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Summary 

Segmented p o l y e t h e r  ure thane (SEU) and u re thaneurea  (SEUU) 
were s y n t h e s i z e d  using ABA type t r i b l o c k  copolymer as a 
p repo lymer ,  where A stands f o r  p o l y ( o x y e t h y l e n e )  and B stands 
f o r  p o l y ( o x y t e t r a m e t h y l e n e ) .  L i t h i u m  p e r c h l o r a t e  was d i s s o l v e d  in 
SEU or SEUU to prepare L i C I 0 ,  complexes (SEU / L iCI04 and SEUU / 
L iC I04 )  in f i l m  form. _~he h i g h e s t  c o n d u c t i v i t i e s  observed here 
were 5.13 x I0 -~ S cm at 30~ and 3.34 x I0 -s S cm-i  at  50~ 
f o r  LiCIO~ / SEUU ( o x y e t h y l e n e - u n i t s  con ten t ,  31 mol%). The i o n i c  
c o n d u c t i v i t y  of  these complexes was found to show the A r rhen ius  
type t empera tu re  dependency. The e f f e c t  of l i t h i u m  p e r c h l o r a t e  
d i s s o l u t i o n  on the morphology of  SEU and SEUU were a lso  
d i scussed .  

I n t r o d u c t i o n  

Po lymer i c  s o l i d  e l e c t r o l y t e s  (PSE) ( 1 . 2 )  have been paid much 
a t t e n t i o n  due to t h e i r  impor tance f o r  e l e c t r o n i c  dev i ces ,  
e s p e c i a l l y  chemical  b a t t e r i e s .  PSE i s  expected to be 
i n d i s p e n s a b l e  to prepare s o l i d  e l e c t r o l y t e s  t h a t  are l i g h t  we igh t  
and are e a s i l y  formed i n t o  t h i n  f i l m s .  I t  w i l l  become p o s s i b l e  to 
f a b r i c a t e  t h i n  and l i g h t  we igh t  b a t t e r i e s  of  h igh per fo rmances.  
once we get  an e x c e l l e n t  PSE hav ing high c o n d u c t i v i t y  and good 
d u r a b i l i t i e s  as w e l l  as f e a s i b i l i t y  to an i n d u s t r i a l  process f o r  
p r o d u c t i o n .  Among v a r i o u s  po lymers ,  e l as tomer  is  s u p e r i o r  to the 
o t h e r  po lymers ,  because i t s  f l e x i b i l i t y  and p r o c e s s a b i l i t y  are 
ve ry  u s e f u l  f o r  t h i n  and f l e x i b l e  p a p e r - l i k e  b a t t e r i e s  and 
e l e c t r o c h r o m i c  d i s p l a y s  ( 3 ) .  In a d d i t i o n ,  e l a s t i c i t y  a f f o r d s  an 
e x c e l l e n t  con tac t  between an e l e c t r o l y t e  l a y e r  and an e l e c t r o d e  
in chemical  b a t t e r i e s  where i n t e r f a c e  r e s i s t a n c e  is  one of  the 
ve ry  i m p o r t a n t  f a c t o r s  to de te rm ine  the per formance of  b a t t e r y .  

In t h i s  communicat ion segmented p o l y u r e t h a n e  (SEU) (4)  and 
p o l y u r e t h a n e u r e a  (SEUU) ( 5 , 6 )  are chosen as m a t r i x e s  f o r  i o n i c  
conduc to rs .  Po l yu re thanes  are known to be one of  the best  
e l as tomers  due to t h e i r  s u p e r i o r  mechanical  p r o p e r t i e s  ( 7 , 8 ) .  We 
succeeded in p r e p a r i n g  new p o l y u r e t h a n e s  t h a t  had h y d r o p h i l i c  
p o l y ( o x y e t h y l e n e )  u n i t s  ( 5 ) ,  and showed t h a t  they had a ve ry  good 
b i o c o m p a t i b i l i t y  as w e l l  as an e x c e l l e n t  mechanical  p r o p e r t i e s  
( 4 , 6 ) .  Because of  t h e i r  h y d r o p h i l i c i t y  and f l e x i b i l i t y ,  we assume 
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t h a t  t h e y  can be an e x c e l l e n t  m a t r i x  f o r  i o n i c  c o n d u c t i o n  to  
p r e p a r e  f l e x i b l e  PSEs w i t h  a h igh  c o n d u c t i v i t y .  

