
Chapter 6 

New droplet structure and pattern formation in a 
polymer doped nematic liquid crystal 

6.1 Introduction 

Nematic drops nucleating from the isotropic phase, or dispersed in another isotropic 

liquid which is immiscible with the liquid crystal, show a variety of defect configu- 

rations [20, 68, 69, 701. In such drops the director has a preferred orientation at  the 

nematic-isotropic (NI) interface, for which the interfacial energy is a minimum. For 

a drop of size R, the interfacial energy is - ?R2, where y is the interfacial tension. 

Satisfying the boundary alignment condition will necessarily involve distortions of 

the director field inside the drop which costs an energy - (K/R2)R3, where K is 

the elastic constant of the nematic (see Sec. 1.2, Eq. 1.9). Equating the two energies 

gives a critical radius R, N K l y  beyond which it is favourable to distort the director 

field in order to satisfy the alignment condition. For the typical values, K - 
and y - Rc - lpm. Satisfying the alignment condition on such a closed sur- 

face necessarily involves the formation of topological defects called disclinations (see 

Sec.l.2). The types and configurations of these defects will depend on the elastic 

properties of the nematic apart from the alignment condition at  the boundaries. 

The Frank elastic free energy density for the director distortions in a nematic 



Figure 6.1: Schematic diagrams of the two commonly seen drop structures in ne- 
mat ic~.  (a) the 'Hedge hog' structure forms when the preferred orientation of the 
director is normal to the interface. (b) the 'bipolar' structure occurs for tangential 
interfacial alignment. 

medium is given by 

where Kll ,  K22 and K33 are the elastic constants corresponding to splay, twist and 

bend deformations, respectively. For most nematics made of rod-like molecules, 

K22 < K11 < K33. 

The most commonly seen structures are the so called 'Hedge hog' (Fig. 6.la) 

in the case of normal boundary alignment and the 'Bipolar' structure (Fig. 6.lb) in 

the case of tangential alignment condition [2]. 

In all the bipolar structures reported so far, the two disclinations occur dia- 

metrically opposite to each other. In this chapter, we describe studies conducted 

on a nematic liquid crystal doped with a polymeric material. The nematic droplets 

nucleating from the isotropic phase of such a mixture exhibit bipolar structures. As 

the drop size becomes large compared to the cell thickness, they become squashed 

between the two glass plates of the cell. In these 'disc-shaped' drops, the two 

point defects are no longer diametrically opposite to each other. Instead, they oc- 



curred closer together along the edge of the disc. Moreover, large nematic domains 

which form by the merger of these drops have a periodic distortion of the director 

field. Such configurations are not observed in usual nematics exhibited by pure 

compounds. 

6.2 Experimental studies 

The experiments have been performed on binary mixtures of a liquid crystalline 

compound and a polymeric 'impurity'. The liquid crystalline compound used in 

the experiments is trans-4-heptyl-(4-cyanopheny1)-cyclohexane (PCH7). It has the 

following phase sequence as a function of temperature: isotropic - nematic - crystal. 

The isotropic to nematic transition occurs at 56.5OC and the nematic phase extends 

down to room temperature. The molecular structure of this compound is shown 

below. 

Figure 6.2: Molecular structure of the compound PCH7. 

We have used two different commercially available polymeric materials in our 

studies. These are materials used in two-component adhesives and their chemical 

structures/compositions are not available. The polymers used do not have any liquid 

crystalline phases and are isotropic at  room temperature (- 25OC). The results 

obtained with both the polymers are qualitatively the same. All the results presented 

here are from mixtures of PCH7 and one of the components of a commercial glue 

made by Lixon. 

6.2.1 Sample preparation 

The experiments were conducted on mixtures with about 18wt% of the polymer. 

The required amount of each component was weighed into a small glass sample cup. 



Figure 6.3: Photographs of two disc-shaped drops (a),(b) taken between crossed 
polarisers which were along the horizontal and the vertical directions with respect 
to the pictures and (c) the second drop taken without one of the polarisers. The 
arrows show the positions of the two point disclinations which occur close together 
compared to the usual bipolar structure. The diameter of the drops are of the order 
of 200pm. 

