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This paper describes the development of a computer simulation, based on the aggregate model, which
enables the optical birefringent contrast generated by an arbitary, but known, variation in optic axis
direction to be predicted. The simulator is applied to the structures surrounding disclinations in small
molecule liquid crystals and to the banded textures observed in liquid crystalline polymers (LCPs) after
high shear deformations. Extensions to the simulator may provide a model for the optical and rheological
behaviour of LCPs under shear deformations.

1. INTRODUCTION

Optical microscopy is a popular tool for investigating anisotropic structures in
materials. In particular the birefringent contrast observed when a sample of a crystal
or liquid crystal is placed between crossed polarisers may be used to provide
information about the orientation of the optic axis in the sample. In a liquid crystal,
the optic axis orientation will vary throughout the sample, leading to a variation
in the optical contrast observed. This paper describes the development and appli-
cation of a computer simulation technique which can predict the optical contrast
developed by an arbitrary, but known, variation in optic axis throughout the sample.
If the molecular director, the preferred orientation of a symmetry axis in the
molecules, is related to the optic axis, then a predicted micrograph may be gen-
erated from theoretical structures for the material, and compared with experimental
micrographs to test the validity of the suggested structures.

2. THE OPTICAL SIMULATOR

The optical behaviour of a sample of liquid crystal placed between crossed polarisers
is modelled by dividing the material into an array of cells (Fig. 1). Each cell is
assumed to be uniaxially birefringent, with a uniform optic axis direction. This
optic axis direction can vary from cell to cell. The method is therefore similar to
the aggregate model' used to calculate elastic properties of such materials.
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FIGURE 1 Schematic diagram of array of cells placed between crossed polarisers used in the optical
simulator. The passage of light through each column of cells is considered in turn.

Assuming first that the optic axis for each cell lies in the plane of the sample,
the overall contrast produced by a single column of cells may be calculated. Light
incident on the bottom edge of the lowest cell will be plane polarised and may be
represented by a complex amplitude

A = Aye™ N

Within this first cell, light will be propagated along two mutually orthogonal vi-
bration directions, parallel and perpendicular to the optic axis. The light amplitude
along each of these directions will be
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Polariser direction

FIGURE 2 Definition of angles required for derivation of equations 2 and 4. 8, and v, are the vibration
directions in the first cell; B, and vy, are the corresponding directions in the second cell.

where 6, is the angle between the polariser and the optic axis in this cell (Fig. 2).
Because of the birefringence of the cell, light will propagate with a different re-
fractive index along each vibration direction, and so at the top of this first cell, a
phase difference & will have been introduced, and the complex amplitudes will be

B = A, cosb, e
(3)

C; = Aj sind, e

In the second cell, the optic axis is at an angle 8, to the polariser, so the allowed
vibration directions will be different. The complex amplitudes of light along these
directions may be found by resolving along the new directions

G

4)

Bjsin(8, — 8,) + Cj cos(6, — 9,)

Again, during passage through the cell, a phase change will be introduced, and so
the emerging complex amplitudes will be

Bé = Bzeii8
c=c

)

This process is repeated for all the cells in a column. At the analyser, the final
intensity is calculated by resolving along the direction of the analyser (which is
perpendicular to the polariser) and is given by (4,A%) where

A, = Bj sing, — C) cos6, (6)
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B and C, are the final emerging complex amplitudes and 0, the angle between
the optic axis in the final layer and the polariser.

The phase change 3 is related to the wavelength of the light A, the birefringence
(n. — n,) and the thickness of a cell ¢ by the expression

2w

o = ~ (n, — ny)t @)

In the current simulation, monochromatic light is assumed and & chosen so that
the total phase change over all cells in a column is fixed at an arbitrary value
(m/2).

This can be repeated for each column of cells and hence a simulated optical
micrograph generated.

For a general case, where the optic axis is not parallel to the plane of the sample,
two effects have to be considered. Firstly light no longer propagates through the
cells perpendicular to the sample plane for one of the vibration directions
(the extraordinary wave). This leads to differences in the path length and hence
the phase for this light wave. However, for typical values of the birefringence, this
effect may be neglected.

As the optic axis moves out of the plane of the sample, the birefringence will
change, and hence the phase change introduced between the two components of
light being propagated through a cell will vary. The phase change in one cell will
be given by

8 = d, cos? ¢ (8)

where § is the phase change for an in-plane optic axis and ¢ is the angle that the
optic axis makes with the plane normal to the direction of light propagation (¢ =
0 in the 2-D case).

