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FORMATION OF SOLID PHASES BY COAGULATION OF A MONODOMAIN 
NEMATIC SOLUTION OF POLY(P-PHENYLENE BENZOBISTHIAZOLE) 

YACHIN COHEN 
Department of Chemical Engineer ing ,  Technion-Is rae l  
I n s t i t u t e  of Technology, Ha i f a  32000, Israel .  

EDWIN L. THOMAS 
Polymer Sc ience  and Engineer ing  Department, U n i v e r s i t y  
of Massachuse t t s ,  Amherst, MA 01003, U.S .A .  

A b s t r a c t  The e f f e c t  of t h e  coagu la t ion  environment on 
t h e  n a t u r e  of t h e  s o l i d  phase formed from s o l u t i o n s  of 
poly(p-phenylene benzob i s th i azo le )  i n  polyphosphor ic  a c i d  
is  s t u d i e d .  Coagula t ion  i n  w a t e r  r e s u l t s  i n  format ion  o f  
t h e  c r y s t a l l i n e  polymer phase .  A nove l  c r y s t a l - s o l v a t e  
phase ,  a c o - c r y s t a l  of t h e  p ro tona ted  polymer and t h e  
a c i d  an ion ,  i s  formed by coagu la t ion  i n  a mix tu re  of 
phosphoric a c i d  and w a t e r .  The key t o  format ion  of t h e  
c r y s t a l - s o l v a t e  phase i s  c o n t r o l l e d  dep ro tona t ion  of t h e  
a c i d  s o l v e n t  w i thou t  dep ro tona t ion  of t h e  polymer. 

INTRODUCTION 

High Performance f i b e r s  and f i l m s  can be  formed from l y o t r o p i c  

s o l u t i o n s  of r i g i d  polymers by a sp inn ing  p rocess .  I n  t h e  

coagu la t ion  s ta te  of t h i s  p r o c e s s ,  a monodomain nemat ic  s o l -  

u t i o n  undergoes a t r a n s i t i o n  t o  t h e  s o l i d  s ta te ,  which i s  

induced by t h e  a c t i o n  of a non-solvent.  Usual ly  i t  i s  t h e  

c r y s t a l l i n e  polymer phase which is  formed by t h i s  t r a n s i t i o n .  

Recent ly ,  a t t e n t i o n  has  been focused on format ion  of a 

c r y s t a l - s o l v a t e  phase i n  s o l u t i o n  of r i g i d  polymers.' Th i s  i s  

a s o l i d  phase which is formed by c o - c r y s t a l l i z a t i o n  of polymer 

and s o l v e n t .  Formation of c r y s t a l - s o l v a t e s  h a s  been observed 
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376 Y. COHEN AND E. L. THOMAS 

i n  s e v e r a l  s o l u t i o n s  of r i g i d  polymers. C o - c r y s t a l l i z a t i o n  

has been induced i n  s o l u t i o n s  of poly(p-phenylene te reph-  

thalamide) i n  s u l f u r i c  a c i d  by a dec rease  i n  t empera tu re ,  

poly(benzamide) i n  d imethyl  acetamideILiC1 by s o l v e n t  evap- 

o r a t i o n  under a magnetic f i e l d 3  and poly(p-phenylene benzo- 

b i s t h i a z o l e )  (PBT) i n  methane-sulfonic a c i d  by a b s o r p t i o n  of 

1 , 2  

atmospheric moi s tu re .  4 ,5  

Due t o  their  molecular  r i g i d i t y ,  such  polymers are sol-  

ub le  only  i n  s t r o n g l y  i n t e r a c t i n g  s o l v e n t s .  The p ropens i ty  

f o r  c o - c r y s t a l l i z a t i o n  of polymer and s o l v e n t  is  thus  under- 

s t andab le .  I n  p a r t i c u l a r ,  c r y s t a l - s o l v a t e s  ob ta ined  from s o l -  

u t i o n s  i n  p r o t o n a t i n g  a c i d s  can b e  viewed as a s a l t  of t h e  