The mixture was heated to the isotropic phase and mixed thoroughly before being 

filled into the sample cells. The polymer was completely miscible with PCH7 in 

the isotropic phase. The sample cells were constructed using clean glass plates. For 

this, the plates were first left in chromic acid for about an hour. The acid was 

removed by washing first with a mild detergent solution, then with distilled water 

and then with ethanol. The plates were then dried in an oven. The spacing between 

the glass plates was fixed using 50pm mylar spacers and the two plates were held 

together using an adhesive which does not mix with the sample. The cell thickness 

was measured from the interference pattern formed by white light reflected from the 

air film inside the cell using a constant deviation spectrometer (Adam and Hilger 

Ltd.). The cells were filled with the sample in the isotropic phase. 

6.2.2 Microscopic observations 

The sample temperature was controlled to an accuracy of f O.l°C using a Mettler 

FP80 hot-stage. The microscopic observations were made using a Leitz polarising 

microscope at x 250 magnification. 

In the experiment, the sample was first heated to the isotropic phase and left 



Figure 6.4: Photographs of two disc-snaped drops taken oetween crossed polarisers 
which were roughly along the horizontal and the vertical directions with respect to 
the pictures. The upper photograph (a) is grainy because it was taken from a video 
monitor. In the case of (b) the polymer concentration was low and hence the two 
defects are not very close to each other. 



at a constant temperature for several minutes. This allowed it to attain a uniform 

concentration. It was then cooled at  a rate of O.lo/min. The isotropic to nematic 

transition started a t  - 35OC. The nematic always nucleated in the bulk of the sam- 

ple as tiny droplets. The droplets whose sizes were smaller than the cell thickness 

appeared spherical and had a bipolar configuration. The bipolar configuration indi- 

cates that the director at  the NI  interface prefers to lie in the local tangent plane. 

As the temperature was reduced, the drops grew in size. When the diameter of the 

drops became larger than the cell thickness, the growth was confined to the plane 

of the cell. This resulted in disc shaped drops. In such drops, the two point defects 

occurred closer together instead of being diametrically opposite to each other. Pho- 

tographs of such drops taken between crossed polarisers are shown in Figs. 6.3a,b 

and Figs. 6.4a7b. The dark 'brushes' originating from the defects indicate regions 

where the director is either parallel or perpendicular to the polariser. Within the 

drops the director variation was smooth except near the defect cores. When the 

temperatur* was held constant, the structure remained unchanged for hours. The 

glass plates did not have any influence on the orientation of the director at  the flat 

surfaces of the drops. This is because the polymeric material has a strong affinity for 

glass and hence a thin isotropic layer rich in the polymer forms near the two glass 

surfaces of the cell. This is easily verified by coating the glass surface with a layer 

of silicon monoxide at  oblique incidence. Such a treatment favours a uniform align- 

ment of the nematic director near the surfaces [30]. But in cells constructed using 

such treated glass plates no aligning effect was seen. This is because the isotropic 
1 

layer prevents the nematic from coming into direct contact with the treated sur- 

faces. Since the drops were in contact with an isotropic layer at  the top and bottom 

surfaces, the director had a preference to lie in the plane of the interface and no 

particular azimuthal direction was preferred. The fact that the director was almost 

everywhere (except near the defects) in planes orthogonal to the viewing direction 



Figure 6.5: Schematic diagram of the director configuration within the disc-shaped 
drop. 

made the the mapping of the director field quite easy. 

Mapping the director field using crossed polariser and analyser will not give 

a unique director field. This is because the transmitted intensity is the same for 

director orientations which are locally rotated by 7r/2 at all points. Therefore, the 

director configurations within these drops were determined by doping the sample 

with a small amount of an azo dye. 

The dye molecules are geometrically anisotropic and align along the nematic 

director. Moreover, the absorption is maximum when the electric-vector of the 

incident polarised light is parallel to  the long axis of the dye molecule. Thus, by 

varying the polarisation direction of the incident light and noting the orientation 

of the polariser for maximum absorption for a given point in the drop, the director 

configuration can be mapped without any ambiguity. 

The director configuration in the drops is shown in Fig. 6.5. Along the circum- 

ference of the disc the director is parallel to the local tangent to the circle. In the 

bulk, as well as at  the top and bottom surfaces the director is parallel to the glass 

plates. The isotropic layers near the glass surfaces provide a free boundary where 



Figure 6.6: Sequence of photographs showing the coalescence of two bipolar drops. 
Two -1 defects are generated during this process which then cancels with two of 
the four +1 defects. The director field in (b) is schematically shown in (d). 

the anchoring energy is degenerate with respect to the orientation of the director in 

the plane of the interface. 