Thus the optical contrast for any arbitrary variation in optic axis may be cal-
culated, given an expression relating the variation in optic axis orientation with
position. In most of the simulations shown in this paper a grid size of 70 x 50 x
25 was used.

3. DISCLINATIONS IN SMALL MOLECULE LIQUID CRYSTALS

A simple structure to which to apply the optical simulator is the molecular director
around disclinations in smail molecule liquid crystals (SMLCs). Assuming that the
optic axis follows the director for these materials, and that the elastic constants
(k1. k»s, ks3) are equal, then the optic axis variation in the sample plane is as
described by Frank? and given by the expression

0 = sa + c )

where 0 is the optic axis orientation at all points along a line from the centre of
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the disclination at an angle a from a reference direction, s is the strength of the
disclination, which is restricted to integer and half-integer values, and c is a constant.

Examples of simulator output for these structures are illustrated in Fig. 3 where
the expected dark brushes are seen around the disclinations. The optic axis vari-
ations generated by equation 9 are shown together with the simulator results. A
comparison of Fig. 3b (s = 1, ¢ = 0) and 3c (s = 1, ¢ = 7/2) shows that there is
a 90° uncertainty in the optic axis direction for a given resultant contrast level;
these two differing structures lead to the same optical intensity variation.

In the case where s = =1, Meyer® argued that a lower energy structure exists
if the director is allowed to ‘escape’ into the third dimension, and derived an
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FIGURE 3 Optic axis direction maps and optical simulator output for simple disclinations: (a) s =
Va,c=0,(b)s =1,c¢=0,(c)s = 1,¢c = /2
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FIGURE 4 ‘Escaped’ s = 1 disclination. (4) Plan view of optic axis variations; (b) side elevation of
optic axis variations; (c) simulator output.

expression for this
& = 2 tan (’f’) - g (10)

where ¢ is the angle that the director makes with the sample plane, r the distance
from the core and r, a constant. Fig. 4 illustrates this case for an s = 1 disclination,
and should be compared with Fig. 3b.

The case when the elastic constants are not equal may also be considered. When
s # 1 these structures may be described by the equations of Nehring and Saupe*.
For a SMLC, a typical value of this non-uniformity is k;3/k;; = 2.3 (p-azoxyanisole®).
This has a large effect on the behaviour of the dark bands surrounding an s = A
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disclination, as may be seen in Fig. 5 where simulated micrographs are presented
for four different polariser angles for the cases ki3/k;, = 1 and kiyy/ky; = 2.3, A
similar, but smaller effect is observed fors = —% and s = —1 disclinations.

By way of a comparison between experimental and theoretical optical contrast
variations, Fig. 6 shows both actual micrographs and simulator output for a group

(a) (b)

30°

FIGURE 5 Simulator output for s = ' disclinations. (@) Equal elastic coefficients (kq5/k,, = 1). (b)
Unequal elastic coefficients (kss/k,, = 2.3).
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(a) (b)

1

30°

FIGURE 6 (a) Optical micrographs of a group of four disclinations in MBBA. (b) Corresponding
simulator output. The angles indicate the polariser orientation measured in an anticlockwise direction
from horizontal.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:51 19 February 2013

COMPUTER SIMULATION OF LCs 1m

of four disclinations observed for MBBA. It can be seen that there is good agree-
ment between the two patterns within the area bounded by the disclinations. Out-
side this areca the theoretical micrographs differ from the experimental ones. This
may be explained by the presence of more distant disclinations and global orien-
tation variations in the real structure which are not considered in the simulation.

Two other striking differences can be observed between the actual and simulated
micrographs. In the simulator output, distinct white bands are observed which are
not so obvious in the experimental micrographs. These are an artefact caused by
the limited number of grey levels used by the laserprinter in generating the simulator
output. The experimental micrographs show light circular regions surrounding each
disclination; these are not reproduced on the simulator output. These could possibly
be caused by out of plane components of the optic axis allowing lower order
birefringent colours to be seen. The simulator allows only a single order of bi-
refringence and only considers monochromatic light.

Given the general agreement between the experimental and simulated micro-
graphs, it appears that the assumption made above of a correlation between the
optic axis and the director holds well in this case.

4. BANDED STRUCTURES IN LIQUID CRYSTAL POLYMERS

Banded textures have been observed in many LCP systems which have undergone
high shear deformations.®’® These bands appear, when the sheared polymer is
observed between crossed polarisers, perpendicular to the prior shear direction.
Many structures have been suggested for such banded textures. For Kevlar, a
pleated structure has been proposed® where molecules align alternatively at = 5°
to the draw direction. For a thermotropic LCP, known as BN®, a sinusoidal structure
has been suggested from optical evidence.

