
CHAPTER II 
LITERATURE REVIEW

2.1 Fuel Cell

F u e l c e l ls  a r e  e le c t ro c h e m ic a l  d e v ic e s  f o r  e le c t r ic a l  e n e r g y  p r o d u c t io n  by  
u s in g  r e d o x  r e a c t io n  o f  fu e ls  i .e .,  h y d ro g e n , n a tu ra l  g a s  o r  o th e r  h y d r o c a r b o n - b a s e d  
fu e ls  a n d  o x id a n t . F u e l  c e ll h a s  b e e n  c o n s id e re d  to  b e  o n e  o f  th e  m o s t  p r o m is in g  
a l te rn a t iv e  e n e r g ie s  b e c a u s e  o f  lo w  p o llu t io n  a n d  h ig h  e f f ic ie n c y  o f  th e  e n e rg y  
sy s te m  fo r  u s in g  in  s e v e ra l  a p p l ic a t io n s  s u c h  a s  a u to m o t iv e ,  p o r ta b le  d e v ic e s ,  an d  
s ta t io n a ry  p o w e rs .  T h e  in c re a s in g  c o n c e rn s  a b o u t  e n v i r o n m e n ta l  p r o b le m s  a re  th e  
m a in  f a c to r s  th a t  h a v e  m o t iv a te d  th e  d e v e lo p m e n t  o f  fu e l c e ll .

T h e  m a in  c o m p o n e n ts  o f  a  s in g le  fu e l c e ll c o n s is t  o f  a n  e le c t ro ly te  
s a n d w ic h e d  b e tw e e n  tw o  e le c t ro d e s  w h ic h  a re  a n o d e  a n d  c a th o d e  a s  s h o w n  an  
e x a m p le  o f  h y d r o g e n /o x y g e n  fu e l c e ll  in  F ig u re  2 .1 . In  p r in c ip l e ,  th e  o p e r a t io n  o f  
fu e l c e ll  is  s im ila r  to  b a t te ry . T h e y  p ro d u c e  e le c t r ic a l  e n e rg y  f ro m  e le c t ro c h e m ic a l  
r e a c t io n s  ( K ir u b a k a r a n  et al, 2 0 0 9 ) .
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Figure 2.1 S c h e m a tic  d r a w  o f  a  s in g le  fu e l c e ll  c o m p o n e n ts  a n d  o p e ra t io n s  b a s e d  o n  
h y d r o g e n /o x y g e n  f u e l  c e ll  (C a r re t te  et a l, 2 0 0 1 ) .
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In g e n e ra l , fu e l c e l ls  a re  c la s s i f ie d  in to  s ix  m a in  ty p e s  b a s e d  o n  e le c t ro ly te  
an d  fu e l u s e d  in  th e  c e l l  w h ic h  a re  a lk a l in e  fu e l c e ll  ( A F C ) ,  p o ly m e r  e le c t ro ly te  
m e m b ra n e  fu e l c e ll ( P E M F C ) ,  s o l id  o x id e  fu e l c e ll  ( S O F C ) , m o l te n  c a r b o n a te  fu e l 
ce ll ( M C F C ) ,  p h o s p h o r ic  a c id  fu e l c e l l  ( P A F C ) , a n d  d i r e c t  m e th a n o l  fu e l ce ll 
(D M F C ) . A n  o v e rv ie w  o f  th e  fu e l c e ll ty p e s  is  g iv e n  in  T a b le  2 .1 .

Table 2.1 C h a ra c te r i s t ic s  o f  d i f f e re n t  ty p e s  o f  fu e l c e ll  ( C a r r e t te  et a l,  2 0 0 1 ; 
K iru b a k a ra n  et al, 2 0 0 9 )
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2.2 Polymer Electrolyte Membrane Fuel Cell (PEMFC)

A m o n g  th e  v a r io u s  ty p e s  o f  fu e l c e l l ,  P E M F C  is  th e  m o s t  p r o m is in g  
c a n d id a te  fu e l c e ll  s y s te m  b e c a u s e  P E M F C  h a s  s e v e ra l a t t r a c t iv e n e s s  s u c h  a s  l ig h t 
w e ig h t, th e  c o m p a c tn e s s ,  in c lu d in g  th e  h ig h  p o w e r  d e n s i ty  a n d  is  c o n s id e r e d  to  b e  
s u i ta b le  fo r  p o r ta b le  e le c tr ic a l  d e v ic e s  a n d  a u to m o t iv e s  ( A n d ü ja r  a n d  S e g u ra , 2 0 0 9 ) .

T h e  e le c t ro c h e m ic a l  r e a c t io n s  in  P E M F C  o c c u r  o n  b o th  a n o d e  a n d  c a th o d e  
_ o f  th e  c e ll  b y  a p p ly in g  h y d ro g e n  a s  a  fu e l a n d  o x y g e n  o r  a i r  a s  a n  o x id a n t .  A t th e  

a n o d e , h y d ro g e n  is  o x id iz e d  b y  a  c a ta ly s t  o n  th e  s u r fa c e  o f  m e m b r a n e  f o r  g e n e ra t in g  
p ro to n s  a n d  e le c t ro n s . T h e  p ro to n s  p a s s  th ro u g h  th e  p o ly m e r  e le c t ro ly te  m e m b ra n e  
a n d  w e re  r e d u c e d  a n d  r e c o m b in e d  b y  o x y g e n  a n d  e le c t ro n  to  g e n e r a te  w a te r  a n d  h e a t 
as by  p ro d u c ts .  In  th is  s ta te , th e  e le c t ro n s  f lo w  th ro u g h  w i re  g e n e r a t in g  e le c t r ic a l  
c u r re n t. T h e  r e a c t io n s  a re  a s  fo l lo w in g :

A n o d e : O F F  - »  2 H + +  2 e ‘ (1 )
C a th o d e : 0 2 +  2 FT  +  2 ๙  - >  H 20 (2 )
O v e ra l l : F l2 +  1 ;0 2 _ ->  F120  +  e le c t r ic i ty  +  h e a t (3 )

T h e o re t ic a l ly ,  th e  e le c tr ic a l  p o te n tia l  d i f f e re n c e  b e tw e e n  c a th o d e  a n d  a n o d e  
is e q u a l  to  1 .2 2 9  V  (a t  2 5  °c a n d  1 a tm )  w h e n  p u re  h y d r o g e n  a n d  p u re  o x y g e n  a re  
u se d  a s  fu e l a n d  o x id a n t ,  r e s p e c tiv e ly . In  p ra c t ic e ,  th e  e n e rg y  lo s s e s  a re  a lw a y s  fo u n d  
in th e  fu e l c e ll , a s  a  c o n s e q u e n c e , th e  ce ll p o te n t ia l  d i f f e r e n c e  is  n o t  id e a l  a n d  
d im in is h e s  to  b e  ~  0 .7 - 0 .8  V  fo r  th e  o p tim a l fu e l c e ll p e r f o rm a n c e  (L i, 2 0 0 6 ) .