A d d i t i o n a l l y ,  b i o c o m p a t i b l e  i o n i c  c o n d u c t o r s  are needed in  
some a p p l i c a t i o n s ,  f o r  example ,  e l e c t r o d e s  of  med i ca l  d i a g n o s t i c  
i n s t r u m e n t s  wh ich  are  a p p l i e d  on human s k i n .  In o r d i n a r y  
c i r c u m s t a n c e s ,  s u r f a c e  of  human body has a c o n d u c t i v i t y  about  the  
o r d e r  o f  I0  -s t h r o u g h  I0 -"  . Comparable c o n d u c t i v i t y  i s  n e c e s s a r y  
f o r  the  above men t ioned  a p p l i c a t i o n s  at  room t e m p e r a t u r e .  

E x p e r i m e n t a l  

The c h e m i c a l  s t r u c t u r e s  of  SEU and SEUU are shown in F ig .  I .  
The p r e p o l y m e r s  were s y n t h e s i z e d  f rom h y d r o x y l  t e r m i n a t e d  p o l y -  
( o x y t e t r a m e t h y l e n e )  w i t h  m o l e c u l a r  w e i g h t  o f  1830 f o l l o w e d  by 
a n i o n i c  p o l y m e r i z a t i o n  o f  e t h y l e n e  o x i d e  to r e s u l t  in  the  
f o r m a t i o n  o f  ABA t y p e  t r i b l o c k  copo l ymer  ( 5 ) .  The c o n t e n t s  o f  A 
b l o c k s  i , e .  p o l y ( o x y e t h y l e n e ) ( P E O )  segments ,  were O, 31, and 62 
m o l t .  The complex w i t h  l i t h i u m  p e r c h l o r a t e  was p repa red  m a i n l y  by 
c a s t i n g  N , N ' - d i m e t h y l a c e t a m i d e  s o l u t i o n  o f  the  po l ymer  and L iC I04  
(method A) and some samples by soak ing  po l ymer  f i l m  in  methano l  
s o l u t i o n  o f  L iCIO~ (method B). IR s p e c t r a  and DSC were measured 
on a H i t a c h i  IR s p e c t r o p h o t o m e t e r  215 and Se iko  DSC 20, 
r e s p e c t i v e l y .  

Po lymer  f i l m  doped w i t h  l i t h i u m  p e r c h l o r a t e  was t r e a t e d  in  
a d r y  box under  a pure n i t r o g e n  s t ream to  make up a c o n d u c t i v i t y  
c e l l  us i ng  p l a t i n u m  e l e c t r o d e s .  In o r d e r  to  e v a l u a t e  i o n i c  
c o n d u c t i o n ,  e l e c t r i c a l  ac c o n d u c t i v i t y  was measured by the  
complex impedance method (9 )  us ing  Y o k o g a w a - H e w l e t t  Packered LF 
Impedance A n a l y z e r  4192A (F requency  range ,  5 Hz - 1 MHz). The 
e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  i s  shown in  F ig .  2, where Cg i s  
g e o m e t r i c a l  c a p a c i t a n c e ,  Rb i s  b u l k  r e s i s t a n c e  of  s o f t  segment 
m a t r i x ,  and Ri and Ci are  r e s i s t a n c e  and c a p a c i t a n c e ,  
r e s p e c t i v e l y ,  a t  the  i n t e r f a c e  o f  hard segment domain and the 
m a t r i x .  The complex  impedance a s s o c i a t e d  w i t h  t h i s  c i r c u i t  i s  
e x p r e s s e d  as 

Rb ( l  + i ~  Ci R i )  
Z = [I] 

( I  - ~2 Cg Ci Rb R i )  + i w ( C i  Ri + Ci Rb + Cg Rb) 

where m i s  an a n g u l a r  f r e q u e n c y .  

