distribution of PI chains per unit area, respectively. For Pl
rection,L along the easy axi§ubbing direction. Rubbing . . ;
breaks the symmetry by reorienting polyimicl) chains chains treated by the rubbing it can be approximated by a

Gaussian distribution centered around the easy axis @ith

used as solid substrate material. Then the anisotropic d|str|:-0 and®=0. A, represents the pure strength of interfacial

bution of PI chains is responsible for the LC alignment. Sur- ... ion between LC molecules and Pl chains per unit
face molecular distribution of PI film treated by rubbing or area. Heré® and® denote the azimuthal and polar angles of
photoexposure has been revealed through prominent expegy chains with respect to the easy agisbbing direction. If
ments by several scientis{S-13. Despite such experimen- py gyrfaces have strong anchoring, i.e., all Pl chains are
tal results, LC anchoring properties on rubbed surfaces thafjigned along the same direction, the width of the Pl chain
were considering surface distribution of Pl molecules wasyistribution 06— 0 anday— 0 and the probability distribu-
reported by Baharat R. Acharga al.[14]. Moreover, reports s function P(®,®d) exists only at®=0, and ®=/2,
on d_efo_rmation of LC director_s in bulk, including surface hare these are units, thex= Ay, If g— o and og— o,
distribution of Pl (_:halns, are sl few. i.e., in the weak anchoring limit, Pl chains randomly distrib-
In models for director deformatiofi5-19, many authors o \yhich means isotropic alignment, then anisotropic an-
assumed that all Pl chains in a surface are aligned with th@horing strengthA— 0. The total free energy density in the

easy axis because of the dlfflCUlty of mathematical analyﬂ%ulk defined by Frank and Oseen is given by the following
in weak anchoring boundaries. Actually, although the micro-

. - . expression:

scopic origin of LC alignment has not yet been perfectly 5
revealed, according to rubbing strength, these distribution 1 2m
should be dif‘ferent.g g g Sfb = §|:kl(|—i,i)2 + k2< LiLk,jSiik + ?) + kSLiLiLk,iLk,j:| +fe,

The surface effect has been demonstrated by the Rapini ?)
and Papoular equatiof20], a simple expression for the in-
terfacial surface anchoring energy per unit area, which illuswherek represents the elastic constarits;k, andk; are the
trates the anisotropic interaction between liquid crystal andplay, twist, and bend elastic constants, respectiyelyg;the
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pitch of LC material by a chiral dopant; arng is the Levi- w2
Civita Symbol( €123=€231= 8312:1 ,8132:8213:8321:_1, all U(C’S) = 0

othere;;=0). fo. The electric free energy density which rep- 2

resents interaction energy between the LC molecule and an (0 ~ 092205 ~(@)%20515in @
electric field is given byf.= —%soAs(E-L)z, whereg, is the X—7 ) )
dielectric constant in the space and is the dielectric an- J f (0 ~ 09%205-(®)%254]5in @) 4O dd
isotropy. -m2-0
A director configuration at which total free energy is mini- xcos® sin® dO db,
mized can maintain the stable state. The total free energy,
which is the sum of the bulk and the surface free energy, can _ 2 f”
be expressed as the following integral form: I P

(0 ~ 092205 ~(®)%20515in @)

F:ff‘;da+Jfgda+Jfbdu, (3) xr,z

ks
f d~(0 - 0020 273)5in © dO db
-ml2J0

where da is the surface area element add is the bulk
volume element. Here, the variational approach using the Xsin® dO do.

unit step function and the Dirac function proposed by Akiko

Sugimuraet al. to solve Eq.(3), which induces more com- The direction of LC molecules in theaxis can be described
plicated equilibrium condition forms under a weak boundary,as

can make Eq(3) reduce to the unified integral. As a result,

more simple equilibrium conditions were obtained as the fol- L(8, ) = (cos # cos ¢,cos @ sin ¢,sin 6). (6)
lowings [18]: When the polar and the azimuthal deviations of LC direc-

af o [ ot tors with respect to the layer is only considered and an
o = IL0=<z=d)(k=xky =y,ks=2), electric field is applied to the cell parallel to tkeaxis, then
ali  akiLaLy; the free energy density in the bulk formulated in E2) is
reduced to
afy, b b
L. Polborupu = ayli(z=0), il 27\2
i,3 fp= > kiLg s+ ko LoLy 3= Lilo s+ ) +Kg(Lilglq gl g
af, (L -ud+ aliz=d) @ +LilsloglogtLilslsals st lolslygly
—= “u)u + iLi(z=d),
dLlis Adbeiu el +Lolaloalo ot Lolalaalg ot Lalalialys
where A, L, and u, represent the anisotropic anchoring +Lalgloaloa+ L3L3L3V3L313)} +fq
strength, the direction of LC director, and the distribution of

