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DEUTERON MAGNETIC RESONANCE STUDY OF ORDER AND 
DYNAMICS IN LIQUID CRYSTAL POLYMERS 

+ + A 
K .  MUELLER, B. HISGEN, H. RINGSDORF, R.W. LENZ, 
and G. KOTHE 
Institute of Physical Chemistry, University of Stutt- 
gart, Germany 

Institute of Organic Chemistry, University of Mainz, 
Germany 

Chemical Engineering Department, University of 
Massachusetts, U.S.A. 

i 

A 

Abstract Thermotropic nematic polyesters, specifically 
deuterated at different positions of the polymer chain 
are studied by multiple pulse dynamic NMR. Analysis of 
the NMR experiments is achieved, employing a comprehen- 
sive model, based on the stochastic Liouville equation. 
Computer simulations provide the orientational distri- 
butions and conformations of the polymer chains and the 
correlation times of the various motions. In the aniso-  
tropic melt the correlation times for chain reorienta- 
tion and t rans-gauche- i somer iza t ion  are in the range of 
0.1-10 ns. Decreasing the temperature of the solid poly- 
mer first freezes the intermolecular motions. Thus, be- 
Low the glass transition o n l y  intramolecular motions 
such as trans-gauche isomerization and ring flips can 
he detected. The chain order parameter of the nematic 
melt is S(ZZ) = 0.85. In addition, the chains adopt a 
highly extended conformation, evidenced by a trans po- 
pulation of n(t) 0.8 throughout the entire spacer. 
This microorder is retained, when the polymer is cooled 
b e l o w  the melting point and glass transition, respec- 
tively. 

INTRODUCTION 

Liquid crystal polymers in which the mesogenic units exist 

within the polymer main chain are of considerable current 
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168 K. MUELLER ef al. 

i n t e r e s t ,  b e c a u s e  of b o t h  t h e i r  t h e o r e t i c a l  and  t e c h n o l o g i -  

c a l  a s p e c t s .  The o c c u r r e n c e  of t h e r m o t r o p i c  mesophases  in 

b u l k  polymers  p r e s e n t s  a c h a l l e n g i n g  t h e o r e t i c a l  problem:-3 

The ease t o  which t h e s e  polymers  c a n  b e  o r i e n t e d  h a s  been 

a p p l i e d  t o  t h e  f o r m a t i o n  of f i b e r s  w i t h  u n u s u a l l y  h i g h  t e n -  

s i l e  s t r e n g t h s  a n d  m o d u l i . 4 ,  

h a s  c e n t e r e d  a round t h e  s y n t h e t i c  d e s i g n  and macroscopic  be- 

h a v i o u r ,  r e l a t i v e l y  l i t t l e  a t t e n t i o n  h a s  f o c u s e d  on t h e  dy- 

namic and s t r u c t u r a l  f e a t u r e s  of t h e  m o l e c u l a r  u n i t s .  Unknown 

s o  f a r  a re  any d e t a i l s  a b o u t  m o l e c u l a r  mot ion  i n  t h e  l i q u i d  

c r y s t a l  s ta te .  Moreover ,  t h e r e  i s  o n l y  l i m i t e d  i n f o r m a t i o n  

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

of t h e  domains i n  e l ec t r i c  a n d  m a g n e t i c  f i e l d s .  I n  t h e  p r e -  

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

d e u t e r o n  magnetic r e s o n a n c e  (2H NMR) s p e c t r o s c o p y ,  employing 

m u l t i p l e  p u l s e  t e c h n i q u e s .  

While  c o n s i d e r a b l e  i n t e r e s t  

THEORY 

M u l t i p l e  p u l s e  dynamic NMR6-' i s  a t i m e  domain t e c h n i q u e .  

The s p i n  s y s t e m  i s  s u b j e c t  t o  a s e q u e n c e  of h i g h  power r . f .  

p u l s e s  and &he r e s p o n s e  a f t e r  t h e  l a s t  p u l s e  i s  F o u r i e r  

t r a n s f o r m e d  i n  o r d e r  t o  o b t a i n  a f r e q u e n c y  spec t rum.  Accord- 

i n g  t o  t h e  s e q u e n c e s ,  d i f f e r e n t  NMR s p e c t r a  a r e  o b t a i n e d .  