~-(~ CH2-)~: 0 )~-~ CH2-~-40)~C F~-)E20~- C-N-~)- CH2-~NC<) -(C H2J~- OCN -<~-C H2-~N-C~) 4 
I l l  I H  I I  I "  tx 
OH HO OH HO 

S E U 

~ CH7 )20~'~ C H2-~'g O~-( C H2-~fs 0 ).-C-N-~- CHs H2~ N-C-N-~-C Hz-~N-C-O}r - 
II I I I I  I I II I I 11 i x  
OH HOH HOH HO 

S E U U  

F ig .  1 S t r u c t u r e s  o f  SEU and SEUU, 
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F ig .  2 The C o l e - C o l e  p l o t  f o r  SEU / L iCIO~(EO c o n t e n t .  
62 mol%) a t  40~ Z' and Z" are  r e a l  and i m a g i n a r y  

components of  the  complex impedance,  r e s p e c t i v e l y .  

Tab le  1 E f f e c t  o f  l i t h i u m  p e r c h l o r a t e  c o n c e n t r a t i o n  on i o n i c  
c o n d u c t i v i t y  a t  50~ 

L iCIO 4 I o n i c  c o n d u c t i v i t y  (~)  x 106 (S cm - I )  

SEU / L iC IO .  SEUU / L iC lO 4 
(wt  %) (EO, 62 mol%) ~ (EO, 31 mol%) 

5 4 .72 0 .178 
9 9 .98  33.4  

17 5.67 0.095 

R e s u l t s  and D i s c u s s i o n  

I o n i c  c o n d u c t i v i t y  of  p o l y u r e t h a n e / L i C l O  4 complexes 

In F i g .  2 i s  shown an example  of  the  C o l e - C o l e  p l o t  f o r  
p o l y u r e t h a n e  / L iCIO~ complex by complex impedance measurements .  
Usual a rc  was o b s e r v e d ,  and a f t e r  the arc  e x p e r i m e n t a l  p o i n t s  
tended to  d i v e r g e  because b l o c k i n g  e l e c t r o d e s  ( P t )  were used. 
A c c o r d i n g  to  eq. [ I ]  we o b t a i n  Rb f rom the the v a l u e  where the 
arc h i t  the  a x i s  o f  r e a l  p a r t  o f  complex impedance ( Z ' ) .  

Tab le  1 shows the  e f f e c t  o f  dopant  c o n c e n t r a t i o n  on 
c o n d u c t i v i t y  ( ~ ) .  There seems to be an o p t i m a l  v a l u e  to  g i v e  the  
h i g h e s t  c o n d u c t i v i t y .  C o n d u c t i v i t y  i s  exp ressed  by 

o = E n i x  p i x e [2 ]  
i 

where ni  i s  number o f  i - t h  c a r r i e r ,  ~ i  m o b i l i t y ,  and e the  
e l e m e n t a r y  e l e c t r o n i c  cha rge .  As the dopant  c o n c e n t r a t i o n  
i n c r e a s e d ,  the  c a r r i e r  number n i n c r e a s e d .  However,  t h i s  i n c r e a s e  
induced the more c r y s t a l l i z a t i o n  of  s o f t  segments which depressed  
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the m o b i l i t y  of ions r e s u l t i n g  in the decrease of c o n d u c t i v i t y .  
As a conpromise of the two e f f e c t  op t ima l  dopant c o n c e n t r a t i o n s  
were observed.  

