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THE MULTI-STEP CHARACTER OF ELECTRODE REACTIONS: EFFECTS OF 
SOLVATION, COMPLEXATION AND DOUBLE-LAYER INTERACTIONS. 

M. SLUYTERS-REHBACH and J.H. SLUYTERS, Van »t H o f f L a b o r a t o r y , 
U n i v e r s i t y o f U t r e c h t , P a d u a l a a n 8, 3584 CH U t r e c h t , The 

N e t h e r l a n d s . 

D u r i n g t h e development o f t h e v o l t a m m e t r i c C r e l a x a t i o n D 
methods t o s t u d y e l e c t r o d e k i n e t i c s , t h e c h a r g e t r a n s f e r o f 
many e l e c t r o d e r e a c t i o n s has been c h a r a c t e r i z e d i n terms o f 
t h e s t a n d a r d h e t e r o g e n e o u s r a t e c o n s t a n t k^ and t h e c h a r g e 
t r a n s f e r c o e f f i c i e n t ex. Numerous i n v e s t i g a t i o n s have p r o d u c e d 
an overwhelming amount o f d a t a 111, f r o m which t h e e x p e r i e n c e d 
e l e c t r o c h e m i s t s deduced t h e i r knowledge about t h e 
s p e c i f i c a t i o n s o f r e d o x systems, b e i n g e i t h e r n o t o r i o u s l y s l o w 
C " i r r e v e r s i b l e"D or f a s t C " r e v e r s i b l e"3 , or o f i n t e r m e d i a t e 
r a t e C " q u a s i - r e v e r s i b l e " D . A l s o i t i s well-known t h a t t h e 
c o m p o s i t i o n o f t h e e l e c t r o c h e m i c a l s y s t e m l a r g e l y i n f l u e n c e s 
t h e k i n e t i c parameters. Thus one c a n a c c e l e r a t e C "c a t a l y s e " ! ) 
or d e c e l e r a t e C " i n h i b i t " D a p a r t i c u l a r c h a r g e t r a n s f e r 
p r o c e s s , e.g. t h r o u g h t h e c h o i c e o f e l e c t r o l y t e , s o l v e n t , 
e l e c t r o d e m a t e r i a l , s u r f a c e s t r u c t u r e , or by means o f 
a d d i t i v e s . 

As t h e fundamental u n d e r s t a n d i n g o f i n h i b i t i o n and 
c a t a l y s i s i s o f much i m p o r t a n c e f o r a p p l i e d e l e c t r o c h e m i s t r y , 
an i m p r e s s i v e number o f t h e o r e t i c a l models d e s c r i b i n g c h a r g e 
t r a n s f e r i n r e l a t i o n t o t h e s y s t e m v a r i a b l e s mentioned, i s 
a v a i l a b l e t o be t e s t e d by e x p e r i m e n t a l r e s u l t s . However, i n 
many s t u d i e s d e d i c a t e d t o t h i s aim, i t i s s c a r c e l y r e a l i z e d 
t h a t t h e s t a n d a r d k i n e t i c p a rameters k and ot a r e l e s s 

s 
m e a n i n g f u l when t h e c h a r g e t r a n s f e r p r o c e s s c a n n o t be 
c o n s i d e r e d as j u s t - t h e s i m u l t a n e o u s t r a n s f e r o f t h e n 
e l e c t r o n s i n v o l v e d i n t h e o v e r a l l r e a c t i o n . Q u i t e l o n g ago, i t 
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has been shown t h a t cx becomes p o t e n t i a l - d e p e n d e n t i f t h e 
e l e c t r o n s a r e t r a n s f e r r e d one-by—one i n s u c c e s s i v e r e a c t i o n 
s t e p s C2,3]. Then i t becomes p r e f e r a b l e t o c h a r a c t e r i z e t h e 
o v e r a l l r e a c t i o n i n terms o f t h e p o t e n t i a l dependent r e d u c t i o n 
r a t e c o n s t a n t k^CE3 and t o d e f i n e an " o p e r a t i o n a l t r a n s f e r 
c o e f f i c i e n t " cx by [ 4 , 5 ] . 

