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Terminology and notations for multistep 
electrochemical reaction mechanisms 
(IUPAC Recommendations 1994) 

Abstract - Terminology and n o t a t i o n s  f o r  a compact d e s c r i p t i o n  
of e l ec t rochemica l  r e a c t i o n  mechanism occur r ing  a t  and near  an 
e l e c t r o d e  d u r i n g  t h e  pas sage  of c u r r e n t  a r e  g i v e n .  These 
recommendations a l low a d e t a i l e d  d e s c r i p t i o n  of a sequence of 
chemical changes from a r e a c t a n t  t o  a p a r t i c u l a r  p roduc t .  

INTRODUCTION 

I n  p r e c e d i n g  r e p o r t s  of  Commission 1 . 3  ( E l e c t r o c h e m i s t r y )  d e t a i l e d  
d e f i n i t i o n s  and recommendations f o r  e l e c t r o d e  r e a c t i o n  o r d e r s ,  t r a n s f e r  
c o e f f i c i e n t s  and r a t e  c o n s t a n t s  were p r e s e n t e d  ( r e f .  1 ) .  These pape r s  
were focused  on t h e  k i n e t i c s  of  t h e  p r o c e s s  and d i d  n o t  g i v e  any 
recommendations f o r  t h e  d e s c r i p t i o n  of  e i t h e r  t h e  mechanism of  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n ,  o r  t h e  r a t e -de te rmin ing  s t e p .  These two l a s t  
p o i n t s  m u s t  be a c c u r a t e l y  de f ined  t o  g i v e  a complete d e s c r i p t i o n  of t h e  
p rocess  and t o  p r o p e r l y  design t h e  experimental  approach f o r  e l u c i d a t i n g  
t h e  mechanism. 

I n  t h e  f o l l o w i n g  p a p e r ,  t h e  recommended t e rmino logy  and t h e  u s e  of  
symbols a r e  g iven  f o r  a compact d e s c r i p t i o n  of  an e l e c t r o c h e m i c a l  
r e a c t i o n  mechanism, i . e .  a t h e o r e t i c a l  sequence of  chemical  changes 
occur r ing  a t  and near  an e l e c t r o d e  du r ing  t h e  passage of c u r r e n t ,  from a 
r e a c t a n t  t o  a p a r t i c u l a r  p roduc t .  The e l ec t rochemica l  r e a c t i o n  mechanism 
mus t  i n c l u d e  a t  l e a s t  one s t e p  i n  which charge i s  t r a n s f e r r e d  from one 
phase t o  ano the r  (from t h e  e l e c t r o d e  t o  a s p e c i e s  i n  s o l u t i o n  o r  from t h e  
s p e c i e s  t o  t h e  e l e c t r o d e ) ,  This s t e p  i s  c a l l e d  t h e  charge t rans fer  s tep .  
I t  i s  accompanied by mass t r a n s p o r t  of t h e  r e a c t a n t s  and roduc t s  t o  and 
from t h e  e l e c t r o d e ,  and very o f t e n  by chemical r e a c t i o n s a y  o t h e r  charge 
t r a n s f e r  s t e p s  a t  t h e  e l e c t r o d e  o r  i n  s o l u t i o n  and by a d s o r p t i o n  
deso rp t ion  r e a c t i o n s .  The s y s t e m  f o r  symbolic r e p r e s e n t a u  of r e a c t i o n  
mechanisms (recommendation 1 9 8 8 )  of t h e  Commission on P h y s i c a l  Organic 
Chemistry ( r e f .  2 )  i s  used when it i s  not  i n  o p p o s i t i o n  with some w e l l  
e s t a b l i s h e d  e l e c t r o c h e m i s t r y  nomenclature. 

