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SUMMARY 

1,4,5,8-Tetrahydro-l,4;5,8-diepoxyanthracene reacts with various anthra- 
cene end-capped polyimide oligomers to form Diels-Alder cycloaddition copoly- 
mers. The polymers are soluble in comnon organic solvents, and have molecular 
weights of approximately 21,000 to 32,000. Interestingly, these resins appear 
to be more stable in air than in nitrogen. 
dehydration (loss o f  water ranges from 2 to 5 percent) at temperatures of 
390 to 400 O C  to give thermo-oxidatively stable pentiptycene units along the 
polymer backbone. 
oxidative stability, the polymers have potential as processable, matrix resins 
for high temperature composite applications. 

This is shown to be due to a unique 

Because of their high softening points and good thermo- 

INTRODUCTION 

It has been established that 1,4,5,8-tetrahydro-l,4;5,8-diepoxyanthracene, 
1 ,  i s  an effective bis-dienophile for the rapid construction of fused-rlng 
systems (refs. 1 and 2). For example, the dihydrated pentlptycene, 2, can 
be prepared in one step from anthracene and 1. Extension of this chemistry 
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to the synthesls of ladder or partial ladder polymers can be accomplished by 
reacting bis-dlenophile 1 with a bis-diene (ref. 3). 

Compounds such as 2 have extremely high melting points and decomposition 
temperatures (ref. 4). Thus, polymers made from 1 and thermally stable bis- 
dienes have potential for  high temperature applications. 

Although many Diels-Alder polymers have been Investigated in the past, 
only three studles have employed anthracenes as the reactive diene (refs. 5 
to 7 ) .  
attributed to several different factors, Including steric congestion at the 
site of cycloaddition, competing vinyl polymerization, stoichiometric imbalance 
and ease of reverslbility of the Diels-Alder reaction (ref. 3). 

These have lead only to low mclecular weight polymers. This has heen 



In this paper, the synthesis of thermally stable copolymers from the reac- 
tlon o f  anthracene end-capped polyimide ollgomers actlng as bls-dienes and 
bis-dienophlle 1 will be discussed. 
two-position, remote from the site o f  cycloaddition, and the bis-epoxlde 1 
does not undergo vinyl polymerization at the same temperature that cyclo- 
addition takes place. 

The anthracenes are llnked through the 

RESULTS AND DISCUSSION 

Anthracene end-capped ollgomers, 6 to 8, were prepared from 
2-aminoanthracene, 3, 4,4~-(hexafluorolsopropylidene)bls(phthallc anhydride), 
4 ,  and p-phenylenedlamlne, 5. All o f  the oligomers were synthesized using the 
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same procedure wlth different monomer stoichiometries. 
monomeric reactants In each case was governed by the ratio m:(m+l):2, where 
m, (mtl), and 2 are the number o f  moles o f  dianhydrlde, diamine, and 
2-aminoanthracene, 3, respectively. 

The number of moles o f  

Addition polymerization was carried out as shown below. A one-to-one 
mixture of bls-epoxide 1 and the bis-dlene were dlssolved ln a mlnlmum amount 
o f  solvent, and heated to 155 "C under 300 to 400 psi nitrogen f o r  72 hr. The 
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polymers were obtained as light tan powders in quantitative yields. 
mechanical analysis (TMA) gave softening points of 349.5, 347.4, and 349.4 O C  

for 9 ,  10, and 11, respectively. 

Thermo- 

The molecular weight of the polymers can be controlled by varying the 
reaction times. An Indication of molecular weights was obtained by Integration 
o f  the NMR spectra. In each spectrum, there was a very small peak at 5.60 ppm 
belonging to bridgehead proton from the unreacted epoxide endgroup. 
repeat units, this bridgehead proton occured at 4.83 ppm. Assuming the polymer 
is capped by an epoxide on one side and an anthracene on the other side, then 
there should be two endgroup bridgehead protons, He, for every 4n+l repeat 
unit protons, Hr, (where n is the number of repeat units) per polymer chain. 
Hence, integration of these two peaks should give an estimate of number average 
molecular weight. 

lH NMR 
of approximately 21,000, based on 20 to 21 repeat units. 
a 32,000 molecular weight, also for 20 to 21 repeat units. 
peak at 5.60 was too small to integrate wlth any degree of accuracy. 

In the 

For polymer 9, Integration of the indicated a molecular weight 
Polymer 10 gave about 

For polymer 11 ,  the 

The polymers were soluble In common organic solvents, such as chloroform, 
methylene chlorlde, and N,N-dimethylformamlde. 
of 9 and 10 could be cast from these solvents. 
uble. 
control of evaporation rate. 

Brittle, amber-colored films 
Polymer 11 was much less sol- 

Films of 11 could be formed from N,N-dimethylformamide only with careful 

The thermogravimetric analysis (TGA) of the polymers is shown in 
figures l(a) to (c). 
air than nitrogen. 
few percent at approximately 390 O C ,  the curve leveled off, and the final onset 
of decomposition occurred at 560 to 570 O C .  

polymers in nitrogen occurred rapidly starting around 390 to 400 O C .  

