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1. INTRODUCTION 

L i t h i u m i s an e f f e c t i v e t h e r a p e u t i c agent, f o r the t r e a t m e n t 
o f m anic d e p r e s s i o n [ 1 , 2 J w h e r e i n t h e l e v e l o f b l o o d l i t h i u m 
i s m a i n t a i n e d between about 0.5 and 1.0 mM. A d v e r s e s i d e 
e f f e c t s appear around 2mM and h i g h e r l e v e l s a r e f a t a l [3 ]. 
Thus i t s f a c i l e a s s a y i n b l o o d samples from p a t i e n t s 
p r e s c r i b e d w i t h l i t h i u m s a l t s i s c l i n i c a l l y d e s i r a b l e . F o r 
t h i s p u r p o s e a v i a b l e l i t h i u m i o n - s e l e c t i v e e l e c t r o d e i s 
c o n s i d e r e d t o be an a t t r a c t i v e , a l t e r n a t i v e a p p r o a c h t o 
measurements by f l a m e p h o t o m e t r y . 

Sodium i s the main i o n i c interfèrent i n s u c h b l o o d a s s a y s 
where i t s c o n c e n t r a t i o n i s t y p i c a l l y o v e r 1400 t i m e s h i g h e r 
t h a n t h e l o w e s t l i t h i u m l e v e l and i n t h e f i r s t i n s t a n c e t h e 
i o n - s e l e c t i v e d e v i c e s h o u l d be c a p a b l e o f m e a s u r i n g 0.1 mM 
l i t h i u m i n about 150 mM s o d i u m . O t h e r p a r a m e t e r s , p a r t i c u l 
a r l y i n t e r f e r e n c e from o r g a n i c serum components, c o n s t i t u t e 
f u r t h e r p r o b l e m s . T h i s r e v i e w i s l a r g e l y c o n c e r n e d w i t h t h e 
d e v e l o p m e n t o f s e n s o r s based on such i o n o p h o r e s and t h e 
p r o b l e m s a s s o c i a t e d w i t h t h e i r c l i n i c a l a p p l i c a t i o n . 

2. TYPES OF LITHIUM ION-SELECTIVE ELECTRODES 

To d a t e , l i t h i u m i o n - s e l e c t i v e e l e c t r o d e s have been d e s i g n e d 
w i t h s e n s o r membranes c o m p r i s i n g d i v e r s e m a t e r i a l s s u c h as 
g l a s s [ 4 j , l i t h i u m s t e a r a t e [ 5 ] and l i t h i u m vanadium 
b r o n z e s [ 6 ] , b u t t h e i r p e r f o r m a n c e s have been g e n e r a l l y p o o r , 
eg, k P ? ^ N a ~ 0 . 3 f°r t h e LAS 15-25B g l a s s e l e c t r o d e . 

More e n c o u r a g i n g r e s u l t s have been r e p o r t e d f o r l i t h i u m 
i o n - s e l e c t i v e e l e c t r o d e s w i t h s e n s o r membranes c o n s i s t i n g 
n e u t r a l c a r r i e r m o l e c u l e s , admixed w i t h c o m p a t i b l e s o l v e n t 
m e d i a t o r s i n p o l y ( v i n y l c h l o r i d e ) m a t r i c e s ( T a b l e s 1-3). 
Two b r o a d c l a s s e s o f n e u t r a l c a r r i e r i o n o p h o r e s a r e r e c o g 
n i s e d , namely, c y c l i c [ 7 - 1 6 ] and a c y c l i c [ 7 , 8 , 1 7 - 2 7 j . 

2.1 Crown e t h e r s ( c y c l i c p o l y e t h e r s ) 

Crown e t h e r s were f i r s t r e p o r t e d by P e d e r s e n [ 2 8 ] t o form 
c o m p l e x e s w i t h l i t h i u m and o t h e r a l k a l i m e t a l i o n s . The 
f a c t o r s i n f l u e n c i n g t h e i r f o r m a t i o n and s t a b i l i t y as o u t 
l i n e d by P e d e r s e n a r e : 
(a) t h e r e l a t i v e s i z e s o f t h e m e t a l i o n and t h e c a v i t y o f 

the p o l y e t h e r r i n g 
(b) t h e number o f oxygen atoms i n t h e p o l y e t h e r r i n g 
(c) t h e c o p l a n a r i t y o f t h e oxygen atoms 
(d) t h e s y m m e t r i c a l p l a c e m e n t o f t h e oxygen atoms 
(e) t h e b a s i c i t y o f the oxygen atoms 
( f ) s t e r i c h i n d r a n c e i n t h e p o l y e t h e r r i n g 
(g) the t e n d e n c y o f t h e m e t a l i o n t o a s s o c i a t e w i t h t h e 

s o l v e n t and 
(h) t h e e l e c t r i c a l c h a r g e on t h e i o n and t h e t y p e s o f 

b i n d i n g s i t e s i n t h e r i n g . 
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R e s e a r c h on t h e i r d e v e l o p m e n t f o r l i t h i u m I S E s has c e n t r e d 
on 12-crown-4 t h r o u g h 16-crown-4 t y p e m o l e c u l e s [7-16, T a b l e 
1 ] . Crown e t h e r s s u i t a b l e f o r l i t h i u m s h o u l d have a c a v i t y 
s i z e c o m p a r a b l e w i t h the l i t h i u m i o n d i a m e t e r ( 0 . 6 8 A ) . 
Crown e t h e r s w i t h such s p e c i f i c a t i o n s r a n g e from 12-crown-4 
t o 14-crown-4, whereas the 15-crown-4 and 16-crown-4 e t h e r s 
w i t h l a r g e r c a v i t y d i a m e t e r s a r e more s e l e c t i v e f o r l a r g e r 
c a t i o n s . 

