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AND B I S - D I E N E S  11: EVIDENCE FOR THERMAL DEHYDRATION OCCURRING 

I N  THE CURE PROCESS 

Mary Ann B .  Meador, M ichae l  A .  O lshavsky , *  
M ichae l  A .  Meador, and Myong-Ku Ahn** 

N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Lewis  Research Cen te r  
C l e v e l a n d ,  O h i o  44135 

SUMMARY 

D i e l s - A l d e r  c y c l o a d d i t i o n  copo lymers  from 1,4,5,8-tetrahydro-l,4;5,8- 
d iepoxyan th racene  and an th racene  end-capped p o l y i m i d e  o l i g o m e r s  appear ,  by  TGA, 
t o  undergo d e h y d r a t i o n  a t  e l e v a t e d  t e m p e r a t u r e s .  T h i s  wou ld  p roduce t h e r m a l l y  
s t a b l e  p e n t i p t y c e n e  u n i t s  a l o n g  t h e  po lymer  backbone, and r e n d e r  t h e  po lymers  
i n c a p a b l e  o f  u n z i p p i n g  t h r o u g h  a r e t r o - D i e l s - A l d e r  pa thway.  
s o l i d  l 3 C  NMR o f  one f o r m u l a t i o n  o f  t h e  po lymer  system b e f o r e  and a f t e r  h e a t i n g  

s o l i d  samples o f  t h e  po lymer  b e f o r e  and a f t e r  h e a t i n g  c o r r e l a t e d  w e l l  w i t h  
t h o s e  of t h e  p a r e n t  p e n t i p t y c e n e  model compound b e f o r e  and a f t e r  a c i d - c a t a l y z e d  
d e h y d r a t i o n .  I s o t h e r m a l  g r a v i m e t r i c  ana lyses  and v i s c o s i t i e s  o f  t h e  po lymer  
b e f o r e  and a f t e r  h e a t  t r e a t m e n t  s u p p o r t  d e h y d r a t i o n  as a mechanism f o r  t h e  cu re  
r e a c t  i o n .  

d N 

d e 
W I a t  e l e v a t e d  tempera tu res ,  shows t h i s  t o  indeed  be t h e  case.  NMR s p e c t r a  o f  

H igh  r e s o l u t i o n  

INTRODUCTION 

We r e c e n t l y  r e p o r t e d  t h a t  1,4,5,8-tetrahydro-l,4;5,8-diepoxyanthracene, 1 ,  
forms h i g h  m o l e c u l a r  w e i g h t  D i e l s - A l d e r  a d d i t i o n  copo lymers  w i t h  an th racene  
end-capped p o l y i m i d e  o l i g o m e r s ,  f o r  example, o l i g o m e r  2 ( r e f .  1 ) .  The po lymers  
a r e  s o l u b l e  i n  common o r g a n i c  s o l v e n t s ,  l i k e  N,N-d imethy l formamide and 
N - m e t h y l p y r r o l i d i n o n e ,  b u t  on h e a t i n g  a t  e l e v a t e d  tempera tu re ,  become i n s o l u b l e  
and v e r y  t h e r m a l l y  s t a b l e .  The un ique  the rma l  b e h a v i o r  o f  t h i s  system makes i t  
a good c a n d i d a t e  as a m a t r i x  r e s i n  for h i g h  t e m p e r a t u r e  compos i tes .  

*Case Western Reserve-NASA C o o p e r a t i v e  Aerospace R&D I n t e r n .  
* * I n d i a n a  S t a t e  U n i v e r s i t y ,  T e r r e  Haute,  I n d i a n a  47809 and NASA-ASEE 

Summer F a c u l t y  F e l l o w .  
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I t  was suggested  ( r e f .  1 )  t h a t  t h e  polymers, on  h e a t  t r e a t m e n t ,  undergo 
d e h y d r a t i o n .  
a l o n g  t h e  po lymer  backbone, and make i t  i m p o s s i b l e  f o r  t h e  po lymer  t o  u n z i p  by  
a r e t r o - D i e l s - A l d e r  mechanism. D e h y d r a t i o n  was c o n s i s t e n t  w i t h  t h e  degree o f  
w e i g h t  loss r e c o r d e d  w i t h  t h e r m o g r a v i m e t r i c  a n a l y s i s  ( T G A )  o f  t h e  u n t r e a t e d  
po lymers .  However, p r e v i o u s l y ,  we were unab le  t o  o b t a i n  d i r e c t  s p e c t r a l  e v i -  
dence t h a t  such a p rocess  was o c c u r r i n g .  

T h i s  r e a c t i o n  would p roduce h i g h l y  s t a b l e  p e n t i p t y c e n e  u n i t s  
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I n  t h i s  paper ,  such d i r e c t  ev idence  w i l l  be p r e s e n t e d .  A compar ison  between 
t h e  magic a n g l e  s p i n n i n g  (MAS) l 3C  NMR o f  s o l i d  po l ymer  samples b e f o r e  and 
a f t e r  h e a t  t r e a t m e n t  w i t h  those  o f  s u i t a b l e  model compounds w i l l  be shown. 

