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MACROMOLECULAR REPORTS, A32(SUPPL. 3), 357-368 (1995) 

INTRINSIC VISCOSITY STUDIES ON DILUTE SOLUTION OF 
SOME NEW AROMATIC POLYAMIDES IN SULFURIC ACID AT 

3OoC 

M o h a m e d  M .  E l - B a n n a  

C h e m i s t r y  D e p a r t m e n t ,  F a c u l t y  o f  E d u c a t i o n ,  A l e x a n d r i a  U n i v e r s i t y ,  

E g y p t .  

ABSTRACT 

The i n t r i n s i c  v i s c o s i t y  of some new po lyamides  ( a rami t l s )  ( 1 - 4 )  are  
c a l c u l a t e d  by u s i n g  s i n g l e  s p e c i f i c  v i s c o s i t y  measurement  a t  a concen-  
t r a t i o n  o f  0 .5  g / d l  i n  c o n c e n t r a t e d  s u l f u r i c  a c i d  a t  30°C. The connec-  
t i o n  between i n t r i n s i c  v i s c o s i t y  and  m o l e c u l a r  w e i g h t  is d i s c u s s e d  
i n  t h e  l i g h t  o f  t h e  F l o r y  and  Pox t h e o r i e s .  G e n e r a l  p r o c e d u r e s  f o r  
t r e a t i n g  i n t r i n s i c  v i s c o s i t y  d a t a  are g i v e n .  The root-mean s q u a r e  
end-to-end d i s t a n c e  o f  t h e  c h a i n s  a s  w e l l  as t h e  r a d i u s  of g y r a t i o n  
are d e t e r m i n e d .  I n  a d d i t i o n  t h e  r e l a t i o n s h i p  between t h e  d i f f u s i o n  
c o e f f i c i e n t  and  t h e  v i s c o s i t y  is  o b t a i n e d  by E i n s t e i n  method and 
t h e  r e s u l t s  a r e  i n  ag reemen t  w i t h  Zhang a n d  Murray. The m u t u a l  e x c l u -  
ded  volume is found  t o  b e  smaller t h a n  t h e  volume o c c u p i e d  by a poly-  
meric c o i l  and  t h e  po lyamides  i n c l u d e d  t h e  G a u s s i a n  d i s t r i b u t i o n  
c h a r a c t e r i z i n g  t h e  polymer i n  s o l u t i o n .  The r e s u l t s  p r o v i d e  a r i g o r o u s  
t es t  of t he  r e c e n t  t h e o r y  r e l a t i n g  t h e  i n t r i n s i c  v i s c o s i t y  t o  polymer 
c h a i n  s t r u c t u r e  and  t o  t h e  i n t e r a c t i o n  between polymer and t h e  s o l v e n t .  

INTRODUCTION 

I n  t h e  t r e a t m e n t  of t h e  p r o p e r t i e s  of v e r y  d i l u t e  po lymer  so lu-  
t i o n s  i t  is c o n v e n i e n t  t o  r e p r e s e n t  t h e  m o l e c u l e  as a s t a t i s t i c a l  
d i s t r i b u t i o n  o f  c h a i n  e l e m e n t s ,  o r  s e g m e n t s ,  a b o u t  t h e  c e n t e r  of 
g r a v i t y .  ' h e  a v e r a g e  d i s t r i b u t i o n  of s e g m e n t s  f o r  a c h a i n  po lymer  
m o l e c u l e  is a p p r o x i m a t e l y  G a u s s i a n ;  i ts  b r e a d t h  d e p e n d s  on  t h e  molecu-  
l a r  c h a i n  l e n g t h  and on t h e  thermodynamic i n t e r a c t i o n  be tween  po lymer  
s e g m e n t s  and s o l v e n t .  The i n t r i n s i c  v i s c o s i t y  may be r e g a r d e d  a s  
a measu re  of t h e  r a t i o  o f  t h e  e f f e c t i v e  hydrodynamic  volume of  tJle 
polymer i n  a g i v e n  s o l v e n t  t o  i ts  number a v e r a g e  m o l e c u l a r  t i e i g h t  (M 1. 
The r e c e n t  t h e o r i e s  [l-31 show t h a t  for s u f f i c i e n t l y  l a r g e  c h a r n  
l e n g t h s  t h e  e f f e c t i v e  hydrodynamic  r a d i u s ,  r, mus t  v a r y  d i r e c t l y  
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Scheme 1 