cx = -CnF/RT3 d I n k f / d E C13 

I n our l a b o r a t o r y we a r e a b l e t o measure k^CE3 and cx i n a wide 
r a n g e o f p o t e n t i a l s by means of t h e p o w e r f u l c o m b i n a t i o n o f 
two methods: h i g h p r e c i s i o n impedance vo l t a m m e t r y [6] and 
d e m o d u l a t i o n v o l t a m m e t r y 171. D u r i n g t h e l a s t decade we 
c o l l e c t e d i n c r e a s i n g e v i d e n c e t h a t t h e c h a r g e t r a n s f e r p r o c e s s 
o f s i m p l e e l e c t r o d e r e a c t i o n s not o n l y p r o c e e d s by s u c c e s s i v e 
s i n g l e e l e c t r o n t r a n s f e r s , but a l s o by " c h e m i c a l r e a c t i o n 
s t e p s " , o c c u r r i n g b e f o r e , i n between and a f t e r e l e c t r o n 
t r a n s f e r . I n o t h e r words, mechanisms can be e s t a b l i s h e d , 
encoded as CECEC..., CEE..., EEC..., e t c . I f t h e i n t e r m e d i a t e s 
a r e u n s t a b l e , t h e p o t e n t i a l dependence o f k^CE3 i s e x p r e s s e d 
by a s e r i e s o f e x p o n e n t i a l s o f t h e f o r m 

1 1 expCO,5fE3 expCfE3 expC1.5fE3 
k T c E T " k — + S T — + T " — + k — + " • • C £ D 

f c.O s , l c , l s,2 

where f = F/RT and E has t o be r e f e r r e d t o some r e f e r e n c e 
p o t e n t i a l Ce.g. t h e s t a n d a r d p o t e n t i a l E^ o f t h e o v e r a l l 
r e a c t i o n ! ) . Terms c o n t a i n i n g k^ p e r t a i n t o e l e c t r o n t r a n s f e r s 
and terms c o n t a i n i n g k , t o c h e m i c a l s t e p s . 

c, i 
Eq. C23 shows t h a t t h e r e l a t i v e i m p o r t a n c e o f a s t e p 

depends on t h e p o t e n t i a l and on t h e r e l a t i v e magnitude o f t h e 
i n d i v i d u a l " s t a n d a r d r a t e c o n s t a n t " k or k . . A l s o i t i s 

s , 1 c , 1 
c l e a r t h a t t h e e f f e c t o f a s y s t e m v a r i a b l e w i l l be t h e 
c o m p o s i t e o f i t s a c t i o n on e a c h i n d i v i d u a l term. Moreover, t h e 
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n a t u r e o f t h i s a c t i o n c a n be m o r e f o l d . For example, i f t h e 
c o n c e n t r a t i o n o f t h e i n e r t e l e c t r o l y t e i s v a r i e d , t h e r e s u l t 
c a n be a change i n t h e e x t e n t o f c o m p l e x a t i on, but a l s o a 
change i n s o l v e n t a c t i v i t y , or a change o f t h e d o u b l e — l a y e r 
s t r u c t u r e . 

I n t h e p r e s e n t l e c t u r e r e s u l t s w i l l be r e p o r t e d o f model 
s t u d i e s f o c u s s e d on t h e u n d e r s t a n d i n g o f t h e i n t e r a c t i o n s 
i n v o l v e d i n t h e i n d i v i d u a l s t e p s o f t h e mechanism o f some 
e l e c t r o d e r e a c t i o n s . I t w i l l be d i s c u s s e d how t h e i n d i v i d u a l 
r a t e c o n s t a n t s c a n be e v a l u a t e d e x p e r i m e n t a l l y and how 
p o s s i b l e c o r r e l a t i o n s w i t h t h e s e v e r a l e f f e c t s m entioned above 
c a n be i n v e s t i g a t e d . A number o f r e c e n t l y s t u d i e d examples 
w i l l be g i v e n , e s p e c i a l l y t h o s e where t h e rôle o f water 
a c t i v i t y , complex f o r m a t i o n and pH i s e v i d e n t . On t h e o t h e r 
hand i t w i l l be shown t h a t s t u d i e s o f t h e t y p e d e s c r i b e d , 
r e q u i r i n g measurements o f I n k^ vs. E p l o t s C " T a f e l p l o t s " } 
under v a r i a t i o n o f a s y s t e m p a r a m e t e r , a r e q u i t e v a l u a b l e t o 
e s t a b l i s h even b e t t e r t h e t y p e o f mechanism t h a t a p p l i e s t o a 
p a r t i c u l a r r e d o x s y s t e m i n g e n e r a l . 
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Fig. 1 Schematic representation of energy vs reaction coordinate for (a) 
an E E mechanism, (b) a C E C E C mechanism, at the 
standard potential E°, at E < E° 
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MEMBRANE ELECTRODES OF HERBICIDAL AND PHARMACEUTICAL I N T E R E S T 
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p V C - l i q u i d membrane e l e c t r o d e s b a s e d o n c r o w n e t h e r s w i l l be 
d e s c r i b e d f o r d i q u a t , p a r a q u a t a n d g u a n i d i n i u m . T h e c r o w n e t h e r 

