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L I Q U I D  CRYSTALLINE POLYETHERS 

V I R G I L  PERCbC 
Department of Macro,nolecul a r  Sc ience ,  Case Wester11 
Reserve U n i v e r s i t y ,  Cleve land ,  Ohio 44106-2699 USA 

A b s t r a c t  The f i r s t  p a r t  of t h i s  paper  w i l l .  r ev iew 
recerit work from o u r  l a b o r a t o r y  on s t r u c t u r a l  p r in -  
c i p l e s  and t h e i r  use  i n  t h e  s y n t h e s i s  of  thermo- 
t i o p i c - l y o t i o p i c  mill c h a i n  l i q u i d  c r y s t a l 3  i n e  (LC) 
p o l y e t h e r s .  Two s y n t h e t i c  p rocedures ,  i . e . ,  phase  
t r a n s f e r  c a t a l y z e d  p o l y e t h e r i f i c a t i o n  and c a t i o n l c  
r i n g  opening po lymer i za t ion  of b r idged  bi.cyc1j.c 
e t h e r s  u i l l  be d e s c r i b e d ,  and examples w i l l  be pro- 
vided f o r  t h e  s y n t h e s i s  of p o l y e t h e r s  c o n t a i n i n g  
f l e x i b l e  s p a c e r s ,  and of q u a s i - r j g i d  p o l y e t h e r s .  A 
d e t a i l e d  d i s c u s s i o n  w i l l  be made 011 t h e  i nf I u e m s  
of l n i c ros t ruc tu ra l  parameters such  as  c o m t i t u -  
t i o n a l  isoinerism, sequence d i s t r i b u t i o n ,  coInpos. - 
t i o n ,  and of ~ ~ o l e c u l a r  weight ,  on t h e  phasa 
t r a n s i t i o n s  of L C  c o p o l y e t h e r s .  The second p a i t  of 
t h i s  paper  will b r i e f l y  d i s c u s s  soine of  t h e  f i r s t  
exalnples of micro-phase s a p a r a t e d  b i p h a s i c  s i d e  
chair1 LC polylliers , j . e . ,  polymers e x h i b i t i l i g  tnlo 
g l a s s  t r a n s i t i o n  t empera tu res ,  one due t o  t h e  in -  
dependent Inotion of  t h e  main c h a i n ,  t h e  o t h e r  due 
t o  t h e  c o o p e r a t i v e  b u t  independent  motjon of t h e  
s i d e  g r o u p s .  T h e i r  behav io r  s u g g e s t s  t h a t  t h e  
m i s c i b i l i t y  betweell s i d e  groups and iliaill c h a i n  has  
t o  be cons ide red  by t h e  spacz concept  i n  eider t o  
a c h i e v e  h f  $11 y decoupl ed s i d e  c h a i n  LC po1.ymars. 

I N I R O D U C T I O N  

'The t r a d i t i o n a l  c l a s s  of t he rmot rop ic  and /o r  !.yotropic 

m i n  c h a i n  l i q u i d  c r y s t a l i i r i e  poiylners (LCP) a r e  p o l y -  

e s t 2 c s  alid polyainides, u i t h  very  few exalliples of 
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2 V. PERCEC 

p o l y c a r b o n a t e s  and  p o l y u r e t h a n e s .  R e c e n t  r e v i e w s  d e s -  

c r i b i n g  t h i s  f i e l d  are I n  s p i t e  of t h e i r  

commerc ia l  s u c c e s s ,  mos t  o f  t h e s e  po lymers  e x h i b i t e d  

l i m i t e d  s o l u b i l i t y  i n  e x o t i c  s o l v e n t s ,  and  p r e s e n t  h i g h  

therlnal tralisi t i o n  t e m p e r a t u r e s  wh ich  many times are 

w e l l  a b o v e  t h e  r a n g e  of  t e m p e r a t u r e s  of  t h e  a v a i l a b l e  

l a b o r a t o r y  i n s t r u m e n t a t i o n .  C o n s e q u e n t l y ,  t h e  s y n t h e s i s  

o f  t h e  a b o v e  po lymers  w i t h  w e l l  d e f i n e d  m o l e c u l a r  

w e i g h t s ,  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  atid c h a i n  e n d s  

d o e s  n o t  r e p r e s e n t  a t r i v i a l  s y n t h e t l c  e x p e r i m e n t .  Last 

b u t  n o t  l e a s t ,  i t  i s  well e s t a b l i s h e d  t h a t  p o l y e s t e r s ,  

po lya in ides ,  p o l y c a r b o n a t e s  and  p o l y u r e t h a n e s  u n d e r g o  re- 

a c t i o n s  i n  s o l i d  s t a t e .  F o r  t h e  case o f  LC c o p o l y -  

esters Lenz e t  a l .  h a v e  e l e g a n t l y  d e m o n s t r a t e d  t h a t  

" c r y s t a l l i z a t i o n  i n d u c e d  r e a c t i o n s "  are d r a s t i c a l l y  

c h a n g i n g  t h e  s e q u e n c e  d i s t r i b u t i o n  d e p e n d i n g  w h e t h e r  t h e  

polymer was t h e r m a l l y  t r e a t e d  w i t h i n  t h e  c r y s t a l l i n e ,  

S i n c e  a l l  t h e  a n i s o t r o p i c ,  o r  i s o t r o p i c  p h a s e  . 
c o m m e r c i a l l y  and a c a d e m i c a l l y  a v a i l a b l e  LC p o l  y e s  ters 

a re  c o p o l y m e r s ,  i t  i s  d i f f i c u l t  t o  a s sume  t h a t  

thermodyliarnic i n f o r m a t i o n  o b t a i n e d  u n d e r  e q u i l i b r i u m  

c o n d i  t i o r i s ,  t h e r e f o r 2  r e q u i r i n g  l o n g  a n n e a l i n g  times a t  

a c e r t a i n  t e m p e r a t u r e ,  a re  r e p o r t e d  oil c o r r e c t  copo lymer  

s e q u e n c e  d i s t r i b u t i o n s  a n d  m o l e c u l a r  w e i g h t .  T h e r e f o r e ,  

3 , 4  
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LIQUID CRYSTALLINE POLYETHERS 3 

i t  seems t o  be q u i t e  impor t an t  t o  have a v a i l a b l e  a c l a s s  

of LCP f r e e  of t h e  above mentioned drawbacks, i n  o r d e r  

t o  be a b l e  t o  perform " tex tbook"  type  exper iments .  

Po lye the r s  are known t o  be much more s o l u b l e  t h a n  

t h e  cor responding  p o l y e s t e r s  o r  polyainides and undergo 

thermal  t r a n s i t i o n s  a t  lower t empera tu res ,  are hydro- 

l y t i c a l l y  s t a b l e ,  do n o t  undergo thermal  induced 

r e a c t i o n s ,  can  be prepared  wi th  w e l l  d e f i n e d  c h a i n  ends  

and t h e r e f o r e  seem t o  r e p r e s e n t  a n  i d e a l  LCP sys tem 

u s e f u l  f o r  a l a r g e  v a r i e t y  of fundamental  i n v e s t i g a -  

t i o n s .  The f i r s t  thermotropic  main c h a i n  LCP was 

r e p o r t e d  i n  1984 from o u r  labor at or^^'^ and soon t h e r e -  
- 
/ a f t e r  Keller fo l lowed by s e v e r a l  o t h e r  r e s e a r c h  groups  

became i n t e r e s t e d  i n  t h i s  class of LCP. 

