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THERMOTROPIC POLY (ESTER-AMIDES) BASED ON NAPHTHALENE 
MONOMERS. 

A. J.  EAST, L. F. CHARBONNEAU, and ti. W. CALUNDANN 
Hoechst Celanese K. L. M i t c h e l l  Technical  Center, 
Summit, New Jersey, U.S.A. 

Abs t rac t :  The s t r u c t u r e  and p r o p e r t i e s  o f  a range o f  
thermot rop ic  po ly (es ter -amides)  de r i ved  from 2,6-naphthalene 
d e r i v a t i v e s  i s  descr ibed. Many o f  these polymers may be 
melt-processed i n t o  f i b e r s ,  mono f i l s ,  and molded s t r u c t u r e s  
having very a t t r a c t i v e  phys i ca l  and mechanical p r o p e r t i e s .  
A v a r i e t y  o f  monomers has been used and s t ruc tu re /compos i -  
t i o n l p r o p e r t y  r e l a t i o n s h i p s  a re  descr ibed a long w i t h  d e t a i l s  
o f  syn thes i s  and process ing  cond i t i ons .  Both f i b e r s  and 
molded a r t i c l e s  may be hea t - t rea ted  t o  enhance t h e i r  t e n s i l e  
p roper t i es .  Molded a r t i c l e s  and ex t ruded rods have excep- 
t i o n a l  t e n s i l e  moduli  i n  t h e  u n f i l l e d  s ta te .  

INTRODUCTION 

I hermotropi c po l yes te rs  a re  by now we1 1 -known m a t e r i a l  s and 

a l a r g e  volume o f  l i t e r a t u r e  e x i s t s  on t h e i r  syn thes i s  and 

s t r u c t u r e / p r o p e r t y  r e l a t i o n s h i p s .  T h i s  has been reviewed by 

severa l  a ~ t h o r s l - ~ .  Two o f  these aromat ic p o l y e s t e r s  have 

been commercial ized as mold ing  r e s i n s .  Dar tco  d i v i s i o n  o f  

Premark manufactures XYDARW, a copo lyes te r  o f  t e r e p h t h a l  i c  
5 acid(TA) , 4,4'-biphenol (BP) and 4-hydroxybenzoic acid(HBA) 

w h i l e  Hoechst Celanese Corpora t ion  produces VECTRAa which i s  
6 a copolymer based upon 6-hydroxy-2-naphthoic a c i d  (HNA) . 

Other manufacturers i n  Europe and Japan a re  i n t r o d u c i n g  new 

thermot r o p i  c po lyes ters .  
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616 A. J .  EAST, L. F. CHARBONNEAU AND G. W. CALUNDA" 

Uur ing  t h e  development o f  t he  VECTRA ser ies o f  res ins,  

extensive research was made i n t o  comonomers w i t h  o the r  than 
es te r  forming un i t s .  O f  these t h e  most promising were a 

se r ies  o f  thermotropic copoly(ester-amides) based upon 
6-hydroxy-2-naphthoic ac id  i n  combination w i t h  aromatic 
diamines o r  aminophenols and d i c a r b o x y l i c  acids. This paper 

describes t h e  synthesis and p roper t i es  o f  these novel 

copolymers. 

Background 

As soon as the  f i r s t  HNA copolyesters were made a t  Celanese, 
thoughts were already being given t o  copolymers w i t h  a l t e r -  

na t i ve  l i n k i n g  groups t o  t h e  e s t e r  u n i t ,  one o f  which was 

the  amide u n i t .  This was as e a r l y  as March 1977. A t  t h a t  
t ime t h e  goal o f  t he  l i q u i d  c r y s t a l  polymer work was a h igh  

modulus organic f i b e r  f o r  in-rubber reinforcement appl i ca -  
t ions.  Polymers were sought t h a t  are comparable i n  mechan- 

i c a l  p roper t i es  t o  DuPont's aromatic polyamide KEVLARm, bu t  

t h a t  were melt  processable. 

An o b j e c t i v e  o f  our work was t o  produce polymers t h a t  
could be adhered t o  rubber. Even as t h e  f i r s t  

melt-spinnable, a m i n o l y t i c a l l y  and h y d r o l y t i c a l l y  s tab le,  
h igh  performance polyesters  were being produced on a small 
scale, t he re  was concern t h a t  f iber- to- rubber  adhesion might 

be inadequate. The remarkable chemical iner tness o f  t h e  
polyesters,  h i g h l y  advantageous i n  r e s i s t i n g  in- rubber  
degradation du r ing  vu lcanizat ion,  might  be expected t o  

complicate the  adhesion process. One obvious way around 
t h i s  would be t o  incorporate some adhesive-react ive u n i t s  

i n t o  t h e  polymer cha in .  The amide u n i t  was a n a t u r a l  
choice, s ince t h e  we1 1 - t r i e d  reso rc ino l  /formaldehyde/l atex 
adhesives work very we l l  w i t h  polyamide f i b e r s ,  p o s s i b l y  v i a  
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THERMOTROPIC POLY (ESTER-AMIDES) 617 

7 N-methylol u n i t s  . It was a l s o  f e l t  t h a t  t h e  presence o f  

some amide u n i t s  migh t  improve t h e  s t r u c t u r e l p r o p e r t y  

p r o f i l e  o f  t h e  f i b e r  by adding a measure o f  i n t e r - c h a i n  

hydrogen bonding. 

