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APPENDICES

F T - I R  s p e c t r o m e t e r  (T h e r m o  N i c o l e t ,  N e x u s  6 7 0 )  w a s  u s e d  to  m e a s u r e  

s p e c tr a  o f  4 ,4 ' - d ia m i n o d ip h e n y lm e t h a n e  ( D D M ) ,  4 ,4 ' - d ia m i n o d ip h e n y lm e t h a n e -  

2 , 2 ' - d i s u l f o n i c  a c id  d i s o d iu m  s a lt  ( S - D D M ) ,  3 ,3 ' ,4 ,4 ' - b e n z o p h e n o n e t e t r a c a r b o x y l ic  

d ia n h y d r id e  ( B P T D A ) ,  a d ip ic  a c id  d ih y d r a z id e  ( A D H )  a n d  s u l f o n a t e d  p o ly ( a r o m a t ic  

i m id e - c o - a l ip h a t i c  im id e )  ( S - c o P I ) .  T h e  s p e c t r o m e t e r  w a s  o p e r a t e d  in  th e  a b s o r p t io n  

m o d e  w i t h  6 4  s c a n s  a n d  a  r e s o lu t io n  o f  4  c m ' 1, c o v e r i n g  a  w a v e n u m b e r  r a n g e  o f  

4 0 0 0  - 4 0 0  c m ' 1. O p t ic a l  g r a d e  K B r  w a s  u s e d  a s  th e  b a c k g r o u n d  m a te r ia l .  D D M ,  ร -  

D D M , B T D A  a n d  A D H  w e r e  m i x e d  w i t h  d r ie d  K B r  b e f o r e  t h e  m e a s u r e m e n t s .  Z n S e  

w a s  u s e d  a s  a  b a c k g r o u n d  m a te r ia l  fo r  S - c o P I .  Z n S e  w a s  c o a t e d  w i t h  S - c o P I  s o lu t io n  

a n d  d r ie d  b e f o r e  t h e  m e a s u r e m e n t s .

Appendix A FT-IR Spectrum

4000 3000 2000 1000
Wavenumber, cm’1

Figure A 1  F T - I R  s p e c t r u m  o f  4 ,4 ' - d ia m i n o d ip h e n y lm e t h a n e  ( D D M ) .
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Figure A2 F T - I R  s p e c tr u m  o f  4 ,4 ' - d ia m i n o d ip h e n y lm e t h a n e - 2 ,2 ' - d i s u l f o n ic  a c id  

d i s o d iu m  s a lt  ( S - D D M ) .

Figure A3 FT-IR spectra of: a) DDM; and b) S-DDM.
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1636

Figure A4 A  F T -1 R  s p e c tr u m  o f  a d ip ic  a c id  d ih y d r a z id e  ( A D H ) .

Figure A 5  A  F T - I R  s p e c t r u m  o f  3 ,3 ' ,4 ,4 ' - b e n z o p h e n o n e t e t r a c a r b o x y l ic  d ia n h y d r id e  
( B P T D A ) .
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Figure A6 F T - I R  s p e c t r a  o f :  a )  N o n  S - c o P I ;  b )  S - c o P I - 1 ;  c )  S - c o P I - 2 ;  d )  S - c o P I - 3 .

T h e  a b s o r p t io n  in fr a r e d  s p e c tr a  o f  D D M  a n d  S - D D M  a re  s h o w n  in  F ig u r e  A 3 .  
T h e  a b s o r p t io n  b a n d s  a t 3 4 3 4  c m ’1 a n d  3 3 5 8  c m ' 1 c a n  b e  a s s i g n e d  t o  th e  p r im a r y  

a m in e  g r o u p . T h e  p e a k  a t 2 8 6 6  c m ' 1 i s  a s s ig n e d  to  th e  C -F I  s t r e t c h in g  o f  th e  

m e t h y le n e  g r o u p ,  1 2 8 0  c m ' 1 a n d  1 1 5 7  c m ' 1 a re  a s s i g n e d  to  th e  ร = 0  o f  th e  s u l f o n ic  

g r o u p  n o t  p r e s e n t  in  D D M ,  1 1 3 7  c m ' 1 a n d  8 5 7  c m ' 1 a re  a s s i g n e d  to  th e  S - 0  

s t r e t c h in g  o f  t h e  s u l f o n a t e d  g r o u p  n o t  p r e s e n t  in  D D M . ( V o r a  et a l ,  2 0 0 6  a n d  Z h u  et 

a l ,  2 0 0 8 )

F ig u r e  A 4  s h o w s  th e  IR  s p e c tr u m  o f  A D H .  A b s o r p t io n  b a n d  a t 3 3 1 5  c m ' 1 is  

a s s i g n e d  to  th e  N - H  s t r e t c h in g  o f  a m id e ,  2 9 2 6  c m ' 1 a n d  2 8 6 3  c m ' 1 a re  a s s ig n e d  to  

t h e  C - H  s t r e t c h in g  o f  a lk a n e s ,  1 6 3 6  c m ' 1 i s  a s s ig n e d  to  th e  c a r b o n y l  g r o u p  ( C = 0 )  o f  

a m id e ,  a n d  1 5 3 3  c m " 1 i s  a s s i g n e d  to  th e  N - H  b e n d in g  o f  a m id e .
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F ig u r e  A 5  s h o w s  th e  IR  s p e c tr u m  o f  B T D A .  A b s o r p t io n  b a n d  at 1 8 5 4  c m ' 1 is  

a s s ig n e d  t o  t h e  a s y m m e t r ic  s t r e t c h in g  o f  th e  c a r b o n y l  g r o u p  ( C = 0 )  o f  a n h y d r id e ,  
1 7 8 1  c m ' 1 i s  a s s i g n e d  t o  th e  s y m m e t r ic  s t r e t c h in g  o f  t h e  c a r b o n y l  g r o u p  ( C = 0 )  o f  

a n h y d r id e ,  1 6 2 2  c m ' 1 a n d  1 4 8 6  c m ' 1 a re  a s s i g n e d  t o  th e  c=c s t r e t c h in g  o f  a r o m a t ic ,  
a n d  1 2 2 9  c m ' 1 i s  a s s i g n e d  to  th e  C - 0  s t r e t c h in g  o f  a n h y d r id e .

F ig u r e  A 6  s h o w s  th e  I R  s p e c t r u m  o f  S - c o P I  o f  v a r io u s  s u l f o n a t io n  d e g r e e s .  
A b s o r p t io n  b a n d  a t  1 7 4 0  c m ' 1 is  a s s i g n e d  to  th e  a s y m m e t r ic  s t r e t c h in g  o f  c a r b o n y l  

g r o u p  ( C = 0 )  o f  th e  i m id o  r in g , 1 6 6 5  c m ' 1 i s  a s s ig n e d  t o  th e  s y m m e t r ic  s t r e t c h in g  o f  

th e  c a r b o n y l  g r o u p  ( C = 0 )  o f  th e  im id o  r in g , 1 3 8 6  c m ' 1 i s  a s s i g n e d  to  th e  C - N - C  

s t r e t c h in g  o f  th e  i m id e  r in g  ( f o r  n o n  s u l f o n a t e d  c o P I  i s  s h o w n  a t 1 4 1 2  c m ' 1). T h e  

p e a k s  a t 1 2 9 8  cm " 1, 1 1 5 9  c m ' 1 a n d  1 0 9 8  c m ' 1 a re  a s s i g n e d  to  t h e  s u l f o n i c  g r o u p  ( ร = 0  

a n d  S - O )  ( V o r a  et al., 2 0 0 6  a n d  Z h u  et al., 2 0 0 8 ) .  .
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T h e  t h e r m o g r a v im e t r ic  a n a ly s i s  (P e r k in s  E lm e r ,  P y r is  D ia m o n d  T G / D T A )  

w a s  c a r r ie d  o u t  t o  d e t e r m in e  th e  th e r m a l  s t a b i l i t y  o f  t h e  p o l y m e r  m e m b r a n e .  T h e  

e x p e r im e n t  w a s  c a r r ie d  o u t  b y  w e i g h t i n g  a  f i lm  s a m p le  o f  2  -  4  m g  a n d  p l a c e d  it  in  

a n  a lu m in a  p a n , a n d  th e n  it  w a s  h e a t e d  u n d e r  a  n i t r o g e n  a t m o s p h e r e  w i t h  th e  h e a t in g  

ra te  o f  1 0  ๐c / m i n  in  th e  te m p e r a tu r e  r a n g e  o f  5 0  -  8 0 0  ๐c .  A l l  th e  s a m p le s  w e r e  d r ie d  

a t 1 0 0  ๐c  fo r  2 4  h  b e f o r e  th e  m e a s u r e m e n t s .