O n e  o f  th e  m o s t  im p o r ta n t  p a r ts  in  P E M F C  s y s te m s  is  th e  p o ly m e r  
e le c tro ly te  m e m b ra n e  (P E M ) w h ic h  w o rk s  a s  a  p r o to n  e x c h a n g in g  p a r t  a s  w e ll  a s  a 
b a r r ie r  f o r  fu e l a n d  o x id a n t .  T h e re  a re  s e v e ra l r e q u i r e m e n ts  o f  P E M  a s  P E M F C s  fo r  
e x a m p le  h ig h  p r o to n  c o n d u c tiv i ty ,  e x c e lle n t  e le c t ro n ic  in s u la to r ,  g o o d  m e c h a n ic a l  
a n d  c h e m ic a l  s ta b i l i t ie s ,  lo w  fu e l c ro s s o v e r ,  a n d  lo w  c o s t  ( A lb e r t i  et al, 2 0 0 1 ; 
D e v a n a th a n , 2 0 0 8 ) . C o n s e q u e n t ly ,  s e v e ra l  p o ly m e r  m e m b r a n e s  h a v e  b e e n  d e v e lo p e d  
fo r  th e  u se  a s  e le c t ro ly te s  in  P E M F C . T y p ic a l ly ,  b a s e d  o n  th e  ty p e  o f  p r o to n
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c o n d u c t iv e  s p e c ie s , P E M s  a re  c la s s i f ie d  in to  tw o  m a in  s y s te m s :  h y d r o u s -b a s e d  
m e m b ra n e  s y s te m  (e .g . ,  p r o to n s  t r a n s p o r t  th o u g h  w a te r  m o le c u le s )  a n d  a n h y d ro u s -  
b a s e d  m e m b r a n e  s y s te m  (e .g .,  p r o to n s  tr a n s p o r t  th ro u g h  o th e r  s p e c ie s  s u c h  a s  
h e te ro c y c le s ) .

2 .2 .1  H y d r o u s - b a s e d  M e m b ra n e  S y s te m
A t p re s e n t , p e r f lu o ro s u lf o n ic  a c id  ( P F S A )  p o ly m e r  is  th e  k e y  m a te r ia l  

fo r  p o ly m e r  e le c tro ly te s . N a fio n ®  d e v e lo p e d  b y  D u P o n t  w a s  f i r s t ly  a p p l ie d  in  1 9 6 6  
a n d  is s t i l l  th e  m o s t w id e ly  u s e d  a s  io n -e x c h a n g e  m e m b ra n e  in  P E M F C  p r o to ty p e s  
(F ig u re  2 .2 ) . N afio n ®  c h a in  c o n s is ts  m a in ly  o f  a  p o ly ( te t r a f lu o r o e th y le n e )  ( P T F E )  
b a c k b o n e , w h ic h  s ta t is t ic a l ly  f o n n s  s e g m e n ts  o f  s e v e ra l  u n its  in  le n g th ,  a n d  a  fe w  
p e r f lu o r in a te d  v in y l p o ly e th e r  b ra n c h e s . T h e  b r a n c h e s , f u n c t io n a t in g  a s  a  f le x ib le  
p e n d a n t , c o m b in e  th e  P T F E  b a c k b o n e  w h ic h  c a r r ie s  a  te r m in a l  a c id ic  g r o u p  
s u p p o r t in g  w a te r  m o le c u le s  a s  a  w a te r  c lu s te r  fo r  p r o to n  t r a n s f e r r in g .  A s  a 
c o n s e q u e n c e , p ro to n  c a n  b e  t r a n s fe r r e d  th ro u g h  th e  m e m b ra n e . T h is  r e s u l t s  in  a n  
e x c e lle n t  p r o to n  c o n d u c t iv i ty  o f  P F S A  m e m b ra n e s  e .g . ,  9 x l0 " 3 ร  c m '1 - 1 .2 x 1 0 " ' ร  
cm "1 a t 8 0  °c in  a  re la t iv e  h u m id i ty  (R H )  ra n g e  o f  3 4 -1 0 0  %  ( A lb e r t i  et al. , 2 0 0 1 ) .

- fC F 2-C F 2)^C F2- Ç F ^
( 0 - C F 2- Ç F ^ 0 - f C F 2)fr ร 0 3H

c f 3

Figure 2.2 S tru c tu re  o f  c o m m e r c ia l  P F S A  p o ly m e rs ,  N a fio n ® : m = l  ; ท= 2 ; x = 5 - l  3 .5 ;  
y = l ,  F le m io n ® : m = 0 , l ;  ท= 1 - 5 ;  x = 5 —1 3 .5 ; y = l ,  A c ip le x ® : m = 0 ; ท= 2 --5 ; X = 1 .5 —14: 
y = l ,  D o w ® : m = 0 ; ท= 2 ; x = 3 .6 - 1 0 ,  y = l  ( H e i tn e r -W irg u in ,  1 9 96 ).

A lth o u g h  P F S A  m e m b ra n e s  a re  c u r r e n t ly  in te n s iv e ly  u s e d  in  P E M F C  
as  th e y  m e e t  th e  r e q u i r e m e n ts  o f  h ig h  p r o to n  c o n d u c t iv i ty  (9 -1 2 0  m S  c m '1 a t 8 0  ๐c  in 
R H  ra n g e  o f  3 4 -1 0 0  % ) ( A lb e r t i  et al, 2 0 0 1 ) ,  o u ts ta n d in g  c h e m ic a l  s ta b i l i ty  ( in  H 2 O 2 

a t t e m p e ra tu re  u p  to  8 0  °C ) (H e i tn e r -W irg u in , 1 9 9 6 ; K in u m o to  et al, 2 0 0 6 ) ,  a n d  
lo n g e v ity  ( 6 0 ,0 0 0  h a t 8 0  ๐C )  (K e r re s , 2 0 0 1 ) , th e re  a r e  s e v e ra l m a jo r  d r a w b a c k s  fo r
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e x a m p le  h ig h  c o s t , s p e c ia l  c a u t io n s  re q u ire d  in m a n u fa c tu r a i  p r o c e s s ,  s y s te m  
c o m p lic a t io n , w o rk in g  te m p e ra tu re  l im i ta t io n  u n d e r  10 0  ๐c ,  a n d  fu e l c ro s s o v e r .

A s  a  re s u lt  o f  p h a s e  s e p a ra t io n  b e tw e e n  h y d r o p h o b ic  f lu o ro c a rb o n  
b a c k b o n e  a n d  w a te r - s u r ro u n d e d  h y d r o p h i l ic  en d  g r o u p s  o f  s u l fo n ic  a c id  s p e c ie s ,  
w a te r  c lu s te r  n e tw o rk s  ( l iq u id  s ta te )  w i th  n a r ro w  c h a n n e ls  c o n n e c te d  w e re  fo rm e d  
(E ik e r lin g  et al, 1 9 9 7 ). F o r  h y d ro u s  m e m b ra n e , p r o to n  c o n d u c t iv i ty  c r i t i c a l ly  
d e p e n d s  o n  th e  d e g re e  o f  m e m b ra n e  h y d ra t io n  (K re u e r  ej al, 2 0 0 8 ) .  T h e  h ig h e r  th e  
a m o u n t o f  w a te r  in s id e  th e  m e m b ra n e , th e  h ig h e r  th e  p r o to n  c o n d u c t iv i ty .

T o  o v e rc o m e  th e  d r a w b a c k s  o f  th e  c o n v e n t io n a l  P F S A  h y d r o u s -b a s e d  
p o ly m e r  e s p e c ia l ly  th e  N a fio n ®  m e m b ra n e ,  v a r io u s  a p p r o a c h e s  h a v e  b e e n  m a d e , i .e ., 
a d d in g  a d d i t iv e s  to  r e ta in  w a te r ,  e n h a n c e  p ro to n  c o n d u c t iv i ty  a n d  in c re a s in g  P E M F C  
w o rk in g  te m p e ra tu re  w ith  a u to - h u m id if ic a t io n  to  a c c e le r a te  p r o to n  m o v e m e n t  
(H o g a r th  a n d  B e n z ig e r ,  2 0 0 6 ) .

A d d i t iv e s  im p ro v e  w a te r  re te n tio n , th e rm a l  s ta b i l i ty ,  p r e v e n t in g  fu e l 
c ro s s o v e r , a n d  p r o to n  t r a n s f e r  e f f ic ie n c y . U p  to  p re s e n t , v a r io u s  ty p e s  o f  a d d i t iv e s  fo r  
e x a m p le  a c id s ,  i.e  B r o n s te d  a c id s  (S a v in e l l  et al, 1 9 9 4 ), p o ly m e r ,  i.e  P T F E  
( F in s te r w a ld e r  a n d  H a m b itz e r ,  2 0 0 1 ) , in o rg a n ic , i.e . m e ta l  o x id e  ( A d je m ia n  et al, 
2 0 0 2 ; A d je m ia n  et al, 2 0 0 6 ) , a n d  c la y  in c lu d in g  o rg a n ic ,  i.e . h e te ro c y c l ic  
c o m p o u n d s  h a v e  b e e n  in v e s t ig a te d .