p ro tona ted  polymer and t h e  a c i d  an ion .  I n  such cases t h e  na t -  

u r e  of t h e  s o l i d  phase which is  formed, whether c r y s t a l l i n e  

polymer o r  c r y s t a l - s o l v a t e ,  i s  determined by a d e l i c a t e  ba l an -  

ce of p ro ton - t r ans fe r  e q u i l i b r i a  between t h e  polymer, s o l v e n t  

and coagulant .  I n  most c a s e s  t h e  coagu lan t ,  t y p i c a l l y  water ,  

is a s t r o n g e r  base  than  t h e  polymer. Depro tonat ion  of t h e  

polymer r e s u l t s  i n  format ion  of t h e  c r y s t a l l i n e  polymer phase .  

Poly(p-phenylene benzobisthiazo1e)-(PBT) i s  a r i g i d  poly- 

m e r  developed by t h e  U.S.  A i r  Force Ordered Polymers Program. 

I n  t h i s  s tudy  we i n v e s t i g a t e  t h e  e f f e c t  of t h e  coagu la t ion  

environment on t h e  n a t u r e  of t h e  s o l i d  phase which i s  formed 

from a monodomain nemat ic  s o l u t i o n  of PBT i n  polyphosphor ic  

a c i d  (PPA). S ince  PBT is  polymerized i n  P P A Y 6  such s o l u t i o n s  

a r e  o f t e n  used f o r  t h e  sp inn ing  o f  f i b e r s  and f i l m s .  The coa- 

g u l a n t s  chosen f o r  t h i s  experiment w e r e  water, which is  comm- 

only  used i n  sp inn ing  p rocesses ,  and commercial phosphor ic  

a c i d  (85% phosphor ic  a c i d  15% w a t e r ) .  The coagu la t ing  s o l u t -  

i o n  i s  t h u s  main ta ined  w i t h i n  t h e  P 0 /H 0 system, f o r  which 

the chemical t r a n s i t i o n s  and t h e i r  k i n e t i c s  are known. 7 2 5  2 
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COAGULATION OF A MONODOMAIN NEMATIC SOLUTION 377 

EXPERIMENTAL METHODS 

A 13.7% (w/w) s o l u t i o n  of PBT i n  PPA, i t s  po lymer i za t ion  med- 

i u m , 6  w a s  ob ta ined  from J. Wolfe of S R I .  The i n t r i n s i c  v i s -  

c o s i t y  of t h e  polymer i n  methane s u l f o n i c  a c i d  w a s  2 5  d l ) g ,  

from which a molecular  weight o f  41,000 can  b e  e s t i m a t e d .  

The s o l u t i o n  w a s  ex t ruded  through a t u b u l a r  d i e  and ex tended  

i n  a i r  a t  a r a t i o  of 20:1, a t  F o s t e r  Miller Inc .  The o r i e n t e d  

nemat ic  s o l u t i o n  w a s  subsequent ly  coagu la t ed  e i t h e r  i n  water 

o r  i n  a mixture  of 85% phosphor ic  a c i d  w i t h  water. 

8 

X-ray d i f f r a c t i o n  p a t t e r n s  w e r e  recorded  on f l a t  f i l m  i n  

a S t a t t o n  camera, A Siemens D-500 d i f f r a c t o m e t e r  w a s  used t o  

scan  t h e  e q u a t o r i a l  r e f l e c t i o n s .  N i  f i l t e r e d  CuK r a d i a t i o n  

w a s  used. The d i f f r a c t i o n  p a t t e r n  from t h e  water -coagula ted  

sample w a s  ob ta ined  a f t e r  d ry ing .  Due t o  t h e i r  s e n s i t i v i t y  

t o  moi s tu re ,  t h e  ac id-coagula ted  sample,  as w e l l  as t h e  

o r i e n t e d  s o l u t i o n ,  were s e a l e d  between polyimide f i l m s .  

a 

Thermal a n a l y s i s  was performed us ing  a Pe rk in  E l m e r  DSC-2 

appa ra tus .  Samples w e r e  s e a l e d  i n  gold  pans designed f o r  

v o l a t i l e  materials. 

