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Summary 
The polyamides with aromatic rings in the main chain were synthesized by the 
solut ion polymer iza t ion  of 4 , 4 ' - d i p h e n y l m e t h a n e  di isocyanate  and a l iphat ic  
dicarboxylic acid in the presence of catalyst .  The thermal  propert ies and the 
miscibi l i ty behaviours  with polyamide-6,6 of these aromatic polyamides were 
studied. The aromatic polyamides synthesized with one kind of dicarboxylic acid 
had typical thermal  properties of crystalline polymers, whereas those synthesized 
with the mixtures of dicarboxylic acids were not easily crystallized. The observed 
miscibil i ty behaviours showed some differences from those predicted by b inary  
interaction model. 

Introduction 
In order to predict the miscibil i ty of hydrogen-bonding polymers, complicated 
experimental  procedures for the character izat ion of in termolecular  in teract ions  
are required( i ) .  
The work of Ellis showed that  the miscibility of polyamide blends can be described 
by relat ively simple b inary  in teract ion model(2,3).  This method does not take 
directly into account the interact ions between the amide groups in blends on the 
assumpt ion tha t  the net  exchange of hydrogen bonding in teract ions  is close to 
zero. However, C6t6, et al., observed the discrepancies between predicted and 
observed behaviours ,  and suggested such pa ramete r s  as r igidi ty of chain or 
average interamide distance to be the causes(4). 
In this paper, we report the results on the miscibility of polyamide-6,6 with series 
of aromatic polyamides synthesized specially by the following reaction between 
4 , 4 ' - d i p h e n y l m e t h a n e  d i i socyana te (MDI)  and a l i pha t i c  d icarboxyl ic  acid 
( S c h e m e  1 )(5). 
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E x p e r i m e n t a l  
MDI(Tokyo  Kase i )  was  m e l t e d  a t  50~ a n d  w h i t e  p r e c i p i t a t e  of d i m e r  in t he  m e l t  
was  r e m o v e d  b e f o r e  u se .  Ad ip i c  a c i d ( S h o w a ) ,  p i m e r i c  a c i d ( J a n s s e n ) ,  s u b e r i c  
a c i d ( J a n s s e n ) ,  a z e l a i c  a c i d ( A l d r i c h ) ,  s e b a c i c  a c i d ( J u n s e i ) ,  1 , 1 0  
d e c a n e d i c a r b o x y l i c  a c i d ( A l d r i c h ) ,  t r i d e c a n e d i o i c  a c i d ( T o k y o  K a s e i ) ,  a n d  1 , 1 4 -  
t e t r a d e c a n e d i o i c  ac id (Tokyo  Kase i )  were  u sed  as r ece ived .  S u l f o l a n e ( A l d r i c h )  was  
d r i e d  o v e r  4~ m o l e c u l a r  s i e v e  b e f o r e  u se .  P o l y a m i d e - 6 , 6 ( M n = 2 0 , 0 0 0 )  was  

s u p p l i e d  by  T o n g y a n g  N y l o n  C o . ( K o r e a ) .  3 - M e t h y l - l - p h e n y l - 2 - p h o s p h o l e n e - 1 -  
oxide u s e d  as c a t a l y s t  was  s y n t h e s i z e d  by  t he  k n o w n  p r o c e d u r e ( 6 ) .  
Dica rboxyl ic  ac id  a n d  s m a l l  a m o u n t ( a b o u t  0 . 1 2 5  tool% of m o n o m e r s )  of 3 - m e t h y l -  
1 - p h e n y l - 2 - p h o s p h o t e n e - l - o x i d e  were  d i s s o l v e d  in  s u l f o l a n e .  The  s t o i c h i o m e t r i c  
a m o u n t  of MDI s o l u t i o n  w as  d r o p w i s e l y  a d d e d  a t  200~ a n d  t h e  m i x t u r e  was  
s t i r r e d  for 4 h o u r s .  T h e  v i s c o s i t y  r i s e  a c c o m p a n i e d  w i t h  p o l y m e r i z a t i o n  was  
c o n t r o l l e d  by a d d i n g  a d d i t i o n a l  s u l f o t a n e ,  a n d  t h e  sol id  c o n t e n t  of  f ina l  s o l u t i o n  
was  a d j u s t e d  to a b o u t  1 5 % ( w / v ) .  D u r i n g  t h e  r e a c t i o n ,  d ry  N 2 gas  was  c o n s t a n t l y  