A complete k i n e t i c  a n a l y s i s  of an e l ec t rochemica l  r e a c t i o n  would r e q u i r e  
d e t e r m i n a t i o n  of t h e  complete mechanism and t h e  r a t e s  of each of t h e  
corresponding s t e p s .  I n  t h e  c a s e  of complicated p r o c e s s e s  t h i s  i s  very 
o f t e n  not  f e a s i b l e  bu t  it i s  important  t o  g i v e  t h e  l a r g e s t  number of 
d e t a i l s .  For  example,  what i s  t h e  r a t e - d e t e r m i n i n g  s t e p  among t h e  
d i f f e r e n t  s t e p s  under  s p e c i f i e d  c o n d i t i o n s  ( i . e .  f o r  w e l l  d e f i n e d  
experimental  c o n d i t i o n s ) ?  Such de te rmina t ions  a r e  p o s s i b l e  by t h e  u s e  of 
a v a r i e t y  of e l ec t rochemica l  t echn iques  ( r e f s .  3 and 4 ) .  Discussion of 
t h e s e  methods i s  not t h e  aim of t h i s  paper .  

RECOMMENDED NOMENCLATURE FOR MULTISTEP ELECTROCHEMICAL 
REACTION MECHANISMS. 

S i n c e  m a s s - t r a n s f e r  phenomena a r e  i n v o l v e d  i n  a l l  e l e c t r o c h e m i c a l  
p r o c e s s e s  with t h e  p o s s i b l e  excep t ion  of p u r e l y  i n t e r f a c i a l  r e a c t i o n s ,  
m a s s - t r a n s f e r  s t e p s  are  n o t  s p e c i f i e d  i n  t h e  compact n o t a t i o n s  f o r  
mechanisms. Successive e v e n t s  a r e  i n d i c a t e d  by t h e  s i g n  t and conce r t ed  
ones without any s e p a r a t i o n .  

2446 
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Charge t r a n s f e r  a t  t h e  e l e c t r o d e :  

The symbol E r e p r e s e n t s  a s i n g l e  one e l e c t r o n  t r a n s f e r .  E t E  corresponds 
t o  a t r a n s f e r  of two e l e c t r o n s  t o  t h e  same s p e c i e s  wi thou t  assuming 
s i m u l t a n e o u s  m u l t i p l e  e l e c t r o n  t r a n s f e r .  U s u a l l y  t h e  f a c t  t h a t  an 
o x i d a t i o n  o r  a r e d u c t i o n  i s  involved,  i s  not  i n d i c a t e d ,  y e t  a p rocess  
where two e l e c t r o n  t r a n s f e r s  occur i n  oppos i t e  d i r e c t i o n s  (one r educ t ion  
and one o x i d a t i o n  f o r  example) i s  i n d i c a t e d  a s  fo l lows :  E-' f o r  t h e  f i r s t  
e l e c t r o n  t r a n s f e r  and Et f o r  t h e  second one i n  t h e  oppos i t e  d i r e c t i o n .  

Chemical r e a c t i o n :  

A chemical r e a c t i o n  occur r ing  near  o r  a t  t h e  e l e c t r o d e  i s  noted C, C 1  f o r  
f i r s t - o r d e r ,  C 1 '  f o r  pseudo f i r s t  o rde r - r eac t ion  ( r e a c t i o n  D + X + F  when 
X i s  i n  l a r g e  excess  a s  compared t o  D ) ,  C2 f o r  a second o r d e r  r e a c t i o n .  

Spec ia l  r e a c t i o n s  a r e  o f t e n  s p e c i f i e d  by an abbrev ia t ion  i n  pa ren theses  

- a d i s s o c i a t i o n  o r  bond-breaking i s  noted with C 1 ( D )  and an a s s o c i a t i o n  
o r  bond-forming with C ( A ) .  A s u b s c r i p t  i s  added, i n d i c a t i n g  a bond with a 
n u c l e o p h i l e  ( N )  , with an e l e c t r o p h i l e  ( E )  o r  with a p ro ton  (H) , Thus a 
p r o t o n a t i o n  i s  noted C ( A H )  ( r e a c t i o n  D + H t +  DHt  o r  r e a c t i o n  D t SH + 
D H + t  S-) and a depro tona t ion  C ( D H ) .  