Interestingly, the polymers appear to be more stable in 
In alr, each polymer exhibited an inltlal weight loss of a 

In contrast, decomposition of the 

Apparently, there are two different degradation pathways operating in the 

The stabiliz- 
390 to 400 O C  range. 
Alder reaction, and the other leads'to a more stable structure. 
ing reaction Is dehydration of the epoxide moieties, leaving anthracene- 
containing pentiptycene units along the polymer backbone. 

One is a chain scission process, probably retro-Diels- 

- 

In nitrogen, judging from the rapid weight loss at 390.to 400 O C  shown by 
the TGA, both dehydration and retro-Diels-Alder reaction are occurring. In 
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a i r ,  t he  re t ro -D ie ls -A lder  r e a c t i o n  appears t o  be e i t h e r  stopped, o r  a t  l e a s t  
slowed down considerably,  making dehydrat ion t h e  dominant process. 
s t r o n g l y  suggests t h a t  t he  re t ro -D le ls -A lder  reac t i on .  i n  t h i s  case, i s  n o t  
concerted, bu t  ra the r  goes through a b i r a d i c a l  in te rmed ia te .  I n  a i r ,  t h i s  
b l r a d i c a l  can be quenched by oxygen. 

This  

Actual  weight l oss  I n  a i r  a t  approximately 450 O C ,  t h e  p o i n t  t h a t  t h e  TGA 
l eve led  o f f ,  were as fo l l ows :  t h e  m=O polymer, 9, l o s t  c lose  t o  5 percent ,  
i n i t i a l l y ;  t h e  m=l  polymer, 10, l o s t  3.5 percent ;  m=2 polymer, 11, l o s t  
2 percent.  The ca lcu la ted  weight  loss  which can be accounted f o r  by dehydra- 
t i o n  o f  polymers 9, 10, and 11, respec t i ve l y ,  i s  3.6, 2.4, and 1.8 percent .  
The approximately 1 percent  d i f f e r e n c e  between a c t u a l  and ca l cu la ted  values can 
be accounted f o r  by res idua l  so lvent  o r  mo is tu re  absorp t ion  i n  the  samples. 

Since dehydrat ion occurred f a s t e r  than cha in  s c i s s i o n  r e a c t i o n  i n  a i r  a t  
390 t o  400 "C, the r e s u l t i n g  polymer was more s tab le .  A f t e r  dehydrat ion,  t he  
aromat ic s t r u c t u r e  formed cannot undergo re t ro -D le l s -A lde r  reac t i on .  

As  f u r t h e r  v e r i f i c a t i o n  t h a t  dehydrat ion occurred and was respons ib le  f o r  
t he  i n i t i a l  weight l oss  i n  a i r ,  polymer 10 was t r e a t e d  w i t h  concentrated hydro- 
c h l o r i c  a c i d  I n  ace t i c  anhydride. This  I s  t h e  same method as t h a t  used by Har t  
and coworkers t o  dehydrate adduct 3 ( r e f .  2) .  TGA i n  bo th  a i r  and n i t r o g e n  o f  
the  dehydrated polymer I s  shown i n  f i g u r e  2. Here, t h e  onset o f  decomposi t ion 
i s  aprox imate ly  570 O C  i n  a i r ,  and 580 O C  i n  n i t rogen .  There i s  no i n i t i a l  
weight loss  a t  390 t o  400 O C ,  as seen i n  t h e  TGA o f  undehydrated polymer 10. 

The unique thermal behavior o f  t h i s  system makes i t  a good candidate as a 
m a t r i x  r e s i n  f o r  h igh  temperature composites. Since t h e  polymers a r e  so lub le  
i n  common solvents be fore  dehydrat ion occurs, they can be used t o  coat  f i b e r s ,  
d r i ed ,  and e a s i l y  handled as prepreg ma te r ia l s .  A f t e r  heat ing  pas t  t h e  so f ten-  
i n g  and dehydrat ion temperatures, a r e s i n  i s  formed which i s  very the rma l l y  
s tab le .  This I s  present ly  under i n v e s t i g a t i o n .  
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1,4,5,8-Tetrahydr0-1,4;5,8-diepoxyanthracene reacts wlth various anthracene end- 
capped polyimide oligomers to form Diels-Alder cycloaddition copolymers. 
polymers are soluble in comnon organic solvents, and have molecular weights of 
approximately 21 000 to 32 000. Interestingly, these resins appear to be more 
stable in air then in nitrogen. 
(loss o f  water ranges from 2 to 5 percent) at temperatures of 390 to 400 OC to 
give thermo-oxidatively stable pentiptycene units along the polymer backbone. 
Because of their high softening points and good thermo-oxidative stabillty, the 
polymers have potential as processable, matrix resins for high temperature com- 
posite appllcations. 

The 

This is shown to be due to a unique dehydration 
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