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RESULTS AND DISCUSSION

4.1 Characterization of Synthesized PBA

4 .1 .1  M o le c u la r  W e ig h t  V a r ia t io n
T h e  m o le c u la r  w e i g h t  o f  P B A  w a s  v a r ie d  b y  c h a n g in g  th e  t y p e s  

o f  s o lv e n t  a n d  m e ta l  h a l id e ;  th e  a m o u n t  o f  s o lv e n t ;  th e  r e a c t io n  t im e ;  a n d  th e  

a m o u n t  o f  p h o s p h o r u s  c o m p o u n d .  T h e  e x p e r im e n t a l  c o n d i t io n s  a re  t a b u la te d  

in  T a b le  4 .1 .
4 .4 .1 .1  The effect o f  type o f solvent and metal halide

T h e  r e a c t io n  w a s  a s s u m e d  to  p r o c e e d  a s  f o l l o w e d :  

tr ip h e n y l  p h o s p h it e  ( T P P )  r e a c te d  w ith  m e ta l  h a l id e  to  p r o d u c e  a  p h o s p h o n iu m  

s a lt  ( I ) ,  w h ic h  th e n  r e a c te d  w i t h  c a r b o x y l ic  a c id  to  g i v e  a c y lo x y p h o s p h o n i u m  

s a lt  (11). A c y lo x y p h o s p h o n i u m  s a l t  ( I I )  th e n  r e a c te d  w i t h  a m in e  a s  s h o w n  in  

S c h e m e  2 . A m o n g  th e  m e ta l  h a l id e s  e x a m in e d ,  th e  a d d it io n s  o f  L iC l a n d  

C a C L  s h o w  f a v o r a b le  e f f e c t s  u p o n  th e  y i e ld  a n d  th e  m o le c u la r  w e i g h t  o f  

p o ly m e r .  L iC l is  th e  m o s t  e f f e c t i v e  a m o n g s t  th e  t w o  ( H a g a s h i  et a i,  1 9 8 0 ) :  

b e c a u s e  l i th iu m  io n  is  th e  s m a l l e s t  m o n o c a t io n  s o  it y i e ld s  th e  m o s t  s t a b i l i t y  

m e ta l  c o m p le x  (1 ). T h e  a m id e  s o lv e n t  e f f e c t s  c a n  n o t  b e  e x p la in e d  b y  

s o lu b i l i t y  a lo n e .  It is  a s s u m e d  th a t s o lv e n t s  m a y  h a v e  s o m e  e f f e c t  u p o n  th e  

f o r m a t io n  a n d  th e  r e a c t iv i t y  o f  1 a n d  II a s  p r e s e n te d  in  t h e  S c h e m e  2 . D M  A c  

a n d  N M P  a re  e f f e c t i v e  a m o n g  t e s t e d  s o lv e n t s .  N M P  is  th e  m o s t  f a v o r a b le  

s o l v e n t  ( H a g a s h i  et a l, 1 9 8 0 )  d u e  to  i t ’s h ig h e r  s o lu b i l i t y  p a r a m e te r  [ 2 3 .1  

( M P a ) l/2 | th a n  D M A c  [2 2 .1  ( M P a ) l/2 [ (B r a n d r u p  a n d  I m m e r g u t . 1 9 8 9 ) .  F o r  

th e  s y s t e m s  n u m b e r  1 a n d  2  in  f a b l e  4 .1 ,  c h a n g in g  th e  s o lv e n t  fr o m  D M A c  to  

N M P  a n d  m e ta l h a l id e  fr o m  C a C L  to  L iC l d r a m a t ic a l ly  in c r e a s e  th e  m o le c u la r  

w e ig h t .
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4.1.1,2The effect o f  amount o f  solvent
T h e  a m o u n t o f  th e  s o lv e n t  u se d  is s u f f ic ie n t  fo r  p la c in g  

th e  s ta r tin g  m a te r ia ls  u se d  in  th e  p r e se n t  p r o c e s s  in  a h o m o g e n e o u s  l iq u id  p h a se .  
U s u a l ly ,  th e  s o lv e n t  is  p r e fe r a b ly  u se d  in  a c o n d it io n  that c o n c e n tr a t io n  o f  th e  
m o n o m e r  is  in  a r a n g e  b e tw e e n  0 .2  to  2 .0  m o le s  p er  liter  o f  th e  s o lv e n t  
(Y a m a z a k i an d  H ig a s h i ,  1 9 7 5 ). F o r  th e  s y s t e m s  in  T a b le  4 .1 .  th e  m o n o m e r  

c o n c e n t r a t io n s  u s e d  o f  th e  m o n o m e r  w e r e  in a s u i t a b le  r a n g e  s o  c h a n g in g  th e  

a m o u n t  o f  s o lv e n t  d o e s  n o t  a f f e c t  th e  m o le c u la r  w e ig h t .  P B A - 2 ' s  c o n c e n t r a t io n  

w a s  in  th e  m id d le  o f  th e  r a n g e  s o  th e  r e a c t io n  y ie ld e d  th e  h ig h e s t  M „ p o ly m e r .
4 . 4 . 1.3 The effect o f  reaction time

T h e  r e la t io n s h ip  b e t w e e n  m o le c u la r  w e ig h t  ( M W ) ,  d e g r e e  

o f  p o ly m e r iz a t io n  (X „ ) , a n d  r e a c t io n  t im e  ( t )  o f  c o n d e n s a t io n  p o ly m e r iz a t io n  is  

s h o w n  in  F ig u r e  4 .1  ( P a in te r  a n d  C o le m a r , 1 9 9 4 ) .  A t  th e  b e g in n in g ,  X n v e r y  

s l o w l y  in c r e a s e s  b e c a u s e  e a c h  m o n o m e r  p o ly m e r iz e s  to  o b t a in  m a n y  sh o r t  

c h a in s .  A t  a  s u i t a b le  t im e  ( t s), e v e r y  sh o r t  c h a in  p o ly m e r iz e s  to  g i v e  lo n g  
c h a in s  s o  x n r a p id ly  in c r e a s e s  w ith  t im e .
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H ig a s h i  et al., r e p o r te d  th a t r e a c t io n  t im e  o f  2  h w a s  lo n g  

e n o u g h  a n d  th e r e  h a s  b e e n  n o  fu r th e r  im p r o v e m e n t  in  th e  v i s c o s i t y  o f  p o ly m e r  

s o lu t io n  p r o d u c e d  a f te r  a n  a d d it io n a l  2  h ( H a g a s h i  et a i, 1 9 8 0 ) .  F o r  th e  

s y s t e m s  n u m b e r  5 a n d  6  in  T a b le  4 .1 ,  th e  s u it a b le  r e a c t io n  t im e  o f  t h e s e  

r e a c t io n s  is  2  h s o  c h a n g in g  th e  r e a c t io n  t im e  d o e s  n o t  a f f e c t  th e  m o le c u la r  

w e ig h t .

Figure 4.1 T h e  r e la t io n s h ip  b e t w e e n  m o le c u la r  w e i g h t  ( M W ) ,  d e g r e e  o f  

p o ly m e r iz a t io n  ( X n) , a n d  r e a c t io n  t im e  (t )  o f  c o n d e n s a t io n  p o ly m e r iz a t io n  

w h e n  X n is e q u a l to  n u m b e r  a v e r a g e  m o le c u la r  w e ig h t  ( M n) o v e r  m o le c u la r  

w e ig h t  o f  r e p e a t in g  u n it .

4 .1 .1  AThe effect o f  amount ofphosphorus compound
S e v e r a l  p h o s p h o r u s  c o m p o u n d s  w e r e  e x a m in e d  in  th e  

p o ly c o n d e n s a t io n  o f  p - A B A  in  th e  p r e s e n t  o f  L iC l .  T r ip h e n y l  p h o s p t i t e  ( T P P )  

is  th e  m o s t  e f f e c t i v e .  A n  e q u iv a le n t  o f  th e  p h o s p h it e  to  p - A B A  g i v e  p o ly m e r  

o f  th e  h ig h e s t  s o lu t io n  v i s c o s i t y ,  b u t fu r th e r  a d d it io n  d e c r e a s e d  th e  v i s c o s i t y  o f  

th e  r e s u l t in g  p o ly m e r  s o lu t io n  ( H a g a s h i  et al.1 1 9 8 0 ) .
H ig a s h i  et a i, h a v e  s h o w n  th a t t r ip h e n y l  p h o s p h it e  c a n  

a c t iv a te  in  an  e q u iv a le n t  to  c a r b o x y lic  a c id s  in th e  p r e se n t  o f  p y r id in e  v ia  a c y lo x y  
N - p h y p h o n iu m  sa lt  (111) s im ila r  to  11 a s  s h o w n  in S c h e m e  3 . F o r  th e  s y s t e m s  
n u m b e r  6  an d  7 in  T a b le  4 .1 ,  an  in c r e a s e  in th e  a m o u n t  o f  p h o s p h o r u s  c o m p o u n d  
s l ig h t ly  d e c r e a s e s  th e  m o le c u la r  w e ig h t .



32

P(O Ph)^ +  

T P P

R C O O H

P y
When R =

R' =

P y  +  R C O N H R ' +

(III)

R 'N H o

0 - P ( 0 P h ) 2 +  P h O H

Scheme 3.