When the temperature was lowered further, the drops started merging and 

formed larger and larger domains. The configuration of the defects in these larger 

domains was very unusual. When two bipolar drops touch each other two negative 

surface disclinations are generated where the nematic-isotropic interfaces of the two 

drops meet. In usual bipolar drops, the two negative defects attract and cancel two 

of the total of four +1 defects. Thus, the resulting drop is left with two +1 defects 

and the net strength is again +2. In the case of the flattened drops, however, the 

extra pairs of defects generated during coalescence did not always cancel. A series of 

photographs showing the merger of two drops is shown in Fig. 6.6. In this case each 

negative defect was close to a positive defect and hence the two pairs could easily 



cancel (Fig. 6.6b,c). The director distribution corresponding to Fig. 6.6b is shown 

in Fig. 6.6d. The structure of the resultant drop seemed to depend on the relative 

orientations of the two coalescing drops. When the drops merged in such a way 

that the positive defects in them were very close to the negative defects generated 

during merger, the extra pairs easily cancelled. On the other hand, when the drops 

merged with their defects on the same side of the line connecting the centers of the 

drops, one of the negative defects was far away from the positive ones. In such cases 

the isolated negative defect did not cancel with any of the positive ones. Two such 

possible scenarios are schematically shown in Figs. 6.7 and 6.8. 

Figure 6.7: Schematic diagrams showing the coalescence of two disc-shaped drops 
with their defects on opposite sides of the line connecting their centers. The negative 
defects generated occur close to the positive ones and the pairs cancel easily as in 
usual bipolar drops. 

Thus, when drops merged in this configuration, the resulting drop had an extra 

pair of defects. The net strength of +2 was, however, conserved. When many such 

drops merged the resulting domain had a large number of extra defect pairs. These 

pairs were arranged such that all the negative defects were on one side and the 

positive defects on the other. Photographs of the periodic patterns formed in this 

manner are shown in Figs. 6.9, 6.10 and 6.11. The director field had a periodic 



Figure 6.8: In this case the defects are on the same side of the line connecting the 
centers of the drops. When drops merge in this configuration, one negative defect 
is isolated from the positive ones and hence is not easily cancelled. Extra pairs of 
defects are generated when more drops merge in a similar configuration. The net 
strength in the resultant domains is always +2. 



Figure 6.9: Stripped patterns famed by the merger of several bipolar drops, seen 
between crossed polarisem. The dark region is isotropic. The 'brushes' originate 
from surface disclinations which me arr&ed periodicdg at the interface. The 
periodicity is of the order of 200pm. 



- -- (a) 

Figure 6.10: Periodic patterns seen in nematic strips bounded by the isotropic phase 
on both sides. 



Figure 6.11: Pattern formed by a sample with a small amount of dye, recorded (a) 
between crossed polarisers and (b) without the analyser. The period was roughly of 
the order of 200pm. 

Figure 6.12: Schematic diagram of the director field that produces the periodic stripe 
pattern in a nematic 'slab' bounded by the isotropic phase. The surface disclinations 
at the upper interface are -1's and those at the lower boundary are +l's. 



Figure 0.13: Sequence of photographs taken between crossed polarisers during fast 
heating. The isotropic phase forms channels which are roughly parallel to the stripes. 



distortion as shown in Fig. 6.12. This periodic structure remained stable for hours. 

When the sample was heated a t  a fast rate (N 5O/rnin), the isotropic phase 

started nucleating at the defects and formed channels parallel to the stripes. The 

channels formed along the regions of maximum splay deformation. Since the transi- 

tion temperature is lower when the polymer concentration is higher, this experiment 

clearly showed that there was a periodic variation in the concentration of the polymer 

which was coupled to the director field. This observation motivated us to analyse 

the effect of such a coupling in stabilising the new drop structure. 

6.3 Theoretical analysis 

In the case of the disc shaped drops, the director is parallel to the plane of the cell 

except very close to the defect-cores. Since the diameters of the drops were very 

much larger than the cell thickness, it is reasonable to assume that the director is 

everywhere parallel to the plane of the cell. Moreover, the director is uniform along 

the Z-axis which is taken to be normal to the disc. Thus, the director distribution 

can be described as 

This implies that ii . (V x fi) = 0, ie., there is no twist deformation. The Frank free 

energy density expression, Eq. 6.1, can then be written in the simple form 

fro = [KII(V .fi)2 + K33(V x fi)2] . (6.3) 

From the experiments described earlier, it is clear that the concentration field 

is coupled to the director distortions. The concentration of the polymer is large 

close to the defects where the distortions are large. To the lowest order, the terms 

contributing to the energy density due to the coupling between the gradients in the 

concentration and the director distortions can be expressed as [71] 



where x is the concentration of the polymeric impurity. The terms with coefficients 

a1 and a3 couple the concentration field to the splay and the bend distortions, respec- 

tively. These terms are allowed by the ii = -ii symmetry of the nematic medium. 

