
CHAPTER IV
POLYETHYLENIMINE CONTAINING BENZIMIDAZOLE BRANCHING: 

A MODEL SYSTEM PROVIDING A BALANCE OF HYDROGEN BOND 
NETWORK OR CHAIN MOBILITY ENHANCES PROTON 

CONDUCTIVITY

4.1 Abstract

A series of multi-benzimidazole functionalized branched polyethylenimine 
(MPEI) with varied benzimidazole substitution are designed and synthesized to study 
how hydrogen bonds of benzimidazole can be enhanced through the branching 
structure of polymer chains. The reduction of H-bonding and the increment o f inter­
atomic distance distribution initiate an increase in proton conductivity with 
temperature as detailed analyses by temperature dependence Fourier transform 
infrared (FT1R) spectroscopy and radial distribution function calculated from 
temperature dependence X-ray diffraction technique. MPEIs with the higher 
benzimidazole substitution perform the more number of hydrogen bonds together 
with the lowering of chain mobility. Combining with the proton conductivity 
evaluation, 6PEI with 19.7 % benzimidazole substitution is a preferable condition 
since at this condition both hydrogen bond and chain mobility are in good balance 
favor the proton transfer resulting in a significant proton conductivity ~10"5 ร cm’1 in 
the case of pure sample in pellet form and ~10"4 ร cm"1 in the case of the blend with 
PVA in membrane form measuring at 190 °c under anhydrous condition.

Keywords: Polymer electrolyte membrane; Hydrogen bonding; Benzimidazole; 
Branched polyethylenimine, Proton transfer

4.2 Introduction

Polymer electrolyte membrane fuel cell (PEMFC) has been developed to 
become one of the most promising clean power generation technologies for vehicles 
and portable devices.1’3 Polymer electrolyte membrane (PEM) is a key component
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performing proton conduction in PEMFC. At present, perfluorosulfonic acid polymer 
e.g., Nafion®, is considered as the most practical electrolyte membrane due to its 
excellent proton conductivity as well as its high thermal and chemical stabilities.4,5 
However, some drawbacks of Nafion®, for example, the high cost and the low 
working temperature range (lower than 100 °C),6'8 lead to an expectation of 
alternative materials for the use in high temperature PEMFC (100-200 °C).

Nitrogen containing heterocyclic based structures e.g., imidazole, pyrazole, 
and benzimidazole are proposed as high thermally stable proton conductive 
molecules.911 The proton transfer mechanism of the heterocycles occurs basically 
through protonation of the resonance structure followed by proton transfer and 
reorientation under hydrogen bond network.12 Various types of heterocycle based 
PEMs such as homo- and copolymer of heterocycles,11’13' 15 linear polymers grafted 
with heterocycles,16' 19 and polymer blends with heterocycles20'22 have been reported. 
Their proton conductivities were found to be related to several factors. For instance, 
Kreuer et al. found that imidazole and pyrazole form hydrogen bond network for 
acidic proton in polymer transport.9 The increment of imidazole and pyrazole 
intercalated into sulfonated polyetherketone enhances proton conductivity. Higher 
tendency to form hydrogen bond of imidazole results in higher proton conductivity 
compared with the case of pyrazole. Moreover, poly(acrylic acid) entrapped with 
imidazole23 and poly(4(5)-vinylimidazole-co-ethyleneglycol methacrylate 
phosphate24 were also reported to find the increase of proton conductivity with an 
increase of imidazole units. Persson et al. developed benzimidazole tethered on linear 
polysiloxane16 and polyethylene oxide)18 and showed the conductivity for 10'6 ร cm' 
'. It is important to note that those reports showed US that the proton conductivities 
were not only depending on the benzimidazole concentrations but also segmental 
mobility of the polymer chains.

Polyethylenimine (PEI) is a commercially available polymer in linear and 
branch forms. Linear PEI (/PEI) consists of secondary amine species along the 
polymer chain and primary amine species at the terminal chain ends whereas 
branched PEI (Z?PEI) consists of primary, secondary and tertiary amine species in 
random manner. Due to reactive amines in the structure, modifications of PEIs with 
numerous functional groups, for example, with palmitic acid, ethyl acrylate.
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p o ly a m id e , a n d  p o l y e t h y l e n e  g ly c o l ) ,  e tc , w e r e  r e p o r te d .25 ' 27 R e c e n t ly ,  Y a n g  e t  a l. 
p r o p o s e d  n a n o c o m p o s it e  m e m b r a n e  o f  t r i f lu o r o m e th a n e s u lfo n im id e  d o p e d  /P E I /S i0 2  

fo r  th e  u s e  in  P E M F C  at h ig h  tem p era tu r e  w ith  th e  p r o to n  c o n d u c t iv i t y  a s  h ig h  as  
5 .6 x l C f 5 ร c m "1 at 130 °c  u n d er  a n h y d r o u s  c o n d i t io n s .28

T o  o u r  id e a , an  e n h a n c e m e n t  o f  p ro to n  c o n d u c t iv i ty  th r o u g h  a  r e s o n a n c e  
stru ctu re o f  h e t e r o c y c le s  i .e . ,  b e n z im id a z o le  ca n  b e  a c h ie v e d  i f  th e  h e te r o c y c le s  
p erfo rm  fa v o r a b le  h y d r o g e n  b o n d  n e tw o r k s  and  th e  p a c k in g  s tr u c tu r e s  o f  th e  
p o ly m e r  c h a in s  a l lo w  e f f ic ie n t  and  e f f e c t iv e  p ro to n  tr a n sfe r . B a s e d  o n  th is  v ie w p o in t ,  
in  th is  w o r k , p o ly e th y le n im in e  c o n ta in in g  b e n z im id a z o le s  b r a n c h in g  is  o r ig in a l ly  
d e s ig n e d  s in c e  its  s tru ctu re  o f fe r s  a  f l e x ib le  c h a in  w ith  m u lt i fu n c t io n a l  a n d  
m u lt id ir e c t io n a l  p r o to n  c o n d u c t iv e  s p e c ie s  o f  b e n z im id a z o le s  w h ic h  th e ir  h y d r o g e n  
b o n d s  ca n  b e  c o n s e q u e n t ly  d e v e lo p e d . It sh o u ld  b e  n o te d  th at th e  h y d r o g e n  b o n d  
a lo n g  th e  s tru ctu re , a lth o u g h  e n h a n c e s  th e  c o n d u c t iv ity ,  o b s tr u c ts  th e  p o ly m e r  c h a in  
m o b ility . T h e r e fo r e , an  o p tim a l le v e l  to  b a la n c e  th e  h y d r o g e n  b o n d  n e tw o r k  a s  a 
fr a m e w o r k  o f  p r o to n  tra n sfe rr in g  c h a n n e l a n d  th e  c h a in  m o b i l i t y  a s  a  f l e x ib le  
stru ctu re fo r  p r o to n  tr a n sfe r  h a s  to  b e  id e n t if ie d . T h e  p r e s e n t  w o r k  s h o w s  th e  w a y  to  
in v e s t ig a te  th e  p r o to n  c o n d u c t iv e  p e r fo r m a n c e  u n d e r  b e n z im id a z o le  c o n t e n ts  and  
tem p e r a tu r e s  p r o f i le s  a n d  c la r if ie s  h o w  th e  tw o  fa c to r s , i .e . ,  h y d r o g e n  b o n d in g  and  
c h a in  m o b il ity ,  p la y  th e  r o le  in p ro to n  tra n sfe r  in  a n h y d r o u s  s y s t e m .