Table 4.1 Summary o f m olecular weight variation o f PBA

S y s te m S o lv e n t M eta l
H a lid e

M o le  
p-ABA  : 

T P P  : 
S o lv e n t

C o f
p -A B A

to
so lv e n t
(m ol/1)

T im e
(h )

bM พ
(g /m o l)

N a m e

1 D M A c C a C l2 1 : 1 : 1 0 1 2 3 ,9 0 0 P B A -1
2 N M P L iC l 1 : 1 : 10 1 2 1 1 ,0 0 0 P B A -2
3 N M P L iC l 1 : 1 : 2 0 0 .5 2 1 0 ,0 0 0 P B A -3
4 N M P L iC l 1 : 1 : 3 0 0 .3 5 2 1 0 ,0 0 0 P B A -4
5 N M P L iC l 1 : 1 : 2 0 0 .5 2 1 0 ,0 0 0 P B A -5

0 .5 4 1 0 ,0 0 0 P B A -6
0 .5 6 1 0 ,0 0 0 P B A -7
0 .5 8 1 0 ,0 0 0 P B A -8

6 N M P L iC l 1 : 2 : 2 0 0 .5 2 8 ,6 0 0 P B A -9
0 .5 4 8 ,7 0 0 P B A - 10

7 N M P L iC l 1 : 2  : 3 0 0 .3 5 2 8 ,7 0 0 P B A - 1 1
bMw o f PBA were determined by viscometry at 25°c in 96% H2S 0 4. The raw 
data are tabulated in Appendix B.
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C o n d e n sa tio n  p o ly m e r iz a t io n  req u ires th e rea c tio n  b e tw e e n  
d iffe r e n t  fu n c tio n  g ro u p s fro m  d ifferen t p o ly m e r  ch a in s  (P a in ter  and C o lem a r . 
1 9 9 4 ). P B A  co n ta in s  a ro m a tic  r in g s in its b a ck b o n e  w h ic h  p r o v id e s  a h ig h  
r ig id ity  to  th e m ain  ch a in s . W ith  su ch  h ig h  r ig id ity , th e c h a in s  ten d  to  tak e up  
an e x te n d e d  ch a in  c o n fo r m a tio n . T h e  m o le c u le s  are p a ra -su b stitu ted  g iv in g  a 
stru ctu re o f  h ig h  reg u la r ity  and p lan arity . T h is  e n a b le s  th e m o le c u le s  to  get 
c lo s e  to g e th e r  for m a x im u m  in term o lecu la r  in tera c tio n s  and m a x im u m  
p a ck in g . T h ere  are e x te n s iv e  H -b o n d in g s  b e tw e e n  a d ja cen t m o le c u le s .  T h e  
m o le c u le s  b e h a v e  lik e  r ig id -ro d  (r o d lik e )  (R iv a s  e t  a l., 1 996  and K r o sc h m iz  
an d  M arry. 1 9 9 5 ). T h e ir  m o le c u le s  w e r e  v ery  d if f ic u lt  to  m o v e  or to  react w ith  
ea ch  a n o th er  as the rea c tio n  t im e  rea ch ed  2 h. T h at is w h y  th e y ie ld  o f  the  
h ig h e st  M w p o ly m e r  o b ta in e d  w a s  lo w .

T o  s o lv e  th is  p ro b lem , d ilu tio n s  o f  sy s te m  2 w e r e  a ttem p ted . 
A fte r  2 h o f  th e rea c tio n  tim e , th e rea c tio n  m ix tu re  w a s  d ilu ted  fou r an d  e ig h t  
t im e s  b y  N M P , th en  further p o ly m e r iz e d  2 h at 100 ° c .  T h e  resu lts  are 
tab u la ted  in T a b le  4 .2 .

T a b le  4 .2  M o le c u la r  w e ig h t  o f  P B A  in d ilu te  sy s te m s

S y s te m D ilu tio n
(T im e s )

C o n cen tra tio n  o f  
p - A B A  to so lv e n t  

(m o  1/1)

bM w
(g /m o l)

N a m e

8 4 0 .2 1 0 .0 0 0 P B A - 12
9 8 0.1 1 0 ,0 0 0 P B A - 13

F rom  T a b le  4 .2 ,  th e  m o le c u la r  w e ig h ts  o f  b o th  s y s te m s  d o  not 
in crea se . B e c a u se  the co n c e n tr a tio n s  o f  th e m o n o m e r  to  s o lv e n t  w e r e  b e lo w  
th e su ita b le  ran ge ( 0 .2 -2  m o le s  per liter) so  th e p o ly m e r  c h a in s  w e r e  to o  far to  
react w ith  o n e  a n o th er  to  p ro d u ce  lo n g er  ch a in s .
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Figure 4.2 ๆ sp/c and (111 ๆ,.)/c  v ersu s  P B  A  c o n c e n tr a tio n  o f  P B A -1  at 25°c.

Figure 4.3 ๆ sp/c and (In ,ๆ-)/c  v ersu s  P B A  c o n c e n tr a tio n  o f  P B A -9  at 25°c.
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In su m m a r y , th e th ree d iffe r e n t m a ter ia ls  o b ta in ed , d e s ig n a te d  
P B A -1 ;  P B A -9  an d  P B A -2 , h a v e  M w =  3 ,9 0 0 ;  8 .6 0 0  an d  1 1 .0 0 0  g /m o l.  
r e sp e c t iv e ly . T h e ir  p lo ts  b e tw e e n  th e red u ced  v is c o s ity ,  Psp/C an d  th e in h eren t  

v is c o s ity ,  (In ๆ ,.)/c  v ersu s  P B A  c o n cen tra tio n  (C ) in 96%  FFSC >4 at 25°c are 
sh o w n  in F ig u res  4 .2 ,  4 .3 ,  and  4 .4 ;  r e sp e c t iv e ly . T h e y  w e r e  further  
ch a ra c ter ized  b y  F T IR . U V -V I S , 13 C -N M R , D S C  and T G A .

z  'เจๆ ฯ 3
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4 .1 .2  S p e c tr o sc o p ic  C h a ra cter iza tio n
4 .1 .2 .1  F o u r ie r  T ra n s fo rm  I n fr a r e d  S p e c tr o s c o p y  (F T IR )

W a v e n u m b e r  (cm " )

Figure 4 .5  T h e  F T IR  sp ectra  o f  P B A : (a ) P B A -1 , (b ) P B A -2 . an d  (c )  P B A -9 .

F T IR  S p ectra  o f  P B A  are sh o w n  in F ig u re  4 .5 .  A ll P B A  
s h o w  s im ila r  F T IR  sp ectra . T h e  m ain  a b so rp tio n  p ea k s  are ta b u la ted  in T a b le
4 .3 . T h e  a b so rp tio n  p ea k s at 3 3 3 5 , 1 6 5 5 , 1 5 0 5 , and 1 3 1 7  c m '1 in d ic a te  th e  
ch a ra c ter istic  p e a k s  o f  a m id e . T h e  a b so rp tio n  p ea k s at 1 5 9 8  and 8 4 6  cm "1 
in d ic a te  the ch a ra c ter is tic  p ea k s  o f  th e b e n z e n e  r in g  and th e para su b stitu ted  
o n  the b e n z e n e  r in g , r e sp e c t iv e ly  (R iv a s  e t  a i ,  1 9 9 6  and C a m p b e ll and  W h ite , 
1 9 8 9 ).
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4 . 1 2 .2 U l t r a v io le t - V i s ib le  S p e c tr o s c o p y  (U V -V IS )
U V -V I S  sp ectra  o f  P B A  are sh o w n  in F ig u r e s  4 .6  and 4 .7 .

Figure 4.6 T h e  U V -V I S  sp ectra  o f  P B A  in 96%  แ 2 ร 0 4: (a ) P B A -1  ( 10 p p m ), 
(b ) P B A -2  (1 5  p p m ), and (c )  P B A -9  (1 8  p p m ).

Figure 4 .7  T h e  U V -V I S  sp ec tra  o f  P B A  in 3%  L iC l/D M A c : (a ) P B A -1  (1 6  
p p m ), (b ) P B A -2  (1 0  p p m ), and (e )  P B A -9  (1 8  p p m ).
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A ll P B A  s h o w  s im ila r  U V -V I S  sp ectra . T h e  sp ectra  o f  
P B A  in 9 6 %  H 2 S O 2 an d  3 % L iC l in D M A c  sh o w  a m a x im u m  a b so rp tio n  p eak  
(X.m.1N) at w a v e le n g th s  around  3 3 5  and 3 4 5  ททา. r e sp e c t iv e ly . T h e se  b an d s are 

d e fin e d  as ท—>n tra n sitio n  o f  ca rb o n y l ( C = 0 )  grou p  d u e to  sh if t in g  o f  Àm;lx to  
ร h ig h er  v a lu e  for th e  lo w e r  p o lar so lv e n t . In a d d itio n , the sp ec tra  o f  P B A  in 
96%  H 2S 0 2 are b road er  than  in 3%  L iC l/D M A c  b e c a u se  a p o lar  s o lv e n t  ten d s  
to  e lim in a te  the f in e  p ea k s  a r is in g  from  d ifferen t v ib ra tio n a l sta tes  (C o n io  e t  
a i ,  1 9 9 8 ).