Moreover ,  s i g n i f i c a n t  s p e c t r a l  c h a n g e s  o c c u r  when t h e  p u l s e  

s e p a r a t i o n s  a re  v a r i e d .  S i m i l a r  i s  t r u e  f o r  m a c r o s c o p i c a l l y  

a l i g n e d  samples  a t  d i f f e r e n t  o r i e n t a t i o n s  w i t h  r e s p e c t  t o  

t h e  m a g n e t i c  f i e l d .  A p p a r e n t l y ,  v a r i a t i o n  of  t y p i c a l  NMR pa- 

rameters such  a s  p u l s e  s e q u e n c e ,  p u l s e  s e p a r a t i o n  o r  magne- 

t i c  f i e l d  o r i e n t a t i o n  p r o v i d e s  a l a r g e  number of i n d e p e n d e n t  

e x p e r i m e n t s .  

A n a l y s i s  of t h e s e  e x p e r i m e n t s  i n  terms of m o l e c u l a r  
o r d e r  and dynamics r e q u i r e s  a comprehens ive  model. We have 

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:
15

 2
0 

Fe
br

ua
ry

 2
01

3 



DEUTERON NMR OF LIQUID CRYSTAL POLYMERS 169 

d e v e l o p e d  such a model ,6  b a s e d  on t h e  d e n s i t y  m a t r i x  f o r m a l -  

i s m ,  which i s  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g u r e  1 .  

e g u i l i b ~ i u m  non-equi Librium equil ibrium 

/ \ 

00. 
\. 

FIGURE 1 .  D e n s i t y  m a t r i x  of an I = 1 s p i n  sys tem,  c h a r a c -  
t e r i z i n g  v a r i o u s  s t a t e s  i n  m u l t i p l e  p u l s e  dynamic NMR. 
The s q u a r e s  s y m b o l i z e  d i a g o n a l  and o f f - d i a g o n a l  m a t r i x  
e l e m e n t s ,  h a t c h e d  a c c o r d i n g  t o  t h e i r  p o p u l a t i o n s .  
E q u i l i b r i u m  s t a t e :  Boltzmann p o p u l a t i o n .  N o n - e q u i l i b r i -  
urn s t a t e s :  I n v e r t e d  Boltzmann p o p u l a t i o n  ( t o p ) ,  s i n g l e  
quantum e x c i t a t i o n  ( c e n t e r ) ,  and d o u b l e  quantum e x c i t a -  
t i o n  ( b o t t o m ) .  

B e f o r e  any r . f .  p u l s e  i s  a p p l i e d ,  t h e  I = 1 s p i n  s y s t e m  i s  

a t  t h e r m a l  e q u i l i b r i u m .  A p p l i c a t i o n  of t h e  f i r s t  p u l s e  c r e -  

a t e s  a d e f i n e d  i n i t i a l  s t a t e .  A f t e r  t h e  p u l s e  t h e  d e n s i t y  

m a t r i x  e v o l v e s  i n  t i m e  u n d e r  t h e  i n f l u e n c e  of t h e  magnet ic  

i n t e r a c t i o n s  of t h e  s p i n  sys tem.  Then a second p u l s e  i s  

a p p l i e d ,  p r e p a r i n g  a new i n i t i a l  c o n d i t i o n  and so  on.  A f t e r  

t h e  l a s t  p u l s e  t h e  d e n s i t y  m a t r i x  i s  F o u r i e r  t r a n s f o r m e d  t o  

y i e l d  t h e  f r e q u e n c y  spec t rum.  

The a c t i o n  of t h e  d i f f e r e n t  p u l s e s  on t h e  d e n s i t y  ma- 

t r i x  i s  c o n s i d e r e d  by u n i t a r y  t r a n s f o r m a t i o n s ,  employing 
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170 K. MUELLER et al. 

Wigner r o t a t i o n  m a t r i c e s .  6 p 9  Between t h e  p u l s e s  t h e  d e n s i t y  

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

t i o n , 1 0 - 1 3  which we s o l v e  u s i n g  a f i n i t e  g r i d  p o i n t  method.6 

The s p i n  H a m i l t o n i a n  employed i n  t h i s  s t u d y  c o n s i d e r s  Zeeman 

and  q u a d r u p o l e  i n t e r a c t i o n s  of d e u t e r o n s ,  i n c l u d i n g  non-sec- 

u l a r  c o n t r i b u t i o n s .  The e q u i l i b r i u m  d i s t r i b u t i o n  of t h e  C-D 

bond v e c t o r s  i s  d e s c r i b e d  by a n  o r i e n t a t i o n a l  d i s t r i b u t i o n  

f u n c t i o n ,  depending  on i n t e r n a l  and e x t e r n a l  c o o r d i n a t e s .  