C o m p l e x a t i o n between l i t h i u m and crown e t h e r s , L, may be 
s i m p l y r e p r e s e n t e d by: 

[ L i ( H 2 0 ) n ] + + L [ L i L ] + + nH 20 

The r e v e r s i b i l i t y and e x t e n t o f t h i s exchange p r o c e s s i s 
i m p o r t a n t i n the d e s i g n o f crown e t h e r s e n s o r s f o r l i t h i u m . 
The 12-crown-4 e t h e r ( I ) w i t h i t s " i d e a l " c a v i t y s i z e f o r 
l i t h i u m has been i n v e s t i g a t e d as such a s e n s o r . The e l e c 
t r o d e e x h i b i t e d N e r n s t i a n r e s p o n s e a t low l i t h i u m l e v e l s 
( 10~ 5-10 _ l tM) and i t s pH range was 4.0 t o 5.5 but t h e s e l e c t 
i v i t y was p o o r , p a r t i c u l a r l y w i t h r e s p e c t t o sodium [9 J. 

T h i s r e s p o n s e t o sodium i s p o s s i b l y due t o s a n d w i c h compound 
f o r m a t i o n between two 12-crown-4 e t h e r l i g a n d s and one 
sodium i o n . 

I n an a t t e m p t t o f u r t h e r e s t a b l i s h the r e l a t i o n between 
c a v i t y s i z e o f crown-4 d e r i v a t i v e s and l i t h i u m s e l e c t i v i t y , 
K i t a z a w a e t a l have examined t h e p o t e n t i o m e t r i c b e h a v i o u r 
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o f a s e r i e s o f f o u r t e e n h i g h l y l i p o p h i l i c crown-4 compounds 
w i t h 12-, 13-, 14-, 15- and 16-member r i n g s r e s p e c t i v e l y [ 10 ] 
and t h e f i x e d c o m p o s i t i o n s o f each o f t h e PVC s e n s o r 
membranes ( I I - V I ) make f o r a f a c i l e c o m p a r i s o n o f t h e i r 
r e s p e c t i v e p o t e n t i o m e t r i c b e h a v i o u r ( T a b l e 1 ) . 

I n g e n e r a l , t h e 13-membered r i n g compounds, eg I I , a r e much 
l e s s s e l e c t i v e f o r l i t h i u m t h a n t h e 14-, and 15- membered 
compounds s t u d i e d . Benzo-13-crown-4 d e r i v a t i v e s a l s o showed 
p o o r l i t h i u m s e l e c t i v i t i e s and i t was c o n c l u d e d t h a t a l l o f 
t h e 12-crown-4, 13-crown-4 and benzo-13-crown-4 compounds 
p r e f e r e d the o t h e r a l k a l i m e t a l i o n s t o l i t h i u m . 

However, t h e l i t h i u m s e l e c t i v i t y was d r a m a t i c a l l y enhanced 
i n t h e c a s e o f t h e l a r g e r 14- and 15- crown-4 d e r i v a t i v e s 
b u t : t h i s d e s i r a b l e f e a t u r e a g a i n r e v e r s e d i n the l a r g e s t 
r i n g compounds e x a m i n e d , namely, 16-crown-4 d e r i v a t i v e s . 
T h i s c h a r a c t e r i s t i c was a l s o r e p o r t e d i n d e p e n d e n t l y by Aalmo 
and Krane f o r 16-crown-4 and i t s h e x a m e t h y l d e r i v a t i v e when 
used i n c o n j u n c t i o n w i t h t r i s - ( 2 - e t h y l h e x y l ) p h o s p h a t e 
m e d i a t o r [ 1 5 ] . 