T a b le  4 .3  R em a rk s  and a ss ig n m e n ts  o f  p ea k s from  F T IR  sp ectra  for P B A  
(C a m p b e ll and W h ite . 1 9 8 9 )

W a v e n u m b e r
( c m '1)

R em ark s and A s s ig n m e n ts

A 3 3 3 5 N -l 1 stre tch in g  o f  s e c o n d a r y  a m id e
B 1655 c = 0  stre tch in g  o f  a m id e
c 1 5 9 8 c = c  stre tch in g  o f  a ro m a tic  r in g  

C a rb o x y la te  a sy m m e tr ic  s tr e tc h in g
D 1505 N -l I b e n d in g  o f  s e c o n d a r y  a m id e
E 1 4 0 4 C a rb o x y la te  sy m m e tr ic  s tr e tc h in g
F 1317 C -N  stre tch in g  o f  a ro m a tic  a m id e
G 8 4 6 = C -H  b en d in g  o f  para su b stitu t io n  on  

a ro m a tic  ring
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4 .2 .1 3 ,3C -N e u c le a r  M a g n e tic  R e s o n a n c e  ( l3C -N M R )
l3C -N M R  sp ectru m  o f  PB  A - 1 in so lu t io n  sta te  is sh o w n  

in F ig u re  4 .8 . T h e  m ain  a b so rp tio n  p ea k s are tab u la ted  in T a b le  4 .4 .

120
126

๗

168

174

1 = c-1
2 =  C -o rth o
3 =  C -m e ta
4  =  C -p ara

C h e m ic a l sh ift  (p p m )

Figure 4.8 T h e  so lu t io n  sta te  l3C -N M R  sp ectru m  o f  P B A -1  in 9 8  % D 2 S O 4 .

Table 4.4 R em ark s and a ss ig n m e n ts  o f  p ea k s  from  th e so lu t io n  sta te  l3C -N M R  
sp ec tru m  for P B A -1  (C a m p b e ll and W h ite , 1 9 8 9 )

C h e m ic a l S h ift
(p p m )

R em ark s and A s s ig n m e n ts

174 c o f  c a r b o x y lic  a c id  at th e  en d  c h a in
168 c o f  c=0 in rep ea tin g  unit
134 c o f  C -1 on  b e n z e n e  ring
129 c o f  C -m eta  on  b e n z e n e  r in g
126 c o f  C -para o n  b e n z e n e  ring
1 2 0 c o f  C -o rth o  on  b e n z e n e  r in g
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T h e  a b so rp tio n  p ea k s  at 174 and 168 p p m  in d ic a te  the  
ch a ra c ter is tic  p ea k s o f  ca rb o n  o f  c a rb o n y l ( C = 0 )  grou p . T h e  a b so rp tio n  p ea k s  
at 134 , 129 , 126 and 120  p p m  in d ica te  th e ch a ra cter istic  p ea k s  o f  ca rb o n  o f  th e  
su b stitu ted  on  b e n z e n e  r in g . I3C C P /M A S  N M R  sp ectru m  o f  P B A -1 , P B A -2  
and P B A -9  in so l id  sta te  are sh o w n  in F ig u re  4 .9 , 4 .1 0  and 4.1 1. r e sp e c t iv e ly .

Figure 4.9 T h e  so lid  sta te  l3C C P /M A S  N M R  sp ectru m  o f  P B A -1 .

C h e m ic a l sh ift  (p p m )
Figlire 4.10 T h e  so lid  sta te  l3C C P /M A S  N M R  sp ectru m  o f  P B A -2
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Figure 4.11 T h e  so lid  sta te  l3C C P /M A S  N M R  sp ectru m  o l'P B A -9 .

M a g n e tic  d ip o le s  o f  carb on  a to m s in so lid  sta te  are f ix e d .  
T h e y  are c o u p le d  to  o n e  an oth er. This p h e n o m e n o n  is c a lle d  d ip o la r  c o u p lin g  
(C a m p b e ll and  W h ite , 1 9 8 9 ). S o  l3C N M R  sp ectra  in so lid  sta te  (F ig u r e s  4 .9 ,
4 .1 0  and 4 .1  l ) s h o w  broad p ea k s w h e n  co m p a r in g  w ith  l3C N M R  sp ec tru m  in 
so lu t io n  sta te  (F ig u r e  4 .8 ) .  H o w e v e r , all l3C N M R  sp ectra  in so lid  sta te  s h o w  
th e  s p e c if ic  p ea k s  o f  ca rb o n y l grou p  (1 6 7  p p m ) and b e n z e n e  r in g  (1 2 2 - 1 4 2  
p p m ) lik e  l3C N M R  sp ectru m  in so lu tio n  sta te . T h e  h ig h e r  th e  m o le c u la r  
w e ig h t , the h ig h er  d ip o la r  c o u p lin g , th e b road er p ea k s  are o b ta in e d . P B A -2  
and P B A -9  h a v in g  h ig h er  m o le c u la r  w e ig h ts , p e a k s  at 130 an d  127 p p m  are  
o v e r la p e d  to  ea ch  o th er  u n lik e  P B A -1 . B e c a u se . P B A -2  an d  P B A -9  are  
s l ig h t ly  d ifferen t in m o le c u la r  w e ig h t  so  th ey  h a v e  s im ila r  sp ectra .

F rom  sp e c tr o sc o p ic  ch a ra c ter iza tio n  and m o le c u la r  w e ig h t  
d ete r m in a tio n , P B A  w e r e  s u c c e s s fu l ly  sy n th e s iz e d  to  y ie ld  d iffe r e n t  m o le c u la r  
w e ig h ts  by c h a n g in g  th e ty p e s  o f  so lv e n t  and m eta l h a lid e , and th e  a m o u n t o f  
th e p h o sp h o ru s c o m p o u n d  u sed .
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4 .1 .3  T h erm a l A n a ly s is

4 .1 .3 .1  D if fe r e n t ia l  S c a n n in g  C a lo r im e tr y  (D S C )
T h e  D S C  th erm o g ra m s o f  P B A  are sh o w n  in F igu re  4 .1 2 .

Figure 4.12 T h e  D S C  th erm o g ra m s o f  P B A .

A ll P B A  sh o w  s im ila r  D S C  th erm o g ra m s. T h ere  are  
e n d o th e r m ic  p ea k s  at around  5 7 5 ° c  re ferr in g  to  th e d e c o m p o s it io n  
tem p era tu re  ( ' f  11) o f  P B A  (T a k a se  e t  a i ,  1 9 8 6 ). In a d d itio n . T t| in c r e a se s  
s lig h t ly  w ith  m o le c u la r  w e ig h t .
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4 .3 .1 .2  T h e n n o g r a v im e tr ic  A n a ly z e r  ( TG A )
T h e  T G A  th erm o g ra m s o f  P B  A  are sh o w n  in F ig u re  4 .1 3 .

Figure 4.13 The T G A  th erm o g ra m s o f  P B A .

A ll P B A  sh o w  s im ila r  T G A  th erm o g ra m s. T h e y  are  
th erm a lly  s ta b le  up to  arou n d  5 0 0 ° c .  B e y o n d  that tem p era tu re , th e ir  m a sse s  
are lo st ra p id ly  d u e  to  b rea k in g  o f  th eir  m a in  c h a in s  (T a k a se  e t  a i ,  1 9 8 6 ) . 
I lig h e r  m o le c u la r  w e ig h t  P B A  h as h ig h er  th erm al s ta b ility . T h e s e  re su lts  a g ree  
w e ll  w ith  th e p resen t D S C  resu lts. In c o n c lu s io n  for th e  th erm al a n a ly s is ,  
s y n th e s iz e d  P B A  are th erm a lly  sta b le .
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4.2 The formation of Liquid Crystalline Phase of PBA Solution

T h e  fo rm a tio n  o f  liq u id  c r y sta llin e  (L C ) p h a se  o f  P B A  so lu tio n  w a s  

d eterm in ed  by m e a su r in g  th e  z e r o -sh e a r  rate so lu tio n  v is c o s ity ,  ๆ 0, (P , p o is e )  
v e r su s  P B A  co n cen tra tio n  (w t% ) (th e  raw  d ata  are ta b u la ted  in A p p e n d ix  C ) 
an d  v isu a l o b se r v a tio n s  th ro u g h  an o p tica l p o la r iz in g  m ic r o s c o p e  w ith  c r o sse d  
p o lars.

T h e  fo rm a tio n  o f  L C  p h a se  o f  p o ly a m id e s  can  be a f fe c te d  by the  
p o ly m e r  stru ctu re, the m o le c u la r  w e ig h t , th e p o ly m e r -so lv e n t  in tera c tio n  and  
tem p eratu re  (M ark  e t  a i ,  1 9 8 7 ). P B A -1  and P B A -2  w e r e  s tu d ie d  for th e e f fe c t  
o f  m o le c u la r  w e ig h t . 4 % L iC l/D M A c  and 4 % L iC l/N M P  w e r e  stu d ied  for the  
e f fe c t  o f  p o ly m e r -so lv e n t  in tera c tio n s. T o  a v o id  the e f fe c t  o f  tem p era tu re , the  
e x p e r im e n t w a s  carried  ou t at 2 5 ± l ° c .