p u r g e d .  Af te r  t h e  r e a c t i o n ,  t h e  r e a c t i o n  m i x t u r e  was  p o u r e d  in to  10-fold  excess  of 
m e t h a n o l  a n d  t h e  p r e c i p i t a t e  was  d r i ed  u n d e r  v a c u u m  a t  80~ Yie lds  were  a b o u t  
70 - 80%.  
D e t a i l s  of  s y n t h e s i z e d  a r o m a t i c  p o l y a m i d e s  a r e  g i v e n  in  T a b l e  1. S e r i e s  1 
p o l y a m i d e s  s y n t h e s i z e d  w i t h  one  k i n d  of d i c a r b o x y t i c  ac id  d i f fe r  f rom s e r i e s  2 
p o l y a m i d e s  s y n t h e s i z e d  w i t h  m i x t u r e s  of d i ca rboxy l i c  ac ids .  In s a m p l e  d e s i g n a t i o n  
code ,  t h e  n u m b e r  f o l l o w i n g  H is t h e  s e r i e s  n u m b e r  a n d  t h e  n u m b e r  in  t h e  
p a r e n t h e s i s  is t h e  ( a v e r a g e )  m e t h y l e n e  n u m b e r ( m )  of a l i p h a t i c  d i ca rboxy l i c  acid 
u s e d  in t h e  s y n t h e s i s  by  s c h e m e  1. F o r  e x a m p l e ,  H 1 ( 6 )  i n d i c a t e s  p o l y a m i d e  
s y n t h e s i z e d  w i t h  sube r i c  a c i d ( m = 6 ) ,  whi le  H 2 ( 6 )  i n d i c a t e s  po lyamide  s y n t h e s i z e d  
w i t h  t h e  m i x t u r e s  of d i c a r b o x y l i c  ac ids  w h o s e  a v e r a g e  n u m b e r  of m e t h y l e n e  in  
d iea rboxyl ic  ac ids  is s ix as  s h o w n  in Tab le  1. 
The  b l e n d s  we re  p r e p a r e d  by  a d i s s o l u t i o n - p r e c i p i t a t i o n  m e t h o d .  The  p o l y m e r s  
w e r e  d i s s o l v e d  in m - c r e s o l  a t  60~ to give a c o n c e n t r a t i o n  of 2 % ( w / v ) .  T h i s  
s o l u t i o n  was  a d d e d  to 10-fo ld  excess  of m e t h a n o l  to c a u s e  a r a p i d  c o p r e c i p i t a t i o n .  
The  p r e c i p i t a t e  was  f i l t e red  off a n d  d r i ed  u n d e r  v a c u u m  a t  80~ 
The  m o l e c u l a r  w e i g h t  of a r o m a t i c  p o l y a m i d e  was  m e a s u r e d  w i t h  W a t e r s  L G - 2 4 0  
GPC a t  100~ r e l a t i v e  to p o l y s t y r e n e  s t a n d a r d s ,  m - C r e s o l  was  u s e d  as a s o l v e n t .  
N u c l e a r  m a g n e t i c  r e s o n a n e e ( 1 H - N M R )  s p e c t r a  w e r e  o b t a i n e d  in  d i m e t h y t  
s u l f o x i d e - d  6 on  a V a r i a n  V R X - 2 0 0 S - N M R .  E l e m e n t a l  a n a l y s i s  was  c a r r i e d  ou t  