4.3 Experimental

4.3.1 Materials
6 P E I (M W  2 5 0 0 0  g  m o l '1) ,  h y d r o ly z e d - p o ly ( v in y l  a lc o h o l)  ( P V A , M W  

8 9 0 0 0 - 9 8 0 0 0  g  m o l" 1) ,  2 - ( c h lo r o m e th y l) b e n z im id a z o le  ( M B z ) ,  a n d  d e u te r a te d  
d im e th y l s u l f o x id e  ( D M S O - d 6) w e r e  o b ta in e d  fr o m  A ld r ic h  C o . è P E I  w a s  d r ied  
u n d e r  v a c u u m  at 8 0  °c  fo r  2  d a y s  b e fo r e  u s e . O th er  c h e m ic a ls ,  p o ta s s iu m  h y d r o x id e  
(K O H , A c r o s  C o .) ,  d im e th y l  s u l fo x id e  (D M S O , A c r o s  C o .) ,  a n d  h y d r o c h lo r ic  a c id  

(H C I, L a b s c a n  C o .)  w e r e  u se d  a s  r e c e iv e d .
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4.3.2 Synthesis of MPEIs (Scheme 4.1)
D M S O  s o lu t io n  (1 0  m l)  c o n ta in in g  2  g  o f  è P E I  ( 4 6 .5  m m o l)  w a s  a d d e d  w ith  

an e q u im o la r  ra tio  o f  K O H  to  M B z . T h e  s o lu t io n  w a s  s tirred  a n d  h e a t at 9 0  ๐c  fo r  3 0  
m in  b e fo r e  d r o p w is in g  th e  D M S O  s o lu t io n  (2 0  m l)  c o n t a in in g  M B z  ( 6 .4  m m o l,  0 .2  
e q u iv a le n t  o f  p r im a ry  an d  s e c o n d a r y  a m in e  c o n te n ts  in  6 P E 1 ). A fte r  s t ir r in g  at 9 0  °c 
u n d e r  N 2 a tm o sp h e r e  fo r  2 4  h o u r s , th e  r e a c t io n  m ix tu r e  w a s  c o o le d  d o w n  to  r o o m  
tem p era tu r e  a n d  n e u tr a liz e d  w ith  1 M  H C1. T h e  p r o d u c t  w a s  d ia ly z e d  in  d e - io n iz e d  
w a te r  s e v e r a l  t im e s  f o l lo w e d  b y  fr e e z e -d r y in g  to  o b ta in  è P E I  c o n t a in in g  m u lt i-  
m e th y lb e n z im id a z o le  g r o u p s , M P E 1 1 :0 .2 . In s im ila r , M P E I  1 :0 .4 , M P E I  1 :0 .6 ,  
M P E I 1 :0 .8 , a n d  M P E I 1 :1 .0  w e r e  p r ep a red  b u t u s in g  M B z  fo r  0 .4 ,  0 .6 ,  0 .8 ,  a n d  1 .0  
m o le  e q u iv a le n t  to  a m in e  g r o u p s  (p r im a ry  a n d  s e c o n d a r y  a m in e s )  in è P E I ,  
r e s p e c t iv e ly .

Multi-benzimidazole functionalized branched polyethylenimine, MPEI.
F T IR  (K B r , V  c m '1)  3 6 0 0 - 2 4 0 0  (b r ), 2 9 5 3  ( v s ) ,  2 8 3 3  ( v s ) ,  1 6 2 1  (m ) , 1 5 91  ( พ ) ,  1 5 3 4  
(m ) ,  1 4 3 5  (ร ), 1 2 7 2  (ร ), 7 4 6  (ร). 'h  N M R  ( 8  p p m , 5 0 0  M H z , D M S C M é , 2 9 8  K ): 7 .5  

(ร, A r / / ) ,  7 .1  (ร, A r H), 3 .9  (b r , N - C / / 2) , 2 .3 - 2 .9  (b r , N - C / / 2) . ,3C  N M R  (5  p p m , 5 0 0  
M H z , D M S O -J fi, 2 9 8  K ): 1 5 2 .7 0 , 1 3 8 .4 8 , 1 2 1 .4 5 , 1 1 4 .7 1 ,5 1 .5 7 ,  4 6 . 3 5 , 3 6 . 9 3 .

Scheme 4.1 S y n t h e s is  o f  MPEI

MPEI

4.3.3 Preparation of MPEI/PVA membranes
T h e  M P E I 1 :0 .2  in  D M S O  s o lu t io n  (1 0  %  พ /พ , 1 .2  m l)  w a s  m ix e d  w ith  

D M S O  c o n ta in in g  P V A  ( 1 0  %  พ /พ , 1.8 m l)  and  stirred  at r o o m  te m p e r a tu r e  fo r  a 
d a y  to  o b ta in  a h o m o g e n e o u s  s o lu t io n  p r io r  to  c a s t  o n  th e  g la s s  p la te  w ith  a
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d im e n s io n  o f  3 x 3  c m 2. T h e  m e m b r a n e s  o b ta in e d  w e r e  a n n e a le d  a t 8 0  ๐c  fo r  th ree  
d a y s  an d  fu r th er  d r ied  in v a c u u m  o v e n  at 1 0 0  °c fo r  1 d a y . S im ila r ly ,  th e  P V A  
m e m b r a n e s  c o n ta in in g  M P E I 1 :0 .4 , M P E I 1 :0 .6 , M P E I  1 :0 .8 , a n d  M P E I 1 :1 .0  w e r e  
p rep a red .

4.3.4 Characterizations
F T 1R  sp e c tr a  o f  M P E Is  w e r e  r e c o r d e d  o n  a D ig i la b  F T S  7 0 0 0  r a p id -s c a n -  

ty p e  F T IR  s p e c tr o m e te r  w ith  a  r e s o lu t io n  o f  2  c m ' 1 fo r  3 2  s c a n s  in  a f r e q u e n c y  ra n g e  
o f  4 0 0 0 - 4 0 0  c m '1. T h e  te m p e r a tu r e  d e p e n d e n c e  F T IR  s p e c tr a  w e r e  p e r fo r m e d  u s in g  a 
te m p e r a tu r e -c o n tr o lle r  a tta c h m e n t o p e r a t in g  u n d e r  n itr o g e n  a tm o s p h e r e . T h e  
M P E I /P V A  m e m b r a n e s  w e r e  a n a ly z e d  b y  a N i c o le t  6 7 0 0  c o n t in u u m  in  a  fr e q u e n c y  
ra n g e  o f  4 0 0 0 - 7 5 0  c m " 1 w ith  6 4  s c a n s  a t a r e s o lu t io n  o f  2  cm " 1.

1 FT a n d  13c n u c le a r  m a g n e t ic  r e s o n a n c e  ( N M R )  s p e c tr a  w e r e  o b ta in e d  fro m  
a B r u k er  A v a n c e  5 0 0  M H z  N M R  s p e c tr o m e te r . T h e  s a m p le s  w é r e  m e a s u r e d  a t 2 5  ๐c  
u s in g  D M S O -r 4  a s  a  s o lv e n t .

E le m e n ta r y  a n a ly s is  (E A )  w a s  d o n e  b y  a Y a n a k o  CFTN C O R D E R  to  
d e te r m in e  n u m b e r  o f  n itr o g e n  and  ca r b o n  c o n t e n ts  fo r  v e r i f y in g  d e g r e e  o f  
m e th y lb e n z im id a z o le  s u b st itu t io n .

T e m p e r a tu r e  d e p e n d e n c e  w id e  a n g le  X -r a y  d if fr a c t io n  ( W A X D )  w a s  
c o n d u c te d  b y  a  R ig a k u  X -r a y  p o w d e r  d if fr a c to m e te r /R I N T T T R  III T h e r m o  p lu s  
D S C  (d if fe r e n t ia l  s c a n n in g  c a lo r im e te r )  w ith  C u -K a  r a d ia t io n  (2  =  0 .1 5 4 2  Â ) .  T h e  
W A X D  p r o fd e s  w e r e  r e c o r d e d  at tem p era tu r e  ra n g e  0 - 2 0 0  ๐c  w ith  a h e a t in g /c o o l in g  
rate 3 °c m in ' 1 u n d e r  n itr o g e n  a tm o sp h e r e .

T h e r m a l b e h a v io r s  w e r e  o b s e r v e d  b y  u s in g  a  N E T Z S C H  D S C  2 0 0  F3  
M aia®  at h e a t in g  rate 10 ๐c  m in ' 1 u n d e r  N 2 a tm o sp h e r e . T h e r m a l g r a v im e tr ic  
a n a ly s is  w a s  ca rr ied  o u t b y  u s in g  a  Q 5 0 0 0 I R S  w ith  a h e a t in g  ra te  o f  10  °c m in ' 1 o v e r  
tem p era tu re  r a n g e  o f  5 0 - 6 5 0  ๐c  u n d er  N 2 a tm o sp h e r e .