1 2 
s y s t e m s f o r d i q u a t a n d p a r a q u a t ' c o n s i s t o f d i b e n z o - 3 0 - c r o w n - l O 
( D B 3 0 C 1 0 ) , b i s - m e t a p h e n y l e n e - 3 2 - c r o w n - l O ( B M P 3 2 C 1 0 ) , b i s - m e t a -
p h e n y l e n e - 3 8 - c r o w n - l 2 ( B M P 3 8 C 1 2 ) , b i s - p a r a p h e n y l e n e - 3 4 - c r o w n - l O 
( B P P 3 4 C 1 0 ) , b i s - p a r a p h e n y l e n e - 3 7 - c r o w n - l l ( B P P 3 7 C 1 1 ) , a n d 
d i n a p h t h a l e n e - 3 6 - c r o w n - 1 0 ( D N 3 6 C 1 0 ) . T h e d a t a w i l l b e d i s c u s s e d 
i n t e r m s o f q u a l i t y o f p o t e n t i o m e t r i c r e s p o n s e r e l a t e d t o 
c o n f o r m a t i o n a l phenomena o f t h e c r o w n e t h e r s i n t h e i r c o m p l e x a t i o n 
w i t h t h e two d i c a t i o n s a nd w i t h t h e r e l a t e d 4 , 4 ' - d i p y r i d y l . 

3 
The c r o w n e t h e r s y s t e m f o r g u a n i d i n i u m c o n s i s t s o f d i b e n z o - 2 7 -

c r o w n - 9 . H e r e , a s i n d e e d w i t h t h e d i q u a t a n d p a r a q u a t e l e c t r o d e s , 
t h e o p t i m i z a t i o n o f s o l v e n t m e d i a t o r i n r e l a t i o n t o g e n e r a l e l e c t r o d e 
p r o p e r t i e s a n d s e l e c t i v i t y o f r e s p o n s e w i l l be d i s c u s s e d . 

F i n a l l y , e l e c t r o d e s f o r d i q u a t , p a r a q u a t a n d 4 , 4 ' - d i p y r i d i n i u m 
b a s e d o n c h a r g e d o r i o n i z e d c o m p l e x i n g a g e n t s ( h e x a f l u o r o p h o s p h a t e , 
a n t h r a q u i n o n e - 2 - s u l p h o n a t e , o c t y l s u l p h a t e , p i c r a t e , d i p i c r y l a m i n a t e , 
d i a m i n e G r e e n B, t e t r a p h e n y l b o r a t e a n d t e r a k i s - 4 - c h l o r o p h e n y l b o r a t e ) 
w i l l b e d i s c u s s e d i n r e l a t i o n t o t h e a n a l o g y b e t w e e n i o n - p a i r 

4 
e x t r a c t i o n a n d i o n - s e l e c t i v e e l e c t r o d e f u n c t i o n a n d s e l e c t i v i t y . 
Some m e n t i o n w i l l be made o f t h e c h a r g e t r a n s f e r f r o m t h e t e t r a p h e n y l ­
b o r a t e a n i o n t o t h e d i c a t i o n s i n r e l a t i o n t o t h e a s s o c i a t e d e l e c t r o d e 

5 

r e s p o n s e . 
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