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DOMAIN GROWTH I N  THERMOTROPIC LIQUID CRYSTALLINE 
POLYMERS BY SMALL ANGLE LIGHT SCATTERING 

SERGIO ROJSTACZER and RICHARD S. STEIN 
Polymer Science & Eng ineer ing  Department, U n i v e r s i t y  o f  
Massachusetts, Amherst, MA 01003 

Abs t rac t  The small  angle l i g h t  s c a t t e r i n g  f r o n  nematic 
l i q u i d c r y s t a l  l i n e  polymers was studied. The observed 
p a t t e r n s  are q u a l i t a t i v e l y  i n t e r p r e t e d  i n  terms o f  t h e  
concen t ra t i on  of d i s c l i n a t i o n s .  Both a s t i f f  cha in  and 
a s e m i f l e x i b l e  l i q u i d  c r y s t a l l i n e  p o l y e s t e r  were i nves -  
t i g a t e d ,  and t h e i r  l i g h t  s c a t t e r i n g  p a t t e r n s  recorded 
a t  va ry ing  anneal ing t i n e s  i n  t h e  mesophase. A "domain 
growth" process i s  found t o  take  p lace  i n  a much s h o r t e r  
t i n e  sca le  f o r  t h e  r i g i d  rod  polymer, t h i s  be ing  a t t r i b -  
u ted  t o  t h e  r e l a t i v e  i n s t a b i l i t y  o f  t h e  d i s c l i n a t i o n s .  

INTRODUCTION 

I n  recent  years  t h e r e  has been an i n c r e a s i n g  i n t e r e s t  i n  

morpho log ica l  s tud ies  o f  l i q u i d  c r y s t a l  l i n e  polymers due 

t o  t h e i r  a b i l i t y  t o  be processed i n t o  h igh  modulus and h igh  
s t r e n g t h  f i b e r s .  I n  o rde r  t o  f u l l y  understand t h e  deforma- 

t i o n  mechanisms which l ead  t o  h i g h  performance m a t e r i a l s ,  a 

complete c h a r a c t e r i z a t i o n  o f  t h e  supers t ruc tu re  o r  t e x t u r e  

o f  t h e  polydomain s t a t e  i s  needed. 

morpho log ica l  f ea tu res  found i n  po lymer ic  l i q u i d  c r y s t a l s  

can be f i t t e d  under t h e  c l a s s i f i c a t i o n s  developed f o r  small  
n o l e c u l e  l i q u i d  c r y s t a l s ,  a more complex t e x t u r e  i s  o f t e n  

observed.1 Due t o  t h e  h i g h  v i s c o s i t y  o f  po lymer ic  systems, 
these t e x t u r e s  are  i n  general more s t a b l e  t o  e x t e r n a l  f o rces  

than small  molecule l i q u i d  c r y s t a l s .  Several f a c t o r s  such 

Whi le most o f  t h e  
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294 S. ROJSTACZER AND R. S. STEIN 

as sample th ickness, boundary c o n d i t i o n s  and thermal h i s t o r y  
a re  found t o  s t r o n g l y  a f f e c t  t h e  observed tex tu res .  

With t h e  development o f  t h e  continuum theory  o f  curva- 

t u r e  e l a s t i c i t y  by Oseenz and Frank3, t h e  s c h l i e r e n  t e x t u r e  

was i n t e r p r e t e d  i n  terms o f  a cont inuous d i r e c t o r  f i e l d  w i t h  
s i n g u l a r i t i e s  a t  t h e  d i s c l i n a t i o n  po in ts .  

t h e  r o l e  o f  t h e  s p a t i a l  d i s t r i b u t i o n  and i n t e r a c t i o n  o f  
d i s c l i n a t i o n s  has been emphasized i n  r h e o l o g i c a l  s tud ies  

o f  l i q u i d  c r y s t a l l i n e  polymers.4'5 
I n  t h e  present study, t h e  small  angle l i g h t  s c a t t e r -  

i n g  technique i s  used i n  i n v e s t i g a t i n g  t h e  morpho log ica l  

rearrangements t h a t  t a k e  p lace  by annea l ing  a t  cons tan t  

temperature i n  t h e  nematic phase f o r  two d i f f e r e n t  k inds  
o f  po lymer ic  l i q u i d  c r y s t a l s .  