- a d imer i za t ion  p rocess  i s  o f t e n  noted DIM. I t  i s  c l e a r e r  t o  u s e :  
C P ( A r r )  i f  t h e  d i m e r i z a t i o n  o c c u r s  by coup l ing  ( a s s o c i a t i o n )  of two 

s p e c i e s  produced by t h e  e l e c t r o n  t r a n s f e r  ( r a d i c a l s  ( r )  i n  t h e  same 
ox ida t ion  s t a t e ) ,  

C P ( A r s )  f o r  a coup l ing  between a reduced ( o r  o x i d i z e d )  r a d i c a l  s p e c i e s  
( r )  and t h e  s u b s t r a t e  (s), 
C 2 ( A d s )  f o r  a r e a c t i o n  between t h e  s u b s t r a t e  ( 5 )  and an i n t e r m e d i a t e  

obtained a f t e r  a two-electron process ,  doubly reduced o r  oxidized ( d ) .  

.- 
R + e- a R ' -  R + e - = R  R + e- a R ' -  

.- 
2 R  * - +  RR2- R + R ' -  + R R ' -  R + e-+R2- 

R + R ~ - + R R ~ -  
/' 

E t E t C 2  ' A d s )  d E t C 2  ( A r r )  E t C 2  ( A r s )  

- an e l e c t r o n  t r a n s f e r  between two e l e c t r o c h e m i c a l  coup les  i n  s o l u t i o n  
( s o l u t i o n  e l e c t r o n  t r a n s f e r )  i s  noted T 

Example: Redox c a t a l y s i s  of t h e  r educ t ion  of A i s  named E t T :  .- 
R + e - * R  

R ' - + A  = R + A ' -  
- a d i s p r o p o r t i o n a t i o n  ( r e a c t i o n  of two i d e n t i c a l  s p e c i e s  o r  two pa ren t  
s p e c i e s  i n  t h e  same o x i d a t i o n  s t a t e  t o  g ive  one ox id ized  and one reduced 
p r o d u c t )  i s  an impor t an t  p a r t i c u l a r  s o l u t i o n  e l e c t o n  t r a n s f e r  no ted  
C 2  ( T )  . 

Example : R + e- R ' -  

2 R ' - + R  + R2- 
E t C 2  (T)  

- For o t h e r  complicated r e a c t i o n s ,  nomenclature d e s c r i b e d  i n  r e f .  2 can 
be used. 

When it i s  p o s s i b l e  t o  determine t h e  r e v e r s i b i l i t y  o r  i r r e v e r s i b i l i t y  of 
one o r  s e v e r a l  chemical r e a c t i o n s ,  t h i s  f a c t  i s  i n d i c a t e d  as a s u b s c r i p t :  
C i r r  o r  C r e v .  
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Adsorption-desorption r e a c t i o n :  

When chemical r e a c t i o n s  occur i n  t h e  adsorbed s t a t e ,  t h e  same terminology 
i s  used wi th  a s u b s c r i p t  l radtr .  , f o r  example EtClad. The a d s o r p t i o n -  
d e s o r p t i o n  s t e p  i t s e l f  i s  not u s u a l l y  i n d i c a t e d ;  i f  i t  i s  a s e p a r a t e d  
s t e p ,  w e  suggest  Ad f o r  adso rp t ion  and Ds f o r  d e s o r p t i o n .  

SOME COMMENTS ABOUT THE CHARGE-TRANSFER STEP AT THE 
ELECTRODE. 

