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Pretilt angle generation on photoreactive polymer films
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The mechanism of liquid crystal pretilt angle generation on photoreactive polymer films doubly exposed to
linearly polarized ultraviolefuv) light has been investigated. The first exposure for tipés normal to the
surface, and the film is subsequently irradiated for tirgewith obliquely incident uv light with a plane of
polarization rotated by 90° with respect to that of the first uv light. The state of the polymer film after two
exposures was characterized with a tensor order parameter, which then served as a boundary condition for the
surface state of the nematic liquid crystal. The bulk liquid crystal behavior was investigated using Landau—de
Gennes theory extended to include the possibility for weak surface interactions linear in the tensor order
parameter. The pretilt angle was calculated as a function of hotimd r,, and as a function of the second uv
light angle of incidence. The calculated behavior of the pretilt angle was found to be in qualitative agreement
with experimental observations. Conclusions about the strength of the anchoring have also been made.
[S1063-651%98)16509-1

PACS numbegs): 61.30.Gd

I. INTRODUCTION with a different ordering agent in the various aligning mate-
rials. In a previous work reported elsewh¢ed we investi-
Surface alignment of liquid crystals is of major impor- gated the easy axis generation on oyl cinnamate
tance for the proper operation of liquid crystal displays. At(PVCN) or poly(vinyl 4-methoxy-cinnamaje(PVMC) type
present, alignment is mainly achieved by mechanical rubbingphotoreactive polymers exposed to linearly polarized uv
of a polymer coated surface. This technique is simple andight, and there we considered the ordering sites to be the
thermally stable but has been found to have the disadvantadgead-to-tail reactive sites and their photoreaction products.
of introducing dust particles and electrostatic charges intdn the case when the photoreactive polymer is of polyimide
the liquid crystal cell, thus reducing the production yield of type, uv irradiation causes breaking of the polymer back-
liquid crystal displays. bone, and in this case the backbone can be considered as an
In recent years the method of photoalignment has been afrdering site. In general, however, the term ordering site can
great interest as a possible alternative to the rubbing tecHse thought of as any agent that can orient the liquid crystal
nique. It was found that some photoreactive polymer mateand that can be characterized by its orientation along a par-
rials can orient a liquid crystal after being exposed to linearlyticular direction. In this work we assume that the liquid crys-
polarized uv light[1-4]. Originally, only single exposure tal alignment induced on exposed polymer films is due to
normal to the polymer film was used, which resulted in aanisotropic destruction of ordering sites.
homogeneous liquid crystal alignment perpendicular to the The double uv exposure scheme that we concentrate on is
polarization direction of the uv light. The pretilt angle, how- as follows: The polymer film is first exposed for time to
ever, which is necessary to avoid reverse tilt disclinations imormally incident linearly polarized uv light. The propaga-
the twisted and supertwisted nematic devices, was found tgon direction is described by the unit vectioy and the lab
be either zero or doubly degenerate if a one-time exposurgsference frame is chosen in such a way thatitteis co-
method was usefb,6]. It was later realized that a double uv . _ .

h b iy ina both ¢ g}_gdes with the polarization directiof of the uv light. In
exposure scheme can be used for generating both a preferrgg, qecong yy exposure the polarization is first rotated by 90°
axis in the plane of the film and a pretilt angl&8].

: . . i . long the axis of the lab reference frame, and the film
In this paper we investigate the mechanism of pretlltt0 be along thg axis of the lab reference frame, and the

. . sample is tilted by an anglé;,. [8]. This is equivalent to
angle generation by concentrating on the double uv exposure P y 9l€inc (8] q

scheme used by Wanet al. [8]. To describe the polymer

A
film, we derive a tensor order parameter that depends on both z
exposure times, and we calculate the liquid crystal bulk be-
havior using the Landau—de Gennes theory. The details of O, &
the model, together with comparison of our calculations with 7/
the experimental results obtained by Wang, will be discussed 5

in this paper.