PI chains per unit area at the bottom substrate surfaces, re- 1 5 7 \2

spectively.A,, L, andu; represent the anisotropic anchoring =5 kil5 3+ k2<|—2|—1,3— Lilog+ F) +ka(Lalaly gl 3
strength, the direction of LC director, and the distribution of

PI chains per unit area at the top substrate surfaces, respec-
tively, and ¥, o, and o are Lagrange multipliers to be de-
termined by the constrairit -L in the bulk and at the sur-

faces and.j=dL;/ dk;. The distribution of PI chains per unit |, order to conduct the torque balance equation, which

area az=0 could be given by means minimization of the free energy and the stable director
state in the bulk, variational calculus is applied to Ef.

1
+Lslsloglo st |—3|—3|—3,3|—3,3)} - 580A8(E L2 (D)

u(®,®) = (U(c,c),U(c,s),U(s,), (5 From it, the torque balance equation in the bulk is given by
where 2 2 (d 0)2 { 1
kicos 0+ Kkssinro)| — | +
o (ke Si6) dz (k,COL 0+ ksSin?6)coL
U(c,c) = f 27k 2
/20 X(B+ﬂco§0>] - AsE?sin @ cosH=1, (8)
y (0 - 02205~ @)?1265]sin @ P
w2 m . .
(0 = 021207 —()2/26% ] whereB and| are integration constants. Here the polar angle
f €707 0072067V %200)sin © dO dd 6 and azimuthal angle are the functions of. We now find
“m2-0 B using the boundary condition at the surface. Using Eg)s.
Xcos® cosd dO db, and(6), the third equation of Eg4) is given as follows:
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of
—L =~ ALy U)W = \oLP(z= 0)
dLlis
of
oL b __ AlU(c,c)cos 6 cos ¢ + U(c,s)cos 6 sin ¢ + U(s,)sin §]U(c,c) — \,cos 0 cos ¢,
1,3
of
=9 oL b - _ AlU(c,c)cos 6 cos ¢ + U(c,s)cos 0 sin ¢ + U(s,)sin #]U(c,s) — \,cos 6 sin ¢, (9
2,3
of
(93_b =-A[U(c,c)cos 8 cos ¢ + U(c,s)cos 8 sin ¢ + U(s,)sin F]U(Ss,) — \,sin 6.
\ 1,3
Using Egs.(2) and(6), df,/dL; 3 can be expressed in the following forms:
Jf a0 J
D = — kgsir? 0 cos p— — (koCOF 6+ ksSir? 6)cos 6 sin ¢—¢ +k,,C0S 0 sin ¢,
dlyg az iz
afy afy _ 96 _ d¢
— =X = kqSinT 0 sin ¢p— + (k,coS 0+ KgSir? 6)cos 6 cos ¢p—— + k,,C0S ¢ COS b, 10
T ILs 3S| I d)ﬁz (ko 3Sin’ ) d)&z 22COS ¢ ¢ (10
Jf a0
P = (K, + ksSir? 6)cos 60—,
L dlss iz

wherek,,=27k,/p. From Egs.(9) and(10), the torque balance equations at the surfaed), can be expressed as follows:

(k,c08 6+ kgsir? 6) j—z =AlU(c,s)sin ¢+ U(c,c)cos ¢][U(c,c)cos ¢+ U(c,s)sin ¢plsin 6 cos 6+ AU(s,)