S a v in e ll  a n d  c o w o r k e r s  re p o r te d  th a t b y  a d d in g  p h o s p h o r ic  a c id , th e  
p e r fo rm a n c e  o f  N afio n ®  1 1 7  m e m b ra n e  w a s  e n h a n c e d  ( S a v in e l l  et al, 1 9 9 4 ). T h e  
re a c tio n  k in e t ic s  a c c o m p a n ie d  b y  h ig h  p r o to n  c o n d u c t iv i ty  (< 0 .0 5  F T 1 c m -1) u p  to  
2 0 0  ๐c  a s  w e l l  a s  lo w e r  m e th a n o l  c r o s s o v e r  a s  c o m p a re d  to  N a f io n ®  11 7  m e m b ra n e  
w e re  a c h ie v e d .

M o re o v e r ,  d is p e r s io n  o f  o th e r  in o rg a n ic  m a te r ia ls  s u c h  a s  s i l ic o n  
d io x id e  (S iC h )  (A d je m ia n  et al, 2 0 0 2 ;  A d je m ia n  et al, 2 0 0 6 ) ,  t i ta n iu m  d io x id e  
(T iC h ) ( A d je m ia n  et al, 2 0 0 6 ; J ia n - h u a  et al, 2 0 0 8 ;  Z h e n g b a n g  et al, 2 0 1 1 ) ,  
z irc o n iu m  d io x id e  (ZrC>2 ) ( S a c c à  et al, 2 0 0 6 ) ,  an d  z i r c o n iu m  p h o s p h a te  (Z rP )  ( B a u e r  
a n d  W ille r t - P o r a d a , 2 0 0 5 ;  A rb iz z a n i  et al, 2 0 1 0 ), e tc . in  th e  P T F E  m e m b ra n e s  n o t 
o n ly  re ta in  w a te r  a t e le v a te d  te m p e ra tu re  b u t a lso  im p ro v e  m e c h a n ic a l  p r o p e r t ie s  
w e re  in v e s t ig a te d . A  s ig n i f ic a n t  im p ro v e m e n t  in p r o to n  c o n d u c t iv i ty  a t e le v a te d  
te m p e ra tu re  w a s  fo u n d  in  P F S A  in c o rp o ra t in g  p e r f lu o r in a te d  io n o m e r s  a n d
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h e te ro p o ly a c id s  s u c h  a s  p h o s p h o tu n g s t ic  a c id , p h o s p h o m o ly b d e n ic  a c id , p h o s p h o t in  
a c id , a n d  c e s iu m  h y d ro g e n  s a l t  o f  h e te ro p o ly a c id s  ( X u  et al, 2 0 0 5 ;  R a m a n i et al,
2 0 0 6 ) . T a z i a n d  S a v a d a g o  p re p a re d  th e  c o m p o s i te  m e m b ra n e  o f  N a f io n ®  11 7 w ith  
th e  in c o rp o ra t io n  o f  s i l ic o tu n g s t ic  a c id  (S A )  o r  th io p h e n e  (T H )  in  o r d e r  to  e n h a n c e  
th e  io n ic  c o n d u c t iv i ty  a n d  p o w e r  d e n s i ty  (T a z i a n d  S a v a d o g o ,  2 0 0 0 ) .  T h e  h ig h e s t  
c u r re n t d e n s i ty  o f  8 1 0  m A  c m '2 a t 6 0 0  m V  w a s  a c h ie v e d  f ro m  T H  in c o rp o ra te d  
N afio n®  117 w h ile  th a t  o f  N afio n ®  117 w a s  o n ly  6 4 0  m A  c m '2.

It is  im p o r ta n t  to  n o te  th a t  th e  a d d i t io n  o f  a d d i t iv e s  m ig h t  in d u c e  
p h a s e ' s e p a r a t io n , p o re s , r o u g h n e s s ,  e tc . ,  r e s u l t in g  in  d e f e c ts  o f  m e m b ra n e s . 
G o s a la w it  a n d  c o w o r k e r s  d e m o n s tr a te d  a n  a p p ro a c h  to  d e v e lo p  m is c ib i l i ty  b e tw e e n  
s il ic a  a n d  N a fio n ®  (G o s a la w it  et al, 2 0 0 6 ) .  T h e  fa c t th a t  th e  s t r u c tu r e  o f  K ry to x  is 
s im ila r  to  N a f io n ® , a  c o u p l in g  r e a c t io n  b e tw e e n  s il ic a  a n d  K ry to x  b r o u g h t  n o t o n ly  
w e l l -d is p e rs e d  s i l ic a  in  th e  m e m b ra n e  w ith o u t  p h a s e  s e p a r a t io n  b u t a ls o  an  
e n h a n c e m e n t o f  w a te r  r e te n t io n  a n d  th e rm a l s ta b il i ty . A n  a d d i t io n  o f  5 w t%  K ry to x -  
S i in  N afio n®  w a s  fo u n d  to  m a in ta in  th e  p r o to n  c o n d u c t iv i ty  a t 10"3 ร  c m '1 a t 130  ๐c .

C u r re n t ly ,  a c id - f u n c t io n a l iz e d  a ro m a tic  m e m b r a n e s ,  e .g . s u l fo n a te d  
p o ly (e th e r  e th e r  k e to n e )  (Z a id i  et al, 2 0 0 0 ) ,  s u lfo n a te d  p o ly ( e th e r  s u l f o n e )  ( W a n g  et 
al, 2 0 0 2 ) , p o ly s u lf o n e s  g ra f te d  w ith  p o ly (v in y lp h o s p h o n ic  a c id )  ( P a r v o le  a n d  
J a n n a s c h , 2 0 0 8 ) ,  s u lfo a ry la te d  p o ly b e n z im a d a z o le  ( K a w a h a ra  et al, 2 0 0 0 ) ,  
s u lfo n a te d  p o ly im id e s  (G e n ie s  et al, 2 0 0 1 ) ,  a n d  s u l fo n a te d  p o ly (p h e n y le n e  s u l f id e )  
(M iy a ta k e  et al, 1 9 9 6 ) ( F ig u re  2 .3 )  h a v e  b e e n  w id e ly  in v e s t ig a te d  fo r  P E M  o w n in g  
to  th e ir  g o o d  th e rm a l ,  m e c h a n ic a l ,  a n d  c h e m ic a l  s ta b i l i t ie s  w i th  a f f o r d a b le  c o s t  a n d  
w id e  a v a i la b i l i ty .

S u l fo n a te d  p o ly (e th e r  e th e r  k e to n e )  ( S P E E K )  is  o n e  o f  th e  m o s t  
s u c c e s s fu l a r o m a t ic  P E M s  d u e  to  its  g o o d  p e r fo rm a n c e  in  c o n d u c t in g  p r o to n s  a n d  
re d u c in g  m e th a n o l  c r o s s o v e r .  S P E E K  c o m p o s ite  m e m b r a n e s  b le n d e d  w ith  
h e te ro p o ly a c id s ,  i .e ., tu n g s to p h o s p h o r ic  a c id  (T P A )  a n d  m o ly b d o p h o s p h o r ic  a c id  
(M P A )  w e re  r e p o r te d  a b o u t  th e ir  s ig n if ic a n t  th e rm a l s ta b i l i ty  (Td a b o v e  2 5 0  ° C )  a n d  
m e c h a n ic a l s ta b i l i ty  w ith  g o o d  p r o to n  c o n d u c t iv i ty  e i th e r  a t ro o m  te m p e r a tu r e  ( 10"2 ร 
c m '1) o r  a b o v e  10 0  °c ( 1 0 ‘‘ ร  c m '1) (Z a id i  et al, 2 0 0 0 ) .  It s h o u ld  b e  n o te d  th a t  th e  
p r o to n  c o n d u c t iv i ty  o f  S P E E K  d e p e n d s  o n  th e  d e g re e  o f  s u l f o n a t io n  ( G o s a la w i t  et 
al, 2 0 0 9 ).