The e f f e c t o f t h e m e t h y l s u b s t i t u e n t a t t a c h e d t o t h e q u a t e r 
n a r y c a r b o n o f t h e crown-4 d e r i v a t i v e s on the l i t h i u m s e l e c 
t i v i t y i s p a r t i c u l a r l y i n t e r e s t i n g [ 9 - 1 3 ] . Thus t h e d o d e c y l 
m e t h y l d e r i v a t i v e s o f b o t h 14- and 15-membered r i n g m o l e 
c u l e s a r e s u p e r i o r t o t h e c o r r e s p o n d i n g d o d e c y l d e r i v a t i v e s 
i n t erms o f l i t h i u m s e l e c t i v i t y r e l a t i v e t o sodium and a l s o 
p o t a s s i u m . T h i s was a t t r i b u t e d t o some s t e r i c i n f l u e n c e o f 
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t h e m e t h y l group on t h e crown r i n g r e g a r d i n g c o m p l e x a t i o n o f 
c a t i o n s and the p o s s i b l e f o r m a t i o n o f s a n d w i c h - t y p e 2:1 
complexes o f the crown e t h e r s and the c a t i o n s . T h i s i s 
s u p p o r t e d by the dependence o f the s e l e c t i v i t y c o e f f i c i e n t s 
on t h e c o n c e n t r a t i o n o f the crown e t h e r s I I I and IV i n t h e 
PVC membrane. Thus i n t h e d o d e c y l m e t h y l - 1 4 - c r o w n - 4 
membrane s y s t e m I V , t h e s e l e c t i v i t y c o e f f i c i e n t s f o r s odium 
and p o t a s s i u m were e s s e n t i a l l y unchanged on i n c r e a s i n g t h e 
s e n s o r l e v e l s . On t h e o t h e r hand, t h e s e l e c t i v i t y c o e f f i 
c i e n t s f o r t h e s e c a t i o n s i n c r e a s e d w i t h i n c r e a s i n g amounts 
of the s e n s o r i n t h e d o d e c y l - 1 4 - c r o w n - 4 s y s t e m ( I I I ) . I t was 
c o n c l u d e d t h a t d o d e c y l - 1 4 - c r o w n - 4 can complex N a + and K + on 
a 2:1 and 1:1 s t o i c h i o m e t r i c b a s i s whereas t h e m e t h y l d e r i 
v a t i v e has d i f f i c u l t y i n f o r m i n g s a n d w i c h complexes even a t 
h i g h crown e t h e r l e v e l s . Thus i t i s c o n c l u d e d t h a t t h e 
m e t h y l g r o u p i n s e n s o r IV f u n c t i o n s as a s t e r i c b a r r i e r and 
so o f f s e t s the a c c e s s o f two crown e t h e r m o l e c u l e s t o s a n d 
w i c h f o r m a t i o n and so enhances l i t h i u m s e l e c t i v i t y , i . e . , 
t h e p r e v e n t i o n o f 2:1 crown e t h e r - m e t a l c omplexes w i t h 
a l k a l i m e t a l c a t i o n s , o t h e r t h a n l i t h i u m , enhances t h e 
l i t h i u m s e l e c t i v i t y o f t h e o r i g i n a l crown e t h e r . I n s i m i l a r 
f a s h i o n , i n c o r p o r a t i o n o f two m e t h y l g r o u p s i n t o t h e 
o p p o s i t e s i d e o f t h e crown e t h e r r i n g s o f V and VI a l s o 
i m proved t h e l i t h i u m s e l e c t i v i t y ( T a b l e 1 ) . Thus s e n s o r s 
based on t h e t h r e e 14-crown-4 d e r i v a t i v e s IV t o VI p o r t r a y 
sodium s e l e c t i v i t i e s on a p a r w i t h a c y c l i c n e u t r a l c a r r i e r s 
( T a b l e 2 ) . PVC membrane e l e c t r o d e s c o m p r i s i n g d i b e n z o - 1 4 -
crown-4 s e n s o r w i t h e i t h e r o - n i t r o p h e n y l p h e n y l e t h e r o r 
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d i o c t y l s e b b a c a t e m e d i a t o r s showed q u i t e poor l i t h i u m 
r e s p o n s e i n the p r e s e n c e o f sodium [ 1 4 ] . T h i s f e a t u r e was 
o n l y m a r g i n a l l y improved by i n c o r p o r a t i n g p o t a s s i u m t e t r a k i s 
( p - c h l o r o p h e n y l ) b o r a t e i n t h e PVC membranes. 

To d a t e , the b e s t l i t h i u m i o n - s e l e c t i v e e l e c t r o d e i s 
r e a l i s e d w i t h t h e 1 4 - c r o w n - 4 - d e r i v a t i v e IV on t h e b a s i s o f 
i t s low sodium r e s p o n s e , k ^ ? 1 ^ = 2 x 1 0 - 3 [11 ]. The q u e s t 
f o r even b e t t e r c y c l i c l i t h i u m s e n s o r s c o n t i n u e s and one 
i n t e r e s t i n g s t u d y has been c o n d u c t e d w i t h a PVC membrane 
i n c o r p o r a t i n g o c t a p h e n y l c y c l o e t r a s i l o x a n as s e n s o r c o u p l e d 
w i t h t r i s - ( 2 - e t h y l h e x y l ) p h o s p h a t e s o l v e n t m e d i a t o r . 
U n f o r t u n a t e l y , the sodium s e l e c t i v i t y was r a t h e r p o o r , k P ° ^ N a 

-0.1 [ 2 9 ] . An immense v a r i e t y of s e n s o r - m e d i a t o r s y s t e m s 
r e m a i n s t o be e v a l u a t e d , some t y p i c a l examples o f 
p r o s p e c t i v e s e n s o r s b e i n g aza-12-crown-4 [30 ] and v a r i o u s 
c r y p t a n d s [ 3 1 ] . 

2.2 L i p o p h i l i c d i a m i d e s 

A c y c l i c q u a d r i d e n t a t e a m i d o - e t h e r s p r e f e r e n t i a l l y complex 
l i t h i u m [17] when t h e i r m o l e c u l a r s t r u c t u r e s a r e s u c h t h a t 
f o u r oxygen atoms t e n d t o form a c a v i t y c o m p a r a b l e i n s i z e 
w i t h the r i n g s o f some crown e t h e r s . A range o f s u c h 
a c y c l i c compounds V I I - X I I ( T a b l e 2) has been s y n t h e s i s e d and 
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e v a l u a t e d as p r o s p e c t i v e l i t h i u m s e n s o r s i n c o n j u n c t i o n w i t h 
d i f f e r e n t s o l v e n t m e d i a t o r s [ 7 , 8 , 1 7 - 2 7 ] . Three o f them, 
namely, V I I I , X, and X X I I a r e c o m m e r c i a l l y a v a i l a b l e w i t h 
a p p r o p r i a t e c o n t e n t s o f s o l v e n t m e d i a t o r and PVC as r e a d y t o 
use l i t h i u m s e n s o r c o c k t a i l s . 

The l i p o p h i l i c d i a m i d e , N - N * - d i h e p t y l - N , N ' - 5 , 5 - t e t r a m e t h y l -
3 , 7 -dioxanonane d i a m i d e ( V I I I ) was e v a l u a t e d as a s e n s o r 
w i t h TEHP [ 1 9 , 2 1 ] i n a PVC mode but t h e s e l e c t i v i t y f o r 
sodium i s p o o r ( T a b l e 2 ) . N o n e t h e l e s s , t h i s l i t h i u m s e n s o r 
has been employed t o measure l i t h i u m i n s n a i l n e u r o n e s [20 ], 
the i n t r a - and e x t r a c e l l u l a r c o r t e x [ 2 0 , 32] and t h e c e n t r a l 
n e r v o u s s y s t e m [ 3 3 ] . I t s l i f e t i m e i s s u b s t a n t i a l and no 
change o f c h a r a c t e r s i s t i c w h a t s o e v e r has been d e t e c t e d i n 
such membranes d e s p i t e 8 months o f permanent c o n t a c t w i t h 
w a t e r and i n t e r m i t t e n t use i n d i f f e r e n t a n a l y t i c a l p r o b l e m s 
[ 1 9 ] . 