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

e x t e r n a l  p a r t l 4 ~ I 5  

2 f (@, \y)  = N exp[A(cosccoso  - sintsinocos'k') 1 1 

c o s s  = c o s 6 c o s p  - s i d c o s ~ s i n p  ( 1 )  

f ( 6 , E )  = N 2  exp(Bcos'6) 

d i f f e r e n t  o r i e n t a t i o n s .  Here 0, Y, 6 ,  E, p a r e  E u l e r  a n g l e s ,  

r e l a t i n g  v a r i o u s  m o l e c u l a r  and l a b o r a t o r y  ~ y s t e r n s . ~  The co- 

e f f i c i e n t  A c h a r a c t e r i z e s  t h e  o r i e n t a t i o n  w i t h  r e s p e c t  t o  a 

l o c a l  d i r e c t o r  ( m i c r o o r d e r ) ,  w h i l e  t h e  p a r a m e t e r  B s p e c i f i e s  

t h e  o r i e n t a t i o n  of t h e  d i r e c t o r  a x e s  i n  a l a b o r a t o r y  f rame 

( m a c r o o r d e r ) .  Micro- and  m a c r o o r d e r  p a r a m e t e r s  S 

a re  r e l a t e d  t o  t h e  c o e f f i c i e n t s  A and B by mean v a l u e  i n t e -  

g r a 1 s l 6  

and S z I I z l ,  22 

1 I' 2 2 = - N j" ( 3 c o s  B-l)exp(Acos 8)s inBdB 
' 0  

II 
1 2 2 

Szt lzr I  = - N 1 ( 3 c o s  & - l ) e x p ( B c o s  6 ) s i n 6 d 6  
* o  

The dynamic terms i n  t h e  s t o c h a s t i c  L i o u v i l l e  e q u a t i o n  

depend upon t h e  a s s u m p t i o n  u s e d  t o  d e s c r i b e  t h e  m o t i o n .  F o r  

t h e  i n t e r m o l e c u l a r  motion a d i f f u s i v e  p r o c e s s  i s  assumed 

( r o t a t i o n  through a sequence  of small  a n g u l a r  s t e p s ) .  I n  
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DEUTERON NMR OF LIQUID CRYSTAL POLYMERS 171 

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

by two r o t a t i o n a l  c o r r e l a t i o n  t i m e s  -r R_i and ~ ~ 1 1  . T~, i s  t h e  

c o r r e l a t i o n  t i m e  f o r  r e o r i e n t a t i o n  of t h e  symmetry a x i s  of 

t h e  m o l e c u l a r  d i f f u s i o n  t e n s o r ,  w h i l e  T r e f e r s  t o  r o t a -  

t i o n  a b o u t  i t .  F o r  t h e  i n t r a m o l e c u l a r  motion a random jump 

p r o c e s s  i s  assumed. Thus,  i s o m e r i z a t i o n  o c c u r s  th rough jumps 

J '  between d i f f e r e n t  c o n f o r m a t i o n s  w i t h  a n  a v e r a g e  l i f e t i m e  T 

RII 

EXPERIMENTS AND METHODS 

The f a m i l y  of l i q u i d  c r y s t a l  polymers  f o r  t h i s  s t u d y  h a s  t h e  

g e n e r a l  s t r u c t u r e  shown i n  F i g u r e  2 ,  i n  which t h e  Roman nu- 

merals,  I - V ,  r e f e r  t o  f i v e  d i f f e r e n t  polymers  d e u t e r a t e d  a t  

d i f f e r e n t  s i t e s  i n  t h e  r e p e a t i n g  u n i t ,  a s  i n d i c a t e d  i n  t h e  

formula.17y18 The p o l y e s t e r s  1-111 e x h i b i t  a g l a s s  tempera- 

t u r e  a t  303 K ,  a m e l t i n g  p o i n t  a t  433  K and a c l e a r i n g  t e m -  

p e r a t u r e  a t  553 K ,  fo rming  a s t a b l e  n e m a t i c  m e l t  o v e r  t h e  

l a t t e r  t e m p e r a t u r e  r a n g e  (DSC and p o l a r i z a t i o n  m i c r o s c o p y ) .  