The f i r s t  goa l  of t h i s  p a p e r  i s  t o  review some of 

ou r  r e c e n t  exper iments  per forned  i n  o r d e r  t o  e l u c i d a t e  

t h e  s t r u c t u r a l  p r i n c i p l e s  r eques t ed  i n  t h e  s y n t h e s i s  of 

t he rmot rop ic - lyo t rop ic  main c h a i n  l i q u i d  c r y s t a l l i n e  

p o l y e t h e r s  w i th  and wi thou t  f l e x i b l e  s p a c e r s ,  as well a s  

t o  d i s c u s s  some of t h e  f i r s t  mic ros t ruc tu re -molecu la r  

weight  phase t r a n s i t i o n  r u l e s  r e s u l t e d  from t h e s e  

s t u d i e s  . 
The second g o a l  of t h i s  paper i s  t o  b r i e f l y  review 

soine of our  work on t h e  e l u c i d a t i o n  of t h e  spacer 
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4 V. PERCEC 

concept  advanced by t h e  classic pape r s  of R ingsdor f ,  

Finkelinann and Wendorf f 8 '  ', a s  a t o o l  t o  decouple  t h e  

motion of t h e  s i d e  groups from t h a t  of t h e  main c h a i n  i n  

s i d e  cha in  l i q u i d  c r y s t a l l i n e  polymers 10-12 

LC POLYETHERS: SYNTHESIS AND STRUCTURAL PRINCIPLES 

There a r e  two conven t iona l  s y n t h e t i c  procedures  which 

can  be p r e s e n t l y  employed f o r  t h e  s y n t h e s i s  of poly- 

e t h e r s :  n u c l e o p h i l i c  d i sp lacement  r e a c t i o n s  of r e a c t i v e  

b i s e l e c t r o p h i l i c  compounds by b i s n u c l e o p h i l i c  de r iva -  

t i v e s ,  and c a t i o n i c  ring-opening po lymer i za t ion  of  

c y c l i c  e t h e r s .  

The f i r s t  r e a c t i o n  proceeds  through a S 2 mechanism 

and t h e  most impor tan t  requi rement  of t h i s  polymeriza- 

t i o n  i s  a s o l v e n t  which can  d i s s o l v e  both  t h e  deproton- 

a t e d  ( u s u a l l y  i n  t h e  form of a sodium o r  potass ium 

s a l t )  b i s n u c l e o p h i l e ,  and t h e  r e s u l t i n g  polymer. 

Unfo r tuna te ly ,  t h e  on ly  s o l v e n t s  p rov id ing  t h i s  

s o l u b i l i t y  c h a r a c t e r i s t i c s  a r e  d i p o l a r  a p r o t i c  s o l v e n t s  

which are n o t  good s o l v e n t s  f o r  any of  t h e  s t r u c t u r e s  

suspec ted  as be ing  p o t e n t i a l  c a n d i d a t e s  f o r  polymers 

e x h i b i t i n g  l i q u i d  c r y s t a l l i n e  p r o p e r t i e s  (Scheme 1 ) .  

The re fo re ,  a t  t h e  p r e s e n t  time, t h e  on ly  a v a i l a b l e  

method f o r  t h e i r  s y n t h e s i s  c o n s i s t s  i n  t h e  use  of phase 

N 
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LIQUID CRYSTALLINE POLYETHERS 5 
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6 V. PERCEC 

t r a n s f e r  c a t a l y z e d  (PTC) p o l y e t h e r i f i c a t i o n .  'The 

principles of PTC p o l y e t h e r i f i c a t i o n  were r e c e n t l y  

reviewed13 and the  l i m i t e d  time and space  w i l l  make u s  

summarize on ly  some of i t s  p a r t i c u l a r i t i e s .  For a two 

phase system (aqueous base  , and an  aqueous base  1 1 0 ~ ~ -  

misc ib l e  s o l v e n t  which d i s s o l v e s  t h e  r e s u l t i n g  polymer) 

i t  i s  e s s e n t i a l  t o  use t h e  proper  r e a c t i o n  c o n d i t i o n s  

and type  of phase t r a n s f e r  c a t a l y s t  which g i v e  t h e  

r equ i r ed  e x t r a c t i o n  c o n s t a n t  of t h e  phase t r a n s f e r  cata- 

l y s t  p a i r e d  b i s n u c l e o p h i l e ,  s o  t h a t  t h e  b i s n u c l e o p h i l e  

g e t s  t r a n s f e r r e d  i n t o  t h e  o rgan ic  phase.  These require- 

ments a r e  e n t r o p i c a l l y  c o n t r o l l e d ,  and t h e r e f o r e  only  

t h e  s t r u c t u r e  of  t h e  ion-pa i r  and t h e  n a t u r e  of t he  

s o l v e n t  u s e d  a r e  d i c t a t i n g  t h e  c o n d i t i o n a l  e x t r a c t i o n  

c o n s t a n t .  The re fo re ,  f o r  a c e r t a i n  b i s n u c l e o p h i l i c  

monomer, t h e r e  a r e  only  two parameters  which can b e  con- 

t r o l l e d :  t he  n a t u r e  of t h e  s o l v e n t  and of t h e  phase 

t r a n s f e r  c a t a l y s t .  The o v e r a l l  r a t e  c o n s t a n t  of poly- 

e t h e r i f i c a t i o n  depends on t h e  c o n c e n t r a t i o n  of  r e a c t a n t s  

and can be a d j u s t e d  a s  a f u n c t i o n  of t h e  s o l u b i l i t y  of 

t h e  r e s u l t i n g  polymer. I t  i s  impor tan t  t o  mention t h a t  

a l l  t h e  po lye the r s  o u t l i n e d  i n  Scheme 1 are bo th  lyo- 

t r o p i c  and thermotropic .  S ince  they  are l y o t r o p i c  we 

can employ v e r y  h igh  i n i t i a l  c o n c e n t r a t i o n s  of reac- 
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LIQUID CRYSTALLINE POLYETHERS 

t a n t s  ( i . e . ,  r e s u l t i n g  i n  u p  t o  50 w t  % f i n a l  polymer 

c o n c e n t r a t i o n s )  and s t i l l  t a k e  advantage  of a r e l a t i v e l y  

low v i s c o s i t y  of t h e  r e a c t i o n  mix tu re .  I n  a d d i t i o n ,  

s i n c e  i n  t h e  l y o t r o p i c  phase t h e  macromol.ecules have a 

c h a i n  extended conformat ion ,  no c y c l i c  polymers o r  

o l igomers  r e s u l t  from t h i s  r e a c t i o n .  The re fo re ,  t h i s  

q u a s i - i n t e r f a c i a l  ( f ro in the  s t o i c h i o m e t r i c p o i n t  of view) 

s o l u t i o n  po lymer i za t ion  l e a d s  under p rope r  r e a t i o n  con- 

d i t i o n s  t o  ve ry  h igh  molecular  weight polymers 

c o n t a i n i n g  s y s t e m a t i c a l l y  only  d i e l e c t r o p h i l i c  c h a i n  

ends  l 4 , l 5 .  The degree  of  po lymer i za t ion  i s  u s u a l l y  

determiried by t h e  excess  of d i e l e c t r o p h i 1 e l 6  and n o t  

n u c l e o p h i l e  as is t h e  c a s e  i n  comventional 

p o l y e t h e r i f i c a t i o n s  . 1 7  

The s t r u c t u r a l  p r i n c i p l e s  used i n  t h e  s y n t h e s i s  of 

