
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 19 February 2013, At: 13:03
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T
3JH, UK

Molecular Crystals and
Liquid Crystals Incorporating
Nonlinear Optics
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl17

X-Ray Analysis of Liquid
Crystalline Copolyesters and
Copolyamides
J. Blackwell a , A. Biswas a , H.-M. Cheng a & R. A.
Cageao a
a Department of Macromolecular Science, Case
Western Reserve University, Cleveland, Ohio,
44106–2699, USA
Version of record first published: 13 Dec 2006.

To cite this article: J. Blackwell , A. Biswas , H.-M. Cheng & R. A. Cageao (1988): X-
Ray Analysis of Liquid Crystalline Copolyesters and Copolyamides, Molecular Crystals
and Liquid Crystals Incorporating Nonlinear Optics, 155:1, 299-312

To link to this article:  http://dx.doi.org/10.1080/00268948808070373

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948808070373
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not
be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

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

3:
03

 1
9 

Fe
br

ua
ry

 2
01

3 



M o l .  Crwt .  Liy. Cryst.,  1988, Vol. 155, pp. 299-312 
Photocopying permitted by license only 
0 1988 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

X-RAY ANALYSIS OF L I Q U I D  CRYSTALLINE COPOLYESTEKS AND 
COPOLYAMLDES 

J. BLACKWELL, A. BISWAS, H.-M. CHENG AND R.A. CAGEAO 
Department  of Macromolecular  S c i e n c e ,  Case Western  
Reserve  U n i v e r s i t y ,  C l e v e l a n d ,  Ohio 44106-2699 USA 

A b s t r a c t  The r e s u l t s  of X-ray a n a l y s e s  are p r e s e n t -  
ed f o r  two main c h a i n  l i q u i d  c r y s t a l l i n e  polymer sys-  
tems : t h e  c o p o l y e s t e r s  p r e p a r e d  from hydroxybenzoic  
a c i d  (HBA), t e r e p h t h a l i c  a c i d  (TPA) and b i p h e n o l  (BP) 
( w h i c h  i s  t h e  b a s i s  of  o f  XYDAR r e s i n s  produced  by 
D a r t c o )  and t h e  copolyamide  p r e p a r e d  from TPA, 
p-phenylene d i a m i n e  and 3 , 4 ' - d i p h e n y l e n e  e ther  d i -  
amine (HM-50 f i b e r s  produced by T e i j i n ) .  X-ray f i b e r  
d i a g r a m s  of b o t h  copolymers  c o n t a i n  a series o f  aper -  
i o d i c  i n t e n s i t y  maxima a l o n g  t h e  m e r i d i a n  ( f i b e r  
a x i s ) .  These are p r e d i c t e d  a c c u r a t e l y  by a n e m a t i c  
a r r a y  of  copolymer c h a i n s  t h a t  h a v e  c o m p l e t e l y  random 
monomer s e q u e n c e s  and  h i g h l y  e x t e n d e d  c o n € o r m a t i o n s .  
We have  i n v e s t i g a t e d  t h e s e  c o n f o r m a t i o n s  based  on t h e  
l i n e  p r o f i l e  of  t h e  m e r i d i o n a l  maximums a t  d = 2.1w 
( 2 0  = 4 3 " ) ,  which i s  s e e n  f o r  b o t h  copolymer sys tems.  
T h i s  w i d t h  is a measure of  t h e  c o r r e l a t i o n  l e n g t h  f o r  
t h e  s t i f f  c h a i n  c o n f o r m a t i o n  i n  t h e  s o l i d  s t a t e .  The 
c o n t i n u o u s  i n t e n s i t y  d i s t r i b u t i o n  i s  p r e d i c t e d  by 
t reatment  of the copolymer c h a i n  as a l i n e a r  para-  
c r y s t a l  w i t h  mul t imodal  c o o r d i n a t i o n  s ta t i s t ics .  An 
i d e a l i z e d  l i n e a r  c h a i n  w i t h  c o n s t a n t  a x i a l  advance  
f o r  each monomer t y p e  l e a d s  t o  a v e r y  s h a r p  peak  a t  
2 .  lw;  t he  w i d t h  a t  h a l f  h e i g h t  p r e d i c t e d  f o r  a n  i n -  
f f n i t e  c h a i n  o f  5 0 / 2 5 / 2 5  copoly(HBA/TPA/BP) i s  0.006" 
compared t o  t h e  o b s e r v e d  w i d t h  of  1.4". S i g n i f i c a n t  
n o n l i n e a r i t y  i s  i n h e r e n t  i n  a n y  real  c h a i n ,  and t h i s  
i s  i n c o r p o r a t e d  i n  t h e  c a l c u l a t i o n s  i n  t h e  form o f  
h i s t o g r a m s  of t h e  a x i a l  monomer l e n g t h s .  The ob- 
s e r v e d  l i n e  w i d t h s  are matched by r e l a x i n g  the  condi -  
t i o n s  f o r  f u l l y  e x t e n d e d  c o n f o r m a t i o n s  by p r o g r e s -  
s i v e l y  i n c r e a s i n g  the  a l l o w e d  r a n g e  of t o r s i o n  a n g l e s  
and the d i a m e t e r  of t h e  c y l i n d e r  o c c u p i e d  by a s i n g l e  
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300 J .  BLACKWELL, A. BISWAS, H.-M. CHENG AND R. A. CAGEAO 