O-@! -0 -@O -0 -@O-CDz -(CH2),-CD2 

D D  

3E P P 
t 

FIGURE 2. Molecular  s t r u c t u r e s  of t h e  l i q u i d  c r y s t a l  po ly-  
es ters  s t u d i e d .  The Roman numera ls  r e f e r  t o  f i v e  d i f f e -  
r e n t  po lymers ,  s p e c i f i c a l l y  d e u t e r a t e d  a t  t h e  s i t e s ,  i n -  
d i c a t e d  in t h e  f o r m u l a .  
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I72 K .  MUELLER et al. 

The n e m a t i c  r a n g e  of t h e  polymers  I V  and V i s  s l i g h t l y  smal- 

l e r ,  e x t e n d i n g  from 4 2 9  K t o  543  K .  The a v e r a g e  m o l e c u l a r  

w e i g h t  Gn of t h e  samples  v a r i e d  between 3000  2 < 10000 

( v a p o r  p r e s s u r e  osmometry) .  Deuteron  l a b e l s  were a t t a c h e d  

e i t h e r  t o  t h e  c e n t r a l  p h e n y l r i n g  ( I ,  IV) of t h e  mesogenic  

u n i t  o r  t o  v a r i o u s  p o s i t i o n s  (11, 111, V) i n  t h e  a l i p h a t i c  

s p a c e r ,  as  d e s c r i b e d  e l s e w h e r e . "  A m a g n e t i c  f i e l d  of 7 . 0  T 

was employed t o  m a c r o s c o p i c a l l y  a l i g n  t h e  samples .  2 o  

n -  

The 'H NMR e x p e r i m e n t s  were performed on a BRUKER CXP 

300  p u l s e  s p e c t r o m e t e r  a t  4 6 . 1  MHz, u s i n g  i n v e r s i o n  r e c o v e r y  

(180;, - T~ - 90; ,  - T~ - 9 0 ° , )  and q u a d r u p o l e  echo  s e -  
Y 

quences  (90"  - T - 90",). The w i d t h  f o r  a 90" p u l s e  was 

3 . 5  us employing a home b u i l t  p r o b e ,  equipped  w i t h  a gonio-  

m e t e r .  A l l  e x p e r i m e n t s  were r e c o r d e d  u s i n g  q u a d r a t u r e  d e t e c -  

t i o n  and p h a s e  a l t e r n a t i n g  s e q u e n c e s .  The number of s c a n s  

v a r i e d  between 500 and 2000. 

X '  Y 

A FORTRAN programme was employed t o  a n a l y z e  t h e  'H NMR 

e x p e r i m e n t s .  The programme DEUROTJUMP c a l c u l a t e s  m u l t i p l e  

p u l s e  NMR l i n e s h a p e s  of I = 1 s p i n  systems undergoing  i n t e r -  

and i n t r a m o l e c u l a r  motion i n  a n  a n i s o t r o p i c  medium. The 

q u a d r u p o l a r  c o u p l i n g ,  u s e d  i n  t h e  c a l c u l a t i o n s  was e qQ/h = 

165 kHz. A n a l y s i s  of t h e  'H NMR e x p e r i m e n t s  r e q u i r e s  know- 

l e d g e  of t h e  m o l e c u l a r  s t r u c t u r e  and symmetry. To proceed  

w e  assume t h a t  each  m o l e c u l a r  c o n f o r m a t i o n  can  b e  a p p r o x i -  

mated t o  a c y l i n d r i c a l  rod ,  t h e  symmetry a x i s  of which i s  

p a r a l l e l  t o  t h e  long m o l e c u l a r  a x i s  ( o r d e r  t e n s o r  a x i s ) .  

T h i s  a p p r o x i m a t i o n  i s  j u s t i f i e d  by t h e  o v e r a l l  shape  of t h e  

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

symmetr ic  r o t a t i o n a l  d i f f u s i o n  a b o u t  t h i s  a x i s .  

