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Symmetry-breaking and symmetry-recovering occurring during 
coalescence of nematic droplets with a bipolar structure 

by WE1 WANG and TAKEJI HASHIMOTO* 
Department of Polymer Chemistry, Graduate School of Engineering, 

Kyoto University, Kyoto 606-01, Japan 

(Receioed 30 October 1995; accepted 22 December 1995) 

We have directly observed the coalescence process of elementary nematic droplets having a 
bipolar structure. The coalescence results in a symmetry-breaking of the elementary droplet 
and then creation of new defects at the surface of the coalesced droplet. The annihilation of 
the defects with opposite signs and the shape change result in symmetry-recovering and finally 
formation of a large droplet that has absolutely the same structure as the former elementary 
droplets. 

For nematic liquid crystals consisting of rod-like mole- 
cules, a unit vector n, having a characteristic of n = - n 
because the rod-like molecules have no preferred polar- 
ity, is introduced to describe the orientational order in 
the nematic phase. Its mean orientation is defined as an 
order parameter that is non-zero in the nematic state, 
but that vanishes in the isotropic phase for symmetry 
reasons. This implies that the nematic phase has a lower 
symmetry than the isotropic phase [ 11. Therefore, the 
isotropic-nematic transition is a symmetry-breaking 
phase transition which can create topological defects in 
the nematic phase [2]. Experimental results concerning 
the defect formation or defect annihilation dynamics in 
liquid crystals can be used to verify some theoretical 
models relevant to similar issues in cosmology and 
condensed matter physics [2, 31. In this work, we report 
experimental verification concerning the formation of 
topological defects caused by symmetry-breaking when 
nematic droplets coalesce, and concerning the annihila- 
tion of the defect pairs in the coalesced droplets which 
results in symmetry-recovering of the droplet. 

In the biphasic region of nematic liquid crystals, or 
when nematic liquid crystals are dispersed in an immis- 
cible isotropic medium, they form droplets having certain 
special structures. Figure 1 (a) shows the configuration 
of a nematic droplet with a bipolar structure, which is 
one of the simplest but most important liquid crystal 
droplets [4]. In the ‘one-constant’ approximation?, the 
director components in cylindrical polar coordinates are 

*Author for correspondence. 
?In the ‘one-constant’ approximation, k , ,  = k,,  = k,, = k 

where k , , ,  k,, and k,, are the Frank splay, twist, and bend 
constants, respectively. 

taken as n, = -sin 8, n, = 0 and nZ = cos 8, thus 

6’= tan-’ (K:: ~ ; 2 )  

where R is the radius of the droplet. The energy for this 
bipolar structure is 

E z 5nkR (2) 
[ 51. This droplet has a cylindrical symmetry in molecu- 
lar orientation with respect to the axis connecting the 
two poles (D,,) and the molecular orientation at the 
surface of the droplet is parallel to the surface (tangential 
boundary). Two surface point defects (boojums) with 
strength s =  -t- 1 distribute at the surface of the droplet 
at the bipolar region. The liquid crystal molecules are 
subjected to splay and bend deformations in this bipolar 
droplet. When viewed between crossed polarizers, the 
bipolar droplet shows a certain optical texture, as shown 
in figure 1 (b) showing the optical texture of a bipolar 
droplet having the same size and orientation as that in 
figure 1 (a). Two dark brushes emanate from the two 
point defects at the poles and the director of the unit 
vector in the areas occupied by the dark brushes is 
parallel to the analyser [4,6,7]. 

Before describing the present work with nematic 
droplets, we illustrate a mathematical theorem, the 
Poincart theorem, which will be used for analysing in a 
precise way the number and the features of defects 
distributed at the surface of the nematic droplet. The 
PoincarP theorem indicates that the sum of the indices 
mi of the vector field fixed on the closed and smooth 
surface in the tangential boundary condition equals the 
Euler characteristic of this surface, i.e. 

x m i = E  
I 

(3) 
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Figure 1. (a) Distribution of the director field in a nematic 
droplet with a bipolar structure; two surface point defects 
(boojums) localize in the bipolar region; (b)  PLM micro- 
graph of a bipolar nematic droplet having the same size 
and orientation as that in (a). The orientation of the 
crossed polarizers is indicated by the letters A (analyser) 
and P (polarizer). 

