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A b s t r a c t . 

The p r i n c i p l e of f a s t techniques i n d i r e c t e l e c t r o c h e m i s t r y i s 

presented, and the domain of t h e i r a p p l i c a b i l i t y i s examined on the 

basis of c l a s s i c a l t h e o r i e s . In t h i s process two s e r i e s of f a c t o r s 

are i d e n t i f i e d which l i m i t the method. In the one hand, ohmic drop, 

c a p a c i t i v e phenomena and coupling of d i f f u s e and d i f f u s i o n l a y ers are 

i n t r i n s i c f a c t o r s . They lead t o b u i l t - i n l i m i t a t i o n s of the time 

s c a l e range of the method. These l i m i t s cannot be trepassed without 

the n e c e s s i t y of i n t r o d u c i n g severe m o d i f i c a t i o n s of the a v a i l a b l e 

t h e o r i e s of molecular e l e c t r o c h e m i s t r y . On the other hand other 

l i m i t a t i o n s e x i s t which are only due to the present technology, and 

are t h e r e f o r e expected t o be broken i n the f u t u r e . 

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

The p r i n c i p l e of direct electrochemical methods f o r the 

d e t e c t i o n of t r a n s i e n t intermediates and determination of t h e i r 

k i n e t i c s c o n s i s t s i n performing a sequence of two electrochemical 

p e r t u r b a t i o n s . A f i r s t p e r t u r b a t i o n allows to electrogenerate the 

d e s i r e d intermediate, e i t h e r at the e l e c t r o d e or via a cascade of 

c o n t r o l l e d follow-up chemical r e a c t i o n s . At the end of t h i s f i r s t 

p e r t u r b a t i o n , a second one i s performed which enables the 

e l e c t r o c h e m i c a l d e t e c t i o n of the f r a c t i o n of the intermediate which 

has "survived" over the time, 6 , elapsed during the two 

p e r t u r b a t i o n s . Such a sequence of perturbations i s required because 

the same p h y s i c a l instrument, i.e. the e l e c t r o d e , must be used i n 

*: Dedicated to the memory of Maria-Gabriela Texeira. 
*: To whom any correspondence should be addressed. 

* Plenary lecture delivered at the V Meeting of the Portuguese Electrochemical Society and I Ibe
rian Electrochemistry Meeting, 2-5 Apr i l , 1991, Aveiro, Portugal. 

Portugaliae Electrochimica Acta, 9 (1991) 311-328 



- 312 -

turn as a generator ( f i r s t p erturbation) and as a detector (second 

p e r t u r b a t i o n ) . The o v e r a l l r e s u l t i s then akin to that obtained in 

spectroscopic methods, except f o r the obvious d i f f e r e n c e that the 

intermediate i s now i d e n t i f i e d and c h a r a c t e r i z e d through i t s 

electrochemical "spectrum" rather than through i t s photochemical 

absorbance spectrum. 

A second c l a s s of electrochemical methods, which involve a 

s i n g l e p e r t u r b a t i o n , may a l s o be used to determine k i n e t i c s . Yet they 

do not a f f o r d a d i r e c t d e t e c t i o n of intermediates; we t h e r e f o r e r e f e r 

to these methods as to indirect electrochemical methods. Indeed, 

t h e i r p r i n c i p l e c o n s i s t s i n opposing a rate of mass t r a n s f e r from the 

region where the intermediate i s electrogenerated, to the rate of the 

chemical r e a c t i o n . The above fu n c t i o n s of generating and d e t e c t i n g 

the intermediate now f o l l o w from two i n t r i n s i c p r o p e r t i e s of an 

electrode. For example one may adjust the e l e c t r o d e p o t e n t i a l t o 

provide the d r i v i n g f o r c e which allows generation of the intermediate 

at the electrode surface. The t r a n s i e n t species then d i f f u s e s away 

from the e l e c t r o d e surface, while i t concomitantly reacts chemically. 

The ensuing competition between mass t r a n s f e r and chemical r e a c t i o n 

imposes a l o c a l concentration p r o f i l e f o r the intermediate. Whenever 

the t r a n s i e n t species i s e l e c t r o a c t i v e or reacts with e l e c t r o a c t i v e 

species, t h i s c o n t r o l s part or t o t a l i t y of the current flow at the 

e l e c t r o d e . 1 I t i s then e a s i l y understood that the current f l o w i n g 

through the e l e c t r o d e contains then a signature of the presence and 

k i n e t i c s of the intermediate, since i t i n d i r e c t l y r e f l e c t s the degree 

of competition between the chemical r e a c t i o n and mass t r a n s f e r . Thus 

the electrode i s then at the same time the generator ( p o t e n t i a l ) and 

the detector ( c u r r e n t ) of the intermediate. This combination i s 

earned at the expenses of the f a c t that such methods {e.g. l i n e a r 

sweep voltammetry - LSV - , chronoamperomet.ry, polarography, r o t a t i n g 

disk e l e c t r o d e - RDE - , etc) do not allow a d i r e c t c h a r a c t e r i z a t i o n 

of the intermediate, at l e a s t w i t h i n the above "spectroscopic" sense, 

but merely report an i n d i r e c t signature of the intermediate presence 

and f a t e . 

