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Synthesis and Thermal S t a b i l i t y  
of Benzimidazole-Aromatic Imide Copolymers 

Toshikazu Kurosaki" and Ph i l i p  R ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYoung 
National Aeronautics and Space Administration, Langley Research Center, 

Spacecraft Mate iaLs Sect ion,  Mampton, Virginia 

Introduct ion 

Polyben~irnidazoles(~"~) and aromatic polyimid are w e l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAknown f o r  

thermally stable benzimidazole-amide copolymers from 2,2"amino-phenyl-5,5"- 
dibenzimidazole and dicarboxyl ic ac id  dichlor ides,  
oratory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas t o  synthesize benzimidazole-aromatic imide copolymers from diamino- 
phenylbenzimidazoles and aromatic dianhydrides, This approach established t h a t  
by choosing appropriate polymerization methods and curing processes, polymer 
films of high stre Recently 
Preston and Black( endently reported the  r e s u l t s  of t h e i r  preparat ion 
of a series of cop01 
contr ibuted by one of t h e  const i tuents  

t h e i r  high thermal s t a b i l i t y ,  Recently Iwakura zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 e t  al, t r i ed  t o  prepare 

The approach i n  t h i s  lab- 

t f a  and excel lent  thermal s tab i l i t y  were obtained. 

including one containing aromatic imide l inkages 

T h i s  paper deals wi th  the synthesis of various types of benzimidazole- 
aromatic imide copolymers, and the measurement of t h e i r  mechanical and thermal 
proper t ies e 

Results and Discussion 

iscussion i s  related t o  %he synthesis and evaluation of 
ophenylbenzimidazoles as diamine monomers, Each of the 
s from t h e  react ion of either para- o r  meta-aminobenzoic 
c tetraamine, such as 1 2,4,5-tetraaminobenzene (TAB) o r  

~ ~ 3 9 - d ~ ~ i ~ o b e n ~ ~ d i n e  (DAB) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

28 -dimp-aminophenyl-5 5 ~ d i b ~ n z i m ~ ~ ~ z ~ l e  ( DAB-p-AB 
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2,2'-di-m-aminophenyl-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* -dibenzimidazole ( DAB-m-AB) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2,2~-di-p-aminophenyl-22,6-imidazobenzimidazole (TAB-p-AB) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2,2' -di-m-sminophenyl-2,6-imidazobenzimidazole (TAB-m-AB) 

These four diamines were then reacted with either of the two dianhydrides: 

8 
Pyromellitic dianhydride (PMDA)., and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3,3B 4 ,h@-benzophenone tetracarboxylic di&inhydri.de (BPDA) 

below by the combination of DAB-p-AB and PMDA in a typical polyimide zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

H H a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
I 

H n 

A s  a result of these reactions, eight types of polymers were synthesized 
from which films were prepared. The general reaction route is illustrated 

synthesis, 

HEAT 

2 
-H 0 
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The above mechanism w a s  substant ia ted through t h e  use of model compounds, 

Monomers 

The four monomers were prepared by Iwakura’s method(8) of heating t h e  

A l l  of the monomers prepared i n  t h i s  manner were 
appropriate aminobenzoic acids and tetraamines i n  polyphosphoric ac id  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
15Oo-17O0C for t n hours, 
highly complexed 78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 w i t h  solvent and drying was accomplished only after heat- 
ing a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 8 0 ° - 3 ~ 0 0 ~ e  Although t h e  spec i f i c  nature of the  complex could not be 
confirmed from the  i n f ra red  spec t ra  of t h e  undried and dr ied  products (Figs. 
1 and 2), it was assumed t ha t  complexing had occurred w i t h  alcohol and/or 
water, as indicated by t h e  v i r t u a l  disappearance of t h e  -OH absorption peak 
i n  t he  31~00 cm”’ region on dry’ing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

WAVEMWER (UT1) 
4000 3000 2000 1500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 900 800 700 

I *  1 1 1 1  I I I I I I 
100 

Pi- 1. - I. R. spectrum of -dried WpAB. (KBr pellet) 

Figure 2. - I. R. spectrum of dried DIIB-p-PB. (KBr pellet) 

The d i f f e ren t i a l  thermal analysis (DTA) curves of undried DAB-p-AT3 and 
TAB-p-AB (Figs, 3 and 4 )  suggest strong solvent complexing of these compounds 
w i t h  loss of solvent occurring around 20OoCe 
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TU*PE&%TURE, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALOO 150 200 250 300 350 400 
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Figure 3. - E T A  thewogram of wdried DAB-p-AB, shoving desolvation near 2oOOc and melting 
*e85 3349c. 