T h e  p r o to n  tra n sfe r  e f f i c ie n c y  o f  M P E I s  w ith  v a r ie d  b e n z im id a z o le  
b r a n c h in g  w a s  c o m p a r a t iv e ly  s tu d ie d  b o th  in p e l le t  fo r m  o f  th e  p u re  M P E I s  an d  in  
m e m b ra n e  fo rm  o f  th e  M P E I b le n d e d  w ith  P V A  (M P E I /P V A  m e m b r a n e s ) . In th e  
c a s e  o f  M P E I p e lle t ,  th e  s a m p le s  w e r e  d r ied  in  a  v a c u u m  o v e n  a t 8 0  °c fo r  2 d a y s  
p rior to  p r e ss  in to  p e lle t  w ith  h y d r a u lic  c o m p r e s s io n  at 1 . 9 X 1 0 3 M P a . F o r  M P E I /P V A



4 7

m e m b r a n e s , th e  p rep a red  m e m b r a n e s  w e r e  d r ied  in  a v a c u u m  o v e n  a t 1 0 0  ๐c  fo r  a  
d a y  b e fo r e  th ree  p ie c e s  o f  m e m b r a n e s  w e r e  g a th e r e d  to  p e r fo rm  p r o to n  c o n d u c t iv i ty  
m e a su r e m e n t. T h e  s a m p le s  w e r e  a s s e m b le d  in  b e tw e e n  c o p p e r  e le c t r o d e s  o f  s e a le d -  
o f f  c y l in d r ic a l  T e f lo n  c e l l .  T h e  r e s is ta n c e  o f  th e  s a m p le s  w a s  d e te r m in e d  b y  c o m p le x  
im p e d a n c e  m e th o d  w ith  a  p A U T O L A B  T y p e  III p o te n t io s t a t /g a lv a n o s ta t  in  a  
fr e q u e n c y  ra n g e  fro m  5 0 0 ,0 0 0  to  0 .0 1  H z  a n d  a c  s ig n a l  a m p litu d e  o f  5 0  m V . T h e  
m e a s u r e m e n ts  w e r e  ca rr ied  o u t in th e  te m p e r a tu r e  r a n g e  o f  5 0 - 1 9 0  °c u n d e r  

tem p era tu re  a n d  h u m id ity  c o n tr o ls . T h e  c o n d u c t iv i ty  (cr) is  c a lc u la te d  fro m  
im p e d a n c e  d ata  b y  u s in g  eq  1 ;

<T= ( \/R )(L /A )  ( 1 )

w h e r e  L is  th e  sa m p le  th ic k n e s s , A  is  th e  c r o s s - s e c t io n a l  a rea  b e tw e e n  m e m b r a n e  a n d  
e le c tr o d e  an d  R  is  th e  r e s is ta n c e  d e r iv e d  fro m  th e  in te r s e c t io n  o f  N y q u is t  p lo t  o n  rea l 
a x is  at im a g in a r y  part e q u a l to  zer o .

4.4 Results and Discussion

4.4.1 Synthesis and structural characterization of MPEIs
A  s e r ie s  o f  b e n z im id a z o le  b ra n ch in g  w ith  d if fe r e n t  b e n z im id a z o le  c o n t e n t s  w e r e  
p rep a red  b y  v a r y in g  th e  m o la r  r a tio s  o f  M B z  to  6 P E I th r o u g h  n u c le o p h il i c  
su b st itu t io n  o f  a lk y l c h lo r id e  w ith  b a s ic  a m in e s  o f  è P E I  in  th e  p r e s e n c e  o f  K O H  in  
D M S O  s o lu t io n  u n d er  N 2 a tm o sp h e r e . T h e  y ie ld s  o f  th e  p r o d u c ts  are a s  h ig h  a s  7 6 - 9 0  
%  (T a b le  4 .1 ) .
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Table 4.1 E ffe c t  o f  è P E T M B z  fe e d in g  ra tio s  to  %  y ie ld  o f  th e  p r o d u c ts , p e r c e n t  
c o n te n ts  o f  h y d r o g e n , ca r b o n  and n itr o g e n  and  c a lc u la te d  d e g r e e  o f  su b s t itu t io n

Feeding Elemental Compositions (%)Yield ______________ _ ______________  DSSamples ratio of (%) H c N (%)6PEI:MBz
M P E I 1 :0 .2 1 :0 . 2 9 0 8 .3 6 4 8 .7 9 2 3 .3 2 1 9 .7
M P E I 1 :0 .4 1 :0 .4 81 7 .1 0 5 1 .0 3 2 1 .7 3 4 1 .4
M P E I 1 :0 .6 1 :0 . 6 8 8 6 .5 6 5 2 .9 6 2 1 .6 9 5 1 .5
M P E I 1 :0 .8 1 :0 . 8 85 6 .6 2 5 6 .5 2 2 2 .1 9 6 6 .7
M P E I 1 :1 .0 1 : 1 .0 7 6 6 .6 1 6 2 .4 7 2 3 .3 4 9 0 .5

F T 1R  sp e c tr a  o f  th e  M P E ls  s h o w  th e  c h a r a c te r is t ic  a b s o r p t io n  b a n d s  o f  
b e n z im id a z o le  s tru ctu re  at 1621  c m ' 1 (C = N  d e fo r m a tio n  m o d e ) ,  1 5 3 4  c m ' 1 ( N -H  
d e fo r m a tio n  m o d e ) ,  1 4 3 5  c m ' 1 ( in -p la n e  v ib r a t io n ) , a n d  7 4 6  c m ' 1 (C -E l b e n d in g  
m o d e ) .  T h e  b road  a b so r p tio n  b a n d s  a t 3 6 0 0 - 2 4 0 0  c m ' 1 a re  a s s ig n e d  to  th e  h y d r o g e n  
b o n d e d  N -H . T h e  p e a k s  at 2 9 5 3  and  2 8 3 3  c m ' 1 c le a r ly  in d ic a te  C -H  s tr e tc h in g  m o d e  
o f  è P E I  ch a in .

F ig u re  4 .1 a  s h o w s  an e x a m p le  o f  ' h  N M R  sp e c tr u m  o f  M P E I  1 :0 .6 . T h e  
c h e m ic a l  sh ift  o f  CH2-C l at 4 .9 3  p p m  b e lo n g in g  to  c h lo r o m e th y lb e n z im id a z o le  d o e s  
n o t ap p ea r  and  th is  in d ic a te s  a  s u c c e s s fu l  fu n c t io n a l iz a t io n  o f  è P E I  w ith  
m e th y lb e n z im id a z o le  g r o u p s . T h e  s ig n a ls  at 2 .3 - 2 .9  p p m  c o r r e s p o n d in g  to  H ) ,  H 2 , 
and  H 3 a lo n g  b?E\ c h a in  and  th e  s ig n a ls  at 7 .1  a n d  7 .5  p p m  c o r r e s p o n d in g  to  H ô a n d  
H 7 in th e  b e n z im id a z o le  r in g  are o b s e r v e d . A  b ro a d  c h e m ic a l  s h if t  w ith  th e  c e n te r  at
3 .9  p p m  is  a s s ig n e d  to  th e  p r o to n s  (H 4 a n d  H 5) b e tw e e n  n itr o g e n  a to m  and  
b e n z im id a z o le  r in g .

T h e  b roa d  c h e m ic a l  sh ift  o f  'h  N M R  s p e c tr u m  in  th e  r a n g e  o f  2 .0 - 4 .0  p p m  
as a re su lt  o f  th e  o v e r la p p in g  b e tw e e n  th e  s a m p le  a n d  s o lv e n t  p e a k s  l im it s  a  
d e f in it iv e  a s s ig n m e n t  o f  th e  p o ly m e r  o b ta in e d , th e r e fo r e , ,3C  N M R  s p e c tr u m  w a s  
fu rth er in v e s t ig a te d  (F ig u r e  4 .1 b ) .  T h e  sp e c tr u m  s h o w s  th e  d o w n f ie ld  s ig n a ls  at 
5 1 .5 7 ,  4 6 .3 5  an d  3 6 .9 3  p p m  c o r r e sp o n d in g  to  th e  m e th y le n e  c a r b o n s  a d ja c e n t  to
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tertia ry  (Cl a n d  C 4 ) , s e c o n d a r y  (C2 a n d  c 5), a n d  p r im a ry  (C 3)  a m in e s ,  r e s p e c t iv e ly .  
T h e  u p f ie ld  s ig n a ls  a t 1 2 1 .4 5  an d  1 1 4 .7 1  p p m  are c o r r e s p o n d in g  to  m e th in e  c a r b o n s  
(C ô and C 7) , an d  th e  o n e s  at 1 3 8 .4 8  and  1 5 2 .7 0  p p m  are q u a tern a ry  c a r b o n s  (C s  and  
C9) of b e n z im id a z o le  r in g .

180 1S0 140 120 100 80 60 40 20 0
Chemical Shift / ppm

Figure 4.1 (a )  ' h  N M R  and  (b )  13c  N M R  sp e c tr a  o f  M P E 1 1 :0 .6  ( la b e le d  n u m b e r s  
o n  M PE 1 stru ctu re  id e n t ify in g  th e  p o s it io n s  o f  h y d r o g e n  a n d  ca r b o n  in  th e  N M R  

sp ec tra ).