where E is the Euler characteristic of a two-dimensional 
surface [8-101. In the case of a sphere-like volume 
surrounded by a smooth surface, the Euler characteristic 
E is equal to 2 [S]. When the mathematical theorem is 

used for the nematic droplet, the indices mi of the vector 
field are the strengths si of defects. For example, the 
PoincurP theorem indicates that only two surface point 
defects with s =  + 1 can distribute on the surface of the 
bipolar droplet at equilibrium, see figure l(a). In addi- 
tion, in this work we refer to the droplet in figure 1 as 
the elementary droplet in order to distinguish it from 
the droplet formed by coalescence. The latter is referred 
to as the coalesced droplet. 

We experimentally tracked the transient structure of 
the coalesced droplet by recording pictures of the nem- 
atic droplets with the bipolar structure before and after 
coalescence. The material we used was N-(  4-methoxy- 
benzylidene)-4-butylaniline (MBBA) with a purity of 
98% which was obtained from Aldrich and used without 
further purification. The isotropic to nematic transition 
for this MBBA was determined to occur at 36’C. 

The specimen containing the elementary bipolar drop- 
lets was prepared by sealing a very small amount of the 
material between two glass slides with epoxy resin. The 

50 pm 
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Figure 2. PLM micrographs showing the coalescence of two bipolar droplets and the time-evolution of the ordering process in 
the coalesced droplet in two-dimensional space. (a) Two elementary droplets denoted by the letters L (left) and R (right) 
before coalescence, the position of four surface point defects shown by arrows; (b )  coalesced droplet C containing six surface 
defects, four positive indicated by arrows a c d and f and two negative denoted by arrows b and e; the negative defects were 
created by coalescence; (c) at this stage the defect pair (d-e) has annihilated and the two defects of the pair (b-c) have moved 
towards each other, meanwhile the coalesced droplet changes its shape to reduce surface tension; ( d )  the large elementary 
droplet F thus developed by coalescence has absolutely the same structure as the former small droplets. The images (b) to (d) 
were taken at 0.7, 3.0 and 25 s after taking the image (a).  The orientation of the crossed polarizers is indicated by the letters 
A (analyser) and P (polarizer). 
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spacing between the two glass slides was 15pm. We 
carefully controlled the amount of the material to be 
less than that needed to fill the sample chamber. In this 
case the liquid crystal formed some large domains. When 
the chamber was heated to 40"C, the domains became 
isotropic. When the test temperature was decreased from 
40 to 29°C many small droplets having the bipolar 
structure formed in the areas around the domains. In 
this case the matrix surrounding the bipolar droplets 
was air. They coalesced and then their size increased. 
The texture of the elementary and coalesced droplets 
was observed in situ by polarizing light microscopy 
(PLM) and was recorded by a CCD camera and a video 
recorder. 

The PLM micrographs in figure2 show the coales- 
cence of two bipolar droplets and the time-evolution of 
the ordering process in the coalesced droplet in two- 
dimensional space. The corresponding change in the 
trajectory of the molecular director in the elementary 
droplets and the coalesced droplet is approximately 
shown in figure 3. Figure 2 (a) shows the birefringence 
pattern of the elementary droplets with the bipolar 
structure. The dark area is the isotropic matrix (air). 
Here we focus on the two elementary droplets, denoted 
by the letters L (left) and R (right), having a size of c. 22 
and 26 pm, respectively. The positions of the two point 
surface defects at the surface are indicated by two arrows 
in each droplet in figure 2(a) and the orientation of the 
two droplets is indicated in figure 3 (a). 

Figure 2 (h) shows the optical texture of the coalesced 
droplet (denoted by the letter C) formed by the two 
elementary droplets. The arrows labelled a, c, d and f 
point out the two pairs of point surface defects originat- 
ing in figure 2(a). This coalesced droplet does not have 
any symmetry, as the former droplets have?. This is due 
to the difference in size of the two elementary droplets, 
their interior structure or the distribution of the molecu- 
lar director and their relative orientation before coales- 
cence. This symmetry-breaking causes a mis-match of 
the molecular director at the contact area and hence 
creates two new defects, as indicated by the arrows 
labelled b and e in figure 2(b). The newly created defects 
distribute at the surface of the coalesced droplet and the 
trajectory of the directors around them is shown in 
figure 3 (b). According to the PoincarC theorem (equa- 
tion 3), we can reason that the strength of each of the 
two newly created defects is - 1, because there are four 
s =  + 1 defects at the surface of the coalesced droplet 
and E is 2 for the coalesced droplet [S]. The feature of 