Appendix B Thermogravünetric Analysis (TGA)

Figure B1 T h e  th e r m o g r a v im e t r ic  a n a ly s i s  c u r v e s  o f  S - c o P I  m e m b r a n e s .

T h e  th e r m a l  p r o p e r ty  o f  S - c o P I  i s  s h o w n  in  F ig u r e  B l ;  th e  w e i g h t  l o s s  at 

a b o u t  3 2 0  °c i s  a s s ig n e d  t o  th e  d e c o m p o s i t i o n  o f  th e  s u l f o n a t e d  g r o u p . T h e  w e i g h t  

l o s s  d u e  t o  d e g r a d a t io n  o f  b a c k b o n e  s tr u c tu r e  a p p e a r s  a t 5 6 0  ๐c .  T h e  d e c o m p o s i t i o n  

o f  e a c h  p o ly m e r  m o l e c u l e  d u e  t o  t h e  b o n d  d i s s o c ia t i o n  e n e r g y ,  t h e  b o n d  e n e r g y  o f  

C - S  a n d  C - C  a re  a b o u t  2 7 2  a n d  3 4 8  k J /m o l ,  r e s p e c t i v e ly .  S o  t h e  s u l f o n a t e d  g r o u p  

c o n n e c t e d  w i t h  th e  C - ร  b o n d  is  d e c o m p o s e d  b e f o r e  t h e  C - C  b a c k b o n e .  H o w e v e r ,  
th e  p o ly m e r  s tr u c tu r e  c o n t a in s  th e  N - N  b o n d  w h o s e  b o n d  e n e r g y  i s  o n l y  1 7 0  k J /m o l;  

t h is  i s  th e  l o w e s t  b o n d  e n e r g y  o f  t h is  p o ly m e r  s tr u c tu r e , a n d  t h is  b o n d  i s  b r o k e n  

b e f o r e  t h e  C - ร  b o n d . T h e r e f o r e ,  t h e  p o ly m e r  s tr u c tu r e  s h o u ld  n o t  c o n t a in  th e  N - N  

b o n d  fo r  fu r th e r  d e v e lo p m e n t  in  th e  fu tu r e .
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T h e  m e t h a n o l  p e r m e a b i l i t y  o f  th e  m e m b r a n e s  w a s  d e t e r m in e d  b y  u s in g  th e  

t w o  c o m p a r t m e n t s  d i f f u s io n  c e l l  t e c h n iq u e .  O n e  c o m p a r t m e n t  (VA =  2 5 0  m l )  w a s  

f i l l e d  w i t h  a  s o lu t io n  o f  2 .5  M  m e t h a n o l .  T h e  o th e r  c o m p a r t m e n t  (Vg = 2 5 0  m l )  w a s  

f i l l e d  w i t h  d e io n iz e d  w a te r . T h e  m e m b r a n e  w a s  c la m p e d  b e t w e e n  th e  t w o  

c o m p a r t m e n t s .  M e t h a n o l  w i l l  f l o w  a c r o s s  t h e  m e m b r a n e  d u e  t o  t h e  m e th a n o l  

c o n c e n t r a t io n  d i f f e r e n c e  b e t w e e n  th e  c o m p a r t m e n t  A  a n d  th e  c o m p a r t m e n t  B . T h e  

m e t h a n o l  p e r m e a t io n  in  th e  c o m p a r t m e n t  B  a s  a  f u n c t io n  o f  t im e  is  g i v e n  b y  e q u a t io n

p ( ™ 2/s ) =  ร ^  <C1>

w h e r e  p  = th e  m e t h a n o l  p e r m e a b i l i t y
C a= th e  m e t h a n o l  c o n c e n t r a t io n s  in  th e  c o m p a r t m e n t  A  

C b= th e  m e t h a n o l  c o n c e n t r a t io n s  in  th e  c o m p a r t m e n t  B  

A  =  th e  a r e a  o f  a  m e m b r a n e  

L  =  th e  t h ic k n e s s  o f  a  m e m b r a n e  

Vg= th e  v o lu m e  o f  th e  s o lu t io n  in  th e  c o m p a r t m e n t  B  

kg — th e  s lo p e  o f  m e t h a n o l  c o n c e n t r a t io n  p r o f i l e  in  t h e  c o m p a r t m e n t  B  

T h e  m e t h a n o l  c o n c e n t r a t io n s  w e r e  m e a s u r e d  b y  u s i n g  a  P R 2 1 0 0  g a s  

c h r o m a t o g r a p h y  f i t t e d  w i t h  a  T h e r m a l C o n d u c t iv i t y  D e t e c t o r  ( T C D ) ;  2 .5 M  e th a n o l  

w a s  u s e d  a s  th e  in te r n a l s ta n d a r d .

Appendix c Methanol Permeability
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Table C l Methanol permeability of the S-coPI and Nafionl 17 membrane

Sample Methanol permeability (10‘8) (cm2/s)
No.l No.2 Average

Non S-coPI 3 .8 6 3 .3 3 .5 8  ± 0 . 3 9
S-coPI 1 5 .6 0 6 .1 1 5 .8 5  ± 0 . 3 6
S-coPI-2 6 .5 2 7 .5 2 7 .0 2  ± 0 . 7 1
S-coPI-3 4 .3 2 3 .7 2 4 .0 2  ± 0 . 4 2

Nafionl 17 1 7 4 - 1 7 4

le-7

8e-8

6e-8

4e-8

2e-8

Non S-coPI S-coPI-1 S-coPI-2 S-coPI-3
S-coPI Sample

Figure Cl M e t h a n o l  p e r m e a b i l i t y  o f N o n  S - c o P I  a n d  S - c o P I  m e m b r a n e s .
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Table C 2  R a w  d a ta  o f  in te r n a l s ta n d a r d  c u r v e  o f  m e th a n o l  c o n c e n t r a t io n

MeOH
Concentration

Peak area of MeOH Peak area of EtOH Peak area ratio
No.l No.2 No.l No.2 No.l No.2

O M 0 0 2 4 5 1 .5 7 2 3 5 6 .0 9 0 0
0 .0 0 0 1  M 0 .4 8 0 .3 7 3 2 5 4 .1 4 2 3 2 8 .8 1 0 .0 0 0 1 4 8 0 .0 0 0 1 5 9

0 .0 0 1  M 1 .2 9 1 .4 5 2 2 5 5 .6 4 2 7 1 3 .0 2 0 .0 0 0 5 7 2 0 .0 0 0 5 3 4
0 .0 1  M 4 .8 6 .9 9 2 6 7 1 .1 5 2 3 1 8 .4 4 0 .0 0 1 7 9 7 0 .0 0 3 0 1 5
0 .0 5  M 3 9 .5 4 5 3 .1 8 2 7 7 9 .2 4 3 4 9 4 .7 2 0 .0 1 4 2 2 7 0 .0 1 5 2 1 7

0 .1  M 6 6 ,7 6 3 .2 6 2 2 5 1 .9 4 2 0 5 4 .4 8 0 .0 2 9 6 1 9 0 .0 3 0 7 9 1
0 .5  M 3 2 4 .8 2 3 8 9 .4 4 2 1 0 2 .5 2 2 4 0 2 .6 3 0 .1 5 4 4 9 1 0 .1 6 2 0 8 9

1 M 7 5 6 .7 1 6 4 0 .0 4 2 5 7 6 .5 7 2 1 0 2 .0 8 0 .2 9 3 6 8 9 0 .3 0 4 4 7 9
2  M 1 3 2 4 .1 2 1 4 3 9 .3 6 2 3 0 9 .6 3 2 3 4 7 .5 5 0 .5 7 3 3 0 4 0 .6 1 3 1 3 3