2 
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DEUTERON NMR OF LIQUID CRYSTAL POLYMERS 173 

RESULTS AND DISCUSSION 

M a c r o s c o p i c a l l y  a l i g n e d  samples  of t h e  l i q u i d  c r y s t a l  po ly-  

mers  I - V  were s t u d i e d  o v e r  a wide t e m p e r a t u r e  r a n g e ,  u s i n g  

m u l t i p l e  p u l s e  NMR t e c h n i q u e s .  The o b s e r v e d  2H NMR l i n e -  

s h a p e s ,  v a r y i n g  d r a s t i c a l l y  w i t h  p u l s e  sequence ,  p u l s e  sepa-  

r a t i o n  and m a g n e t i c  f i e l d  o r i e n t a t i o n ,  were s i m u l a t e d ,  em- 

p l o y i n g  t h e  NMR model o u t l i n e d  above .  An i t e r a t i v e  f i t  of 

s e v e r a l  a n g u l a r  and p u l s e  dependent  l i n e s h a p e s  f o r  any g i v e n  

t e m p e r a t u r e  p r o v i d e d  r e l i a b l e  v a l u e s  f o r  t h e  s i m u l a t i o n  pa- 

rameter,  i . e .  t h e  micro-  and m a c r o o r d e r  p a r a m e t e r s ,  t h e  rota- 

t i o n a l  c o r r e l a t i o n  times, and t h e  l i f e t i m e s  and p o p u l a t i o n s  

of p a r t i c u l a r  c o n f o r m a t i o n s .  G e n e r a l l y  good agreement  between 

e x p e r i m e n t a l  and s i m u l a t e d  l i n e s h a p e s  was found.  

In  F i g u r e  3 t h e  c o r r e l a t i o n  times f o r  t h e  v a r i o u s  mo- 

t i o n s  of polymer I1 a re  p l o t t e d  a s  a f u n c t i o n  of 1 / T .  They 

r e f e r  t o  r e o r i e n t a t i o n  of t h e  l o n g  a x i s  ( f u l l  s q u a r e s )  and 

t r a n s - g a u c h e  i s o m e r i z a t i o n  (open c i r c l e s )  of t h e  f i r s t  spa-  

c e r  segment ,  r e s p e c t i v e l y .  I n  t h e  m e l t  t h e  c o r r e l a t i o n  t i m e  

f o r  r e o r i e n t a t i o n  of t h e  l o n g  a x i s  i s  of t h e  o r d e r  of T = 
Rl 

s ,  w h i l e  t r a n s - g a u c h e  i s o m e r i z a t i o n  o c c u r s  even f a s t e r .  

A p p a r e n t l y  t h e s e  r a p i d  mot ions  a r e  r e s p o n s i b l e  f o r  t h e  un- 

u s u a l  r h e o l o g i c a l  b e h a v i o u r  of l i q u i d  c r y s t a l  p o l y m e r s . 5  A t  

t h e  m e l t i n g  p o i n t ,  w i t h i n  a t e m p e r a t u r e  r a n g e  of 20  K ,  all 

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

s o l i d  s t a t e  f i r s t  f r e e z e s  a l l  i n t e r m o l e c u l a r  m o t i o n s .  Thus, 

below t h e  g l a s s  t r a n s i t i o n  o n l y  i n t r a m o l e c u l a r  m o t i o n s  such  

a s  t rans-gauche  i s o m e r i z a t i o n  c a n  b e  d e t e c t e d .  I n  f a c t ,  i s o -  

m e r i z a t i o n  of the a l i p h a t i c  s p a c e r  i s  o b s e r v e d  even a t  T = 

130 K w i t h  a c o r r e l a t i o n  t i m e  of T 10 s .  The low a c t i -  

v a t i o n  e n e r g y  of EJ = 6 kJ/mol  f o r  t h i s  jump p r o c e s s  a g r e e s  

w i t h  p r e v i o u s  T, d i s p e r s i o n  measurements  on p a r a f f i n s . "  

-4 
J D
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174 K. MUELLER et al. 

Thus,  t h e  c h a i n  dynamics of l i q u i d  c r y s t a l  p o l y e s t e r s  i n  

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

b e  d e t e r m i n e d .  