RESULTS 

The phase  t r a n s i t i o n s  dur ing  coagu la t ion  of t h e  o r i e n t e d  

s o l u t i o n  of PBT i n  PPA under t h e  d i f f e r e n t  coagu la t ion  con- 

d i t i o n s  can b e  followed v i s u a l l y  by t h e  c o l o r  changes of t h e  

coagu la t ing  s o l u t i o n s .  The i n i t i a l l y  g reen  s o l u t i o n  develops  

an orange yellow color  i n s t a n t a n e o u s l y  when coagula ted  i n  

wa te r .  When t h e  s o l u t i o n  i s  immersed i n  phosphor ic  a c i d ,  a 

b r i g h t  r ed  c o l o r  can b e  observed a f t e r  about  one hour .  I n  

both  c a s e s  a s o l i d  phase is  formed. 

The t r a n s i t i o n  t o  t h e  c r y s t a l l i n e  phases  i s  demonstrated 
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378 Y. COHEN AND E. L. THOMAS 

by t h e  d i f f r a c t i o n  p a t t e r n s  shown i n  F igu re  1. F igure  l a  is 

t h e  d i f f r a c t i o n  p a t t e r n  from t h e  PBT/PPA s o l u t i o n  p r i o r  t o  

coagu la t ion .  I n  a d d i t i o n  t o  t h e  d i f f u s e  r i n g s  due t o  t h e  

unor ien ted  PPA, i t  e x h i b i t s  a broad e q u a t o r i a l  r e f l e c t i o n  a t  

a spac ing  of about  15.5 A ,  and d i f f u s e  l a y e r  l i n e s  a t  t h e  

c h a r a c t e r i s t i c  spac ings  due t o  t h e  PBT r e p e a t  u n i t  

(12 .4  i) ."" 
nematic s ta te ,  and thus  c h a r a c t e r i z e s  t h e  i n i t i a l  s t a t e  of 

t h e  s o l u t i o n  as such .  

0 

This  p a t t e r n  is  t y p i c a l  of t h e  o r i e n t e d  

The d i f f r a c t i o n  p a t t e r n  ob ta ined  from t h e  water- 

coagula ted  s o l u t i o n  a f t e r  d ry ing  i s  shown i n  F igu re  l b .  I t  is 

s i m i l a r  t o  t h e  PBT f i b e r  d i f f r a c t i o n  p a t t e r n  c h a r a c t e r i s t i c  

of t h e  c r y s t a l l i n e  PBT phase ,  9'10 a l though t h e  b r e a d t h  of t h e  

e q u a t o r i a l  r e f l e c t i o n s  i n d i c a t e s  format ion  o f  s m a l l  and i m -  

p e r f e c t  c r y s t a l l i t e s .  It  should  b e  no ted  t h a t  hea t - t r ea tmen t  

enhances bo th  t h e  o r i e n t a t i o n  and t h e  p e r f e c t i o n  of t h e  later-  
11 a1 packing between PBT c h a i n s ,  b u t  n o t  t h e i r  a x i a l  r e g i s t r y .  

The d i f f r a c t i o n  p a t t e r n  from t h e  f i l m  coagu la t ed  i n  phos- 

phor i c  a c i d  ( t h e  "red" phase) shown i n  F igure  le r e p r e s e n t s  a 

new s t r u c t u r e  which h a s  n o t  been p r e v i o u s l y  observed .  Its s i g -  

n i f i c a n t  f e a t u r e s  are s e v e r a l  s h a r p  e q u a t o r i a l  r e f l e c t i o n s  a t  

spac ings  which a r e  n o t  common t o  s o l i d  PBT, o f f -mer id iona l  

r e f l e c t i o n s  i n d i c a t i n g  a degree  of th ree-d imens iona l  o r d e r  

which i s  absen t  i n  PBT, and a l a y e r  l i n e  a t  a mer id iona l  spac- 

i n g  of 4.6 which is  incommensurate w i t h  t h e  l a y e r  l i n e  

spac ings  of the normal PBT f i b e r  d i f f r a c t i o n  p a t t e r n .  

