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Orientation and surface anchoring of nematic liquid crystals
on linearly polymerized photopolymers
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The liquid crystal orientation on a pdljinyl cinnamate or poly(vinyl 4-methoxy-cinnamadecoated 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 coefficienf$1063-651X97)06802-3

PACS numbes): 61.30.Gd

[. INTRODUCTION sites can be further divided into two groups: head to head,
- _ . . . which are usually formed from side chains belonging to the
_The ability of a liquid crystal to orient in a particular g,me macromolecule, and head to tail, formed from side
direction when in contact with a specially prepared surface igpains belonging to different macromolecules. Since the sites
a phenomenon of major importance for the manufacturingontributing to the liquid crystal order are formed from head-
process of liquid crystal displays. Homogeneous liquid crystq.taj reactive site§l,2], we here neglect the contribution of
tal alignment, required for the proper operation of twistedihe head-to-head reactive sites. We define the site orientation
and supertwisted nematic displays, is usually obtained bs the direction of elongation of the side chains in the head-
mechanically rubbing a polymer coated surface. In the lasfo-tail reactive site or the direction of elongation of their
several years a different method for homogeneously aligninghotoreaction products.
a liquid crystal has been discovered. Its main feature is the Polymer films used for liquid crystal alignment are usu-
ability of some polymers to orient homogeneously a liquidally prepared by spin coating. This technique produces poly-
crystal after being exposed to linearly polarized UV light. mer films with chains preferentially lying in the plane of the
Two different groups of materials have been studied. In thdilm but with isotropic azimuthal distributiof8]. We assume
case of polwinyl cinnamaté (PVCN) [1] and polyvinyl that only side chains lying at the surface of the film and
4-methoxy-cinnamaje(PVMC) [2] exposure to linearly po- oriented parallel to it contribute to the liquid crystal align-
larized UV light results in crosslinking of polymer side ment, and we use the term ordering sites to refer to both

chains, while in the case of polyimidéBI) [3-5] the expo- ~ reacted and unreacted head-to-tail sites in the film top layer.
sure causes breaking of the polymer backbone. In reality there is, of course, a distribution of orientations

In this work we concentrate on the liquid crystal align- both for the direction of the ordering site relative to the sur-

ment on PVCN and PVMC films. By using the model devel-face normal and for the separation vector between the two

oped by Cheret al. [6] for the angular dependence of the side_ c_hains at a given ordering siiee., SO”?e“'T‘eS one side
pPobabi)I/ity for a pho[to]reaction we? derive tphe angular distri-chain is beneath the other rather than beside it at the siuface

bution of the polvmer side chains and photoreaction rool:I'he effect of both of these distribution effects is to reduce
poly P ProUine orientational order in the polymer surface layer. It must

. . . e noted that in some cases the polymer film is found to
order. Using this order parameter to determine the boundary,sist of microdomains, each having polymer chains ori-

conditions for a liquid crystal in contact with the polymer gnteq along a particular directi¢@]. The domains still lie in
film, we then use the Landau—de Gennes theory to calculaigye plane of the film and each microdomain has a preferred
the azimuthal and polar surface coefficients as a function o4zimuthal orientation, but the in-plane distribution of the do-
exposure time. With the calculated values of the surface comains is isotropic. In the case when the polymer film consists
efficients we study the behavior of a twist cell with polymer of such microdomains, the term ordering site introduced
plates. above can be thought to refer to a particular microdomain.
Before exposure to UV light the ordering sites are unre-
Il THEORY acted head-to-tail sites only and their azimuthal distribution
' is isotropic. When the polymer film is irradiated, crosslink-
Following the method of analysis developed by Egeroning occurs between the two side chains in the reactive site.
et al. [7], we describe the polymer film as a collection of The photoreaction product lies in the plane determined by
reactivity sites, each consisting of a side chain together witlthe orientation of the two side chains from which it was
its neighborhood surrounding. A site is reactive if in theformed, and the site orientation changes to approximately
neighborhood surrounding there is another side chain whoggerpendicular to its orientation before the photoreaction oc-
relative geometry is favorable for a photoreaction to occurcurs(see Fig. 11,10]). When the polymer film is exposed to
All other sites are considered to be nonreactive. The reactiveormally propagating and unpolarized UV light, the resulting
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FIG. 1. Photocrosslinking of side chains in head-to-tail reactive

sites in PVCN.
-0.5 0.0 0.5
distribution of ordering sites remains azimuthally isotropic
even though the amount of order may be decreased due to 0.5
reactions of sites not parallel to the film surface. However, if (b) ar=10

the film is exposed to linearly polarized UV light, the azi-
muthal distribution of ordering sites becomes anisotropic,
which implies that the probability for a photoreaction de-
pends on the relative orientation of the site and the UV light Y
polarization direction. Cheet al. [6] proposed that the an-
isotropic part of the probability for a photoreaction is pro-
portional to coé¢sir’, where¢ and @ are the azimuthal and

polar angles in a reference frame where xhexis coincides

with the UV light polarization direction. Following this as-

sumption for the probability for a photoreaction and approxi-

mating 6 with /2 for all ordering sites, the number of or- 0.5
dering sites which have not yet crosslinked at particular ’ 0.0 0.5
exposure timer is given by