Previous Work 

Several pa ten ts  have d i s c l o s e d  t h e  p r e p a r a t i o n  o f  
a l i p h a t i c / a r o m a t i c  po ly (es ter -amides)  . I n  a d d i t i o n  

Jackson and Kuhfuss13 have descr ibed t h e i r  work on l i q u i d  

c r y s t a l  po ly (es ter -amides)  as an ex tens ion  o f  t h e i r  work on 

t h e  thermot rop ic  b lock  copolymers o f  po l ye thy lene  te rephtha-  

l a t e  (PET) and po ly (oxybenzoy l ) ,  u s u a l l y  r e f e r r e d  t o  by t h e  

code name "X-7G" .  They ac ido l yzed  PET polymer w i t h  
4-acetamidobenzoic a c i d  (PABA) i n  t h e  m e l t  i n  e x a c t l y  t h e  

same way as t h e y  had used 4-acetoxybenzoic a c i d  (ABA), and 

subsequent ly re-polymeri  zed t h e  r e a c t i o n  produc t  t o  g i v e  a 

PET/PABA b l o c k  copolymer. The molded r e s i n  c o n t a i n i n g  25 

moles percent  o f ,  PABA u n i t s  had q u i t e  a t t r a c t i v e  proper-  

t i e s .  Noteworthy was a f l e x  modulus o f  0.76 Mpsi. However, 

d e s p i t e  a m e l t i n g  p o i n t  o f  254 C, t h e  ac tua l  d e f l e c t i o n  

temperature was low: 88 C a t  264 p s i .  
Whi le our  s tud ies  were under way, McIn ty re  and coworkers 

a t  Leeds U n i v e r s i t y ,  England, pub l i shed  t h e i r  work on therm- 

o t r o p i c  copo ly (es ter -amides)  de r i ved  from p-aminophenol and 

var ious  a1 koxy terephtha l  i c  ac ids .  One i n t e r e s t i n g  composi- 
t i o n  was t h e  homopolymer f rom 1,2- bis(4-carboxyphenoxy)eth- 

ane and 4-(N-methylamino)phenol, which mel ted  a t  280 C 

8-12 

14-15 

SYNTHETIC STUDIES 

The the rmot rop ic  copo lyes ters  developed a t  Hoechst Celanese 
were synthesized v i a  an a c i d o l y s i s  r o u t e  by r e a c t i o n  o f  t h e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



618 A. J .  EAST, L. F. CHARBONNEAU AND G. W. CALUNDANN 

d i a c e t a t e  o f  a diphenol  w i t h  a d i c a r b o x y l i c  ac id ,  o r  by 
se l f -condensat ion  of  t h e  ace ta te  e s t e r s  o f  a romat ic  hydroxy- 
ac ids  192,16. Normally t h e  a c i d o l y s i s  o f  amide u n i t s  i s  a 
somewhat s l  uggi  sh process 11,12 b u t  i n  t h e  case o f  

N-acetylated aromat ic amines, t h e  r e a c t i o n  i n  ou r  hands 
proceeded smoothly enough under normal me1 t po lymer i za t i on  

cond i t i ons  a t  up t o  330 C. 

The po lymer i za t i on  r e a c t i o n s  were run  i n  t h e  m e l t  under 

an argon atmosphere i n  a s imp le  s t i r r e d  three-neck f l a s k ,  
heated i n  an o i l  ba th  and c o n t r o l l e d  by a thermostat .  For 

example, polymers prepared from 6-acetoxy-2-naphthoic a c i d  
(ANA), t e reph tha l  i c  a c i d  (TA), and p-acetoxyacetan i l  i d e  

(AAA) were t y p i c a l l y  polymerized a t  a r e a c t i o n  sca le  o f  0.5 

t o  3 molar. For s t i l l  l a r g e r  runs, a f l u i d i z e d  bed sand 
ba th  w i t h  microprocessor temperature c o n t r o l  was used w i t h  

spec ia l  g lass  vessels up t o  5 l i t e r s  capac i ty .  A gradual  

temperature ramp over  severa l  hours from about 230 degrees C 

t o  a f i n a l  temperature o f  300-330 degrees C was used, t h e  

l a t t e r  stages be ing  done under h i g h  vacuum t o  remove f i n a l  
t races  o f  v o l a t i l e  by-products. Dur ing  t h e  e a r l y  stages, 
a c e t i c  a c i d  d i s t i l l e d  over r a p i d l y  and t h e  y i e l d s  o f  a c e t i c  
ac id  recovered were u s u a l l y  90-95 percent  t h e o r e t i c a l .  As 
t h e  r e a c t i o n  proceeded, t h e  m e l t  became opaque and showed 

the  shear-opalescence phenomena t y p i c a l  o f  o t h e r  thermotrop- 
i c  polymer mel ts .  

A t  t h e  end o f  t h e  po lymer i za t i on  reac t i on ,  t h e  s t i r r e r  

was withdrawn and t h e  m e l t  a l lowed t o  coo l  and s o l i d i f y .  It 

was removed by  b reak ing  t h e  f l a s k  and t h e  s o l i d  lump o f  

polymer scraped and f i l e d  f r e e  o f  g lass  s l i v e r s ,  sawn up 
i n t o  chunks and f i n a l l y  ground t o  a powder f o r  f u r t h e r  pro- 

cessing. The polymers were ve ry  t y p i c a l  o f  t he rmot rop ic  
polymers i n  tex tu re .  They were tough and "woody" w i t h  a 
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THERMOTROPIC POLY(ESTER-AMIDES) 619 

d e f i n i t e  f i b r o u s  f r a c t u r e .  They were v e r y  s i m i l a r  i n  

appearance t o  t h e  p o l y e s t e r  analogs , b u t  were r a t h e r  more 

ye l l ow ish ,  p robab ly  as a r e s u l t  o f  s l i g h t  o x i d a t i v e  degra- 

d a t i o n  a t  t h e  h igh  temperatures invo lved.  It was n o t i c e a b l e  

t h a t  these polymers darkened more r e a d i l y  i n  a i r  a t  h i g h  

temperatures. 