As f o r d i r e c t methods, measurement of k i n e t i c s by i n d i r e c t 

methods then c o n s i s t s in a d j u s t i n g the c h a r a c t e r i s t i c time of mass 

t r a n s f e r so that i t matches the h a l f - l i f e of the intermediate. The 

rate of mass t r a n s f e r i s i n t i m a t e l y r e l a t e d to the d i f f u s i o n 
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c o e f f i c i e n t and to the nature and dimension of the space i n which 

d i f f u s i o n occurs. Whenever the intermediate i s generated at an 

e l e c t r o d e , d i f f u s i o n occurs from the e l e c t r o d e surface t o the un

perturbed bulk s o l u t i o n . The c h a r a c t e r i s t i c time of mass t r a n s f e r i s 

then simply the duration of the p e r t u r b a t i o n i n t r a n s i e n t methods 

(e.g. RT/Fv in LSV, duration of the p o t e n t i a l pulse i n chronoampero-

metry, etc), or the time required f o r a molecule to cross the 

d i f f u s i o n layer i n steady s t a t e methods (i.e. S2/D where 6 i s the 

t h i c k n e s s of the d i f f u s i o n l a y e r imposed by hydrodynamics - i n RDE, 

polarography, etc - or by non-linear d i f f u s i o n at u l t r a m i c r o -

e l e c t r o d e s ) . 1 a The intermediate may a l s o be generated w i t h i n the 

d i f f u s i o n l a y e r by means of a redox mediator whose r o l e i s t o c a r r y 

the e l e c t r o n to or from the e l e c t r o d e . 1 6 Then the d i f f u s i o n time to 

be considered i s that required f o r the intermediate t o cross over 

several molecular distances from the mediator, i n order t o escape the 

molecular d i f f u s i o n layer e x i s t i n g around the mediator molecule. 

Based on the Smoluchovski equation, 2 t h i s time i s r e l a t e d t o an 

apparent bimolecular rate constant, the s o - c a l l e d d i f f u s i o n l i m i t 

kdif, of the order of 10 9 to 10 1 0 M- 1s _ 1 i n the absence of s p e c i f i c 

i n t e r a c t i o n s between the mediator and intermediate. The time s c a l e i s 

t h e r e f o r e a b u i l t - i n c h a r a c t e r i s t i c of the method, and as a r e s u l t 

cannot be v a r i e d s i g n i f i c a n t l y . Considering that most electrochemical 

experiments are performed i n a m i l l i m o l a r t o a ten m i l l i m o l a r 

concentration range, kdif corresponds to a nearly imposed time s c a l e 

located i n between ca. 1 us and ca. 10 ns, only s l i g h t l y a d j u s t a b l e 

and mainly d i c t a t e d by the v i s c o s i t y of medium. 

I t i s seen that the time scal e s i n which d i r e c t e l e c t r o 

chemical methods may be used depends on the c a p a b i l i t y of 

e l e c t r o c h e m i s t s to perform controlled p e r t u r b a t i o n s of s h o r t e r and 

shorter durations. The u l t i m a t e l i m i t i s given by the a p p l i c a b i l i t y 

of F i c k ' s laws. Thus the smallest time one may e n v i s i o n to reach i s 

that required f o r a molecule t o d i f f u s e over ca. several free-motion 

l e n g t h s , 1 b and i s t h e r e f o r e of the order of a tenth of a nanosecond. 

The upper time l i m i t i s based upon the a b i l i t y t o create d i f f u s i o n 

layers which do not merge with the convective domains at the 

e l e c t r o d e surface. Under most electrochemical c o n d i t i o n s the 

convection-free l a y e r i s ca. 50 to 100 urn. For an average d i f f u s i o n 

c o e f f i c i e n t of 10"5 to 10~6 cm 2s" 1, t h i s corresponds t o an upper time 
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s c a l e being of the order of a second. The same i s obviously t r u e f o r 

i n d i r e c t methods in the absence of redox mediators. 

From what precedes one sees that, with the exception of 

mediated e l e c t r o c h e m i s t r y which i s poised somewhere i n the range of 

ca. 1 us to 10 ns depending on the medium, d i r e c t or i n d i r e c t k i n e t i c 

electrochemical methods should be continuously adjustable from a time 

sc a l e of ca. one second t o a t h e o r e t i c a l lower l i m i t of ca. one tenth 

of a nanosecond. Up t o the middle of the e i g h t i e s the smallest time 

scale s achievable were i n the range of a tenth of a m i l l i s e c o n d . 3 

Nowadays, thanks to the use of u l t r a m i c r o e l e c t r o d e s , 4 t h i s l i m i t has 

been pushed away t o the range of a few tens of nanoseconds. 5 In the 

f o l l o w i n g we want to d i s c u s s how and why t h i s considerable progress 

has been p o s s i b l e , and t o examine which d i f f i c u l t i e s should be 

overcome to reach the u l t i m a t e l i m i t of ca. a tenth of a nanosecond, 

and i n t h i s process d i s c u s s i f there i s any sense i n t r y i n g to do i t 

by conventional electrochemical methods. 