w i 4 1  a l i n e a r  p a r a m e t e r  of t h e  G a u s s i a n  d i s t r i b u t i o n  c h a r a c t e r i z i n g  
t h  1 po lymer  i n  s o l u t i o n .  C o n v e n i e n t  & n e a r  p a r a m e t e r s  f o r  t h i s  p u r p o s e  
a r  t h e  roo t -mean- squa re  d i s t a n c e  Jh '  hetween-the e n d s  o f  t h e  po lymer  
c h i i n ,  o r  t h e  roo t -mean- squa re  d i s t a n c e  \ r S 1  of t h e  s e g m e n t s  from 
t h ?  c e n t e r  of g r a v i t y  ( i . e . ,  t h e  r a d i u s  of g y r a t i o n  of t h e  d i s s o l v e d  
m c t e c u l e ) .  T h e  a b o v e  c o n c l u s i o n  had been  a n t i c i p a t e d  p r e v i o u s l y  by 
v a r i o u s  a u t h o r s  [ 4 ] .  

D i f f u s i o n  t h e o r i e s  a c c o u n t i n g  f o r  t h e  f r e e - v o l u m e  d i f f u s i o n  
m o i e l s  p r o p o s e d  by V r e n t a s  e t  a1 [5 ,6]  h a v e  b e e n  u s e d  p r e v i o u s l y  
t o  p r e d i c t  s o l v e n t  s e l f - d i f f u s i o n  a n d  p o l y m e r - s o l v e n t  b i n a r y  m u t u a l  
d i f f u s i o n  c o e f f i c i e n t s  wi th  t h e  u s e  o f  l i m i t e d  d i f f u s i o n  d a t a  [5 ,7 ]  
as well as w i t h  k n o w l e d g e  o f  s o l e l y  p u r e  p o l y m e r  a n d  s o l v e n t  p r o p e r -  
ti-s [ 8 ] .  

A series of some new a r o m a t i c  p o l y a m i d e s ( a r a m i d s )  were p r e v i o u s l y  
p r > p a r e d  f r o m  : 
1- 5 - & B u t y l i s o p h t h a l i c  a c i d  (BIPA) a n d  v a r i o u s  aromatic d i a m i n e s  [ 9 ]  
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0 0 l o  0 J. 
I .  x - OH I 1 l a -  ILIm IVe-ivrn 
II. x - CI 

Scheme 2 

Aromatic polyamides were synthesized by the direct polycondensa- 
tion of BIPA with various aromatic diamines in N-methyl-2-pyrrolidone 
(NW) using triphenylphosphite (TPP) and pyridine ( P y )  as condensing 
agents (Scheme 1). 

2- 4,4'-Sulfonyldibenzoic acid (SDBA) with various aromatic diamines 
[ lo1 

The aramids were prepared by the direct polycondensation of 
SDBA with various aromatic diamines using TF'P and Py as condensing 
agents (Scheme 2). 

3- l,l-Bis(4-aminophenyl)-2,2-diphenylethylene (DATPE) and aromatic 
diacid chlorides [ 111. 

Novel aramids were prepared by the low temperature solution 
polycondensation of DATPE and aromatic diamines with various aromatic 
diacid chlorides (Scheme 3) .  

4- 2,2'-5is(p-aminophenoxy) biphenyl (BBDA) I or 2,2'-bis(p-amido- 
phenoxy)-1,l'-binaphthyl (BBDA) 11 and aromatic dicarboxylic acids[l2] 

New aromatic diamines having kink and crank structures, (BBDA)I 
and (BBDA) 11, were synthesized by t he  reaction of p-fluoronitroben- 
zene with biphenyl-2,2'-diol and 2,2'-dihydroxy-l,lt-binaphthyl, 
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362 EL-BANNA 

T a b l e  I : [ T ] ,  kn , r and  (h2)* v a l u e s  f o r  t h e  polyamides  (1-4)  

i n  c o n c e n t r a t e d  s u l f u r i c  a c i d .  