For a simple cha rge  t r a n s f e r  i . e .  f o r  an elementary e l e c t r o n  t r a n s f e r  
without  any o t h e r  e l e c t r o c h e m i c a l  o r  chemical s t e p ,  t h e  e l e c t r o c h e m i c a l  
p rocess  i n v o l v e s  on ly  mass t r a n s p o r t  phenomena coupled t o  t h e  e l e c t r o n  
t r a n s f e r .  Y e t ,  t h i s  e lementary e l e c t r o n  t r a n s f e r  mus t  be d e f i n e d  by t h e  
n a t u r e  of t h e  r e a c t i o n  p roduc t .  For example t h e  product  formed by a one 
e l e c t r o n  r e d u c t i o n  of a n e u t r a l  molecule i s  no t  n e c e s s a r i l y  a r a d i c a l  
a n i o n  w i t h  t h e  same chemical  formula,  b u t  it i s  p o s s i b l e  t h a t  t h e  
e l e c t r o n  uptake l e a d s  s imultaneously t o  t h e  cleavage of a chemical bond 
i n  t h e  i n i t i a l  mo lecu le .  An e l e c t r o n  t r a n s f e r  w i t h  s imul t aneous  bond 
breaking and/or  formation i s  c a l l e d  a conce r t ed  t r a n s f e r  and without  any 
chemical bond formation o r  c leavage i s  c a l l e d  a non-concerted t r a n s f e r .  A 
conce r t ed  e l e c t r o n  t r a n s f e r  m u s t  be very c l e a r l y  d i f f e r e n t i a t e d  from a 
p r o c e s s  where t h e  e l e c t r o n  t r a n s f e r  i s  fo l lowed  ( o r  p receded)  by a 
s e p a r a t e  chemical r e a c t i o n ;  i n  t h e  case of a conce r t ed  e l e c t r o n  t r a n s f e r ,  
t h e  e l e c t r o n  t r a n s f e r  and t h e  bond c l e a v a g e  ( o r  f o r m a t i o n )  a r e  
s imul t aneous ,  without  any formation of a t r a n s i e n t  i n t e r m e d i a t e .  This  
t e rmino logy  i s  i n t r o d u c e d  i n  p r e f e r e n c e  t o  inner-sphere/outer-sphere 
t r a n s f e r  ( r e f s .  5 and 6 ) .  The n o t a t i o n  E i s  used f o r  a non-concerted 
t r a n s f e r ,  whereas EA and ED should be used f o r  a c o n c e r t e d  e l e c t r o n  
t r a n s f e r  and bond formation o r  bond c l eavage  r e s p e c t i v e l y .  I t  mus t  be 
no ted  t h a t  t h e  e l e c t r o d e  i t s e l f  can be c o n s i d e r e d  as a non-concerted 
r e a g e n t  when t h e  e l e c t r o n  i s  t r a n s f e r r e d  w i t h o u t  a n y  p a r t i c u l a r  
i n t e r a c t i o n s  w i t h  t h e  e l e c t r o d e  ( i n e r t  e l e c t r o d e )  o r  a s  a c o n c e r t e d  
r eagen t  when a chemical mod i f i ca t ion  of e l e c t r o d e  s i t e s  i s  invo lved  i n  
t h e  process  ( f r e q u e n t l y  t h e  case f o r  a modified e l e c t r o d e ) .  

In  g e n e r a l  t h e  c h a r g e - t r a n s f e r  s t e p  f o r  an e l e c t r o c h e m i c a l  r e a c t i o n  i s  
d e f i n e d  by i t s  s t a n d a r d  p o t e n t i a l  (Eo) i n  t h e  s o l u t i o n  medium by 
comparison wi th  an a p p r o p r i a t e  r e f e r e n c e  e l e c t r o b e  i n  t h e  same medium 
( r e f s .  7 and 8 ) ,  and by i t s  k i n e t i c  behaviour .  f o r  a simple one 
e l e c t r o n  cha rge  t r a n s f e r ,  t h e  k i n e t i c  law c a : z i t q a y s  be determined 
because,  a s  i n d i c a t e d  b e f o r e ,  t h e  e l e c t r o n  t r a n s f e r  i s  accompanied by 
mass t r a n s f e r ,  I n  a f i r s t  approach, it i s  very u s e f u l  t o  compare t h e  
k i n e t i c s  of t h e  o v e r a l l  p rocess  with t h e  r a t e  of mass t r a n s f e r .  In  t h e  
c a s e  of  f a s t  e l e c t r o n  t r a n s f e r ,  t h e  r a t e - l i m i t i n g  s t e p  shou ld  be mass 
t r a n s f e r ,  t h u s  making it imposs ib l e  t o  e s t i m a t e  t h e  e l e c t r o n  t r a n s f e r  
r a t e .  A slow e l e c t r o n  t r a n s f e r  corresponds t o  an experiment where, a t  
l e a s t  i n  a p a r t  of t h e  experiment,  t h e  e l e c t r o n - t r a n s f e r  k i n e t i c s  can be 
obse rved .  I t  i s  necessa ry  t o  emphasize t h a t  a conc lus ion  of f a s t  ( o r  
s low) e l e c t r o n  t r a n s f e r  may w e l l  be a f u n c t i o n  of t h e  e x p e r i m e n t a l  
technique employed. 