4 .2 .1  T h e  E ffe c t  o f  P o ly m e r  Structure

F rom  F ig u re  1.4, P B A  c o n ta in s  b e n z e n e  r in g s  in its b a c k b o n e  
w h ic h  p ro v id e  h ig h  r ig id ity  to  th e m ain  c h a in s  (r o d - lik e  stru ctu re). T h e  
m o le c u le s  are p a ra -su b stitu ted  w h ic h  h a v e  th e  e x te n d e d  ch a in  c o n fo r m a tio n  to  
fa c ilita te  the a lig n m e n t o f  th e p o ly m e r  ch a in  a lo n g  a p articu lar  d ir e c t io n . In 
a d d itio n , th ere are e x te n s iv e  H -b o n d in g s  b e tw e e n  a d ja cen t m o le c u le s  (M ark  e t  
a /., 1 9 8 7 ). S o  P B A  can  form  L C  p h a se  in so lu t io n  at a cer ta in  c o n c e n tr a tio n  
an d  tem p eratu re.

4 .2 .1 .1  V is c o s ity  M e a s u r e m e n t

F ig u res  4 .1 4 .  4 .1 5 ,  4 .1 6  and 4 .1 7  sh o w  th e  z e r o -sh e a r  rate 
v is c o s ity  at 2 5 ° c  as a fu n c tio n  o f  th e P B A -2  c o n c e n tr a tio n  in 4 % L iC l/D M A c ,  
th e  P B A -2  c o n cen tra tio n  in 4 % L iC l/N M P , th e P B A -1  c o n c e n tr a tio n  in
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4 % L iC l/D M A c  and th e P B A -1  c o n c e n tr a tio n  in 4 % L iC l/N M P , r e sp e c t iv e ly .  
P o ss ib le  m e c h a n ism  o f  th e  fou r r e g im e s  are p ro p o sed  (S c h e m e  4):

R e g im e  1, for th e e f fe c t  o f  co n c e n tr a tio n , th e v is c o s ity  s l ig h t ly  in c r e a se s  w ith  
P B A  c o n c e n tr a tio n  in the n orm al w a y  lik e  an iso tro p ic  p h a se  (N a k a s im a ,  
1 9 9 4 ). T h is  p h e n o m e n o n  w a s  c o n fir m e d  b y  o p tica l tex tu res  as s h o w n  in 
F ig u res  4 .2 0  (a ), 4 .2 1  (a ), 4 .2 2  (a ) and 4 .2 3  (a ) for P B A -2  in 4 % L iC l/D M A c ,  
P B A -2  in 4 % L iC l/N M P , P B A -1  in  4 % L iC l/D M A c  and P B A -1  in 
4 % L iC l/N M P , r e sp e c t iv e ly .

R e g im e  11. th e  v is c o s ity  r ise s  d ra m a tica lly  up to  th e  m a x im u m  v is c o s i t y  d u e  to  
th e  e f fe c t  o f  p h a se  ch a n g e , H o w e v e r , LC  p h a se s  start to  form  d u e  to  th e  e f fe c t  
o f  P B A  stru ctu re. T h e  sm a lle r  th e m o v e m e n t  o f  th e p o ly m e r  ch a in , th e h ig h e r  
th e v is c o s ity ,  and  th e  ea s ie r  th e LC  p h a se  is fo rm ed . S o  th e  iso tr o p ic -  
a n iso tr o p ic  tra n sitio n  is lo ca ted  b e fo re  th e m a x im u m  o f  th e c u r v e  (S a la m o n e .  
1 9 9 6 ). It is b ip h a s ic  p h a se  w h ere  a LC  p h a se  c o e x is t s  w ith  an iso tr o p ic  p h a se .  
Phis p h e n o m e n o n  is c o n fir m e d  by o p tica l tex tu res  as sh o w n  in F ig u r e s  4 .2 0

(b ), 4 .2 1  (b ), 4 .2 2  (b ) and 4 .2 3  (b ) for P B A -2  in 4 % L iC l/D M A c , P B A -2  in 
4 % L iC l/N M P , P B A -1  in 4 % L iC l/D M A c  and P B A -1  in  4 % L iC l/N M P . 
r e sp e c t iv e ly .

R e g io n  111, for th e  e f fe c t  o f  P B A  stru ctu re, w h e n  P B A  m o le c u le s  are so  
c r o w d e d  th ey  restr ict th e m o v e m e n t  o f  o n e  an oth er , LC  p h a se s  are fo rm ed  
m o re  and m o re  le a d in g  to  a red u c tio n  in th e o c c u p ie d  v o lu m e  and h e n c e  the  
v is c o s ity  starts to  d e c r e a se  (N a k a jim a , 1 9 9 4 ). It is b ip h a s ic  p h a se  w h e r e  an 
iso tr o p ic  p h a se  c o e x is t s  w ith  a LC  p h a se . T h is  p h e n o m e n o n  is  c o n f ir m e d  by  
o p tic a l tex tu res  as sh o w n  in F ig u res  4 .2 0  (c ) ,  4 .21  (c ) ,  4 .2 2  (c )  and 4 .2 3  (c )  for  
P B A -2  in 4 % L iC l/D M A c . P B A -2  in 4 % L iC l/N M P , P B A -1  in 4 % L iC l/D M A c  
and P B A -1  in 4 % L iC l/N M P , r e sp e c t iv e ly . A s  c o n c e n tr a tio n  in c r e a se s , the  
v is c o s ity  r ea ch es  a m in im u m .
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R e g io n  IV . for the e f f e c t  o f  c o n c e n tr a tio n , w h e n  th e n u m b er  o f  p o ly m e r  
m o le c u le s  further in c r e a se s , th e y  can  n o  lo n g e r  b e c o m p e n sa te d  by red u ctio n  
in th e o c c u p ie d  v o lu m e  and h e n c e  v is c o s ity  starts to  in crea se  a g a in  (N a k a jim a .  
1 9 9 4 ). It is a fu lly  LC p h a se . T h is  p h e n o m e n o n  is c o n fir m e d  by o p tic a l  
tex tu res  as sh o w n  in F ig u res  4 .2 0  (d ). 4 .21  (d ). 4 .2 2  (d ) an d  4 .2 3  (d ) for P B A -  
2 in 4 % L iC l/D M A c , P B A -2  in 4 % L iC l/N M P , P B A -1  in 4 % L iC l/D M A c  and  
P B A -1  in 4% L iC T /N M P . r e sp e c t iv e ly .

(A n is o tr o p ic  p h a se  in iso tr o p ic  p h a se  )

Scheme 4.
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Figure 4.14 T h e  z e r o -sh e a r  rate v is c o s ity  o f  P B A -2  in 4 % L iC l/D M A c  at 
25°c.
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4 .2 .1  . l O p t i c a l  T e x tu re s
T h e  L C  p h a se  m o r p h o lo g y  o f  P B A  s o lu t io n s  w a s  s tu d ied  