C I ~  RESULTS AND DISCUSSION 

Polymer 3 was s y n t h e s i z e d  as p r e v i o u s l y  r e p o r t e d  ( r e f .  1 )  w i t h  some m i n o r  
m o d i f i c a t i o n s .  
endox ide  1 i n  N,N-d imethy l formamide (DMF) w e r e  hea ted  a t  155 " C  under  400 p s i  
n i t r o g e n  f o r  36 h r .  The po lymer  was o b t a i n e d  i n  q u a n t i t a t i v e  y i e l d  as a d a r k  
brown s o l i d  a f t e r  removal  o f  s o l v e n t .  

A one-to-one m i x t u r e  o f  an th racene  end-capped o l i g o m e r  2 and 

MAS l 3 C  NMR o f  po lymer  3 ( f i g .  l ( a ) >  gave n i n e  peaks:  ( a )  a b road  l i n e  
a t  48.32 ppm, ( b )  a b road  m u l t i p l e t  a t  65.50 ppm c o r r e s p o n d i n g  t o  t h e  carbon 
b e a r i n g  two -CF3 groups  ( l ong - range  coup led  t o  t h e  f l u o r i n e s ) ,  ( c )  a peak a t  
80.52 ppm, ( d >  f i v e  a r o m a t i c  peaks a t  110.31, 123.84,  131.68,  138.44, and 
143.90 ppm, and ( e )  a b road  c a r b o n y l  l i n e  a t  164.95 ppm. Most o f  t h e  a r o m a t i c  
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peaks ( d ) ,  t h e  c a r b o n y l  peak ( e ) ,  and peak ( c )  can be ass igned  t o  t h e  i m i d e  
o l i g o m e r  c h a i n s .  
w i t h  t h e  s o l u t i o n  l 3 C  NMR o f  b i s - a d d u c t  5 r e p o r t e d  by  H a r t  and coworkers 
( r e f .  2 ) .  I n  a d d i t i o n  t o  a r o m a t i c  peaks,  t h e  spec t rum o f  5 c o n t a i n s  t h r e e  
a l i p h a t i c  peaks a t  47.47,  49.07, and 81.09 ppm b e l o n g i n g  t o  t h e  t h r e e  a l i p h a t i c  

The o t h e r  peak ass ignments  can be made based on compar ison 

b r idgeheads .  Hence, peaks ( a )  and ( c )  can be ass igned  t o  t h e  b r idgeheads  i n  
t h e  po lymer .  
s o l u t i o n  NMR o f  5 show up as one b road  peak a t  48.32 ppm i n  t h e  po lymer . )  

(The two peaks a t  47.47 and 49.07 ppm wh ich  a r e  r e s o l v e d  i n  t h e  

When po lymer  3 i s  hea ted  a t  315 "C f o r  5 h r ,  changes o c c u r  i n  t h e  s o l i d  
'3C NMR spec t rum ( f i g .  l ( b ) ) .  
t o  d i s a p p e a r ,  and a new peak ( f )  a t  53.42 ppm deve lops .  For l o n g e r  h e a t i n g  
t i m e s  or a t  h i g h e r  tempera tu res ,  t h e  ( a >  and ( c )  peaks d i s a p p e a r  c o m p l e t e l y  
( f i g .  l ( c > > ,  l e a v i n g ,  i n  t h e  a l i p h a t i c  r e g i o n ,  o n l y  t h e  new peak ( f )  a t  
53.42 ppm. 

The peaks a t  48.32,  80.52,  and 110.31 ppm b e g i n  

Two p o s s i b l e  e x p l a n a t i o n s  c o u l d  accoun t  f o r  t h e  d i sappearance  o f  t h e  two 
( 1 )  d e p o l y m e r i z a t i o n  ( r e t r o - D i e l s - A l d e r  r e a c t i o n ) ,  or ( 2 )  dehy- b r i dgeheads :  

d r a t i o n .  I n  o r d e r  t o  d i f f e r e n t i a t e  between t h e  two p rocesses ,  t h e  i n h e r e n t  
v i s c o s i t i e s  o f  the  polymer b e f o r e  and a f t e r  h e a t  t r e a t m e n t  w e r e  m o n i t o r e d .  I f  
d e p o l y m e r i z a t i o n  i s  t h e  p r i m a r y  p r o c e s s ,  t h e  v i s c o s i t y  s h o u l d  d r a m a t i c a l l y  
decrease.  I n  c o n t r a s t ,  d e h y d r a t i o n  s h o u l d  r e s u l t  i n  v i r t u a l l y  no change i n  
t h e  v i s c o s i t y .  B e f o r e  h e a t  t r e a t m e n t ,  po lymer  3 had an i n h e r e n t  v i s c o s i t y  o f  
0 .15 ;  a f t e r  h e a t i n g  f o r  5 h r  a t  315 "C, t h e  v i s c o s i t y  o f  t h e  r e s i n  i n c r e a s e d  
t o  0.18.  