S u b s equent r e s e a r c h w i t h a c y c l i c d i a m i d e m a t e r i a l s has 
p r o d u c e d a s p e c t r u m o f s e l e c t i v i t y c o e f f i c i e n t s , k ^ ? 1 ^ , 

1 ' L i , N a 
from p o o r , 0.4 t o a t b e s t 3.16 x 1 0 ~ 3 and t h e s u b t l e 
i n f l u e n c e o f the s t r u c t u r e s o f j u s t s i d e c h a i n s on sodium 
s e l e c t i v i t y i s e x e m p l i f i e d by l i g a n d s X and XI u s i n g t h e 
same o-NPOE s o l v e n t m e d i a t o r [ 2 2 ] . 
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To d a t e , t h e b e s t a c y c l i c s e n s o r i s based on X I I w i t h 30% 
KTpClPB r e l a t i v e t o s e n s o r , but i t must be e m p h a s i s e d t h a t 
i t s most u s e f u l s e l e c t i v i t y p e r f o r m a n c e c o u l d h a r d l y be 
p r e d i c t e d ( k [ ° ^ N a = 3 . 1 6 x 1 0 " 3 ) . 
A v e r y f a i r c o m p a r i s o n between t he p e r f o r m a n c e s o f PVC I S E s 
w i t h s e n s o r s V I I I and IX i s p o s s i b l e s i n c e t h e m e d i a t o r s a r e 
common and t h e c o n c e n t r a t i o n s o f t h e t h r e e components a r e 
s i m i l a r and t h e i r sodium s e l e c t i v i t i e s a r e e s s e n t i a l l y 
i d e n t i c a l . The s l i g h t changes i n s e l e c t i v i t y c o e f f i c i e n t s 
k p o t o f 0.063-0.085 f o r s e n s o r IX w i t h t h r e e d i f f e r e n t L i ,Na 
s o l v e n t m e d i a t o r s must be c o n s i d e r e d i n t h e c o n t e x t o f t h e 
c o n s i d e r a b l e s p r e a d o f s e n s o r l e v e l s i n t h e PVC membrane 
namely from 3.9-19.4 mass% ( T a b l e 2 ) . 

2.3 P o l y p r o p o x y l a t e a d d u c t s 

P o l y ( a l k y l e n e n o x y ) compounds a l s o p r o v i d e a f l e x i b l e a r r a y 
o f donor oxygen atoms based on -CH(R)-CH 20- u n i t s and may 
a l s o be r e g a r d e d as a c y l i c e t h e r s . A t e t r a p h e n y l b o r a t e 
(TPB) - b a r i u m complex o f PPG-1025, a p o l y ( p r o p y l e n e g l y c o l ) , 
i n c o n j u n c t i o n w i t h v a r i o u s m e d i a t o r s , e g , d i - n - o c t h y l p h e n y l 
p h o s p h o n a t e (DOPP) c o n s t i t u t e s t h e b a s i s o f a v e r y u s e f u l 

b a r i u m ISE [34 I . F or one o f them k £ o t
T . was 3400 w h i l e i n L J B a , L i 

o t h e r c a s e s , even a t 5mM l i t h i u m l e v e l s , t h e ISEs were com
p l e t e l y i n s e n s i t i v e t o b a r i u m . T h i s i n t e r e s t i n g f e a t u r e 
i n i t i a t e d a s t u d y o f the c l i n i c a l u t i l i t y o f m i c r o e l e c t r o d e s 
based on p o l y ( p r o p y l e n e g l y c o l ) a d d u c t s o f b a r i u m and l i t h i u m 
i n a m i c r o c o n d u i t f l o w i n j e c t i o n a n a l y s i s ( FIA) s y s t e m 
[ 7 , 8 ] . 
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The r e s p o n s e of t h i s PVC Ba ( P P G - 1 0 2 5 ) 0 . 6 g . ( T P B ) 2 - D O P P 
e l e c t r o d e was s t u d i e d u s i n g 0.14M sodium c h l o r i d e as c a r r i e r 
i n t h e FIA mode when l i t h i u m c o u l d be i d e n t i f i e d down t o 
0.1mM, the l i n e a r r a n g e b e i n g 56mV d e c a d e - 1 . 

L i p o p h i l i c s a l t s , such as p o t a s s i u m t e t r a k i s ( p - c h l o r o -
p h e n y l ) b o r a t e (KTpClPB) i n c o r p o r a t e d i n t o PVC s e n s o r 
membranes a r e r e p o r t e d t o r e d u c e e l e c t r i c a l membrane r e s i s t 
a n c es and i n t e r f e r e n c e s by l i p o p h i l i c a n i o n s [ 3 5 ] . R e s u l t s 
f o r s uch KTpClPB-Ba (PPG-1025) e l e c t r o d e s were d i s a p p o i n t i n g 
i n t h a t the s e l e c t i v i t y was e i t h e r e s s e n t i a l l y u n a l t e r e d o r 
c o n s i d e r a b l y i m p a i r e d . Even the b e s t o f t h e s e p o l y a l k o x y -
l a t e s e n s o r s i s i n f e r i o r t o e l e c t r o d e s based on s e n s o r s I V , 
X and X I I ( T a b l e 3) but t h e y a r e e x t r e m e l y easy t o p r e p a r e 
and t o g e t h e r w i t h a l t e r n a t i v e m e d i a t o r s may y e t p r o v i d e 
enhanced l i t h i u m s e l e c t i v i t y . 

