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Orientation and surface anchoring of nematic liquid crystals
on linearly polymerized photopolymers

H. G. Galabova, D. W. Allender, and J. Chen
Physics Department and Liquid Crystal Institute, Kent State University, Kent, Ohio 44242

~Received 16 July 1996; revised manuscript received 2 October 1996!

The liquid crystal orientation on a poly~vinyl cinnamate! or poly~vinyl 4-methoxy-cinnamate! coated solid
substrate exposed to linearly polarized UV light has been studied. The angular distribution of the polymer side
chains and the photoreaction products was derived as a function of exposure time using a simple assumption
about the probability for crosslinking of two side chains. The liquid crystal was assumed to be weakly
anchored to the surface but have a degree of order and orientation determined from those of the polymer side
chains. The polar and the azimuthal surface coefficients were estimated as a function of exposure time using
the Landau–de Gennes theory and the behavior of a twist cell with polymer plates was studied for the values
of the calculated surface coefficients.@S1063-651X~97!06802-5#

PACS number~s!: 61.30.Gd
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I. INTRODUCTION

The ability of a liquid crystal to orient in a particula
direction when in contact with a specially prepared surfac
a phenomenon of major importance for the manufactur
process of liquid crystal displays. Homogeneous liquid cr
tal alignment, required for the proper operation of twist
and supertwisted nematic displays, is usually obtained
mechanically rubbing a polymer coated surface. In the
several years a different method for homogeneously align
a liquid crystal has been discovered. Its main feature is
ability of some polymers to orient homogeneously a liqu
crystal after being exposed to linearly polarized UV ligh
Two different groups of materials have been studied. In
case of poly~vinyl cinnamate! ~PVCN! @1# and poly~vinyl
4-methoxy-cinnamate! ~PVMC! @2# exposure to linearly po-
larized UV light results in crosslinking of polymer sid
chains, while in the case of polyimides~PI! @3–5# the expo-
sure causes breaking of the polymer backbone.

In this work we concentrate on the liquid crystal alig
ment on PVCN and PVMC films. By using the model dev
oped by Chenet al. @6# for the angular dependence of th
probability for a photoreaction, we derive the angular dis
bution of the polymer side chains and photoreaction pr
ucts, as well as a tensor order parameter describing t
order. Using this order parameter to determine the bound
conditions for a liquid crystal in contact with the polym
film, we then use the Landau–de Gennes theory to calcu
the azimuthal and polar surface coefficients as a function
exposure time. With the calculated values of the surface
efficients we study the behavior of a twist cell with polym
plates.

II. THEORY

Following the method of analysis developed by Eger
et al. @7#, we describe the polymer film as a collection
reactivity sites, each consisting of a side chain together w
its neighborhood surrounding. A site is reactive if in t
neighborhood surrounding there is another side chain wh
relative geometry is favorable for a photoreaction to occ
All other sites are considered to be nonreactive. The reac
551063-651X/97/55~2!/1627~5!/$10.00
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sites can be further divided into two groups: head to he
which are usually formed from side chains belonging to
same macromolecule, and head to tail, formed from s
chains belonging to different macromolecules. Since the s
contributing to the liquid crystal order are formed from hea
to-tail reactive sites@1,2#, we here neglect the contribution o
the head-to-head reactive sites. We define the site orienta
as the direction of elongation of the side chains in the he
to-tail reactive site or the direction of elongation of the
photoreaction products.

Polymer films used for liquid crystal alignment are us
ally prepared by spin coating. This technique produces po
mer films with chains preferentially lying in the plane of th
film but with isotropic azimuthal distribution@8#. We assume
that only side chains lying at the surface of the film a
oriented parallel to it contribute to the liquid crystal alig
ment, and we use the term ordering sites to refer to b
reacted and unreacted head-to-tail sites in the film top la
In reality there is, of course, a distribution of orientatio
both for the direction of the ordering site relative to the s
face normal and for the separation vector between the
side chains at a given ordering site~i.e., sometimes one sid
chain is beneath the other rather than beside it at the surfa!.
The effect of both of these distribution effects is to redu
the orientational order in the polymer surface layer. It m
be noted that in some cases the polymer film is found
consist of microdomains, each having polymer chains o
ented along a particular direction@9#. The domains still lie in
the plane of the film and each microdomain has a prefer
azimuthal orientation, but the in-plane distribution of the d
mains is isotropic. In the case when the polymer film cons
of such microdomains, the term ordering site introduc
above can be thought to refer to a particular microdomai