c h a i n .  R e s u l t s  f o r  t h e s e  copolymers  are compared 
w i t h  t h o s e  f o r  o t h e r  c o p o l y e s t e r s  i n  o r d e r  t o  c o r r e -  
l a t e  c h a i n  e x t e n s i o n  w i t h  c h e m i c a l  s t r u c t u r e .  

I n t r o d u c t i o n  

X-ray f i b e r  d iagrams of t h e  t h e r m o t r o p i c  c o p o l y e s t e r  pre-  

p a r e d  from p-hydroxybenzoic  a c i d  (HBA) and 

2-hydroxy-6-naphthoic a c i d  (HNA) show a ser ies  of 

a p e r i o d i c  m e r i d i o n a l  maxima, some of which s h i f t  i n  scat- 

t e r i n g  a n g l e  ( d - s p a c i n g )  w i t h  the monomer r a t i o .  P r e v i o u s  

work i n  t h i s  l a b o r a t o r y l Y 2  h a s  shown t h a t  t h i s  b e h a v i o r  is 

p r e d i c t e d  f o r  a s t r u c t u r e  c o n s i s t i n g  o f  p a r a l l e l  c h a i n s  

w i t h  c o m p l e t e l y  random comonomer s e q u e n c e .  The a p e r i o d i c  

m e r i d i o n a l  maxima ar ise  d u e  t o  c o r r e l a t i o n s  a l o n g  t h e  ran- 

dom s e q u e n c e s  of monomer o f  d i f f e r e n t  l e n g t h s .  T h i s  e f -  

€ect  h a s  a l s o  been s t u d i e d  by M i t c h e l l  and Windle3 and by 

Ronar t  and Mu1zer.l) A c h a r a c t e r i s t i c  € e a t u r e  o f  t h e  scat- 

t e r i n g  by t h e s e  copolymers  is  a s e q u e n c e  i n v a r i a n t  meri- 

d i o n a l  p e a k  a t  d 2 2.1&, a n d  w e  h a v e  shown t h a t  t h e  

b r e a d t h  of  t h i s  p e a k  c a n  b e  u s e d  a s  a m e a s u r e  o f  t h e  

c o r r e l a t i o n  l e n g t h  f o r  t h e  e x t e n d e d  c h a i n  c o n f o r m a t i o n  i n  

t h e  s o l i d  s t a t e .  I n  t h e  p r e s e n t  p a p e r  w e  show t h a t  t h i s  

c a n  a l s o  be done f o r  two o t h e r  whol ly  aromatic copolymers:  

the  c o p o l y e s t e r  formed f roin HBA, t e r a p h t h a l i c  a c i d  (TPA) 

and b i p h e n o l  ( B P ) ,  which i s  t h e  b a s i s  f o r  t h e  XYDAR f a m i l y  

o f  r e s i n s  produced by D a r t c o  Mfg. ( A u g u s t a ,  G A ) ,  and t h e  

copolyamide formed from T P A ,  p-phenylene d ia in ine  ( P D A )  and 

3 , 4 ' - d i p h e n y l e n e  e t h e r  d i a m i n e  ( D P E ) ,  which  i s  produced  as 