FIG. 2. Azimuthal distribution of ordering sites at different ex-
Ny(¢,7)=No( ¢, 7=0)e" arcosz{ ) posure timesfa) =1, and(b) a7=10. The magnitude of a radial
vector from the origin is a measure of the probability of finding an
where ¢ is the angle between the polarization direction ofordering site at an anglé.
the UV light and the site orientation andis a measure of
the probability for photoreaction between the two side chalng
in the reactive site.
At a particular exposure time the number of ordering
sites, both crosslinked and not, at an angleto the UV
polarization direction is given by

ig. 2. As can be seen in the figure, the distribution function
s anisotropic in a direction perpendicular to the UV light
poIarization direction, which is in agreement with the experi-
mental observatiorf1,2]. When the exposure time is in-
creased, the anisotropy increases until a particular exposure
time is reached and if the exposure time is increased further,
N(¢,7)=Ny(,7)+N,(b,7), (2)  the probability for finding an ordering site at azimuthal
angles away fromp=90° increases.
where To describe the degree of order of the ordering sites, we
use a tensor order parameter analogous to the tensor order
N,(¢,7)=Ng(p— 7/2,7= O)(l—e*“TS‘”Z‘i’) (3  parameter describing liquid crystalline ordéd]. We intro-
duceQP such that
is the number of reacted head-to-tail sites. Since the initial
distribution of the sites is azimuthally isotropic,

No(é,7=0)=Ng(¢p— 7/2,7=0), and thus the number of Qi 2<3§'§l 3ij). )
ordering sites at an anglg to the UV polarization direction _ ) _ )
is where¢; is the component of the site long axis on tiieaxis

of the laboratory coordinate system, and the average is over
N((/),T):NO(¢,7_:O)(1+efmco§¢_efarsin2¢), (4) the angular distribu_tion of the ordgring s_ites. In. thg case
when the polymer film consists of isotropically distributed

and the angular distribution function is given by anisotropic microdomains, the distribution function in Eq.
(5) describes the azimuthal distribution of the micro-
1—2e *"’sinH (a7/2)cos2p] domains, and the average in E) is taken over the micro-

f(¢,7)= Sﬂ(l_2e*aT/ZSinr{(aT/Z)COS%)]d¢' ) domains. Assurrling that the polarization direction of the UV
light is along thex axis of the laboratory reference frame and

The distribution function is isotropic at=0 andr—c and that the polar distribution is uniform with= 7/2, we obtain
its behavior at some intermediate exposure times is shown ithe  following  diagonal tensor order parameter:
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FIG. 3. Eigenvalues ofP as a function of exposure time. FIG. 4. Anisotropy ofQP as a function of exposure time.
3 2 1 0 0 the weak anchoring of the liquid crystal to the surface. For a
S{cos ), — 5 semi-infinite sample of liquid crystal with the surface at
3 1 z=0 and uniform order in all planes parallel to the surface,
“ai _Z the free energy has the form
QP= 0 (i), —5 0 | @
0 0 ! o
2 F/A=f [3ArQ?—3BtrQ3+ ;C(trQ%)?+ 3L 1(4Q))
0
where( >f¢ is calculated by using the azimuthal distribution X (;iQji) + %Lz(aiQij)(&kaj)]der GoQ34(0)
ion i P_ _
function in Eq.(5). The constant value of%, 1/2, as +Bo[Q11(0) — Q,(0)], (9)

well as the independence @, andQ5, on the polar angle
0, are both consequences of the assumptions that the order-