TEMPERATURE, OC 

0 100 150 200 250 300 350 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh00 
l ~ l : l l l ~ l ~ i ~ l ' l T - - - - l  

50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t 

SAMPLE SIZE: 2 W 
REFERENCE: G W S  EFADS 
HEATIffi RATE: 2O0CIMIN 
ATWXPHERE: AIR 

Figure 4. - DTA thermogram Of undried TAB-p-AB, shoving desolvatioll near 200'C. 

The i n f r a r e d  spec t ra  of t h e  model compound, 2-~ inopheny lbenz im i~a~o le ,  
and each of the diamine monomers DAB-m-AB TAB-p-AB, and TAB-m-AB are shown 
i n  Figures 5,6,79 and 8, respec t ive ly ,  
undried and d r ied  monomers are summarized in Table I ,  These r e s u l t s  a r e  i n  good 
agreement with t h e  proposed monomer s t r u c t u r e s s  

Elemental analyses for each of t h e  

WAVEWER (U4-l) 
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100 

?, 
8 " 
8 60 

t 

f 40 

P 
L 

* 

20 

0 

Figure 5. - I. R.  S p e c t m  Of Zamiuophenyl bcnzimidawle, a model canpound for the monomers. 
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Fig- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. H. Spectrum of dried DAB-m-AB. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(KBr pellet) 

F i g u r e  7. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. s p e c t m  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM e d  TAB-p-AB. ( N w J d  mull) 

W A W W E R  <UT1> 
4000 3000 2000 1500 1000 900 a00 I00 

' I  I 1 8 1 ,  I I 
100 I 

W A W W E R  <UT1> 

~ igu re  8. - I. R. spec tm of dried TAB-m-AB. (aujoi mull) 



Table I 

Elemental Analyses of Monomers 

Polymerizations 

Polymerization procedures were studied thoroughly i n  order t o  obtain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

high molecular w e i  h t  aromatic polyamic ac idse A l l  solut ion polymerization 
he aromatic dianhydride so lut ion was added t o  a solut ion 

er and solvent 

and N-methylpyrrolidone at room temperature provided only 

fa i led t o  y ie ld  h i  h molecular weight 
polymers, The solut ion polymerization i n  dimethylacetaaide (DMAC) 
sulfoxide (DMSO) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
low molecular weight polyamic ac id  prepolymers, The films from these pre- 
polymers were found t o  be qu i te  b r i t t l e  even a f t e r  only super f i c ia l  drying 
at 80°-1000c 

High molecular weight polymers were obtained by t h e  addit ion of  theoret i -  
c a l  amounts of s o l i d  dianhydlide t o  mixtures of monomers and sol.vent, D i -  
methylsulfoxide was found t o  be the most su i tab le  solvent of those examined, 
The e f fec ts  of solvent on t he  i n t r i n s i c  v i scos i t i es  of t h e  polymers are 
summarized i n  Table 11, 

Table I1 

Solvent Effect  on Viscosity 

DAB-p-AB + BPDA 
RAB-m-AB + PMDA 
DAB-n-AB + BPDA 
TAB-m-AB + PPRA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 # 3  dl/g 

1*12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O e 9 5  
0,80 
0,80 
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i za t i on  of DAB-p-AB and TAB-p-AB the  e n t i r e  react ion mix- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 be due t o  e l e c t r o s t a t i c  in te rac t ion  between polymer 
after t h e  addit ion of the  t heo re t i ca l  amount of anhydride, 

ese 9*gelsp' could be b oken down by s t i r r i n g  vigorously 
at temperatures below 

The polyamic acid prepolymers were cas t  on g lass  p la tes  and dried super- 
They were then cured at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA280'- f i c a l l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa% 85°-1000C i n  air f o r  47-60 minutes, 