More r e c e n t l y ,  

EXPERIMENTAL 

Two d i f f e r e n t  k inds  o f  l i q u i d  c r y s t a l l i n e  polymers were 

i nves t i ga ted .  One, which w i l l  be r e f e r r e d  t o  as the  " r i g i d  
rod"  polymer, i s  a w h o l l y  aromatic, pa ra - l i nked  po lyes te r ,  

w h i l e  t h e  second one, t h e  " s e m i f l e x i b l e "  polymer, i s  an 

aromat ic  po l yes te r  w i t h  decamethylene spacers. 

rod  polymer was prov ided by t h e  P o l a r o i d  Corpora t ion  and 
i t s  syn thes is  and c h a r a c t e r i z a t i o n  d e t a i  1 s are  descr ibed i n  

Ref. 6. The P o l a r o i d  p o l y e s t e r  has t h e  f o l l o w i n g  s t r u c t u r e :  

The r i g i d  
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DOMAIN GROWTH BY SMALL ANGLE LIGHT SCATTERING 295 

This  r i g i d  rod  polymer has a g lass  t r a n s i t i o n  temperature 

o f  106OC and i t  forms a nematic phase a t  170OC. 
decomposi t ion takes p lace  a t  around 460°C, be fo re  an 

i s o t r o p i  c phase develops. 

a c t e r i z e d  by Furukawa and Lenz.7 I t s  s t r u c t u r e  i s  t h e  

f o l l o w i n g :  

Thermal 

The s e m i f l e x i b l e  p o l y e s t e r  was syn thes ized and char-  

Th is  polymer has a Tg o f  7OoC, a c r y s t a l  t o  nematic t r a n s i -  

t i o n  temperature o f  100°C and becones i s o t r o p i c  a t  170OC. 
F i l m  o f  both polymer samples were prepared by s o l u t i o n  

c a s t i n g  f rom t h e i r  respec t i ve  0.5% THF s o l u t i o n s  onto 
microscope g lass  s l i des .  The f i l m s  were about 2 microns 

t h i c k  and these showed no b i re f r i ngence  when observed under 
a p o l a r i z i n g  microscope. 

phase f o r  d i f f e r e n t  pe r iods  o f  time. 

e n t l y  f o r  each k i n d  o f  polymer. 

samples were f i r s t  heated up i n t o  t h e  i s o t r o p i c  phase a t  

18OOC f o r  about 5 minutes, then coo led  down t o  15OOC t o  
fo rm t h e  nematic phase and subsequent ly quenched t o  room 

temperature. Since t h e  r i g i d  rod  polymer samples do no t  
become i s o t r o p i c ,  they were brought i n t o  t h e  nematic phase 

by exposing t h e  as casted f i l m s  t o  a temperature jump t o  

2OOOC and subsequently quenching them t o  room temperature. 

Samples o f  both polymers were exposed t o  t h e  nematic 

Th is  was done d i f f e r -  

The s e m i f l e x i b l e  polymer 
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296 S. ROJSTACZER AND R. S .  STEIN 

The small  angle l i g h t  s c a t t e r i n g  p a t t e r n s  were recorded 
on photographic f i l m  f o r  t h e  d i f f e r e n t  samples. The H, and 

V v  pa t te rns  corresponding t o  crossed and para1 l e l  p o l a r -  
i z a t i o n  respec t i ve l y ,  were measured f o r  a t y p i c a l  sample o f  

t h e  s e m i f l e x i b l e  l i q u i d  c r y s t a l .  
o n l y  t h e  H, p a t t e r n s  were recorded. 

For  t h e  annea l ing  s tud ies ,  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  H, and Vv p a t t e r n s  ob ta ined f rom a semi- 

f l e x i b l e  polymer sample. As i t  can be observed, bo th  Hv 
and V, p a t t e r n s  show an azimuthal  depence o f  t h e  i n t e n s i t y  
w i t h  a f o u r - f o l d  symmetry. The H, p a t t e r n  shows i n t e n s i t y  
maxima a t  azimuthal  angles o f  ,, = Oo,900... w h i l e  i n  t h e  