z=0
X (cog6 - sir? 9)[U(c,s)sin ¢ — U(c,c)cos ¢] + AU(s,)sin 6 cos b, (11)
. d¢ . . .
(k,co$ 6+ kgsir? 6)cos 6 e = A[U(c,c)cos 0 cos ¢+ U(c,s)cos 8 sin ¢+ U(s,)sin g][U(c,c)sin ¢
z=0
27k
- U(c,s)cos ¢]cos 0+ 7; 2c0€ 0. (12)
[
From Eq.(12) and the boundary condition at the surfaBes do 1 [ 1
found as follows; dz | (kycoS 6+ kssir? 6) | (k,coS 6, + KsSir? 6,)coS 6,
2
B = A{U(c,c)cos 6,c0s ¢, + U(c,S)cos §,5in ¢, X (B + 2Lkzcosz 0m> - L
_ _ p (k,cOS 0+ kgsir? A)cos 0
+U(s,)sin 6,][U(c,c)sin ¢, — U(c,s)cos ¢,]cos 6. 5 o
27k
_ N _ ><<B+ 2002 0) + AgE%(Sir? 6, — sir? 0)” :
Also, from midplane condition defined as P
(14)
de 1 "
4z =0, 0= Oplygn ¢= §¢t , (13 We assume thaf,=6,,— 0 at the threshold condition. Then,
z=di2 z=di2 B is reduced as
| is solved simply as follows: B = A[U(c,C)cos ¢ + U(c,9)sin ¢o]
) X[U(c,c)sin ¢y — U(c,S)cos ¢y]. (15
1 27Tk2
I = : B+ coSbp, _
(k,cOF O+ KaSir? ) p Here 6, and ¢, are polar and azimuthal angles of LC at

=0 orz=d with respect to easy axis, respectively. From Eqs.
+ eoAsEZSinzﬁm] (13)«15), this very important equation, related between the
azimuthal anchoring strength and the azimuthal deviation
angle of the surface LC directors concerning the distribution
Then, from Eq.(8), we can obtain of polymer chains, is defined as
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(Ad/ky) =[U(c,c)cos ¢ + U(c,9)sin ¢ol[U(c,c)sin ¢, 0.8
- U(c,S)cos ¢y
= ¢y~ 2¢pp — (2md/p). (16)

For simplicity of calculation, we suppose that Pl molecules

at the surface have only azimuthal distribution. Applying Eq. =
(14) to Eqg. (11) and using Eqgs(13) and (16) at threshold

condition leads to the relationship between the threshold 0.4
field and anchoring strength as the follows:

(LINUZ(,c)co2dy, = (Llam) g tar(% \r) , (17)

where a=k,/k;, b=Kks/k;, and the dimensionless coupling 0-20 — T 3 3 .

parameter A
\ = (7ky/Ad), FIG. 1. When the widths of distribution are 0, 0.8, and 1.2 for
the twisted state ofr/2 and the untwisted state, the dimensionless

2dz ) coupling parametek and the width of the distributions,, depen-
q= ASEtk_ +(2a-D0)(p— 2¢p)" — 4mac(e — 2¢p),  (18)  dence on the threshold voltage is shown with Becker’s model for
! comparison. The ratios of the elastic constanendb are 0.6 and
wherec=d/p. For convenience, we use the reduced voltagel.5, respectively. Here, the pitch of LC matenls infinite.
v=V{/Vy,, whereVy, is the Fréedericksz threshold votage for
¢=0, defined as
R weak anchoring. The existence of threshold voltage inversion
Vin = mki/Ae. (19 between the twisted state and the untwisted state was not
noted in Becker’s model, but it was noted in our model. This
could mean that under the surface with weak anchoring the
threshold voltage is principally affected by the interaction of
1 LC molecules in bulk, namely, under weak anchoring, free
v—7—T\fq—(Za—b)(¢t—2¢o)2+477a0(¢t—2¢o)- (200 energy of the twisted state which has worse ordering is
higher than that of the untwisted state which has better or-
From Eqgs(17) and(20), we look into the distribution width - dering. In addition, an increase of the distribution widt
o, dependence with the dependence of the threshold volt- |eads to threshold voltage inversion under stronger anchoring
age for twisted cells and untwisted cell$=7/2 and ¢ and decreases threshold voltage in both the twisted state and
=0 with 04,=0, 0.8 and 1.2 fom=k,/k;=0.6,b=ks/k;, and  yntwisted state. This obviously shows that the configuration
c=d/p=0) as shown in Fig. 1. As depicted in Fig. 1, in the and the threshold behavior of directors in bulk is affected by
strong anchoring oh — 0, our results agree well with the (jstribution of surface polymer chains.
results of preViOUS studies. For an iSOtI‘OpiC surface of In this paper, we assumed that anchoring Strengths are the
—o and o, — o, our model shows more reasonable resultssame ag\=A,=A, and pretilt angles at both surfaces are the
because the threshold voltage approaches zero voltagg€ame agl,=0(0)=6(d).
which means that the Fréedericksz transition does not exist.
The most important difference between our model and Beck- This work was performed by the Advanced Backbone IT
er's model[17] is the existence of threshold voltage inver- Technology Development Project supported by the Ministry
sion between the twisted state and the untwisted state iof Information & Communication of the Republic of Korea.

From Egs.(18) and (19), the general reduced voltageis
given by
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