3. PROBLEMS IN THE APPLICATION OF ISEs TO SERUM LITHIUM 
ANALYSIS 

The s e l e c t i v i t y r e q u i r e d o f a l i t h i u m i o n - s e l e c t i v e e l e c t 
r o d e f o r j u s t 1% i n t e r f e r e n c e by sodium i n b l o o d i s e a s i l y 
c a l c u l a t e d at t o be <10 - l*[22]. O n l y a few o f t h e many 
n e u t r a l c a r r i e r i o n o p h o r e s s t u d i e d , eg, IV and X I I , can be 
c o n s i d e r e d as a p p r o a c h i n g t h i s g o a l . M o r e o v e r , t h e c o n t r i 
b u t i o n of the o t h e r common c a t i o n s , K +, C a 2 + and M g 2 + , t o 
t h e " t o t a l s e l e c t i v i t y c o e f f i c i e n t " c a n n o t be o v e r l o o k e d . 
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L i t h i u m ISE e l e c t r o d e s have been used i n i n t r a c e l l u l a r and 
c o r t e x s t u d i e s [ 2 0 . 3 2 , 3 3 ] . O t h e r w i s e t h e i r use has been 
r e s t r i c t e d f o r e xample, t o measurements i n a r t i f i c a l s e r a 
based on L i C l / N a C l / K C l / C a C l 2 / M g C l 2 / u r e a / g l u c o s e [ 1 1 ] ; t h i s 
i s somewhat u n r e a l i s t i c s i n c e p r o t e i n s and v i r t u a l l y a l l t h e 
known o r g a n i c m a t e r i a l s p r e s e n t i n b l o o d were e x c l u d e d . 

X i e e t a l employed an e l e c t r o d e based on crown e t h e r IV t o 
measure l i t h i u m i n t h i r t e e n s e r a s a m p l es of manic p a t i e n t s 
w i t h an FIA s y s t e m ; agreement w i t h a t o m i c a b s o r p t i o n r e s u l t s 
a v e r a g e d ± 5% f o r t h e r a n ge 0.67 - 1.46 mM l i t h i u m [ 1 6 ] . A 
PVC e l e c t r o d e i n c o r p o r a t i n g d i a m i d e X I I w i t h o-NPOE/KpClTPB 
has a l s o been used i n a s t a t i c s y s t e m f o r m e a s u r i n g l i t h i u m 
i n s p i k e d s e r a a t l e v e l s between 0.79 and 1.83 mM [ 2 5 , T a b l e 
4 ] . 

A more d e t a i l e d i n v e s t i g a t i o n has d e a l t w i t h t h e p r o s p e c t s 
o f t h r e e d i f f e r e n t t y p e s o f l i t h i u m I S E s p r e s e n t e d i n T a b l e 
3 r e g a r d i n g t h e b e h a v i o u r i n n e a t and i o n i c m i x t u r e s o f 
L i C l / N a C l / K C l / M g C l 2 / C a C l 2 ; p r o t e i n s , f a t s as w e l l as r e a l 
l i t h i u m l o a d e d b l o o d s e r a [ 8 ] . Each ISE was c a l i b r a t e d w i t h 
0.1mM - 0.1M l i t h i u m c h l o r i d e s t a n d a r d s i n t h e a r t i f i c i a l 
serum A whose c o m p o s i t i o n i s l i s t e d i n F i g . 1 . 

3.1 Serum a n a l y s i s p r o c e d u r e 

Serum s a m p l e s (Nos 1-10) were f i r s t a n a l y s e d f o r t h e common 
c a t i o n s l i s t e d i n T a b l e 5 a t t h e U n i v e r s i t y H o s p i t a l o f 
Wales and t h e n i n j e c t e d i n t o t h e c a r r i e r s t r e a m o f a r t i 
f i c i a l serum A and the emf r e c o r d e d ( F i g . 2 ) . 
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T a b l e 4. A s s a y o f l i t h i u m i n nor m a l s e r a ( R e f . 25) 

[ L i t h i u m ] [ L i t h i u m ] R e l a t i v e 
added t o found w i t h a c c u r a c y / % 
n o r m a l s e r a a two s e n s o r s 

/mM (sd) /mM 

0. 77 0.79(0.00) +3 
0.99 0.96(0.02) -3 
1 . 32 1.31(0.04) -1 
1 . 48 1.37(0.02) -7 
1 . 96 1.83(0.02) -7 

a [ L i ] < 1 0 ~ 5 M by f l a m e p h o t o m e t r y 

5. C a t i o n c o n c e n t r a t i o n i n r e a l serum samples 
p r e v i o u s l y a n a l y s e d a t t h e U n i v e r s i t y H o s p i t a l  
o f Wales ( R e f . 8 ) 

Serum Sample 
number 

Cation/mM Serum Sample 
number 

L i Na K Ca 

1 0.21 105.3 1 . 77 1 .62 

2 0.40 110.7 2.36 1 . 78 

3 0.61 116.1 2.95 1 .97 

4 0.79 122.0 3.57 2.16 

5 1 .00 126.9 4.17 2. 35 

6 1 .20 132.3 4.78 2. 53 

7 1 .40 137.7 5.38 2.72 

8 1 . 58 143.5 6.03 2. 90 

9 1 .75 148.7 6.60 3.09 

10 2. 00 153. 9 7.18 3. 27 

A n a l y s i s 
T e c h n i q u e 

Flame 
P h o t o m e t r y 

I o n -
S e l e c t i v e 
E l e c t r o d e 

I o n -
S e l e c t i v e 
E l e c t r o d e 

S p e c t r o 
p h o t o m e t r y 
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F i g . 1 FIA p r o f i l e s o f Type 1 e l e c t r o d e f o r l i t h i u m 
s t a n d a r d s i n a r t i f i c i a l serum e l e c t r o l y t e A 