T o  id e n t ify  p ro to n  an d  ca rb o n  c o n n e c t iv i t y ,  2 D  c o r r e la t io n  N M R  sp e c tr a  
(e d it e d -H S Q C  (H e te r o n u c le a r  S in g le  Q u a n tu m  C o r r e la t io n ))  o f  ' h  a n d  13c  D E P T -
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135  ( D is t o r t io n le s s  E n h a n c e m e n t  b y  P o la r iz a t io n  T r a n s fe r )  w e r e  a p p lie d . F o r  
e x a m p le , H S Q C  sp e c tr u m  o f  M P E I  1 :0 .6  (F ig u r e  4 .2 )  p r o v e s  th at 
m e th y lb e n z im id a z o le s  are a tta ch ed  to  a m in e  g r o u p s  to  fo r m  ter tia ry  a n d  s e c o n d a r y  
a m in e s  a s  e v id e n c e d  fr o m  th e  c r o s s  p e a k s  at F an d  G , r e s p e c t iv e ly .  T h e  c o r r e la t io n s  
b e tw e e n  p r o to n s  and m e th y le n e  c a r b o n s  o f  6 P E I c o n n e c te d  to  te r t ia ry , s e c o n d a r y  and  

p r im a ry  a m in e s  are fo u n d  at c , D  a n d  E , r e s p e c t iv e ly .  In a d d it io n , th e  c r o s s  p e a k s  
b e lo n g in g  to  th e  c o r r e la t io n  o f  m e th in e  c a r b o n s  o f  b e n z e n e  r in g  a n d  a r o m a tic  p r o to n s  
are fo u n d  at A  an d  B .

Figure 4.2 1 H - ,3C  D E P T -1 3 5  e d ite d -H S Q C  sp e c tr u m  ( s o l id  l in e  =  n e g a t iv e  p h a se  
p e a k  an d  d a sh  lin e  =  p o s i t iv e  p h a s e  p e a k ) .

6 P E I (M n =  1 0 0 0 0  g . m o f 1) w a s  o b ta in e d  fr o m  A ld r ic h  C o . 6 P E I  c o n s is t s  o f  
term in a l e n d  g r o u p  p r im a ry  a m in e  (T ) ,  lin ea r  s e c o n d a r y  a m in e  (L )  a n d  d e n d r it ic  
tertia ry  a m in e  ( D ) .  A m in e  c o m p o s i t io n s  w e r e  c a lc u la te d  fr o m  a q u a n t ita t iv e  a n a ly s is  
o f  l3C  N M R  u s in g  an in v e r s e  g a te d  'h  d e c o u p lin g  w ith  a d e la y  t im e  o f  10  ร. l3C  
N M R  sp e c tr u m  o f  6P E I (F ig u r e  4 .3 )  w a s  r e c o r d e d  u s in g  D 2 O  a s  a s o lv e n t .  T h e  
p e rcen t c o n te n ts  o f  T , L , an d  D  u n its  w e r e  e s t im a te d  a c c o r d in g  to  A p p e lh a n s  e t  a l .30 

a s  f o l lo w s .
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T  =  ( I a + I b ) / I . o t a l - 1 0 0 ( 2 )

L  =  1 /2 -  ( I c +  Id +  le )  /I total’ 1 0 0 ( 3 )

D  =  ไ / 3- ( I f + I g + I h )  / Ï total" 1 0 0 ( 4 )

w h e r e  T , D , an d  L  a re  th e  c o n te n ts  o f  ter t ia ry , s e c o n d a r y  a n d  p r im a ry  a m in e s  in 

p e r c e n t, r e s p e c t iv e ly .  I] is  13c  N M R  s ig n a l in te n s ity  at p o s i t io n  i, I f  =  I ( 4 8 - 5 0  p p m ) -
lb , an d  1 total =  (la  +  lb )  +  1 /2- ( l c +  Id +  l e )  +  1 / 3 - ( I f  +  lg +  Ih).

F ig u r e  4 .3  s h o w s  th e  p e a k s  b e lo n g in g  to  la, a n d  Ib w ith  a r e la t iv e  in te n s ity  
fo r  1 .9 9  a s  c o m p a r e d  to  Ih. B y  su b st itu t in g  la a n d  Ib in  eq  2 , T  v a lu e  w a s  fo u n d  to  be  
3 1 .0  %  ( T = l  .9 9 /6 .4 2 - 1 0 0 ) .  S im ila r ly , Ic, Id, and  I e s h o w  a r e la t iv e  in te n s ity  fo r  5 .1 9  
w h e r e a s  If, Ig, an d  Ih s h o w  a r e la t iv e  in te n s ity  fo r  5 .4 9  a s  c o m p a r e d  to  Ih to  r e p r e se n t  
L , and  D , r e s p e c t iv e ly .  B y  s u b s t itu t in g  Ic, Id, a n d  Ie in e q 3  a n d  If, Ig, a n d  Ih in e q  4 , L 
a n d  D  v a lu e s  w e r e  fo u n d  to  b e  4 0 .5  % ( L = ( l / 2 - 5 .1 9 ) / 6 .4 2 * 1 0 0 )  a n d  2 8 .5  %  
(D = (  1 /3 -5 .4 9 ) 7 6 .4 2 * 1 0 0 ) ,  r e s p e c t iv e ly .

a : D-CHr CH r T 
b : L-CHrCHj-T 
c  ะ D -CH j-CHrL 
d : L -CH rCH2-L 
e : L-CH2-CH2-T 
f : D-CH2-CH2-D 'a 
ฐ : D-CH2-CH2-L
h : อ- CHr CH2-T la

, d
c

b

h
1.
1

LJLm

L__ )
iLJ น_Jน___1 -r 1 1 7 1
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35
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Chemical Shift / ppm

Figure 4.3 I n v e r se  g a te d  l3C  N M R  sp e c tr u m  o f  è P E I .

T h e r e fo r e , T  =  3 1 .0  % , L  =  4 0 .5  % , a n d  D  =  2 8 .5  % .
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D e g r e e  o f  p o ly m e r iz a t io n  (D P ):  D P  =  M n/M ( C H 2C H 2N H )  =  1 0 0 0 0 /4 3  =  2 3 2
T h e  a p p r o x im a te  n u m b e r s  o f  T , L , and  D  p er  p o ly m e r  c h a in  w e r e  fo u n d  to  b e  7 2 ,  9 4
a n d  6 6 , r e s p e c t iv e ly .

T h e  d e g r e e  o f  m e th y lb e n z im id a z o le  su b st itu t io n  ( D S )  o n  th e  6 P E I ch a in  
w a s  c a lc u la te d  b y  m e a n s  o f  eq  5 an d  eq  6 .29

N /C  =  ( ( 1 4 - 2 3 2 )  +  (JC--2-14 ) ) / ( ( 2 -1 2 -2 3 2 )  +  (jc 8  1 2 ))  ( 5 )

D S  (% ) =  x/(T+L) • 1 0 0  %  ( 6 )

w h e r e  N  and  c are th e  n u m b e r  o f  n itr o g e n  a n d  c a r b o n  c o n t e n t s  o b ta in e d  fro m  
e le m e n ta l  a n a ly s is ,  X is  th e  n u m b e r  o f  m e th y lb e n z im id a z o le s  f u n c t io n a l iz e d  o n  6 P E I  
c h a in , T  is  th e  n u m b e r  o f  te r m in a l p r im a ry  a m in e s  (-N E E ), a n d  L is  th e  n u m b e r  o f  
l in e a r  s e c o n d a r y  a m in e s  ( - N H - )  b a se d  on  q u a n tita t iv e  l3C  N M R  a n a ly s is .

T h e  e le m e n ta l  c o m p o s i t io n s  and  p e r c e n t  D S  u n d e r  v a r ia t io n  o f  6 P E I :M B z  
ra tio s  are in  T a b le  4 .1 .  W h e n  th e  fe e d  ra tio s  w e r e  v a r ie d  fr o m  1 :0 .2  to  1 :1 .0 , th e  
d e g r e e s  o f  su b s t itu t io n  are c h a n g e d  fro m  1 9 .7  %  to  9 0 .5  % . It s h o u ld  b e  n o te d  th at 
th e  su b st itu t io n  is  a lm o s t  e q u a l to  th at o f  th e  f e e d  ra tio , in  o th e r  w o r d s , th e  d e g r e e  o f  
b e n z im id a z o le  su b st itu t io n  o n  6 P E I ca n  b e  c o n tr o lle d  b y  s im p ly  v a r y in g  th e  ra tio  o f  
6 P E I :M B z .