Polymer c o d e  7 r.10 

I I a  
I I b  
I I C  
I I d  
I Ie  
I I f  
I I g  
I I h  
I Ii 
IIj 
I Ik 
I11 
I I m  

IVa 
IVb 
I vc 
I Vd 
IVe 
IVf 
I V B  
IVh 
I V i  
I V j  
Ivlc 
I V 1  
IVM 

0.77 
1.37 
1.45 
1.31 
2.79 
1.10 
0.74 
1.32 
1.07 
1.00 
3.49 
2.52 
0.82 

0.35 
0.42 
0.39 
0.27 
0.29 
0.40 
0.09 
0.15 
0.33 
0.26 
0.16 
0.52 
0.28 

Polyamides  (1)  

3.4 
5.6 
6.5 
3.7 

10.9 
3.7 
1.7 
6.2 
7.5 
5.3 

17.0 
11.1 
3.1 

P o l y a m i d e s  (2) 

4.70 
6.20 
5.52 
5.70 
3.47 
5.74 
0.56 
1.24 
6.30 
4.90 
3.50 
9.60 
3.29 

Polyamides  (3) 

1.61 
2.30 
2.46 
1.97 
3.64 
1.86 
1.26 
2.35 
2.33 
2.03 
4.55 
3.54 
1.59 

1.38 
1.60 
1.51 
1.35 
1.17 
1.54 
0.43 
0.67 
1.49 
1.26 
0.96 
1.99 
1.13 

4.71 
7.22 
5.79 

10.67 
5.46 
3.69 
6.89 
6.85 
5.96 

13.34 
10.38 
4.67 
4.51 

4.04 
4.71 
4.42 
3.91 
3.43 
4.51 
1.26 
1.95 
4.36 
3.71 
2.82 
5.84 
3.33 

I Ia 0.41 5.10 2.23 4.37 
I I b  0.42 6.20 2.40 4.71 
I Ic 0.50 8.20 2.79 5.47 
I I d  0.42 6.20 2.40 4.71 
I Ie  0.18 2.10 1.26 2.47 
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Table I (continued) 

Polymer code " l l  
7 r.10 

Va 
V b  
vc 
Vd 
Ve 
Vf 
vg 
VIa 
VIb 
VIC 
VId 
VIe 
VIf 
VIg 

Va 
Vb 
vc 
Vd 
Ve 
Vf 
vg 
VIa 
VIb 
VIC 
VId 
VIe 
VI f 
VI 6 

Polyamides (4) "method A" 

0.16 1.40 6.77 
0.13 0.99 5.89 
0.13 0.99 5.09 
0.21 2.10 8.88 
0.16 1.40 6.77 
0.15 1.24 6.66 
0.12 0.87 5.49 
0.13 0.99 5.89 
0.08 0.50 3.99 
0.09 0.60 4.41 
0.14 1.11 6.27 
0.11 0.80 5.19 
0.10 0.70 4.01 
0.07 0.40 3.54 

Polyamides ( 4 )  "method B" 

0.26 2.93 1.06 
0.35 4 . 6 6  1.37 
0.18 1.65 0.78 
0.20 1.94 0.85 
0.32 4.05 1.27 
0.26 

0.08 
0.18 
0.25 
0.18 
0.18 
0.17 

- 

- 

2.93 

0.46 
1.65 
2.75 
1.65 
1.65 
1.51 

- 

- 

1.06 

0.39 

1.03 
0.78 
0.78 
0.74 

- 

0.78 

- 

2.08 
1.73 
1.73 
2.16 
2.08 
1.95 
1.61 
1.73 
1.17 
1.29 
1.84 
1.52 
1.41 
1.04 

3.12 
4.03 
2.28 
2.49 
3.73 
3.12 

1.14 
2.28 
3.02 
2.28 
2.28 
2.17 

- 

- 
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364 EL-BANNA 

r e s p e c t i v e l y ,  f o l l o w e d  by ca t a ly t i c  r e d u c t i o n .  B i p h e n y l - 2 , Z ' d i y l  
and l,lt-binaphthyl-2,2'diyl c o n t a i n i n g  polyamides  were o b t a i n e d  
e i t h e r  by t h e  d i r e c t  p o l y c o n d e n s a t i o n ,  method A , o r  low- tempera ture  
s o l u t i o n  p o l y c o n d e n s a t i o n  of t h e  d i a m i n e s  w i t h  aromatic d i c a r b o x y l i c  
a c i d  (or d i a c i d  c h l o r i d e s ) ,  method B, (Scheme 4 ) .  