Vv  p a t t e r n  t h e  maxima occur a t  ,, = 45',135'... Also, a t  
cons tan t  az inu tha l  angle, t h e  i n t e n s i t y  i s  found t o  have 

a maximum a t  a s c a t t e r i n g  angle = emax. Superimposed t o  

t h e  f o u r - l e a f  c l o v e r  shape, t h e  V, p a t t e r n  shows s t rong  

i n t e n s i t y  a t  zero  s c a t t e r i n g  angle (e = 0'). 
above general f ea tu res  were observed f o r  t h e  r i g i d  rod  
l i q u i d  c r y s t a l  samples, t h e  on ly  d i f f e r e n c e  be ing  a s t rong  

i n t e n s i t y  spot a t  e = 0' f o r  t h e  H, case. 

observed angular dependence o f  t h e  i n t e n s i t y .  
model c a l c u l a t i o n s  t o  account f o r  t h e  angu lar  dependence o f  

t h e  i n t e n s i t y  a re  being c a r r i e d  out a t  t h e  present  t ime  and 

w i l l  be pub l i shed i n  t h e  near fu tu re .  
t h e  present study, i t  can be s t a t e d  t h a t  t h e  smal l  angle 
l i g h t  s c a t t e r i n g  f rom polydomain nematics i s  a consequence 
o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  d i r e c t o r  f i e l d  -- n ( r ) .  The 

f o l l o w i n g  d i scuss ion  i s  concerned wi th t h e  observed angular 
range o f  t h e  sca t te red  i n t e n s i t y  which leads i n f o r m a t i o n  on 

Most o f  t h e  

The present work w i l l  no t  at tempt t o  i n t e r p r e t  t h e  
Theore t i ca l  

For t h e  purpose o f  
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DOMAIN GROWTH BY SMALL ANGLE LIGHT SCA'lTERING 297 

FIGURE 1. Hv (a) and Vv (b)  s c a t t e r i n g  p a t t e r n s  
f rom t h e  s e m i f l e x i b l e  l i q u i d  c r y s t a l l i n e  
p o l y e s t e r  ( v e r t i c a l  i n c i d e n t  p o l a r i z a t i o n ) .  

t h e  o r i e n t a t i o n  c o r r e l a t i o n  length.  Even though t h e  word 
domain i s  used i n  t h i s  work, r a t h e r  than r e l a t i n g  t h e  o r i e n -  

t a t i o n  c o r r e l a t i o n  l eng th  t o  a phys i ca l  domain, t h i s  l e n g t h  

parameter i s  i n t e r p r e t e d  i n  terms o f  a g iven concen t ra t i on  

o f  d i s c l i n a t i o n .  Thus, a r e l a t i v e l y  l a r g e  c o r r e l a t i o n  

l e n g t h  w i l l  i n d i c a t e  a r e l a t i v e l y  low concen t ra t i on  o f  
d i s c l i n a t i o n s  ( o r  a " l a r g e  domain") and v i c e  versa. 

t h e  s e m i f l e x i b l e  l i q u i d  c r y s t a l  samples annealed i n  t h e  

nematic phase f o r  30 seconds, 10 minutes and 40 minutes. 

A s i m i l a r  sequence o f  p a t t e r n s  i s  shown i n  F igu re  3 f o r  t h e  
r i g i d  rod  l i q u i d  c r y s t a l  samples corresponding t o  samples 

annealed f o r  3, 10 and 20 seconds. As it i s  no t i ced ,  t h e  

Hv sca t te red  i n t e n s i t y  moves t o  sma l le r  angles, i n d i c a t i n g  
an inc rease i n  t h e  o r i e n t a t i o n  c o r r e l a t i o n  length .  Th is  

means t h a t  f o l l o w i n g  t h e  fo rmat ion  o f  t h e  l i q u i d  c r y s t a l l i n e  

F igu re  2 shows a sequence o f  H, p a t t e r n s  ob ta ined  f o r  
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298 S .  ROJSTACZER AND R. S .  STEIN 

t, 

FIGURE 2. H, scat te r ing  pat terns from the semiflex- 
i b l e  polyester a f t e r  30 sec. ( a ) ,  10 min. 
(b )  and 40 min. ( c )  i n  the  nematic phase. 
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299 DOMAIN GROWTH BY SMALL ANGLE LIGHT SCATTERING 