4.4.2 Thermal properties of MPEIs
T h erm a l g r a v im e tr ic  a n a ly s is  (T G A )  w a s  u s e d  to  in v e s t ig a te  th e r m a l  

s ta b il ity  o f  th e  M P E I s . T a b le  4 .2  s u m m a r iz e s  th e  d e g r a d a tio n  te m p e r a tu r e  (Td) a n d  
p e r c e n t  r e s id u e  o f  M P E I s  a s  c o m p a r e d  w ith  6 P E I . A l l  ty p e s  o f  M P E I s  s h o w  th e  f ir s t  
w e ig h t  lo s s  s ta r tin g  fro m  ~ 6 7  °c (o n s e t  te m p e r a tu r e ) to  ~  1 0 0  °c a ttr ib u ted  to  th e  lo s s  
o f  th e  a b so r b e d  m o is tu r e . T h e  o n s e t  Td a ro u n d  2 8 0 - 2 9 0  °c at th e  w e ig h t  lo s s  fo r  le s s  
th an  8 %  s u g g e s t s  th e  d e g r a d a tio n  o f  m e t h y lb e n z im id a z o le  p e n d in g  g r o u p  a n d  
p o ly e th y le n im in e  b a c k b o n e . A lth o u g h  th e  M P E I s  s h o w s  th e  lo w e r  th erm a l s ta b il ity  
th an  th at o f  th e  6 P E I (Td =  3 2 7  ° C ), th e ir  d e g r a d a tio n  te m p e r a tu r e s  a re  s t i ll  m u c h
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h ig h e r  th an  th e  o p e r a t in g  tem p era tu r e  o f  P E M F C , i .e . ,  a t a ro u n d  1 5 0  ° c .  T h e  r e s id u e  

( 3 .0 - 5 .8  w t  % ) m ig h t  c o m e  fro m  s o m e  c h lo r id e -b a s e d  s a lts  r e m a in e d . A n  a d d it io n a l  
c o n f ir m a t io n  b y  a n a ly z in g  T G A  o f  M B z  c o n f ir m e d  th e  a sh  c o n te n t  a s  h ig h  a s  3 0  w t  
% . N o  a sh  c o n te n t  is  o b s e r v e d  in  th e  c a s e  o f  th e  p u re  b e n z im id a z o le  c o m p o u n d .

Table 4 .2  T d, p e r c e n t  r e s id u e , an d  Tg o f  th e  M P E Is  c o m p a r e d  w ith  è P E I

Samples T d  ( ° C ) Residue (%) T g  ( ° C )

b?E\ 3 2 7 .2 0 -4 9 .3
M P E I 1 :0 .2 2 8 0 .2 3 .0 4 2 .8
M P E I 1 :0 .4 2 9 0 .4 2 .6 8 0 .7
M P E I 1 :0 .6 2 9 1 .4 5 .8 1 0 0 .8
M P E I 1 :0 .8 2 8 5 .7 3 .7 1 0 7 .0
M P E I 1 :1 .0 2 8 6 .6 4 .8 1 0 7 .7

In th e  te m p era tu r e  ra n g e  fr o m  -90 °c to  200 °c, th e  D S C  th e r m o g r a m s  o f  
M P E Is  d u r in g  th e  2 nd h e a t in g  at 10  ๐c  m in '1 s h o w  o n ly  a  g la s s  tr a n s it io n  te m p e r a tu r e  
(T g) w ith o u t  m e lt in g  tem p era tu r e . H ere , th e  TgS w e r e  u s e d  to  c la r ify  a n  e a s e  o f  c h a in  
m o v e m e n t .  It is  im p o r ta n t to  e m p h a s iz e  th a t M P E I s  s h o w  a d r a m a tic a lly  in c r e a s e  o f  
Tg as  c o m p a r e d  w ith  è P E l  ( fr o m  -49.3 ๐c  to  m o r e  th an  42.8 ๐c, T a b le  4.2) im p ly in g  
a d e c r e a s e  o f  p o ly m e r  c h a in  f le x ib i l i ty  o r  fr e e  v o lu m e  o f  th e  m o d i f ie d  p o ly m e r s .  T h e  
TgS o f  M P E I s  a re  r a n g in g  fr o m  42.8 °c to  107.7 °c d e p e n d in g  o n  p e r c e n t  D S . M P E I  
1:0.2 w ith  th e  lo w e s t  c o n t e n ts  o f  b e n z im id a z o le s  (19.7 %  D S )  s h o w s  th e  lo w e s t  Tg at 
42.8 °c. In o th e r  w o r d s ,  th e  lo w e r  p e r c e n t  D S  is ,  th e  m o r e  c h a in  m o b i l i ty  w i l l  b e . 
H o w e v e r , a fter  th e  p e r c e n t  D S  w a s  a b o v e  5 1 .5  % , th e  in c r e a s e  o f  T g is  n o t  
s ig n if ic a n t . T h e  s im ila r  r e su lts  w e r e  a ls o  o b s e r v e d  in  th e  c a s e  o f  b e n z im id a z o le -  

te th e r e d e d  p o ly s i lo x a n e s  a s  rep o rted  b y  P e r s s s o n  e t  a l . 16

4.4.3 Hydrogen bond interaction of MPEIs traced by temperature 
dependence FTIR

In o rd e r  to  v e r i f y  h o w  b e n z im id a z o le  su b s t itu t io n  d e g r e e  in d u c e s  th e  
c h a n g e s  o f  h y d r o g e n  b o n d  p e r fo r m a n c e  u n d e r  v a r io u s  te m p e r a tu r e s , F T IR  
m e a su r e m e n ts  in th e  te m p e r a tu r e  ra n g e  o f  3 0 - 2 0 0  ๐c  w ith  3 s te p s  o f  h e a t in g - c o o l in g ­
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h e a t in g  c o n d it io n s  u n d er  N 2 a tm o sp h e r e  w e r e  d o n e . B e c a u s e  th e  h y d r o g e n  b o n d  
d ir e c t ly  r e la te s  to  p r o to n  tr a n sfe r ,12 th e  b ro a d  a b so r p tio n  b a n d s  fr o m  3 6 0 0  to  2 4 0 0  
c m '1 a s s ig n e d  to  N - H  s tr e tc h in g  m o d e  u n d e r  in ter - a n d  in tr a m o le c u la r  H - b o n d in g  
w e r e  fo c u s e d  to  d e te r m in e  th e  e f f e c t  o f  te m p e r a tu r e  to  h y d r o g e n  b o n d  in te r a c t io n .  
F ig u re  4 .4  s h o w s  F T 1 R  sp ec tra  o f  M P E I  1 :0 .2  a t v a r ia b le  te m p e r a tu r e s  d u r in g  th e  1 st 
h e a t in g  (F ig u r e  4 .4 a ) ,  fo l lo w e d  b y  c o o l in g  (F ig u r e  4 .4 b ) ,  a n d  e n d in g  w ith  2 nd h e a t in g  
(F ig u r e  4 .4 c ) )  p r o c e s s e s .  T h e  b ro a d  a b so r p tio n  in te n s ity  a t 3 6 0 0 - 2 4 0 0  c m ' 1 
s ig n if ic a n t ly  d e c r e a s e s  d u r in g  th e  1st h e a t in g  s te p  w h ic h  c o r r e s p o n d s  to  th e  r e d u c t io n  
o f  h y d r o g e n -b o u n d  w a te r  a s  id e n t if ie d  b y  T G A . T h e  b r o a d  h y d r o g e n -b o n d e d  N -H  
in te n s ity  g r a d u a lly  in c r e a s e s  d u r in g  c o o l in g  in d ic a t in g  th e  r e c o v e r in g  o f  h y d r o g e n  
b o n d  in ter a c tio n . T h e  in te n s ity  d e c r e a s e s  a g a in  d u r in g  th e  2 nd h e a t in g  p r o c e s s  
im p ly in g  r e v e r s ib le  h y d r o g e n  b o n d  fo r m a tio n  d u r in g  h e a t in g  a n d  c o o l in g .

Figure 4.4 T e m p era tu re  d e p e n d e n c e  F T 1R  sp e c tr a  o f  M P E I  1 :0 .2  d u r in g  (a )  1st 
h e a t in g , (b )  c o o l in g ,  an d  (c )  2 nd h e a t in g .
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T o  d e te r m in e  th e  c h a n g e s  o f  h y d r o g e n  b o n d  r e la te d  to  te m p e r a tu r e  in  th e  
p o ly m e r  s tru c tu re s  w ith o u t  in terru p tio n  o f  w a te r , th e  F T I R  s p e c tr a  d u r in g  th e  s e c o n d  
h e a t in g  p r o c e s s  w e r e  c a r e fu lly  in v e s t ig a te d . T h e  b roa d  p e a k s  fr o m  3 6 0 0  c m ' 1 to  2 4 0 0  
c m '1 c o n t in u o u s ly  d e c r e a s e  d u r in g  an in c r e a se  o f  te m p e r a tu r e  (F ig u r e  4 .5 ) .