A l l  t h e  new polyamides  (1-4) were p r e v i o u s l y  p r e p a r e d  by t h e  
p o l y c o n d e n s a t i o n  method,  and  had h i g h  g l a s s  t r a n s i t i o n  t e m p e r a t u r e s  
i n  t h e  r a n g e  250 - 330 "C, and good t h e r m a l  s t a b i l i t y  as well as 
e x c e l l e n t  s o l u b i l i t y  i n  o r g a n i c  p o l a r  s o l v e n t s  s u c h  as NMP, N,N-di- 
m e t h y l a c e t a m i d e  (DMAc), d i m e t h y l s u l f o x i d e  (DFISO) and l ess  p o l a r  as 
Py, and a f f o r d e d  t r a n s p a r e n t ,  almost amorphous and  f l e x i b l e  f i lms 
from t h e  polymer s o l u t i o n .  Thus,  t h e s e  a r a m i d e s  are c o n s i d e r e d  t o  
be  promis ing  s o l u b l e  h i g h  t e m p e r a t u r e  p o l y m e r i c  materials. 

The v i s c o s i t i e s  f o r  a l l  t h e  s t u d i e d  a r a m i d s  s o l u t i o n s  were measu- 
r e d  a t  a c o n c e n t r a t i o n  of 0.5 g / d l ,  i n  c o n c e n t r a t e d  s u l f u r i c  a c i d  
a t  30°C. 

I n  a d d i t i o n  t h e  p r e s e n t  work i n t r o d u c e s  some c a l c u l a t e d  p o l y m e r i c  
p a r a m e t e r s  s u c h  as i n t r i n s i c  v i s c o s i t y ,  v i s c o s i t y  a v e r a g e  m o l e c u l a r  
w e i g h t ,  end-to-end d i s t a n c e  of t h e  polymer c h a i n ,  d i f f u s i o n  coefficie- 
n t s  and  e x c l u d e d  volume of t h e  a r a m i d s  a t  30°C, and t h e  i n t e r p r e t a -  
t i o n  of  t h e  d a t a  are d i s c u s s e d  i n  t h e  l i g h t  o f  t h e  r e c e n t  t h e o r i e s  
and compared w i t h  o t h e r  polymers .  

RESULTS AND DISCUSSION 

D e t e r m i n a t i o n  of i n t r i n s i c  v i s c o s i t y  [ ] by s i n g l e  s p e c i f i c  
v i s c o s i t y  measurement  c a n  b e  c a l c u l a t e d  from t h e  Ram Mohan Rao and 
Yassen e q u a t i o n  [13] by u s i n g  t h e  i n h e r e n t  v i s c o s i t i e s  (rinh) f o r  
t h e  s t u d i e d  polyamides  [9-121. 

The [y  ] v a l u e s  o b t a i n e d  c a n  be  used  t o  c a l c u l a t e d  t h e  v i s c o s i t y  
a v e r a g e  m o l e c u l a r  w e i g h t  (M,) (1 8 . 4 )  t h e  r a d i u s  ( r )  and  t h e  root- 
mean s q u a r e  end-to-end d i a t a n c e  (hZ)3hf t h e  polymer c h a i n  (1-4) by 
using t h e  f o l l o w i n g  r e l a t i o n s  ; 

where K ,  a a n d + a r e  c o n s t a n t s ,  and N is t h e  Avogadro ' s  number. 

It is found f rom t h e  c a l c u l a t e d  [ T  ] v a l u e s  _Of t h e  polyamides  
(1-4) t h a t  t h e y  are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  M n ,  v a l u e s  as well 
a s  t h e  r a d i u s  which is d e t e r m i n e d ,  and t h e  i n t r i n s l c  v i s c o s i t y  is 
a l s o  r e l a t e d  t o  t h e  root-mean square end-to-end d i s t a n c e  of  t h e  
pol y m e r  c h a i n .  
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Fig.  1. [7 ] vs, M, for polyamides (1-4) 
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Fig .  2.D v s , l / q z - L  f o r  poljamides (1-4) 

ITab le  I sun in ia r i zes  t h e  c a l c u l a t e d  v a l u e s  of [TI, , r a n d  
(I * )' f o r -  t h e  s t u d i e d  p o l y a m i d e s .  The  l i n e a r  least  s q u a r e  " p l o t s  o f  
[ l ' )  ] v s .  M g a v e  a s t r a i g h t  l i n e s  ( F i g .  1) which is a g o o d  a g r e e m e n t  
1.1 t h  p o l y a ? y l a t e s  [ I71  a n d  p o l y ( n i t r o a r y 1 a t e s )  [ 181. T h e  o b s e r v e d  
[ 7 ] - (h' )'!I r e l a t i o n s h i p s  for  f l e x i b l e  p o l y a m i d e s  m o l e c u l e s  f a l l  
pi t h i n  t h e  k ' lory-Fox t h e o r y  [ lG].  