1 2.0 2.5 3.0 3.5 

I / l X 1 0 3 [ K - ’ 1  

FIGURE 3. A r r h e n i u s  p l o t  of v a r i o u s  c o r r e l a t i o n  t imes,  
c h a r a c t e r i z i n g  the m o l e c u l a r  dynamics of l i q u i d  c r y s t a l  
p o l y e s t e r  11. F u l l  s q u a r e s  r e f e r  t o  i n t e r m o l e c u l a r  no- 
t i o n  ( r e o r i e n t a t i o n  of t h e  l o n g  a x i s )  and open c i r c l e s  
d e n o t e  i n t r a m o l e c u l a r  m o t i o n  ( t r a n s - g a u c h e  i s o m e r i z a -  
t i o n  of t h e  f i r s t  s p a c e r  segment ) .  The dashed  l i n e s  in-  
d i c a t e  t h e  m e l t i n g  p o i n t  (T = 433  K) and g l a s s  t r a n s i -  
t i o n  ( T  = 303 K ) ,  r e s p e c t i v e l y .  The u n c e r t a i n t y  i n  c o r -  
r e l a t i o n  t i m e s  i s  g e n e r a l l y  < 10 %, e x c e p t  f o r  T 

R l ’  T > 5 10+ s .  J 

The m i c r o o r d e r  of t h e  l i q u i d  c r y s t a l  p o l y e s t e r s  i s  con- 

t ’  v e n i e n t l y  d i s c u s s e d  in terms of t w o  p a r a m e t e r s  Szz and n 

c h a r a c t e r i z i n g  t h e  a v e r a g e  o r i e n t a t i o n  of t h e  long  molecu- 
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DEUTERON NMR OF LIQUID CRYSTAL POLYMERS 

l a r  a x i s  w i t h  r e s p e c t  t o  t h e  d i r e c t o r  and t h e  t r a n s  popula-  

t i o n  of t h e  l a b e l l e d  s p a c e r  segment .  From t h e  a n g u l a r  de- 

p e n d e n t  l i n e s h a p e s  of polymer I t h e  a n g l e  a between t h e  l o n g  

m o l e c u l a r  a x i s  and t h e  p a r a  a x i s  of t h e  c e n t r a l  r i n g  w a s  de- 

175 

t e r m i n e d  t o  b e  ~1 = 1 4 " .  I n  F i g u r e  4 Szz  and n 

a s  a f u n c t i o n  of t e m p e r a t u r e .  F u l l  s q u a r e s  d e n o t e  Szz, w h i l e  

open c i r c l e s  r e f e r  t o  n of t h e  o u t e r  and c e n t r a l  s p a c e r  

segments  l i k e w i s e  (polymers  I1 and 1 1 1 ) .  One sees, t h a t  i n  

a re  p l o t t e d  t 

t 

t h e  n e m a t i c  melt  Szz = 0.85, a v a l u e  c o n s i d e r a b l y  l a r g e r  

t h a n  t h o s e  o b s e r v e d  i n  low m o l e c u l a r  w e i g h t  nematogens.  Thus,  

t h e  polymer c h a i n s  a r e  h i g h l y  o r d e r e d  on a m o l e c u l a r  l e v e l  

i n  agreement  w i t h  X-ray d i f f r a c t i o n 2 2 . 2 3  , E S R 2 4 ,  and  'H NMR 

s t ~ d i e s . ~ ~ ? ~ ~  In a d d i t i o n ,  t h i s  work shows t h a t  t h e  c h a i n s  

a d o p t  a h i g h l y  e x t e n d e d  c o n f o r m a t i o n ,  e v i d e n c e d  by a t r a n s  

p o p u l a t i o n  of n : 0.8 t h r o u g h o u t  t h e  e n t i r e  s p a c e r .  t 
I n t e r e s t i n g l y ,  t h e  o r d e r  p a r a m e t e r  Szz i s  r e t a i n e d ,  

when t h e  polymer i s  c o o l e d  below t h e  m e l t i n g  p o i n t  and g l a s s  

t r a n s i t i o n ,  r e s p e c t i v e l y .  Thus, i n  c o n t r a s t  t o  c o n v e n t i o n a l  

l i q u i d  c r y s t a l s  n e m a t i c  o r d e r  of main c h a i n  polymers  c a n  b e  

f r o z e n  i n  a t  t h e  g l a s s  t r a n s i t i o n .  No change i n  t h e  o r d e r  

p a r a m e t e r  i s  o b s e r v e d  o v e r  a p e r i o d  of one y e a r ,  k e e p i n g  t h e  

sample a t  room t e m p e r a t u r e .  I n  a l l  sys tems s t u d i e d  S 

i n d e p e n d e n t  of t h e  m o l e c u l a r  w e i g h t  of t h e  polymers  w i t h i n  

t h e  r a n g e  3000 5 Gn 5 10000, a c c o r d i n g  to a p l a t e a u  e f f e c t ,  

o b s e r v e d  f o r  l i q u i d  c r y s t a l  s i d e  and main c h a i n  poly-  

mers. 