HM-50 f i b e r s  by T e i j i n  Co.(Osaka, J a p a n ) .  Measurements of 

t h e  o b s e r v e d  l i n e  w i d t h  a t  d=2.lft are compared w i t h  t h o s e  D
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LC COPOLYESTERS AND COPOLYAMIDES 30 1 

f o r  s t e r e o c h e m i c a l l y  a c c e p t a b l e  models. It w i l l  be shown 

t h a t  t h e  r e s u l t s  i n d i c a t e  t h a t  a l though  t h e  c o p o l y e s t e r s  

have ex tended  confo rma t ions ,  t h e s e  are s i g n i f i c a n t l y  less 

t h a n  f u l l y  extended. 

I n  t h e  c a s e  of copoly(HBA/HNA), t h e  1,4-  and 2,6- 

a r o m a t i c  l i n k a g e s  and t h e  r i g i d i t y  of t h e  e s t e r  groups  

mean t h a t  t h e  c h a i n  conformat ion  w i l l  n e c e s s a r i l y  be ex- 

tended a s  can be seen  by f i g u r e  1. The i n t e n s i t y  d a t a  on 

t h e  mer id ian  depends on t h e  p r o j e c t i o n  of t h e  s t r u c t u r e  

o n t o  t h e  f i b e r  a x i s ,  and it  can be s e e n  t h a t  t h e  advance 

pe r  monomer a long  t h e  f i b e r  a x i s  is approximate ly  c o n s t a n t  

f o r  each  monomer type ,  and approximate ly  equa l  t o  t h e  re- 

s i d u e  l e n g t h s ,  which are 6.35ft and 8.37A f o r  HBA and HNA 

r e s p e c t i v e l y .  Homopolymers of HBA and HNA would bo th  g i v e  

r ise t o  maxima a t  d 2.1&, which co r re sponds  t o  t h e  t h i r d  

and f o u r t h  o r d e r s  of t h e  monomer r e p e a t s .  A s  a conse- 

quence, t h i s  maximum i s  a l s o  p r e d i c t e d  f o r  t h e  random co- 

polymer a t  any monomer r a t i o .  

I f  we c a l c u l a t e  t h e  t h e o r e t i c a l  m e r i d i o n a l  s c a t t e r i n g  

f o r  a n  a r r a y  of i n f i n i t e  c h a i n s  of random sequence ,  assum- 

ing t h a t  t h e  advance pe r  monomer is  c o n s t a n t  for each  mon- 

omer t y p e ,  t hen  t h e  p r e d i c t e d  peak a t  d 2.lft is extreme- 

l y  s h a r p ,  i n  c o n t r a s t  t o  t h e  observed  d a t a ,  where t h i s  

peak had a h a l f  wid th  of 0.9-1.lo, depending on monomer 

r a t i o . 5  However, i f  we  u s e  a model c o n s i s t i n g  of c h a i n s  

of f i n i t e  l e n g t h ,  t hen  t h e  c a l c u l a t e d  peak i s  broadened, 

a s  i s  t o  be expec ted  € o r  a l i m i t e d  l a t t i c e .  F o r  58/42 

molar  r a t i o  copoly(HBA/HNA), t h e  observed  l i n e  wid th  i s  

reproduced u s i n g  a c h a i n  l e n g t h  of - 11 monomers. Th i s  

c o n t r a s t s  w i th  a r e p o r t e d  deg ree  of  po lymer i za t ion  of D
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302 J .  BLACKWELL, A.  BISWAS, H.-M. CHENG AND R .  A .  CAGEAO 