%;
>

Il. THEORY /
A
We describe the polymer film as a collection of rodlike X

ordering sites each represented by a unit vegtatong the FIG. 1. Double uv exposure scheme: oblique expostire unit
site orientation. The term ordering site can be associatedectorsk andE are both in they-z plane.
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having the second uv light propagating obliquely to the film;y he plane of the fim so that%= COSdh COS X
as shown in Fig. 1, where bothandE are in they-z plane. | qjn 4 cosgy+sin 2. In order to derive the distribution

As a resul_t, when a liquid cry_stal_ is ir1 c_ontact with a doubly f,nction of the sites, we use the model proposed by Chen
exposed film, the bulk nematic directoris found to be also g 51 [10] according to which the anisotropic part of the
in they-z plane, and make a pretilt angé with the poly-
mer surface.

To describe the polymer film after two uv exposures we
introduce a tensor order parameter

probability for a photoreaction is proportional t@-E)z.
Suppose that at zero exposure time there Mgeordering
sites, and they are distributed according to some initial dis-
tribution functionfy( 6, ). After the first exposure the num-

1 ber of ordering sites is given by
Qipj:§<3§i§j_5ij>! 1)

N1(6, ;1) =Nofo( 0, p)exf — ar; cogdcogd], (2)
where the average is taken over the distribution function of
the ordering sites. The unit vectdrthat describes the site wherea is a parameter that characterizes the isotropic part of
orientation is fully specified by the azimuthal angleand the probability for a photoreaction. After the second expo-
the polar angled, which in this case is defined with respect sure the number of ordering sites left in the film is given by

N,(8,¢;71,7)=N1(0,¢,7)exd — a,(cos 8 sin ¢ cos O;,.—sin 6 sin 6;,0)2]. (3)

In all calculations we have considered the original distribution of ordering sites to be isotropi@aim Gaussian aroung

=0 in 6, that is,f0(¢,0)~e*(”"’)2, wherea/ 2 is the standard deviation. With this assumption the distribution function of
the ordering sites after two exposures is given by

0 2
f(0,¢;71,72)=/\/ex;{—<;)

exd — ar, cog0cog plexy — aT,(cos b sin ¢ cos O;,.—Sin 6 sin 6;,.)%], (4)

where the normalization factolis chosen in such a way iterent from zero, the directors, m, andi can be chosen

that in such a way thatn=cosfy+sinfz, m=singy

o (a2 —cosfz, andi=x.
f f f(0,¢;7,=0,7,=0)cos0dd dp=1. (5) The free energy of the system can be written as
—aJ -2

F:Fb+FeI+FS! (7)

In order to calculate the values of the polymer tensor or-
der parameter elemeni&q. (1)], the two-dimensional inte- where
grals involved in taking the average were solved using the
method of Gaussian quadraturdsl]. For all values of the :f
parameters entering the ordering sites distribution function, b ]y
the off-diagonal element®?}, and Q}; were found to be
zero. This indicates that the tens@P can be diagonalized in is the bulk free energy and
a coordinate system that is obtained from the lab reference

frame through a rotation around tixeaxis by a particular B 1 1

angle that we calb, . Fa= y §L13inkf7ink+ E'—z(?iQij&kaj av. (9
For the description of the liquid crystal we use the biaxial

tensor order parameter

1
2

A tr QZ—%B tr Q3+ %car QZ)Z}dv 8

is the elastic contribution. The coefficieAt B, C, L,, and
L, are the usual phenomenological parameters entering the
S P Landau—de Gennes free enefd®]. The termF, represents
Qij=5 (3ni nj= &)+ (mm—1i 1), (6)  the surface contribution to the free energy and can be de-
scribed by the coupling of the liquid crystal order parameter
) o with surface vectors characterizing the symmetry of the
where S is the usual uniaxial order parameter aRds a  aligning film. For a surface favoring homeotropic or planar
measure of the biaxiality. The unit vectans m, andl are  alignment only one such vector is sufficient, and this is the
the local principal axes where the liquid crystal order paramvector perpendicular to the plane of the fi[i3,14). In the
eter is diagonal. Since in the calculation of the bulk behaviorcase of a doubly exposed polymer film, however, where the
the polymer tensor values are used as boundary conditionsurface favors a preferred axis and a pretilt angle, an addi-
and because only th@%, (=Q},) off-diagonal element is tional surface vector is necessary. We choose this vector to
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be oriented along a direction perpendicular to the plane

where the anglé, is defined, that is, thg-z plane.
To describe the surface free energy we include only

terms linear in the tensor order parameter. In general, five

such terms can be formdd5] but only three of them are

nonzero in our case; these are the terms that couple to the

three independent nonzero elements of the te@ddEq. (6)]

at the surface. Thus, the surface free energy has the follow-

ing form:

FS: j [GlAIQIJAJ +GzBiQiij+G3(AX B)lQIJ BJ]dS,
S
(10

where the unit vectoréd and B are such thaA=x and B

=27, andG;, G,, andG; are surface coupling coefficients.
The liquid crystal tensor order paramefé&g. (6)] has a
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V2

X= T(SS_ P)cos %,

y= \/TE(SS— P)sin 26, 11

V6

z= T(S-i- P),

the tensorQ can be written as

-2z 0 0

Q:i 0 z+3x \/§y
\/E 0 \/§y z—\/§x

Assuming that the liquid crystal order is uniform in all

(12)

different representation that is more convenient for performplanes parallel to the surface, the rescaled total free energy of

ing numerical calculationgl6]. With the substitution

2
Z

2 2
X2+y2— —
Y73

=]t
0

1
L2 (y) 7+ (2021 5| S ()

where the tenso® has been rescaled @%°= aQ, the scal-
ing parameters area=27C/(\/6B), t/4=27CAIB?, p
=L,/L,, z=¢&, &=a’,IC, y=L,/(éa?, F
=FI/(Ay), v=G1/(ay), x=Cz/(ay), B=GCz/(ay), and
the derivatives are taken with respectito

Minimizing the total free energy* [Eq. (13)] we obtain
the following system of nonlinear differential equations

p p tx
1+ 5|X'— —=2"— — +2xz—X(X*+y?+2%) =0,
5 NP (x*+y+2%)
t
(1+g)y”—Zy+2yz—y(x2+y2+zz)=0, (14
p p tz
1+ £ |2/ — —=X"—— +x2+y?— 22— z(x*+y?+7%) =0,
6/7 2 4 y (x“+y
with boundary conditions
p p X
1+ 5 |x'(0)——=2'(0)+ —==0,
/X' (0) i (0) i
p B
1+ -|y'(0)— —==0,
p p —2v+x
1+<|2'(0)— —=x'(0)———==0, 15
/% (0) iz (0) 7 (15

1, (V3x'—2z)?
+—

—2v+yx X B
6 )}d{Jr—\/g z(O)—Ex(O)Jr Ey

the system per unit ared can be written as

1
+ 7 (X Hy?+z?)?

(0), (13

X'(*©)=0, y'(*)=0, Zz'(«)=0.

To calculate the bulk behavior of the liquid crystal, the val-
ues ofr, x, andB such thaQ;;(0)=Qf} were found. In all
calculationg was taken to be zero, which corresponds to the
supercooling limit, and the value @f was chosen to be 1.
The equations were solved numerically using the general
purpose codecoLNEW for systems of ordinary differential
equationg17,1§.

Ill. RESULTS AND DISCUSSION

The change of the distribution functi¢&q. (4)] with ex-
posure time is illustrated in Fig. 2. In Fig(& the initial
distribution functionf(6,¢;7,=0,7,=0) is plotted for a
value of=10°, which is the value used in all calculations.
After a single uv irradiation at normal incidence only order-
ing sites oriented alongp= = 7/2, and thus perpendicular to
the uv light polarization direction, are left but the distribution
function is still centered around=0. Therefore, no pretilt
angle can be expected after irradiation with only normally
propagating uv light. The distribution function after double
uv exposure is shown in Fig.(® for a particular value of
Oinc. As can be seen in the figure, the ordering sites are still
located aroundp= =+ 7/2 but now the polar part is shifted
towards an angl@+#0. This asymmetry in the polar distri-
bution can be expected to introduce a nonzero pretilt angle.