This coupling is analogous to the coupling between the flexoelectric polarisation 

and an external electric field [I]. The last term which is proportional to ( V X ) ~  is 

required for stability of the uniform nematic. The total free energy density is given 

by 

(6.5) f = f~ + f c  

The total bulk energy is given by 

Minimising Eq.6.6 with respect to x and integrating out the concentration field gives 

From Eqs. 6.3 and 6.7, we see that the effect of a non-zero impurity concentra- 

tion is to renormalise the elastic constants of the pure nematic. Since b has to be 

positive for stability reasons, the effective elastic constants are lower compared to 

that of the pure nematic. The two coefficients, a1 and a3, can be very different when 

the nematic is doped with a polymer. This can lead to very large anisotropy in the 

elastic constants. We explored the possible role of such a large elastic anisotropy in 

stabilising the experimentally observed director configuration. The details of this 

calculation is described in the next section. 1 

6.3.1 Calculations and results 

From the Euler-Lagrange minimisation condition, we can define a 'molecular field' 

h [I], corresponding to a deformed director configuration, whose components are 



In equilibrium, the local director must be parallel to the molecular field at  all points. 

Any deviation from this will produce a restoring elastic torque on the director. The 

local torque T acting on the director is given by the relation 

Equilibrium is achieved when the torque acting on the director goes to zero at  all 

points within the drop. 

Since the director is confined to planes parallel to the XY-plane, it can be 

parameterised by an angle 0 as 

ii 2 (cos 0, sin 8, 0) 

The torque balance equation, T = 0, can then be obtained as 

Due to its highly non-linear nature, the torque balance equation, Eq.6.11, had to 

be solved numerically. This was done using the Successive Over Relaxation (SOR) 

method with Chebyshev acceleration [39]. 

The numerical minimisation was performed using a discretised version of the 

torque balance equation (6.11). For this the drop was divided into square cells of 

size a. Corrections are made on each cell, labeled by the indices i and j ,  according 

to the algorithm 

where 
1 



[39] and w is the overrelaxation parameter. The optimum value for w was chosen 

empirically. The maximum mesh size that could be used was 200 x 200. The director 

configuration was always symmetric about a plane bisecting the line joining the two 

defects. This symmetry was exploited and only one half of the drop was simulated 

using the available mesh points. 

In the calculation we started with a configuration with the two defects at  dia- 

metrically opposite ends. Then one of the defects was moved along the circumference 

in small steps. At each step the structure was allowed to 'relax', subject to the tan- 

gential boundary condition, till the torques at every point was below a specified 

tolerance. 

The numerical calculations showed that both the average splay and the bend 

deformations, integrated over the area of the drop, increased as the two defects were 

moved closer together along the circumference of the drop. Thus, with the free 

energy expression given by Eq.6.7, the stable structure is one with the two defects 

diametrically opposite to each other. 

It should be mentioned that the numerical calculations involved considerable 

complications. One difficulty is in performing the numerical calculation in presence 

of singularities. Even if one puts a reasonable cut-off around the singular points, the 

large gradients in the director field close to the defects make numerical calculations 

inaccurate for practical mesh sizes. Moreover, the approximation of the circular 

region with square cells make the edges of the drop jagged. This is reflected in the 

variation of the distortion energy as the defect is moved along the circumference of 

the drop. The complicated geometry'makes it difficult to choose a space varying 

mesh size such that the mesh is finer where the distortions are more. Due to these 

reasons, it is difficult to make any conclusive remark on the effect of the elastic 

anisotropy in stabilising the drop structure based on the above calculations. 



6.4 Conclusion 

We have studied a new drop structure and pattern formation in a nematic doped 

with a polymeric impurity. Experiments show that the polymer concentration is 

coupled to the director field of the nematic. A simple theoretical model which takes 

into account such a coupling between the gradients in the concentration field and the 

director distortions does not seem to explain the experimental results. Therefore, 

other physical mechanisms have to be explored to understand these unusual patterns. 
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