3700 3400 3100 2800 2500 2200

Wavenumber / cm'1

Figure 4.5 T e m p era tu re  d e p e n d e n c e  F T IR  sp e c tr a  o f  (a )  M P E I  1 :0 .2 , (b )  M P E I  
1 :0 .4 , ( c )  M P E I 1 :0 .6 , (d )  M P E I 1 :0 .8 , and  ( e )  M P E I 1 :1 .0  d u r in g  th e  s e c o n d  h e a t in g
p r o c e s s .
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In o rd er  to  tra ce  th e  h y d r o g e n  b o n d  c h a n g e s ,  a  q u a n t ita t iv e  a n a ly s is  o f  
h y d r o g e n  b o n d  b y  F T IR  w a s  c la r if ie d . It sh o u ld  b e  n o te d  th a t th e  b r o a d  a b so r p tio n  
r e g io n  ( 3 6 0 0 - 2 4 0 0  c m '1) c o v e r s  th e  s tro n g  a b so r p tio n  in te n s it ie s  o f  C H 2 s tr e tc h in g  
m o d e s  at 2 9 5 3  c m '1 an d  2 8 3 3  cm "1, th e r e fo r e ; in  o rd er  to  q u a n t ita t iv e ly  c o m p a r e  th e  
n u m b er  o f  h y d r o g e n  b o n d  o f  M P E Is , th e  b roa d  p e a k  a rea  fr o m  3 6 0 0  c m '1 to  2 4 0 0  
cm "1 w a s  su b tra c ted  w ith  th e  p e a k  a rea s  o f  C H 2 s tr e tc h in g . T h e  p e a k  a rea s  w e r e  
q u a n tif ie d  b y  c u r v e  f it t in g  te c h n iq u e  u s in g  O P U S  5 .5  p r o g ra m  (F ig u r e  4 .6 ) .

ท  ท  
in  CO

3700 3400 3100 2800 2500  2200

Wavenumber / cm’1

Figure 4 .6  F T IR  c u r v e  f it t in g  o f  M P E I 1 :0 .2 .

T h e  v a lu e s  o f  th e  su b tra c ted  p e a k  a rea s  d iv id e d  b y  th e  p e a k  a r e a s  o f  C H 2 
s tr e tc h in g  i .e . ,  [ A 3600-2400- ( A 2953+ A 2833) ] / ( A 2953+ A 2833) g iv e  u s  th e  in fo r m a tio n  a b o u t  
th e  r e la t iv e  a m o u n t o f  H -b o n d . A s  s h o w n  in F ig u r e  4 .7 ,  M P E I 1 :0 .2  w ith  th e  lo w e s t  
b e n z im id a z o le  s u b st itu t io n  e x h ib it s  th e  lo w e s t  h y d r o g e n  b o n d  c o n c e n tr a t io n  a n d  th e  
lo w e r in g  o f  F l-b o n d  d u r in g  an in c r e a s e  o f  tem p era tu r e . A  s im ila r  b e h a v io r  w a s  a ls o  
o b s e r v e d  fo r  o th e r  M P E Is  u n d er  tem p era tu re  v a r ia tio n .
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Figure 4.7 S e m i-q u a n t ita t iv e  a n a ly s is  o f  h y d r o g e n  b o n d  n e tw o r k  b a s e d  o n  F T IR  

sp ec tra  o f  M P E l 1 :0 .2  ( • ) ,  M PE 1 1 :0 .4  (A),  M P E I 1 :0 .6  (□ ), M P E I  1 :0 .8  (o), and  
M P E I 1 :1 .0  (A) (C a lc u la te d  fro m  th o s e  o f  F ig u r e  4 .5 ) .

T h e  M P E Is  w ith  h ig h e r  p e r c e n t  D S  s h o w  th e  m o r e  s ig n if ic a n t  F l-b o n d , and  
w h e n  th e  su b stitu tio n , o f  b e n z im id a z o le  g r o u p s  r e a c h e d  a  c e r ta in  a m o u n t  a s  s e e n  in 
th e  c a s e s  o f  M P E I 1 :0 .6 , M P E I 1 :0 .8 , a n d  M P E I 1 :1 .0 , th e  q u a n t ita t iv e  e v a lu a t io n  o f  
h y d r o g e n  b o n d  s h o w s  th e  s im ila r  v a lu e s  in th e  r a n g e  o f  1 .4 -2 .0 .  C o m b in in g  w ith  th e  
g la s s  tra n sit io n  te m p e r a tu r e  a n a ly z e d  b y  D S C  (T a b le  4 .2 ) ,  it is  c le a r  th at th e  m o r e  
h e te r o c y c le s  c o n ju g a te d  o n to  è P E I  n o t o n ly  in it ia te  th e  m o re  h y d r o g e n  b o n d  n e tw o r k  
but a ls o  p e r fo rm  th e  le s s  c h a in  m o b il ity .

4.4.4 Study on morphology under temperature variation based on 
temperature dependence WAXD

T e m p e r a tu r e  d e p e n d e n c e  W A X D  w a s  p e r fo r m e d  to  s tu d y  th e  m o r p h o lo g y  
c h a n g e s  re la ted  to  tem p e r a tu r e . D u r in g  th e  s e c o n d  h e a t in g  at 3 “C .m in " 1, M P E Is  
s h o w  th e  b road  W A X D  p a ttern s s h if te d  to  th e  lo w e r  a n g le  (F ig u r e  4 .8 ) .  R a d ia l  
d is tr ib u tio n  fu n c t io n  (R D F )  w h ic h  ca n  b e  c a lc u la te d  fro m  th e  W A X D  p a ttern s  is  a 
g o o d  e v a lu a t io n  to  s e e  h o w  th e  p o ly m e r  c h a in s  p e r fo r m  th e  p a c k in g  u n d e r  v a r io u s  
te m p e r a tu r e s . T h e  te m p e r a tu r e  d e p e n d e n c e  R D F  r e f le c t s  th e  p r o b a b il ity  to  fin d  th e
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a to m ic  d is tr ib u tio n  in  sp h e r ic a l sh e ll  o f  ra d iu s  r a ro u n d  o n e  c e n te r e d  a to m  w ith  
r e s p e c t  to  tem p era tu r e .
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Figure 4.8 W A X D  p r o f i le s  u n d er  te m p era tu r e  v a r ia t io n  o f  (a )  M P E I  1 :0 .2 , (b )  
M P E I 1:0 .4 , ( c )  M P E I 1:0 .6 , (d )  M P E I 1 :0 .8 , a n d  ( e )  M P E I 1 :1 .0 .

T h e  p o w d e r  d if fr a c t io n  in te n s it ie s , I (q ) , w e r e  c o r r e c te d  w ith  b a c k g r o u n d  
in c lu d in g  in c o h e r e n t  s c a tte r in g , p o la r iz a t io n  ( P ) ,  an d  L o r e n tz  (L )  fa c to r s  a c c o r d in g  to  

th e  f o l lo w s .31'34

p  =  ( l  + c o s 22<9M c o s 22 0 ) /2  ( 7 )

L -  l / s i n 2 0 s in #  ( 8 )

I(q) = k- Icoh(q) -*ifi2(q) (9)

i(q) = I(q)/I>if.2(q) (10)



i(q) = k[Icoh(q)/Sx,f12(q )]- l ( 1 1 )

w h e r e  9m is  th e  B r a g g ’s a n g le  o f  th e  r e f le c t io n  fro m  th e  m o n o c h r o m a to r , 6  is th e  
a n g le  b e tw e e n  th e  X -r a y  b e a m  an d  th e  p la n e s , Ieoh is  th e  c o h e r e n t  s c a t te r in g  in te n s ity ,  
Xi is  th e  m o le  fr a c tio n  o b ta in e d  fro m  e le m e n ta r y  a n a ly s is  a n d  f ,(q )  is  th e  a to m ic  

sc a tte r in g  fa c to r  o f  s p e c ie s  i c a lc u la te d  fro m  f(sin (9 /2 ) =  £  a ,e x p [ - b j ( s i n # / / l ) 2] +  c , 
an d  k =  0 .4 1 4 2 / ( F W H M /2 ) 2. F o u r ier  tr a n sfo r m a tio n  o f  i (q )  le a d s  to  a fo r m a tio n  o f  
rad ia l d is tr ib u tio n  fu n c t io n , g (r ) , a s  fo l lo w :

g (r ) -  47ir2[p (r ) -  P o ] =  (2๙71) Jq i(q )  M (q )  s in (q r )d q  ( 1 2 )

F lere, p o  is  th e  a v e r a g e  d e n s ity  o f  a to m s  in  th e  s a m p le ,  p (r ) is  th e  n u m b e r  o f  
a to m s  p e r  u n it v o lu m e  at a d is ta n c e  r fro m  th e  r e fe r e n c e  a to m , q is  s c a t te r in g  v e c to r ,  
q =  4 7 is in 91 X, a n d  M (q )  is th e  w in d o w  fu n c t io n , M (q )  =  s in (7 iq /q max)/(7 tq /q max).