2 .5  M 1 5 6 5 .6 9 1 7 2 7 .5 2 2 1 2 5 .6 7 2 2 4 8 .6 9 0 . 7 3 6 5 6 3 0 .7 6 8 2 3 4
3 M 1 5 4 1 .6 7 2 2 0 7 .3 3 1 8 2 2 .2 7 2 3 2 2 .2 9 0 . 8 4 6 0 1 6 0 .9 5 0 4 9 7

Figure C2 Internal standard curve of methanol concentration.
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Table C3 Raw data of methanol permeability calculation of Non S-coPI

No.l Thickness 152.80 pm No.2 Thickness 138.71 pm
Time

(second)
MeOH concentration (M) Time

(second)
MeOH concentration (M)

Comp. A Comp. B Comp. A Comp. B
0 2 .4 9 2 8 0 1 7 8 0 0 2 . 4 9 2 0 1 4 3 8 0

2 5 2 0 0 2 .4 6 6 0 3 9 9 5 0 . 0 0 3 6 2 7 1 2 1 4 4 0 0 2 . 3 7 9 7 9 8 7 5 0 .0 0 2 4 0 9 2 8
8 6 4 0 0 2 .4 0 0 9 2 7 6 2 0 .0 1 0 3 7 0 2 3 4 2 5 2 0 0 2 .4 2 7 8 0 8 0 7 0 . 0 0 3 7 0 8 1 9

1 1 5 2 0 0 2 .4 6 9 0 5 4 3 4 0 .0 1 3 1 0 5 3 8 9 8 2 8 0 0 2 .4 3 3 1 9 8 9 8 0 . 0 1 0 1 6 0 8 7
1 6 2 0 0 0 2 .4 6 1 6 4 6 4 1 0 . 0 2 0 5 3 7 1 7 8 1 0 0 8 0 0 2 . 4 7 3 5 6 8 2 9 0 .0 1 2 5 5 0 2 0
1 8 9 0 0 0 2 .4 5 1 6 7 2 9 3 0 .0 2 4 4 7 3 7 8 6 1 6 5 6 0 0 2 .4 5 2 0 3 6 4 6 0 . 0 2 1 5 8 9 4 2
2 5 5 6 0 0 2 .4 8 2 9 7 4 4 0 0 .0 3 1 7 2 7 2 9 1 8 1 8 0 0 2 .4 3 9 9 8 6 4 7 0 .0 2 2 0 1 2 4 5

0 5 e+ 4  le + 5  2 e+ 5  2 e+ 5  3 e+ 5  3 e+ 5
T im e  (ร)

Figure C3 M e t h a n o l  c o n c e n t r a t io n  ( M )  in  c o m p a r t m e n t  B  v s .  t i m e ( s )  o f  N o n  ร -  

c o P I .
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Table C4 Raw data of methanol permeability calculation of S-coPI-1

No.l Thickness 163.67 pm No.2 Thickness 144.17 pm
Time

(second)
MeOH concentration (M) Time

(second)
MeOH concentration (M)

Comp. A Comp. B Comp. A Comp. B
0 2 .5 0 4 5 5 1 8 1 0 0 2 .4 7 1 1 5 8 0 4 0

8 6 4 0 0 2 . 4 4 0 7 2 8 3 2 0 .0 1 4 5 0 7 7 1 2 5 2 0 0 2 .4 9 9 6 9 5 3 1 0 .0 0 5 6 5 1 1 1
1 1 1 6 0 0 2 .3 8 5 8 6 0 1 0 0 . 0 1 9 8 0 4 1 4 8 6 4 0 0 2 .4 0 5 5 8 7 1 6 0 .0 1 6 6 5 5 3 7
1 7 2 8 0 0 2 .4 6 2 0 5 5 7 5 0 .0 2 7 0 2 6 8 5 1 0 0 8 0 0 2 . 4 7 6 0 0 2 3 7 0 . 0 1 9 2 7 2 8 7
1 9 4 4 0 0 . 2 . 4 7 5 4 5 8 4 5 0 .0 3 3 9 2 8 5 5 1 1 8 8 0 0 2 . 4 9 7 6 7 6 7 3 0 . 0 2 5 3 3 1 8 4
2 6 1 0 0 0 . 2 . 4 3 3 4 6 1 0 8 0 . 0 4 4 3 0 4 7 9 1 7 2 8 0 0 2 .4 3 0 2 7 9 1 1 0 .0 3 6 3 8 5 8 2
2 8 0 8 0 0 2 . 4 6 7 0 2 7 9 4 0 .0 4 6 3 1 3 6 1 1 9 0 8 0 0 2 .2 8 6 1 1 1 3 9 0 . 0 4 0 7 1 3 8 4
3 6 0 0 0 0 2 . 4 7 7 0 6 0 2 2 0 .0 6 0 4 5 4 1 9 - - -

0 5e+ 4  le + 5  2e+ 5  2 e+ 5  3 e+ 5  3 e+ 5
T im e (ร)

Figure C4 Methanol concentration (M) in compartment B vs. time (ร) of S-coPl-1.
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Table C5 Raw data of methanol permeability calculation of S-coPI-2

No.l Thickness 181.00 pm No.2 Thickness 126.75 pm
Time

(second)
MeOH concentration (M) Time

(second)
MeOH concentration (M)

Comp. A Comp. B Comp. A Comp. B
0 2 .4 9 9 4 6 0 9 5 1 0 0 2 .4 1 3 8 0 1 8 6 0

2 7 0 0 0 2 .4 9 5 4 1 0 4 1 2 0 . 0 0 4 2 0 3 5 1 7 1 4 4 0 0 2 .5 0 5 7 8 1 6 3 0 .0 0 4 7 4 0 3 4
8 6 4 0 0 2 .4 5 8 8 0 0 7 8 3 0 .0 1 7 1 1 0 4 5 1 2 4 3 0 0 2 .5 0 8 7 6 7 7 0 0 . 0 0 8 8 9 0 7 0

1 0 0 8 0 0 2 .4 8 2 0 1 7 9 5 4 0 . 0 1 9 2 3 4 3 8 6 8 2 8 0 0 2 . 5 1 3 5 9 8 2 4 0 . 0 2 6 1 7 5 4 0
1 2 0 6 0 0 2 . 4 6 9 9 7 3 5 3 6 0 .0 2 4 1 5 1 1 6 7 1 0 0 8 0 0 2 .4 2 5 1 5 3 4 5 0 . 0 3 1 5 6 2 4 9
1 7 3 7 0 0 2 . 4 7 1 0 9 1 4 5 3 0 .0 3 3 3 6 9 3 3 1 1 6 5 6 0 0 2 4 1 7 0 9 3 4 5 0 . 0 4 8 7 9 9 2 5
1 9 0 8 0 0 2 . 4 2 6 3 1 7 0 3 4 0 . 0 3 5 9 8 4 3 4 4 1 8 0 0 0 0 2 . 4 0 8 6 4 5 7 0 0 .0 5 1 8 4 4 9 3

0 .0  5 .0e+ 4  1 .0e+ 5  1 .5e+ 5 2 .0 e+ 5  2 .5 e+ 5
T im e  (ร)

Figure C5 Methanol concentration (M) in compartment B vs. time (ร) o f S-coPI-2.
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Table C6  Raw data of methanol permeability calculation of S-coPI-3

No.l Thickness 187.83 pm No.2 Thickness 150.83 pm
Time

(second)
MeOH concentration (M) Time

(second)
MeOH concentration (M)

Comp. A Comp. B Comp. A Comp. B
0 2 .5 0 5 1 1 0 0 2 . 5 0 4 9 4 7 0

3 2 4 0 0 2 .4 8 1 5 1 7 0 .0 0 3 0 6 2 5 5 1 4 4 0 0 2 . 4 5 1 1 7 4 0 .0 0 1 2 0 0 2 3
8 1 0 0 0 2 .4 6 7 9 7 8 0 .0 0 7 8 2 9 5 8 1 0 0 8 0 0 2 . 5 1 3 0 4 7 0 .0 1 1 5 3 4 6 7