The behavior of the eigenvalues of the polymer tensor
order parameteQP as a function of the normal exposure
time a7, in the case of normal exposure only is similar to
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FIG. 3. Single uv irradiation: surface coefficients.

in a direction perpendicular to the uv light polarization di-

rection. In the case of normal exposure only the surface co-

efficient 8 is always zero, reflecting the fact that no pretilt

angle is generated. The surface coefficiantnd y are plot-

ted in Fig. 3 as a function of the normal exposure time. A

e positive v favors a negativ€),, at the surface, and thus this
coefficient gives an indication of how strongly the surface

R
favors orientation in thé—i plane. Therefore, this coefficient
can be related to the azimuthal anchoring strength. A posi-
tive y corresponds to a surface favoring a nega@4g, and

thus an order in the-y plane. The coefficienf can be
associated with the polar anchoring strength. As can be seen
in the figure, the coefficieny is always decreasing while

has a peak at small exposure time, and this peak corresponds
to time a7, where E5 has a maximum. In additiony is
orders of magnitude larger thanfor small exposure times.

that discussed for the case of PVCN filfigd. As expected USINg typical values for the coefficient C, andL, [19],

from the symmetry of the distribution function, in this case W€ estimate Sthe maximum value @, (polay to be in the

the tensoiQP is diagonal, and so the eigenvalues are equivag’r‘i‘zr of 10° J/n?, and G, (azimuthal in the order of
lent to its diagonal values. The direction of the predominanf0 * J/mP. These values are usually associated with strong
orientation of the ordering sites is associated with the eigen@nchoring. When the exposure time is increased, the value of
vector corresponding to the eigenvalue of the largest magni¥ Pecomes closer to that of, and they both decrease in
tude. For small exposure times the eigenvalue of the large&f@gnitude when the exposure time is further increased.
magnitude isEs, and it is negative, which shows that the 'herefore, the anchoring on a polymer film exposed for a
order favored by the polymer film is planar. Atr;=0 the ~ VerY long time is expected to be weak.

eigenvalue€; andE, are equal, and therefore no preferred The .behaV|or. of the polymer e|genv§\Iues of a doubly ex-
direction exists in the plane of the film. Whenr, is in- posed f|lm at aflxeq normal exposure time was calculated as
creased, the order favored by the polymer film is planar buft function of the oblique exposure time. It was found that the
biaxial, and a preferred in-plane orientation along §heo- largest eigenvalue always remaiB§. The same is true for

ordinate axis is gradually being established. For exposur&he b.UIk behavior of the liquid cryst.aEz is always the I_arg— .
times a, with values of approximately 2 and larger, the ést elgenva_lue_. In boAthAcases the eigenvectors associated with
eigenvalue of the largest magnitude is alw&ys Therefore, ES andE;, lie in they-z plane and make angles é¢ and
the orientation that the irradiated polymer film favors is per-6, , respectively, with the axis. The behavior ofp and 6,
pendicular to the uv light polarization direction. In the modelas a function of the oblique exposure time, is demon-
developed for PVCN-type photoreactive polymers, at largestrated in Figs. @) and 4b), respectively. The anglé, is in
exposure times the eigenvalue of the largest magnitude wdact the angle in the liquid crystal bulk in the absence of
found to be a negativE;, and this was due to the assump- external deformation, and thus it is the pretilt angle that can
tion that new ordering sites were created at the same rate && experimentally measured. As can be seen in the figure, the
the ones that were being deple{&d. In the case considered behavior of §_ is considerably different from that ofs.
here, however, ordering sites are only being destroyed, and/hile 8 shows a relatively constant increase for the expo-
even though the eigenvalue of the largest magnitude remairsire times shown in the figur@, has a peak at a certain
E, for very large exposure times, its value is decreasing, andblique exposure time, and this result is very similar to the
thus the amount of orientational order at the surface is alsone observed experimentall§]. This demonstrates that the
decreasing. generated pretilt angle is a result of relaxation of both order
For exposure times7,>0 the largest eigenvalue in the parameter$§andP and the angle, and the bulk angle can
bulk is alwaysE,, and thus the bulk liquid crystal is oriented be considerably different from the angle favored by the poly-

FIG. 2. Ordering sites distribution function far=10°, 6,
=40° and(d) a7;=0 anda,=0; (b) at;=12 anda7,=12.