Before exposure to UV light the ordering sites are un
acted head-to-tail sites only and their azimuthal distribut
is isotropic. When the polymer film is irradiated, crosslin
ing occurs between the two side chains in the reactive s
The photoreaction product lies in the plane determined
the orientation of the two side chains from which it w
formed, and the site orientation changes to approxima
perpendicular to its orientation before the photoreaction
curs~see Fig. 1@1,10#!. When the polymer film is exposed t
normally propagating and unpolarized UV light, the resulti
1627 © 1997 The American Physical Society
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distribution of ordering sites remains azimuthally isotrop
even though the amount of order may be decreased du
reactions of sites not parallel to the film surface. However
the film is exposed to linearly polarized UV light, the az
muthal distribution of ordering sites becomes anisotrop
which implies that the probability for a photoreaction d
pends on the relative orientation of the site and the UV li
polarization direction. Chenet al. @6# proposed that the an
isotropic part of the probability for a photoreaction is pr
portional to cos2fsin2u, wheref andu are the azimuthal and
polar angles in a reference frame where thex̂ axis coincides
with the UV light polarization direction. Following this as
sumption for the probability for a photoreaction and appro
matingu with p/2 for all ordering sites, the number of o
dering sites which have not yet crosslinked at particu
exposure timet is given by

Nu~f,t!5N0~f,t50!e2atcos2f, ~1!

wheref is the angle between the polarization direction
the UV light and the site orientation anda is a measure of
the probability for photoreaction between the two side cha
in the reactive site.

At a particular exposure time the number of orderi
sites, both crosslinked and not, at an anglef to the UV
polarization direction is given by

N~f,t!5Nu~f,t!1Nr~f,t!, ~2!

where

Nr~f,t!5N0~f2p/2,t50!~12e2atsin2f! ~3!

is the number of reacted head-to-tail sites. Since the in
distribution of the sites is azimuthally isotropic
N0(f,t50)5N0(f2p/2,t50), and thus the number o
ordering sites at an anglef to the UV polarization direction
is

N~f,t!5N0~f,t50!~11e2atcos2f2e2atsin2f!, ~4!

and the angular distribution function is given by

f ~f,t!5
122e2at/2sinh@~at/2!cos2f#

*0
2p~122e2at/2sinh@~at/2!cos2f!#df

. ~5!

The distribution function is isotropic att50 andt→` and
its behavior at some intermediate exposure times is show

FIG. 1. Photocrosslinking of side chains in head-to-tail react
sites in PVCN.
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Fig. 2. As can be seen in the figure, the distribution funct
is anisotropic in a direction perpendicular to the UV lig
polarization direction, which is in agreement with the expe
mental observation@1,2#. When the exposure time is in
creased, the anisotropy increases until a particular expo
time is reached and if the exposure time is increased furt
the probability for finding an ordering site at azimuth
angles away fromf590° increases.

To describe the degree of order of the ordering sites,
use a tensor order parameter analogous to the tensor o
parameter describing liquid crystalline order@11#. We intro-
duceQp such that

Qi j
p5

1

2
^3j ij j2d i j &, ~6!

wherej i is the component of the site long axis on thei th axis
of the laboratory coordinate system, and the average is o
the angular distribution of the ordering sites. In the ca
when the polymer film consists of isotropically distribute
anisotropic microdomains, the distribution function in Eq.

~5! describes the azimuthal distribution of the micr
domains, and the average in Eq.~6! is taken over the micro-
domains. Assuming that the polarization direction of the U
light is along thex̂ axis of the laboratory reference frame an
that the polar distribution is uniform withu5p/2, we obtain
the following diagonal tensor order paramete

e

FIG. 2. Azimuthal distribution of ordering sites at different e
posure times:~a! at51, and~b! at510. The magnitude of a radia
vector from the origin is a measure of the probability of finding
ordering site at an anglef.
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Qp5S 3

2
^cos2f& ff2

1

2
0 0

0
3

2
^sin2f& ff2

1

2
0

0 0 2
1

2

D , ~7!