32OoC i n  air f o r  periods ranging from 15 minutes t o  ten  hours t o  br ing about 
r ing c losure 
previously reported ( 8, invar iably led t o  "flaking'$ f i lms 

Lower curing temperatures ( e  .g (I 175°-2200C 1 which have been 

A number of model compounds were prepared and examined t o  study the 
spec t ra l  changes which accompany the  formatiozl of the  intermediate acid-amide 
and subsequent r ing  c losurer  
spect ra are given below: 

These compounds and their respect ive in f rared 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAbove: 2-N-phthaloyl-p-amiilophenyl benainidazole. (NuJol mull) 

Below: Z-p-Phthel%minophe~l benzlmldazole. (NuJo1 mull) 

4000 3000 2000 1500 WAMKIgER (W-') 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA900 800 TOO 
, I  I I , , ,  I I I # I 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAbove: 2,2'-Di-p-phthalamidophophenyl-5,5'-beszi~idarole. (NU01 aull) 

Belw: 2.2'-51-p-phthaliminophsny1-~,5'-bibmzlmidazob (HuJol m u l l )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I n  some instances, r ing c losure was accomplished by ref luxing i n  a mixture 

of Pyridine and acet ic  anhydride, It zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas observed t h a t  t he  in f rared spectra 
of t h e  products, obtained ei ther  by d i rec t  heat in  o r  from a ref luxing solu- 
t ion ,  were ident ica l ,  The i n f ra red  spect ra of the  polyamic-acid prepolymer 
I and the  completely cycl ized and cured product I1 are  shown i n  Figure 13. 

Figwe 13. - Above: 

Below: 

I. R. SpCet- of polyamic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAacid prepalymer (I). 

I .  R. s p e c t m  of benzimidazole-armatic imide copolymer (11) from 
D&pm .nd PMDA, romrd by ring E~OQYI... 
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o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe in f rared spectrum of p h t h a l o ~ m o n o ~ ~ n i l i d e  ( F i  

the  simplest amide-acid moiety can be character ized by absorp- 
2400~2700 em-l, 1720 em""1, and 1230 cm-l 

the more complicated model compoun 
t r ibutabbe t o  the  
which contain the 

benzimidazole r ing the  characte i c  carboxyl sorpt ion has been apparently 
replaced by absolrption due t o  ca y l a t e  ion ne 1500 cmelo Simi la r  peaks 
are observed for the amide-acids wn i n  Figure 11, and 12, 

o s s i b i l i t y  of salt formation between the  
roup and the basic  benzimidazo r ing,  The spect ra of  com- 

closure shown i n  Figures lI d 12  exhib i t  a broadenin 
This i s  due presumably t 

combined e f f e c t s  of the un-ionized acid,  the carboxylate ion and the amide 
groups ; however the carboxylate ion apparently predominates over the un- 
ionized ac id,  

egion of 1700-1500 cm""l. 

These ~ b s e r ~ ~ ~ i o ~ s  s gest t ha t  the  polyamic-acid g r e p o l p e r  s t ruc tu re  
might be more ~ a ~ q u ~ ~ e l ~  te rpre ted  as t h e  ionized fo  shown below, ra ther  
than the  on-ion~zed s t ruc ture  previously depicted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas I ,  

Ionized Form o f  Structure of Polyamic-Acid Prepolymer 

~ n t e r p r e t ~ t i o n  of these resu l t s  i terns of t he  polar s t ruc tu re  shown 
above would then account f o r  the observed formation of "gel" on addi t ion of 
an anhydride, 
groups t o  pa r t i c i pa te  i n  r ing  c losure would be inh ib i ted by s a l t  formation 

It would a l s o  be expected t h a t  t h e  tendence of carboxylic ac id  

f t h  the benzimidazole r ing  and re la t i ve l y  higher temperatures would be 
t o  br ing about t h  proper r ing  c losureB Consequently 

an t ic ipa te  tha t  curing at lower temperatures would lead t o  chain sc iss ion  
with subsequent "flaking" of %he polymer f i lms, 
curing at 175-22OoC supports t h i s  argument 