In the f o l l o w i n g a n a l y s i s we must separate l i m i t a t i o n s which 

are r e l a t e d to technology - e.g. those r e l a t e d t o e l e c t r o n i c s , 

m i n i a t u r i s a t i o n of e l e c t r o d e s , etc - since one may reasonably expect 

t o overcome them i n the f u t u r e , from those r e l a t e d t o b u i l t - i n 

p h y s i c a l f a c t o r s , s i n c e these are i n t r i n s i c l i m i t a t i o n s of a method. 

P h y s i c a l l i m i t s t o short time s c a l e s 1n e l e c t r o c h e m i s t r y . 

Ohmic drop r e s u l t s from the f a c t that any current, i , f l o w i n g 

at an e l e c t r o d e must be c a r r i e d through a volume of s o l u t i o n , of 

e l e c t r i c a l r e s i s t a n c e R, surrounding the e l e c t r o d e . 1 On the other 

hand the d r i v i n g f o r c e , F-AE, f o r an e l e c t r o d e r e a c t i o n r e s u l t s from 

the p o t e n t i a l d i f f e r e n c e , AE, e x i s t i n g between the e l e c t r o d e and the 

s o l u t i o n adjacent t o i t (viz. beyond the end of the double l a y e r ) . 

Therefore, by applying a p o t e n t i a l d i f f e r e n c e A E a p P i to the c e l l , one 

disposes of an e f f e c t i v e p o t e n t i a l d i f f e r e n c e AEeff = A E a p P i + iR 

usable f o r electrochemical purposes (note that a s i g n '+' i s used t o 

account f o r the electrochemical convention where cathodic currents 

are counted p o s i t i v e ) . The d i f f i c u l t y i s that when the e l e c t r o 

chemical p e r t u r b a t i o n takes place, the current v a r i e s and so does the 

d i f f e r e n c e between the e f f e c t i v e d r i v i n g f o r c e Fm AEeff and t h a t , 

f - A E a p P i , a p p l i e d t o the c e l l . Up to the e a r l y e i g h t i e s t h i s 
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d i f f i c u l t y was by-passed by means of e l e c t r o n i c feedback. 3 Thus 

p o t e n t i o s t a t s had been devised which allowed to apply to the c e l l a 

p o t e n t i a l d i f f e r e n c e AEa P Pi = AE - iR, i n order that Eeff = E. Yet, i n 

organic media at electrodes of m i l l i m e t r i c s i z e s , t h i s could not be 

performed f o r time s c a l e s under a tenth of a m i l l i s e c o n d , owing to 

the magnitude of the feedback term iR. 

In the e a r l y e i g h t i e s i t had been r e a l i z e d that u l t r a m i c r o 

e l e c t r o d e s should allow to overcome e a s i l y t h i s l i m i t and a time 

s c a l e of the order of a few microseconds could be reached at by 

Wightman et c o l l . 6 This considerable sudden progress was due to the 

r e c o g n i t i o n that f o r a disk e l e c t r o d e of radius ro, the e l e c 

t r o d e / s o l u t i o n e l e c t r i c a l r e s i s t a n c e , R, i s r e c i p r o c a l l y p r o p o r t i o n a l 

to ro. On the other hand, the current f l o w i n g through the e l e c t r o d e 

i s p r o p o r t i o n a l to the e l e c t r o d e surface, i.e. to r 0

2 , and 

r e c i p r o c a l l y p r o p o r t i o n a l to the d i f f u s i o n l a y e r t h i c k n e s s , i.e. to 

9 1' 2, where 9 i s the duration of the p e r t u r b a t i o n in t r a n s i e n t 

methods. Thus at an e l e c t r o d e of radius ro and f o r a time s c a l e 9, 

the ohmic drop, iR, i s p r o p o r t i o n a l to r o ' 9 _ 1 / 2 . This shows that in 

t r a n s i e n t methods the ohmic drop decreases p r o p o r t i o n a l l y to the s i z e 

of the e l e c t r o d e , which allows i n turn t o achieve smaller 

p e r t u r b a t i o n times. Use of u l t r a m i c r o e l e c t r o d e s , with r a d i i of a few 

micrometers, instead of e l e c t r o d e s of m i l l i m e t r i c s i z e s , has then 

provided a sudden gain by a f a c t o r of ca. one hundred on the time 

s c a l e s a c c e s s i b l e by electrochemical methods. Pushing t h i s approach 

t o i t s l i m i t we were able to reach a time s c a l e of a few tens of 

nanoseconds, 7 which allows to detect intermediates r e a c t i n g at a rate 

c l o s e t o the d i f f u s i o n l i m i t . This was i l l u s t r a t e d by the reduction 

of pyrylium i n a c e t o n i t r i l e : 7 - 8 

The r a d i c a l formed upon reduction of a pyrylium c a t i o n undergoes a 

f a s t d i m e r i z a t i o n which r e s u l t s i n chemically i r r e v e r s i b l e voltammo-
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Figure 1. Background substracted voltammograms of 2,6-diphenyl-
pyrylium perchlorate, 10 mM, in acetonitrile, 0.1 M NBU4BF4 at 
a platinum disk ultramieroelectrode (0 10pm) at 20°C. Scan 
rates: (a) 250, (b) 200, (c) 150, (d) 100 and (e) 75 kV.s~i. 