The d i f f e r e n c e  between t h e  d i f f r a c t i o n  p a t t e r n s  ob ta ined  

from t h e  samples which w e r e  coagula ted  i n  w a t e r  and i n  phos- 

p h o r i c  a c i d  i s  ev iden t  i n  t h e  e q u a t o r i a l  s cans  shown i n  

F igure  2 .  The two maxima a t  s c a t t e r i n g  ang le s  of 15"  (5.9 H) 
and 25' (3.5 H ) ,  which appear  i n  t h e  d i f f r a c t i o n  p a t t e r n  from 

t h e  w a t e r  coagula ted  sample shown i n  F igu re  2a, are t h e  (100) 
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3x0 Y. COHEN AND E. L. THOMAS 

and (010) r e f l e c t i o n s  of t h e  c r y s t a l l i n e  PBT p h a s e . 9 ~ 1 0  

Again, t h e  b read th  of t h e s e  maxima i n d i c a t e s  t h a t  t h e  c r y s t a l l -  

i t es  a r e  small and imper fec t .  The d i f f r a c t o m e t e r  s can  of t h e  

e q u a t o r i a l  r e f l e c t i o n s  of t h e  sample coagula ted  i n  phosphoric 

a c i d ,  shown i n  F igure  Zb, d i f f e r s  d i s t i n c t l y  from t h a t  of t h e  

c r y s t a l l i n e  PBT phase shown i n  F igure  2a. It  e x h i b i t s  s e v e r a l  

sha rp  r e f l e c t i o n s  which are not  i n  agreement w i t h  t h e  c r y s t a l l -  

i n e  PBT L a t t i c e .  I n  p a r t i c u l a r  t h e  r e f l e c t i o n s  a t  spac ings  o f  

6 .0  

b 1 
N 

0, 
x 

SCATTERING ANGLE (degrees) 

FIGURE 2. Diff rac tometer  scans  o f  t h e  e q u a t o r i a l  r e f -  
l e c t i o n s  of t h e  c r y s t a l l i n e  phases obta ined  by coa- 
g u l a t i o n  i n :  (a )  w a t e r ,  and (b) 85% phosphor ic  ac id .  
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COAGULATION OF A MONODOMAIN NEMATIC SOLUTION 381 

0 0 

15.9  A and 7.9 A i n d i c a t e  a l a r g e r  u n i t  c e l l  f o r  t h i s  phase.  

It  should  b e  noted  t h a t  t h e  l a r g e  amorphous h a l o  i n  F igu re  2b 

i s  due t o  t h e  presence  of t h e  coagulant  i n  t h e  sample. Ne i the r  

t h e  q u a n t i t y  of phosphor ic  a c i d  p r e s e n t ,  no r  t h e  n a t u r e  of 

i t s  d ispersement  w i t h i n  t h e  sample are known a t  t h i s  p o i n t .  

The thermal a n a l y s e s  of t h e  systems under s tudy  are shown 

i n  F igure  3. The DSC t r a c e  o f  t h e  PBTfPPA s o l u t i o n  coagu la t ed  

i n  phosphor ic  a c i d  i s  g iven  as t r a c e  ( a )  i n  F igure  3 .  I t  

e x h i b i t s  a s l i g h t  endotherm a t  about 2 O O 0 C  and a v e r y  sha rp  

t r a n s i t i o n  a t  about  250°C. This  t r a n s i t i o n ,  a l though reprod- 

u c i b l e  i n  s e v e r a l  samples,  is  n o t  r e v e r s i b l e  as i t  appea r s  

on ly  i n  t h e  f i r s t  h e a t i n g .  Water-coagulated PBT does n o t  

e x h i b i t  thermal t r a n s i t i o n s  up t o  i t s  decompostion tempera ture  

which i s  h i g h e r  t han  600°C.11 For comparison, t r a c e  (b) i n  

FIGURE 3. D i f f e r e n t i a l  scanning  c a l o r i m e t r y  o f :  (a )  t h e  
PBTfPPA s o l u t i o n  coagula ted  i n  85% phosphor ic  a c i d ,  (b) 
a mixture  of PPA, phosphor ic  a c i d  and water. 
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382 Y.  COHEN AND E. L. THOMAS 