N.B. A f a s t  e l e c t r o n  t r a n s f e r  i s  o f t e n  c a l l e d  “ n e r n s t i a n ”  due t o  t h e  f a c t  
t h a t  e q u i l i b r i u m  c o n c e n t r a t i o n s  of two forms of  t h e  redox coup le  a r e  
e s s e n t i a l l y  maintained a t  t h e  e l e c t r o d e  s u r f a c e .  This  kind of behaviour 
i s  a l s o  o f t e n  c a l l e d  a n  e l e c t r o c h e m i c a l l y  r e v e r s i b l e  p r o c e s s  and 
s i m i l a r l y  a s low e l e c t r o n  t r a n s f e r  i s  c a l l e d  an e l e c t r o c h e m i c a l l y  
i r r e v e r s i b l e  o r  q u a s i r e v e r s i b l e  p r o c e s s .  The terms r e v e r s i b l e  and 
i r r e v e r s i b l e  p rocess ,  however, a r e  not c l e a r l y  d e f i n e d  and t h e i r  meaning 
depends on t h e  a u t h o r s .  
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RATE-DETERMINING STEP: 

Taking into account the experimental conditions it is possible to gain 
information on the rate-determining step. When it is useful to indicate 
this information and when it is clearly established, the rate-determining 
step is noted with a superscript double dagger. (Example EtCf). It must 
be noted that this information corresponds to specified conditions and it 
will be necessary to use this notation only with a description of these 
conditions. Very often mixed kinetic control is obtained where two steps 
are involved in the rate of the overall process. 

SOME EXAMPLES 

The recommended nomenclature is shown by a few examples from the 
literature. The use of these examples does not mean that the proposed 
mechanisms are necessarily correct. 

-Reduction mechanism of bromobenzene in dimethylformamide(ref. 9): EtCtE 
mechanism .- 

Ph-Br t e- ZE Ph-Br E 
- .- 

Ph-Br + Ph't Br 

Ph' t e- ZE Ph- 

The protonation is very often omitted because this step cannot be 
investigated in detail. It must be noticed that EtCtE is a very general 
notation for this kind of mechanism even with second-order chemical 
reactions. 

When the above reaction is studied on a mercury electrode by linear sweep 
voltammetry in a sweep-rate range of 0.1-100 V/s at millimolar 
concentrations of substrate this mechanism is followed. Then the first 
electron transfer is the rate-determining step and this process can then 
be written:E'+ClirrtE. 

- Some possible mechanisms for the reduction of c rbonldioxide in aprotic 
medium (ref. 10) : $,. .- .- 

COZ t e' CO2 - 2c02 +c2042- 

E+C2 (Art) 

.- 
COZ . -  +co2-+ococo2  /- -7-7 COz +H20+HC02  +OH- CO2 t H 2 0 - + H C 0 2  ' +OH- 

.- HC02  +COz .- --tHCO,-+CO2 
O C O C O ~  te- O C O C 0 2 2 -  H C 0 2  te- ZE HC02-  

ococo22-+ co tco32- 

E+C2 (Ars) tEtC EtC1 (AH) tE E+C1 (AH) +CZ tT) 
- Mechanism of first-order radical nucleophilic substitution (ref. 11): 
(Nu- is a nucleophile in high concentration): 

ArXt e- ArX'- 

ArX + Ar +X- 
Ar'tNu- + ArNu 
ArNu ArNu t e- 

.- 
. -  

. -  E'+C1 (DN) +C1' (AN) tE' 
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- R e d u c t i o n  of c a r b o n y l  compound l e a d i n g  t o  p i n a c o l  i n  p r o t i c  medium 
( r e f .  1 2 )  : 

t t 
RHC=O t H (RHC-OH) 

t 
(RHC-OH) t e- (RHC-OH) C ( A H )  t E t C 2  ( A r t )  