Few d i f f i c u l t i e s  were e n c o u n t e r e d  i n  s c a l i n g  up t h e  

process t o  t h e  5 -ga l l on  au toc lave  sca le  and thence t o  a 

50-gal lon u n i t .  The polymer was ex t ruded as a r i b b o n  i n t o  a 

water quench b a t h  and chipped (e.g., Cuinberland s t r a n d  chop- 

p e r ) .  P o s s i b l y  due t o  more e f f i c i e n t  h a n d l i n g  i n  t h e  

autoclave, t h e  polymer c o l o r  was o f t e n  somewhat b e t t e r  than 

on t h e  l a b o r a t o r y  scale. 

CHARACTERIZATION 

Thermal Ana lys i s  

Samples me1 t e d  on t h e  p o l a r i z i n g  ho t -s tage microscope 

between crossed p o l a r i z e r s  showed t y p i c a l  nematic s t r u c t u r e s  

i n  t h e  mol ten  phase. It was u s u a l l y  imposs ib le  t o  observe a 

c l e a r i n g - p o i n t  o r  i s o t r o p i c  t r a n s i t i o n ,  as t h i s  t r a n s i t i o n  

was so h i g h  t h a t  t h e  polymers t h e r m a l l y  decomposed b e f o r e  

reach ing  t h i s  po in t .  

C h a r a c t e r i z a t i o n  by DSC ( P e r k i n  Elmer DSC 2)  u t i l i z e d  a 

sample o f  approximately 1U mg, heated a t  a r a t e  o f  20 C per  

minu te  ( c a l i b r a t e d  w i t h  an indium standard) f rom room temp- 

e r a t u r e  t o  above t h e  m e l t i n g  p o i n t  endotherm (eg. 35UC); 

n i t r o g e n  was employed as t h e  purge gas. The peak o f  t h e  

endothermic t r a n s i t i o n  was recorded as t h e  m e l t i n g  p o i n t  o f  

t h e  polymer. 

The thermal s t a b i l i t y  o f  t h e  polymers was i n v e s t i g a t e d  
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620 A. J. EAST, L. F. CHARBONNEAU AND G .  W. CALUNDANN 

on a DuPont 990 Thermal Analyzer by temperature programmed 

thermogravimetric analys is  (TGA), using a temperature r a t e  

i n c r e a s e  o f  15 degrees C p e r  m inu te .  The po lymer  f rom 

60/20/20 ANA/TA/AAA had essen t ia l  l y  the  same s t a b i  1 i t y  i n  a 
n i t rogen atmosphere as i n  a i r ;  3% weight l o s s  occurred a t  

479 C i n  a i r  and 482 C i n  n i t rogen.  

Solut ion and Mel t  V i scos i t y  

Solut ion v i s c o s i t i e s  were measured i n  pentaf luorophenol  a t  
60 C a t  a concentrat ion o f  0.1% wt/vol .  Those po ly (es te r -  
amides) w i t h  f r e e  amide (-CONH-) u n i t s  had the  cha rac te r i s -  

t i c  h igh inherent  v i s c o s i t i e s  (e.g.2-10) o f  l i q u i d  c r y s t a l  
aromatic polyesters.  However, those copolymers w i t h  

a l ky la ted  amide u n i t s  had much lower s o l u t i o n  v i s c o s i t i e s .  

Since t h e  mechanical p roper t i es  o f  polymers w i t h  a l k y l a t e d  
amide u n i t s  were comparable t o  polymers synthesized w i t h  

f ree  amide u n i t s ,  i t  was assumed t h e i r  molecular weights 
were o f  t he  same order. 

M e l t  v i s c o s i t y  was determined on an I n s t r o n  c a p i l l a r y  

rheometer a t  300 C us ing a 4 i n .  x 0.03 i n .  d ie .  For ex- 

ample, t h e  me l t  v i s c o s i t y  o f  polymers from ANA/AAA/TA were 
t y p i c a l l y  w i t h i n  a range o f  1800-2200 poise ( f o r  inherent  

v i s c o s i t i e s  o f  5-6) when measured a t  a shear r a t e  o f  1000 
cm- 1. 

POLYMER PROCESSING 

The polymers were d r i e d  f o r  24 hours a t  130 C and a vacuum 
o f  1 Torr  p r i o r  t o  spinning. F ibers were spun through a 
s ing le  hole sp inneret  o f  0.178 mm diameter and 0.254 mm i n  

length. The f i b e r  wind-up speed ranged from 100 t o  1000 
meters per minute. T y p i c a l l y  f i l amen ts  o f  5 denier  per  f i l  
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THERMOTROPIC POLY(ESTER-AMIDES) 62 1 

were se lec ted  f o r  t e s t i n g .  F i b e r  p r o p e r t i e s  were determined 

a t  21 C on an I n s t r o n  Tes t i ng  machine, us ing  a gauge l e n g t h  

o f  2.54 cm and a s t r a i n  r a t e  o f  203 per  minute. Reported 

values a re  t h e  average o f  5 breaks. 