PRE 58 PRETILT ANGLE GENERATION ON PHOTOREACTIVE ... 3299

20 . . . 0.10 : . .
@ {1 e E, —E, - E,
~RE 1 0.05 | 1
[} 2]
g1t 1 N S 1
@5t - “-0.05F -
(a)
0 1 1 1 _0. 10 1 1 1
0 5 10 15 20 0 5 10 15 20
at, ¢ [&]
7 . . .
5 T T T (b)
4l Y 6l
@ %
a a
23t j 9
& 25
= =
2 [ 1 [« 2]
- 4 L
1 + 4
0 ) , , 3 1 1 1
0 5 10 15 20 0 5 10 15 20
g (&)
(X’l'z

) . FIG. 5. Eigenvaluega) and angleb) as a function of the dis-
FIG. 4. 6, (a) and §_ (b) as a function of the oblique exposure tance from the surface farr, =12, a7, =8, 6= 40°, ando=10°.

time for a7, =12, #,.=40°, ando=10°. E,#E; in the interfacial region but appears to coincide in this

mer film. It must be noted that although the results fpr ~ SC/:

presented in Fig. @) are for a value otx7;=12, the behav-

ior of 6, is not unique to that value. In the case @f; considerably different from that @, . Figure &b) illustrates
=12 the peak ind_ was found to occur at the same ratio of the fact that the solution witld # 0 does not exist for small
7,/ 7, as in the experiment reported by Waegal.[8]. For  values ofa7,. Calculations of the free energy have shown
other values ofv7; the peak ing,_ still exists but it occurs at that the solution with largest, and with6_=0 is the stable

a differentr, /7, ratio, and the magnitude of the angle is alsoone for values oler; up to ~2.5. This result may explain
different.

The behavior of the eigenvalues and the anglas a 11.0 . . .
function of the distance from the surface for a particular @
oblique exposure time is shown in Figgaband %b). Tak- ~ 10,51 |
ing into account that the correlation lengtfor the case of ﬁ ) — ]
5CB was calculated to be 4x 1078 m, it can be concluded &
that the bulk behavior is established at a distance of about g 1007 1
1000 A away from the surface. In the bulk the liquid crystal a
is uniaxial €,=Ej3), and the value oE, corresponds to the 8.5 T
value of the uniaxial order paramet& for the particular
temperature, which in this case coincides with the supercool- 9.0 : : :
ing limit. 0 5 10 15 20

The behavior of the polymer eigenvalues of a doubly ex- %0
posed film at a fixed oblique exposure time was calculated as 5 . . .

a function of the normal exposure time. In this case the larg-
est eigenvalue at the surface is always a posiE{e and 4r

therefore the surface favors orientation along thaxis of
the lab reference frame. The solution whérgis the largest

[Degrees]
w

eigenvalue in the bulk liquid crystal always exists, and in this 2|
case the bulk angl@,_ is zero for any value okxr,. The -
solution withE; the largest, however, is not the stable solu- 1t
tion for all values ofar,. For values ofar, of approxi-

mately 2 and larger, a solution whefEg is the largest eigen- 0 0

value in the bulk, and for whicl#, # 0, starts to exist. The
behavior ofgp and 6, as a function of normal exposure time
is shown in Figs. @) and Gb), respectively. As can be seen  FIG. 6. 6, (a) and 6, (b) as a function of the normal exposure
in the figures, the behavior of the pretilt angle is again  time for a7,=12, 6,,,=40°, ando=10°.
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10 . . . FIG. 8. 6p and §, as a function of the oblique uv light angle of

incidence forat=12, at,=4, 6,,;=40°, ando=10°.