Occurrence of f laking after 

e model compounds and the polymic-acid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp 
t i o n  peaks appeared i n  the in f rared aroun 
-1 (Fig,  l3), The in f rared spectrum of each copolymer 

No subs tan t i a l  changes i n  the spect ra were observed by 
film was recorded and found t o  support t h e  proposed benzimidazole and aromatic 
imide s t ruc tu res .  
extending heat ing t i m e s  up t o  a t  least 7 hours at 3OO0C, 
f o r  the various polymer f i lms are shown i n  Table 111, 

Elemental analyses 



emeaat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAextended zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35OoC 



i ves the  results of elemental analyses f o r  C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 f o r  
seven of the copolymers invest igated, Values i n  the  "Calc," column should be 
compared with thase i n  the column headed "Obs. (Corr,) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA," 
confirms the  copolymer s t ruc tu res  which are t yp i f i ed  by the  s t ruc ture  f o r  the 
DAB-p-AB 

Th is  comparison 

PMDA copolymer given i n  Figure 13* 

The experimental quant i t ies  i n  the  "Obs." column were corrected f o r  the 

This was done by a t t r i bu t i ng  any excess above the calculated per- 
presence of absorbed water t o  give the  values i n  t he  column headed 'lobs4 
(Corr.)c'9 

which t h a t  quant i ty of absorbed water ( l is ted i n  the  "Absorbed Water" column) 
would have on the  percentages of t h e  other elements, 
procedure i s  confirmed by t h e  d i rec t  thermogravimetric measurement of the 
percentage of absorbed water i n  each copolymer., t h e  resu l t s  of which appear 
i n  parentheses i n  t he  column headed "Absorbed Water," The l a rger  deviat ion of 
corrected values i n  the  shor te r  cured samples is  assumed t o  be due t o  the  pre- 
sence of unevaporated solvent and absorbed watero 

of oxygen t o  oxygen from absorbed water and ca lcu lat ing the  e f fec t  

The va l i d i t y  of t h i s  

S i  il r water absorption 
behavior has been observed f o r  polyimidazopyrrolones. ?lo&, 

The mechanical proper t ies of the copolymers are summarized i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIV, 
Those f i lms containing the  para-aminobenzoic acid un i t  exh ib i t  t e n s i l e  
s t rengths of approximately 25,000 ps i ,  while those containing t he  meta- 
aminobenzoic ac id  un i t  have tensi le strengths around 17 5OO psi. This  d i f fe r -  
ence i n  t e n s i l e  s t rength between the  two series may be due to the presence of 
some i r regu la r i t y  present i n  t h e  main polymer chain due t o  the presence of 
t he  meta isomer, 

Table I V  

Mechanical Propert ies of Copolymer Films Cured f o r  One Hour a t  3OO0C 

DAB-p-AB-PMDA 
DAB-p-AB-BPDA 

DAB-m-AB-BPDA 
TAB-p-AB-PMDA 
TAB-p-BB-BPDA 

TAB-m-AB-BPDA 

DAB-m-AB-PMD A 

TAB-m-AB-PMDA" 

24 $750" 
24 ,OOO+ 
1.7~600" 

.a*-+ 

17,600" 

2,o 

3.5 
305 
165  
3.3 

3.3 

3,a 

-.w..B+ 

* 1 hr .  cure + O , 5  hrs,  cure 
** 2 hrs ,  cure 

I n  Table V are given the r e s u l t s  of a prel iminary study of t h e  e f fec ts  of 
time at  3OO0C on the mechanical propert ies of the films, 
these-proper t ies w i t h  f i l m  th ickness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas observed i n  ce r ta in  easeso 

tances i n  which cast ing was made from a concentrated polymer so lut ion 

Some var ia t ion  i n  
There were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

f:cIbi!7 * 



Table V 

Effect of Time at 3OO0C on Mechanical Properties zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of Copolymer Films zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

22,000 
24,000 

2 hrs. 23,000 - -  
26 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 

10 min, 
1 hr. 