w i t h  a Y a n a c o  MT-2  C H N  Corder .  
D i f f e r e n t i a l  s c a n n i n g  c a t o r i m e t r y ( D S C )  was  c a r r i e d  o u t  w i t h  a P e r k i n - E l m e r  
D S C - 4  a t  a h e a t i n g  r a t e  of 20~  All r u n s  were  ca r r i ed  ou t  w i t h  a s a m p l e  of 
ca .  5 m g  in  N 2 a t m o s p h e r e .  S e r i e s  1 p o l y a m i d e s  a n d  t h e i r  b l e n d s  w i t h  

p o l y a m i d e - 6 , 6  were  q u e n c h e d  in l iqu id  N 2 or cooled down a t  a r a t e  of 150~ 

a f t e r  a n n e a l i n g  a t  280~  for 1 m i n  a n d  s u b s e q u e n t  a n n e a l i n g  for 10 see  a t  
t e m p e r a t u r e  10~ above  t h e  m e l t i n g  t e m p e r a t u r e ( T  m) of t h e  a r o m a t i c  p o l y a m i d e .  

The  g lass  t r a n s i t i o n  t e m p e r a t u r e ( T g ) ,  c r y s t a l l i z a t i o n  on h e a t i n g ( T o ) ,  T m, t h e  h e a t  

of f u s i o n ( A H  m) were  m e a s u r e d  on s u b s e q u e n t  h e a t i n g .  S e r i e s  2 p o l y a m i d e s  a n d  

t h e i r  b l e n d s  were  s c a n n e d  w i t h  t h e  s a m e  m e t h o d  excep t  t h a t  t h e y  were  a n n e a l e d  
on ly  once  a t  280~  for 1 min .  

R e s u l t s  a n d  D i s c u s s i o n  
Se r i e s  1 p o t y a m i d e s ,  q u e n c h e d  in l iqu id  N 2 a f t e r  a n n e a l i n g  a t  t e m p e r a t u r e s  above  

Trn, h a d  t y p i c a l  DSC t h e r m o g r a m s  of c r y s t a l l i n e  p o l y m e r s .  T h e y  s h o w e d  g l a s s  

t r a n s i t i o n ,  c r y s t a l l i z a t i o n ,  a n d  m e l t i n g  b e h a v i o u r s  on h e a t i n g .  T h i s  s e e m s  to be 
due  to t he  r e g u l a r  s t r u c t u r e  of s e r i e s  1 p o t y a m i d e s ,  a n d  t h e i r  t r a n s i t i o n s  or  p e a k  
t e m p e r a t u r e s  a re  s h o w n  in T a b l e  1. Tg, T c, T m, t h e  o v e r h e a t i n g  n e c e s s a r y  for 

c r y s t a l l i z a t i o n  on  h e a t i n g ( T c - T g )  d e c r e a s e d ,  AHrn i n c r e a s e d ,  a n d  c r y s t a l l i z a t i o n  

a n d  m e l t i n g  p e a k s  b e c a m e  s h a r p e r ,  as  t h e  m e t h y l e n e  n u m b e r  in  d ica rboxyl ic  acid 
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T a b l e  1. R e c i p e s  f o r  t h e  s y n t h e s i s  a n d  c h a r a c t e r i s t i c s  o f  a r o m a t i c  p o l y a m i d e s  

D e s i g n a t i o n  

S e r i e s  1 S e r i e s  2 

H 1 ( 6 )  H 1 ( 8 )  H I ( 1 0 )  H 2 ( 6 )  H 2 ( 8 )  H 2 ( 1 0 )  

F e e d ( m o l e )  : 
M D I  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  1 . 0 0  
a d i p i c  a c i d  - - 0 . 2 0  - - 
p i m e r i c  a c i d  - - 0 . 2 0  - - 
s u b e r i c  a c i d  1 . 0 0  - - 0 . 2 0  0 . 2 5  - 
a z e l a i c  a c i d  - - - 0 . 2 0  0 . 2 0  0 . 1 0  
s e b a c i c  a c i d  - 1 . 0 0  - 0 . 2 0  0 . 2 5  0 . 2 0  
1 , 1 0  d e c a n e d i c a r b o x y l i c  a c i d  - - 1 . 0 0  - 0 . 2 0  0 . 2 5  
t r i d e c a n e d i o i c  a c i d  - - 0 . 1 0  0 . 2 0  
1 , 1 4 - t e t r a d e c a n e d i o i c  a c i d  - - - 0 . 2 5  

m V a l u e  a n a l y z e d  

b y  1 H - N M R  - - 6 . 4  8 . 7  1 0 . 5  
b y  e l e m e n t a l  a n a l y s i s  - - 6 . 8  8 . 1  1 2 . 5  