LC p o l y e t h e r s  c o n t a i n i n g  f l e i c ib l e  s p a c e r s  are silnilar t o  

those  used i n  t h e  s y n t h e s i s  of LC p o l y e s t e r s ,  i . e .  a 

pro-mcsogenic b isphenol  as f o r  example 4,4 '-dihydroxy- 

a - a e t h y l s t i l b e n e  i s  cop01 ymerized wi th  d i e l e c t r o p h i l i c  

f l e x i b l e  s p a c e r s  which can  be e i t h e r  of p a r a f i n i ~ ~ - ~  o r  

o l i g o o x y e t h y l e n i c  n a t u r e  . 18 

The sy r i thes i s  of LC p o l y e t h e r s  w i thou t  f l e x i b l e  

spacers, i . e . ,  e x h i b i t i n g  a q u a s i - r i g i d  c h a r a c t e r ,  i s  

based on t h e  use  of s t r u c t u r a l  u n i t s  which e x h i b i t  
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LIQUID CRYSTALLINE POLYETHERS 9 

conforinational isomerism, i . e . ,  d iphenyl  e thane ,  methyl- 

elie e t h e r  o r  benzyl e t h e r  (Schemes 1, 2 ) .  Scheme 2 

o u t l i n e s  t h i s  concept .  Although t h e r e  i s  f r e e  r o t a t i o n  

aroulid the  C-0 o r  C-C bonds, t h e  two most s t a b l e  

conforlnatioiial  isomers are allti and gauche. The a n t i  

coiifoilner has an extended conformat ion  which i n  

p r i n c i p l e  should behave as aa a romat i c  r i g i d  rod - l ike  

ester .linkage. The re fo re ,  any of t h e  LC p o l y e t h e r s  

ANT I 

H H@: 

PH 

GAUCHE 

PH 

H 

Scheme 2 :  Conformational isomerism of d inhenv le thane ,  

benzyl  e t h e r  and llrethplene e t h e r  u n i t s .  
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10 V.  PERCEC 

s y n t h e s i z e d  b a s e d  on t h i s  p r i n c i p l e  (Scheme 1)  are i n  

f a c t  c o p o l y e t h e r s  which h a v e  a dynalnic c o m p o s i t i o n ,  a n d  

which c a n  be  a s s i m i l a t e d  w i t h  c o p o l y e s t e r s  b a s e d ,  f o r  

example ,  on t e r e p h t h a l i c  a c i d  a n d  a m i x t u r e  of  

h y d r o q u i u o n e  slid r e s o r c i n o l  or c a t e c h o l .  S i n c e  t h e  

c o i n p o s i t i o n  o r  ra t io  be tween  t h e s e  two isotnecs  i s  i n  a 

dynamic e q u i l i b r i u m ,  t h e s e  p o l y e t h e r s  p r e s e l i t  much l o w e r  

t r a n s i t i o n  t e m p e r a t u r e s  t h a n  t h e  c o r r e s p o n d i n g  

p o l y e s t e r s .  F o r  example ,  F i g u r e  1 p r e s e n t s  some d i f f e r -  

e n t i a l  s c a m l i n g  c a l o r i l n e t r i c  r e s u l t s  011 LC p o l y e t h e r s  

obtaj .ned from m e t h y l h y d r o q u i n o n e  and t r a n s  o r  a i n i x t u r e  

of t r a n s  a n d  c is  cyc lohe i t ane -1  ~ 4-d ime thano l  b a s e d  

d i e l e c t r o p h i l e s  . A s  t h e  c o r r e s p o n d i n g  p o l y e s t e r s  

based  on t r a n s  1 , 4 - c y c l o h e x a n e  d t c a r b o x y l i c  a c i d  a n d  

,nethy!.hydcoquinonez0, a l l  t h e s e  p o l . y e t h e r s  e x h i b i t  two 

c r y s t a l  l i n e  t r a n s i t i o n s  f o l l o w e d  by a n e d a t l c  mesophase.  

A l t e r n a t i v e l y ,  as F i g u r e  2 shows,  m e t h y l  s u b s t i t u t e d  

4,4'-dihydroxydiphenylethane b a s e d  p o l y e t h e r s  a n d  co- 

p o l y e t h e r s  r e p r e s e n t  t h e  f i f s  t examples  of LC po ly ine r s  

c o n t a i n i n g  f l e x i b l e  s p a c e r s  and  n o  mesogen ic  r i g i d  

ui i i  ts  . The c o n f o a n a t i o r i a l  i s o m e r i s m  of t h e  

d i p h e n y l e t h a n e  u n i t s  i n d u c e s  i n  a l l  cases a t  l eas t  a 

srnectic and  a n e m a t i c  mesophase.  With t h e  e x c e p t i o n  of 

t h e  c o p o l y e t h e r  c o n t a i n i n g  n i n e  a n d  e l e v e n  m e t h y l e n e  

19 
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LIQUID CRYSTALLINE POLYETHERS 1 1  

u n i t s  i n  t h e  s p a c e r ,  a l l  t h e  o t h e r  p o l y e t h e r s  do n o t  

c r y s t a l l i z e .  Neve r the l e s s ,  a t  t h i s  time a t  l e a s t  f o r  

t h e  case of t h e  c o p o l y e t h e r s  c o n t a i n i n g  f i v e  and seven  

and f i v e  and n ine  methylene u n i t s  i n  t h e  spacer, n o t  

on ly  t h e  composi t ion  of t h e  copolymer i s  dynamic, b u t  

a l s o  i t s  mesophase. The copolymer 517 e x h i b i t s  a 

T 
0 
a 
Z 
w 

> 33 70 110 

T "C 

I 
0 

2 
w 

n 

1 -15 - 
TOC 

F i g u r e  2 :  R e p r e s e n t a t i v e  h e a t i n g  ( l e f t )  and c o o l i n g  ( r i g h t )  
DSC thermograms of t h e  c o p o l y e t h e r s  based  on 
1- ( 4-hydroxyuhenyl) -2- (2-methyl-4-hydroxyphenyl) 
e t h a n e a n d  a l / l m o l e r a t i o b e t w e e n d i f f e r e n t  space r s .  
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12 V. PERCEC 

nematic mesophase i n  between 55 and 68°C on t h e  h e a t i n g  

scan  (2O0C/min). Annealing t h e  polymer a t  64.1" C ,  t h e  

mesophase becomes smectic both acco rd ing  t o  o p t i c a l  

p o l a r i z a t i o n  microscopy, and t o  i s o t r o p i z a t i o n  en tha lpy .  