1 0 0 8 0 0 2 .4 2 3 7 7 9 0 .0 1 0 1 8 4 7 2 1 1 8 8 0 0 2 .4 2 0 3 8 1 0 .0 1 3 5 1 8 3
1 6 0 2 0 0 2 .3 7 2 4 9 3 0 .0 1 7 5 3 6 5 1 1 5 8 4 0 0 2 . 4 6 1 9 5 2 0 .0 1 9 6 6 4 1 7
1 9 8 0 0 0 2 .4 4 6 1 3 7 0 .0 2 0 6 5 2 0 7 1 8 0 0 0 0 2 .4 0 5 4 8 3 0 .0 2 1 9 6 2 9 4

- - - 1 9 6 2 0 0 2 . 4 0 0 2 7 4 0 .0 2 3 0 8 3 2 8

0 .0  5 .0e+ 4  1 .0e+ 5  1 .5e+ 5  2 .0 e+ 5  2 .5 e+ 5
T im e  (ร)

Figure C6  Methanol concentration (M) in compartment B vs. time (ร) o f S-coPI-3.
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Table C7 Raw data of methanol permeability calculation of Nafionl 17

T h ic k n e ss  2 0 0 .8 3  Jim
T im e

(seco n d )
M eO H  c o n c e n tr a tio n  (M )

C o m p . A C o m p . B
0 2 .5 0 2 8 3 9 5 1 1 0

7 2 0 0 2 .4 2 9 2 0 9 1 3 7 0 . 0 2 8 1 9 3 6 2
1 0 8 0 0 2 .3 8 6 7 5 1 5 8 2 0 .0 4 3 0 3 0 6 4 5
1 8 0 0 0 2 .3 0 0 7 1 7 3 9 9 0 .0 7 0 5 0 3 4 2 6
2 1 6 0 0 2 .3 6 1 9 0 6 4 3 1 0 . 0 8 8 7 4 7 7 4 9
2 5 2 0 0 2 . 2 0 7 0 4 1 5 3 2 0 .1 0 2 2 9 8 4 6 9
7 0 2 0 0 2 . 1 9 4 5 5 9 5 7 2 0 .2 9 9 2 3 6 6 7 6
8 6 4 0 0 2 . 1 7 7 3 7 9 7 2 4 0 . 3 4 0 2 8 3 7 2

Figure C7 Methanol concentration (M) in compartment B vs. time (ร) of Nafionl 17.
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A p p e n d ix  D  T e n s ile  T est

T h e  m e c h a n ic a l  p r o p e r t ie s  o f  th e  p o ly m e r  f i lm s  w e r e  m e a s u r e d  u s in g  a  

u n iv e r s a l  t e s t in g  m a c h in e  ( L lo y d ,  m o d e l  S M T 2 - 5 0 0 N )  a t th e  g a u g e  le n g t h  3 0 .0  m m ,  
at th e  s p e e d  o f  1 0 m m /m in ,  a n d  a t r o o m  te m p e r a tu r e . A t  le a s t  f i v e  m e a s u r e m e n t s  

w e r e  ta k e n  fo r  e a c h  p o ly m e r  s a m p le .  T h e  m e m b r a n e s  a b o u t  1 6 0  - 2 0 0  p m  in  

t h ic k n e s s  w e r e  c u t  in  to  1 c m  X 5 c m  p i e c e s  a n d  s o a k e d  in  a  d e io n iz e d  w a te r  f o r  2  

d a y s  b e f o r e  t e s t in g .

T a b le  D 1  T e n s i le  t e s t  r e s u lt s  o f  S - c o P I  a n d  N a f i o n l  17 m e m b r a n e s

S a m p le  N o. T h ic k n e ss
(p m )

Y o u n g ’s 
m o d u lu s  (M P a )

T e n s ile  s tren g th  
(M P a )

E lo n g a tio n  at 
b r e a k  (% )

N o n  S - c o P I 1 8 4  ±  1 1 .4 0 6 5 1 .0 0  ± 5 3 . 8 4 2 8 .4 4  ± 2 . 1 7 1 0 .1 8  ± 0 . 6 5
S - c o P I - 1 1 8 8  ะเะ 1 7 .8 9 8 2 9 .5 8  ± 2 7 . 8 4 3 5 .8 3  ±  1 .4 8 1 0 .7 6  ± 0 . 8 0
S - c o P l - 2 1 8 0  ±  1 2 .2 5 9 8 0 .0 1  ± 6 8 . 8 8 4 3 .6 3  ± 3 . 3 7 1 1 .9 3  ±  1 .5 6
S - c o P I - 3 1 7 4  ±  1 9 .4 9 1 0 6 5 .1 0  ±  4 7 .8 6 4 7 .6 7  ± 3 . 3 8 8 .6 4  ±  0 .4 2

N a f i o n l  1 7 * - 1 0 0 2 8 .4 3 2 9 .2
*Liu et al., 2007

F ig u re  D 1  S t r e s s - s t r a in  b e h a v io u r  o f  S - c o P I  m e m b r a n e s .



Table D2 Tensile test results of Non S-coPI membranes

S a m p l e  N o . T h i c k n e s s
( p m )

Y o u n g ’s  
m o d u l u s  ( M P a )

T e n s i l e  s t r e n g t h  
( M P a )

E l o n g a t i o n  a t  
b r e a k  ( % )

1 2 0 0 6 5 7 .3 4 2 6 .8 7 1 9 .8 3
2 1 9 0 7 2 6 .6 6 3 1 .7 5 8 9 .9 6
3 1 8 0 6 6 5 .7 4 2 8 .9 1 5 9 .4 5
4 1 8 0 5 8 0 .6 5 2 6 .1 8 3 1 1 .0 9
5 1 7 0 6 2 5 .2 2 2 8 .4 6 4 1 0 .5 7

Average 1 8 4  ±  1 1 .4 0 6 5 1 .0 0  ±  5 3 .8 4 2 8 .4 4  ± 2 . 1 7 1 0 .1 8  ± 0 . 6 5

Figure D2 Stress-strain behaviour of Non S-coPI membranes.
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Table D3 Tensile test results of S-coPI-1 membranes

S a m p le  N o . T h ic k n e ss
(p m )

Y o u n g ’s 
m o d u lu s  (M P a )

T e n s ile  stren g th  
(M P a )

E lo n g a tio n  at 
b r e a k  (% )

1 2 0 0 8 4 1 .7 5 3 7 .6 5 1 0 .2 9
2 2 0 0 8 3 5 .8 2 3 6 .9 4 1 1 .5 9
3 2 0 0 7 8 3 .4 6 3 5 .7 7 1 1 .5 7
4 1 6 0 8 5 7 .6 3 3 4 .6 1 9 .7 9
5 1 8 0 8 2 9 .2 3 3 4 .1 8 1 0 .5 7

A v e r a g e 1 8 8  ±  1 7 .8 9 8 2 9 .5 8  ± 2 7 . 8 4 3 5 .8 3  ±  1 .4 8 1 0 .7 6  ± 0 . 8 0

0 2 4 6 8 10 12 14
Strain (%)

Figure D3 Stress-strain behaviour of S-coPl-3 membranes.
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Table D4 Tensile test results of S-coPI-2 membranes

S a m p le  N o. T h ic k n e ss
(p m )

Y o u n g ’s 
m o d u lu s  (M P a )

T e n s ile  s tren g th  
(M P a )

E lo n g a tio n  at 
b rea k  (% )

1 1 8 0 9 9 0 .6 6 4 5 .7 1 4 1 2 .2 5
2 1 6 0 9 8 0 .7 5 4 2 .6 2 1 1 3 .9 1
3 1 9 0 9 0 4 .1 4 4 0 .3 5 2 1 2 .7 8
4 1 9 0 9 3 7 .9 9 4 1 .0 5 3 1 0 .1 2
5 1 8 0 1 0 8 6 .5 4 8 .3 8 8 1 0 .6 1

A v e r a g e 1 8 0  ±  1 2 .2 5 9 8 0 .0 1  ± 6 8 . 8 8 4 3 .6 3  ± 3 . 3 7 1 1 .9 3  ±  1 .5 6

0 2 4 6 8 10 12 14
Strain (%)

Figure D4 Stress-strain behaviour ol'S-coPI-2 membranes.
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Table D5 Tensile test results of S-coPI-3 membranes

S a m p le  N o . T h ic k n e ss
(p m )

Y o u n g ’s 
m o d u lu s  (M P a )