- 150(Mw E 25000) .  A c h a i n  of 11 monomers would have  a 

l e n g t h  of - 77.4. ( A p p l i c a t i o n  o f  t h e  S c h e r r e r  e q u a t i o n  t o  

t h e  observed  l i n e  w i d t h  y i e l d s  a " c r y s t a l l i t e  s i z e "  of 

- 79.4.) T h i s  l e n g t h  c a n  be t h o u g h t  of  as  a s o l i d  s t a t e  

c o r r e l a t i o n  l e r , g t h  f o r  t h e  e x t e n d e d  c h a i n  c o n f o r m a t i o n .  

The c a l c u l a t i o n s  assume a p e r f e c t l y  s t r a i g h t  c h a i n  where 

t h e  advance  p e r  monomer i s  e x a c t l y  e q u a l  t o  t h e  monomer 

l e n g t h .  A s  c a n  be  s e e n  i n  f i g .  1 ,  t h i s  i s  o n l y  a p p r o x i -  

m a t e l y  t r u e :  t h e  c o r r e l a t i o n  l e n g t h  c o r r e s p o n d s  t o  t h e  

d i s t a n c e  a l o n g  t h e  c h a i n  beyond which t h e  a p p r o x i m a t i o n  o f  

a c o m p l e t e l y  s t r a i g h t  c h a i n  b r e a k s  down. 
6 

by a l l o w i n g  f o r  t h e  n o n - l i n e a r i t y  by i n c o r p o r a t i n g  func-  

t i o n s  t h a t  d e s c r i b e  t h e  d i s t r i b u t i o n s  of  monomer l e n g t h s ,  

i .e .  t h e  l e n g t h s  of t h e  p r o j e c t i o n s  on t h e  f i b e r  a x i s .  

These d i s t r i b u t i o n s  c a n  be d e r i v e d  i n  t h e  form of  h i s t o -  

grains by s u r v e y i n g  t h e  a t o m i c  c o o r d i n a t e s  of models  of  

random c h a i n s  s e t  up u s i n g  s t a n d a r d  bond l e n g t h s  a n d  

a n g l e s .  T h i s  was f i r s t  done f o r  copoly(HBA/HNA) where w e  

o b s e r v e d  t h a t  t h i s  broadened  t h e  2.18, peak w i t h o u t  a f f e c t -  

i n g  t h e  a p e r i o d i c  peaks  a t  h i g h e r  d-spac ings .  However, 

u n t i l  t h e  p r e s e n t  t h i s  w a s  o n l y  a q u a l i t a t i v e  a n a l y s i s .  

I n  t h e  p r e s e n t  p a p e r  w e  d e s c r i b e  q u a n t i t a t i v e  compar isons  

oE o b s e r v e d  and c a l c u l a t e d  peak  w i d t h s  t o r  

copoly(HBA/TPA/BP) and copoly(TPA/PDA/DPE). 

The a c t u a l  c h a i n  c a n  be modeled more r e a l i s t i c a l l y  

EXPERIMENTAL 

Specimens of copoiy(HBA/TPA/BP), mole r a t i o  50 /25 /25 ,  were 

o b t a i n e d  from D r .  N.D.  F i e l d  a t  D a r t c o  M a n u f a c t u r i n g ,  Au- 

g u s t a ,  G A ,  U.S.A., i n  t h e  form of  m e l t  spun  f i b e r  and 

molded p l a q u e s .  Specimens of s o l u t i o n  spun (HM-50) f i b e r  
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LC COPOLYESTERS AND COPOLYAMIDES 303 

of copoly(TPA/PDA/DPE) mole ratio 50/25/25, were obtained 

from Teijin Co., Osaka, Japan. 