b y  th e o p tica l p o la r iz in g  m ic r o sc o p e  w ith  c r o sse d  p o la rs. N o r m a lly , the LC  
so lu t io n  o f  a ro m a tic  p o ly a m id e s  is n em a tic . T h e  n e m a tic  L C  stru ctu re  is 
o rd ered  in o n e  d im e n s io n  (F ig u r e  4 .1 8 (a ) ) .  T h e  lo n g  a x e s  o f  the m o le c u le s  
rem a in  p a ra lle l, but th e  p o s it io n  o f  th e cen ters o f  m a ss  is ra n d o m ly  d istr ib u ted . 
T h ere  is  an o r ien ta tio n  order, but n o  p o s it io n  order. S o  it is th rea d -lik e  
stru ctu re  as sh o w n  in F ig u re  4 .1 9 .  (K r o sc h w iz  and M ary , 1995; M ark  e t a l . . 
1 987; and S a v y e r  and G ru b b . 1 9 9 6 ). T h e  p o la r ized  o p tica l m icro g ra p h s  o f  
P B A -2  in 4 % L iC l/D M A c , P B A -2  in 4 % L iC l/N M P , P B A -1  in 4 % L iC l/D M A c  
an d  P B A -1  in 4 % L iC l/N M P  w ith  d ifferen t c o n c e n tr a tio n s  at 25°c are sh o w n  
in F ig u res  4 .2 0 ,  4 .2 1 .  4 .2 2  and 4 .2 3 ,  r e sp e c t iv e ly . W ith  n o  m ateria l or w ith  an 
iso tr o p ic  m ateria l th e  f ie ld  o f  v ie w  w ill  b e  dark in c r o sse d  p o la rs. W h erea s  
o p t ic a lly  a n iso tro p ic  or b iré fr in g en t m ateria l ap p ears b righ t b e tw e e n  c r o sse d  
p o la rs  (S a v e r  and G rubb, 1 9 9 6 ). P B A -2  in both  s o lv e n ts ,  at c o n c e n tr a tio n s  
b e lo w  and a b o v e  4 w t%  fo rm ed  iso tro p ic  and a n iso tr o p ic  p h a se  s h o w in g  
to ta lly  dark v ie w s  (F ig u r e s  4 .2 0 (a )  and 4 .2 1 (a ) )  and s o m e  b righ t v ie w s  
(F ig u r e s  4 .2 0 (b ) ,  4 .2 0 (c ) ,  4 .2 0 (d ) ,  4 .2 1 (b ) ,  4 .2 1 (c )  and 4 .2 1 (d ) ) ,  r e s p e c t iv e ly .  
A ls o  P B A -1  in b o th  s o lv e n ts , at c o n c e n tr a tio n s  b e lo w  an d  a b o v e  8 w t%  
fo r m e d  iso tr o p ic  and a n iso tr o p ic  p h a se  d u e  to  s h o w in g  to ta lly  dark v ie w s  
(F ig u r e s  4 .2 2 (a )  and 4 .2 3 (a ) )  and so m e  b righ t v ie w s  (F ig u r e s  4 .2 2 (b ) ,  4 .2 2 ( c ) ,  
4 .2 2 (d ) ,  4 .2 3 (b ) ,  4 .2 3 ( c )  and 4 .2 3 (d ) ) ,  r e sp e c t iv e ly . F ig u res  4 .2 0 (b ) ,  4 .2 1 (b ) ,  
4 .2 2 (b )  and 4 .2 3 (b )  s h o w  dark v ie w s  m ore  than b righ t v ie w s . F ig u res  4 .2 0 ( c ) ,  
4 .2 1 ( c ) .  4 .2 2 ( c )  and 4 .2 3 ( c )  sh o w  brigh t v ie w s  m o re  than dark v ie w s .  
H o w e v e r , b oth  o f  th em  are th e b ip h a s ic  p h a se . T h e  form er fo rm ed  iso tr o p ic  
p h a se  m o re  than a n iso tro p ic  p h a se , the latter fo rm ed  a n iso tr o p ic  p h a se  m ore  
th an  iso tro p ic  p h a se . F in a lly , F ig u res  4 .2 0 (d ) ,  4 .2 1 (d ) ,  4 .2 2 (d )  and 4 .2 3 (d )  
s h o w  a lm o st  bright v ie w s . S o  P B A  so lu tio n  in th is r e g io n  fo r m e d  fu lly  LC  
p h a se . In th is  r e g io n , p o ly m e r s  form  th rea d -lik e  stru ctu res as ca n  b e  o b se r v e d
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b y c o m p a r in g  th eir  p o la r ized  o p tica l m icro g ra p h s in F ig u re  4 .1 9 . W e can  
su m m a r iz e  that, both  P B A -1  and P B A -2  form  n em a tic  L C  p h a se  in 
4 % L iC l/D M A c  and 4 % L iC l/N M P  s o lv e n ts  at 25°c.

Figure 4.18 S tru ctu re  o f  (a ) n e m a tic  , (b ) c h o le s te r ic  , and (c )  s m e c t ic  c  
p h a se  ( (K r o s c h w iz  and M ary, 1995  and M ark e t a l ., 1 9 8 7 ).

S j t ®

Figure 4.19 A  p o la r ized  lig h t m icro g ra p h  o f  a se c t io n e d  n e m a tic  th erm o tro p ic  
L C  p o ly m e r  r e v e a ls  a sc h lie r e n  tex tu re  (S a v y e r  and G ru b b , 1 9 9 6 ).
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(al) 1.01 wt%, 100X (a2) 2.02 wt%, 100X

(a3) 3.03 wt%, 100X (a4) 3.79 wt%, 100X

(a5) 4.00 wt%, 100X

(a) Isotropie Phase
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(๖ 3 )4 .4 5  wt%, 100X (๖4) 4.53 wt%, 100X

(๖5) 5.15 wt%, 100X

(b) Biphasic Phase (Anisotropic phase in Isotropic phase)
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5 .5 5  w t% , 1 0 0 X

( c )  B ip h a s ic  P h a s e  ( I s o t r o p ic  p h a s e  in  a n is o t r o p ic  p h a s e )

(d  1 ) 6 . 1 0  w t% , 1 0 0 X ( d 2 )  7 .0 9  w t% , 1 0 0 X

( d 3 )  8 .1 0  w t% , 2 0 0 X

(d )  F u l ly  L C  P h a s e

F i g u r e  4 .2 0  P o la r iz e d  o p t ic a l  m ic r o g r a p h s  o f  P B A - 2  in  4 % L i C l / D M A c  a t 

2 5 °c  w it h  d i f f e r e n t  c o n c e n t r a t io n s :  (a )  I s o t r o p ic  p h a s e ,  c  =  1 .0 1 - 4 .0 0  w t% ; (b )  

B ip h a s ic  p h a s e ,  c  =  4 .2 6 - 5 .1 5  w t% ; ( c )  B ip h a s ic  p h a s e ,  c  =  5 .5 5  w t% ; a n d  

( d )  F u l ly  L C  p h a s e ,  c  =  6 .1 0 - 8 .1 0  w t% .



(al) 1.01 wt%, 100X (a2) 2.01 wt%, 100X

( a 3 )  3 .0 8  w t% , 1 0 0 X  ( a 4 )  4 .0 2  w t% , 1 0 0 X

(a )  I s o t r o p ie  P h a s e



55

( b l )  4 .2 5  w t% , 1 0 0 X  ( b 2 )  4 .4 4  w t% , 1 0 0 X

( b 3 )  5 .1 2  w t% , 1 0 0 X

(b )  B ip h a s ic  P h a s e  ( A n is o t r o p ic  p h a s e  in  I s o t r o p ic  p h a s e )

5 .3 4  w t% , 1 0 0 X

(c) Biphasic Phase (Isotropic phase in anisotropic phase)
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(d  1 ) 5 . 6 1  w t% , 1 0 0 X ( d 2 )  6 .0 5  w t% , 1 0 0 X

( d 3 )  7 .0 1  w t% , 2 0 0 X (๘ 4 ) 8 .0 6  w t% , 2 0 0 X

(d )  F u l ly  L C  P h a s e

F ig u r e  4 .2 1  P o la r iz e d  o p t ic a l  m ic r o g r a p h s  o f  P B A - 2  in  4 % L iC l /N M P  at 2 5 °c  
w it h  d i f f e r e n t  c o n c e n t r a t io n s :  (a )  I s o t r o p ic  p h a s e ,  c  =  1 .0 1 - 4 .0 2  w t% ; (b )  

B ip h a s ic  p h a s e ,  c  =  4 .2 5 - 5 .1 2  w t% ; ( c )  B ip h a s ic  p h a s e ,  c  =  5 .3 4  w t% ; a n d  

( d )  F u l ly  L C  p h a s e ,  c  =  5 .6 1 - 8 .0 6  w t% .



(al) 4.01 wt%, 100X (a2) 6.04 wt%, 100X

( a 3 )  8 .0 5  w t% , 1 0 0 X

(a )  I s o t r o p ie  P h a s e
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(b )  B ip h a s ic  P h a s e  ( A n is o t r o p ic  p h a s e  in  I s o t r o p ie  p h a s e )

1 3 .5 0  w t% , 1 0 0 X

(c) Biphasic Phase (Isotropie phase in anisotropic phase)
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( d l )  1 4 .1 6  w t% , 2 0 0 X ( d 2 )  1 5 .0 6  w t% . 2 0 0 X

(d )  F u l ly  L C  P h a s e

F i g u r e  4 .2 2  P o la r iz e d  o p t ic a l  m ic r o g r a p h s  o f  P B A - 1  in  4 % L iC l/ 'D M A c  at 

25°c w it h  d i f f e r e n t  c o n c e n t r a t io n s :  (a )  I s o t r o p ic  p h a s e ,  c  =  4 .0 1 - 8 .0 5  w t% ; (b )  

B ip h a s ic  p h a s e ,  c  =  9 .9 9 - 1 3 .0 4  w t% ; ( c )  B ip h a s ic  p h a s e ,  c  =  1 3 .5 0  w t% ; a n d  

( d )  F u l ly  L C  p h a s e ,  c  =  1 4 .1 6  a n d  1 5 .0 6  w t% .