T e n s ile  s tren g th  
(M P a )

E lo n g a tio n  at 
b r e a k  (% )

1 2 0 0 1 0 1 3 .6 4 8 .8 3 7 8 .9 1 9 9
2 1 9 0 1 1 1 8 .6 5 2 .9 8 9 8 .9 1 9 9
3 1 6 0 1 1 0 9 .6 4 6 .6 2 8 8 .4 1 7 5
4 1 6 0 1 0 5 9 4 5 .3 2 3 7 .9 9 6
5 1 6 0 1 0 2 4 .7 4 4 .5 8 4 8 .9 4 5 7

A v e r a g e 1 7 4  ± 1 9 . 4 9 1 0 6 5 .1 0  ± 4 7 . 8 6 4 7 .6 7  ± 3 . 3 8 8 .6 4  ± 0 . 4 2

0 2 4 6 8 10 12 14
Strain (%)

Figure D5 Stress-strain behaviour of S-coPl-3 membranes.
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A p p e n d ix  E  W a te r  U p ta k e  an d  M o is tu r e  A b so r p tio n

T h e  p o l y m e r  m e m b r a n e s  w e r e  d r ie d  in  a n  o v e n  a t 1 0 0  ๐c  f o r  2 4  h . T h e  

d r ie d  m e m b r a n e s  w e r e  w e i g h e d  {Wd)- T h e n  th e  p o ly m e r s  w e r e  s o a k e d  in  d e - io n iz e d  

w a te r  a t a  r o o m  te m p e r a tu r e  fo r  2  d a y s .  T h e y  w e r e  r e m o v e d  fr o m  th e  w a te r ,  q u i c k l y  

d r y - w ip e d  w i t h  a n  a b s o r b e n t  p a p e r  t o  r e m o v e  a n y  s u r f a c e  m o is t u r e ,  a n d  th e n  

w e i g h e d  i m m e d ia t e ly  to  d e t e r m in e  th e ir  w e t  m a s s e s  (Ww). T h e  m e a s u r e m e n t s  w e r e  

r e p e a te d  th r e e  t i m e s  to  o b t a in  th e  a v e r a g e  w a t e r  u p ta k e  v a lu e .  T h e  w a t e r  u p ta k e  w a s  

c a lc u la t e d  w i t h  th e  f o l l o w i n g  f o r m u la  ( E l ) :

W a t e r  u p t a k e ( % )  =  — yf y x l 0 °  ( E l )wd

T h e  m o is t u r e  a b s o r p t io n  w a s  d e t e r m in e d  in  th e  s a m e  m e t h o d  o f  th e  w a t e r  

u p ta k e  b u t a f te r  th e  m e m b r a n e s  w e r e  d r ie d ,  th e  m e m b r a n e s  w e r e  p la c e d  at a  r o o m  

t e m p e r a tu r e  f o r  2  d a y s  b e f o r e  w e i g h t e d  (พ,ท) a g a in . T h e  m o is t u r e  a b s o r p t io n  w a s  

c a lc u la t e d  w i t h  th e  f o l l o w i n g  f o r m u la  (E 2 ) :

M o i s t u r e  a b s o r p t i o n ( % )  — (tVm l ^ * 100 ( E l )

T a b le  E l  T h e  W a t e r  u p ta k e  a n d  m o is t u r e  a b s o r p t io n  o f  S - c o P I  a n d  N a f i o n l  1 7  f i lm s

S a m p le W a te r  u p ta k e  (% ) M o is tu r e  a b so r p tio n  (% )
N o n  S - c o P I 8 .3 6 7  ± 0 . 2 1 9 4 .2 6 8  ±  0 .2 4 7

S - c o P I  1 7 .7 7 8  ±  0 .4 6 2 3 .5 0 1  ±  0 .6 0 1
S - c o P I - 2 8 .1 3 4  ± 0 . 2 7 0 4 .1 4 9  ±  0 .4 6 8
S - c o P I - 3 1 1 .1 7 3  ±  0 .2 5 2 5 .0 9 1  ±  0 .1 8 5

N a f i o n l  17 2 0 .5 2 5  ± 0 . 0 2 8 3 .4 9 9  ± 0 . 1 9 8



59

F ig u re  E l  W a te r  u p ta k e  o f  S - c o P I  a n d  N a f i o n l  1 7  f i lm s .

T a b le  E 2  R a w  d a ta  o f  w a t e r  u p ta k e  c a lc u la t io n s

S a m p le N o. W e t (m g) D ry  (m g) W a te r  (m g ) W a te r  u p ta k e  (% )

N o n  S - c o P I
1 2 5  9 2 3 .9 2 .0 8 . 3 6 8 2 0
2 2 9 .2 2 7 .0 2 .2 8 .1 4 8 1 4
3 2 1 .5 1 9 .8 1 .7 8 .5 8 5 8 6

S - c o P I - 1
1 1 7 .1 1 5 .8 1 .3 8 .2 2 7 8 5
2 19 .1 1 7 .8 1 .3 7 . 3 0 3 3 7
3 1 6 .6 1 5 .4 1 .2 7 .7 9 2 2 1

S - c o P I - 2
1 2 4 .8 2 3 .0 1 .8 7 . 8 2 6 0 9
2 1 9 .7 1 8 .2 1 .5 8 .2 4 1 7 6
3 2 0 .8 1 9 .2 1 .6 8 .3 3 3 3 3

S - c o P I - 3
1 2 3 .4 2 1 .1 2 .3 1 0 .9 0 0 5
2 2 2 .8 2 0 .5 2 .3 1 1 .2 1 9 5
3 2 1 .5 1 9 .3 2 .2 1 1 .3 9 8 9

N a f i o n l  1 7
1 7 8 .1 6 4 .8 1 3 .3 2 0 .5 2 4 6
2 7 8 .6 6 5 .2 1 3 .4 2 0 .5 5 2 1
3 7 7 .6 6 4 .4 1 3 .2 2 0 .4 9 6 8



6 0

T a b l e  E 3  R a w  d a ta  o f  m o is t u r e  a b s o r p t io n  c a lc u la t io n s

S a m p le N o. Troom ( n i§ ) D ry (m g) W a te r  (m g ) W a te r  u p ta k e  (% )

N o n  S - c o P I
1 2 4  9 2 3 .9 1.0 4 .1 8 4 1
2 2 8 .1 2 7 .0 1.1 4 .0 7 4 1
3 2 0 .7 1 9 .8 0 .9 4 .5 4 5 4

S - c o P I - 1
1 1 6 .4 1 5 .8 0 .6 3 .7 9 7 5
2 1 8 .3 1 7 .8 0 .5 2 .8 0 8 9
3 1 6 .0 1 5 .4 0 .6 3 .8 9 6 1

S - c o P I - 2
1 2 3 .9 2 3 .0 0 .9 3 .9 1 3 0
2 1 8 .9 1 8 .2 0 .7 3 .8 4 6 1
3 2 0 .1 1 9 .2 0 .9 4 .6 8 7 5

S - c o P I - 3
1 2 2 .2 2 1 .1 1.1 5 .2 1 3 3
2 2 1 .5 2 0 .5 1 .0 4 .8 7 8 0
3 2 0 .3 1 9 .3 1 .0 5 .1 8 1 3

N a f i o n l  17
1 6 7 .0 6 4 .8 2 .2 3 .3 9 5 1
2 6 7 .4 6 5 .2 2 .2 3 .3 7 4 2
3 6 6 .8 6 4 .4 2 .4 3 .7 2 6 7
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A p p e n d ix  F D e te r m in a tio n  o f  P ro ton  C o n d u c tiv ity