M o l e c u l a r  w e i g h t  a ( x l 0 - 3 )  
n u m b e r  a v e r a g e  1 4  1 3  11  1 9  9 2 3  
w e i g h t  a v e r a g e  7 4  4 8  3 6  5 2  2 3  6 5  

T s ( ~  1 4 2  1 2 5  1 1 0  1 3 6  1 1 2  1 1 2  

T c ( ~  1 8 8  1 7 1  1 4 9  - - - 

T m ( ~  2 9 4  2 8 5  2 7 0  - - 

A H m ( J / g )  1 4 . 1  2 7 . 6  2 9 . 3  - - 

a r e l a t i v e  t o  p o l y s t y r e n e  s t a n d a r d s  

increased. All these results seem to be due to the increased chain flexibility. 
Whereas series 2 polyamides did not show distinct crystallization or melting 
behaviours. Irregular chain structure due to mixed dicarboxylic acids seems to be 
the cause. 
DSC thermograms of H2(6)/polyamide-6,6 blends, obtained on heating after 
annealing at 280~ and subsequent quenching in liquid N 2 are shown in Fig.l. 

They show single Tg that varies smoothly with composition, suggesting miscibility 

between two polymers. Pure polyamide-6,6 does not show crystallization peak on 
heating, and this shows that its crystallization rate is fast enough to crystallize 
during quenching. However, the blends show crystallization peak at balanced 
compositions, and the overheating (Tc-Tg) necessary for crystallization on heating 

increases as the content of H2(6) in blends increases. This shows that the 
crystallization of polyamide-6,6 is retarded by the miscible H2(6) polymer(7,8). 
In Fig.2, DSC thermograms of H2(8)/polyamide-6,6 blends obtained on heating 
after quenching in liquid N 2 are shown. They show one glass transition, however, 

it does not change smoothly with composition. And the retardation of 
crystallization of polyamide-6,6 in blends is not so evident, and the change in 
crystallization peak is not so systematic as in Fig. l. These results suggest the 
possibility that two polymers are not fully miscible. In order to check the 
possibility that the crystallization peak might mask another Tg, we cooled down 

the annealed samples slowly enough to crystallize during cooling to have no 
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Fig. 1. DSC thermogram obtained on 
heating of H2(6)/polyamide-6,6 blends 
quenched in liquid N2: (a)0/100, (b) 
30/70, (c)50/50, (d)70/30, (e)100/0 
by weight. 

I 
100 200 

Tempera ture (~  

Fig.2. DSC thermograms obtained on 
heating of H2(8)/polyamide-6,6 blends 
quenched in liquid N2: (a)0/100, (b) 
30/70, (c)50/50, (d)70/30, (e)100/0 
by weight. 

crystal l ization peak on subsequent heating(8).  The results for aromatic 
polyamide/polyamide-6,6 blends(50/50 by weight) cooled down with the cooling 
rate of 150"C/min in DSC are shown in Table 2. As estimated, polyamide-6,6 
blend with H2(6) shows miscibility having single Tg, and blends with H2(8) 
shows phase separation behaviours having double Tg's. 