F ig u r e  4 .9  s h o w s  th e  R D F s  a s  a  fu n c t io n  o f  te m p e r a tu r e  fo r  M P E I s , A s  th e  
W A X D  p r o f i le s  w e r e  r e c o r d e d  in  th e  r e g io n  o f  8 °  to  3 5 °  2 9 ,  th e  d is ta n c e  a t r b e tw e e n
2 .6  Â  a n d  1 1 .0  Â  in th e  tem p era tu r e  r a n g e  o f  0  ๐c  -  2 0 0  °c w a s  f o c u s e d . It is  
im p o rta n t to  n o te  th at th e  s ig n if ic a n t  c h a n g e s  o f  th e  a t o m ic  d is tr ib u t io n  r e la te d  to  
tem p era tu re  c a n  b e  o b s e r v e d  at th e  r d is ta n c e  fro m  4 .4  Â  to  6 .1  Â . A n  in c r e a s e  o f  
tem p era tu r e  r e s u lts  in a d e c r e a s e  o f  th e  p e a k  at r =  4 .4  Â  a n d  an  in c r e a s e  o f  th e  p e a k  
at r =  6 .1  Â . T h is  te n d e n c y  w a s  fo u n d  in m o s t  o f  M P E I s . T h e  p e a k  at 4 .4  Â  m ig h t  
re fe r  to  th e  N - H ' - ' N  h y d r o g e n  b o n d e d  a to m ic  p a irs  j u d g in g  fr o m  th e  te m p e r a tu r e  
d e p e n d e n c e  o f  N - F F - N  s tr e tc h in g  p e a k  in  F T IR  sp e c tr a  (F ig u r e  4 .5 ) .  F o r  an  
in c r e a se  o f  th e  p e a k  at 6 .1  Â , a s  th e  d is ta n c e  is  m u c h  la r g e r  th a n  th e  h y d r o g e n  
b o n d in g , th e  p e a k  m ig h t  c o m e  fro m  m a n y  p o s s ib i l i t ie s ,  fo r  e x a m p le  th e  lo c a l  p a c k in g  
s tru ctu re , e s p e c ia l ly  th e  b e n z im id a z o le  p a c k in g .
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Figure 4.9 R a d ia l d is tr ib u tio n  fu n c t io n s  o f  (a )  M P E I  1:0.2, (b )  M P E I  1:0.4, (c )  
M P E I 1:0.6, (d )  M P E I 1:0.8, and  (e )  M P E I 1:1.0 at a p p r o x im a te  te m p e r a tu r e  30 °c
(--- ), 5 0  °c ( ..... ), 7 5  °c (---- ), 1 0 0  °c (--- ), 1 2 5  °c (-.... ), 1 5 0  °c (----•),
175  °c (--- ) ,  an d  200 ๐c (------ ).

4.4.5 Proton conductivity of MPEIs
T o  d ir e c t ly  in v e s t ig a te  th e  p r o to n  tra n sfe r  e f f i c i e n c y  o f  th e  M P E I s  o b ta in e d ,  

th e  s a m p le s  w e r e  c o m p r e s s e d  as p e lle t s  a n d  th e  p r o to n  c o n d u c t iv i t i e s  w e r e  v e r if ie d  
b y  u s in g  im p e d a n c e  s p e c tr o s c o p y  te c h n iq u e . It is im p o r ta n t to  n o te  th at a m o n g  a ll
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M P E ls  o n ly  t w o  ty p e s ,  i .e . ,  M P E I 1 :0 .2  a n d  M P E I 1 :0 .4 , s h o w  th e  p r o to n  
c o n d u c t iv ity  (F ig u r e  4 .1 0 ) .  T h is  m ig h t  im p ly  an  e f f e c t iv e  a m o u n t  o f  b e n z im id a z o le  
su b s itu t io n  ( 1 9 .7 - 4 1 .4  % ) in  th e  s y s te m  w h ic h  th e  h y d r o g e n  b o n d  a n d  c h a in  
f le x ib i l i t y  are in  g o o d  b a la n c e  to  fa v o r  th e  p r o to n  tra n sfe r . F o r  b o th  s a m p le s ,  an  
in c r e a s e  o f  tem p era tu r e  r e su lts  in  an  in c r e a s e  o f  p r o to n  c o n d u c t iv i ty .  T h e  m a x im a l  
v a lu e s  are 1 .3x1  O'5 ร  c m -' an d  1 .7 x l 0 ' 5 ร  c m ’1 a t 1 9 0  °c fo r  M P E I 1 :0 .2  a n d  M P E I  
1:0 .4 , r e s p e c t iv e ly .  C o m b in in g  w ith  th e  te m p e r a tu r e  d e p e n d e n c e  W A X D  a n d  F T IR ,  
it is  r e a s o n a b le  to  m e n t io n  th at, d u r in g  an  in c r e a s e  o f  te m p e r a tu r e , th e  r e a r r a n g e m e n t  
o f  th e  a to m s  w ith  a h ig h e r  in te r -a to m ic  d is ta n c e  d is tr ib u tio n  c a u s e s  th e  r e d u c t io n  o f  
h y d r o g e n  b o n d  a n d  c o n s e q u e n t ly  re su lts  in  an in c r e a s e  o f  p r o to n  c o n d u c t iv i t y .  T h e  
c o n d u c t iv it ie s  o f  th e  M P E I 1 :0 .2  and  M P E I 1 :0 .4  w e r e  c o m p a r e d  w ith  th at o f  
N a fio n ® . A lth o u g h  th e  N a fio n ®  s h o w s  th e  h ig h e r  p r o to n  c o n d u c t iv i t y  th an  th e  
M P E ls ,  its  c o n d u c t iv ity  g r a d u a lly  d e c r e a s e s  a b o v e  1 1 0  °c w h ic h  m ig h t  b e  r e la te d  to  
th e  lo s s  o f  w a te r  m o le c u le s  e x is t e d  in th e  m e m b r a n e . It s h o u ld  a ls o  b e  n o te d  th at  
b o th  M P E ls  m a in ta in  th e ir  p r o to n  c o n d u c t iv i t ie s  at h ig h  te m p e r a tu r e . T h is  c o n f ir m s  
th e  r o le  o f  b e n z im id a z o le s  in  M P E ls  fo r  p r o to n  tr a n sfe r r in g .
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Figure 4.10 P ro to n  c o n d u c t iv ity  o f  N a fio n ®  ( O ) ,  M P E I  1 :0 .2  ( • ) ,  a n d  M P E I 1 :0 .4  

( À )  a s  a fu n c t io n  o f  tem p era tu r e .
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4.4.6 MPEI/PVA membranes: Study on transition temperature and 
hydrogen bond network

S in c e  th e  p r is t in e  M P E Is  w e r e  d i f f ic u lt  to  fo r m  m e m b r a n e s ,  a n  a tte m p t to  
b len d  M P E Is  w ith  o th e r  p o ly m e r s  w a s  c a rr ied  o iit . It w a s  fo u n d  th a t P V A  w a s  
ap p ro p r ia te  b e c a u s e  it s h o w s  a m is c ib le  b le n d  w ith  M P E Is . D S C  th e r m o g r a m  o f  ea c h  
b len d  m e m b r a n e  s h o w s  a s in g le  Tg in d ic a t in g  th e  m is c ib i l i t y  b e tw e e n  M P E I s  and  
P V A  (F ig u r e  4 .1 1 ) .  T h e  g la s s  tra n sitio n  te m p e r a tu r e s  c o n t in o u s ly  in c r e a s e  fr o m  4 2 .3  

°c  to  8 3 .4  ๐c  fo r  M P E I 1 :0 .2  to  M P E I 1 :1 .0 . In o th e r  w o r d s ,  th e  T g in c r e a s e s  w ith  an  

in c r e a se  o f  b e n z im id a z o le  b r a n ch es . T h e  in c r e m e n t o f  T g  im p l ie s  th e  m o r e  
s ig n if ic a n t  in te r a c tio n  o f  M P E I w ith  P V A  w h e n  M P E I h a s  m o r e  b r a n c h in g  u n its .

Temperature / °c

Figure 4.11 D S C  th e r m o g r a m s  o f  (a ) M P E I  E 0 .2 /P V A , (b )  M P E I  E 0 .4 / P V A ,  ( c )  
M P E I E 0 .6 /P V A , (d )  M P E I E 0 .8 /P V A , a n d  ( e )  M P E I  1 : 1 .0 /P V A  d u r in g  th e  s e c o n d  
h eat trea tm e n t at h e a t in g  rate 10 °c m in"1 u n d e r  N 2 a tm o sp h e r e .

T h e  F T IR  sp ec tra  o f  th e  b le n d  m e m b r a n e s  c la r ify  th e  h y d r o g e n  b o n d  
in tera c tio n  b e tw e e n  M P E I an d  P V A . T h e  P V A  c h a r a c te r is t ic  p e a k s  a t 1 0 91  c m '1 
(o u t -o f -p h a s e  C - C - 0  s tr e tc h in g  m o d e )  and  2 9 4 1  cm "1 a n d  2 9 1 1  cm "1 (C -H  s tr e tc h in g  
m o d e )  are m a in ta in e d  at th e  s a m e  p o s it io n  e v e n  a fter  b le n d in g  w ith  M P E I s  (F ig u r e  
4 .1 2 ) .  T h e  O H  s tr e tc h in g  b a n d s  ( 3 0 0 0 - 3 6 0 0  cm "1) o f  P V A  in th e  b le n d s  c le a r ly  s h ift
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to the higher wavenumber indicating the weakening of O-H ' O bonds. This implies 
the change of hydrogen bonded patterns of PVA from O-FF• o  to be the partial O- 
H ' N and N-FE--N of MPE1. Figure 4.13 illustrates the case that the H-bond 
fonnation of PVA and of MPE1 develops the hydrogen bond network.