M u l t i f i l a m e n t  sp inn ing  u t i l i z e d  a 10 h o l e  sp innere t .  

Twenty s t rands  o f  10 f i l  y a r n  ( 5  d e n i e r  per  f i l )  were p l i e d  

t o  form 1000 den ie r  yarn. 

T e n s i l e  and f l e x u r a l  t e s t  specimens were molded i n  an 

Arburg Model 221/150 i n j e c t i o n  mold ing  machine, equipped 

w i t h  an 18 mn diameter screw. B a r r e l  temperatures o f  300 - 
330 C were used; t h e  mold was a t  ambient temperature. F lex -  

u r a l  t e s t i n g  was conducted a t  room temperature on an I n s t r o n  

Tes t i ng  Machine accord ing  t o  ASTM D790. T e n s i l e  t e s t i n y  o f  
Type V t e n s i l e  bars fo l l owed  t h e  procedures o f  ASTM D638. 

STRUCTURE-PROPERTY RELATIONSHIPS 

The copoly(ester-amides) descr ibed i n  t h i s  s tudy  were pre- 

pared from t h e  N-acetyl d e r i v a t i v e  o f  an amino a r y l  ac id ,  
aminopheno l  o r  a r o m a t i c  d i a m i n e .  Some t y p i c a l  monomer 
s t r u c t u r e s  shown i n  F igu re  1. The molar  p r o p o r t i o n  o f  amide 

u n i t s  was d e l i b e r a t e l y  kep t  low. It was reasoned t h a t  t o o  

h i g h  a molar  percentage o f  amide l i n k s  migh t  r e s u l t  i n  t h e  
fo rmat ion  o f  i n t r a c t a b l e  composi t ions o f  very  h i g h  m e l t i n g -  

po in t .  However i t  was found p o s s i b l e  t o  i n c o r p o r a t e  up t o  

30 mo les  p e r c e n t  o f  amide l i n k s  u s i n y  t h e  a p p r o p r i a t e  

comonomers. 

Polymers f rom 4-Aminophenol 
One p a r t i c u l a r l y  use fu l  monomer was t h e  0,N-diacetyl d e r i v a -  

t i  ve o f  4-ami nophenol, p-acetoxyacetani  1 i d e  o r  "AAA". Th is  
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622 A. J .  EAST, L. F. CHARBONNEAU AND C. W. CALUNDANN 

FIGURE 1. Monomers f o r  Polyester b i d e s  
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THERMOTROPIC POLY(ESTER-AMIDES) 623 

m o l e c u l e  has  t h e  advan tage  t h a t  i t  i s  d i s s y m m e t r i c ;  i t  

in t roduces  head-head/head-tai 1 randomizat ion which i n  t u r n  

g ives  an added "copolymer e f fec t " .  Several copo ly (es te r -  

amides) from 6-acetoxy-2-naphthoic a c i d  (ANA) , acetoxyacet-  

a n i l i d e  (AAA) and t e r e p h t h a l i c  a c i d  (TA)  were  p r e p a r e d  

(Table I ) .  A g raph ica l  rep resen ta t i on  o f  me l t ing-po in t /com-  

p o s i t i o n  f o r  t h e  polymers from 6,2-ANA, AAA and TA i s  shown 

i n  F igu re  2; t h e  lowest  m e l t i n g  compos i t ion  was a 60/20/20 
copolymer w i t h  a m e l t i n g  p o i n t  o f  280 C. 

O t h e r  d i c a r b o x y l i c  ac ids  were used i n  p l a c e  o f  te reph-  

t h a l i c  ac id .  The two most i n t e r e s t i n g  a l t e r n a t i v e  a c i d s  

were 1,2-bis(4-carboxyphenoxy)ethane (0-Acid) , and 

trans-1,4-cyclohexanedicarboxyl i c  a c i d  (CHDA) - see F i g u r e  

1. The copoly(ester-amides) made from these a c i d s  and t h e i r  

as-spun p r o p e r t i e s  a re  s e t  o u t  i n  Table I .  
The 0 -Ac id  copo ly (es ter -amide)  was t h e  o n l y  case found 

i n  our  s t u d i e s  where t h e  n e m a t i c - i s o t r o p i c  p o i n t  c o u l d  be 

observed d i r e c t l y .  The s o l i d  polymer mel ted  t o  a nematic 

l i q u i d  c r y s t a l  phase a t  256 C and t h e  n e m a t i c - i s o t r o p i c  

c l e a r i n g  p o i n t  was a t  451 C. Th i s  was conf i rmed by DSC 

thermograms. The CHDA copolymers had 1 ow s o f t e n i n g  p o i n t s  

b u t  no c l e a r i n g  p o i n t s  were observed. The p r o p e r t i e s  o f  t h e  

two examples made a re  comparable w i t h  ou r  own r e s u l t s  on 

the rmot rop ic  po l yes te rs  d e r i v e d  f rom t h i s  a l i c y c l i c  d i a c i d :  
i t  g ives  polymers w i t h  a h i g h  degree o f  l i q u i d  c r y s t a l l i n e  

cha rac te r  ( n o t e  t h e  h i g h  values f o r  t h e  i n h e r e n t  v i s c o s i t y )  
combined w i t h  r a t h e r  low solid-mesophase t r a n s i t i o n  tempera- 

tu res .  Th is  agrees w i t h  t h e  p r o p e r t i e s  o f  smal l -molecule 
l i q u i d  c r y s t a l s  based upon 1,4-cyclohexylene u n i t s  desc r ibed  

by Gray and McDonnell17. Bhaskar e t  a1 .18 have a l s o  c o n f i r -  

med t h i s  t r e n d  i n  t h e i r  s tud ies  on the rmot rop ic  p o l y e s t e r s  

c o n t a i n i n g  cyclohexane-1,4-dimethanol u n i t s .  
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624 A. J.  EAST, L. F. CHARBONNEAU AND G .  W. CALUNDA" 