9

-fçH -----CH2 ÇH-----CH2 ช ุ-ช ุ: :
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Sulfonated poly(ether sulfone)

s o 3H

+
s o 3H

k n

Sulfonated poly(ether ether ketone)

ชุ:ชุCrชุชุชุ0tn
HO3S s o 3H

Sulfoarylated polybenzimadazole

S0A OH
f  OH

Polysulfones grafted with Sulfonated
poly(vinylphosphonic acid) poly(phenylene sulfide) Poly(styrene-b-vinylbenzylphosphonic acid)

{ร::̂ 0- ^ 04
Sulfonated polyimides

ว 3 ร S0 3H

ช ุช ุร 02ช ุช ุ302ช ุช ุ02ช ุช ุ30ช ุ] : ช ุ302ช ุช ุ302ช ุช ุ302ช ุช ุ30ช ุ

Sulfonated poly(phenylene sulfone)

Sulfonated Poly(arylene ether sulfone ketone)

Hexafluoroisopropylidenecontaining sulfonated poly(arylene thioether 
phosphine oxide)s

Sulfonated polytphenylene oxide) 
bearing polyfluorostyrene side chains

Polystyrene-Pcly(vinylphosphonic 
acid) Block Copolymers

Figure 2.3 Aromatic polymers (Miyatake e t a l ,  1996; Kawahara e t a l ,  2000; Zaidi
et a l ,  2000; Genies et a l ,  2001; Wang e t a l ,  2002; Parvole and Jannasch, 2008).
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2 .2 .2  A n h y d r o u s - b a s e d  M e m b ra n e s
A s  w e ll k n o w n , a n  in c re a s e  o f  o p e ra t in g  te m p e r a tu r e  to  m o r e  th a n  120 

°c le a d s  to  a  s ig n i f ic a n t  im p ro v e m e n t  in  C O  to le r a n t  o f  e le c t r o d e  c a ta ly s ts ,  
e s p e c ia l ly  p la t in u m , r e s u l t in g  in  a p p l ic a b i l i ty  o f  h y d r o g e n  g a s  o b ta in e d  f ro m  
r e fo rm in g  p r o c e s s  (Y a n g  et al, 2001). P ro to n  m o v e m e n t  a c c e le r a t io n  a t h ig h e r  
te m p e ra tu re  a ls o  p ro v id e s  a  h ig h e r  p r o to n  c o n d u c tiv i ty .  H o w e v e r ,  e v a p o r a t io n  o f  
w a te r  in s id e  th e -m e m b r a n e  l im i ts  w o rk in g  te m p e ra tu re  to  b e  lo w e r  th a n  100 °c. T h is  
le a d s  to  a  l im i ta t io n  o f  h y d ro u s -b a s e d  m e m b ra n e ,  th e re f o r e  m a n y  r e s e a r c h e r s  f o c u s  
o n  a l t e rn a t iv e  p o ly m e r s  fo r  P E M F C  w h ic h  fu n c t io n s  in  w a te r - f r e e  o r  a n h y d ro u s  
c o n d i t io n s  ( B e u s c h e r  et al, 2005).

H e te ro c y c le s  a r e  p o te n tia l  c o m p o u n d s  a s  p r o to n  t r a n s f e r  c h a n n e ls  d u e  
to  ( i)  a m p h o te r ic  b e h a v io r  w h ic h  c a n  e i th e r  d o n a te  o r  a c c e p t  p r o to n s  a n d  ( i i)  h ig h  
th e rm a l s ta b i l i ty  le a d in g  to  a  d e v e lo p m e n t  o f  h e te ro c y c le s  to  u s e  a s  p r o to n  
c o n d u c tiv e  s p e c ie s  in s te a d  o f  w a te r  in  a n h y d ro u s  s y s te m . K re u e r  a n d  c o w o r k e r s  
in v e s t ig a te d  th e  u s e  o f  h e te ro c y c le s  i .e .,  im id a z o le ,  a n d  p y ra z o le  a s  a c id ic  p r o to n  
t r a n s fe r  s p e c ie s  (K re u e r  et al. , 19 98 ). I m id a z o le  is o n e  o f  th e  s im p le s t  h e te ro a ro m a tic  
c o m p o u n d s  th a t  h a v e  b e e n  s u c c e s s iv e ly  s tu d ie d  a s  p r o to n  c o n d u c t iv e  s p e c ie s  d u e  to  
its  m e lt in g  p o in t  a n d  b o i l in g  p o in t  a t 9 0  ๐c  a n d  2 5 6  °c, r e s p e c t iv e ly .  P ro to n  t r a n s f e r  
m e c h a n is m  o f  th e  n e a t  im id a z o le  w a s  r e p o r te d  b y  M ü n c h  et al, 2 0 0 1 . T h e  
m e c h a n is m  in v o lv e d  w ith  a  d i f f u s io n  o f  e x c e s s  p ro to n s  in  th e  fo rm  o f  p r o to n  t r a n s f e r  
a n d  lo c a l c o o p e r a t iv e  r e o r ie n ta t io n  w a s  p ro p o s e d . C o n s e q u e n t ly ,  in v e s t ig a t io n s  o f  
h e te ro c y lc le s  b a s e d  P E M F C , e .g ., m ix in g  - im id a z o le  d e r iv a t iv e s  a s  a  p r o to n  
c o n d u c t iv e  a d d i tv e ,  c o n ju g a t in g  o n  p o ly m e r  .b a c k b o n e  ( im id a z o le  s id e  c h a in )  a n d  
h e tro c y c le s  o n  p o ly m e r  b a c k b o n e  p ro v e d  th a t  im id a z o le s  e f f e c t iv e ly  fu n c t io n  in  
p r o to n  c o n d u c t iv i ty .  T h e  f a c t  th a t im id a z o le  a n d  o th e r  d e r iv a t iv e s  fo r  a n h y d ro u s  
P E M  m o s tly  r e q u i r e  p r o to n ic  s o u rc e s  to  in i t ia te  p ro to n  tr a n s f e r .

F o r  ty p e  I (F ig u re  2 .4 ) , im id a z o le  d e r iv a t iv e s  m ix e d  w i th  a c id s  w e re  
s tu d ie d  to  u n d e r s ta n d  h o w  p ro to n  t r a n s f e r  o c c u rs  th r o u g h  h e te ro c y c l ic  s tru c tu re .  
K re u e r  a n d  c o w o r k e r s  s h o w e d  th a t  im id a z o le  a c ts  a s  p r o to n  d o n o r - a c c e p to r  in th e  
p r o to n  t r a n s f e r  p r o c e s s  a s  o b s e rv e d  its  c o n d u c t iv i ty  in c re a s e d  w i th  te m p e r a tu r e  u p  to  
12 0  °c (~ 2  Q ' . c m ' . K )  ( K re u e r  et al, 1 9 9 8 ). W h e n  a c id s  p r o to n a te d  im id a z o le s  
fo rm e d , it a l lo w s  a n  e n h a n c e m e n t  o f  p r o to n  c o n d u c tiv i ty .  S c h u s te r  a n d  c o w o r k e r s



fu n c t io n a l iz e d  im id a z o le s  o n to  e th y le n e  o x id e  o l ig o m e rs  a n d  d e m o n s t r a te d  p ro to n  
t r a n s f e r  o f  im m o b il i z e d  h e te ro c y c le s  a lo n g  h y d r o g e n  b o n d  p a t te r n  a s  a  r e s u l t  o f  lo ca l 
d y n a m ic s  o f  a g g re g a te d  s t r u c tu r e s  (S c h u s te r  et a l,  2 0 0 1 ) .  P r o to n  c o n d u c t iv e  p a th w a y  
o f  s e l f - a s s e m b le d  a c id -b a s e  c o m p o s i te  w a s  in v e s t ig a te d  th r o u g h  a  c a s e  s tu d y  o f  
a c id ic  s u r fa c ta n t  m o n o d o d e c y l  p h o s p h a te  ( M D P )  a n d  b a s ic  s u r f a c ta n t  2 - 
u n d e c y l im id z o le  (U I)  s y s te m  (Y a m a d a  a n d  H o n m a , 2 0 0 4 ) .  T h e  o r d e r e d  m o le c u la r  
a r r a n g e m e n t  o f  U I -M D P  r e s u l te d  in - la m e l la r  p a c k in g  s t r u c tu r e  w ith  tw o - d im e n s io n s  
o f  p r o to n  c o n d u c t in g  p a th w a y .