where^ & ff is calculated by using the azimuthal distributio

function in Eq. ~5!. The constant value ofQ33
p 521/2, as

well as the independence ofQ11
p andQ22

p on the polar angle
u, are both consequences of the assumptions that the o
ing sites lie perfectly flat in the film top layer, and that on
reactions of sites in that layer are relevant. As noted pre
ously, real materials will not be perfectly flat in the surfa
layer but will have a distribution of orientations of the orde
ing sites. The effect produced by reactive sites not be
parallel to the surface reduces the order so that a more
istic value ofQ33

p might be 20.4. The fact that reacting
chains may be positioned one below the other rather t
beside each other on the surface leads to a decrease oQ33

p

perhaps from20.4 to20.3, as a function of exposure tim
to the UV radiation. Calculations performed withQ33

p ~and
thusQ22

p andQ11
p ) smaller in magnitude did not change th

qualitative nature of the results. Quantitatively, smallerQ33
p

leads to a decrease in the calculated polar surface coeffi
but the effect on the azimuthal surface coefficient is mu
weaker. These effects are secondary and for simplicity
present calculations whereQ33

p is held at20.5 for all expo-
sure times.

In order to describe the liquid crystal order, we use
biaxial tensor order parameter@12#

Q5
1

2 S 2S1P 0 0

0 2S2P 0

0 0 2S
D , ~8!

whereS is the usual uniaxial order parameter andP is a
measure of the biaxiality. For the free energy of the syst
we use the Landau–de Gennes free energy expansion@12#
for the bulk part, and we introduce surface terms to desc

FIG. 3. Eigenvalues ofQp as a function of exposure time.
er-

i-

g
al-

n

nt
h
e

e

m

e

the weak anchoring of the liquid crystal to the surface. Fo
semi-infinite sample of liquid crystal with the surface
z50 and uniform order in all planes parallel to the surfac
the free energy has the form

F/A5E
0

`

@ 1
2AtrQ

22 1
3BtrQ

31 1
4C~ trQ2!21 1

2L1~] iQjk!

3~] iQjk!1 1
2L2~] iQi j !~]kQk j!#dz1G0Q33~0!

1B0@Q11~0!2Q22~0!#, ~9!

whereA, B, C, L1, L2, are the Landau–de Gennes free e
ergy parameters, andA is the surface area. The term in th
total free energy involving the coefficientG0 is a surface
term corresponding to the polar anchoring energy. Wh
G0 is positive, this term favors a negativeQ33 at the surface,
and thus it favors orientation in the plane perpendicular
the third axis of the coordinate system. Since the surf
coincides with thex̂-ŷ plane, this term favors planar ancho
ing and the coefficientG0 is a measure of its strength. W
call the coefficientG0 the polar surface coefficient. Simi
larly, the term withB0, B0 being positive, favors orientation
along theŷ axis of the laboratory reference frame. The co
ficient B0 is a measure of the quality of alignment in th
plane of the surface and we call it the azimuthal surfa
coefficient.

Rescaled to dimensionless units@13#, the free energy has
the form

F5E
0

`

@ 1
4 tm

21 1
12 th

21m~h22m2!1m41 2
3m2h21 1

9h4

1 1
4 ~11 2

3r!m821 1
12h82#dz1nm~0!1xh~0!, ~10!

where 1/4t5(27C/4B2)A, r5L2 /L1, m5(9C/4B)S,
h5(9C/4B)P, n5(81C2/4B3j)G0, x5(81C2/4B3j)B0,
1
4j

2527CL1/4B
2, z5z/j, and F5(36C3/AjB4)F. Mini-

mizing the above free energy, we find the following syste
of ordinary differential equations

FIG. 4. Anisotropy ofQp as a function of exposure time.
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~11 2
3r!m95tm26m212h218m31 8

3mh2,
~11!

h95th112hm18hm21 8
3h3,

with boundary conditions

m8~0!5
2n

11
2

3
r

, m8~`!50, h8~0!56x,

~12!
h8~`!50.

To find the equilibrium state of the liquid crystal, we solv
the equations above numerically utilizing the general p
pose codeCOLNEW @14# for systems of ordinary differentia
equations.

III. RESULTS AND DISCUSSION

The eigenvalues of the tensor order parameterQp @Eq.
~6!# describing the order of the ordering sites are shown
Fig. 3 as a function ofat. We associate the average orie
tation of the sites to be along that eigenvector ofQp which
corresponds to the eigenvalue of the largest magnitude
can be seen in Fig. 3, for small and large exposure times

FIG. 5. Eigenvalues of the liquid crystal order parameterQ at
the surface as a function ofn for x50, t50, andr51.