These experiments are opening a series of fundamental  

ques t ions  re la ted t o  conformat iona l  isomerism w i t h i n  

i s o t r o p i c  ve r sus  a n i s o t r o p i c  phases ,  and b e f o r e  more 

informat ion  is ob ta ined  on t h i s  t o p i c ,  i t  might b e  d i f -  

f i c u l t  t o  comple te ly  unders tand  t h e  r e l a t i o n s h i p  between 

dynamic composition and dynamic mesophase. Add i t iona l  

d e t a i l s  on t h i s  s u b j e c t  are going t o  be publ i shed  

soon . Never the l e s s ,  a t  t h e  p r e s e n t  time, we can  

s a f e l y  s ta te  t h a t  t h e  s y n t h e s i s  of thermotropic  LC 

po lye the r s  based on c a l a m i t i c - l i k e  mesogens, does  n o t  

n e c e s s a r i l y  require  r i g i d  rod - l ike  mesogenic u n i t s .  

They can  a l so  be ob ta ined  from f l e x i b l e  molecules ex- 

h i b i t i n g  conformat iona l  isomerism and which call g i v e  

r ise  t o  extended conformat ions .  

19 

The s y n t h e s i s  of thermotropic  LC p o l y e t h e r s  by 

c a t i o n i c  r i n g  opening polymer iza t ion  i s  o u t l i n e d  i n  

Scheme 3. Cont rary  t o  t h e  g e n e r a l  consen t ,  LC poly- 

e t h e r s  were a v a i l a b l e  a lmost  twenty yea r s  b e f o r e  LC 

p o l y e s t e r s  where syn thes i zed .  Neve r the l e s s ,  i t  took 

e x a c t l y  t h i r t y  yea r s  t o  r e a l i z e  t h a t  t h e  polymers from 
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LlQUID CRYSTALLINE POLYETHERS 13 
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14 V. PERCEC 

Scheme 3 e x h i b i t  l i q u i d  c r y s t a l l i n i t y ”  9 2 2 .  Both t h e  

c a t i o n i c  hoinopolylnerization of  t h e  endo- and exo-2- 

methyl-7-oxabicyclo [ 2 . 2 . 1 ]  heptane  and 7-oxabicyclo 

[ 2 . 2 . 1 ]  heptane ,  a s  we l l  as the  copolymer iza t ion  of t h e  

l a s t  one wi th  t e t r ahydro fu rane  and/or  e t h y l e n e  oxide  

were f i r s t  r epor t ed  a t  t h e  ACS [neetirig from Da l l a s  i n  

Apr i l  195623 and publ i shed  i n  , 1 9 6 0 ~ ~ .  Subsequent ly ,  t h e  

c a t i o n i c  polymer iza t ion  of t h e s e  and o t h e r  aton-biidged 

b i c y c l i c  e t h e r s ,  was e x t e n s i v e l y  i n v e s t i g a t e d  by several 

r e s e a r c h  groupsz5 and t h e  s tudy  of t h e i r  po lymer iza t ion  

s t e r e o c h e n i s t r y  became t h e  c l a s s i c  experiment demon- 

s t r a t i n g  the  S 2 mechanism of c a t i o n i c  r i n g  opening 

polymer iza t ion  of  c y c l i c  e t h e r s  . This  experiment i s  

N 
26 

a l s o  impor tan t  i n  e x p l a i n i n g  t h e  r o l e  of c o n s t i t u t i o n a l  

isomerism on phase t r a n s i t i o n s ,  and i t  w i l l  be b r i e f l y  

desc r ibed  h e r e .  According t o  t h e  SN2 p ropaga t ion  

mechanism, one of t he  two a-carbon atoms (C and C 4 )  of 

t h e  c y c l i c  oxonium should undergo a Walden i n v e r s i o n  t o  

1 

produce the  po lye the r  i n  which t h e  two e t h e r  groups a t  

C and C of a cyclohexane r i n g  are t r a n s  t o  each o t h e r .  

As i l l u s t r a t e d  by Scheme 3 ,  when t h e  2-methyl group i s  

1 4 

i n  t h e  endo p o s i t i o n ,  t h e  attack on C1 is s t e r i ca l ly  

p r o h i b i t e d  and t h e  r e s u l t e d  po lye the r  has  a l l  t h e  methyl 

groups i n  e q u a t o r i a l  p o s i t i o n s .  In t h e  c a s e  of  t h e  exo 
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LIQUID CRYSTALLINE POLYETHERS 15 

isomer,  both t h e  a t t a c k  a t  C1 and C4 a r e  a l lowed,  and 

the  r e s u l t i n g  po lye the r  i s  a copolymer con ta in ing  a x i a l  

and e q u a t o r i a l  methyl groups .  I t  i s  e s s e n t i a l  t o  men- 

t i o n  t h a t  t h e  c o n s t i t u t i o n a l  i somer ic  copolymer ob ta ined  

from t h e  exo isomer l e a d s  t o  me l t ing  t r a n s i t i o n s  which 

are c o n s t a n t l y  lower wi th  abou t  75-100°C than  of t h e  

cor responding  polymer ob ta ined  from t h e  endo monomer, 

i ' e . '  Tm(endo)- -2570 c, T,,,(exoj= 188"C, whi le  t h e  m e l t i n g  

p o i n t  of t h e  cor responding  u n s u b s t i t u t e d  polymer i s  

450" C. The c o n s t i t u t i o n a l  isomerism a f f e c t s  i n  a 

similar way the  polymer s o l u b i l i t y ,  i .e .  whi le  

po ly(endo)  d i s s o l v e s  only  i n  in-cresol, poly( exo) i s  

s o l u b l e  i n  convent iona l  s o l v e n t s  l i k e  ch loroform and 

t e t r ahydro fu rane .  

This  b r i e f  and q u a l i t a t i v e  d i s c u s s i o n  of micro- 

s t r u c t u r a l  i n f l u e n c e s  ( i . e . ,  c o n s t i t u t i o n a l  and conf igu-  

r a t i o n a l  isomerism) on phase t r a n s i t i o n s ,  has  c e r t a i n l y  

poin ted  o u t  t h a t  they  have t o  be very  c a r e f u l l y  cons id-  

e r e d  when q u a n t i t a t i v e  informat ion  on phase t r a n s i t i o n s  

a r e  cons ide red .  The re fo re ,  i n  t h e  fo l lowing  c h a p t e r  

some b a s i c  molecular-weight micros t ruc ture-phase  t r a n s i -  

t i o n  r e l a t i o n s h i p s  i n  LC polymers and copolyiners w i l l  be 

d i scussed  on a very  s i m p l e  po lye the r  system based on 

4,4'-dihydroxy-a-methylstilbene arid 2,6-dibroinoalkanes. 
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16 V. PERCEC 

COPOLYMER COMPOSITION-PHASE 'TRANSITIONS RELATIONSHIP 

A s  h a s  been  q u a l i t a t i v e l y  d i s c u s s e d  i n  t h e  p r e v i o u s  

c h a p t e r ,  c o p o l y m e r s  b a s e d  on monomer p a i r s  wh ich  e x h i b i t  

c o n s t i t u t i o n a l  a n d / o r  c o n f o r m a t i o n a l  i s o m e r i s m  e x h i b i t  

c o m p l e t e l y  d i f f e r e n t  p h a s e  t r a n s i t i o n s  f r o m  t h o s e  o f  t h e  

p a r e n t  homopolymers.  Q u a n t i t a t i v e  i n f o r m a t i o n  on t h i s  

t o p i c  are n o t  y e t  a v a i l a b l e ,  and  t h e r e f o r e  we would 

res t r ic t  o u r s e l v e s  on d i s c u s s i n g  a s i i n p l e  c o p o l y e t h e r  

s y s t e m  based  on 4,4-dihydroxy-a-methylstilbene, 1 , 9 - d i -  

brornononane a n d  1 ,  l l - d i b r o m ~ u n d e c a n e ~ ~ .  T h i s  e x p e r i m e n t  

r e c e i v e d  p a r t i a l  e n c o u r a g e m e n t  by t h e  c o n c l u s i o n s  of a 

r e c e n t  review on  t h e  v e r y  few e x p e r i m e n t a l  d a t a  

a v a i l a b l e  on l i q u i d  c r y s t a l l i n e  c o p o l y e s  ters . T h e s e  28 

are as f o l l o w s .  