X-ray fiber diagrams of the oriented polymer speci- 

mens (parallel arrays of fibers on the center of the core 

regions of the molded plaque of copoly(HBA/TPA/BP) were 

obtained using Ni-filtered CuKa radiation and a Searle 

torroidal focusing camera. Data were recorded with the 

chain axis at 90" to the beam and when tilted at three 

different angles in order to record the meridional maxima 

in the regions of 6, 3 and 28. Peak profiles were ob- 

tained by scanning the data for tilted species using an 

Optronics rotating drum densitometer. Meridional inten- 

sity data were also obtained using a Phillips PN 3550110 

diEEractometer in the transmission mode. 

RESULTS A N D  DISCUSSION 

Fig. 2, curve a shows the meridional intensity data for 

50125125 copoly(HBA/TPA/BP) recorded on film for tilted 

specimens. The diffractometer data for the same specimen 

are shown as curve b. Equivalent data for 50125125 

copoly(TPA/PDA/DPE) are shown in Fig. 3 .  The film and 

dif€ractometer data are similar: the peaks in the dif- 

fractometer data are a little broader due to instrumental 

effects. The d-spacings of the observed intensity maxima 

are shown above the peaks. Figures 4 and 5 show the cal- 

culated intensities for infinite straight chain models for 

the polyester and polyamide. The d-spacings of the pre- 

dicted maxima as shown above the peaks and can be seen to 

be in good agreement with the observed data in figures 2 

and 3 .  These data have been discussed more fully else- 

where. 7 s 8  The predicted intensities are for models con- 
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304 J .  BLACKWELL, A .  BISWAS, H . - M .  CHENG AND R .  A .  CAGEAO 

s t r u c t e d  f r o m  s t a n d a r d  bond l e n g t h s  a n d  a n g l e s .  T h e  

p h e n y l - e s t e r  and phenyl-amide i n c l i n a t i o n s  were se t  a t  

30". F o r  t h e  p o l y e s t e r ,  t h e  HBA, TPA and BP r e s i d u e s  had 

l e n g t h s  o f  6.35, 7.15 and 9.868, r e s p e c t i v e l y ,  measured 

a c r o s s  t h e  t e r m i n a l  e s t e r  oxygens;  €or  t h e  polyamide ,  t h e  

TPA, PDA and DPE r e s i d u e s  had l e n g t h s  of 7.26, 5.64, and 

10.02A, r e s p e c t i v e l y ,  measured a c r o s s  t h e  amide n i t r o g e n s .  

S i g n i f i c a n t  c o n f o r m a t i o n a l  v a r i a t i o n  i s  p o s s i b l e  €or  t h e  

D P E  u n i t ,  depending  on t h e  t o r s i o n  a n g l e s  a t  t h e  amide 

l i n k a g e .  The l e n g t h  of 10.028 c o r r e s p o n d s  t o  t h e  most ex- 

t e n d e d  c o n f o r m a t i o n .  

In t h i s  p a p e r  w e  a re  concerned  w i t h  t h e  w i d t h s  of  t h e  

p e a k s  a t  d : 2.18. The c a l c u l a t e d  p e a k s  are n o t  symmetri- 

c a l ,  b u t  t h e y  are a p p r o x i m a t e l y  so. The asymmetry of t h e  

o b s e r v e d  peaks  d e r i v e s  f rom a l a y e r  l i n e  s t r e a k ,  s u c h  t h a t  

o f f - m e r i d i o n a l  i n t e n s i t y  i s  a r c e d  o v e r  t h e  m e r i d i a n  due  t o  

f i b e r  d i s o r i e n t a t i o n ,  which l e a d s  t o  a b r o a d e n i n g  of t h e  

peak  a t  h i g h e r  a n g l e s .  Hence w e  have  d e t e r m i n e d  t h e  w i d t h  

a t  h a l f  h e i g h t  t o  be twice t h e  h a l f  w i d t h  a t  h a l f  h e i g h t  

measured a t  t h e  low a n g l e  s i d e  of  t h e  peak.  F o l l o w i n g  

c o r r e c t i o n  f o r  i n s t r u m e n t a l  b r o a d e n i n g ,  t h i s  g i v e  h a l f  

w i d t h s  of 1.4" and 1.5" f o r  t h e  p o l y e s t e r  and polyamide ,  

r e s p e c t i v e l y .  These f i g u r e s  compare t o  t h e  c a l c u l a t e d  

h a l f  w i d t h s  of 0.006" and 0.010" f rom t h e  d a t a  i n  f i g u r e s  

4 and 5 ,  r e s p e c t i v e l y .  