FIG. 6. Polar anchoringn and azimuthal anchoringx as a func-
tion of exposure time att50 andr51.
-

n

s
he

eigenvalue of the largest magnitude isQ33 and it is negative,
showing that the predominant order of the ordering sites i
the plane of the film but there is no in-plane easy axis. F
intermediate exposure times (1.5,at,10), the eigenvalue
of the largest magnitude isQ22, showing that the sites are o
average oriented along a direction perpendicular to the
light polarization direction. This result is in agreement wi
the experimental observation@1,2#. The in-plane anisotropy
of the ordering sites is shown in Fig. 4 as a function ofat. It
exhibits the main feature of the optical retardation measu
ments@2#, that is, with switching the UV light on, the aniso
ropy increases rapidly, then peaks at certain exposure t
and afterwards decreases slowly.

Liquid crystal in the nematic phase exhibits planar, po
domain order when in contact with a nonexposed film@1#. To
see the behavior of the liquid crystal on a surface favor
planar alignment, we calculated the eigenvalues of the liq
crystal order parameterQ as a function of the distance from
the surface for a set of different values of the scaled po
anchoringn and keepingx50. Figure 5 shows the eigenva
ues at the surface as a function of the polar anchoring at
supercooling limit (t50) and settingr51. It can be seen
that at this temperature the liquid crystal is uniaxial only f
n50 ~bulk limit!, and forn→`, which corresponds to infi-

FIG. 7. Twist cell: ~a! Twist anglef as a function of scaled
distancez5z/d between the plates;~b! total twist as a function of
x. ~Note: For each value ofx the value ofn is chosen according to
the exposure time to whichx corresponds.!
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nite polar anchoring. Thus at any intermediaten the liquid
crystal is biaxial and some anisotropy will be present in
plane of the surface. This anisotropy, however, is comple
symmetric with respect to the interchanging ofQ11 and
Q22. In the case when the polymer film consists of isotro
cally distributed microdomains, this symmetry will be br
ken according to the orientation of the microdomains, a
when no microdomains exist in the plane of the film, t
symmetry betweenQ11 andQ22 will be spontaneously bro
ken. In both cases a polydomain structure will result—
liquid crystal will have different orientation at different su
face regions.

At an exposed film the symmetry betweenQ11 andQ22 is
broken; in this case largerQ22 is favored. We assume tha
apart from giving a preferred direction, the polymer film
contact with the liquid crystal enhances the inherent in-pl
anisotropy of the liquid crystal by an amount equal to t
anisotropy of the film. We also assume that the amoun
order in a direction perpendicular to the film plane is t
same for both the side chains and the liquid crystal. Thus
calculate the values of the scaled polar anchoringn and the
scaled azimuthal anchoringx required to obtain values o
Q33
s (t)521/2 andDQs(t)5DQs(t50)1DQp(t), where

DQ5Q222Q11. The results forn and x as a function of
exposure time are shown in Fig. 6. It can be seen that b
n andx follow a behavior similar to that of the anisotropy o
the polymer film; they exhibit a maximum at the same exp
sure time as the anisotropy of the film. However, the relat
change in the polar surface coefficientn is much smaller
than the change in the azimuthal surface coefficientx, and
the value ofx is always at least one order of magnitu
J.
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weaker thann. Rescaling backn andx, for the anchoring of
5CB @13# to PVCN or PVMC film, we obtain maximum
values ofG0;1023 J/m2 and B0;1024 J/m2 which are
associated with strong anchoring.

In order to compare our results with experimental obs
vations, we have calculated the behavior of the twist angl
a twist cell of thicknessd5103j. ~For 5CB the value of
j.8 nm.! The cell is composed of two identical polyme
plates but oriented in such a way that a 90° twist is favor
The behavior of the twist angle as a function of the distan
between the plates is shown in Fig. 7~a! for three different
values ofx, and the total twist in the cell as a function o
x is shown in Fig. 7~b!. It can be seen that for a value o
x50.1 there is practically a full twist. In terms of the poly
mer film this result means that even a film exposed for v
short or very long time would strongly anchor the liqu
crystal. Experimental observations@6# show that the quality
of alignment is decreased on film exposed for a long tim
However, no quantitative results are available. If we hav
systematic study of the behavior of a twist cell with polym
plates exposed for different periods of time, we can comp
our calculations with experimental results and see how
assumption about the degree of order at the surface shou
modified.
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