P r o to n  c o n d u c t iv i t y  o f  th e  f i lm s  w a s  m e a s u r e d  b y  a n  A g i l e n t  E 4 9 8 0 A  L C R  

m e t e r  in  t e r m s  o f  th e  im p e d a n c e  d a ta . T h e  f u l ly  h y d r a te d  f i l m s  ( im m e r s e d  in  

d e io n iz e d  w a t e r  fo r  2  d a y s )  w e r e  c u t  in to  0 . 5 x 0 . 5  c m  p i e c e s  a n d  p a in t e d  w i t h  a  s i lv e r  

p a in t  o n  b o th  s id e s  o f  th e  f i lm s .  T h e  f i lm s  w e r e  m e a s u r e d  a t a  p o t e n t ia l  o f  1 V  a n d  a n  

a lt e r n a t in g  c u r r e n t  w i t h  th e  f r e q u e n c y  r a n g e  o f  2 0  H z  -  2  M H z .  T h e n  d a ta  w e r e  

p lo t t e d  b e t w e e n  Z ' a n d  Z " . T h e  c o n d u c t iv i t y  a  o f  th e  s a m p le s  w a s  c a lc u la t e d  fr o m  

th e  im p e d a n c e  d a ta  b y  th e  f o l l o w i n g  e q u a t io n ;

cr(5 cm-1) = (FI)

w h e r e  G  =  p r o t o n  c o n d u c t iv i t y
d  =  t h ic k n e s s  o f  th e  m e m b r a n e
ร  =  th e  a r e a  o f  th e  in te r fa c e  b e t w e e n  th e  m e m b r a n e  a n d  t h e  e l e c t r o d e  

R  =  th e  m e a s u r e d  r e s i s t a n c e  o f  th e  m e m b r a n e  -  d e r iv e d  fr o m  th e  

in t e r s e c t io n  o f  th e  l o w  f r e q u e n c y  s e m i - c i r c l e  o n  t h e  c o m p l e x  

im p e d a n c e  p la n e  w ith  th e  Z' a x is .

T a b le  FI T h e  p r o t o n  c o n d u c t iv i t y  o f  N o n  S - c o P I  a n d  S - c o P I  m e m b r a n e s

S a m p le
P ro to n  C o n d u c tiv ity  (ร  c m 1)

n o .l n o .2 A v era g e
N o n  S - c o P I 4 .4 8  X 1 0 '1(J 5 .6 6  X 1 0 ' IU 5 .0 7  X 1 0 _lü

S - c o P I - 1 1 .4 1  X 1 0 '8 1 .0 6  X n r 7 6 .0 1  X 1 0 '8

S - c o P l - 2 1 .8 5  X 1 0 'J 1 .6 1  X 1 0 '3 1 .7 3  X 1 0 '3

S - c o P I - 3 1 .1 1  X 1er2 1.21 X I 0 _i 1 .1 6  X 10~2
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Table F2 Raw data of proton conductivity calculations

S a m p le T h ic k n e ss  (cm ) A rea  (c m 2) R (o h m s) C o n d u c t  (ร  c m '1)
N o n  ร -  

c o P I
0 .0 2 6 7 6 7 0 .0 7 0 7 1 4 2 8 6 8 4 5 0 0 0 0 0 0 4 .4 7 9 5 1  X 1 0 '1®
0 .0 1 9 8 1 7 0 .0 7 0 7 1 4 2 8 6 4 9 5 0 0 0 0 0 0 5 . 6 6 1 3 4  X 1 0 '10

S - c o P l - 1 0 .0 1 9 9 3 3 0 .0 7 0 7 1 4 2 8 6 2 0 0 0 0 0 0 1 .4 0 9 4 3  X 10'*
0 .0 1 4 9 6 7 0 .0 7 0 7 1 4 2 8 6 2 0 0 0 0 0 0 1 .0 5 8 2 5  X 1 0 '7

S - c o P I - 2 0 .0 2 4 2 3 3 0 . 0 7 0 7 1 4 2 8 6 1 8 5 1 .8 5 2 4 0  X 1 0 '3
0 .0 2 4 2 6 7 0 .0 7 0 7 1 4 2 8 6 2 1 3 .3 1 .6 0 8 8 4  X 1 0 '3

S - c o P I - 3 0 . 0 1 8 1 6 7 0 . 0 7 0 7 1 4 2 8 6 2 3 .2 2 1 .1 0 6 4 0  X 1 0 '2
0 . 0 2 3 3 0 0 0 .0 7 0 7 1 4 2 8 6 2 7 .3 3 1 .2 0 5 6 2  X 1 0 '2

Figure FI The proton conductivity of and the S-coPI and Nafionl 17 films..
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Table F3 Proton conductivity raw data of Non S-coPl film

F r e q u e n c y , H z Z (1 0 6), oh m 0, d eg ree r, R a d iu s Z '= Z c o sr Z f - Z s in r
2 0 6 2 4 .0 6 6 - 1 9 .9 4 7 3 - 0 .3 4 8 1 5 8 5 .8 7 E + 0 8 - 2 .1 3 E + 0 8
4 0 5 2 9 .4 9 6 - 2 6 .6 3 7 1 - 0 .4 6 4 9 2 1 4 .7 3 E + 0 8 - 2 .3 7 E + 0 8
6 0 4 5 4 .8 9 3 - 3 2 .0 5 7 7 - 0 .5 5 9 5 3 1 5 3 .8 6 E + 0 8 - 2 .4 1  E + 0 8
7 0 4 1 8 .4 9 4 - 3 4 .2 0 1 8 - 0 . 5 9 6 9 5 4 4 3 .4 6 E + 0 8 - 2 .3 5 E + 0 8
8 0 3 8 5 .8 9 7 - 3 6 .8 8 7 6 - 0 .6 4 3 8 3 2 1 3 .0 9 E + 0 8 - 2 .3 2 E + 0 8

1 5 0 2 8 0 .8 8 8 - 4 6 .1 3 6 - 0 .8 0 5 2 5 2 6 1 .9 5 E + 0 8 - 2 .0 3 E + 0 8
2 0 0 2 3 6 .2 1 8 - 4 9 .6 9 8 1 - 0 .8 6 7 4 2 5 1 1 .5 3 E + 0 8 - 1 .8 0 E + 0 8
4 0 0 1 4 7 .8 1 8 - 5 7 .4 3 1 - 1 .0 0 2 3 9 4 3 7 .9 6 E + 0 7 - 1 .2 5 E + 0 8
6 0 0 1 0 9 .1 2 8 - 5 9 .7 0 9 1 - 1 . 0 4 2 1 5 6 5 .5 0 E + 0 7 - 9 .4 2 E + 0 7
8 0 0 8 8 .5 5 9 9 - 6 0 .8 9 3 3 - 1 .0 6 2 8 2 4 9 4 .3 1 E + 0 7 - 7 .7 4 E + 0 7

1 5 0 0 5 5 .3 9 5 7 - 6 2 .7 8 4 7 - 1 . 0 9 5 8 3 7 2 2 .5 3 E + 0 7 - 4 .9 3 E + 0 7
2 0 0 0 4 4 .7 7 1 6 - 6 3 .1 9 9 5 - 1 .1 0 3 0 7 7 1 2 .0 2 E + 0 7 - 4 .0 0 E + 0 7
4 0 0 0 2 6 .5 6 7 1 - 6 4 .2 0 6 6 - 1 .1 2 0 6 5 4 9 1 .1 6 E + 0 7 - 2 .3 9 E + 0 7
6 0 0 0 2 0 .0 1 6 7 - 6 4 .7 1 9 6 -1  1 2 9 6 0 8 7 8 .5 5 E + 0 6 - 1 .8 1 E + 0 7
8 0 0 0 1 6 .3 - 6 5 .5 6 0 1 - 1 .1 4 4 2 7 8 7 6 .7 4 E + 0 6 - 1 .4 8 E + 0 7

2 0 0 0 0 8 .1 9 3 5 1 - 6 9 .5 2 3 6 - 1 . 2 1 3 4 5 7 2 2 .8 7 E + 0 6 - 7 .6 8 E + 0 6
4 0 0 0 0 4 . 7 1 2 1 9 - 7 2 .2 5 5 5 - 1 .2 6 1 1 3 9 5 1 .4 4 E + 0 6 - 4 .4 9 E + 0 6
6 0 0 0 0 3 .3 7 2 9 9 - 7 3 .8 1 6 7 - 1 .2 8 8 3 8 8 5 9 .4 0 E + 0 5 - 3 .2 4 E + 0 6
8 0 0 0 0 2 .6 4 4 4 1 - 7 4 .8 0 3 3 - 1 .3 0 5 6 0 8 5 6 .9 3 E + 0 5 - 2 .5 5 E + 0 6