F value of the standard deviation, however, does affect the
o BT ] angle 6;,. at which the maximum occurs: larger valuesoof
S 41 | shift the position of the maximum to smalléy,..
D
2t ® IV. CONCLUDING REMARKS
0 ' - The pretilt angle generation on uv irradiated polymer
0 S 10 L a films was investigated in this paper. The results indicate that

¢ L&) the generated pretilt angle can be considerably different from
FIG. 7. Eigenvaluesa) and angle(b) as a function of the dis- the angle favored at the polymer surface, anq is a result of
tance from the surface fowr,=1, ar,=12, 6,,=40°, ando the total relaxation of all degrees of freedo_m in the system.
—10°. The calculated results are in a good qualitative agreement
with the experimental observatiof]. The calculations also
the fact that in experiment only a decreasejnis observed indicate that the behavior of the pretilt angle as a function of
(no alignment has been achieved for small exposure timesne exposure time holding the other one fixed does not de-
[8]). It must be emphasized that the behaviogpfpresented pend only on the ratio of the two exposure times but also on
in Fig. 6 is at ar, / r; ratio different from the one reported in their particular values.
the experiment. Calculations performed using the experimen- Values of the surface coefficients y, andg at different
tal ratio showed a much weaker decreasedinwith the  double exposure conditions were also obtained in the course
normal exposure time. This discrepancy could be due to thef performing the calculations. In order to estimate the polar
fact that the liquid crystal samples used in experiment forand azimuthal anchoring strengths that are directly compa-
measuring the pretilt angle in the case of fixed normal and imable withwW, andW,, defined in Frank theory with included
the case of fixed oblique exposure times may not have beeneak anchoring in the Rapini-Papoular approximafiat,
completely identical20]. the effect of an external deformation on the polar and azi-
The behavior of the eigenvalues and the angl@as a muthal angles at the surface should be calculated. This prob-
function of the distance from the surface for the solutionlem, however, involves solving a system of four nonlinear
with largestE, are presented in Figs(&) and 1b), respec- second order differential equations for the two order param-
tively. It can be seen that the distance at which the bulketersS andP, and the angle$ and ¢. Due to the existence
values of the liquid crystal tensor order parameter eigenvalef multiple solutions the problem is complicated, and the
ues are established is again in the order of 1000 A but thattempt we made to isolate the appropriate solutions did not
distance required for the angfeto decay to its bulk value of give any definitive results.
zero is several times larger. This indicates that different val- An important aspect of the model developed in this paper
ues of the bulk angle may be measured at different points iis the fact that the values of the liquid crystal tensor order
the bulk, and therefore this result may explain the inability toparameter at the surface were chosen to match those of the
experimentally determine a definite pretilt angle for smallpolymer film tensor. The calculations were performed only at
normal exposure times. In the case when the largest eigem: particular temperature but if this model is applied for dif-
value in the bulk isE,, the eigenvalueg; andE, exchange ferent values of, the temperature dependence will be trans-
close to the surface, and the behavioréois similar to the ferred completely to the surface coefficients. It is well known
one presented in the case of a fixed normal exposure timgat a temperature dependence is indeed exhibitedVhy
[see Fig. B0)]. [22,23 andW,, [24,25. Therefore, according to the model,
The behavior of the angle® and 4, as a function of the the amount of order favored at the surface remains the same
oblique uv light angle of incidencé;,. has also been calcu- at different temperatures but the strength of the anchoring
lated. A typical behavior is illustrated in Fig. 8 for fixed changes. In the bulk the liquid crystal is always uniaxial, and
values of both exposure times. It was found that the positionthe amount of orientational order depends only on the tem-
of the maxima indp and §_ are practically unaffected by the perature.
actual values ofr7; anda 7, (as long asy7; remains larger Finally, it must be pointed out that an additional feature of
thana 1), although the values of the angles do change. Thehe liquid crystal alignment on polyimide films exists: the
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behavior of the liquid crystal depends on the curing tempera€alculations performed using these assumptions did indeed
ture of the polyimide, which in turn affects the degree ofindicate a different liquid crystal behavior.

imidization of the polymef26]. This fact can be taken into

account by considering a different initial distribution func- ACKNOWLEDGMENTS

tion of the ordering sites, or by assuming that only a certain This work was supported by the National Science Foun-
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