C a r r i e r A: NaCl (140mM); KC1 (2.8mM); KH 2PO H (1.3mM); 
C a C l 2 (2.5mM); MgSO,, (2.3mM); pH (7.1) 

10 9 8 7 6 5 4 3 1 
(2.00X1.75) (1.58) (1.40) (1.20) (1.00) (0.79)(0.61) (0.21) 

F i g . 2 FIA . p r o f i l e s o f Type 1 e l e c t r o d e f o r 10 l i t h i u m 
serum s amples ( C a r r i e r A ) . L i t h i u m l e v e l s 
d e t e r m i n e d by f l a m e p h o t o m e t r y a r e p a r e n t h e s i s e d 
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D e s p i t e i t s r e l a t i v e l y poor sodium s e l e c t i v i t y t h e Type I 
e l e c t r o d e r e s p o n d s q u i t e r e p r o d u c i b l y , even a t 0.1mM 
l i t h i u m , i n an a r t i f i c i a l serum A ( F i g . 1 ) . R e s u l t s f o r t h e 
10 r e a l serum samples were u n e x p e c t e d i n t h a t e i t h e r p o s i 
t i v e or n e g a t i v e FIA p r o f i l e s were o b t a i n e d f o r some s a m p l e s 
w h i l e Nos. 4,5 and 7 gave b o t h p o s i t i v e and n e g a t i v e peaks 
( F i g . 2 ) . 

These p a t t e r n s c o u l d r e l a t e t o p a r a m e t e r s l i k e pH, a n i o n s , 
p r o t e i n s , l i p o p r o t e i n s , n a t u r e o f s e n s o r and/or the v a r y i n g 
e l e c t r o l y t e c o n c e n t r a t i o n s seen i n T a b l e 5. However, t h e 
n e g a t i v e p eaks a r e u n l i k e l y t o r e l a t e t o c h l o r i d e o r p h o s 
p h a t e s i n c e s i m i l a r l e v e l s o f b o t h a n i o n s were p r e s e n t i n 
the a r t i f i c i a l c a r r i e r A. A g a i n the Type 1 PVC e l e c t r o d e 
s u f f e r s l i t t l e h y d r o g e n i o n i n t e r f e r e n c e [7 J and i n any c a s e 
the pH v a l u e s o f t h e c a r r i e r and s e r a a r e ~7. 1. F u r t h e r 
i n v e s t i g a t i o n s were t h u s u n d e r t a k e n r e g a r d i n g some common 
n a t u r a l p r o d u c t s , t y p e of s e n s o r and v a r i a t i o n o f 
e l e c t r o l y t e . 

3.2 E f f e c t o f n a t u r a l p r o d u c t s on t h e e l e c t r o d e s 

The e l e c t r o d e r e s p o n s e was u n a f f e c t e d by a - g l o b u l i n , 
p - g l o b u l i n , y - g l o b u l i n , b o v i n e a l b u m i n o r g l u c o s e b o t h 
i n d i v i d u a l l y o r c o l l e c t i v e l y . The same a p p l i e d t o c h o l 
e s t e r o l ( f r e e and t o t a l ) , t r i g l y c e r i d e , p h o s p h o l i p i d s and 
p - l i p o p r o t e i n s b o t h s i n g l y and i n a d m i x t u r e , a g a i n i n 
a r t i f i c i a l serum A. 
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F o r c l i n i c a l p u r p o s e s p r o t e i n e x c l u s i o n membranes a r e 
u s u a l l y a t t a c h e d t o s e n s o r s u r f a c e s t o o f f s e t l a r g e m o l e c u l e 
e f f e c t s . The e f f e c t o f d i a l y s i s p o l y c a r b o n a t e and 
c e l l u l o s e a c e t a t e membranes r e s p e c t i v e l y on the r e s p o n s e o f 
Type 1 e l e c t r o d e s was t h u s examined. T h i s r e s u l t e d i n 50%, 
0% and 26% o f t h e n o r m a l FIA r e s p o n s e shown i n F i g . 1 when 
i n j e c t i n g 0. 1M l i t h i u m c h l o r i d e i n a r t i f i c i a l serum A. 

The b e h a v i o u r o f the p o l y c a r b o n a t e c o v e r e d l i t h i u m ISE - no 
r e d u c t i o n i n t h e e x p e c t e d s i g n a l of t h e a r t i f i c i a l l i t h i u m 
serum - a p p e a r s i d e a l b ut u n f o r t u n a t e l y when employed w i t h 
r e a l s e r a p e a k s were i r r e p r o d u c i b l e and o f t e n showed n e g a 
t i v e p r o f i l e s . Thus t h e p o l y c a r b o n a t e membrane was e i t h e r 
i n e f f i c i e n t i n e x c l u d i n g l a r g e m o l e c u l e s from the s e n s o r 
s u r f a c e o r t h e e f f e c t s r e l a t e t o one, o r more, u n i d e n t i f i e d 
low m o l e c u l a r mass o r g a n i c components o f t h e serum. T h i s 
anomolous b e h a v i o u r was o n l y t e m p o r a r y and t h e FIA base l i n e 
was r a p i d l y r e s t o r e d a f t e r p a s s a g e o f sample p l u g s and t h e 
PVC ISEs e s t a b l i s h e d t h e i r u s u a l N e r n s t i a n r e s p o n s e s i n 
l i t h i u m / s e r u m A s t a n d a r d s ( r e F i g . 1 ) . 