/  c f 3s o 3h

เทาidazole/Sulfanilic acid Imidazole-terminated ethyleneoxide oligomer/
Trifluoromethanesulfonic

H

o
O - P - O H

O H

Monododecyl phosphate (MDP)/ 
2-undecylimidzole (บ!)

Figure 2.4 Im id a z o le -b a s e d  c o m p o u n d s  fo r  P E M F C : ty p e  I - m ix in g jm id a z o l e  
d e r iv a t iv e s  w ith  o th e r  s p e c ie s .

In  th e  c a s e  o f  ty p e  II (F ig u re  2 .5 ) ,  a s  r e v ie w e d  in  T a b le  1 , im id a z o le  
d e r iv a t iv e s  w e re  d e v e lo p e d  a s  a n h y d ro u s  m e m b r a n e s  b y  in c o r p o ra te d  in  th e  p o ly m e r  
m a tr ic e s ,  fo r  e x a m p le ,  s u l fo n a te d  p o ly  e th e r  k e to n e  ( S P E K ) ,  N a f io n ® , p o ly (a c ry l ic  
a c id )  (P A A ) , p o ly ( v in y lp h o s p h o n ic  a c id )  ( P V P A ) ,  p o ly (v in y l  a lc o h o l ) - s u l f o s u c c in ic  
a c id  ( P V A -S A A ) , a lg in ic  a c id  (A L ) , s u l fo n a te d  p o ly ( e th e r  e th e r  k e to n e )  (S P E E K ) , 
a n d  s u l fo n a te d  p o ly im id e  (S P I ) . T h e  b le n d  m e m b ra n e s  s h o w e d  th e  m a x im u m  p ro to n  
c o n d u c t iv i t ie s  in  th e  r a n g e  o f  1 O' 1 - 10 "3 ร c m ' 1 a t  h ig h  te m p e r a tu r e  ( > 1 2 0  c°j. T h e  
p r o p e r t ie s  o f  im id a z o le  a s  s o lv e n t  fo r  a c id ic  p r o to n  t r a n s f e r  in  p o ly m e r  m a tr ix  o f
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s u lfo n a te d  p o ly  e th e r  k e to n e  w e re  s tu d ie d  ( K re u e r  et al. , 1 9 9 8 ) . It w a s  f o u n d  th a t 
im id a z o le ,  a c t in g  a s  p r o to n  d o n o r  a n d  a c c e p to r ,  p e r f o rm e d  s im i l a r  b e h a v io r  to  w a te r  
in  p r o to n  tr a n s fe r  p r o c e s s .  T h e  p r o to n  c o n d u c t iv i ty  o f  th e  s y s te m  in c re a s e d  w i th  an  
in c re a s e  o f  im id a z o le  c o n c e n t r a t io n  a n d  te m p e ra tu re .  U p  to  1 5 0  ๐c ,  s u l f o n a te d  p o ly  
(e th e r  k e to n e )  w ith  th e  m o le  n u m b e r  o f  im id a z o le  fo r  6 .7  t im e s  to  th a t  o f  S O 3 H  
sh o w e d  a  h ig h e r  c o n d u c t iv i ty  th a n  th e  p u re  s u l fo n a te d  p o ly  e th e r  k e to n e  s a tu ra te d  
w ith  w a te r . T h is  in d ic a te d  th a t th e  io n ic  c o n d u c t iv i ty  w a s  b a s e d  o n  in te r m o le c u la r  
p ro to n  t r a n s fe r  r e a c t io n s  ra th e r  th a n  s e l f  d i f f u s io n  b e lo n g in g  to  a ll p r o to n s  o f  
im id a z o le  in c lu d in g  a c id  p ro to n s .



13

s o 3h

Sulfonated polyetherketone (sPEK)/lmidazole Poly(vinylphosphonic acid) (PVPA)/lmidazole

- (C F2-C F 2) ( C F . - C F ^

, 0 - C F 2— ÇF—0 - ( c F 2)—S03H
/  n ^ n h  \ 2
/  \= J  c p 3

Nafion/lmidazole

—[-CH2—CH-j—
O'-^yX)

H-N0NH
Poly(acrylic acid) (PAA)/lmidazole

' ก 1 11 ทาOH 0

N ^N H

Poly(vinyl alcohoi)-sulfosuccinic acid (PVA-SAA) 
/Imidazole

H2SO4 doped sulfonated polyimide (sPI)//V-methyl 
imidazolium tetrafluoroborate

Sulfonated poly(ether ether ketone) (SPEEK)/1-butyl- 
3-methylimidazolium-tetrafluoroborate (BuMelmBF4)

Figure 2 .5  I m id a z o le -b a s e d  c o m p o u n d s  fo r  P E M F C : ty p e  I I - in c o r p o r a t in g  in to  
p o ly m e r  m a tr ic e s .

R e c e n t ly ,  io n ic  l iq u id s ,  l iq u id  s a l t s  a t  ro o m  te m p e r a tu r e  c o n s is t in g  o f  
o rg a n ic  c a t io n  a n d  in o rg a n ic  a n io n , a s  th e rm a lly  s ta b le  c h a r g e  c a r r ie r  to  in i t ia te  
p ro to n  c o n d u c t iv i ty  in  h ig h  te m p e ra tu re  P E M  u n d e r  a n h y d r o u s  c o n d i t io n  h a v e  
r e c e iv e d  m u c h  m o r e  a t te n t io n . Im id a z o liu m  s a l ts  (A ^-m ethyl im id a z o l iu m
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te t ra f lu o ro b o ra te  ( M e lm - B F 4 )  ( D e l ig ô z  a n d  Y i lm a z o g lu ,  20 1 1  ), 1 - b u ty l-3 -  
m e th y l im id a z o l iu m - te t r a f lu o r o b o ra te  ( B u M e Im B F 4 )  (L i et al. , 2 0 1 2 ) ,  l - b u ty l - 3 -  
m e th y l im id a z o l iu m -b is ( t r i f lu o r o m e th y ls u lf o n y l)  im id e  (B M I -B T S I )  ( S u b ia n to  et al. ,
2 0 0 9 )  , l - e th y l - 3 - m e th y l im id a z o l iu m - b is ( t r i f lu o r o m e th a n e s u l f o n y l )  im id e  (E M I-  
T F S I)  ( L a k s h m in a ra y a n a  a n d  N o g a m i,  2 0 1 0 ) , a n d  l - p r o p y l - 3 - m e th y l im id a z o l iu m  
d ih y d ro g e n  p h o s p h a te )  (Y e  et a l, 2 0 0 8 )  a n d  a m m o n iu m  s a l t s  ( t r i f lu o r o a c e t ic  
p ro p y la m in e  (C h e  et a l,  2 0 0 8 )  a n d  t r i f lu o ro m e th a n e s u l fo n a te  o f  t r ie th y la m m o n iu m  
(T E A -T F )  (D i N o to  et a l, 2 0 1 0 ))  a re  e x a m p le s  o f  io n ic  l iq u id s  u s e d  in  P E M  ( F ig u re  
2 .6 ) . N o to  a n d  c o w o r k e r s  p ro p o se d ,, th e  u se  o f  T E A - T F  in  N a fio n ®  m e m b ra n e  
im p ro v e d  m e c h a n ic a l  a n d  th e rm a l p r o p e r t ie s  in c lu d in g  w a te r  u p ta k e  (D i N o to  et al,
2 0 1 0 )  . C o m p o s i te  S P E E K  m e m b ra n e s  c o n ta in in g  B u M e I m B F 4  w e r e  fo u n d  to  s h o w  
th e  h ig h e s t  io n ic  c o n d u c t iv i ty  (1 .0 4  x lO ' 2 ร c m ' 1 a t 170  ๐c  u n d e r  a n h y d ro u s  
c o n d i t io n s )  w h e n  u s in g  A (jV '-d im e th y lfo rm a m id e  ( D M F )  fo r  c a s t in g  th e  m e m b ra n e s  
c o m p a re d  to  o th e r  s o lv e n ts ,  i.e . y V ,A ^ '-d im ethy lace tam ide  ( D M A c ) ,  a n d  T V -m ethyl-2- 
p y r ro l id o n e  ( N M P )  (L i et al, 2 0 1 2 ) . A t th a t  t im e , D M F  m ig h t  in d u c e  th e  f o rm a t io n  
o f  in te r -m ic r o c h a n n e l  c o n n e c te d  io n ic  c lu s te r s  to  f a c i l i ta te  p r o to n  tr a n s fe r .