F ig.  3 shows e f f e c t  of  o x y e t h y l e n e - u n i t  con ten ts  in SEUU on 
in the form of the A r r h e n i u s  p l o t .  In the tempera tu re  range 

examined, SEUU hav ing o x y e t h y l e n e - u n i t  con ten t  of  31 mol% 
r e l a t i v e  to t o t a l  e t h e r  u n i t s  in the prepo lymer  d i s p l a y e d  h ighe r  
~'s than the o the r  t~o.  Temperature dependence of q shows an 
e x c e l l e n t  l i n e a r i t y .  Watanabe et  a l ,  r epo r ted  convex curves f o r  
t empera tu re  dependency of  o's of  p o l y ( o x y p r o p y l e n e )  based 
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Fig.  3 Temperature dependency of i o n i c  c o n d u c t i v i t y  of SEUU/ 
l i t h i u m  p e r c h l o r a t e  prepared by method A. The c o n c e n t r a t i o n  

of l i t h i u m  p e r c h l o r a t e  was 9 wt %. 

p o l y u r e t h a n e s  doped w i t h  i n o r g a n i c  s a l t s  ( 9 ) .  They e x p l a i n e d  the 
r e s u l t s  by the W i l l i a m - L a n d e l - F e r r y  (WLF)- type dependency, i . e . ,  
in terms of  f r e e  volume t h e o r y .  The d i f f e r e n c e  between t h e i r s  
and ours i s  p robab l y  due to the d i f f e r e n t  t empera tu re  ranges, 
i . e . ,  t h e i r  r e s u l t s  were ob ta ined  around (Tg + 50) K, w h i l e  ours 
around (Tg + I00)  K due to lower Tg,s of our samples than t h a t  of  
t h e i r s .  I t  is  we l l  known t h a t  the WLF equa t i on ,  eq. [ 3 ] ,  holds 
w e l l  j u s t  above Tg through (Tg + I00)  K ( I 0 ) .  
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o ( T )  C 1 (T - Tg) 
l o g - -  [ 3 ]  

(Tg)  C 2 + (T - Tg) 

S ince  the  c o n d u c t i o n  m a t r i x  i s  h e t e r o g e n e o u s ,  i t  i s  v e r y  
p r o b a b l e  t h a t  how the  dop&nt i s  d i s s o l v e d  i n t o  the m a t r i x  a f f e c t s  
the  c o n d u c t i v i t y .  In f a c t ,  F ig .  4 d e p i c t s  the  e f f e c t  o f  
d i f f e r e n c e  in  the  p r e p a r a t i o n  method of  the comp lex .  Method B 
( i m m e r s i n g )  gave much b e t t e r  c o n d u c t i v i t y  than method A 
( d i s s o l v i n g ) .  In method B SEUU was s i m p l y  soaked in the  methano l  
s o l u t i o n  o f  l i t h i u m  p e r c h l o r a t e ,  hence i t  i s  e s t i m a t e d  t h a t  Li 
s a l t  was p r e s e n t  m a i n l y  in  s o f t  segment m a t r i x  because the  s o f t -  
segment m a t r i x  s w e l l e d  in  methano l  but  the  hard segment domains 
d id  no t .  The ions  d i s s o l v e d  in  the  s o f t  segments are ready  to 
m i g r a t e .  
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Fig .  4 Tempera tu re  dependency o f  i o n i c  c o n d u c t i v i t y  o f  SEUU / 
l i t h i u m  p e r c h l o r a t e  p repa red  by method A ( d i s s o l v i n g )  and 

method B ( i m m e r s i n g ) .  The c o n c e n t r a t i o n  of  l i t h i u m  
p e r c h l o r a t e  was 9 wt %. 
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On the  o t h e r  hand, both l i t h i u m  s a l t  and SEUU were d i s s o l v e d  in  
the  s o l v e n t  f o l l o w e d  by the  c a s t i n g  o f  the  s o l u t i o n  to  form 
s o l i d  f i l m s  in  method A. T h e r e f o r e ,  the  i ons  were supposed to 
be d i s s o l v e d  bo th  in  s o f t  segment m a t r i x  and in  hard segment 
domains .  The s a l t s  in  hard segment domains were c o n f i n e d ,  and 
had to  d i f f u s e  i n t o  s o f t  segment m a t r i x  in  o r d e r  to  ac t  as a 
c a r r i e r  o f  e l e c t r i c  c u r r e n t .  