3.3 N a t u r e o f s e n s o r 

The r e s p o n s e s o f Types 2 and 3 e l e c t r o d e s t o a r t i f i c i a l and 
r e a l serum l i t h i u m s amples r e s e m b l e d t h o s e f o r Type 1 
e l e c t r o d e ( F i g s . 1 and 2 ) . T h e r e f o r e , t h e s e i r r e g u l a r F I A 
p a t t e r n s seem t o r e l a t e t o components i n serum r a t h e r t h a n 
t o t h e s e n s o r s . 
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3.4 E f f e c t o f v a r y i n g e l e c t r o l y t e l e v e l s i n serum s a m p l e s 

The sodium c o n t e n t o f the r e a l serum s a m p l e s v a r i e d f r o m 
105.3 -153.9mM ( T a b l e 5 ) ; t h e t y p i c a l l i t e r a t u r e a v e r a g e 
c o n t e n t b e i n g 140mM and t h e c a r r i e r a r t i f i c i a l serum 
e l e c t r o l y t e A was a c c o r d i n g l y s e t a t 140mM ( r e F i g . 1 ) . 
Serum samples c o n t a i n i n g l o w e r and h i g h e r amounts o f sodium 
t h a n t h e c a r r i e r serum A g e n e r a l l y gave n e g a t i v e and 
p o s i t i v e F I A peaks ( F i g . 2 ) . 

T h i s a s p e c t was f u r t h e r i n v e s t i g a t e d by i n j e c t i n g mock serum 
samples ( b u t f r e e o f a l l o r g a n i c compounds) c o n t a i n i n g j u s t 
l i t h i u m , s o d i u m , p o t a s s i u m and c a l c i u m , i n amounts e q u i v 
a l e n t t o t h o s e i n the r e a l serum samples Nos 2, 6 and 10 
( T a b l e 5) i n t o t h e c a r r i e r e l e c t r o l y t e s t r e a m A. As s u s 
p e c t e d , t h e low sodium s y s t e m s , eg, Nos. 2 and 6, gave n e g a 
t i v e FIA peaks s u p p o r t i n g t he i d e a t h a t t h e v a r i a b l e sodium 
i n t h e serum samples i s p a r t l y t he c a u s e o f t h e s t r a n g e 
r e s p o n s e o f Type 2 e l e c t r o d e as w e l l as Types 1 and 2. I t 
s h o u l d be e m p h a s i s e d , however, t h a t t he r e s p o n s e s o b t a i n e d 
u s i n g t h e t h r e e mock serum samples a r e r e p r o d u c i b l e i n 
e x t e n t and d i r e c t i o n u n l i k e t h e v a r i a b l e c a s e s when r u n n i n g 
r e a l serum samples ( F i g . 2 ) . E v i d e n t l y p a r a m e t e r s o t h e r 
t h a n the sodium e f f e c t must be r e s p o n s i b l e f o r t h e s e F I A 
s i g n a l s p o r t r a y e d i n F i g . 2. 
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3.5. Serum e l e c t r o l y t e c o r r e c t i o n 

To a t t e m p t a c o r r e c t i o n f o r the v a r i a t i o n i n sodium c o n t e n t 
on t h e l i t h i u m r e s p o n s e s ( r e F i g . 2) t h e r e a l serum s a m p l e s 
(1cm 3) were s p i k e d w i t h a p p r o p r i a t e volumes o f s o d i u m 
c h l o r i d e (1M) t o b r i n g the c o n c e n t r a t i o n o f sodium i n e v e r y 
serum ( e x c e p t o f c o u r s e No. 10) t o t h e same l e v e l as t h a t 
s e t f o r t h e m o d i f i e d c a r r i e r e l e c t r o l y t e B, namely, 
153.9mM. C a r r i e r B, w h i c h f u n c t i o n e d as an a l t e r n a t i v e 
c a r r i e r f o r t h e p r e t r e a t e d r e a l s e r a , d i f f e r e d f rom c a r r i e r 
A o n l y i n i t s h i g h e r sodium c o n t e n t . These s o d i u m e l e v a t e d 
s e r a were t h e n i n j e c t e d i n t o t h e n o n - p r o t e i n based a r t i f i 
c i a l c a r r i e r serum e l e c t r o l y t e B. R e s u l t s w i t h each t y p e 
o f l i t h i u m e l e c t r o d e were i m p r o v e d compared w i t h t h e p r e v i o u s 
a n a l y s i s , b ut s t a t i s t i c a l l y were u n s a t i s f a c t o r y . 

O n l y 3 r e s u l t s o u t o f 10 samples a t t e m p t e d w i t h Type 3 
e l e c t r o d e ( F i g . 3) show any agreement w i t h t h e a c t u a l f l a m e 
p h o t o m e t r y v a l u e s ( T a b l e 5 ) , w h i l e no r e s p o n s e was o b t a i n e d 
f o r s amples 2, 3 and 4. Sample No. 10 c o n t a i n i n g 2mM 
l i t h i u m i s t o be compared w i t h 2.3mM (sd = 0.49mM, n=4). 

F o r the Type 1 e l e c t r o d e , 6 r e s u l t s o u t o f 10 s a m p l e s 
examined show a r e l a t i v e l y c l o s e agreement ( F i g . 3) b u t no 
r e s p o n s e was o b t a i n e d f o r s amples 1,2 and 3. O n l y 5 serum 
samples were r u n w i t h Type 2 e l e c t r o d e due t o l a c k o f 
s a mples but o n l y one r e s u l t showed some agreement. 
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3.0 
A Type 1 

V Type 1 Special case 
( c a r r i e r C) 

I Type'2 
• Type 3 

n 2" 0/ 
[ L i ] by flame photometry/mM 

F i g . 3 Analysis of r e a l serum samples 
by types 1, 2 and 3 electrodes 
and flame photometry 
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From F i g . 3, i t a p p e a r s t h a t Types 2 and 3 e l e c t r o d e s a r e 
more a f f e c t e d by serum components t h a n Type 1 e l e c t r o d e s 
d e s p i t e t h e i r b e t t e r s e l e c t i v i t y c o e f f i c i e n t s . T h i s m o d i 
f i e d p r o c e d u r e i s based on a p r i o r knowledge o f sodium serum 
l e v e l s i n o r d e r t o i n c r e a s e t h e sodium t o t h a t o f t h e 
c a r r i e r B b e f o r e i n j e c t i o n and not on a c o r r e c t i o n v i a 
s e l e c t i v i t y c o e f f i c i e n t s . N e v e r t h e l e s s t h e q u a l i t y o f t h e 
d a t a even f o r Type 1 e l e c t r o d e i s s t i l l p o o r , m a i n l y b e c a u s e 
o f t h e low l i t h i u m c o n t e n t o f c e r t a i n samples and t h e f i x e d , 
r a t h e r h i g h sodium l e v e l i n c a r r i e r B. 