grams f o r scan rates under 10 000 Vs - 1. Using u l t r a m i c r o e l e c t r o d e s of 

5 um radius and c y c l i c voltammetry up to scan rates of 250 000 Vs - 1 

we were able to detect the t r a n s i e n t pyrylium r a d i c a l 7 formed i n 

eqn.1 (see Figure 1) and to estimate i t s d i m e r i z a t i o n rate constant 

at 2.5• 10 9 M _ 1s _ 1, i.e. i n close agreement with a value of 

1.2-10® M _ 1s _ 1 reported p r e v i o u s l y on the basis of f l a s h p h o t o l y s i s . 9 

Note that such rate constants correspond to a h a l f - l i f e of ca. 20 to 

50 ns f o r the pyrylium r a d i c a l under the con d i t i o n s (10 mM s o l u t i o n s ) 

used i n t h i s study. 
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On the basis of these r e s u l t s , one may t h i n k of decreasing 

even more the electrode s i z e s to reach s h o r t e r and short e r time 

s c a l e s . However there i s a b u i l t - i n l i m i t a t i o n to the process. 

Indeed, i n order to achieve t r a n s i e n t experiments at an el e c t r o d e of 

radius r 0 , the d i f f u s i o n layer must be smaller than the radius of the 

ele c t r o d e , to avoid s i g n i f i c a n t c o n t r i b u t i o n from edge d i f f u s i o n . 4 ' 1 0 

This imply that 9, the duration of the p e r t u r b a t i o n , must be much 

les s than r 0

2/D. I t f o l l o w s that 9 and r D cannot be va r i e d 

independently, and thus that one cannot completely e l i m i n a t e ohmic 

drop by decreasing the s i z e of ele c t r o d e s . Nevertheless an optimum 

ohmic drop can be reached by s e l e c t i n g adequately the radius of the 

ele c t r o d e f o r a given time s c a l e . Figure 2a i l l u s t r a t e s t h i s point 

f o r the c y c l i c voltammetry of anthracene, 10 mM, i n a c e t o n i t r i l e , 

0.6 M NBU4BF4 at a gold e l e c t r o d e . Imposing that the ohmic drop due 

to the Faradaic current i s l e s s than 15 mV,f leads t o the c o n d i t i o n 

i n eqn.2, where ro i s i n urn and v i n V s - 1 (note that 9 = RT/Fv): 

log(ro) < - i - l o g ( v ) + 2.55 (2) 

This c o n d i t i o n i s represented by the region located below l i n e ( i ) i n 

Figure 2a. Edge d i f f u s i o n c o n t r i b u t i o n s can be evaluated from the 

general s o l u t i o n of c y c l i c voltammetry at a disk e l e c t r o d e . 1 0 For the 

example considered, c o n s i d e r i n g D = 10 - 5cm 2s _ 1, i t i s then shown that 

i n order that edge d i f f u s i o n introduces an e r r o r l e s s than 15 mV on 

the peak p o t e n t i a l , one must have: 

log(ro) > - i - l o g ( v ) + 1.05 (3) 

which i s represented by the region above l i n e ( i i ) on Figure 2a. Yet 

such a l i m i t corresponds to an e r r o r of ca. 70% on the current peak 

value. Whenever current peaks are of i n t e r e s t f o r mechanism 

diagn o s i s , one must then impose a more severe c o n d i t i o n than that i n 

eqn.3. Considering f o r example a 10% p r e c i s i o n on the current peak 

t: The l i m i t of 15 mV i s taken a r b i t r a r i l y s ince i t corresponds t o 
ca. one f o u r t h of the h a l f - w i d t h of one e l e c t r o n Nernstian c y c l i c 
voltammograms. 1 c For one e l e c t r o n i r r e v e r s i b l e voltammograms, i.e. a 
s i t u a t i o n more relevant here, t h i s l i m i t corresponds t o ca. one s i x t h 
of the h a l f - w i d t h of voltammograms f o r a = 0.5. 1 c 



Figure 2. Domain where direct electrochemical methods may be 
applied without severe distortions due to cell resistance 
(below lines i and 111) and cell capacitance (below line Hi) 
or to edge diffusion (above lines ii or ii'). Lines i, ii and 
111 correspond to the limit for an error of 15 mV on the peak 
potential in cyclic voltammetry. Line ii' corresponds to a 
limit of 10% accuracy on the current peak. The locations of the 
different boundaries are shown for a solution of anthracene, 
10 mM, in acetonitrile, 0.6 M NBU4BF4, at a gold electrode of 
radius r0. (a) Effect of edge diffusion and ohmic drop due to 
Faradaic current only, (b) Effect of edge diffusion (10% on 
current peak), ohmic drop due to Faradaic and capacitive 
currents and cell time constant, (c) Modification of the limits 
i and Hi in (b) when using on-line resistance compensation 
with 13 = O.go and 0.99 (see text). In (b,c) the vertical line 
1v, corresponds to the limit of classical theories (vide 
infra). 
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y i e l d s : 

log(ro) > - i ' l o g ( v ) + 1.80 (4) 

represented by the domain above l i n e ( i i ' ) on Figure 2a. I t ensues 

that depending of the type of v a r i a b l e of i n t e r e s t {I.e. current or 

p o t e n t i a l ) , the point representing the system must be located i n the 

region between l i n e s ( i ) and ( i i ) , or between l i n e s ( i ) and ( i i ' ) on 