22 is 

2 7 - 2 9  

So f a r ,  t h e  d i s c u s s i o n  r e f e r r e d  t o  t h e  p o l y e s t e r s  1-111, 

h a v i n g  t e n  segments  i n  t h e  a l i p h a t i c  s p a c e r .  Reducing t h e  

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

change  of t h e  m i c r o o r d e r  p a r a m e t e r  Szz. P r e l i m i n a r y  r e s u l t s  

f o r  t h e  polymers  I V  and V ,  d e n o t e d  by open t r i a n g l e s  i n  F i -  

g u r e  4 ,  i n d i c a t e  a s i g n i f i c a n t  r e d u c t i o n  of Szz i n  t h e  a n i -  
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176 K.  MUELLER et al. 

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

T h i s  marked even-odd e f f e c t ,  a l s o  o b s e r v e d  i n  o t h e r  thermo- 

t r o p i c  polymers3  O-’ ’ p r e s e n t s  a c h a l l e n g i n g  t h e o r e t i c a l  

prob 1 e m .  

f 0.9 

N 
N ,,-, 0.8 

0.7 

0.6 

0.5 
4 70 4 50 430  

T ( l 0  ____C 

410 

0.8 ; 

0.7 

0.6 

FIGURE 4 .  The t e m p e r a t u r e  dependence of t h e  m i c r o o r d e r  
p a r a m e t e r  S ( Z Z )  and t r a n s  p o p u l a t i o n  n ( t )  of t h e  l i q u i d  
c r y s t a l  p o l y e s t e r s  s t u d i e d .  F u l l  s q u a r e s  d e n o t e  S ( Z Z )  
of polymers  1-111, w h i l e  open c i r c l e s  r e f e r  t o  n ( t )  of 
t h e  o u t e r  and  c e n t r a l  s p a c e r  segments ,  l i k e w i s e .  Open 
t r i a n g l e s  i n d i c a t e  t h e  m i c r o o r d e r  p a r a m e t e r s  S (ZZ)  of 
po lymers  I V - V ,  h a v i n g  o n l y  n i n e  segments  i n  t h e  a l i -  
p h a t i c  s p a c e r .  The dashed  l i n e s  d e n o t e  t h e  m e l t i n g  p o i n t  
a t  T = 4 3 3  K and T = 429  K ,  r e s p e c t i v e l y .  The maximum 
e r r o r s  f o r  S(ZZ) and n ( t )  a r e  ? 4 %. 

The d e g r e e  of m a c r o s c o p i c  a l i g n m e n t  Sz,lz,l of t h e  l i q u i d  

c r y s t a l  po lymers  depends  on t h e  o r i e n t a t i o n  method. Because  

t h e  a n i s o t r o p i c  p e r m i t t i v i t y  of t h e  p o l y e s t e r  i s  n e g a t i v e ,  

o n l y  a two-dimensional  d i s t r i b u t i o n  of d i r e c t o r  a x e s  was 

a c h i e v e d  u s i n g  h i g h  e l e c t r i c  f i e l d s .  However, a u n i f o r m  
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DEUTERON NMR OF LIQUID CRYSTAL POLYMERS 171 

a l i g n m e n t  of t h e  domains w a s  o b t a i n e d  by a magnet ic  f i e l d  

of 7 . 0  T.  A d e t a i l e d  a n a l y s i s  of t h e  a n g u l a r  dependent  l i n e -  

shapes  y i e l d e d  a macroorder  p a r a m e t e r  of S = 1.0. Like-  

w i s e ,  s o l i d  s t a t e  e x t r u s i o n  of t h e  l i q u i d  c r y s t a l  p o l y e s t e r  

p r o d u c e s  f i b e r s  w i t h  S 

s t r e n g t h s  may r e s u l t  f rom t h i s  h i g h l y  o r i e n t e d  c h a i n  c o n f i -  

g u r a t i o n .  The p r e p a r a t i o n  of f i b e r s  by s p i n n i n g  from t h e  

a n i s o t r o p i c  m e l t  i s  p r e s e n t l y  b e i n g  s t u d i e d .  

z l l z l l  

= 0 . 9 . 2 4  High modulus and 
Z 1 ’ Z t 1  
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