The a n a l y s i s p r o c e d u r e was a c c o r d i n g l y f u r t h e r m o d i f i e d f o r 
j u s t sample No. 3 u s i n g a Type 1 e l e c t r o d e and a n o t h e r a r t i 
f i c i a l p r o t e i n f r e e c a r r i e r , C, c o n t a i n i n g t h e same q u a n t i 
t i e s o f s o d i u m , p o t a s s i u m and c a l c i u m as t h e c h o s e n sample 
( T a b l e 5 ) . Thus t h e l i t h i u m s t a n d a r d s were p r e p a r e d i n an 
a l l - i o n i c medium o f sodium c h l o r i d e (116.1 mM), p o t a s s i u m 
c h l o r i d e (2.95mM), c a l c i u m c h l o r i d e (1.97mM) and magnesium 
c h l o r i d e (1.OlmM). T h i s t e d i o u s p r o c e d u r e gave 0.68mM 
l i t h i u m compared w i t h 0.61mM by f l a m e p h o t o m e t r y ( F i g . 3 ) . 

4. CONCLUSION 

Low l e v e l s o f l i t h i u m can be measured u s i n g i o n - s e l e c t i v e 
e l e c t r o d e s w i t h d i f f e r e n t a r t i f i c i a l c a r r i e r s o l u t i o n s f o r 
each s a m p l e . Such a p r o c e d u r e i s , however, t o o l a b o r i o u s 
and c l i n i c a l l y i m p r a c t i c a b l e . X i e e t a l have s t a t e d t h a t i t 
w i l l be n e c e s s a r y t o measure t h e sodium and make a s u i t a b l e 
c o r r e c t i o n [ 1 6 ] . P o t e n t i o m e t r i c a n a l y s i s f o r serum l i t h i u m 
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r e q u i r e s f u r t h e r r e s e a r c h t o d e v e l o p i n g a l i t h i u m i o n -
s e l e c t i v e e l e c t r o d e w i t h k ] ? ? 1 ^ <10 - l t so as t o o f f s e t t h e 

L i , N a 
need f o r sample p r e t r e a t m e n t w i t h s o d i u m . N e v e r t h e l e s s , 
r e c e n t work i n d i c a t e s a second r e q u i r e m e n t o f such l i t h i u m 
s e n o r s , namely, m i n i m a l i n t e r f e r e n c e from o t h e r , as y e t , 
u n i d e n t i f i e d serum components [ 8 ] . 
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CONSTRUÇÃO E AVALIAÇÃO DE UM ELÉCTRODO SELECTIVO PARA 
AN IÃO BROMETO COM SENSOR DE Hg2Br2/HgS 

APLICADO SOBRE RESINA CONDUTORA 

José L.F.C. Lima e Adélio A.S.C. Machado 
CIQ (U.P.), Departamento de Química, Faculdade de Ciências, 4000 Porto 

RESUMO: Descreve-se a construção de um eléctrodo selectivo para anião brometo com 
sensor formado por uma mistura de brometo de dimercúrio(!) e sulfureto de mercúrio 
(II) (2:1 em massa) aplicada sobre um suporte de resina epoxi condutora e os 
resultados da avaliação das suas características de funcionamento em resposta ao anião 
brometo e ao catião dimercúrio(l). Em resposta a brometo, o eléctrodo comporta-se 
como um eléctrodo de segunda espécie. 0 eléctrodo tem qualidade superior ao eléctrodo 
marca Graphic Controls, ref. PHI 91300, que usa o mesmo tipo de sensor. 

ABSTRACT:BR0MIDE ELECTRODE BASED ON Hg2Br2/HgS MIXTURE 
APPLIED TO ELECTRICALLY CONDUCTIVE EP0XY. A bromide selective electrode 
based on mercury salts applied to a support of electrically conductive epoxy has been 
prepared and tested. A 2:1 (by weight) mixture of mercurous bromide and mercuric 
sulphide was used as sensor. Response characteristics to bromide and mercurous ion 
were determined by standard procedures, showing that the electrode responds to 
bromide as a second kind electrode. The electrode shows a better perfomance than the 
PHI 91300 Graphic Controls commercial electrode, which uses the same tipe of sensor. 

INTRODUÇÃO 

No âmbito de um projecto cujo objectivo é o desenvolvimento 
de processos de construção de eléctrodos selectivos de Iões que sejam 
fáceis de concretizar e possam ser utilizados em laboratórios não 
especialmente vocacionados ou apetrechados para a montagem de 
eléctrodos, desenvolveu-se, neste Departamento, um processo de cons
trução de eléctrodos de membrana cristalina que consiste em aplicar o 
sensor sobre um suporte de resina condutora. Este processo foi utilizado, 
com êxito,na obtenção de eléctrodos com sensores baseados em misturas 
de sulfureto de prata(l) com outros sais de catião prata(l) ou com 
sulfuretos de catiões bivalentes [1-6]. Posteriormente, o processo foi 
aplicado à construção de eléctrodos selectivos de membrana cristalina 
com sensores constituídos por misturas de sulfureto de mercúrio(ll) com 
sais de catião dimercúrio(l), introduzidos por SEKERKA E LECHNER [7-9], 
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