Figure 2a. A displacement of the system on a l i n e p a r a l l e l to these 

boundaries corresponds to a constant d i s t o r t i o n by ohmic drop and 

edge e f f e c t s . 

In the foregoing a n a l y s i s we have taken i n t o account only the 

Faradaic current. However when v i s increased, i.e. 9 decreased, 

c a p a c i t i v e current which v a r i e s p r o p o r t i o n a l l y to v, tends to 

overwhelm the Faradaic c o n t r i b u t i o n p r o p o r t i o n a l t o v 1 / 2 . At high scan 

rates ohmic drop then a r i s e s mainly from the c a p a c i t i v e component of 

the voltammogram and the region l i m i t e d by l i n e ( i ) must be replaced 

by that below l i n e ( i i i ) of eqn.: 

log(ro) < - l o g ( v ) + 5.50 (5) 

This more severe c o n d i t i o n e s t a b l i s h e s that the domain of constant 

d i s t o r t i o n by ohmic drop and edge d i f f u s i o n i s i n f a c t l i m i t e d , as 

represented i n Figure 2b. In other words one cannot expect t o have 

access t o short e r and short e r time s c a l e s simply by decreasing the 

elec t r o d e s i z e . 

Time constant of the electrochemical cell. The time constant 

of an electrochemical c e l l i s given by T = R«Cd, where R i s the 

re s i s t a n c e of the c e l l as defined above and Cd the capacitance of the 

double l a y e r at the e l e c t r o d e / s o l u t i o n i n t e r f a c e , p r o p o r t i o n a l t o the 

elect r o d e surface a r e a . 1 c I t then f o l l o w s that T i s pr o p o r t i o n a l to 

ro, the radius of the e l e c t r o d e . For an electrochemical p e r t u r b a t i o n 

not to be s i g n i f i c a n t l y d i s t o r t e d by the existence of the c e l l time 

constant, one must have (T/9) « 1, i.e. one must minimize the product 

r 0 - 9 - 1 , i.e. r 0-v i n c y c l i c voltammetry. The d i s t o r t i o n of a 

voltammogram by the f i r s t order f i l t e r formed by the c e l l capacitance 

and r e s i s t a n c e , can be est i m a t e d . 1 1 For the system considered above, 

i.e. anthracene i n a c e t o n i t r i l e , i t ensues that a s h i f t l e s s than by 
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15 mV of the peak p o t e n t i a l Is observed provided t h a t : 

l o g ( r 0 ) < - l o g ( v ) + 5.55 (6) 

This new boundary c o n d i t i o n i s i d e n t i c a l to that i n eqn.5. Therefore 

the domain represented in Figure 2b corresponds to the region were 

the experimental system must be located so that e r r o r s l e s s than 

15 mV on peak p o t e n t i a l and 10% on current peak can be achieved (sed 

vide infra). 

Combined use of u l t r a m i c r o e l e c t r o d e s and compensation of the c e l l 

r e s i s t a n c e by e l e c t r o n i c p o s i t i v e feedback. 

S a t i s f y i n g the c o n s t r a i n t s due to ohmic drop, time constant 

and n e g l i g i b l e edge d i f f u s i o n , Imposes that the system must be 

located in the domain l i m i t e d by l i n e s i , i i ' and i i i i n Figure 2b. 

This s u f f i c e s to demonstrate that even i f the use of smaller and 

smaller electrodes has proven successful i n by-passing the l i m i t s of 

time s c a l e at which e l e c t r o c h e m i s t r y was poised i n the e a r l y e i g h t i e s 

(i.e. ca. 0.1 ms), t h i s approach alone cannot be expected to lead t o 

any s i g n i f i c a n t improvement of the present l i m i t of ca. 10-100 ns. To 

break t h i s l i m i t one must f i n d a way of extending the domain i n 

Figure 2b toward s h o r t e r time s c a l e s . One may t h i n k of suppressing 

the l i m i t i i ' by using recessed e l e c t r o d e s . Indeed, at a recessed 

electrode edge e f f e c t s are n e c e s s a r i l y n e g l i g i b l e , because l a t e r a l 

d i f f u s i o n i s suppressed by the shaft above the e l e c t r o d e . However, 

the e l e c t r i c a l r e s i s t a n c e of the c e l l i s now increased by t h a t due to 

the s h a f t , of a length n e c e s s a r i l y l a r g e r than 7 = (DO) 1' 2. Since the 

r e s i s t a n c e of a s o l u t i o n tube of radius r 0 and length 7 v a r i e s as 

7»ro-2, i t i s understood that no s i g n i f i c a n t progress may be found i n 

t h i s d i r e c t i o n . We t h e r e f o r e need to consider that the l i m i t i i ' i n 

Figure 2a or b i s a p h y s i c a l l i m i t which cannot be by-passed. Let us 

examine now i f one can extend the domain i n Figure 2b by pushing up 

the l i m i t s due to ohmic drop ( i ) and time constant ( i i i ) . 