- I -  

22,300 

15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmin, 17,600 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhrS* 

15- min . 24,300 

1 hs, 24,000 
30 mine 25,600 

27,200 

21,200 
23,000 

21 * 500 

15 mine 
1 hr, 

3.4 
3.5 
3.6 

4.7 
3.7 

- - r.7- 

95 
100 

94 

100 
84.5 
78eO 
79.0 

2.4 
3.3 

68,7 
100 
102 



opolper films ~ ~ ~ n t a i ~  their strength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor at least zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i ng  time of one hour is required to 

e times produce fncomple 

ensitivity to hydrolysis at ro 
gly, incompletely cured polyamic-acid prepolymers 

that are exposed to the atmosp ere for several months become very brittle 

presumably due to hydrolysis o amide groups, acid-catalyzed by neighbo 

carboxylate groups, 

Thermal Stability 

The oxidation temperatures of the benzimidazole-aromatic imide copolymer 
films can be ascertained fron their maximum exothermic peaks when evaluated 

using the DuPont DTA-900 Differential Thermal Analyzer, The results are 
summarized in Table VI and an example of a typical DTA curve is shown in 
Figure 14, 

Table VI 

Oxidation Temperature of Benzimidazole-Aromatic 
Imide Copolymers 

Copolymer 

DAB-p- AB-PMDA 
DAB-p-AB-BPDA 

DAB-m-AB-BPDA 
TAB-p-AB-PMDA 

TAB-p-AB-BPDA 

DAB-m-AB-PMDA 

TAB-m-AB-PMDA 

TAB-m-AB-BPDA 

Oxidation Temp, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
568 
586 
571 
590 
568 
590 
577 
590 
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I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 500 600 700 

... TWERANRE, OC 

Figure lb. - DTA thermogram of DAB-m-AB-PMDA. rn I n  air. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The DTA s tud ies  i nd i ca te  tha t  t he re  i s  no s i g n i f i c a n t  d i f ference between 
%he ~ h ~ ~ a ~  s t a b i l i t y  of t h e  diaminobenzidine and tetraaminobenz 

r$ the meta-aminobenzoic acid and benzophenone d i  
ease the thermal s t a b i l i t y  of the polymers t o  a s l i g h t  

ex ten t  e 

ements were made both i n  a i r  and 
ere The themog 

summarized i n  f 
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TEMPEFANRE, O C  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- TGA thermograms of DAB copolymers run in air at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 5OCfnin heating rate. 

R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

--TAB-mAB-BPDA 

TPIPERANRE, "C 

Figure 16. - TGA thermogrms of TAB co~olymera zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArun i n  a i r  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 5"Clmin heating rate. 
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The r e s u l t s  i n  Figures 15-18 show t h a t  i n  a i r  the  15% weight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss l eve ls  
f o r  diaminobenzidine-derived polymers l i e  i n  the 52Oo-55O0C range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 3 5 O C  f o r  tetraaminobenzine polymers, The recorded temperatures (corrected 
f o r  absorbed water) f o r  the diaminobenzidine and tetraminobenzene polymers 
i n  a vacuum are 625O-63o0c and 6 2 0 ~ - 6 2 5 ~ ~ ,  resgect ive ly ,  
values of t h e  DAB-m-AB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- PMDA imide copolymer are higher t han  those previously 
reported f o r  similar copolymers of DAB-m-AB and PMIIA, 

and 49O0- 

The thermal s t a b i l i t y  

This  repor t  of the excel lent  thermal s t a b i l i t y  of the benzimidazole- 
aromatic imide copolymer contrasts  somewhat w i t h  the  data reported previously 

of diaminobenzidine-meta-amino benzoic ac id  and pyromell i t ic 
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn re deta i led  study of these copolymers w i l l  be reported zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

i n  a fu tu re  publ icat ion ?u 1 e 

Experiment a1 

Propert ies 

- Viscosity measurements were made i n  N,N-dimethyl- 
acet belohde viscometerse The solut ions were prepared 
from polymers which had been prec ip i ta ted  and dried i n  vacuo) and i n t r i n s i c  
v iscos i ty  was measured by a four-point ext rapolat ion t o  i n f i n i t e  d i lu t ion  
following Huggins' Equation, 