Wavenumber / cm'

Figure 4.12 FTIR spectra of (a) PVA, (b) MPEI 1:0.2/PVA, (c) MPEI 1:0.4/PVA, 
(d) MPEI E0.6/PVA, (e) MPEI E.0.8/PVA, and (f) MPEI l.’l.O/PVA membranes 
measured at room temperature.

(a) (b) (c)
H

Figure 4.13 Possible hydrogen bond formation o f (a) PVA, (b) MPEI, and (c) 
MPEI/PVA membranes.
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4.4.7 Proton transfer efficiency of MPEI/PVA membranes
As the present work focuses on anhydrous PEM system, the proton 

conductivities were measured at the second heating process to ensure the complete 
moisture exclusion. Figure 4.14 shows the proton conductivities of MPEI/PVA 
membranes as compared to that of PVA in the temperature range 90-190 °c. The 
proton conductivity of PVA becomes greater after adding MPEls. As mentioned 
above, the conductivity of each MPE1 was evaluated directly by pressing the samples 
as pellets and at that time the conductivities of MPE1 1:0.6, MPEI 1:0.8, and MPEI 
1:1.0 were not identified. However, after mixing with PVA, MPEI 1:0.6, MPEI 
1:0.8, and MPEI 1:1.0 showed conductivity significantly. This indicates that the 
polymer matrices play the role to support MPEls for the proton conduction. In 
addition, all samples perform an increase of proton conductivity with temperature. 
The MPEI H0.2/PVA and MPEI E0.4/PVA membranes with the low percent DS 
exhibit the proton conductivity at the level of 10 4 ร cm"1 at 190 ๐c  whereas others 
show the maximum conductivity at the level of 10'5 ร cm"1.

Tem perature / °c

1000/T (K1)

Figure 4.14 Arrhenius plot of proton conductivity comparing the experimental data 
of PVA (O ), and PVA blended with MPEI 1:0.2 (•), MPEI 1:0.4 (A),  MPEI 1:0.6
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(อ), MPEI 1:0.8 (o), and MPE1 1:1.0 (A ) membranes with the value obtained from 
VTF equation fitting (dash lines) during the second heating process.

The temperature dependence proton conductivities of MPE1/PVA 
membranes show a curve deviation from linear relationship between proton 
conductivity and reciprocal temperature. Consequently, the conductivities at various 
temperatures were fitted to VogeHTamman-Fulcher (VTF) equation to estimate 
activation energy for proton transfer as follow.

log a = log (To -  (Ea/R(T-T0J) (10)

where o is the proton conductivity at a particular temperature (ร cm '1), a-0 is the pre­
exponential factor that represents the conductivity at infinite temperature (J mol"1), 
Ea is activation energy for proton transfer (J mol’1), R is gas constant (8.314 J K' 1 

mol"1), T  is the absolute temperature (K), and To is the Vogel temperature which is 
the point that there is no change of configurational entropy in the polymer.35 Here, 
the VTF parameters obtained from the curve fitting i.e., Ea, (To, and To are 
summarized in Table 4.3.

Table 4.3 Parameters obtained from curve fitting of temperature dependence proton 
conductivity with VTF equation

VTF parameters
Samples Ea

(kj/mol) (To (S/cm) To{° K) R 2

PVA 3.12 0.001 282 0.9950
MPEI 1:0.2/PVA 2.78 0.015 289 0.9924
MPEI 1:0.4/PVA 4.83 0.200 266 0.9960
MPEI E0.6/PVA 9.66 6.816 231 0.9996
MPEI 1:0.8/PVA 10.47 7.909 189 0.9994
MPEI 1:1.0/PVA 15.38 65.62 157 0.9759
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The Arrhenius plots were well fitted with VTF behavior (dash line in Figure 
4.14) with the correlation coefficient, R2 value, for 0.9759-0.9996. This indicated that 
the proton transfer behavior is mainly controlled by segmental motion of the 
polymer.36 The Ea values of MPEI/PVA membranes are around 2.78-15.38 kJ mol’ 1 

which are in the same range with other benzimidazole based structures. For example, 
Persson et al. reported that benzimidazole oligomers containing two and ten ethylene 
oxide units showed Ea values 8.2 kJ mol' 1 and 4.2 kJ mol"1, respectively10 and He et 
al. reported that polybenzimidazole doped with H3PO4 showed the activation energy 
for 8-11 kJ mol’ 1.37 In our case, MPE1 1:0.2/PVA shows the lowest activation energy 
for proton transfer, and the activation energy increases in the order o f MPEI 1:0.2 < 
MPEI 1:0.4 < MPEI 1:0.6 < MPEI 1:0.8 < MPEI 1:1.0. This suggests how 
benzimidazole branching improves proton transfer performance in the polymer blend 
membrane.

4.4.8 Proton transfer performance under a balance of hydrogen bond 
and chain mobility

Figure 4.15 illustrates the overlaid re-plots of proton conductivty in addition 
to glass transition temperature and relative amount of hygrogen bond as a function of 
percent DS to determine how proton transfer related to the hydrogen bond and the 
mobility of the polymers. It is clear that MPEls with the more percent DS tend to 
show a decrease of proton conductivity as a result of the more hydrogen bond 
network. The hydrogen bond network might retard the free chain movement and 
reduce proton transfer efficiency. Up to a particular point, the lowest proton 
conductivity was observed in the case of MPEI 1:0.6 with DS 51.5 %. However, it is 
also clear that MPEI 1:0.8 and MPEI 1:1.0 with the DS > 66.7 % perform a small 
increment of proton conductivity as compared to MPEI 1:0.6. This confirms that the 
hydrogen bond network more or less plays an important role in proton conductivity. 
But the fact that the dense hydrogen bond initiates the fixation o f polymer matrices 
to be in a network with less chain mobility, the proton conductivity under proton 
movement on the chain is, therefore, in unfavorable condition. Therefore, a good 
balance of hydrogen bond and chain mobility is a key factor to induce an effective
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proton transfer. In our case, a good balance is identified for MPE1 1:0.2 and MPEI 
1:0.4 with DS 19.7-41.4%.
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Figure 4.15 Overlaid re-plots of proton conductivity, glass transition temperature, 
and relative amount o f H-bond as a function of DS.

4.5 Conclusions

Ideally, the favorable hydrogen bond network combining with flexible 
polymer chain initiates an effective proton transfer. However, the fact that the more 
number of hydrogen bond networks are formed, the less chain mobility will be. This
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brings U S  to a question how we can observe a balance o f both factors and declare the 
relationship between these factors and proton transfer performance. Here, branching 
benzimidazole was a good model compound to enable U S  to study the effect of 
hydrogen bond as well as the chain mobility related to the proton conductivity under 
the varied temperatures. The present work showed a simple synthesis of branching 
benzimidazoles by functionalizing the benzimidazoles onto amine groups of the 
6PE1. The substitution of methylbenzimidazole is almost relevant to the feed ratio 
resulting in degree o f substitution in the range of 19.7-90.5 %. By following the 
hydrogen bond interaction under the varied temperatures with temperature 
dependence systems of FTIR and WAXD, including thermal analyses, the 
performance of proton transfer can be clarified. Based on the effect of benzimidazole 
content to hydrogen bond network and glass transition temperature, the higher the 
degree of substituted benzimidazole on branched polyethylenimine is, the higher the 
number of hydrogen bond and the less chain mobility will be. The proton 
conductivities of MPEIs showed that the proton transfer efficiency can be enhanced 
when i) the chain mobility is sufficiently high to allow proton hopping as in the cases 
of MPEIs with DS 19.7-41.4 %, and ii) the number of hydrogen bond is significant 
as observed from a small increment of the proton conductivity of MPEIs with DS 
more than 66.7 % as compared with MPEI 1:0.6 with DS 51.5 %. A good balance of 
hydrogen bond network and chain mobility to favor the proton transfer was found in 
MPEI 1:0.2 and at that time the proton conductivity o f the blend membrane was as 
high as 10’4 ร cm ’ 1 at 190 ๐c  under anhydrous system. Although the conductivity for 
10'4 ร cm’ 1 is not that high, the model compounds lead us to an understanding of 
good molecular design with a balance of benzimidazole units and their hydrogen 
bond networks. A systematic study on polymer chains conjugated with 
benzimidazole units in a series of branching network is under progress.
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