2 0 0 0 0 0 1 .2 0 7 7 9 - 7 8 .4 6 9 2 - 1 . 3 6 9 5 9 2 7 2 .4 1  E + 0 5 - 1 .1 8 E + 0 6
4 0 0 0 0 0 0 .6 5 6 2 0 2 - 8 1 .3 7 8 4 - 1 . 4 2 0 3 6 9 6 9 .8 3 E + 0 4 - 6 .4 9 E + 0 5

Z’ (ohms)
0.0 2.0e+8 4.0e+8 6.0e+8 8.0e+8

Figure F2 Nyquist plot of the Non S-coPI membrane.
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Table F4 Proton conductivity raw data of Non S-coPI film

Frequency, Hz Z(106), ohm 0 , degree r, Radius Z'=Zcosr Z”=Zsinr
20 422.619 -55.222 -0.9638387 2.41 E+08 -3.47E+08
40 282.251 -51.8081 -0.9042528 1.75E+08 -2.22E+08
60 227.152 -37.4474 -0.6536028 1.80E+08 -1.38E+08
70 213.035 -35.4134 -0.6181015 1.74E+08 -1.23E+08
80 207.4433 -37.3822 -0.6524648 1.65E+08 -1.26E+08

150 151.214 -48.0372 -0.838436 1.01 E+08 -1.12E+08
200 131.301 -50.6591 -0.8841983 8.32E+07 -1.02E+08
400 90.8722 -54.3176 -0.9480534 5.30E+07 -7.38E+07
600 71.8308 -57.1935 -0.998249 3.89E+07 -6.04E+07
800 59.8875 -59.8492 -1.0446013 3.01E+07 -5.18E+07

1500 38.5979 -65.1958 -1.1379202 1.62E+07 -3.50E+07
. 2000 31.2065 -67.6127 -1.1801046 1.19E+07 -2.89E+07

4000 17.8669 -72.677 -1.2684963 5.32E+06 -1.71E+07
6000 12.7291 -74.9821 -1.3087292 3.30E+06 -1.23E+07
8000 9.99419 -76.5781 -1.3365856 2.32E+06 -9.72E+06

■ 20000 4.41681 -80.6549 -1.4077417 7.17E+05 -4.36E+06
40000 2.32785 -82.6776 -1.4430456 2.97E+05 -2.31E+06

.60000 1.58873 -83.5588 -1.458426 1.78E+05 -1.58E+06
80000 1.22845 -83.9835 -1.4658387 1.29E+05 -1.22E+06

200000 0.5139 -85.0736 -1.4848652 4.41E+04 -5.12E+05
400000 0.266283 -85.5993 -1.4940407 2.04E+04 -2.65E+05

Z' (ohms)
0.0 5.0e+7 1.0e+8 1.5e+8 2.0e+8 2.5e+8 3.0e+8

Figure F3 Nyquist plot of the Non S-coPI membrane.
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Table F5 Proton conductivity raw data of S-coPI-1 film

Frequency, Hz Z(106), ohm r, Radius z-Z cosr Z"=Zsinr
600 18.2364 -349.175 1.71E+07 -6.24E+06
800 17.6301 -383.135 1.64E+07 -6.59E+06

1500 15.5794 -517.34 1.35E+07 -7.71 E+06
2000 14.1361 -602.373 1.16E+07 -8.01 E+06
4000 10.4525 -860.246 6.82E+06 -7.92E+06
6000 8.05525 -1009.71 4.29E+06 -6.82E+06
8000 6.58051 -1115.6 2.89E+06 -5.91E+06

20000 3.00568 -1303.85 7.93E+05 -2.90E+06
40000 1.61166 -1358.39 3.40E+05 -1.58E+06
60000 1.12512 -1399.12 1.92E+05 -1.11E+06
80000 0.868728 -1396.79 1.50E+05 -8.56E+05

200000 0.402614 -1256.89 1.24E+05 -3.83E+05
400000 0.322829 -1145.61 1.33E+05 -2.94E+05
800000 0.063371 -1204.87 2.27E+04 -5.92E+04

2000000 0.026316 -1368.42 5.29E+03 -2.58E+04

Z' (oh m s)

0 5 e+ 6  le + 7  2e+ 7  2 e+ 7

Figure F4 Nyquist plot of the S-coPl-1 membrane.
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Table F6 Proton conductivity raw data of S-coPI-1 film

Frequency, Hz Z(106), ohm r, Radius Z'=Zcosr Z'-Zsinr
2000 1.72379 -297.451 1.65E+06 -5.05E+05
4000 1.57333 -393.501 1.45E+06 -6.03E+05
6000 1.49221 -454.83 1.34E+06 -6.56E+05
8000 1.31343 -543.405 1.12E+06 -6.79E+05

20000 0.895521 -773.515 6.41E+05 -6.26E+05
40000 0.582558 -911.05 3.57E+05 -4.60E+05
60000 0.457174 -983.104 2.53EE05 -3.80E+05
80000 0.375313 -1027.69 1.94E+Q5 -3.21E+05

200000 0.202614 -1133.15 8.59E+04 -1.84E+05
400000 0.122829 -1165.97 4.84E+04 -1.13E+05
800000 0.073371 -1200.34 2 66E+Q4 -6.84E+04

2000000 0.036316 -1269.7 1.08E+04 -3.47E+04

Z' (o h m s)
0 5e+ 5  le + 6  2 e+ 6  2e+ 6

Figure F5 Nyquist plot of the S-coPI-1 membrane.
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Table F7 Proton conductivity raw data of S-coPI-2 film

Frequency, Hz z , ohm r, Radius Z'=Zcosr Z"=Zsinr
20 184.518 -26.3343 1.85E+02 -4.86E-03
40 184.473 41.375 1.84E+02 7.63E-03
50 184.313 80.4786 1.84E+02 1.48E-02
70 184.174 98.929 1.84E+02 1.82E-02
80 183.857 147.624 1.84E+02 2.71E-02

100 183.69 158.727 1.84E+02 2.92E-02
120 183.479 167.664 1.83E+02 3.08E-02
150 183.135 181.636 1.83E+02 3.33E-02
500 182.664 170.883 1.83E+02 3.12E-02
600 182.529 158.141 1.83E+02 2 89E-02
700 182.295 146.022 1.82E+02 2.66E-02
800 182.256 135.847 1.82E+02 2.48E-02

1200 182.038 110.812 1.82E+02 2.02E-02

0.00
185

Figure F6 Nyquist plot of the S-coPI-2 membrane.
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Table F8  Proton conductivity raw data of S-coPI-2 film

Frequency, Hz Z, ohm r, Radius Z-Zcosr Z”=Zsinr
20 213.594 -89.9921 2.14E+02 -1.92E-02
30 213.336 13.212 2.13E+02 2.82E-03
40 213.01 61.714 2.13E+02 1 31E-02
50 212.833 106.281 2.13E+02 2.26E-02
60 212.194 143.06 2.12E+02 3.04E-02
70 211.955 176.702 2.12E+02 3.75E-02
80 211.855 201.215 2.12E+02 4.26E-02

100 211.334 220.605 2 11E+02 4.66E-02
500 210.141 231.961 2.10E+02 4.87E-02
600 209.98 248.756 2 10E+02 5.22E-02
700 209.218 240.407 2.09E+02 5.03E-02
800 208.633 250.02 2.09E+02 5.22E-02

1200 207.379 217.493 2.07E+02 4.51E-02

.08

.06 -

.04 -

.02 -  

N
0.00 -

-.02 -

-.04 H--------------1----------- 1---------------- 1----------- 1---------------- 1—
204 206 208 210 212 214

Z' (ohms)
216

Figure F7 Nyquist plot of the S-coPI-2 membrane.
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Table F9 Proton conductivity raw data of S-coPI-3 film

Frequency, Hz Z, ohm r, Radius Z-Zcosr Z"=Zsinr
120 27.293 13.9169 2.73E+01 3.80E-04
140 27.1148 65.018 2.71E+01 1.76E-03
150 26.783 87.9159 2.68E+01 2.35E-03
160 26.342 94.8511 2.63E+01 2.50E-03
170 26.169 88.6188 2.62E+01 2.32E-03
180 26.0332 80.1256 2.60E+01 2.09E-03
200 25.9006 75.9692 2.59E+01 1.97E-03
250 25.7242 58.2141 2.57E+01 1.50E-03
300 25.5984 47.4546 2.56E+01 1.21E-03
400 25.4643 26.5109 2.55E+01 6.75E-04