FIGURE 3. H, scat te r ing  pat terns from the Polaroid  
st i f f  rod polyester a f t e r  3 sec. ( a ) ,  10 
sec. (b) and 20 sec. ( c )  i n  the  nematic 
phase. 
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300 S. ROJSTACZER AND R. S. STEIN 

phase, which occurs almost i ns tan taneous ly  as t h e  samples 

a re  brought i n t o  t h e  respec t i ve  temperature range, a morpho- 
l o g i c a l  rearrangement takes p lace  by annea l ing  a t  cons tan t  

temperature. Th is  o rde r ing  process can be named a "domain 

growth" process. 

cons i s t s  o f  t h e  a n n i h i l a t i o n  o f  d i s c l i n a t i o n s .  It i s  known 
t h a t  d i s c l i n a t i o n s  can merge, e i t h e r  c r e a t i n g  a new d i s -  

c l i n a t i o n  o f  s t r e n g t h  S '  = S, t S, o r  disappear ing, i f  they  
are  o f  oppos i te  s ign  and same abso lu te  value. Since t h e  

excess f r e e  energy o f  a d i s c l i n a t i o n  i s  p r o p o r t i o n a l  t o  
lS12, t h e  a n n i h i l a t i o n  o f  d i s c l i n a t i o n s  o f  oppos i te  s i g n  

i s  t h e  e n e r g e t i c a l l y  favored process. As a consequence o f  
t h i s ,  t h e  number o f  d i s c l i n a t i o n s  per u n i t  volume decreases, 

o r  i n  o the r  words, t h e  average d i s tance  between two neigh- 

b o r i n g  d i s c l i n a t i o n s  increases. 

mers s tud ied  i s  t h e  t ime  sca le  i n  which t h e  domain growth 

process occurs. 

i s  r e l a t i v e l y  slow, and changes i n  t h e  angu lar  range o f  t h e  

sca t te red  i n t e n s i t y  cou ld  be de tec ted  i n  samples annealed 
f o r  up t o  2 hours. For t h e  r i g i d  rod  polymer t h s  s i g n i f i -  

can t  changes i n  t h e  s c a t t e r i n g  p a t t e r n  occur i n  up t o  one 
minute. The k i n e t i c s  o f  t h e  a n n i h i l a t i o n  o f  d i s c l i n a t i o n s  

depends on t h e  m o b i l i t y  o f  t h e  medium as w e l l  as on t h e  
thermodynamic d r i v i n g  force. 

d i f f e r e n c e  observed i n  t h e  t ime  sca le  o f  t h e  o r d e r i n g  
process res ides  on t h e  l a t t e r  f a c t o r  and i s  r e l a t e d  t o  

t h e  na ture  o f  t h e  two samples s tud ied .  The s t i f f  cha in  
polymer i s  expected t o  have l a r g e r  Frank's e l a s t i c  cons tan t  

values and t h e  o r i e n t a t i o n  f l u c t u a t i o n s  due t o  t h e  s p a t i a l  

d i s t r i b u t i o n  o f  d i s c l i n a t i o n s  w i l l  be l e s s  s t a b l e  than f o r  
t h e  polymer c o n t a i n i n g  t h e  f l e x i b l e  spacers. 

More s p e c i f i c a l l y ,  we b e l i e v e  t h i s  process 

The major d i f f e r e n c e  i n  comparing t h e  two k inds  o f  po l y -  

For t h e  s e m i f l e x i b l e  polymer t h i s  process 

It appears t h a t  t h e  s t r i k i n g  
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DOMAIN GROWTH BY SMALL ANGLE LIGHT SCATTERING 301 

CONCLUSIONS 

The t o p o l o g i c a l  rearrangements occu r ing  upon t h e  fo rma t ion  

o f  t h e  nematic phase can be fo l l owed  by t h e  small  angle 

l i g h t  s c a t t e r i n g  technique. 
c o r r e l a t i o n  l e n g t h  i s  observed due t o  t h e  a n n i h i l a t i o n  o f  

de fec ts .  

found t o  be much f a s t e r  i n  t h e  r i g i d  rod  k i n d  polymer when 

compared t o  t h e  s e m i f l e x i b l e  one. Th is  i s  be l i eved  t o  be 
due t o  t h e  e f f e c t  o f  backbone r i g i d i t y  on t h e  r e l a t i v e  

i n s t a b i l i t y  o f  t h e  d i s c l i n a t i o n s .  

An inc rease  i n  t h e  o r i e n t a t i o n  

The k i n e t i c s  o f  t h i s  domain growth process are  
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