ing sites lie perfectly flat in the film top layer, and that only whereA, B, C, L, L,, are the Landau—de Gennes free en-
reactions of sites in that layer are relevant. As noted previergy parameters, and is the surface area. The term in the
ously, real materials will not be perfectly flat in the surfaceiotal free energy involving the coefficiet®, is a surface
layer but will have a distribution of orientations of the order- term corresponding to the polar anchoring energy. When
ing sites. The effect produced by reactive sites not beings is positive, this term favors a negati@; at the surface,
parallel to the surface reduces the order so that a more reaing thus it favors orientation in the plane perpendicular to
istic value of Q§; might be —0.4. The fact that reacting the third axis of the coordinate system. Since the surface
chains may be positioned one below the other rather thagyinciges with thec-y plane, this term favors planar anchor-
beside each other on the surface leads to a decrea®8;0f ing and the coefficienG, is a measure of its strength. We
perhaps from—0.4 to —0.3, as a function of exposure time ca|| the coefficientG, the polar surface coefficient. Simi-
to the UV radiation. Calculations performed wi@&; (and  |arly, the term withB,, B, being positive, favors orientation
thus Q%, andQf,) smaller in magnitude did not change the 4ong they axis of the laboratory reference frame. The coef-
qualitative nature of the results. Quantitatively, small  ficient B, is a measure of the quality of alignment in the
leads to a decrease in the calculated polar surface coefficiegfane of the surface and we call it the azimuthal surface
but the effect on the azimuthal surface coefficient is muchygefficient.

weaker. These effects are secondary and for simplicity we Rescaled to dimensionless unjits3], the free energy has
present calculations whef@%; is held at— 0.5 for all expo-  the form

sure times.

In order to describe the liquid crystal order, we use the
biaxial tensor order parametgt2] 7:J (324 StrPt (e )+ 22t g
-S+P 0 0 0

o=l 0o -sP o ® +3(1+3p)p'?+ 5 7'?1d+ vu(0) + x7(0),  (10)
2l o 0 28
where 1/4=(27C/4B?)A, p=L,/L;, w=(9C/4B)S,
where S is the usual uniaxial order parameter aRdis a  7=(9C/4B)P, v=(81C?/4B3%¢£)G,, x=(81C?/4B3¢)B,,
measure of the biaxiality. For the free energy of the systen}é?=27CL,/4B2, [=z/¢, and F=(3°C3/ A¢B*)F. Mini-

we use the Landau—de Gennes free energy expaf&@in mizing the above free energy, we find the following system
for the bulk part, and we introduce surface terms to describef ordinary differential equations



1630 H. G. GALABOVA, D. W. ALLENDER, AND J. CHEN 55

T T T —~ 90
u )
ra 0
5 4
£ L
< -
= m
= g 45
a 2
. d
H s
g o
H
N
v < 0
FIG. 5. Eigenvalues of the liquid crystal order paramégeat ¢
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To find the equilibrium state of the liquid crystal, we solve X
the equations above numerically utilizing the general pur-
pose codecoLNEW [14] for systems of ordinary differential FIG. 7. Twist cell:(8) Twist angle¢ as a function of scaled
equations. distanceZ=z/d between the plategb) total twist as a function of
x- (Note: For each value gf the value ofv is chosen according to
1Il. RESULTS AND DISCUSSION the exposure time to whicl corresponds.

The eigenvalues of the tensor order param@&r[Eq.  gjgenvalue of the largest magnitudeQss and it is negative,
(6)] describing the order of the ordering sites are shown inshoying that the predominant order of the ordering sites is in
Fig. 3 as a function ofr7. We associate the average orien- ihe plane of the film but there is no in-plane easy axis. For
tation of the sites to be along that eigenvectorQ¥fwhich  jniermediate exposure times (£%r<10), the eigenvalue
corresponds to t_he eigenvalue of the largest magn!tude. ASt the largest magnitude ,,, showing that the sites are on
can be seen in Fig. 3, for small and large exposure times, theerage oriented along a direction perpendicular to the UV

light polarization direction. This result is in agreement with
' ' ' ' the experimental observatidi,2]. The in-plane anisotropy
of the ordering sites is shown in Fig. 4 as a functiorvef It
exhibits the main feature of the optical retardation measure-
/ ments[ 2], that is, with switching the UV light on, the anisot-
ropy increases rapidly, then peaks at certain exposure time,
and afterwards decreases slowly.

Liquid crystal in the nematic phase exhibits planar, poly-
domain order when in contact with a nonexposed filfa To
see the behavior of the liquid crystal on a surface favoring
planar alignment, we calculated the eigenvalues of the liquid
crystal order parametép as a function of the distance from
. . , . the surface for a set of different values of the scaled polar
5 10 15 20 anchoringr and keepingy=0. Figure 5 shows the eigenval-

ot ues at the surface as a function of the polar anchoring at the
supercooling limit {=0) and settingp=1. It can be seen

FIG. 6. Polar anchoring and azimuthal anchoring as a func-  that at this temperature the liquid crystal is uniaxial only for
tion of exposure time at=0 andp=1. v=0 (bulk limit), and for»—, which corresponds to infi-
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nite polar anchoring. Thus at any intermediatehe liquid  weaker tharv. Rescaling back andy, for the anchoring of
crystal is biaxial and some anisotropy will be present in thesCB [13] to PVCN or PVMC film, we obtain maximum
plane of the surface. This anisotropy, however, is completelyalues of G,~102 J/n? and B,~10 * J/m? which are
symmetric with respect to the interchanging Qf; and  associated with strong anchoring.