When o n e  c o n s t r u c t s  a c t u a l  m o d e l s  of t h e  c h a i n s ,  

t h e r e  must be some n o n - l i n e a r i t y  due  t o  t h e  €ac t  t h a t  t h e  

l t n k a g e  bonds are n o t  c o - l i n e a r .  The a d o p t i o n  o f  a l i q u i d  

c r y s t a l l i n e  s t r u c t u r e  d u r i n g  p r o c e s s i n g  w i l l  t e n d  t o  lead 

t o  a n  e x t e n d e d  s t r u c t u r e ,  b u t  some n o n - l i n e a r i t y  i s  i n h e r -  

e n t  even  i n  t h e  case of  f u l l y  e x t e n d e d  c o n f o r m a t i o n s .  
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Atomic c o o r d i n a t e s  were d e r i v e d  f o r  c h a i n s  of  monomers 

u s i n g  s e q u e n c e s  d e r i v e d  u s i n g  a random number g e n e r a t o r .  

P h e n y l - e s t e r  and  phenyl  amide t o r s i o n  a n g l e s  were set  a t  

random a t  + 30" o r  +150°,  w i t h  t h e  r e q u i r e m e n t  t h a t  

t h e r e  were e q u a l  numbers o f  1 3 0 " l  and / 1 5 0 °  1 o p t i o n s .  

C h a i n s  i n  which any atom w a s  more t h a n  12A f rom the c h a i n  

a x i s  were r e j e c t e d  (and  r e p l a c e d  by c h a i n s  m e e t i n g  t h i s  

r e q u i r e m e n t ) .  The a x i a l  a d v a n c e s  p e r  monomer are p l o t t e d  

a s  h i s t o g r a m s  f o r  t h e  two copolymers  i n  f i g u r e s  6 and  7 .  

When t h e s e  d i s t r i b u t i o n s  are i n c o r p o r a t e d  i n t o  t h e  

c a l c u l a t i o n  of t h e  m e r i d i o n a l  i n t e n s i t y  ( a s  d e s c r i b e d  i n  

r e f .  9 > ,  t h e  r e s u l t s  o b t a i n e d  a re  shown as c u r v e  b i n  

f i g u r e s  4 and 5. I t  c a n  be  s e e n  t h a t  t h e  main e f f e c t  i s  

t o  i n c r e a s e  t h e  w i d t h  of  t h e  peak a t  d-2.18. The h a l f  

w i d t h s  are  now 0.09" and 0.11" f o r  t h e  p o l y e s t e r  and  poly-  

amide,  r e s p e c t i v e l y .  These w i d t h s  a re  a n  o r d e r  of  magni- 

t u d e  l a r g e r  t h a n  t h o s e  o b t a i n e d  u s i n g  i d e a l i z e d  s t r a i g h t  

c h a i n s ,  b u t  t h e y  a r e  s t i l l  a f u r t h e r  o r d e r  of magni tude  

below t h o s e  o b s e r v e d .  The o n l y  way t o  broaden  t h e  peak  

s t i l l  f u r t h e r  is t o  broaden  t h e  l e n g t h  d i s t r i b u t i o n s ,  i . e .  