Morpho logy  o f  SEU/L iCIO 4 and SEUU/LiClO 4 

The DSC r e s u l t s  are  l i s t e d  in  Tab le  2. In a l l  SEUUs and 
SEUs, g l a s s - t r a n s i t i o n  t e m p e r a t u r e  o f  s o f t  segment m a t r i x  ( T g , s ) ,  
m e l t i n g  p o i n t  o f  s o f t  segment m a t r i x  (Tm, s ) ,  and t h a t  o f  hard 
segment domain (Tm,h)  were observed  by DSC measurements .  In o t h e r  
words,  m i c r o p h a s e  s e p a r a t i o n  i s  r e c o g n i z e d  in a l l  p o l y u r e t h a n e s  
and p o l y u r e t h a n e u r e a s  i n c l u d i n g  those  doped w i t h  l i t h i u m  
p e r c h l o r a t e .  

Here,  e f f e c t  o f  dopant  w i l l  be d i s c u s s e d .  Both Tg,s  and Tm, s 
were a f f e c t e d  by the  d o p i n g ,  but  Tm, s seems to  be more s e n s i t i v e  
to  the  p resence  o f  l i t h i u m  p e r c h l o r a t e  than T g , s .  I t  seems t h a t  
the  i n t e r a c t i o n  o f  Li c a t i o n  w i t h  e t h e r  oxygen in  p o l y e t h e r  u n i t s  
in  s o f t  segments a n d / o r  the  complex f o r m a t i o n  o f  the  c a t i o n  w i t h  
o x y e t h y l e n e  u n i t s  t h a t  has a h i g h e r  m e l t i n g  p o i n t  to  r e s u l t  in  
the  i n c r e a s e  o f  Tm, s. I t  i s  w e l l  known t h a t  Li c a t i o n  e a s i l y  
fo rms complex  w i t h  p o l y ( o x y e t h y l e n e ) .  On the  o t h e r  hand, 
d i s s o l u t i o n  o f  the  s a l t  in  the  amorphous r e g i o n  o f  s o f t  segment 
m a t r i x  dec reased  T g , s ,  wh ich  m i g h t  be due to  the  p l a s t i c i z i n g  
e f f e c t  o f  t he  dopan t .  However,  t he  i n c r e a s e  of  Tg ,s  o f  SEU/L iCI04 
by dop ing  was an e x c e p t i o n ,  the  reason of  which i s  not  c l e a r  y e t .  
I t  was shown t h a t  the  m i c rophase  s e p a r a t i o n  was not  so c l e a r  in  
SEU as in  SEUU ( 4 ) ,  which may be a f a c t o r  to  be c o n s i d e r e d  to  
e x p l a i n  t h i s  anomaly .  

Tab le  2 DSC r e s u l t s  o f  SEU / L iC lO 4 and SEUU / L iC lO 4, 

Sample 
EO c o n t e n t  S o f t - s e g m e n t  Doped Phase t r a n s i t i o n  

in  c o n t e n t  L iCIO 4 (~  
p r e p o l y m e r  

(mol%) (wt%) (wt%) Tg,s  Tm, s Tm, h 

SEUU/LiClO 4 31 

SEU/L iCIO 4 31 

0 76.0  

8 1 . I  

62 87 .5  

81.1 

0 - 7 4 . 4  -2 .1  268 
5 - 7 5 . 3  -2 .1  264 
9 - 7 5 . 4  9 .4  238 

0 - 7 6 . 3  1.9 279 
5 - 7 8 . 7  2 .5  271 
9 - 8 0 . 3  4 .0  256 

0 - 7 8 . 4  5.4 278 
5 - 8 0 . 5  8 .7  271 
9 - 8 1 . 6  0 .4  247 

0 - 7 3 , 8  - 0 . 9  261 
5 -71 . 3 1.4 254 
9 - 7 0 . 3  3 .3  250 
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The Tm, h always went down by doping l i t h i u m  p e r c h l o r a t e .  
Th is  is  a d i r e c t  ev idence of d i s s o l u t i o n  of the dopant i n t o  hard 
segment domains. From t h i s  r e s u l t  i t  does not seem to be a 
f a v o r a b l e  c o n d i t i o n  f o r  p o l y u r e t h a n e s  to have m ic ro -he te rogeneous  
s t r u c t u r e s  when to use as an i o n - c o n d u c t i o n  m a t r i x ,  a l though  the 
microphase s e p a r a t i o n  a f f o r d s  e x c e l l e n t  mechanical  p r o p e r t i e s  to 
segmented p o l y u r e t h a n e s  ( 4 , 7 , 8 ) .  