TABLE I COPOLY (ESTER-AMIDES) BASED ON p-ACETOXYACETANILIDE 

Composition, Rat io ,  I V ,  Tm, Ts, T/E/Ma 

monomers molar  dL/g C C 

HNA/TA/AAAb 60/20/20 4.2 280 315 9/2.0/620 
HNA/TA/AAAC 60/20/20 4.1 280 330 10/2.5/600 
HNA/ TA/ AAA 50/25/ 25 5.1 325 360 10/2.2/625 
HNA/TA/AAA 70/ 15/15 5.9 293 360 8/2.1/570 
HNA/ TAIUAA 80/10/10 4.3 360 375 8/1.9/510 
H NA/ TA/ AAA 85/ 7.5/7.5 d 385 400 6/1.2/765 
HNA/O/AAA 60/20/20 3.4 256 330 712.31443 
n ~ A / c n w  AAA 60/ 20/ 20 6.5 185 370 3/1.3/240 
HNA/ CHDA/AAA 40/30/30 4.8 270 331 7/2.5/350 

Tm = Polymer m e l t i n y  po in t .  
Ts = Polymer sp inn ing  temperature. 

a )  T /E /M = Tenacity/Elongation/Modulus i n  grams/denier, 

b )  Small l a b o r a t o r y  po l ymer i za t i on  i n  glassware. 
c )  F i v e  g a l l o n  s t a i n l e s s  s t e e l  au toc lave  po lymer i za t i on ;  

d )  I n s o l u b l e  

e longa t ion  %, and grams/denier. 

s i n g l e  f i l a m e n t  t e s t i n g  o f  10 d e n i e r  yarn. 
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626 A. J. EAST, L. F. CHARBONNEAU AND G. W. CALUNDANN 

Polymers from 4-aminobenzoic a c i d  
Copoly(ester-amides) d e r i v e d  from hydroxy-acids and 4-amino- 

benzoic a c i d  (PABA) were obvious e a r l y  cand ida tes  f o r  eva lu -  
a t i on ,  as a l l  t h e  monomers were o f  t h e  AB type. Al though t h e  
i n c o r p o r a t i o n  o f  p-aminobenzoic a c i d  was examined a t  t h e  
s t a r t  o f  t h e  program, e a r l y  r e s u l t s  were n o t  ve ry  encourag- 

ing .  I n  f a c t ,  b e t t e r  f i b e r  p r o p e r t i e s  were ob ta ined  from 
4-(N-methylamino)benzoic a c i d  copolymers (see Tables I 1  and 

111). A t  a l a t e r  date, however, much b e t t e r  t e n s i l e  r e s u l t s  
were obtained. One reason may be t h a t  t h e  e a r l i e r  work used 

19 4-acetamidobenzoic a c i d  r e c r y s t a l l i z e d  from b o i l i n g  water  
whereas t h e  l a t e r  work used m a t e r i a l  r e c r y s t a l l i z e d  from h o t  

g l a c i a l  a c e t i c  acid.  It i s  conce ivab le  t h a t  s l i g h t  hyd ro l y -  
s i s  o f  t h e  acetamido u n i t  m igh t  l e a d  t o  t r a c e s  o f  PABA be ing  

present. Subsequent decomposi t ion o f  t h e  f r e e  amino-acid a t  
e leva ted  po lymer i za t i on  temperatures would l e a d  t o  "dead" 

polymer cha ins  and t h i s  m igh t  account f o r  d i f f e r e n c e s  i n  t h e  
a b i l i t y  o f  t h e  f i b e r s  t o  undergo heat- t reatment.  

The E f f e c t  o f  N -A lky la t i on  
N-A1 k y l a t e d  p o l y (  ester-amides) were examined t o  see whether 

t h e  removal o f  hydrogen bonding between amide u n i t s  on adja- 
cent cha ins  would a f f e c t  polymer p roper t i es .  I n  f a c t  t h e r e  
was l i t t l e  e f f e c t  on phys ica l  p r o p e r t i e s  where d i r e c t  comp- 
a r i sons  cou ld  be drawn (see Tables I 1  and 111). The most 

no tab le  e f f e c t  was t h a t  t h e  N-methylated po ly (  ester-amides) 

had much lower  s o l u t i o n  v i s c o s i t i e s .  However t h e i r  mechanic- 
a l  p r o p e r t i e s  suggested s t r o n g l y  t h a t  t h e i r  mo lecu la r  

weights were s i m i l a r  t o  those o f  t h e  non-methylated po ly -  
mers, and t h a t  d i f f e r e n c e s  i n  mo lecu la r  con format ion  i n  
s o l u t i o n  were t h e  cause. We have n o t  y e t  i n v e s t i g a t e d  t h i s  

w i t h  1 i g h t - s c a t t e r i n g  measurements, b u t  one may hypothes ize  
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THERMOTROPIC POLY(ESTER-AMIDES) 627 