t o  u s e  more s i n u o u s  o r  n o n - l i n e a r  c o n f o r m a t i o n s .  There  

a re  numerous ways of making t h e  c h a i n s  more n o n - l i n e a r  v i a  

changes  i n  t h e  t o r s i o n  and e s p e c i a l l y  i n  t h e  bond a n g l e s  

of  t h e  es te r  o r  amide g r o u p s .  Curve c i n  f i g u r e s  4 and 5 

shows t h e  c a l c u l a t e d  d a t a  o b t a i n e d  when t h e  w i d t h s  o f  t h e  

t h r e e  h i s t o g r a m s  i n  f i g u r e s  6 and 7 have  been a r b i t r a r i l y  

d o u b l e d ,  l e a v i n g  t h e  s h a p e s  o f  t h e  d i s t r i b u t i o n s  and  t h e i r  

mid p o i n t s  unchanged. T h i s  broadens  t h e  2 . I A  p e a k s  t o  

0 . 4 4  a n d  0.52" ,  w h i c h  a r e  r o u g h l y  c o m p a r a b l e  t o  t h e  
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o b s e r v e d  d a t a .  The a c t u a l  c h a i n  c o n f o r m a t i o n  i s  now b e i n g  

r e f i n e d  a s  p a r t  of o u r  a n a l y s e s  o f  t h e  t h r e e  d i m e n s i o n a l  

s t r u c t u r e .  

T h e  m a i n  c o n c l u s i o n  h e r e  i s  t h a t  w e  c a n  b r o a d e n  t h e  

c a L c u l a t e d  2 . l f t  p e a k  by t a k i n g  a more r e a l i s t i c  model  of 

t h e  c o p o l y m e r  c h a i n  w h i c h  a l lows  f o r  t h e  n o n - l i n e a r i t y  

t h a t  is i n h e r e n t  e v e n  i n  f u l l  e x t e n d e d  c o n € o r m a t i o n s .  

However ,  i t  i s  c lear  t h a t  t h e  c h a i n s  m u s t  h e  s i g n i f i c a n t l y  

c o n t r a c t e d  f r o m  t h e  f u l l y  e x t e n d e d  c o n f o r m a t l o n  i n  o r d e r  

t o  ma tch  the o b s e r v e d  x - ray  i n t e n s i t y  d a t a .  L i q u i d  c r y s -  

t a l l i n i t y  d u r i n g  p r o c e s s i n g  w i l l  i n e v i t a b l y  l e a d  t o  ex- 

t e n d e d  c o n f o r m a t i o n s ,  b u t  i t  i s  l i k e l y  t h a t  t h e r e  w i l l  be  

some s t r u c t u r a l  a d j u s t m e n t  i n  t h e  s o l i d  s t a t e  s o  as  t o  op- 

t i m i z e  t h e  c h a i n  p a c k i n g .  An i m p o r t a n t  r e q u i r e m e n t  i n  t h e  

case of t h e  p o l y a m i d e s  w i l l  b e  o p t i m i z e  t h e  e n t e r t a i n  hy- 

d r o g e n  b o n d i n g .  I n  t h e  a n a l o g o u s  homopolymer,  

p o l y ( p - p h e n y l e n e  t e r a p h t h a l a m i d e )  t h e  c h a i n s  c a n  €orm 

l i n e a r  C=O...H-N i n t e r m o l e c u l a r  h y d r o g e n  b o n d s  be tween  

e v e r y  monomer. T h i s  c a n n o t  b e  t h e  c a s e  i n  random 

copoly(TPA/PDA/DPE), w h e r e  t h e r e  mus t  b e  some o f  € - s e t t i n g  

o f ,  f o r  e x a m p l e ,  a C=O on o n e  c h a i n  a n d  a n  N-H on a n e i g h -  

b o r i n g  c h a i n .  I t  seems r e a s o n a b l e  t h e r e E o r e  t h a t  t h e r e  

c o u l d  b e  some c o n t r a c t i o n  of t h e  c h a i n s  s o  as  t o  t u r n  t h e  

a m i d e  g r o u p s  and  a l l o w  f o r  t h e  f o r m a t i o n  of more l i n e a r  

h y d r o g e n  b o n d s .  I t  i s  p o s s i b l e  tha t  s u c h  n o n - l i n e a r i t y  

may a l s o  o c c u r  i n  t h e  p o l y e s t e r  s o  as t o  o p t i m i z e  t he  d i -  

p o l e - d i p o l e  i n t e r a c t i o n s .  For  b o t h  c o p o l y m e r s ,  c h a i n  s i n -  

u o s i t y  may a l s o  o c c u r  so  as  t o  a l low € o r  b e t t e r  s t a c k i n g  

of t h e  aromatic u n i t s .  
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Fig. 1 Projection of a model of a typical random 
sequence of copoly(HBA/HNA). 
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0 