1 -butyl-3-methylimidazolium- 
bis(trifluoromethylsulfonyl)imide

-butyl-3-methylimidazolium-tetrafluoroborate

Trifluoroacetic propylamine

0
HO-P-OH

0 บ
Trifluoromethanesulfonate of triethylammonium1 -propyl-3-methylimidazolium 

dihydrogen phosphate

Figure 2 .6  I m id a z o le -b a s e d  c o m p o u n d s  fo r  P E M F C : ty p e  I l l - io n ic  l iq u id s .

P e r s s o n  e t  a l. d e v e lo p e d  v a r io u s  ty p e s  o f  b e n z im id a z o le  te th e r e d  
p o ly m e r  c h a in s  (T y p e  III )  v ia  th io l-e n e  c o u p l in g  re a c t io n , i.e . b e n z im id a z o le - g r a f te d
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o n  p o ly d im e th y ls i lo x a n e  ( b im iP V M S )  (P e r s s o n  a n d  J a n n a s c h ,  2 0 0 5 ) ,  b e n z im id a z o le  
te th e re d  o n  l in e a r  p o ly e th y l e n e  g ly c o l)  ( b im iP E O A G E )  ( P e r s s o n  a n d  J a n n a s c h ,
2 0 0 6 ) , b e n z im id a z o le  te th e r e d  p o ly (s ty re n e -g -a l ly l  g ly c id y l e th e r ) ,  ( b in d  P S  A G E *  ) 
(P e rs s o n  a n d  J a n n a s c h ,  2 0 0 6 ) , a n d  p o ly s u lf o n e s  te th e r e d  w i th  b e n z im id a z o le  
( b im ir P S U )  (F ig u re  2 .7 )  (P e r s s o n  et a l, 2 0 0 6 ) . C o n s id e r in g  b im iP V M S  w i th  v a r io u s  
d e g re e s  o f  b e n z im id a z o le  f u n c t io n a l i t ie s ,  it w a s  fo u n d  th a t  th e  g la s s  t r a n s i t io n  
te m p e ra tu re  (Tg) in c re a s e d  b e c a u s e  o f  in te r -  a n d  in t r a m o le c u la r  h y d ro g e n  b o n d s  
a m o n g  b e n z im id a z o le  u n i t s  (P e r s s o n  a n d  J a n n a s c h , 2 0 0 5 ) . P ro to n  t r a n s f e r  e f f ic ie n c y  
o f  th e ' b im iP V M S  m e m b ra n e s  w a s  fo u n d  to  b e  p r o m o te d  w h e n  th e  p p ly m e rs  s h o w e d  
h ig h  s e g m e n ta l  m o b i l i ty  ( lo w  Tg) a t  lo w  te m p e ra tu re  (6 0  °C ) a n d  h ig h  b e n z im id a z o le  
c o n c e n t r a t io n  a t h ig h  te m p e ra tu re  (1 4 0  °C ). H o w e v e r ,  th e rm a l  s ta b i l i ty  o f  th e  
b im iP V M S  m e m b ra n e  w a s  l im ite d  a t  165 °c. T h e  s tu d y  o f  b im iP E O A G E  tr ib lo c k  
c o p o ly m e r  m e m b ra n e s  a ls o  s h o w e d  th a t  b o th  s e g m e n ta l  m o b i l i ty  a n d  b e n z im id a z o le  
c o n c e n t r a t io n  w e re  th e  m a in  f a c to r s  c o n tr o l l in g  p r o to n  c o n d u c t iv i ty  w i th  an  
im p ro v e m e n t o f  th e  th e rm a l  s ta b i l i ty  a s  h ig h  a s  2 1 0  °c (P e r s s o n  a n d  J a n n a s c h ,  2 0 0 5 ) . 
P e rs s o n  a n d  c o w o r k e r s  a ls o  r e p o r te d  th a t  b im iP S A G E 7 .0  w ith  lo w e r  Tg (Tg =  5 0  °C ) 
sh o w e d  a  h ig h e r  p r o to n  c o n d u c t iv i ty  th a n  b im iP S A G E 2 .4  (Tg =  5 7  °C ) e s p e c ia l ly  a t 
lo w  te m p e ra tu re  ( P e r s s o n  a n d  J a n n a s c h ,  2 0 0 5 ) . F o r  b im ix P S U  s y s te m s ,  it w a s  fo u n d  
th a t th e ir  p ro to n  c o n d u c t iv i t ie s  in c re a s e d  w ith  in c re a s in g  b e n z im id a z o le  s u b s t i tu t io n .  
H o w e v e r , a s  a  re s u lt  o f  lo w  c o n c e n t ra t io n  o f  b e n z im id a z o le  u n i t s ,  th e  p e r c o la t io n  o f  
h y d ro g e n  b o n d  n e tw o rk  w a s  n o t h ig h  e n o u g h  to  a l lo w  a n  e f f ic i e n t  p r o to n  t r a n s fe r ,  
re s u lt in g  in  p ro to n  c o n d u c t iv i ty  o f  ~ 1 0 ~ 9 ร  c m ' 1 a t 18 0  cc.
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y

'H

Benzimidazole-grafted 
polydimethylsiloxane, bimiPVMS

H

y

Benzimidazole tethered on linear 
poly(ethylene glycol), bimiPEOAGE

Figure 2 .7  I m id a z o le -b a s e d  c o m p o u n d s  fo r  P E M F C : ty p e  I l l - s id e  c h a in  s t r u c tu r e s .