This can be achieved t h e o r e t i c a l l y by combining the use of 

u l t r a m i c r o e l e c t r o d e s to that of e l e c t r o n i c o n - l i n e compensation of 

the c e l l r e s i s t a n c e . 1 2 Indeed, p o s i t i v e feedback amounts t o introduce 

a negative r e s i s t a n c e , -Rcomp, i n the c e l l e l e c t r i c a l c i r c u i t , so t h a t 
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the e f f e c t i v e c e l l r e s i s t a n c e i s now given by Rcen = (R - Rcomp), 

where R i s the " p h y s i c a l " r e s i s t a n c e considered i n the previous 

s e c t i o n s . To avoid e l e c t r o n i c unstabi 1 i t i e s , only a f r a c t i o n , |3 1, 

of the c e l l r e s i s t a n c e may be compensated, so that Rcen = R-0-I3). 

Not t a k i n g i n t o account any l i m i t a t i o n due to e l e c t r o n i c s (vide 

infra), t h i s shows that the ohmic drop, i R c e i i , and time constant, 

T = RcenCd may then be reduced by a f a c t o r (1-B). This r e s u l t s i n an 

upward t r a n s l a t i o n of the l i m i t s i and i i i i n Figure 2b by a constant 

equal to log(1-0). This i s represented in Figure 2c f o r two values of 

13, corresponding to 90% and 99% compensation. 

Obviously t h i s requires that the e l e c t r o n i c instrumentation 

used f o r res i s t a n c e compensation does not introduce any l i m i t a t i o n 

due to bandpass, u n s t a b i 1 i t i e s , etc. Yet, as explained above t h i s 

does not c o n s t i t u t e a physical l i m i t a t i o n of the method per se, but 

i s a t e c h n o l o g i c a l l i m i t which hopefully may be overcome in the 

f u t u r e . Let us nevertheless examine the l i m i t a t i o n s due to the 

present technology. 

POTENTIAL ( Vol t s vs SCE ) 

Figure 3. Cyclic voltammetry of anthracene, 10 mM, in 
acetonitrile 0.1 M NBu4BF4 at a gold disk M ™ ^ ^ ? ^ * 
(ro 8.5 um) with (0*1) and without (0=0) on- l ine ohmic drop 
electronic compensation . Scan rates: (a) 9, (DJ io, f, - . '» 
(d) 56, (e) 75 and (f) 94 kV.s'1. 20°C. 



- 322 -

Table 1: Rate constants for the deprotonation of alkyl 
benzene cation radicals by a series of pyridine bases, 
in acetonitri le at 20°C: 

k 
Ar-CH 3-

+ + py > py-H + + Ar-CH 2-

P y r i d i n e k (KMs - 1) 
/ ArCH3 a C y c l i c Laser 

Substituent voltammetry b picosecond 0 

2,6-Me 2 HMB 1.1-107 2.1-10 7 

dia-HMB 2.9-106 • 7.5-106 

PMB 3.6-107 4.0-10 7 

DUR 1.1 • 10 s 5.8-107 

2,4,6-Mea HMB 2.5-107 3.5-10 7 

a: HMB: Hexamethylbenzene, PMB: pentamethylbenzene, 
DUR: durene. b: From reference 13. c: From reference 14. 

Several approaches are f e a s i b l e which depend on the type of 

c e l l c o n f i g u r a t i o n adopted. We have e s t a b l i s h e d that with current 

technology and c l a s s i c a l c i r c u i t r y ohmic drop at u l t r a m i c r o e l e c t r o d e s 

could be compensated up to scan rates of 100 000 Vs~ 1 i n c y c l i c 

voltammetry (9 * 250 ns, SEP < 15 mV) in a three e l e c t r o d e 

c o n f i g u r a t i o n . 1 2 An example of the v a l i d i t y of t h i s approach i s shown 

on Figure 3 by the comparison between uncompensated and ohmic drop 

compensated c y c l i c voltammograms of anthracene. From t h i s s e r i e s of 

compensated voltammograms an heterogeneous rate constant of 

3.8+0.4 cm.s-1 was determined, 1 2 in agreement with the value 

p r e v i o u s l y reported by Saveant et c o l l . on the basis of s o p h i s t i c a t e d 

deconvolution procedures applied to uncompensated voltammograms. 1 5 

Using the same p o t e n t i o s t a t and scan rates i n the range of 

50 000 V s 1 , we were al s o able to measure a s e r i e s of rate constants 

for the deprotonation of methyl benzene c a t i o n r a d i c a l s by p y r i d i n e 

b ases. 1 3' 1 6 These rates are compared in Table 1 to those p r e v i o u s l y 

determined by lase r picosecond spectroscopy. 1 4 The comparison of the 

two sets of values c l e a r l y e s t a b l i s h e s the v a l i d i t y of the 

electrochemical approach, as compared to more s o p h i s t i c a t e d spectros-
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copic techniques. 