Direct c o m p a r i s o n  o f  t h e  t h e r m a l  b e h a v i o r s  o f  co-  

polyiners  r e q u i r e s  v e r y  c a r e f u l  a n a l y s i s  o f  t h e  e x p e r i -  

m e n t a l  d a t a  b e c a u s e  t h e  s e q u e n c e  d i s t r i b u t i o n  and 

I n o l e c u l a r  w e i g h t s ,  i n  a d d i t i o n  t o  c o m p o s i t i o n a l  v a r i a -  

t i o n s ,  s h o u l d  b e  a c c o u n t e d  f o r .  However,  i t  may b e  s a f e  

t o  c o n c l u d e  t h a t  c o p o l y m e r s  p o s s e s s  w i d e r  t e m p e r a t u r e  

r a n g e s  of  mesophase s t a b i l i t y ,  b u t  g i v e  r ise  t o  less 

o r d e r e d  mesophases .  I n  a d d i t i o n ,  some q u a l i t a t i v e  ex- 

e x p e r i m e n t s  l e d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s .  A cop01.y- 

mer c o n t a i n i n g  s t r u c t u r a l  u n i t s  t h a t  g i v e  r ise  t o  nema- 
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LIQUID CRYSTALLINE POLYETHERS 17 

29-31. At t i c  homopolymers e x h i b i t s  nemat ic  mesornorphisni 

t h e  same time, a copolymer c o n t a i n i n g  s t r u c t u r a l  u n i t s  

t h a t  g i v e  r ise  t o  smec t i c  homopolymers p r e s e n t s  smectic 

mesomorphism 32-34. In one case, nemat ic  copolymers were 

ob ta ined  from s t r u c t u r a l  u n i t s  t h a t  g i v e  r ise  t o  

i s o t r o p i c  homopolymers 35y36 .  An even more i n t e r e s t i n g  

exper iment  has  demonstrated t h a t  a monotropic mesophase 

can  be t ransformed i n t o  a n  e n a n t i o t r o p i c  mesophase by 

copo lymer i za t ion  . The obvious q u e s t i o n  w e  w i l l  t r y  t o  

answer i s :  what k ind  of behavior  s h a l l  w e  expec t  from a 

copo lye the r  c o n t a i n i n g  s t r u c t u r a l  u n i t s  t h a t  g i v e  r ise 

t o  smectic and ,  r e s p e c t i v e l y ,  nematic homopolymers? To 

answer t h i s  q u e s t i o n  we f i r s t  have t o  e l i m i n a t e  t h e  

i n f l u e n c e  of sequence d i s t r i b u t i o n ,  t h e n  d i s c u s s  t h e  

i n f l u e n c e  of molecular  weight  on t h e  phase  behav io r  of 

each  homopolymer i n  p a r t ,  and on ly  a f t e r ,  comment on t h e  

i n f l u e n c e  of copolymer composi t ion  on phase  t r a n s i t i o n s  

o c c u r r i n g  above t h e  molecular  weight  where phase 

t r a n s i t i o n s  are no t  anymore molecular  weight  dependent.  

37 

A p rev ious  exper iment  from our  l a b o r a t o r y  has  

demonstrated t h a t  LC copo lye the r s  based on two d i f f e r e n t  

s p a c e r s  and a s i n g l e  mesogenic u n i t  p r e s e n t  a random 

sequence d i s t r i b u t i o n 3 ' .  The re fo re ,  as Scheme 4 shows, 

a l though  even t h e  homopolymers of 4 ,4 ' -d ihydroxy-a  - 
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18 V. PERCEC 

NZM, COPOLYETHERS 

__-__ Scheme 4 :  Syntheses of polyethers and copolyethers on 
4,4'-dihydroxy-&-rnethylstilbene and 
a,w-dibromoalkanes. 

Figure 3: The influence of number average molecular weight 
(Mn) on the glass transition ( T a ) ,  melting (Tm) ,  
and isotropization (Ti) temperatures for the 
HMS-CH polyethers during the heating scan. 
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LIQUID CRYSTALLINE POLYETHERS 19 

m e t h y l s t i l b e n e  (HMS) i s  i n  f a c t  a copolymer of t h e  two 

c o n s t i t u t i o n a l  isomers of  HMS ( i . e . ,  methyl group as 

head o r  t a i l )  t h e i r  d i s t r i b u t i o n  i s  random, and t h e r e -  

f o r e  dep res ses  t h e  phase t r a n s i t i o n  t empera tu re  and 

enhances t h e  polymer s o l u b i l i t y .  Both t h e  homopolyraers 

and copolymers o u t l i n e d  i n  Schese 4 a r e  s o l u b l e  i n  

conven t iona l  s o l v e n t s  l i k e  a romat i c  and ha logena ted  

s o l v e n t s  as w e l l  as t e t r a h y d r o f u r a n e ,  a l lowing  Inolecular 

weight  ineasureaents and conven t iona l  s o l u t i o n  s p e c t r o -  

s c o p i c a l  t echn iques  t o  be used i n  t h e i r  c h a r a c t e r i z a -  

t i o n  . The fo l lowing  s h o r t  names are used t o  d e s c r i b e  

t h e  homopolymers e x h i b i t i n g  e l e v e n  and r e s p e c t i v e l y  n i n e  

methylene u n i t s  i n  t h e  space r :  HMS-C11 and HMS-C9, 

whi le  HMS-C9/11 i s  t h e  s h o r t  name f o r  t h e  co r re spond ing  

copolymers.  

2 7  

Figures  3 and 4 p r e s e n t  t h e  phase t r a n s i t i o n s  as a 

f u n c t i o n  of  niolecular weight  of HMS-C11 ob ta ined  from 

t h e  h e a t i n g  arid c o o l i n g  s c a n s .  A s  expec ted ,  c r y s t a l l i n e  

t r a n s i t i o n s  a c e  k i n e t i c a l l y  c o n t r o l l e d  wh i l e  mesomorphic 

t r a n s i  t i o n s  a r e  thermodynamically c o n t r o l l e d .  A s  a 

consequence, t h e  lowes t  molecular  weight  polymers a r e  

only  c r y s t a l l i n e ,  t h e  in t e rmed ia ry  molecular  weight  

polymers e x h i b i t  a monotropic nematic mesophase, wh i l e  

t h e  polymers c o n t a i n i n g  h i g h e r  molecular  weights  t han  
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20 V. PEKCEC 

b I 

sob0 lOdO0 15600 20600 25600 30600 3! 30 

F i c u r e  4 :  The i n f l u e n c e  of number averap,e molecular  weight 
(Mn) on t h e  e lass  t r a n s i t i o n  (Tp), c r y s t a l l i z a -  
tFon (Tc) ,  and i s o t r o p i z a t i o n  (Ti )  tempera tures  
f o r t h e m s - C l l n o l y e t h e r s  durinp; t h e  cool in ,<  scan .  