TABLE I I COPOLY (ESTER-AMIDES) BASED ON p-AMINOBENZOIC A C I D  

Composi t i  on, 
monomers 
HNA/HBA/ PABA 

HNA/HBA/ PABA 
HNA/HBA/PABA 

HNA/HBA/PABA 

HNAIHBAIPABA 

HNAIPABA 

Rat io ,  I V ,  Tm, 

mo lar  dL/y - C 

60/20/20 4.8 272 
60/30/10 7.9 272 

37.5137.5125 4.2 a 

50/25/25 5.9 a 

35/35/30 1.0 320 

70130 c 343 

a) No endothermic m e l t i n g  p o i n t .  

b )  Polymer was unspinnable. 

c )  Polymer was inso lub le .  

Ts, T/E/M 
C 

376 6/1.6/491) 
328 b 

345 9/1.9/640 

360 9/2.0/623 
- b 

- b 
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628 A. J. EAST, L. F. CHARBONNEAU AND G .  W. CALUNDANN 

TABLE 111 COPOLY(ESTER-AMIDES) BASEU ON N-METHYLATED 

MONOMERS 

Compos i t i on, 

monomers 

HNAIHBAlNMePABA 
HNA/HBA/ NMePABA 

HNA/HBA/ NMePABA 

HNAINMePABA 
HNA/TA/NMeAAA 

HNA/TA/HQ/NMeAAA 

Ratio, 

molar 
60/20/20 
601 101 30 

50/25/25 

60140 

60/20/20 

60/20/10/10 

a) Polymer was unspinnable. 

I V ,  Tm, 
dL/g C 

1.6 295 
1.0 310 

1.8 285 

0.8 360 

1.8 265 

1.4 280 

Ts, T/E/M 

C 
33U 8/2.3/500 

360 712.11431 

345 9/2.0/635 
- a 

392 5/1.5/37U 

331 8/2.2/510 

TABLE I V  COPOLY (ESTER-AMIDES) BASED ON P-PHENYLENE U I A M I N E  

Composition, Ratio, I V ,  Tm, Ts, T/E/M 
monomers molar dL/g C C 
HNA/TA/ HQ/ PDA 60/20/15/5 4.1 273 330 6/1.5/543 

HNA/HBA/TA/PDA 241561 101 10 5.6 300 345 5/1.3/450 
HBA/NDA/IA/HQ/PDA 60/10/10/10/10 1.6 297 331 1.5/1/180 

HBA/HNA/TA/DHN/PDA 20/20/30/25/5 2.8 283 344 411.31375 

HQ = Hydroquinone. 
DHN = 2,6-Naphthalene d i o l  . 
NDA = 2,6-Naphthalene d icarboxy l  i c  ac id  
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THERMOTROPIC FQLY(ESTER-AMIDES) 629 

t h a t  these polymers may f a l l  i n t o  t h e  ca tegory  o f  

"worm-1 i ke" polymers . 
Greenwood e t  a1 . have i n v e s t i g a t e d  tho rough ly  t h e  

p r o p e r t i e s  o f  N-methylated a l l  -a romat ic  polyamides and have 
shown t h a t  N - a l k y l a t i o n  reduces c r y s t a l l i n i t y ,  lowers  t h e  

g lass  t r a n s i t i o n  temperature (Tg),  r a i s e s  s o l u b i l i t y  and 

I n  t h e  case o f  t h e  21 improves thermal s t a b i  1 i t y  . 
po ly (es ter -amides) ,  much l e s s  d r a s t i c  changes r e s u l t  upon 
a l k y l a t i o n  o f  t h e  amide n i t r o g e n  than  a re  shown by s imp le  

a l i p h a t i c  ny lons  . We suggest t h a t  t h e r e  i s  n o t  a h i g h  

degree o f  i n t e r c h a i n  H-bonding i n  our the rmot rop ic  

copoly(ester-amides),  due t o  a combinat ion o f  cha in  

s t i f f n e s s  and t h e  r e l a t i v e  i n f requency  o f  amide u n i t s  on 

ad jacent  cha ins  making such i n t e r a c t i o n  d i f f i c u l t  due t o  

l a c k  o f  access. 

20 

22 

Polymers from p-Phenylene Diamine 
Several co po l  y ( es t e r-ami des ) were made from 

p-phenylenediacetamide. Here a new f a c t o r  became apparent. 

Because two amide-uni ts a re  p resent  on one r i g i d  u n i t  t h e  

l e v e l  o f  monomer was p e r f o r c e  l i m i t e d  t o  about 10 percent  

molar. Even so, t h e  copolymers were l e s s  t r a c t a b l e  and had 

l e s s  a t t r a c t i v e  f i b e r  p r o p e r t i e s  ( s e e  T a b l e  I V ) .  The 
comonomer i s  symmetrical,  and does n o t  p rov ide  t h e  random- 
i z i n y  e f f e c t  t h a t  AAA does. F u r t h e r  t h e  amide u n i t s  appear 

t o  be concent ra ted  i n  s h o r t  b locks  r a t h e r  t h a n  be ing  

sca t te red  a long t h e  chain. 