4 .2 .2  T h e  E f f e c t  o f  M o le c u la r  W e ig h t
T h e  i s o t r o p ic - n e m a t ic  tr a n s it io n  is  a  f u n c t io n  o f  te m p e r a tu r e  a n d  

m o le c u la r  w e ig h t .  T h is  tr a n s it io n  o c c u r s  a t lo w e r  c o n c e n t r a t io n s  a t a  h ig h e r  

m o le c u la r  w e i g h t  ( S a la m o n e ,  1 9 9 6 ) .  F ig u r e s  4 .2 4  a n d  4 .2 5  s h o w  th e  z e r o -  

s h e a r  r a te  v i s c o s i t y  a t 2 5 °c  a s  a  f u n c t io n  o f  P B A  c o n c e n t r a t io n  in  

4 % L iC l /D M A c  a n d  4 % L iC l /N M P  s o lv e n t s ,  r e s p e c t iv e ly .  T h e  h ig h e r  th e  

m o le c u la r  w e i g h t  o f  p o ly m e r ,  th e  lo w e r  th e  m o v e m e n t  o f  p o ly m e r  c h a in ,  th e  

h ig h e r  th e  v i s c o s i t y  a n d  th e  e a s ie r  th e  L C  p h a s e s  a re  fo r m e d . In  b o th  s o lv e n t s ,  
t h e  v i s c o s i t y  o f  P B A - 2  i s  h ig h e r  th a n  P B A - 1 .  A n d  th e  i s o t r o p ic - n e m a t i c  

t r a n s i t io n  o f  P B A - 2  o c c u r s  a t l o w e r  c o n c e n t r a t io n  th a n  P B A - 1  a s  e v i d e n c e d  b y  

s h i f t in g  o f  c o n c e n t r a t io n  fr o m  8 w t%  to  4  w t% . T h is  p h e n o m e n o n  is  

c o n f ir m e d  b y  o p t ic a l  t e x tu r e s  (F ig u r e s  4 .2 0 - 4 .2 3 ) .  In  a d d it io n ,  th e  o p t ic a l  

t e x t u r e s  o f  P B A - 1  a n d  P B A - 2  in  b o th  s o lv e n t s  a p p e a r  s im i la r  e x c e p t  th e ir  s i z e  

s c a le .  P B A - 1  s h o w s  a  s m a l le r  s i z e  s c a le .
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( a 3 )  8 .0 8  w t% , 1 0 0 X

(a )  I s o t r o p ic  P h a s e
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(b )  B ip h a s ic  P h a s e  ( A n is o t r o p ic  p h a s e  in  I s o t r o p ie  p h a s e )

1 3 .2 0  w t% , 1 0 0 X

(c) Biphasic Phase (Isotropie phase in anisotropic phase)
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( d l )  1 3 .5 1  w t% , 2 0 0 X ( d 2 )  1 4 .1 5  w t% , 2 0 0 X

(d )  F u l ly  L C  P h a s e

F i g u r e  4 .2 3  P o la r iz e d  o p t ic a l  m ic r o g r a p h s  o f  P B A - 1  in  4 % L iC l /N M P  at 2 5 ° c  

w it h  d i f f e r e n t  c o n c e n t r a t io n s :  (a )  I s o t r o p ic  p h a s e ,  c  =  4 . 0 0 - 8 . 0 8  w t% ; (b )  

B ip h a s ic  p h a s e ,  c  =  1 0 .1 3 - 1 2 .8 9  w t% ; ( c )  B ip h a s ic  p h a s e ,  c  =  1 3 .2 0  w t% ;  

a n d  (d )  F u l ly  L C  p h a s e ,  c  =  1 3 .5 1 - 1 4 .1 5  w t% .

4 .2 .3  T h e  E f f e c t  o f  P o ly m e r - S o lv e n t  I n te r a c t io n
P B A  is  s o lu b le  in  te r t ia r y  o r g a n ic  a m id e s  s u c h  a s  

d im e t h y la c e t a m id e  ( D M A c ) ,  l - m e t h y l - 2 - p y r r o l id o n e  ( N M P )  a n d  

t e t r a m e t h y lu r e a  c o n t a in in g  l i th iu m  o r  c a lc iu m  c h lo r id e ,  o r  in  c o n c e n t r a t e d  

s u l f u r ic  a c id ,  a n d  h y d r o g e n  f lu o r id e  (M a r k  et al, 1 9 8 7 ) .  T h is  e x p e r im e n t  w a s  

c a r r ie d  in  L i C l /D M A c  a n d  L iC l /N M P . S o lu b i l i t y  in  th e  a m id e - s a l t  s o lv e n t s  

r e s u lt s  f r o m  a s s o c ia t io n  o f  c h lo r id e  io n s  w i t h  th e  a m id e  p r o t o n s  in  th e  

p o ly m e r ;  a s  in d ic a t e d  in  F ig u r e  4 .2 6  (M a r k  et al, 1 9 8 7 ) .  F ig u r e s  4 .2 7  a n d  4 .2 8  

s h o w  th e  z e r o - s h e a r  ra te  v i s c o s i t y  o f  P B A  s o lu t io n s  a t 2 5 °c  in  4 % L iC l /D M A c  

a n d  4 % L iC l /N M P  s o lv e n t s  fo r  P B A -1  a n d  P B A - 2 ,  r e s p e c t iv e ly .  P B A  

m o le c u l e  in  L iC l /N M P  s o lv e n t  s y s t e m  is  m o r e  d i f f i c u l t  t o  m o v e  th a n  in  
L i C l /D M A c  s o lv e n t  s y s t e m  d u e  to  th e  b ig g e r  p e n d a n t  p o s i t i v e  g r o u p  ( F ig u r e
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4 .2 6 ) .  T h e  lo w e r  th e  m o v e m e n t  o f  p o ly m e r  c h a in , t h e  h ig h e r  th e  v i s c o s i t y  a n d  

t h e  e a s ie r  L C  p h a s e  is  fo r m e d . H o w e v e r ,  th e  m o le c u la r  w e i g h t  is  m o r e  

in f lu e n t ia l  t o  th e  m o v e m e n t  o f  p o ly m e r  c h a in  th a n  th e  e f f e c t  o f  s o lv e n t .  In  

b o t h  m o le c u la r  w e i g h t s ,  P B A  s o lu t io n s  in  4 % L iC L /N M P  in  a l l  r e g im e s  h a v e  

s l i g h t ly  h ig h e r  v i s c o s i t y  th a n  in  4 % L iC l /D M A c .  In  a d d it io n ,  P B A  s o lu t io n s  in  

4 % L iC L /N M P  fo r  b o th  m o le c u la r  w e ig h t s  fo r m  L C  p h a s e  e a s ie r  d u e  t o  th e  

l o w e r  c o n c e n t r a t io n  in  r e g im e s  III a n d  IV . T h is  p h e n o m e n o n  is  c o n f ir m e d  b y  

o p t ic a l  t e x tu r e s .  T h e  h ig h e r  th e  b r ig h t  v i e w s  o f  P B A  s o lu t io n  c a n  b e  o b s e r v e d  

in  4 % L iC L /N M P .

F i g u r e  4 .2 6  P o s t u la t e d  s tr u c tu r e  o f  s o lv a t e d  P B A  in  (a )  L i C l / D M A c  a n d  (b )  

L iC l /N M P  s o lv e n t s .
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PBA Concentration (wt%)
F i g u r e  4 .2 4  T h e  z e r o - s h e a r  r a te  v i s c o s i t y  o f  P B A - 1  a n d  P B A - 2  in  

4 % L iC l /D M A c  at 2 5 °c .

Figure 4.25 The zero-shear rate viscosity of PBA-1 and PBA-2 in
4%LiCl/NMP at 25°c.
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T h e  t y p ic a l  f l o w  c u r v e  o f  L C  p o ly m e r s  is  s c h e m a t i c a l ly  d e p ic t e d  in  
F ig u r e  4 .2 9 .

L o g  V i s c o s i t y

F i g u r e  4 .2 9 .  T y p ic a l  f l o w  c u r v e  o f  L C  p o ly m e r .

A  p o s s ib l e  in te r p r e ta t io n  o f  th e  t h r e e - r e g im e  f l o w  c u r v e  o f  L C  

p o ly m e r s  h a v e  b e e n  r e p o r te d  ( S a la m o n e ,  1 9 9 6 ) ,  a s  s h o w n  in  F ig u r e  4 .2 9 .  In  
th e  f ir s t  r e g im e ,  th e  f l o w  d o e s  n o t  c h a n g e  th e  p o ly d o m a in  s tr u c tu r e , th e  

d ir e c to r  p r e s e r v e s  its  in i t ia l  r a n d o m  o r ie n ta t io n ,  a n d  p o ly m e r  n e e d s  h ig h  s t r e s s  

v a lu e  ( y i e ld  s t r e s s  a n d  h ig h  v i s c o s i t y ) .  In  th e  s e c o n d  r e g im e ,  th e  s h e a r  s t r e s s  

c a u s e s  th e  d i s e n t a n g l in g  o f  th e  p o ly d o m a in  t e x tu r e  g iv i n g  r i s e  t o  a d i s p e r s e d  

p o ly d o m a in  s tr u c tu r e . In  th is  c o n d i t io n ,  th e  v i s c o s i t y  d e p e n d s  l e s s  o n  s h e a r  

r a te . A t  th e  th ir d  r e g im e ,  th e  f l o w  o r ie n t s  th e  d ir e c to r  in  a  s in g l e  d ir e c t io n ,  
c r e a t in g  a  m o n o d o m a in  . T h is  m o n o d o m a in  s tr u c tu r e  f l o w s  e a s i l y  a lo n g  th e  
s h e a r  d ir e c t io n  ( v e r y  l o w  v i s c o s i t y ) .  S o m e  f l o w  c u r v e s  o f  P B A  s o lu t io n  fo r  a ll  
s y s t e m s  a re  s h o w n  in  F ig u r e s  4 .3 0 ,  4 .3 1 ,  4 .3 2 ,  a n d  4 .3 3  ( a l l  f l o w  c u r v e s  fo r  a ll  
s y s t e m s  a re  s h o w n  in  A p p e n d ix  C ) .
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From the flow  curves o f  PBA-2 in both solvents, phases that are 
beyond isotropic phase appear all o f  the three-regime whereas isotropic phase 
does not show the first regime. This is because isotropic phase does not need a 
yield stress (that is the stress to be overcom e to im pose a flow  to the system ) at 
low  shear rates (Salam one, 1996). From the curves o f  PBA-1 in both solvents, 
phases that are beyond isotropic phase appear only the first and the second  
regime. PBA-1 w as forms only very small LC domains so it does not créât a 
m onodom ain structure.