Figure  3 i s  due t o  a mixture  of  50% PPA, 42.5% H PO and 

7.5% water, which is  taken  t o  r e p r e s e n t  t h e  components of 

t h e  system i n  t h e  absence of PBT. (The t r a c e  i s  p l o t t e d  on 

t h e  same o r d i n a t e  s c a l e  by assuming the mixture  t o  r e p r e s e n t  

75% of t h e  weight of t h e  coagula ted  PBT s o l u t i o n ) .  C l e a r l y  

t h e  r e l a t i v e  amounts g iven  above are a r b i t r a r y ,  as t h e  com- 

p o s i t i o n  of t h e  coagula ted  f i l m  i s  n o t  known, Never the l e s s  

i t  demonstrates t h a t  t h e  s h a r p  t r a n s i t i o n  a t  250°C is  due t o  

t h e  presence  of PBT i n  system. I t  a l s o  demonst ra tes  t h e  

g radua l  h y d r o l y s i s  of PPA which occur s  even a t  low temperat-  

u r e s ,  b u t  i s  a c c e l e r a t e d  above 200°C. 

3 4  

7 

DISCUSSION 

Two d i f f e r e n t  c r y s t a l l i n e  phases have been  formed by coagul- 

a t i o n  of t h e  monodomain nemat ic  PBTIPPA s o l u t i o n  under d i f f -  

e r e n t  cond i t ions .  Coagula t ion  w i t h  w a t e r  r e s u l t s  i n  format ion  

of t h e  well-known c r y s t a l l i n e  PBT phase ,  "'O as i s  t h e  u s u a l  

c a s e  i n  t h e  s p i n n i n g  of PBT f i b e r s  and f i l m s .  The s o l i d  phase  

which y i e l d s  t h e  d i f f r a c t i o n  p a t t e r n s  shown i n  F igu res  l c  and 

2b i s  i n t e r p r e t e d  as a c r y s t a l - s o l v a t e  phase which i s  formed 

by c o - c r y s t a l l i z a t i o n  of PBT and PPA. Details of t h e  c r y s t a l  

s t r u c t u r e  of t h i s  phase ,  i n  p a r t i c u l a r  i t s  s to i ch iomet ry  and 

t h e  conformation of t h e  PPA an ion ,  are s t i l l  under s t u d y ,  

T e n t a t i v e l y ,  t h e  r e f l e c t i o n s  index on an orthorhombic u n i t  

c e l l  of dimensions12 : a = 15.9  1 c = 36.9 1. b = 20.6 1 
0 

The l a y e r  l i n e  a t  4.6 A mer id iona l  spac ing ,  on which t h e  

i n t e n s e  of f -mer id iona l  peaks are found, can be  p o s t u l a t e d  t o  

a r i s e  from t h e  p e r i o d i c i t y  of ex tended  cha in  PPA oligomers.  

This  i s  i n  accord  wi th  t h e  r e p e a t  l e n g t h s  of extended cha in  

PPA anions  i n  c e r t a i n  polyphosphate sa l t s .  An extended  211 
h e l i c a l  conformation having  two phosphate groups i n  a r e p e a t  
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COAGULATION OF A MONODOMAIN NEMATIC SOLUTION 383 

u n i t ,  t h e  l e n g t h  o f  which varies from 4.2 (Rb+) t o  5.2 (Li+) ,  

has  been r e p o r t e d .  13  

I t  is t h e r e f o r e  p o s t u l a t e d  t h a t  t h e  PBT cha ins  and t h e  

polyphosphate o l igomers  c o - c r y s t a l l i z e  p a r a l l e l  t o  each  o t h e r  

i n  an  o v e r a l l  u n i a x i a l  o r i e n t a t i o n .  C r y s t a l l i z a b l e  p o l y e l e c t -  

r o l y t e  complexes of t h e  polyphosphate an ion  

polybases  have been r epor t ed .  l4'I5 

f i r s t  r e p o r t  of such  a complex wi th  a rod - l ike  polymer, 

ob ta ined  from t h e  monodomain nematic s ta te .  