The optical simulator provides a tool by which such suggested structures may be
investigated. An example is shown in Fig. 7 where micrographs of banded structures
in polymer BN are compared with two proposed structures. In the first, the optic
axis remains in the plane of the sample and varies such that the angle between the
shear direction and the optic axis (the deviation angle) follows a sinusoidal variation.

6 = bsinx (11)

where x is the position along the shear direction and b the maximum deviation
angle. This maximum devation angle may be found by plotting the positions of the
extinction bands (which indicate where the optic axis is parallel to either the po-
lariser or the analyser) as a function of polariser angle; in the micrographs shown
this was found to be 23°.

In the second proposed structure the optic axis is no longer confined to the plane
of the sample, but varies in the third dimension with the same sinusoidal behaviour,
thus giving a helical structure.

In the micrographs (Fig. 7a), a regular pattern of light and dark bands is observed
at 0°. By 15°, as a consequence of pairs of dark bands moving towards each other®,
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FIGURE 7 (a) Optical micrographs of the banded texture in liquid crystal polymer BN. () Simulator
output for a sinusoidal optic axis variation. (¢) Simulator output for a helical optic axis variation. The
angles indicate the polariser orientation measured in an anticlockwise direction from horizontal.

every alternate light band has become much lighter, while at 30° pairs of dark
bands have totally merged and bright and dark bands alternate with a period of
twice that at 0°. At 45° the overall contrast range is much reduced and there is
some sign of a recovery of the original periodicity.

The sinusoidal structure (Fig. 7b) correctly reproduces the intensity variations
at 0° and 15°, but by 30° it shows the start of the development of new darker bands
in the middle of the light bands, for which there is no evidence in the optical
micrograph. In addition, at 45° the contrast range is similar to that at (°.

The helical structure (Fig. 7c) models the optical micrographs more accurately,
with no sign of new dark bands emerging at 30°, and a much reduced contrast
range at 45°. Thus the use of the optical Simulator provides further evidence of
out of plane components of the optic axis in the banded structure, as has been
suggested by previous experiments®.
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Electron microscopy, which provides more direct information about variations
in the orientation of the molecular director, suggests® that the behaviour of the
molecular director and the optic axis differ. Thus in this case the assumption of a
correlation between optic axis and molecular director does not hold, and the sim-
ulator only gives information about optic axis variations.

5. THE RELAXATION BEHAVIOUR OF LCPs

A similar computer simulation, based on the aggregate model, is being developed
to model the change in orientation parameter and elastic modulus in LCP systems
subjected to shear or draw deformations. %! Each cell in the simulation is assumed
to be uniformly oriented with elastic properties equal to that of fully aligned an-
isotropic polymer. Initially these cells are assigned random orientations which are
then affected by the applied deformation process. At any stage in the simulation,
the global orientation function or the elastic modulus may be calculated by an
averaging process, or the optical contrast calculated by use of the optical simulator.

Good correlation between experiment and model have been obtained for the
variation of orientation function during draw of polymer BN!! and also ultra-high
molecular weight polythene.!®

In the case of shear deformation, optical observations!? suggest that the presence
of defects has an important effect on the structures observed. Disclinations present
in unsheared samples appear to multiply under large shear deformations, with an
apparently uniformly birefringent structure being formed at very high shears. Upon
relaxation the banded structure is sometimes observed after the cessation of high
shears. Rheological oscillatory experiments!! show a difference in the behaviour
of an LCP under low and high shear deformations. At low strains the material is
linearly viscoelastic, while at higher strains (above about 10%) the storage and loss
moduli (G’ and G") fall sharply with increasing strain.

In order to model this behaviour, defects have been introduced into the simu-
lation in the form of cells in the array which are set to random invarient orientations.
These ‘nuclei’ are allowed to migrate through the array of cells, affecting the
orientation of cells through which they pass, thus providing a mechanism for the
disruption of liquid crystalline order. Without such a process there would be no
mechanism for the relaxation of a fully aligned liquid crystal order, since this is
the lowest free energy configuration for such a material.

Fig. 8 illustrates the effect of these nuclei during the relaxation of a fully aligned
array of cells in terms of director orientation maps an optical simulations. At present
the model is unable to predict the development of banded structures and work is
in progress to enable the calculation of the rheological behaviour of such systems.
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