In summary, PBA-1 and PBA-2 form nematic LC phases in 
4% LiCl/DM Ac and 4% LiCl/NM P solvents at 2 5 °c  at very low  concentration  
compared to other lyotropic LC polymers.
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4.3 ER M easurem ent o f  PBA-1 Suspensions

The medium or the liquid phase that is used in the particle 
dispersion type o f  ER fluids should be a Newtonian fluid; its viscosity  does 
not depend on shear rate. So the changes in viscosity or other rheological 
properties upon applying an electric field are due to the forming o f  chain-like  
or fibrillated structure in the suspension only, not form the medium (Mata. 
2000). The viscosity  o f  the 100 cSt silicone oil, which is used as a medium for 
ER fluid sample in this work, does not change with shear rate. So this silicone  
oil behaves like a N ewtonian fluid (Mata, 2000). PBA-1 is used to be a 
dispersed phase because its particle size can be easily prepared to have a 
nearly monodisperse distribution (15 pm) and its particle shape is nearly 
spherical even without ball-m illing (Appendix E). The ER measurement data 
o f  lyotropic LC fluid is shown in Appendix E.

A modified cone and plate fixture (as shown in A ppendix D) was used 
with the gap size o f  0.063 ± 1 mm. The electric field strengths (0, 0.02, 0 .25. 
0.4. 0.5,1 and 2 kv/mm) were applied to the fluids for 5 minutes in order to 
obtain an equilibrium chain-like or columnar structure before each 
measurement. All measurements were performed at 25 ± 0. l llc  and carried out 
at least two or three times. In order to obtain reproducible data, the ER fluid 
was redispersed prior to each measurement.

In this work. ER properties, in the linear and the nonlinear viscoelastic  
regim es o f  the 10 wt% PBA-1 in 100 cSt silicone oil measured, are the storage 
modulus (G ’) and the loss modulus (G ") as a function o f  the electric field 
strength and the results w ill be compared with those o f  the polyaniline  
suspension (Mata, 2000).
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4.3.1 Effect o f  Strain Amplitude
This measurement was conducted at the frequency o f  1 rad/s at 

various electric field strengths in order to determine the linear viscoelastic  
regime prior to the frequency sweep experiment.

Figure 4 .34, 4 .35, 4.36, 4 .37, 4 .38, 4.39 and 4 .40 show  G ’ and 
G ’r dependence on %strain o f  10 wt% PBA-1 suspension at the frequency o f  1 
rad/s at the electric field strengths o f  2, 1, 0.5, 0.4, 0.25, 0 .02 and 0 kV/mm, 
respectively.

F igure 4.34 G ’ and G " dependence on %strain o f  10 wt% PBA-1 suspension  
at the electric field strength o f  2 kV/mm.
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Figure 4.35 G ’ and G ” dependence on %strain o f  10 wt% PBA-1 suspension  
at the electric field strength o f  1 kv/mm.

Figure 4.36 G' and G ” dependence on %strain of 10 wt% PBA-1 suspension
at the electric field strength of 0.5 kV/mm.
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%strain
F igure 4.37 G' and G ” dependence on %strain o f  10 พ t% PBA-1 suspension  
at the electric field strength o f  0.4 kv/m m .

Figure 4.38 G ’ and G ” dependence on %strain of 10 wt% PBA-1 suspension
at the electric field strength of 0.25 kv/mm.
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10 100 1000 
% strain

Figlire 4.39 G ’ and G ” dependence on %strain o f  10 wt% PBA-1 suspension  
at the electric field strength o f  0.02 kV/mm.

at the electric field strength o f  0 kV/mm.
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For electric field strengths o f  1, 0.5 and 0.4 kv/m m , Ci' are 
larger than G ”  in the linear viscoelastic regime, where G ’ or G ” do not 
depend on %strain. The reverse trend can be observed in the nonlinear 
viscoelastic regime, where G ’ or G ” are dependent on %strain (Figures 4 .35, 
4.36 and 4.37). This can be explained by the elasticity o f  the ER fluid, which  
is dominated by the particle chain structures in an im posed electric field. The 
fibrillate structures o f  the suspended PBA-1 particles are spanned throughout 
electrodes by an applied electric field. A bove a certain degree o f  deformation, 
the structure is broken down, and the elasticity o f  the ER Fluid abruptly 
decreases (Cho et ai, 1998). For the electric field strength o f  2 kV/mm. G' is 
larger than G ” in both the linear and nonlinear viscoelastic regimes (Figure 
4.34). This is because this suspension behaves as solid-like under this electric 
field strength even at very high deformation. So the response o f  the 10 wt% 
PBA-1 suspension at electric field strength o f  2 kv/m m  is superior than those 
o f  the polyaniline suspension. In addition, the range o f  a linear viscoelastic is 
broader than polyaniline suspension (Mata, 2000). On the other hand. G ’ at 
electric field strengths o f  0 .25, 0.02 and 0 kv/m ra are smaller than G ” both in 
linear and nonlinear viscoelastic regimes (Figures 4 .38. 4 .39  and 4 .40). 
Because this suspension behaves as fluid-like at these electric field strengths 
even at very low deformation.

4.3.2 Transient Response
Figure 4.41 shows G' and G ” responses to an electric step 

field o f  2 kv/m m  o f  10 wt% PBA-1 suspension by the time sw eep test at the 
frequency o f  1 rad/s and 0.1 %strain. Under the electric step field application, 
the electric field o f  2 kv/m m  was repeatedly applied and released, the 
suspensions responded and equilibrated with the applied electric field within  
30 ร, which is faster than that o f  the polyaniline suspension (Mala. 2000). 
When the electric field was released, the G ’ and G ” o f  the sam ple recovered  
but did not com pletely recover to the original values possibly due to the strong
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hydrogen bondings (Id-bonding) between very small adjacent particles 
(K roschwiz and Mary, 1995).

J o  G' ill 2kV/mm
□  G" at 2kv/mmI 1________________

10 I ' 1 1 ' 1 1 1 I 1 ........... I .............. I , I I I , I I I .............. . I , , , 1,;
0 400 800 1200 1600 2000 2400

Time (ร)
Figure 4.41 G ’ and G ” dependence o f  the 10 wt% PBA-1 suspension at the 
electric step field strength o f  2 kV/mm and frequency o f  1 rad/s

4.3.3 Effect o f  Frequency
4.3.3.1 Linear viscoelastic regime

The measurement was performed with the frequency 
sweep measurement. The frequency was varied from 0 .05-100 rad/s. We 
chosed a strain in linear viscoelastic regime o f  a 0 . 1% strain for the electric 
field strengths o f  2. 1 and 0.5 kV/mm, a 0.5 %strain for the electric field 
strength o f  0.4 kV/mm, a 2 %strain for the electric field strength o f  0.25 
kV/mm, and a 10 %strain for the electric field strengths o f  0.02 and 0 kV/mm. 
This experiment was carried out to investigate the rheological behaviors as 
functions o f  the frequency and electric field strength. This experiment cannot
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be compared with polyaniline suspension due to the limitation o f  %strain in its 
linear viscoelastic regime.

Figures 4.42 and 4.43 show  the result o f  a 
frequency sweep test o f  10 wt% PBA-1 suspension at various electric field 
strengths in the linear viscoelastic regime. The storage modulus (G ’) and the 
loss modulus (G ” ) were measured as a function o f  frequency. At zero electric 
field, ER sample behaves like a viscous fluid in which the G ” is much higher 
than G ’ over the entire range o f  frequency. With an applied the electric field to 
the sample, the chain-like or fibrillated structure is formed in the suspension. 
The formation o f  the particle chains increases the resistance o f  fluid motion, 
which can be represented by the storage modulus (G ’). G ’ increases with the 
electric field strength under linear viscoelastic conditions, i.e. they becom e  
more elastic. On comparing the magnitude o f  the storage and the loss modulus 
at the electric field strengths o f  0.02 and 0.25 k v/m m , as represented by 
Figure 4.42 with Figure 4.43, G' are lower than G ’’ over the entire range o f  
frequency. These may be due to the fact that the chains are not com pletely  
expanded across the gap but they form separated short chains or attach to only 
one electrode. The storage modulus o f  the electric field strengths o f  0.4. 0.5. 1 

and 2 kV/mm seem s to depend weakly on frequency in the presence o f  the 
electric field but is strongly electric field dependent.