w i t h  f l e x i b l e  

This  is  b e l i e v e d  t o  be  t h e  

The format ion  of a c r y s t a l - s o l v a t e  phase  is  suppor t ed  

by t h e  thermal  a n a l y s i s  shown i n  F igu re  3 .  The s h a r p  endo- 

t h e m  a t  250°C is  a t t r i b u t e d  t o  t h e  me l t ing  of t h e  c r y s t a l  

s o l v a t e .  The PPA ol igomers  which have been  "locked" i n  t h e  

c o - c r y s t a l  w i t h  PBT are then  r e l e a s e d  i n t o  t h e  a c i d  envi ron-  

ment a t  t h e  e l e v a t e d  tempera ture .  This  r e s u l t s  i n  r a p i d  

h y d r o l y s i s ,  t h a t  would have o the rwise  occurred  more g r a d u a l l y  

a t  lower tempera tures .  Once PPA i s  hydro lyzed ,  t h e  phosphor ic  

a c i d  which is  formed i s  n o t  a c i d i c  enough t o  d i s s o l v e  PBT, 

and hence the t r a n s i t i o n  is  n o t  r e v e r s i b l e .  

The sequence of even t s  l e a d i n g  t o  format ion  of the 

c r y s t a l - s o l v a t e  is envisaged  as fo l lows:  s i n c e  t h e  15% water 

i n  t h e  coagulant  i s  p ro tona ted ,  coagu la t ion  i s  induced by 

t h e  phosphate an ion .  A s  i t  d i f f u s e s  i n t o  t h e  PBT/PPA s o l -  

u t i o n  i t  depro tona te s  t h e  PPA ol igomers ,  t h e  s t r o n g e s t  a c i d  

i n  t h e  system, which then  complex and c o - c r y s t a l l i z e  wi th  

t h e  p ro tona ted  PBT c a t i o n s .  I t  i s  p o s s i b l e  t h a t  t h e  depro to-  

n a t i o n  and complexation/crystallization are c o o p e r a t i v e ,  i n  

t h e  s e n s e  t h a t  t h e  PPA ol igomers ,  which are a l r e a d y  assoc-  

i a t e d  w i t h  PBT due  t o  p rev ious  proton-exchange, w i l l  be  

depro tona ted  i n  p r e f e r e n c e  of o t h e r  molecules .  Such cooper- 

a t i v i t y  has  been r e p o r t e d  i n  t h e  complexation of t h e  PPA 
1 6  anion w i t h  b a s i c  oligomers.  
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CONCLUSION 

The n a t u r e  of  t h e  c r y s t a l l i n e  phase  formed by c o a g u l a t i o n  of 

a PBT/PPA s o l u t i o n  can b e  c o n t r o l l e d  by  t h e  c o a g u l a t i o n  e n v i r -  

onment. A s t r o n g l y  d e p r o t o n a t i n g  c o a g u l a n t  such  as water 

r e s u l t s  i n  fo rma t ion  of t h e  c r y s t a l l i n e  PBT phase .  C o n t r o l l e d  

dep ro tona t ion  of PPA, which is  ach ieved  by  c o a g u l a t i o n  w i t h  

85% phosphor ic  a c i d ,  r e s u l t s  i n  fo rma t ion  o f  a c r y s t a l - s o l v a t e  

phase ,  P ro tona ted  PBT c h a i n s  and t h e  po lyphospha te  a n i o n s  

c o - c r y s t a l l i z e  p a r a l l e l  t o  each  o t h e r .  
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