Table 2. Tg of aromatic polyamide/polyamide-6,6(50/50 by weight) blends 

Blends Tg(~ 

polyamide-6,6 blends with: 
Hl(6) 87 
H1(8) 85 
H1 (10) 70, 131 
H2(6) 84 
H2(8) 70, 142 
H2(10) 71. 133 
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Polyamide-6,6 blends with H1(6) or Hl (8 )  had single Tg as shown in Table 2, 

and their DSC thermograms changed similarly with those of Fig. 1. These results 
show t h a t  H l ( 6 )  and  H l ( 8 )  are miscible  with po lyamide -6 ,6 .  Whereas  
po lyamide-6 ,6  blends  with HI (10)  or H2(10) had double Tg'S as shown in 
Table 2, and their  DSC thermograms changed similarly with those of Fig.2. These 
results show that  H1 (10) and H2(10) are not miscible with polyamide-6,6. 
In Fig.3 and Fig.4, the Tg data of Fig. l ,  Fig.2, and other blends are summarized. 
The miscible blends of H l ( 6 ) ,  H l ( 8 ) ,  or H2(6) have smoothly changing Tg- 
composition curves, whereas immiscible blends of H I ( t 0 ) ,  H2(8), or H2(10) show 
irregular changes of Tg. 

In binary interaction model, the interact ion energy parameter  (%blend) of aromatic 
polyamide/polyamide-6 ,6  blends can be calculated using segmental  in teract ion 
parameters.  If we consider polyamide-6,6 and aromatic polyamides as the random 
copolymers composed of methylene(A),  amide(B), and phenylene(C) uni ts ,  they 
can be expressed as AxBl_x, AyBzCl_y_z, respectively, where the subscripts x, y, 
and z are the segmental  volume fractions in copolymers. The value of Xblend can 
be ca lcula ted  us ing segmenta l  in te rac t ion  pa ramete r s ,  Xij, by the following 
equation 1 (9-1 1). 

%blend = [(1-X)(y-x) + z(x-y)]%i B -i- (1-y-z)(1-x-z)XBC 
+ (1-y-z) (x-y) XA c (1) 

T. S. Ellis reported the values of XAB, XBC, XAC to be 7.984, 7.460, -0 .288,  
respectively(3).  The values of %blend calculated by equation 1, using segmental  
volume fractions from group contribution method, are shown in Fig. 5. 
Miscibility is predicted when 

%blend - %c < 0 (2) 
where the conformationaI entropy term, %c is given by 

Xc = 0-5(nt-1/2 + n21/2)2 (3) 

with n 1 and n 2 being the degrees of polymerization of component polymers. Fig.5 
predicts the miscibility of potyamide-6,6 with all the aromatic polyamides in this 
study. The discrepancy between the experimental  results  and those predicted by 
binary interaction model can be explained as fellows. 
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Fig.3. Tg of polyamide-6.6 blends with Fig.4. Tg of polyamide-6,6 blends with 

(B)HI(6), (O)HI(8), and (.)HI(10). (BI)H2(6), (O)H2(8). and (A)H2(10). 
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M e t h y l e n e  n u m b e r ( m )  

Fig.5.  Xblend of aromat ic  po lyamide /po lyamide-6 ,6  blends ca lcula ted  by binary 
interact ion model as a function of methylene number in dicarboxylic acid. 

In b inary  in te rac t ion  model, no provision was made to take into account  the 
change, due to conformational restriction,  in s t rength or amount of hydrogen bond 
of amide group in blending. This can be a cause of above discrepancy as in other 
r epor t (4 ) ,  and this sugges ts  the decrease  of i n t e rmo lecu l a r  hydrogen bond 
through blending in our blends. 
It has been shown tha t  even in blends where the copolymers differ only in chain 
mic ros t ruc tu re ,  the effect of sequence  d i s t r ibu t ion  may s ign i f ican t ly  affect 
miscibil i ty(12).  Str ict ly speaking, polyamide-6,6 and aromatic polyamides are not 
random copolymer of methylene ,  amide, and phenylene units .  There exist  some 
blockness  of m e t h y l e n e  group in a row. This can be ano the r  cause of the 
discrepancy. 
H1(8) and H2(8) have s imi lar  m values .  However ,  H2(8) shows suppressed  
miscibility compared with H1(8). Above two reasons can also be i l lus t ra ted as the 
causes. 
All these resul ts  show tha t  binary interact ion model can not predict  exactly the 
miscibility behaviours of polyamide blends. 

This paper  was suppor ted  by the Minis t ry  of Educat ion ,  Republic of Korea 
through the Research Fund(1994) for Advanced Materials.  
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