As reported l a t e r by Saveant et c o l l . , ohmic drop may be 

compensated up to scan rates above 200 000 Vs - 1, provided that a two 

electrode c o n f i g u r a t i o n i s adopted, and current a m p l i f i e r s are used 

instead of p o t e n t i a l a m p l i f i e r s . 1 7 Yet t h i s gain i s made at the 

expenses of p r e c i s i o n on absolute p o t e n t i a l s , owing to the two 

elect r o d e c o n f i g u r a t i o n , and corresponds a l s o to a considerable 

decrease of the s i g n a l - t o - n o i s e r a t i o . We are presently developing a 

new concept of p o t e n t i o s t a t , able to perform ohmic drop compensation 

up t o scan rates of 400 000 Vs - 1 (5EP < 15 mV) i n a three e l e c t r o d e 

mode and with a s i g n a l - t o - n o i s e r a t i o akin t o that shown i n Figure 3. 

Coupling between d i f f u s i o n l a y e r and d i f f u s e l a y e r at scan rates 

above a few hundred of k i l o v o l t s per second. 

The above l i m i t a t i o n s due t o c e l l r e s i s t a n c e and c e l l 

capacitance have been i d e n t i f i e d since the e a r l y days of e l e c t r o 

chemical k i n e t i c s . We have shown above that the use of 

ul t r a m i c r o e l e c t r o d e s , together with e l e c t r o n i c feedback, has allowed 

to master these phenomena so that v i r t u a l l y undistorted voltammograms 

can be recorded at scan rates of a few hundred of k i l o v o l t s per 

second. Expected improvement of e l e c t r o n i c s , and p o s s i b l e r e s o r t to 

deconvolution procedures, give the f e e l i n g that scan rates exceeding 

several megavolts per second (9 * 10 ns) could be used i n a next 

f u t u r e , and that s t i l l usable k i n e t i c information could be extracted 

from voltammograms recorded at a few tens megavolts per second 

(9 * 1 ns). We wish to show i n the f o l l o w i n g that unfortunately t h i s 

i s not achievable because of another b u i l t - i n l i m i t a t i o n of the 

method. 

C l a s s i c a l t h e o r i e s of elect r o c h e m i s t r y , e.g. that of c y c l i c 

voltammetry, 1 8 suppose that the concentration p r o f i l e s of the 

reactants, intermediates and products are mainly c o n t r o l l e d by pure 

d i f f u s i o n and k i n e t i c s . This amounts to consider that the s i z e of the 

double l a y e r , Sen, i s a v a n i s h i n g l y small f r a c t i o n of the d i f f u s i o n 

l a y e r , 6cnf , i.e. that 6di « 6 d i f . Under these c o n d i t i o n s , the e f f e c t s 

due to the e l e c t r i c a l p o t e n t i a l v a r i a t i o n s i n the double la y e r are 

taken i n t o account v i a a simple c o r r e c t i o n of the elec t r o d e boundary 

c o n d i t i o n , viz. the Frumkin c o r r e c t i o n . 1 9 However such a s i t u a t i o n i s 
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c l e a r l y not met when the d i f f u s i o n layers are made short e r and 

shorter i . e . when the scan rates are made l a r g e r and l a r g e r . Within 

the c l a s s i c a l theory of c y c l i c voltammetry, the forward peak of a 

c y c l i c voltammogram recorded at a scan rate v, corresponds to a 

d i f f u s i o n l a y e r of the order of (DRT/Fv) 1 / 2. Thus, at room temperature 

and f o r an average d i f f u s i o n c o e f f i c i e n t of ca. 5•10 - 6 cm 2s _ 1, 

6dif* 3 . 5 ' V - 1 / 2 , when v i s expressed i n V.s - 1 and 6 i n urn. Therefore at 

e.g. v * 1 to 2M V . s - 1 , 2 0 the d i f f u s i o n layer at the forward peak i s 

of the order of 20 to 35 A, that i s comparable to the thickness of 

the d i f f u s e layer under usual electrochemical c o n d i t i o n s i n organic 

s o l v e n t s . 1 0 The tran s p o r t equations i n the two l a y e r s , i . e . the 

d i f f u s e layer and the d i f f u s i o n layer, obviously cannot be 

t h e o r e t i c a l l y separated under such circumstances. 

This i s a c l e a r evidence that the c l a s s i c a l t h e o r i e s f o r 

c y c l i c voltammetry are no more v a l i d as such scan rates. In the 

f o l l o w i n g we want to discuss the e f f e c t s predicted on c y c l i c 

voltammograms due to the intimate coupling between the two l a y e r s . 