F o r  ty p e  IV  (F ig u re  2 .8 ) ,  p o ly b e n z im id a z o le  (P B I)  w h ic h  is  a 
c o m m e rc ia l  a v a i la b le  m e m b r a n e  f re q u e n t ly  u s e d  in  h ig h  te m p e ra tu re  o r  a n h y d ro u s  
P E M F C  s in c e  it i l lu s t ra te s  h ig h  th e rm a l ,  c h e m ic a l ,  o x id a t iv e , a n d  m e c h a n ic a l  
s ta b i l i t ie s  a s  w e l l  a s  g o o d  p r o to n  c o n d u c tiv i ty  ( ~ 1 0 _l ร  c m "1 u n d e r  a c id  t r e a tm e n t  
e v e n  a t  te m p e r a tu r e  u p  to  2 0 0  °C ) ( W a in r ig h t  et al. , 1 9 9 5 ; B o u c h e t  a n d  S ie b e r t ,  
19 99 ; X ia o  et al. , 2 0 0 5 ). P B I  w a s  s y n th e s iz e d  f ro m  p o ly c o n d e n s a t io n  o f  3 ,3 ',4 ,4 -  

■  b ip h e n y l te t r a m in e  an d  te r e p h th a l ic  a c id  o r  i s o p h th a l ic  a c id  in  p o ly p h o s p h o r ic  a c id  
(P P A )  to  o b ta in  p P B I  a n d  m P B I, r e s p e c tiv e ly  (L e e  et al. , 2 0 1 0 ) . P h o s p h o r ic  a c id -  
d o p e d  P B I  is  th e  m o s t  s u c c e s s f u l  o n e  a s  it  s h o w e d  th e  p r o to n  c o n d u c t iv i ty  a s  h ig h  a s  
10"1 ร c m '1 a t  th e  te m p e ra tu re  m o re  th a n  10 0  °c. W h e n  th e  p o ly m e r  w a s  m ix e d  w ith  
a c id , p r o to n a t io n  o f  P B I w a s  a c c o m p lis h e d  u n d e r  s t r o n g  h y d ro g e n  b o n d  f o rm a t io n  
b e tw e e n  P B I  a n d  a c id . I ts  p r o to n  c o n d u c tiv i ty  a c c o rd in g  to  A r rh e n iu s  b e h a v io r  u n d e r  
th e  t e m p e ra tu re  in  th e  r a n g e  o f  25  ° c  to  130  °c in d ic a te d  th e  p r o to n  t r a n s f e r  u n d e r  
G r o t th u s s  m e c h a n is m  (L e e  et al. , 2 0 1 0 ) . J ia n g  a n d  c o w o r k e r s  s u g g e s te d  a  s ig n if ic a n t  
ro le  o f  t r id e c y l  p h o s p h a te  ( T P )  in  in c re a s in g  p r o to n  c o n d u c t iv i ty  w i th  le s s  m ig ra t io n

Polysulfones tethered with benzimidazole, bimixPSU

Benzimidazole tethered poly(styrene-g-allyl glycidyl ether)
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as  c o m p a re d  to  th a t  o f  H 3 P O 4  in  P B I. F o r  e x a m p le , it w a s  fo u n d  th a t  th e  b le n d in g  
c o n te n t o f  T P  a n d  H 3 P O 4 f o r  1.8 m o l p e r  P B I r e p e a t in g  u n it  b r o u g h t  th e  p r o to n  
c o n d u c t iv i ty  fo r  1 er4  ร c m '1 a n d  1 0 '5 ร  c m '1 a t 1 4 0  °c, r e s p e c t iv e ly  ( J ia n g  et al, 
2 0 0 8 ). A l th o u g h  P B I, e s p e c ia l ly  a c id -d o p e d  o n e  s h o w e d  a  g o o d  p e r f o rm a n c e  in  
p ro to n  c o n d u c t io n  a t h ig h  te m p e ra tu re ,  s o m e  d r a w b a c k s  w e re  r e p o r te d  e .g . th e  
d if f ic u l ty  o f  th e  p r e p a r a t io n  o f  h ig h  m o le c u la r  w e ig h t  P B I , th e  p o ly m e r  s o lu b i l i ty ,  
th e  m e m b ra n e  d u ra b il i ty ,  th e  l im i ta t io n  o f  a c id  d o p in g  a m o u n t ,  a n d  th e  r e te n t io n  o f  
a c id  d u r in g  o p e ra t io n , e tc .  M o d if ie d  P B Is  s u c h  a s  s u l fo n a te d  P B I ( S P B I )  ( M a d e r  a n d  
B e n ic e w ic z , 2 0 1 0 ) , e p o x y -b a s e d  c r o s s - l in k e d  P B I ( W a n g  et a l,  2 0 1 1 ) ,  p o ly (a ry l  
e th e r  b e n z im id a z o le )  c o p o ly m e rs  (K im  et al. , 2 0 0 8 ) ,  p o ly [2 ,2 0 - ( 2 - b e n z im id a z o le - /? -  
p h e n y le n e ) - 5 ,5 0 - b ib e n z im id a z o le ]  ( B Ip P B I)  (K im  et a l, 2 0 0 9 ) ,  a n d  h y p e r b r a n c h e d  
p o ly b e n z im id a z o le s  ( H B P B I )  (X u  et al, 2 0 0 7 )  w e re  r e p o r te d  a s  a l t e r n a t iv e  m a te r ia ls

Polybenzimidazole, (PBI)

H

Poly(2,5-fcenzimidazole), ABPBI

Poly(aryl ether benzimidazole) copolymers

Hyperbranched polybenzimidazoles

Figure 2 .8  I m id a z o le -b a s e d  c o m p o u n d s  fo r  P E M F C : ty p e  IV -m a in  ch a in  struc tu res.
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2.3 Fundamental Study of Model Compounds Based on Heterocycles Related to 
Proton Conductivity

T o  u n d e r s ta n d  p r o to n  c o n d u c t iv i ty  p e r f o r m a n c e  b a s e d  o n  s tru c tu re ,  
T o ts a t i tp a is a n  e t a l. s tu d ie d  a  s e r ie s  o f  b e n z im id a z o le  m o d e l  c o m p o u n d s  w ith  v a r ie d  
n u m b e r s  o f  b e n z im id a z o le  u n its ,  i.e . m o n o - ,  d i- , a n d  t r i - f u n c t io n a l  b e n z im id a z o le  
m o d e l c o m p o u n d s  to  in v e s t ig a te  h o w  th e  s t r u c tu r e s  d e v e lo p  th e i r  h y d r o g e n  b o n d  
sy s te m s  to  f a v o r  th e  p r o to n  t r a n s fe r  ( T o ts a t i tp a is a n  et al. , 2 0 0 8 ; P a n g o n  et al., 2 0 1 1 ) . 
S in g le  c ry s ta l  a n a ly s is  r e v e a le d  th a t  h y d ro g e n  b o n d  s y s te m s  o f  th e  m o d e l  c o m p o u n d s  
w e re  d e v e lo p e d  f ro m  la m e l la  h y d ro g e n  b o n d  n e tw o r k  in  th e  c a s e  o f  m o n o -  a n d  d i 
fu n c t io n a l  b e n z im id a z o le s  to  c o lu m n a r  h y d ro g e n  b o n d  n e tw o rk  in  th e  c a s e  o f  t r i 
fu n c t io n a l  b e n z im id a z o le .  P ro to n  c o n d u c t iv i t ie s  o f  th e  m o d e l  c o m p o u n d s  w e re  
e v a lu a te d  b y  d o p in g  th e m  w ith  P P A  to  f in d  th a t  th e  p r o to n  c o n d u c t iv i ty  W'as th e  
h ig h e s t  fo r  t r i - fu n c t io n a l  ty p e  ( 7 .8 x l 0 '2 ร  cm "1 a t  1 7 0  °C ). B y  b le n d in g  th is  t r i 
fu n c t io n a l c o m p o u n d  (1 5  p h r )  to  th e  S P E E K , th e  c o n d u c t iv i ty  b e c a m e  a s  h ig h  a s  
8 .1 x 1 0“4 ร c m " 1 a t 120  °c o r  1.3 t im e s  h ig h e r  th a n  th e  p u re  o n e  ( F ig u r e  2.9).

1,4-Bis(2-benzimidazoly!)benzene 1,3,5-Tri(2-benzimidazolyl)benzene

Figure 2.9 S e r ie s  o f  b e n z im id a z o le  m o d e l  c o m p o u n d s  w ith  v a r ie d  n u m b e r s  o f  
b e n z im id a z o le  u n its  ( T o ts a t i tp a is a n  et al., 2 0 0 8 ; P a n g o n  et al., 2 0 1 1 ) .