D i f f u s i o n  is d i r e c t l y  c o n n e c t e d  w i t h  t h e  m o l e c u l a r  m o b i l i t y ,  
c ' j n s e q u e n t l y ,  its r a t e  s h o u l d  d e p e n d  on  t h e i r  d i m e n s i o n .  T h e  q u a n t i t a -  
t v e  r e l a t i o n s h i p  be tween  t h e  d i f f u s i o n  c o e f f i c i e n t  ( D )  and  t h e  s i z e  
0 '  a d i f f u s i o n  p a r t i c l e  was o b t a i n e d  t h e o r e t i c a l l y  [15] .  

F i g u r e  2 ,  c l e a r l y  shows  t h a t  D - l/r)inh r e l a t i o n s h i p  f o r  a l l  
ti e p o l y a m i d e s  (1-41, are l i n e a r  w h i c h  p a s s e s  t h r o u g h  t h e  o r i g i n .  
T I i s  r e l a t i o n s h i p  s u g g e s t s  t h a t  t h e  s i z e  of a p o l y m e r  j u m p i n g  u n i t  
i ,  i n d e p e n d e n t  o f  t h e  s o l v e n t  a n d  is p o l y m e r i c  s p e c i f i c ,  wh ich  e x p l a i -  
ni d t h e  po lymer -po lymer  s o l u t i o n  i n t e r f a c e ,  a n d  i n  c o n s i s t e n c e  w i t h  
2.1 ang a n d  Mur ray  [ i s ] .  

T h e  m u t u a l  e x c l u d e d  volume o f  s e g m e n t s  (U) f o r  t h e  f l e x i b l e l  
pc l y a m i d e s  were d e t e r m i n e d  [ 2 0 ] .  The  c a l c u l a t e d  v a l u e s  of [ ] /!I2 
a r e  p l o t t e d  a g a i n s t  M ' l t y e i l d i n g  K as t h e  o r d i n a t e  i n t e r c e p t  and  D froro 
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t h e  s l o p e  ( F i g .  3) .  It is  found  t h a t  t h e  K v a l u e s  is e q u a l  t o  5.0X10-' 
for a l l  t h e  p o l y a m i d e s  (1-4), and  Jl v a l u e s  are  t a b u l a t e d  as f o l l o w s  

Po lymer  n g  1 2 3 4h 48 

1.74 0.09 0.53 1 . 2 4  0.77 28 B.10 

The B v a l u e s  f o r  a l l  t h e  s t u d i e d  p o l y a m i d e s  g a v e  a l m o s t  t h e  
same r e s u l t s .  T h i s  phenonena is c o n s i d e r e d  t o  be d u e  t o  t h e  materials 
u s e d  ( t h e  v a r i o u s  aromatic d i a m i n e s  w i t h  d i f f e r e n t  a r o m a t i c  a c i d s  ) 
i n  t h e  d i r e c t  p o l y c o n d e n s a t i o n  method f o r  t h e  p o l y a m i d e s  (1 -4) .  The 
p r o d u c t s  had  p o l y m e r i c  p a r a m e t e r s  i n c l u d e d  t h e  G a u s s i a n  d i s t r i b u t i o n  
c h a r a c t e r i z i n g  t h e  po lymer  i n  s o l u t i o n .  Moreove r ,  t h e  m u t u a l  e x c l u d e d  
volume is s i g n i f i c a n t l y  smaller t h a n  t h e  volume o c c u p i e d  by a po lymer  
c o i l ,  i . e . ,  13(< (11')''~. F o r  compar ing  t h e  calculated I3 v a l u e s  of 
t h e  p o l y a m i d e s  (1-4) w i t h  o t h e r  polymer v a l u e s  [ 2 1 1  , i n d i c a t e  t h a t  
n o n i o n i c  c h a r a c t e r  f o r  o u r  p o l y m e r s  s t u d i e d .  
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