In Figure 4.43, under no electric field, G " increases 
linearly with frequency with the scaling exponent equal to 1 due to the fluid­
like behavior. In the presence o f  the electric field, G ” increases with 
increasing electric field strength because o f  the electric field strengthenes the 
electrostatic force at the contact area o f  the neighboring particles. 11' the 
electrostatic force between adjoining particles in a particle chain is increased, 
the strength o f  the chain can be enhanced, resulting in a greater ER effect 
(Yatsuzuka et al., 1995). For the electric field strengths o f  0.02 and 0.25  
k v /m m , there are no plateau and the scaling exponent equal to 1, because the
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very small number o f  chains are formed, or form only short separated chains, 
or attach to only one electrode. For electric field strengths o f  0.4. 0.5, 1 and 2 
kv/mm. the increase in G ” with the applied electric field at low frequency is 
more pronounced than that at high frequency. G ” show s a stronger frequency 
dependence at a lower electric field. It can be observed that G ” o f  10 wt% 
PBA-1 suspension at these electric field strengths exhibit plateaus ill the 
presence o f  the electric field due to the forming o f  the chain-like or fibrillate 
structure. The width o f  the plateau also depends on the electric field strength. 
The higher the electric field strength the broader the width o f  the plateau is 
observed. It can be concluded that the ER sample has a greater resistance to 
flow  when the electric field strength is greater. However, at high frequency, 
G ” becom es similar to that without an electric field, ER effect tends to 
diminish. The presence o f  the electrostatic field does not affect the rheological 
property o f  the sample in high frequency regime because the structure distorts.
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Figure 4.42 G' dependence on frequency of 10 wt% PBA-1 suspension at
various electric field strengths in the linear viscoelastic regime.
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Figure 4.43 G ” dependence on frequency o f  10 wt% PBA-1 suspension on 
various electric field strength in linear viscoelastic regime.

Upon increasing the electric field strength, it can be seen  
in Figure 4.44 that in the presence o f  0.4 kV/mm electric field, G' is higher 
than that o f  G ” at low frequency (< 8 ). These field-induced structure are 
viscoelastic in that a predominantly elastic response is observed at low  
deformation, but at higher frequencies particle motion produces a more 
viscous response. At higher frequency, the viscous behavior is more dominant. 
W hen comparing between 0.4, 0.5 and 1 kV/mm electric field strengths 
(Figures 4 .44, 4.45 and 4.46), the crossover points o f  G ’ and G ” are 8. 15 and 
20 rad/s at electric field strengths 0.4, 0.5 and 1 kV/mm, respectively due to 
the stronger electrostatic force between the particles in the chains. For the 
electric field strength o f  2 kV/mm (Figure 4 .47), the storage m odulus is higher 
than the loss modulus at all frequency. Because this suspension behaves as 
solid-like under this electric field strength even at very high deformation.
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Figure 4.44 G' and G ” dependence on frequency o f  10 wt% PBA-1 
suspension in the linear viscoelastic regime at the electric field strengths o f  0.4 

kV/mm.
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Figure 4.45 G ’ and G ” dependence on frequency o f  10 wt% PBA-1 
suspension in the linear viscoelastic regime at the electric field strengths o f  0.5 

kV/mm.
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Figure 4.46 G ’ and G ” dependence on frequency o f  10 wt% PBA-1 
suspension in the linear viscoelastic regime at the electric field strengths o f  1 
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Figure 4.47 G ’ and G ” dependence on frequency o f  10 wt% PBA-I 
suspension in the linear viscoelastic regime at the electric field strengths o f  2 

k v /m m .
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The tan Ô as a function o f  frequency at the 0, 0 .02, 0.25, 
0.4, 0.5, 1 and 2 kv/m m  electric field strengths for the 10 wt% PBA-1 
suspension is shown in Figure 4.48. The tangent o f  the phase angle ร, tan Ô. is 
the ratio o f  the out-of-phase to in-phase component: tan 8 = G ” (co)/G’(w)- For 
electric Held strengths o f  0. 0.02 and 0.25 kV/mm, tan Ô is higher than 1 at all 
frequency due to fluid-like behavior even at low deformation. Beyond these 
electric field strengths, tan Ô decreases with electric field strength. This ratio 
demonstrates that at electric field strengths o f  0.4. 0.5, and 1 kV/'mm at low- 
frequencies the in-phase modulus (G ’) dominates. Whereas the electric field 
strengths o f  2 k v/m m , tan 8 is lower than 1 at all frequency due to solid-like  
behavior even at high deformation.

Frequency (rad/s)
F igure 4.48 Tan 8 dependence on frequency o f  10 wt% PBA-1 suspension at 
various electric field strengths in the linear viscoelastic regime.
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The characteristic values o f  the storage and loss modulus 
at frequency o f  0.001 rad/s, lcJ' Jo and [G ,?]o, at various electric field strengths 
in the linear viscoelastic regime is shown in Figure 4.49 (their raw data are 
tabulated in Appendix F). There are 2 regimes. At electric field strength below  
0.25 k v/m m , Regime I, the suspension show s a fluid-like behavior because all 
[G ” jo values are larger than |G ’]o. Both values slightly increase with the 
electric field strengths due to the weak electrostatic force between the particles 
in the chains. The increase in [G ” ]o at low applied electric field is more 
pronounced than at high applied electric field. In Regim e II, where the electric 
field strength is above 0.4 kV/mm, the suspension shows a solid-like behavior 
because all [G ’]o values are larger than [G"|(). Both values rapidly increase 
with the electric field strengths due to the strong electrostatic force between

(N
c’๐o
๐.'■๐Io
๐

E (V/mm)
Figure 4.49 IG’]() and [G ” ]o at various electric field strengths in the linear 
viscoelastic regime.
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the particles in the chains. The increase in [G ’]o at high applied electric field is 
more pronounced than at low  applied electric field. The very interesting part is 
the region between the electric field strengths o f  0.25 and 0.4 kv/m m . There is 
a critical electric field strength for the transition from liquid to solid state.

4 .3 .3 .2  Nonlinear viscoelastic regime
We studied the effect o f  the electric field strength in the 

nonlinear viscoelastic regime, which is useful for designing many devices, 
such as active engine mounts, sock absorber, clutches, brakes and robotic 
devices. M ost o f  these devices operate in dynamic or transient m odes where 
the fluid will be subjected to finite deformations (Parthasarathy and 
Klingenberg, 1999). The experiment was performed with the frequency sw eep  
measurement in nonlinear viscoelastic regime at a constant %strain (600% ) for 
all electric field strengths (0, 0.02, 0.25, 0.5, 1, 2 k v/m m ). The frequency was 
varied from 0 .05-100 rad/s. The rheological properties o f  this suspension were 
measured as a function o f  electric field strength. Many structuring fluids such 
as suspensions and polymer solution show  nonlinear viscoelasticity  under 
large deformation. A dominating viscous contribution to the total dynamic 
response, the elastic effect in electrified ER fluid can be negligible at large 
strains. So we w ill not mention about the storage m odulus in the nonlinear 
viscoelastic region.

Figure 4.50 shows the result o f  frequency sw eep  
measurements o f  10 wt% PBA-1 suspension at various electric field strengths 
in the nonlinear viescoelastic regime. The loss modulus (G ” ) was measured as 
a function o f  frequency. Under the electric field strengths o f  0, 0 .02, 0.25 and 
0.5 k v/m m . G ” increase with frequency with the scaling exponent equal to 1. 
For the electric field strengths o f  1 and 2 kv/m m , the increase in G ” at low  
frequency is more pronounced than at high frequency. This can be explained  
by cluster statistics and micro-structural observations, show ing that the 
response at large strain amplitudes and small frequencies is dominated by



rupture and reformation o f  chains. At large frequency, the suspension behavior 
is similar that o f  a purely viscous fluid. Fibrous structures observed at lower 
frequency are degraded into much smaller aggregates under large strain 
amplitude (Parthasarathy and Klingenberg, 1999). Further more, these Cl”  
values are smaller than those o f  in linear viscoealstic regime for all electric 
field strengths due to the large deformation o f  the chain structures.

□  0.0 2  kv/mm  
A  0.25 kv/mm

I — V  E=0.5kV/mm j
o  E=1 kv/mm
o  E=2kV/mm

------ r 1—T—TTTT I I----1 1—I I I I I I I------1 1—I I II II I-----1 1 1 I TTTTj-----1 T T~ I Mill----- '

.001 .01 .1 1 10 100
Frequency (rad/s)

Figure 4.50 G ” dependence on frequency o f  10 wt% PBA-1 suspension at 
various electric field strengths in the nonlinear viscoelastic regime.
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The characteristic values o f  tire loss modulus at frequency 
o f  0.001 rad/s, [G"]o, at various electric field strengths in the nonlinear 
viscoelastic regime is shown in Figure 4.51 (its raw data are tabulated in 
Appendix F). They can be classified to be 2 regimes. Both regimes show  a 
fluid-like behavior because o f  the breakdown o f  internal fibrous structures 
under large deformation (Otsubo et ai, 1998). At electric field strength below  
0.5 kV/nrm. R egim e 1. exhibits plateau because the chains cannot be reformed 
at low  frequency under large deformation. Whereas Regim e IF where the 
electric field strength is above 0.5 kv/m m . the chains can be reformed at low  
frequency under large deformation. The higher the electric field strength the 
higher the reformation o f  chains is observed so the increase in |G"]() at high 
applied electric field is more pronounced than at low applied electric field.
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Figure 4.51 [G"]o at various electric field strengths in the nonlinear 
viscoelastic regime.
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