- These measurements were performed 
on the polymers using a DuPont 900 Di f fe ren t ia l  Thermal Analyzer, The con- 
d i t ions  employed have been detai led i n  f igures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, 4, and 14 ,  

e - These s tud ies  were performed using 
a null-balancing automatic recording electrobalance (Cahn RG Electrobalance) 
using polymer sample s i zes  of 2.05 2 0.03 milligrams, Vacuum measurements 
were car r ied  out at a pressure of 
pump with a capacity of 250 l i ters per second, 

(Torr)  which was maintained by an ion 

- The mechanical proper t ies of t h e  polymer films 
were measured on an Inst ron Tensi le Tester, using f i lm strips 0,5 inch w i d e  
with 3.0 inches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgage length,  and a cross-head speed of 3.0 inches (100% s t r a i n )  
per minute, 

- In f ra red  
Modex 5137 In f rared Spectrometer, 

Burdi 

spec t ra  were recorded using a Perkin-Elmer 

- This  s t a r t i n g  material was obtained from 
In@, )  Muskegon, Michigan and used as re- 

@ - This  mater ia l  was obtained 
s used without pur i f i ca t ion ,  
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Aminobenzoic Acids, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Reagent grade m- and p-aminobenzoic acids were used 

as received from Fisher S c i e n t i f i c  Company, 

- This dianhydride w a s  obtained from 
, N ,  Y , ,  and Princeton Chemical Company, 
1 material was sublimed at  22OoC/0,5 mm 

before used 

- BPDA w a s  obtained 
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs rec rys ta l l i zed  
from ace t i c  anhydride, 

Model Compounds 

Phthalomonoanilide ,, - F i f t y  grams zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 0  e 338 mole) of phthal ic  anhydride was 
added, with s t i r r i n g  t o  a solut ion of 30 g. (Oe323 mole) of a n i l i n e  i n  300 m l .  
of benzene zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat 50°Ce 
perature fo r  one hour, The c rys ta l s  which prec ip i ta ted  were co l lected by 
f i l t r a t i o n  and recrys ta l l i zed  from ethanol, 
mepo 183-184OC,  was 70 grams (88%). 

The react ion mixture w a s  allowed t o  stand at  room t e m -  

The y i e l d  of color less c rys ta l s ,  

Anal, Calcd, f o r  C14H 
Obs,: C,  70,02; H,  4,$9; 

NO3: C ,  69.69; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH, 4,60; N, 5.81, 
N 

.) - Ten grams o f  phthalomonoanilide was heated under 
a flow of nitrogen f o r  three hours a t  23O-25O0C. 
was insoluble i n  benzene and ethanol, was recrys ta l l i zed  from tetrahydrofuran 
t o  give 7 g.  (76%) of co lo r less  c rys ta l s ,  mapI  2O9-21O0C, 

The resu l t i ng  product, which 

Anal,  Calcd. f o r  C 1 4 H  NO2: C ,  75@32; H,  4.07; N ,  6.27, 
Obs,: C,  75.48; H 4,?0; N ,  6,38. 

- A solut ion of 15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg .  (0.139 mole) of 
o l e )  of p-aminobenzoic ac id  i n  aqueous 

4 & hydrochloric ac id  was ref luxed for  70 hours, 
wa; neutra l ized wi th  aqueous ammonium hydroxide, the product w a s  col lected by 
f i l t r a t i o n  and rec rys ta l l i zed  from l:l ethanol:water, The y i e l d  of color less 
c rys ta l s  was 17 g. (59%)$ m.p, 252OC. 

After the react ion mixture 

Anal, Calcd, f o r  C 1 3 H t l N 3 :  C ,  74.60; H ,  5.31; N ,  20.08, 
Obs.: C ,  74,63; B, 5. 1; N 

Phthal ic anhydride ( 1 , 4  g,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0,OO ut ion of 2,1  g e  ( O , O ~  mole) 
of am( ~ ~ a m i ~ o p h e n y l )  benzimidazole i n  10 ml, of dimethylformamide at room 