5000 are e n a n t i o t r o p i c  nemat ics .  Neve r the l e s s ,  a l l  t h e  

phase t r a n s i t i o n s  and t h e i r  thermodynamic parameters a r e  

molecular weight dependent u p  t o  a t  l e a s t  12,000 nulnber 

average  molecular weight.  Only below t h i s  molecular 

weight ,  t h e  phase t r a n s i t i o n s  are s t r o n g l y  dependent on 

the  n a t u r e  of  t h e  polymer cha in  ends . The phase 

diagram of  t he  HMS-C9 e x h i b i t s  an  a lmost  i d e n t i c a l  be- 

havior  on t h e  hea t ing  scan ,  i . e . ,  t h e  polymer p r e s e n t s  a 

2 9  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
02

 1
9 

Fe
br

ua
ry

 2
01

3 



200 

I60 

120 

i ( O c )  

80 

40 

0 

LIQUID CRYSTALLINE POLYETHERS 

50bO lOdO0 lSdO0 20600 25600 30d00 35600 4( 
- 
Mn 

21 

30 

Figure  5:  The i n f l u e n c e  of number average  molecular  weight 
(In) on t h e  g l a s s  t r a n s i t i o n  (Tg) , c r y s t a l l i z a -  
t i o n  ( T c ) ,  nematic-smectic (TN-s), and i s o t r o n i -  
z a t i o n  ( T i )  t empera tu res  f o r  t h e  RIS-C9 
p o l y e t h e r s  du r ing  t h e  coo l ing  scan .  

nelliatic r n e ~ o p h a s e ~ ~ .  The molecular weight-phase t r a n s i -  

t i o n  r e l a t i o n s h i p  ob ta ined  from coo l ing  scans  i s  showa 

i n  F igu re  5 .  Above a c e r t a i n  molecular weight ,  t h 2  

polymer e x h i b i t s  a monotropic sinectic inesophase, whi le  

t h e  e n a n t i o t r o p i c  nematic mesophase cove r s  t h e  whole 

range of molecular weights .  

The conc lus ion  of t h e s e  f i r s t  experiments i s  t h a t  

s a f e  resu l t s  can be ob ta ined  o n l y  i f  t h e  phase diagram 

of t h e  HMS-C9/11 i s  made wi.th copolymers having number 
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22 V. PERCEC 

0 

1 6 

rb zb 3b 4b sb 6b 7b 8'0 eb I 

CONCENTRATION - c l l  (mu 2) 

Figure  6 :  Thermal t r a n s i t i o n s  (Tg, T c ,  TN-s, and T i )  far 
t h e  HMS-C9/11 copo lye the r s  as  a f u n c t i o n  of  
copolymer composition on the  coo l in?  scan .  

average  molecular weights  above 20,000. 

F igure  6 p r e s e n t s  t h e  phase diagram of  t h e  HMS- 

C9/11 copolymers ob ta ined  from a set  of copolymers 

having number average  rnolecul ar  weights  between 30 000 

and 40,000.  These r e s u l t s  were ob ta ined  from coo ing  

scans .  The f i g u r e  seems t o  be s e l f  exp lana to ry .  The 

phase diagram of t h e s e  copolymers resembles t h e  one of 

t he  HMS-C9 po lye the r  u p  t o  as l i t t l e  as only  20 mole % 
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LIQUID CRYSTALLINE POLYETHERS 23 

200 

Ib 2'0 3b 4b S b  6b 7'0 6'0 Qb 
CONCENTRATION - c l l  (IOLE X) 

0 

Figure  7 :  Thermal t r a n s i t i o n s  (Tg, Tm, TN-s, and T i )  f o r  
t h e  HMS-C9/11 copo lye the r s  as a f u n c t i o n  of  
copolymer composition on t h e  h e a t i n g  scan .  

C 9  i n  t h e  copolymer. 'This seeins t o  conclude ,  t h a t  t h e  

phase diagraiii i s  d i c t a t e d  by t h e  s h o r t  space r .  The long  

space r  depresses t h e  c r y s t a l l i z a t i o n  teinpei-ature. 

F igure  7 p r e s e n t s  t h e  phase diagram of HMS-C9/11 on 

h e a t i n g .  I n t e r e s t i n g  t o  observe  i s  t h a t  a t  about  50/50 

mole r a t i o  of t h e  two s p a c e r s ,  t h e  rnonotropic smectic 

mesophase becornes e n a n t i o t r o p i c .  I n  a d d i t i o n ,  t h e  

thermodynamic d a t a  f o r  a l l  phase t r a n s i t i o n s ,  deinon- 

s t r a t e s  t h a t  t h e  degree  of  o r d e r  i n  t h e  mesophase does 
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24 V. PERCEC 

27 n o t  d e c r e a s e  by c o p o l y m e r i z a t i o n  . 
A s i m p l i f i e d  e x p l a n a t i o n  which i s  g o i n g  t o  b e  

d e t a i l e d  in a n o t h e r  paper froin t h e s e  p r o c e e d i n g s  i s  as 

f o l l o w s 3 9 .  The p h a s e  d i a g r a m  i s  c o n t r o l l e d  by t h e  s h o r t  

s p a c e r  r thich i s  i n  a n  a l l  t r a n s  e x t e n d e d  c o n f o r m a t i o n .  

The l o n g  s p a c e r  h a s  a c o i l e d  c o n f o r m a t i o n ,  and  as expec -  

t e d  d e c r e a s e s  t h e  ra te  o f  c r y s t a l l i z a t i o n  b u t  n o t  t h e  

d e g r e e  of  o r d e r  i n  e i t he r  c r y s t a l l i n e  o r  mesomorphic  

p h a s e .  I f  t h i s  s t r u c t u r a l  inodel i s  g e i i e r a l ,  i t  o p e n s  a 

l a r g e  v a r i e t y  o f  p o s s i b l e  p r e p a r a t i v e  v a r i a t i o n s  s i n c e  

i n  t h i s  case t h e  c o i l e d  s p a c e r  c a n  accommodate 

f u n c t i o n a l  g r o u p s .  A d d l t i o n a l  work t o  s u p p o r t  a n d  

g e f i e r a l i z e  t h i s  c o n c e p t  i s  pe r fo rmed  i n  c o o p e r a t t o n  w i t h  

P r o f .  A .  Ke l le r ' s  g r o u p .  

MISCIBILITY BETWEEN S I D E  GROUPS AND M A I N  C H A I N :  
DOES I T  REPRESENT AN ADDITIONAL PARAMETER TO 
B E  CONSIDERED BY THZ SPACER CONCEPT? 