B a s e d  o n  th is  r e s e a rc h ,  P a n g o n  a n d  c o w o r k e r s  d e v e lo p e d  b e n z im id a z o le s  
b ra n c h e d  ( M P E I )  w i th  v a r ie d  b e n z im id a z o le  s u b s t i tu t io n  fo r  1 9 .7 - 9 0 .5 %  a n d  fo u n d  
th a t  p r o to n  c o n d u c t iv i ty  w a s  e n h a n c e d  th ro u g h  a  h ig h e r  m o le c u la r  m o b i l i ty  o f  th e  
p o ly m e r  c h a in  u n d e r  h y d r o g e n  b o n d  n e tw o rk  (F ig u re  2 .1 0 ) . T h e y  f o u n d  th a t  M P E I  
w ith  a  b e n z im id a z o le  c o n te n t  fo r  1 9 .7 %  a llo w e d  p r e f e ra b le  p r o to n  c o n d u c t iv i ty  a s
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high as 10"4 ร cm '1 at 190 °c. Therefore, they concluded that this level of
benzimidazole substitution brought a good balance between hydrogen bond and
chain mobility to favor the proton movement (Pangon e t a l . , 2011).

Multi-benzimidazole functionalized 
branched polyethytenimine, MPEI

Figure 2.10 S tr u c tu re  o f  m u l t i - b e n z im id a z o le  f u n c t io n a l iz e d  b r a n c h e d  
p o ly e th y le n e im in e  (M P E I)  ( P a n g o n  et al, 2 0 1 1 ) .

2.4 Thermochromie Polymer

T h e r m o c h r o m ie  p o ly m e r s  a re  th e  m a te r ia ls  th a t  c a n  c h a n g e  v i s ib le  o p tic a l  
p ro p e r t ie s  r e la te d  to  te m p e ra tu re .  W ith  th is  p ro p e r ty ,  th e r m o c h r o m ie  m a te r ia ls  h a v e  
b e e n  a p p lie d  in  s e n s o rs  a n d  a c tu a to rs  a p p l ic a t io n s  ( W il s o n  et al. , 2 0 0 7 ;  K a r  et al., 
2 0 0 9 ) . A m o n g  a  v a r io u s  ty p e s  o f  m a te r ia ls ,  in te r a c t io n  o f  m o le c u le s  in s id e  m a te r ia ls  
is  a  m a in  f a c to r  p r o v id in g  th is  p ro p e r ty . ท -Tt in te r a c t io n  is  s ig n i f ic a n t  in te r a c t io n  to  
g e n e ra te  c o lo r  fo r  t h e r m o c h r o m ie -m a te r ia ls  (M . R a im u n d o  J r  a n d  N a r a y a n a s w a m y , 
1 9 9 9 ; B a ro n  a n d  E lie , 2 0 0 3 ) . F o r  sm a ll m o le c u le s ,  th e r m o c h r o m ie  p r o p e r ty  h a s  b e e n  
a p p ro a c h e d  b y  l ig a n d  e x c h a n g e  sy s te m  a n d  le u c o -d y e  c o m p o u n d s .  T h e r m o c h r o m ie  
a c t iv i ty  o f  l ig a n d  e x c h a n g e  s y s te m  re su lts  in  a  r e v e r s ib le  c h a n g e  in  a b s o r b a n c e  o f  
e le c t ro m a g n e t ic  r a d ia t io n  a s  a  fu n c t io n  o f  t e m p e ra tu re  (F ig u re  2 .1 1 )  ( P a te l  et a l, 
1 9 7 9 ; D ru y  a n d  S e y m o u r , 1 9 8 3 ; W e n z  et a l, 1 9 8 4 ; B a r o n  a n d  E lie , 2 0 0 3 ;  Z h a o  a n d  
W a n g , 2 0 0 7 ; S e e b o th  et al, 2 0 1 0 ) .
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Figure 2.11 Ligand exchange thermochromie system mechanism (Seeboth et al.,
2010).

In addition, there are many reports about using leuco-dye compounds as 
thermochromie materials such as, rearrangement of claisen, bicomponent systems of 
leuco-dye and biphenyl compounds, and others (Figure 2.12). These dye compounds 
performs optical transition with temperature sensitivity combining with acid-base 
equilibrium (Baron and Elie, 2003; Seeboth et ai, 2010).

HO

Methylene blue

Figure 2.12 Leuco dye compounds (Baron and Elie, 2003; Seeboth et al., 2010).
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In case of polymer materials, interaction between molecules is also 
important similar to small molecules. Polymers containing aromatic ring and 
conjugated bond system are promising polymers performing as thermochromie 
materials. Polymer containing conjugated bond such as polydiacetylene (Patel et al, 
1979; Wenz et a l, 1984), polythiophene, and derivatives of polythiophene (Druy and 
Seymour, 1983; Zhao and Wang, 2007) can show thermochromie property based on 
interaction of ท bond (figure 2.13). It is important to note that polymer electrolyte 
membrane has been used as thermochromie materials. For example, Nafion® 
membrane as known as polymer electrolyte was mixed with dye compounds such as 
phenolphthalein, methylene blue, safranin-O, and crystal violet. This blended 
membrane can perform color by using acid-base equilibrium with temperature 
sensitivity (M. Raimundo Jr and Narayanaswamy, 1999; Baron and Elie, 2003).

CH„.CCH2COO(CH2)4๐  - - < ! V N=N f t  ^

Poly[4-((4-(phenyl)azo)phenoxy)butyl-3- 
thienylacetate], P4

CH3(CH2)5 3-hexylthiophene and 4-((4-jphenyl)azo)
phenoxy)butyl-3-thienylacetate. COP64

Polyaminophenol

Anionic surfactant-selective sensor 
based on PDA and imidazolium

Figure 2.13 Thermochromie responsive polymer based on aromatic and conjugated 
polymer (Konopelnik et a l, 2005; Zhao and Wang, 2007; Chen et a l, 2010).
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Considering based on structure related to thermochromie property, aromatic 
rings and 7t-conjugated bond are a key factor (Alvey et a l, 2010). According to 
thermochromie properties, it depends on interaction of molecules including hydrogen 
bond network or/and 71-71 interaction based on structure of compound itself, therefore, 
thermochromie polymer materials have to have these requirements (Rannou et al., 
2002; Konopelnik et al., 2005).
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2.5 Points of Study

Heterocycles are attractive molecules for using as electrolyte membranes 
under high temperature. There are several advantages such as their proton conductive 
behavior and high boiling point compared with water, and ease of molecular design 
and modification. Although many types of heterocyclic based membranes have been 
developed for several decades, their conductive properties are still limited for the 
practical use.

Based on our viewpoint, an understanding of the molecular structures of the - 
materials as well as the factors related to the proton transfer efficiency including 
hydrogen bond network and molecular mobility would lead US to a fundamental 
knowledge for PEM development. The present work proposes a molecular design 
containing alkyl urocanates based on ultimate goal to enhance the proton 
conductivity of the heterocyclic membrane with a balance of hydrogen bond network 
and molecular mobility (Chapter III). In this work, a series of alkyl urocanates as 
model compounds are developed and the factors of hydrogen bond network 
formation and molecular mobility related to the proton conductivity are clarified. 
Moreover, we extend our work to the blended systems of their model compounds 
with an expectation to enhance the proton conductivity of the heterocyclic membrane 
based on a synergistic effect of water and imidazole molecules with optimization of 
hydrogen bond and molecular mobility (Chapter IV). In this work, blended systems 
are prepared and the synergistic effect of water and imidazole molecules based on 
molecular mobility and hydrogen bond interaction correlated with proton transfer 
effectiveness are investigated. In addition, our work are also covered another 
phenomenon of SPEEK as a thromochormic polymer. By specific preparation of 
SPEEK thin film; this might induce pre-orientation of SPEEK polymer chain to 
generate reversible thermochromie property under high temperature. In this work, 
temperature dependence with basic characterization such as FTIR, WAXD and UV- 
Vis are carried out to understand reversible thermochromie property under high 
temperature of SPEEK thin film (Chapter V).
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