The solut ion w a s  then heated at  POO°C f o r  15 minutes during 
The yellow c rys ta l s  which 

e, 
a sol id  prec ip i ta ted  from so lu t i o  

were eol leeted by f i l t r a t i o n  weighed 3,3 g4 ( 9 7 % ) 9  mrpQ 270°Ce 

1, CaSed, for C21Hg5M303: C 70837; H 9  4,51; M, S1,73, 
4,50; m, ll 
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, - 2- ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN-Phthaloyl-p-aminophenyl ) 

benzi our under vacuum. The resu l t ing  
yellow s o l i d  w a s  washed w i t h  ethanol t o  give a 95% y ie ld  of so l id  m e l t i n g  at  
318-32OOC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

Anal. Calcd. f o r  C21H13N302: C ,  74.26; H, ~ ~ 8 7 ;  N ,  12.45, 
Obs,: C, 74.45; H ,  3.79; N ,  12.66, 

e - Pyromel l i t ic  dianhydride 
(0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of one gram (0.0048 mole) of 2-(p-aminophenyl) benzimidazole i n  20 ml. of 
dimethylacetamide. The mixture became homogeneous after which prec ip i ta t ion  
of a s o l i d  occurred, The crude product was col lected by f i l t r a t i o n  and washed 
with ethanol t o  give an 85% y ie ld  of a l i g h t  yellow, in fus ib le  sol id.  

m temperature t o  a s lu r r y  

Anal, Calcd. for  C3fI24N606: C ,  67.91; H ,  3,81; N ,  13.200 
Obs,: C, 65.01; H,  
Obs, (Corr, as a complex with 5,58 w t ,  % of C Z H ~ O H ) ,  C ,  67.91; H ,  3.61; 

,34; N ,  12.35. 

N 9  13.07, 

e - The corresponding 
pyromellitobenzimidazolyl-anilide was heated i n  a tube under vacuum at  3OO0C 
f o r  one hour, 
ethanol ,  The same imidization w a s  car r ied  out 
by bo i l ing  the carboxyanil ide i n  a 1:l solut ion of pyridine and acet ic anhy- 
dride C0r three hours, The s o l i d  which prec ip i ta ted  was col lected by f i l t ra-  
t i o n  and washed w i t h  ethanol, 

A golden, in fus ib le  s o l i d  was obtained which was washed w i t h  
The y ie ld  of product was 95%. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Anal, Calcd, for C 6H20N604: C ,  71.99; H ,  3636; N, 13a66, 
Obs, ( v ia  heat): zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 71.13; H ,  3.39; N 
Obs, (pyr id ine and c et  i c anhydride ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz ; H ,  3.41; N, 13,92, 
Obs. (Corr, as a complex with 1.65 w t l  % of C2H5OH), C, 71.99; H, 3010; 

Obs, (Corr, as a complex w i t h  1146 w t ,  % Of C2H5OH) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc ,  71.99; H a  3022; 
N ,  13*95 ( v i a  heat) ,  

14,13 (pyr id ine and ace t i c  anhydride) e 

e - Phtha l i c  anhydride 
(1.9 x 10-3 mole) of 

~ ~ d i o ( ~ ~ ~ i ~ o  phenyl)-5,5'-bibenzimidazole i n  10 ml. dimethyl acetmide, 
s o l i d  which prec ip i ta ted  w a s  washed wi th  alcohol t o  give a 100% y ie ld  of 

a l i gh t  yellow in fus ib le  powder, 

- One gram of t h e  
at  3OO0C for  three 

hours, A 95% y ie ld  of an in fus ib le ,  yellow s o l i d  w a s  obtained, The react ion 
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was a lso  performed by boi l ing the s ta r t i ng  material i n  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1:l pyridine: 
ace t i c  anhydride so lut ion f o r  three hours, 
s o l i d  was col lected by f i l t r a t i o n  and washed with ethanol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALb give a golden 
in fus ib le  powder, 

After the  mixture w a s  cooled, the 

Anal, Calcd, f o r  C42H24N 04: C ,  74,54; H, 3.58; N ,  12.42. 

Obs, (Pyridine and ace t i c  anhydride), C, 73.13; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH, 3.83; N, 12,301 
Obs, (Corr, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a complex w i t h  2.11 w t ,  % of C2H50H), C ,  74.54; H,  3.47; 

Obs. ( v ia  heat): C ,  73,4 t ; H, 3075; N, 13.33. 