S i n c e  R i l ig sdor f  e t  a l .  h a v e  advanced  t h e  s p a c e r  

c o m e p t  t o  d e c o u p l e  t h e  m o t i o n  o f  t h e  s i d e  g r o u p s  froln 

t h a t  of  t h e  main c h a i n ,  t h e r m o t r o p i c  s i d e  c h a i i i  LCP h a v e  

r e c e i v e d  c o m i d e r a b l e  r e s e a r c h  i n t e r e s t  b o t h  f rom 

p r a c t i c a l  alid f u n d a m e n t a l  p o i n t  o f  view' y 2 .  S u b s e q u e n t  

work by R i n g s d o r f  e t  a l .  h a s  shown t h a t  compl-ete  

decoup l i r ig  d o e s  n o t  o c c u r  a l t h o u g h  t h e  d e g r e e  o f  
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LIQUID CRYSTALLINE POLYETHERS 

11 decoupl ing  i n c r e a s e s  wi th  t h e  s p a c e r  l e n g t h  . 
Severa l  r e c e n t  p u b l i c a t i o n s  have sugges ted  

25 

t h a t  n o t  

on ly  t h e  n a t u r e  and l e n g t h  of t h e  f l e x i b l e  spacer, b u t  

a l s o  t h e  n a t u r e  of t h e  polymer backbone i n f l u e n c e s  t h e  

range  of thermal  s t a b i l i t y  of t h e  mesophase, and t h a t  

t h e  b r o a d e s t  thermal  s t a b i l i t y  of t h e  inesophase i s  

always ob ta ined  wi th  t h e  inost f l e x i b l e  backbones 40-48 

We assume t h a t  t h e  n a t u r e  of t h e  polymer backbone 

p l a y s  a more impor t an t  r o l e  than  p r e v i o u s l y  cons ide red  

i n  ach iev ing  a h i g h l y  decoupled s i d e  c h a i n  LCP. The 

enhanced thermaL s t a b i l i t y  of t h e  mesophase and t h e  in-  

c r eased  i s o t r o p i z a t i o n  t empera tu re  e x h i b i t e d  by polymers 

p r e s e n t i n g  f l e x i b l e  backbones can  be a s s o c i a t e d  wi th  a 

h igh  degree  of freedom of t h e  s i d e  groups .  This  might 

be r e l a t e d  n o t  on ly  t o  t h e  m o b i l i t y  of t h e  polymer 

backbone, bu t  a l s o  t o  i t s  m i s c i b i l i t y  w i th  t h e  s i d e  

groups48. This  s t a t emen t  can  be more c l e a r l y  unders tood  

i f  we make a comparison between s i d e  c h a i n  LCP and g r a f t  

copolymers.  When t h e  g r a f t  and t h e  backbone are 

m i s c i b l e ,  t h e  o v e r a l l  p r o p e r t i e s  of t h e  g r a f t  copolymer 

are weight  averaged .  When t h e  g r a f t  and t h e  backbone 

a r e  immisc ib le ,  t h e  g r a f t  copolymer e x h i b i t s  a 

micro-phase s e p a r a t e d  mesophology and t h e  g r a f t  

copolymer p r e s e n t s  s y n e r g i s t i c  p r o p e r t i e s  e x h i b i t e d  by 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
02

 1
9 

Fe
br

ua
ry

 2
01

3 



26 V. PERCEC 

t h e  i n d i v i d u a l  g r a f t  and backbone segments. The micro- 

phase sepa ra t ed  morphology of  a g r a f t  copolymer when 

t r ansp lan ted  t o  a s i d e  c h a i n  LCP i n  our  op in ion  should 

g ive  r ise  t o  a h igh ly  decoupled s i d e  c h a i n  LCP. There- 

f o r e ,  i t  i s  no t  on ly  t h e  space r  l e n g t h  which c o n t r o l s  

t h e  degree  of decoupl ing ,  bu t  a l s o  t h e  r n i s c i b i l i t y  

between the  s i d e  cha ins  and t h e  polymer backbone. 

Recent ly  w e  have r epor t ed  t h e  f i r s t  examples of 

b i p h a s i c ,  i . e . ,  micro-phase sepa ra t ed  s i d e  cha in  

LCP 45-47’49.  These polymers e x h i b i t  two glass  t r a n s i -  

t i o n  tempera tures ,  i . e .  one d u e  t o  t h e  independent 

motion of t h e  main c h a i n ,  and the  o t h e r  due t o  t h e  

coope ra t ive  b u t  independent motion of t h e  s i d e  groups.  

These s ide cha in  LCP might r e p r e s e n t  t h e  f i r s t  examples 

o f  h igh ly  decoupled s i d e  cha in  LCP. One of t h e  most 

impor tan t  parameters  i n  ach iev ing  such a micro-phase 

sepa ra t ed  LCP c o n s i s t e d  i n  t h e  u s e  of  t h e  ve ry  long  

spaces  and mesogenic u n i t s  which d i d  no t  undergo s i d e  

cha in  c r y s t a l l i z a t i o n .  We have i n v e s t i g a t e d  t h r e e  d i f -  

f e r e n t  types  of  s i d e  c h a i n  LC copolymers as p o s s i b l e  

cand ida te s  f o r  t h e  s y n t h e s i s  of polymers which do not 

undergo s ide cha in  c r y s t a l l i z a t i o n .  The f i r s t  c l a s s  i s  

based on monomer p a i r s  con ta in ing  mesogenic u n i t s  which 

e x h i b i t  c o n s t i t u t i o n a l  o r  s t r u c t u r a l  isoinerism 48,50  
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LIQUID CRYSTALLINE POLYETHERS 21 

The second type of copolymer is based on monomers 

containing a mesogenic unit which exhibits 

conformational isomerism like for example benzyl ethers, 

diphenyJ ethanes, trans 2,5- disubstituted-1,3-dioxanes 

o r  2,5-disubstituted-l,3,2-dioxaborinanes , while 

the last type of copolymer is based on monomer pairs 

containing mesogenic units which exhibit both 

constitutional and conformational isomerism45. Although 

all three procedures were quite successful, the second 

one seems to be the most convenient from the preparative 

point of view. Since the conformational isomers of 

these mesogenic groups are in a dynamic equilibrium, a 

mixture of conformational isomers has a lower tendency 

towards crystallization than each of the isomers in 

part, and therefore, side chain crystallization could be 

avoided in many cases. 