I n f r a r e d  spec t ra  gave i n f o r m a t i o n s  on the microphase 
s e p a r a t i o n  of  p o l y u r e t h a n e s  ( I I ) .  In the spectrum of SEUU, peaks 
due to hydrogen bonded s t r u c t u r e s  appeared, i . e . ,  N-H s t r e t c h i n g  
at 3300 cm -I  , C=O s t r e t c h i n g  in urethane bonding at  1710 cm -I, and 
C=O s t r e t c h i n g  in urea bonding at  1640 cm - I ,  A lso ,  non-hydrogen-  
bonded C=O in ure thane bonding appeared at 1730 cm - l  which was 
p resen t  in s o f t  segment m a t r i x .  In SEUU / L iCI04 complex, a 
peak due to non-hydrogen bonded group was c l e a r l y  recogn ized  at  
3440 cm -z (N-H s t r e t c h i n g ) ,  in a d d i t i o n  to two peaks at  I I 0 0  and 
610 cm - l  a s s i g n a b l e  to l i t h i u m  p e r c h l o r a t e .  The peak at  3300 cm - I  
due to hydrogen bonded N-H decreased c o n s i d e r a b l y  compared to 
t h a t  of  SEUU. Almost  the same r e s u l t s  were ob ta ined  on SEU and 
SEU / L iClO 4, These r e s u l t s  suggest  t h a t  l i t h i u m  p e r c h l o r a t e  was 
d i s s o l v e d  in hard segment domains, hence p r e v e n t i n g  hydrogen 
bonding between p o l y u r e t h a n e  mo lecu les .  

On the o t h e r  hand, when f i l m s  were prepared by method B 
( i m m e r s i n g ) ,  the peaks a s s i g n a b l e  to hydrogen bonded groups were 
c l e a r l y  observed.  A c c o r d i n g l y  l i t h i u m  p e r c h l o r a t e  e x i s t e d  ma in l y  
in s o f t  segment m a t r i x  in the f i l m  prepared by the immers ing.  
This  e s t i m a t i o n  is  r easonab le ,  because by immersing in methanol ,  
on l y  s o f t  segment m a t r i x  was swe l l ed  to a l l o w  the p e n e t r a t i o n  of  
l i t h i u m  p e r c h l o r a t e .  The b e t t e r  c o n d u c t i v i t y  of the f i l m  prepared 
by method B is  a lso  e x p l a i n e d  by t h a t  e s t i m a t i o n ;  ions in the 
s o f t  segment m a t r i x  can d i f f u s e  f a s t e r  than those i nc l uded  in 
hard segment domains. The ions in hard segment domains have to 
m i g r a t e  to the s o f t  m a t r i x  be fo re  they  can g i ve  way to 
c o n d u c t i v i t y .  

Microphase s e p a r a t i o n  in m a t r i x  was not found to be 
f a v o r a b l e  f o r  i o n i c  conduc t i ons .  However, i t  is  ve ry  i m p o r t a n t  
f o r  e x c e l l e n t  mechanica l  p r o p e r t i e s  ( 4 , 7 , 1 2 )  and b i o c o m p a t i b i l i t y  
(4 -6 ,  12,13) of  p o l y u r e t h a n e s .  T h e r e f o r e ,  some conpromises are 
needed f o r  the development  of i o n - c o n d u c t i n g  p o l y u r e t h a n e s  f o r  
the usages in b iomed ica l  a p p l i c a t i o n s .  
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