The appearance o f  t h e  new peak a t  53.42 ppm c o n f i r m s  t h a t  d e h y d r a t i o n  i s  
o c c u r r i n g .  
b r i d g e h e a d  ca rbon  (53.81 ppm) i n  p a r e n t  p e n t i p t y c e n e  6, t h e  p r o d u c t  o f  a c i d  
c a t a l y z e d  d e h y d r a t i o n  o f  adduc t  5 .  

t i o n  t o  form a more s t a b l e  s t r u c t u r e .  Fo rmat ion  o f  an a r o m a t i c  system by  dehy- 
d r a t i o n  o f  an endox ide  r i n g  has been proposed p r e v i o u s l y  as a c u r e  mechanism 
fo r  o t h e r  such po lymers  ( r e f .  3). However, no ev idence  t h a t  t h i s  was o c c u r r i n g  
was shown. O t h e r  D i e l s - A l d e r  a d d i t i o n  copolymers have been shown t o  a r o m a t i z e  
t h r o u g h  l o s s  o f  ca rbon  monoxide ( r e f .  4 > ,  ca rbon  d i o x i d e  ( r e f .  5 > ,  and hydrogen 
( r e f .  6 ) .  

T h i s  peak cor responds t o  t h e  chemica l  s h i f t  o f  t h e  a l i p h a t i c  

The d r i v i n g  f o r c e  f o r  t h e r m a l l y  a c t i v a t e d  d e h y d r a t i o n  would be a r o m a t i z a -  
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A proposed mechanism fo r  d e h y d r a t i o n  i s  shown be low.  I n i t i a l  c l eavage  o f  
one o f  t h e  epox ide  oxygen-carbon bonds i n  3 a f f o r d s  t h e  c o r r e s p o n d i n g  b i r a d i c a l  
7 .  The d r i v i n g  f o r c e  f o r  t h i s  c leavage  would be t h e  r e d u c t i o n  o f  c o n s i d e r a b l e  
s t e r i c  i n t e r a c t i o n s  between t h e  benzene r i n g s  i n  3 .  I n  t h e  second s t e p ,  
1 ,4-hydrogen t r a n s f e r  from t h e  c -br idgehead carbon t o  t h e  oxygen r a d i c a l  c e n t e r  
p roceeds v i a  f o r m a t i o n  o f  a h i g h l y  f a v o r e d  f i v e - c e n t e r  t r a n s i t i o n  s t a t e  t o  p r o -  
v i d e  i n t e r m e d i a t e  8 .  D e h y d r a t i o n  o f  t h i s  i n t e r m e d i a t e  would t h e n  proceed v i a  
e i t h e r  a c o n c e r t e d  or two-s tep  p r o c e s s .  

3 

4 8 

T h e r m o g r a v i m e t r i c  a n a l y s i s  ( T G A )  o f  t h e  c o m p l e t e l y  dehydra ted  po lymer  3 
was r u n  i n  a i r  and n i t r o g e n  ( f i g .  2 ) .  The c u r e d  n e a t  r e s i n  shows no  i n i t i a l  
w e i g h t  loss a t  l o w e r  t e m p e r a t u r e s ,  and has an o n s e t  o f  decompos i t i on  i n  excess 
o f  600 " C  i n  b o t h  a i r  and n i t r o g e n .  

CONCLUSIONS 

C l e a r l y ,  d e h y d r a t i o n  i s  t h e  dominant  c u r e  p rocess  i n  t h i s  po lymer  system. 
T h i s  l eads  t o  a po lymer  wh ich  i s  i n c a p a b l e  of u n z i p p i n g  by  a r e t r o - D i e l s - A l d e r  
mechanism, s i n c e  t h e  r e a c t i o n  produces  a r o m a t i c  p e n t i p t y c e n e  u n i t s  a l o n g  t h e  
c h a i n .  We have proposed a mechanism f o r  d e h y d r a t i o n ,  and have shown d i r e c t  
s p e c t r a l  ev idence  t h a t  t h i s  i s  o c c u r r i n g .  MAS l 3 C  NMR o f  s o l i d  samples i s  a 
v e r y  p o w e r f u l  t e c h n i q u e  i n  p r o b i n g  t h e  r e a c t i o n s  o c c u r r i n g  a t  e l e v a t e d  tempera- 
t u r e s  i n  o t h e r w i s e  i n t r a c t a b l e  po lymer  systems.  We hope t o  use t h i s  as a tool  
t o  b r i n g  new i n s i g h t  i n t o  t h e  c u r e  c h e m i s t r y  o f  o t h e r  such s y s t e m s .  

To deve lop  t h i s  r e s i n  system i n t o  a u s e f u l  h i g h  tempera tu re  m a t e r i a l ,  
opt imum c u r e  c o n d i t i o n s  must  be deve loped,  and f low p r o p e r t i e s  o f  t h e  po lymer  
must  be maximized b y  f o r m u l a t i o n  s t u d i e s ,  w i t h o u t  d e t r i m e n t a l l y  a f f e c t i n g  t h e  
the rma l  s t a b i l i t y .  T h i s  i s  t h e  s u b j e c t  o f  a c u r r e n t  s t u d y .  

4 
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