2 (RHC-OH) -+ (RHCOH) 

-Two poss ib le  mechan i sms  o f  r e d u c t i o n  o f  p r o t o n .  :t F p?.atjn:::n e l e c t r o d e  
( r e f .  1 3 ) :  

t 
H t e- Had 

- Direct  and mediated r e d u c t i o n  o f  some a l k y l  h a l i d e s  w i t h  a f i r s t  
c o n c e r t e d  e lec t ron  t r a n s f e r  ( a t  t h e  e lec t rode  o r  i n  s o l u t i o n )  ( r e f .  1 4 )  : 

AX t e- * A ' +  X- R t e- R ' -  

.- . -  
A'+ e- * A- R + A X  R t A t X  

1. 
2 .  
3 .  

4 .  

5 .  
6 .  

7 .  

8 .  
9 .  

1 0 .  
11. 
1 2 .  

13. 

1 4 .  

t 
A- t H AH 

REFERENCES 

R ' - + A '  ,i R t A- 

A- t H 7  AH 

E+TDN+T+C ( A H )  

R .  P a r s o n s ,  Pure Appl. Chem., 37,  5 0 3  ( 1 9 7 4 )  a n d  52,  233  ( 1 9 8 0 ) .  
R .  D .  G u t h r i e ,  Pure Appl. Chem., 61, 2 3  ( 1 9 8 9 ) .  
A .  J .  Bard a n d  L .  R .  F a u l k n e r ,  Electrochemical Methods, Fundamentals 
and Applications, Wiley ,  N e w  York ( 1 9 8 0 ) .  
C .  P .  A n d r i e u x  a n d  J - M .  S a v e a n t ,  "Electrochemical Reactions" in 
Investigation of Rate and Mechanisms of Reactions, Techniques of 
Chemistry, C .  F .  B e r n a s c o n i ,  E d . ,  V o l .  V I ,  4 / E ,  P a r t  2 .  pp.350-390,  
Wi ley ,  N e w  York ( 1 9 8 6 ) .  
R . A .  Marcus,  J. Phys. Chem., 72, 8 9 1  ( 1 9 6 8 ) .  
J - M .  S a v e a n t .  , "Single Electron Transfer and Nucleophilic 
Substitution" in Advances in Physical Organic Chemistry, D .  B e t h e l 1  
Ed., V o l  26, p .  1, Academic P r e s s ,  London ( 1 9 9 0 ) .  
A . J .  Bard, R .  P a r s o n s  a n d  J .  J o r d a n ,  Standard Potentials in Aqueous 
Solution, Dekker ,  N e w  York ( 1 9 8 5 ) .  
G .  G r i t z n e r  a n d  J .  Kuta ,  Pure Appl. Chem., 56, 461  ( 1 9 8 4 ) .  
C .P .  A n d r i e u x ,  C .  Blocman, J - M .  Dumas B o u c h i a t  a n d  J - M .  S a v k a n t ,  J. 
Am. Chem. SOC., 101, 3431  ( 1 9 7 9 ) .  
C .  Amatore and J - M .  S a v e a n t ,  J. Am. Chem. Soc., 103, 5021  ( 1 9 8 1 )  
J - M .  S a v e a n t ,  Acc. Chem. Res., 13 , 323 ( 1 9 8 0 ) .  
M .  M .  B a i z e r  a n d  H .  Lund, Organic Electrochemistry, Dekker ,  N e w  
York ( 1 9 8 3 ) .  
R .  R .  A d z i c ,  "Electrocatalytic Properties of the Surfaces Modified 
by Foreign Metals" in Advances in Electrochemistry and 
Electrochemical Engineering, H .  G e r i s c h e r  a n d  C .  W .  Tobias E d s ,  
V o l  13, p .  238, Wi ley ,  N e w  York ( 1 9 8 4 ) .  
C .P .  A n d r i e u x ,  I .  G a l l a r d o ,  J - M .  S a v e a n t  a n d  K . B .  Su, J. Am. Chem. 
SOC., 108, 638 ( 1 9 8 6 ) .  