UTILITY 

F i b e r  P roper t i es  
S i n c e  t h e  e a r l y  t h r u s t  o f  t h i s  work  was c o n c e r n e d  w i t h  
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630 A. J .  EAST, L. F. CHARBONNEAU AND G. W. CALUNDA" 

high-performance f i b e r s ,  a l l  t h e  e a r l y  work was devoted t o  
mel t -sp inn ing t h e  polymers i n t o  f i b e r s  (Tables I - I V ) ,  

hea t - t rea t i ng  them and evaluat ing t h e  product f o r  t enac i t y ,  

extension t o  break and modulus (Table V ) .  Those polymer 
compositions which d i d  me1 t - s p i n  usua l l y  spun very we1 1, 

e i t h e r  on a small s ing le-hole micromelt  u n i t  o r  on a l a r g e r  

mul t i -ho le l abo ra to ry  machine f i t t e d  w i t h  a small screw 
ext ruder  (e.g., compare e n t r y  #1 and #2 i n  Table I ) .  Indeed 

the 60/20/20 HNA/TA/AAA polymer was spun as t e n  f i l amen t  
yarn f o r  many hours cont inuously  w i thou t  a break and t h e  

spun-yarn bobbins p l i e d  up t o  g i v e  a 1000 denier  yarn which 
heat- t reated t o  yarn t e n a c i t i e s  o f  27 grams/denier ( e n t r y  #2 
o f  Table V ) .  

T e n a c i t i e s  o f  heat t r e a t e d  f i l amen ts  o f t e n  exceeded 20 
grams/denier and the  i n i t i a l  modulus was over 600 grams/den- 
i e r .  I nd i v idua l  s i n g l e  breaks over 30 grams/denier were 

noted and 1000 denier  m u l t i f i l a m e n t  yarn was heat- t reated t o  
g ive yarn t e n a c i t i e s  o f  27 grams/denier, w i t h  a modulus o f  

650 yrams/denier and a break extension o f  5%. 
O f  n o t e  were t h o s e  polymers w i t h  h i g h  l e v e l s  o f  ANA 

un i ts .  The polymer w i t h  85 moles percent ANA melted a t  380 

C and was melt-spun successfu l ly  a t  400 C. The h igh me l t i ng  
p o i n t  o f  t h i s  composition enabled i t  t o  be heat- t reated a t  
h igher temperatures i n  sho r te r  times. As l i t t l e  as t e n  
minutes a t  350 C gave t e n a c i t i e s  o f  30 grams/denier; s i m i l a r  
proper t ies were given by convent ional  heat-treatment 

temperatures over much longer t imes (Table V I ) .  Thus t h e  
p o s s i b i l i t y  o f  a continuous on - l i ne  f i b e r  heat-treatment 
process was r e a l  i zed. 

Molding Resin 
A t  about t h i s  t i m e  i n  t h e  development o f  t h e  p r o j e c t ,  
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THERMOTROPIC POLY(ESTER-AMIDES) 63 1 

TABLE V HEAT TREATED FILAMENT PROPEKTIES 

Composition, 

monomers 

HNAI TA/AAAd 
H NAI T A I  AAAe 
HNAITAIAAA 

HNAITAIHBAIAAA 

HNAIHBAIPABA 

HNAIHBAlNMePABA 

HNAI  H B A I  NMe PABA 

Rat io ,  TIEIM(AS) a 

6O/2O/20 9/2.0/620 

60/20/2O 10/2.5/600 

50125125 1012.21625 

30/20/20/20 711.91520 

6O/20/20 611.61490 

6O/2O/20 8/2.3/500 

6Oj1Oj3O 7/2.1/430 

H T , ~  TIEIM(HT)~ 

molar  

30014 30j6.61580 

280148 2715.21650 

30018 2414.31650 

30018 2014.01525 

290115 111 3 .0/45O 

285115 1714.31530 

30018 1413.414a0 

a )  Tenaci ty lElongat ionlModul us, as-spun f i l a m e n t  p r o p e r t i e s  

i n  grams pe r  den ie r ,  e l o n g a t i o n  %, grams pe r  den ie r .  

b )  Heat Treatment c o n d i t i o n s  i n  degrees C and hours. 

c )  TenacitylElongationlModul us, hea t - t rea ted  f i l a m e n t  

p r o p e r t i e s  i n  grams pe r  den ie r ,  e longa t ion  %, grains per  

den ie r .  

d)  En t ry  #1 from Table I. 
e) E n t r y  #2 from Table I ;  s i n y l e  f i l a m e n t  t e s t i n g  o f  lU00 

den ie r  yarn.  
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632 A. J .  EAST, L. F. CHARBONNEAU AND G. W. CALUNDANN 

TABLE V I  R A P I D  HEAT TREATMENT OF FILAMENT FROM 
a517.517.5 : HNAITAIAAA 

As-Spun F iber  Propert ies:  

Sample # Tm , Ts 9 T I  E I M I  D 
C C 

1 373 (400) a 399 9.612.315ao15 .a 
2 373(390)a 389 7.711.6159512.4 

Heat-Treated F iber  Propert ies:  

C hours 

1 350 0.16 3015.21666 
2 350 0.16 2914.61662 
1 323 8.0 30/5.3/671 

Sample HT Temperature, HT Time, TIEIM 

TIEIMID = Tenaci ty1El ongationIModu1 us/Denier per f i  1 
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THERMOTROPIC POLY (ESTER-AMIDES) 633 

i n t e r e s t  began t o  be shown i n  thermotropic polymers as h i g h  

performance molding res ins  and one o f  t h e  e a r l i e s t  t o  be 

evaluated was the  60/20/20 HNA/TA/AAA polymer. A l a r g e  

g lassware  b a t c h  ( 3  m o l a r  s c a l e )  was molded i n t o  ' lm in i "  

test -bars on a small i n j e c t i o n  molding machine. The r e s u l t -  

i n g  t e n s i l e  t e s t s  on t h e  u n f i l l e d  polymer were outstanding. 