. 500 25.4053 15.9183 2.54E+01 4.04E-04
600 25.3882 6.89512 2 54E+01 1.75E-04

.0030

.0025 - 

.0020  -  

.0015 - 

.0010 

.0005 H
0.0000

25.0 25.5 26.0 26.5
Z' (o h m s)

27.0 27.5

Figure F8 Nyquist plot of the S-coPI-3 membrane.
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Table F10 Proton conductivity raw data of S-coPI-3 film

Frequency, Hz z , ohm r, Radius z -Zcosr Z''=Zsinr
110 23.3131 18.7128 2.33E+01 4.36E-04
120 23.2909 21.2667 2.33E+01 4.95E-04
140 23.1261 70.7905 2.31E+01 1.64E-03
150 23.0191 79.7906 2.30E+01 1.84E-03
160 22.588 90.3542 2.26E+01 2.04E-03
170 22.4721 86.5161 2.25E+01 1.94E-03
180 22.3685 78.4426 2.24E+01 1.75E-03
200 22.302 67.2836 2.23E+01 1.50E-03
250 22.1882 51.6313 2.22E+01 1.15E-03
300 22.1323 39.1974 2.21E+01 8.68E-04
400 22.0353 21.1372 2 20E+01 4.66E-04
500 22.0139 10.174 2.20E+01 2.24E-04
600 22.0085 2.6426 2.20E+01 5.82E-05

Figure F9 Nyquist plot of the S-coPI-3 membrane.
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'H-NMR spectrum of 4,4'-diaminodiphenyl methane (DDM) and 4,4'- 
diaminodiphenyl methane-2,2'-disulfonic acid disodium salt (S-DDM) in deuterated 
dimethylsulfoxide (DMSO-dé) were measured on a Varian mercury 400 MHz. The 
degree of sulfonation was determined by integration of distinct aromatic signals 
(Javaid Zaidi, 2003).

Appendix G 'H-NMR

I I I I I I I I I- - - - - 1- - - - - 1- - - - - - 1- - - - - 1- - - - - 1- - - - - 1- - - - - 1- - - - - 1- - - - - - 1- - - - - - 1- - - - - - 1- - - - - 1- - - - - 1- - - - - 1- - - - - - 1- - - - - - 1- - - - - - 1- - - - - 1- - - - - 1- - - - - - 1- - - - - - 1- - - - - - 1- - - - - 1- - - - - 1- - - - - - 1- - - - - 1- - - - - 1- - - - - - 1- - - - - 1- - - - - - 1—
7 00 0 .50  0 .0 0  5  50  5.00 4 50 4 0 0  3 .50

Figure G1 The 'H-NMR spectrum of DDM

Figure G1 shows the 'H-NMR spectrum of DDM, the signal at 6.78 ppm 
(doublet) and 6.44 ppm (doublet) are assigned to the aromatic proton แ 3 and H2, 
respectively. The signal at 4.79 ppm (singlet) is assigned to the primary anime proton 
H| and the signal at 3.53 ppm (singlet) is attributed to the methylene proton H4.

The 'H-NMR of S-DDM peak is shown in the Figure G2. The signal at 7.16 
ppm (doublet), 7.12 ppm (doublet of singlet), and 6.71 ppm (doublet of doublet) are 
attributed to the aromatic protons แ3, Hj, and H2, respectively. The signal at 5.55 
ppm (singlet) is assigned the primary anime proton, correlated with Hi. The signal at 
3.82 ppm (singlet) is assigned to the methylene proton H4 between the phenyl 
groups.
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7.00 6 .50 6 0 0 5.50 5.00 4.5 0 4 0  0ppm

Figure G2 The 'H-NMR spectrum of S-DDM.

Figure G3 The ’H-NMR spectrum of DDM and S-DDM.
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The wide angle X-ray diffraction microscope (Bruker AXS, model D8 
Advance) was used to study the crystallinity of Non S-coPI and S-coPI, the S-coPI-3 
was selected for a sample of sulfonated polymer membrane. The Cu K-alpha 
radiation source was operated at 40 kv / 30mA. K-beta filter was used to eliminate 
the interference peak. A divergence slit and a scattering slit of 0.5 deg together with a 
0.3 mm receiving slit are set on the instrument. The film was placed into a sample 
holder and the measurement was continuously run. The experiment were recorded by 
monitoring the diffraction appearing in the 20 range

Appendix H X-Ray Diffraction (XRD)

Figure HI The XRD diffraction patterns of Non S-coPI and S-coPI-3 films.
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Polymer membranes were acidified with an excess 0.1 M HC1 solution at a 
room temperature for 24 h. Then, they were washed and dried at 80 °c for 24 h. The 
membranes were immersed in 50 ml of 1 M NaCl for 24h. The solution was titrated 
by 0.01 M NaOH using phenolphthalein as an indicator. The titrations were repeated 
two times, the DS and IEC value were calculated by equations II and 12, 
respectively.

Appendix I Degree of sulfonation (DS) and Ion Exchange Capacity (IEC)

£jc/-n/'\ _  (y NaOHxM NaOH)/1000 ^ 
 ̂ Mole of polymer membrane (11)

IEC (meq./g) = พ d (12)

where VfiaOH = the volume of sodium hydroxide solution
M ncOH = the concentration of sodium hydroxide solution 
Wd = the weight of the dry polymer membrane

Table II The DS and IEC of S-coPI

Sample DS (%) IEC
Non S-coPI 0 0

S-coPI-1 18.450 ± 1.287 0.380 ±0.026
S-coPI-2 34.530 ±0.042 0.689 ±0.001
S-coPI-3 65.585 ±0.417 1.230 ±0.008
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S am ples

Figure II The DS and IEC of the S-coPI membranes.

Table 12 Raw data of the DS and IEC calculations

Sample Wd(g) Mole VNaOH (ml) DS (%) IEC
Non S-coPI 0.2541 5.41 lxlO'4 - 0 0

0.2784 5.928* 10'4 - 0 0
S-coPI-1 0.2547 5.245X10-4 9.2 17.54 0.361

0.2383 4.905x10'4 9.5 19.36 0.398
S-coPI-2 0.2530 5.044X10-4 17.4 34.50 0.688

0.3803 7.581 xio-4 26.2 34.56 0.689
S-coPI-3 0.2227 4.174X10"4 27.5 65.88 1.235

0.2787 5.223x10'4 34.1 65.29 1.224
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Appendix J Comparison of Polyimide Membrane Properties

S-coPI-3 has the highest selectivity value obtained from the experiment; it 
properties are compared with those of other polyimide membranes as shown in Table 
Jl.

Table J1 Films comparisons

Sample name IEC Water uptake o p 0>
(meq/g) (wt.%) (S/cm) (cm2/s) (ร s/cm3)

S-coPI-3" 1.23 11.17 1.16x102 4.02x1 O'8 2.89x10s
Nafionl.17 0.916 20.53 fc8.00xl O'2 1,74x 10'6 4.59X104
SPI 63c 1.75 15.89 4.10x10 ^ 7.34x 10^8 5 58x10*
SPI-807 0.95 27.0 5.50xl0‘3 1.13x 10 7 4.87x 104
NPI(l)/SPP(70y 2.00 72.0 2.07x10'' 6.20x 10~7 3.20x10s
P V A/10%MMT/ - - 3.68 X10‘2 3.67x 10 6 l.OOxlO4

"this experiment; * Akbarian-Feizi et a l., 2010;c Woo et a l., 2003; d Pan e t a l., 2010; 
e Li et a i ,  2008;-^ Yang et a l., 2009

S-coPl-3 is of the lowest methanol permeability compared with other 
polyimide membranes, as shown in Table Jl. But it has a lower proton conductivity 
value than some polyimide membranes. The selectivity of S-coPI-3 is higher than 
Nafionl 17, SPI-80rf, and PVA/lO^oMMT*, so the S-coPI-3 is of a higher performance 
than others with respect to the DMFC membrane. However, S-coPI-3 is of a lower 
selectivity value than SPI 63c and NPI(l)/SPP(70)e due to the lower proton 
conductivity.
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