Q2. In the case when the polymer film consists of isotropi-  |n order to compare our results with experimental obser-
cally distributed microdomains, this symmetry will be bro- yations, we have calculated the behavior of the twist angle in
ken according to the orientation of the microdomains, and twist cell of thicknessi=10%¢. (For 5CB the value of
when no microdomains exist in the plane of the film, the§:8 nm) The cell is composed of two identical polymer
symmetry betweeQy; and Qz, will be spontaneously bro- 1 4te5 byt oriented in such a way that a 90° twist is favored.
ken. In both cases a polydomain structure will result—therpg penavior of the twist angle as a function of the distance
liquid crystal will have different orientation at different sur- |, een the plates is shown in Figalfor three different

face regions. . . values ofy, and the total twist in the cell as a function of
At an exposed film the symmetry betwe@n; andQy, is x is shown in Fig. ). It can be seen that for a value of

broken; in this case largdpy, is favored. We assume that x=0.1 there is practically a full twist. In terms of the poly-
apart from giving a preferred direction, the polymer film in o i this result means that even a film exposed for very
contact with the liquid crystal enhances the inherentin-planghort or very long time would strongly anchor the liquid
an?sotropy of the quUid crystal by an amount equal to the rystal. Experimental observatiop8] show that the quality
anlsotropy OT thg film. We al_so assume that the amqunt Obf alignment is decreased on film exposed for a long time.
order in a dlrect|on perpepdmular to t_he.ﬁlm plane is theHowever, no quantitative results are available. If we have a
same for both the side chains and the liquid cry_stal. Thus Wgystematic study of the behavior of a twist cell with polymer
calculate t_he values of th.e scaleq polar anChQWEﬁd the plates exposed for different periods of time, we can compare
scaled azimuthal anchoring required to obtain values of  cajculations with experimental results and see how our

Q3s(7)=—1/2 andAQ%(7) =AQ%(7=0)+AQP(7), where  a55ymption about the degree of order at the surface should be
AQ=Q,,—Qq;. The results forv and x as a function of modified.

exposure time are shown in Fig. 6. It can be seen that both
v andy follow a behavior similar to that of the anisotropy of
the polymer film; they exhibit a maximum at the same expo-
sure time as the anisotropy of the film. However, the relative
change in the polar surface coefficiemtis much smaller This work was supported by the National Science Foun-
than the change in the azimuthal surface coefficignind  dation under the Science and Technology Center ALCOM
the value ofy is always at least one order of magnitude DMR89-20147.

ACKNOWLEDGMENTS

[1] T. Ya. Marusii and Yu. A. Reznikov, Molec. MateB, 161 [8] D. McBranch, I. H. Campbell, D. L. Smith, and J. P. Ferraris,

(1993. Appl. Phys. Lett.66, 1175(1995.

[2] M. Schadt, K. Schmitt, V. Kozinkov, and V. Chigrinov, Jpn. J. [9] Y. Toko, T. Sugiyama, K. Katoh, Y. limura, and S. Kobayashi,
Appl. Phys.31, 2155(1992. J. Appl. Phys74, 2071(1993.

[3] S. T. Sun, W. M. Gibbons, and P. J. Shannon, Lig. Crjst., [10] A. Reiser,Photoreactive Polymers: the Science and Technol-
869 (1992. ogy of Resist$Wiley, New York, 1989.

[4] P. J. Shannon, W. M. Gibbons, and S. T. Sun, Natuoadon [11] S. Chandrasekharl.iquid Crystals (Cambridge University
368 532(1994. Press, Cambridge, England, 1992

[5] J. L. West, X. Wang, Y. Ji, and J. R. Kelly, Soc. Inf. Display [12] P. G. de Gennes and J. ProEhe Physics of Liquid Crystals
Digest Tech. Paper¥XVI, 703(1995. (Oxford Science Publications, New York, 1993

[6] J. Chen, D. L. Johnson, P. J. Bos, X. Wang, and J. L. West[13] Natasha Kothekar, D. W. Allender, and R. M. Hornreich,
Phys. Rev. E54, 1599(1996. Phys. Rev. E49, 2150(1994.

[7] P. L. Egeron, E. Pitts, and A. Reiser, Macromoleculds95 [14] U. Ascher, J. Christiansen, and R. D. Russel, ACM Trans.
(1981). Math. Software,7, 209 (1981).