Fig .  2 

5.82 

I I 1 I 
0 10.0 20.0 30.0 40.0 5 

28, dwm- 
.o 

(a )  I g t e n s i t y  p r g f i l e s  of mer id iona l  maxima a t  t h e  
6 A ,  3 A  and 2 A  regions f o r  t h e  molded 
copoly(HBA/TPA/BP) plaque ob ta ined  by d e n s i t o -  
meter scans  of t h e  x-ray f i l m  d a t a  wi th  t h e  
specimen t i l t e d  a t  t h e  approximate Bragg a n g l e s .  

of a molded p laque  a long  t h e  iner id iona l  d i r e c -  
t ion .  

(b)  Observed d a t a  from a 8 / 2 8  d i f f r a c t o m e t e r  s can  
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TPA/PDA/DPE 50/25/25 

3.32A 

2.95t\ A 
h J L  J 

2.15A 

L 
I I I I 

10.0 20.0 30.0 40.0 51 

28, deQrees 

Fig. 3 - 
(a) Ittensit): profiles of meridional maxima in the 

3A and 2A regions for the copoly(TPA/PDA/DPE) 
fibers from densitometer scans of the x-ray 
film data with the specimen tilted at the 
approximate Bragg angles. 

(b) Observed data from a 8/28 diffractometer scan 
of the fibers along the meridional direction. 
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HBAITPAIBP 50l25125 

20, 

Fig. 4 
( a )  C a l c u l a t e d  d a t a  of copoly(HBA/TDA/BP) w i t h  

c o n s t a n t  r e s i d u e  l e n g t h s ;  
(b)  C a l c u l a t e d  d a t a  u s i n g  t h e  d i s t r i b u t i o n  of 

r e s i d u e  l e n g t h s  shown i n  f i g u r e  6 ;  
( c )  C a l c u l a t e d  d a t a  o b t a i n e d  by a r b i t r a r i l y  

d o u b l i n g  t h e  d i s t r i b u t i o n  of f i g u r e  6 .  

.o 
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TPA/PDA/DPE 50/25/25 

4.30A 3.3d 

a) 

1 
I 

2 . 1 d  

i 

c/\ 

4 
0.0 10.0 20.0 30.0 40.0 50.0 

29, degrees 

F i g .  5 
( a )  C a l c u l a t e d  d a t a  of copoly(TPA/PDA/DPE) w i t h  

c o n s t a n t  r e s i d u e  l e n g t h s ;  
( b )  C a l c u l a t e d  d a t a  u s i n g  t h e  d i s t r i b u t i o n  of 

r e s i d u e  l e n g t h s  shown i n  f i g u r e  7 ;  
( c )  C a l c u l a t e d  d a t a  o b t a i n e d  by a r b i t r a r i l y  

d o u b l i n g  t h e  d i s t r i b u t i o n  of f i g u r e  7 .  
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I 

HBAtTPAtBP 50125t25 

HBA 

Roeidue Length, Z d )  

Fig. 6 Histograms of axially projected lengths of the 
comonomers in chains of copoly(HBA/TPA/BP). This 
distribution was generated by considering 50 
chains of 16 comonomers each. 

TPAIPDAIDPE 50125125 
200 1 

:j::.T 50 5.5 5.75 6.5 

7.0 

DPE 

9.0 10.0 

length of re- &) 
Fig. 7 Histograms of axially projected lengths of the 

comonomers in chains of copoly(TPA/PDA/DPE). 
'The distribution w a s  generated by considering 
100 chains of 15 monomers each. D
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