fIf  the two droplets have the same size beforehand, the 
coalesced droplet can have a certain symmetry, but it is lower 
than Dmh, for example DZh in the case that their axes are 
parallel to each other. 
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Figure 3. The trajectory of the molecular director superim- 
posed on the elementary or coalesced droplets in figure 2. 
Thus micrographs (a) to (d) show the trajectory change 
caused by coalescence of the elementary droplets and by 
annihilation of dcfect pairs with opposite signs in the 
coalesced droplet. The trajectory of the elementary drop- 
lets in (a) and (d) was approximately determined on the 
basis of the relation between their optical textures and 
the distribution of the director field, as shown in 
figure 1 (a), and that of the coalesced droplet in (b) and (c) 
according to the trajectory of the elementary droplets in 
(a) and (d) and the optical texture. For example, the 
director in the areas showing the dark brushes is approxi- 
mately parallel to the analyser. The details of the trajectory 
around the negative defect indicated by the arrow in (b) 
are shown outside (b) [ 111. The orientation of the crossed 
polarizers is indicated by the letters A (analyser) and P 
(polarizer). 

this negative surface defect is the same as that discussed 
by Meyer [11]. The defect pairs with opposite signs 
attract each other, move together on the surface and 
finally annihilate. From figure 2 (b) to 2 (d) ,  we see that 
two pairs of defects, (b-c) and (d-e), gradually disappear 
from view, and from figure 3(b) to 3(d) we see the 
corresponding change in the trajectory of the directors. 
Figure 4 shows a double logarithmic plot of the distance 
D between the defect pair (b-c) (in figure 2) versus 
(to - t ) ,  where to is the time of annihilation. In figure 4 
the slope of the solid line is 0.5. Therefore, figure 4 shows 
further that the annihilation kinetics of the defect pair 
obey the scaling relation D -(to - t)liz shortly before 
annihilation [ 12-14]. The data in the early stage deviate 
from the scaling relation due to the influence of the 
defects around the pair, as well as the shape change in 
the coalesced droplet. The coalesced droplet changes its 
shape to form a spherical droplet. Finally, a large 
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1 . 4  the surface of the coalcsced droplet. The properties 
(strength and sign) of the newly created defects are 
determined by the Poincur6 theorem. Formation of the 
new defects in the coalesced droplet increases the free 
energy of the system. The excess of free energy is relaxed 
by the annihilation of the defect pair with opposite signs 
and by the shape change in the coalesced droplet. The 
large droplet finally formed has absolutely the same 
structure as the original droplets before coalescence, 
indicating a symmetry-recovering process. The Poincark 
theorem gives a theoretical basis for the structure invari- 
ability of the bipolar nematic droplet before and after 
coalescence. Therefore, all droplets observed in a speci- 
men should have totally the same structure, independent 
of their size, except for those undergoing the transient 
changes. 

-1 .o -0.6 -0.2 0.2 0.6 

log ( to  - 0 
Figure 4. A double logarithmic plot of the distance D between 

the defect pair (b-c) versus (to - t ) ,  where t ,  is the time of 
annihilation. The slope of the solid line is 0.5, showing 
the scaling relation D-( to  - t)'/' [ 12-14]. 

elementary droplet containing only two s = + 1 surface 
defects and having absolutely the same structure as the 
two former droplets is formed, as shown by the droplet F 
in figure 2 ( d ) .  This fact indicates that annihilation of the 
defects and the shape change in the coalesced droplet 
result in symmetry-recovery. 

The experimental observation shown in figure 2 indi- 
cates that the following processes occur. In order to 
lower the interfacial area between the liquid crystal and 
the isotropic matrix and hence the interfacial tension, 
the elementary nematic droplets with a bipolar structure 
coalesce to form a large coalesced droplet. The coales- 
cence causes the symmetry-breaking of the elementary 
nematic droplet, and then the new defects are created at 
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