N, 12.60 ( v i a  heat). 
Obs, (Corr, as a complex with 2.86 w t .  % of C2H50H), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc )  74e54; H ,  3.35; 

Monomers 

e -  

(a )  Using 3b39-=Diaminobenzidine (DAB) ... The tetramines were dissolved 
i n  polyphosphoric ac id  as a 5% solut ion by weight and heated under a protect ive 
nitrogen atmosphere, Two molar quant i t ies  of t he  aminobenzoic ac id  were added 
at l 7 O o C  and heat ing w a s  continued, w i t h  s t i r r i n g ,  f o r  10 hours under nitrogen. 
After the  polyphosphoric ac id  so lut ion was cooled t o  room temperature, t h e  
react ion product was prec ip i ta ted  wi th  water. The s o l i d  was col lected by 
f i l t r a t i o n ,  stirred in aqueous ammonium hydroxide so lut ion,  f i l t e r e d  and dried, 
The crude product was pur i f ied  by dissolv ing i n  ethanol  and t rea t i ng  w i t h  
charcoal, followed by f i l t r a t i o n  and reprec ip i ta t ion  with water, 

(b) Using ~ ,2 ,4 ,5mTet ra~ inoben~ene  (TAB) - The tetrahydrochlor ide salt 

However, t he  pur i f i ca t ion  procedure f o r  
of TAB was used i n  the  react ion ra ther  than t h e  free base, and the  react ion 
procedure was the same as w i t h  DAB. 
the crude monomers required t h e  use of formic ac id  t o  dissolve the  product 
i n  ethanol, Prec ip i ta t ion  of the products was e f f e c t e d  by addi t ion of the 
formic a ~ ~ d ~ e t ~ a n o l  so lu t ion t o  d i l u t e  ammonium hydroxide after f i l t r a t i o n .  

Desolvation of a l l  monomers was e.f fected by heat ing f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t o  4 hours 
under a, presswe of 1 Torrr 
a l l  the  monomers but only the  DAB-p-AB compound exhibi ted a melting point ,  
t h i s  occurrin 

DTA invest igat ion of melting point  was made on 

at  about 334OC (see Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  

Polymeriaation 

ocadure involved t h e  addi t ion of the di(am&no- 
azole) t o  dimethylsulfoxide which resulted i n  a s lu r r y  or 

on the type of monomer used, 

Sol id  ~ i a n h y d r i ~ e  powder was added slowly while s t i r r i n g  the mixture at  
der nit rogen, When monomers based on m-aminobenzoic acid 

us polymer so lut ion was obtained after the  
ide had been added, However, when the 

monmers based on p ~ ~ i n o b ~ ~ ~ ~ i c  ac id  were used, a "gel" resulted after 85-95% 
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of the  dianhydrides were added, This  apparent ''gel" could be converted t o  a 
smooth polymer so lut ion by s t i r r i n g  the e n t i r e  mass rap id ly  i n  a Waring 
Blendor, while the remaining dianhydride w a s  added, together wi th  mounts of 
solvent necessary t o  give a polymer so l i ds  concentrat ion of 6-10% by weight. 
The vigorous s t i r r i n g  resu l ted  i n  an increase i n  temperature of the solut ion 
and it was found t h a t  best r e s u l t s  were achieved when t h e  temperature was 
kept at  75-80Oc f o r  15-20 minutes, 

The polymer so lu t ions ,  at room temperatures i n  the  case of m-aminobenzoic 
acid-derived polymers o r  at elevated temperatures i n  the case of p-aminobenzoic 
acid=derived polymers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, were cas t  onto g lass  p la tes  and spread with doctor 
knives, 
draft air oven a t  8 5 - 1 0 0 ~ ~  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-1.5 hours, The films were then cured by 
heating i n  an oven preheated t o  3OO0C f o r  periods ranging from 15 minutes 
t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo hours. The i n f ra red  spect ra of the films indicated t ha t  the  imidization 
react ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas essen t ia l l y  complete within 30 minutes, 

The maJor pa r t  of" the solvent was removed by heat ing i n  a forced- 
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