45-47,5 1 

Two representative examples are goitig to be briefly 

described here. Scheme 5 outlines the synthesis of 

three chiral smectic LC polysiloxanes and of  a series of 

copolysiloxanes. Their detailed synthesis and and char- 

acterization is described elsewhere47, atid for the pur- 

pose of this discussion we will not consider their high 

temperature mesomorphic transitions. None of the homo- 

polymers o r  copolymers exhibit side chain crystalliza- 
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28 V. PERCEC 

Scheme 5: Synthesis of po lys i loxanes  and 
copolys i loxanes  conta in inp .  I A ,  
IR and IC s i d e  groups .  

t iori .  Neve r the l e s s ,  s i n c e  t h e  weight f r a c t i o n  of  t h e  

s i d e  groups i s  very  h i g h ,  i t  i s  d i f f i c u l t  on ly  from DSC 

experiments t o  a s c e r t a i n  f o r  t h e i r  micro-phase s e p a r a t e d  

morphology. HoMever, i n  copo lys i loxanes  I C  and I C 2  t h e  

weight f r a c t i o n  of t h e  s i d e  groups i s  about  50% of t h e  

o v e r a l l  weight of t h e  polymer. The DSC traces of t h e s e  

two copolymers a r e  p re sen ted  as themograms A and B froin 

1 

Figure  8 ,  t oge the r  wi th  r e p r e s e n t a t i v e  thermograms 

e x h i b i t e d  by a polydi ine thyls i loxane  ( cu rve  C) and a 
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LIQUID CRYSTALLINE POLYETHERS 29 

1 
C 
C 
2 
LL 

,132 - 

-120 - 80 -40 0 
T('C) 

Figure 8: DSC thermograms (20°C/min) of: 
A) second heating scan of polymer IC1 from Scheme 5: 
B) second heating scan of polymer IC2 from Scheme 5: 
C) second heating scan of polydimethylsiloxane, 

Iln = 5600: 
D) second heating scan of the poly[(30-35%)- 

- hydrogenmethyl-(65-7O%)-dimethyl-siloxane], 
Mn = 2000-2100. 
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30 V. PERCEC 

NC-@MO 

TcOH 

- -  
trans - 

A 

__-- Scheme 6: Syn thes i s  of  po lys i loxanes  and copo lys i loxanes  
con ta in ing  t r a n s  5-n-undecanyl-2-(4-cyanophenyl) 
-1,3-dioxane s i d e  groups. 

s t a r t i n g  polg(hydrogenmethy1-diniethyls i loxane)  material 

(curve  D ) .  Both LC copolymers e x h i b i t  two g l a s s  

t r a n s i t i o n  tempera tures .  The change i n  t h e  h e a t  

c a p a c i t y  a t  the  Tg i s  p r o p o r t i o n a l  t o  t h e  weight 

f r a c t i o i i  of t h e  polymer backbone f o r  t he  low teinperature 

Tg, and t o  t h e  weight f r a c t i o n  of t h e  s ide  g r o u p s  f o r  

t he  h igh  tempera ture  Tg. The re fo re ,  t h e  low tempera ture  

Tg is due t o  t h e  independent motion of t h e  main c h a i n ,  
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LIQUID CRYSTALLINE POLYETHERS 31 

whi le  t h e  h igh  t e q e r a t u r e  Tg i s  d u e  t o  t h e  c o o p e r a t i v e  

bu t  independent motion of t h e  s i d e  groups .  I t  i s  

i n t e r e s t i n g  t o  observe  t h a t  i n  t h e  c a s e  of  copolymer 

I C 2 ,  t h e  polymer backbone c r y s t a l l i z e s  and e x h i b i t s  two 

me l t ing  t r a n s i t i o n s  ( a t  -41" and - 3 4 ' C )  which o v e r l a p  

the  Tg of t h e  s i d e  groups.  This  behavior  i s  

d e f i n i t i v e l y  demonst ra t ing  t h a t  t h e  motion of t h e  s i d e  

groups i s  independent of t h e  motion of t h e  main c h a i n .  

Scheme 6 i l l u s t r a t e s  t h e  s y n t h e s i s  of  an  a d d i t i o n a l  

example of LC copo lys i loxane  e x h i b i t i n g  two g l a s s  

t r a n s i t i o n  t empera tu res ,  wh i l e  Table I p r e s e n t s  t h e  

thermal t r a n s i t i o n s  of t h e  po lys i loxanes  and copoly- 

s i l o x a n e s  c o n t a i n i n g  5-n-undecanyl-2-(4-cyanophenyl)- 

1,3-dioxane s i d e  groups . As i n  t h e  case of t h e  46 

prev ious ly  d i scussed  example, a l l  t h e  copo lys i loxanes  

syn thes i zed  a s  o u t l i n e d  i n  Scheme 6 ,  e x h i b i t  two g l a s s  

t r a n s i t i o n  t empera tu res ,  t h e  lowes t  due t o  t h e  

independent motion of t h e  main c h a i n ,  t h e  h i g h e s t  due t o  

t h e  coope ra t ive  bu t  independent motion of t h e  s i d e  

groups.  

'These r e s u l t s  r e p r e s e n t  a s t r o n g  ev idence  f o r  a 

w e l l  def ined  micro-phase sepa ra t ed  morphology, and 

demonst ra te  t h a t  i n  b i p h a s i c  LC polymers,  t h e  m o b i l i t y  

of t h e  LC domains i s  independent of t h e  m o b i l i t y  of t h e  
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32 V. PERCEC 

T~~~~ 1; THERMAL TRANSITIONS AND THERMODYNAMIC PARAMETERS OF POLYSILOXANES 

FROM SCHEME 6 
THERMAL TRANSITIONS, ('C) AND THERMODYNAMIC PARAMETERS, 

POLYMERS 
~ H ( K c A L / M R u * ) , ~ S ( C A L / M R U * .  'K)  

HEAT I NG COOL I NG 

No. x Y**  T G ~  Tc T M ~  Tn2 T G ~  TI  AHI AS1 TI  AHI ASr 

_- _ _  _ _  1 0 80 -123 -79 -40 -26 -- -- -- -- 
2.e. 10 20 -126 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  __  
3-0 5 25 -127 _ _  _ _  _ _  _ _  _ _  _ _  _ _  -- -_ -- 

-- -10 149 0.57 1.35 140 0,56 1.36 4 80 0 
-- -10 135 0.52 1.27 128 0.54 1.35 5 38 0 

6 10 20 -100 -- -- -- -39 66 0.67 1.98 64 0.57 1.99 
_ _  -58 _ _  _ _  _ _  _ _  _- -- 7 5 25 -105 -- -- 

-- -- -- 
-_ -- -- 

MRU = MOLE OF REPEAT UNITS,CONSISTING OF MESOGENIC U N I T  AND TEN METHYLENIC 

** X AND Y ACCORDING TO SCHEME 6 I 
UNITSO 

.** POLY(X-HYDROGENMETHYL-Y-DIMETHYLSILOXANE) 

backbone domains, a l though  they  a r e  chemica l ly  i n t e r -  

connected. This  i s  c o n t r a r y  t o  t h e  behavior  of LCP 

e x h i b i t i n g  a s i n g l e  phase morphology. 

I t  i s  c e r t a i n  t h a t  t h e  mesomorphic behavior  of  t h e  

s i d e  cha in  J X P  should be s t r o n g l y  a f f e c t e d  by t h e  weight 

r a t i o  of  t h e  domains, domain s i z e ,  i n t e r f a c i a l  misci- 

b i l i t y ,  and a l l  t h e  o t h e r  par t icular i t ies  which d i c t a t e  

t he  o v e r a l l  p r o p e r t i e s  of t h e  phase  sepa ra t ed  polymeric 

s y s  terns. 

These resu l t s  are r a i s i n g  a number of  fundamental  D
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LIQUID CRYSTALLINE POLYETHERS 33 

questions concerning the behavior of biphasic versus 

monophasic side chain liquid crystalline polymers. 
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