Most notable was a t e n s i l e  modulus o f  we l l  over 4 m i l l i o n  
ps i ,  a breaking load o f  36000 ps i ,  a f l e x  modulus o f  2.1 
m i l l i o n  p s i  and a notched Izod value o f  5.8 f t - l b / i n . ( s e e  

Table V I I ) .  Other compositions were examined and a copolymer 
i nco rpo ra t i ng  p-ami nobenzoi c acid, namely 

HNA/HBA/PABA:60/20/20, (made according t o  the  improved meth- 

od) gave very good p roper t i es  also.  A copolymer o f  

HNA/TA/AAA i n  the  r a t i o s  80/10/10 gave e x c e l l e n t  t e n s i l e  

s t rength w i t h  a h igh de f l ec t i on  temperature o f  260 C a t  264 

ps i .  

Monofi 1 Extrudates 

It was discovered t h a t  t he  HNA/TA/AAA: 60/20/20 copolymer 
had moduli super ior  t o  any o f  t h e  a l l - p o l y e s t e r  thermotropic  

polymers i n  t h e  form o f  t h i c k  extruded monof i ls .  T y p i c a l l y  

a 0.030" rod had no more than 1% elongat ion under a 60 l b  

load. Hence t h e  load bear ing p roper t i es  equaled those o f  a 

pu l  t ruded g l  ass/epoxy rod. 
The reason f o r  t h e  outstanding modulus o f  t h i s  

composition emerged du r ing  some ex t rus ion  s tud ies  performed 

by S. Kenig . I n  b r i e f ,  t h e  poly(ester-amide) i s  o r i e n t e d  
more e f f e c t i v e l y  by e x t e n s i o n a l  f l o w  f i e l d s  t h a n  i s  an 

a l l - p o l y e s t e r  l i q u i d  c r y s t a l  composition. When ex t rud ing  

t h i c k  monof i ls ,  where t h e  f l ow  cond i t i ons  are n o t  so h i g h l y  

conducive t o  good molecular o r i e n t a t i o n ,  t h e  

poly(ester-amides) nevertheless s t i l l  emerge with s u f f i c i e n t  

23 
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THERMOTROPIC POLY(ESTER-AMIDES) 635 

molecu la r  o rde r  t o  e x h i b i t  t h e  d e s i r a b l e  h i g h  t e n s i l e  

modul i . 
Jaarsma r e c e n t l y  d i s c l o s e d  t h e  use o f  l i q u i d  c r y s t a l  

po l yes te rs  as non-metal1 i c  r i v e t s ,  no tab ly  f o r  bonding 

g raph i te  f i b e r  r e i  n fo rced  composite panel s. The r i v e t s  a r e  

strong, l i g h t - w e i g h t  and do n o t  s u f f e r  f rom g a l v a n i c  

cor ros ion ,  i n  c o n t r a s t  t o  aluminum r i v e t s  . The heads o f  

t h e  r i v e t s  a r e  formed by an u l t r a s o n i c  f o r g i n g  process. 

Hence t h e  h i y h  modulus o f  po ly (es ter -amides)  ex t ruded rods  

sugges ts  t h a t  t h e y  may a1 s o  f i n d  u t i  1 i t y  as  m e c h a n i c a l  

fasteners.  

24 

Ma t r i x  Resins 

The po ly (es ter -amide)  compos i t ions  developed a t  Hoechst 

Celanese have been i n v e s t i g a t e d  as the rmop las t i c  m a t r i x  

r e s i n s  i n  high-performance composi te s t r u c t u r e s .  The work 
i s  descr ibed i n  a recen t  paper by Chung and McMahon". The 

r e s u l t s  i n d i c a t e d  t h a t  t h e  low zero shear r n e l t - v i s c o s i t y  o f  

t h e  ther ino t rop ic  po ly (es ter -amide)  leads t o  exce l  l e n t  

wet-out o f  t h e  carbon f i b e r  re in fo rcement  i n  a novel  

me1 t - impregnat ion  process. The r e s u l t i n g  prepregs were then  

laminated i n t o  h igh  q u a l i t y  composites. The t e n s i l e  and 

f l e x u r a l  p r o p e r t i e s  o f  these were as good as 

epoxy lcarbon- f iber  composites up t o  200 F. and had b e t t e r  

i m p a c t  p r o p e r t i e s .  However t h e r e  were  d e f i c i e n c i e s  i n  
compressive and shear s t rengths .  Poor m a t r i x - f i b e r  

i n t e r f a c i a l  adhesion may be t h e  cause. 

CONCLUSION 

The novel po ly (es ter -amides)  descr ibed i n  t h i s  paper were 

developed o r i g i n a l l y  f o r  f i b e r  use and indeed they  have 
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636 A. 1. EAST, L. F. CHARBONNEAU AND G. W. CALUNDANN 

e x c e l l e n t  p r o p e r t i e s  as h i g h  modulus and h i g h  s t r e n g t h  
melt-spun f i be rs .  However, du r ing  t h e  course o f  our 

i nves t i ga t i ons  , t h e  excel 1 en t  i n j e c t i o n  molded and extruded 

monof i l  properties o f  these materials were also recognized. 
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