This i s presented here f o r a s i n g l e e l e c t r o n t r a n s f e r reduction 

mechanism of a neutral molecule (n = 1, z a = 0, Zb = - 1 ) , I.e. f o r a 
case corresponding to usual c o n d i t i o n s found i n organic 

electrochemistry: 

AZa + n e < > B z b = Z a " n (E°, k°t, a) (7) 

whereas reference 21 gives a general a n a l y s i s f o r the cases 

corresponding to any value of z a and Zb (n = za-zt>). Also, the 

a n a l y s i s presented i n t h i s t e x t considers only the l i m i t i n g s i t u a t i o n 

of a f a s t e l e c t r o n t r a n s f e r (see reference 21 f o r a treatment of 

q u a s i - r e v e r s i b l e and slow e l e c t r o n t r a n s f e r ) . Although t h i s l i m i t i n g 

s i t u a t i o n i s c l e a r l y not r e a l i s t i c f o r the scan rates considered i n 

t h i s study, owing to the exceedingly high values of k°t i t would 

require, we want to present i t here, f o r the purpose of demonstrating 

that the main e f f e c t s predicted hereafter o r i g i n a t e from 

concentration p r o f i l e d i s t o r t i o n s and are not r e l a t e d only to 

e l e c t r o n t r a n s f e r k i n e t i c s , as e.g. i n the case of the Frumkin 

c o r r e c t i o n . 

In the d i f f u s e layer the species A and B d i f f u s e and s i m u l t a 

neously migrate i n the e l e c t r i c a l p o t e n t i a l . 2 2 Therefore the c l a s s i c a l 
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Figure 4. Normalized concentration profiles for the reaction in 
eqn.7, compared to the variations of the normalized electrical 
potential (0N - 0/02). y = (x-X2)-K, where K is the reciprocal 
Debye length, x the distance from the electrode and X2 the 
abscissa of the OHP. Scan rate: (a) 103, (b) 10s, (c) 107, (d) 
109, (e) 1011 and (f) 1013 Vs~1. These profiles are determined 
under conditions featuring those of the reduction of anthracene 
in acetonitrile, 0. 1 M NBU4BF4 at 20°C. (See reference 21). 

equations of pure d i f f u s i o n cannot apply and a general second F i c k ' s 

law i n c l u d i n g migration must be used. 2 1 Figure 4 presents the r e s u l t s 

of such a treatment i n terms of the normalized concentration p r o f i l e s 

f o r A and B in the d i f f u s e l a y e r , f o r d i f f e r e n t scan rates. I t i s 

seen that at moderate scan rates (v < 10 5 V s - 1 ) , the concentrations of 

A and B at the end of the d i f f u s e layer are almost i d e n t i c a l to what 

i s considered i n c l a s s i c a l t h e o r i e s {viz. [A]*0 and [B ] ~ C ° , where C° 

i s the bulk concentration of A). However above 10 5 V s - 1 severe d i s c r e 

pancies appear, with respect to c l a s s i c a l t h e o r i e s , owing to an 

in c r e a s i n g coupling between the two layers when scan rate increases. 

These d i s t o r t i o n s of the concentration p r o f i l e s r e s u l t in severe 

m o d i f i c a t i o n s of the voltammograms with respect to the p r e d i c t i o n s of 

c l a s s i c a l t h e o r i e s . This i s i l l u s t r a t e d by the voltammograms in 

Figure 5a. I t i s seen from t h i s Figure that the forward peak i s l e s s 

a f f e c t e d than the reverse one. This i s e a s i l y understood since in the 

example of Figure 5a, A i s a neutral molecule, thus i t s concentration 
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Figure 5. Distortions of a Nernstian voltammogram (za= 0, n= 1) 
as a function of the scan rate (a), the supporting electrolyte 
concentration Cs (b) and potential of zero charge, (a): v = 
10s, 106 and 107 Vs~1; Cs = 0.1 M; F(EPzc-E°)/RT - 10. (b): Cs. = 
0.5, 0.1 and 0.05 M; v - 106 Vs~1; F(EPzc-E°)/RT - -10. (c) 
F(EPzc-E°)/RT= 10, 30 and 50; v = 105 Vs~1; Cs - 0.1 M. Other 
conditions feature anthracene in acetonitri le. In each set the 
less distorted voltammogram corresponds to classical theories 
(i.e. to v > 0; Cs > *; F(EPzc-E°)/RT > 0. For each 
series, distortion increases following the order of variation 
of each parameter given above. V = -F(E-E°)/RT. 

p r o f i l e i s l e s s a f f e c t e d than that of B which i s an anionic species. 

Since these d e v i a t i o n s are r e l a t e d to the e f f e c t of the e l e c t r i c a l 

f i e l d i n the d i f f u s e l a y e r , any experimental parameter which a f f e c t s 

the d i f f u s e layer r e s u l t s i n a d i s t o r t i o n of the voltammogram f o r 

scan rates above 10 5 Vs~ 1, as i l l u s t r a t e d i n Figures 5b,c. 

The r e s u l t s i n Figure 5 were determined with parameters 

f e a t u r i n g the reduction of anthracene i n a c e t o n i t r i l e , except f o r the 

rate constant of heterogeneous e l e c t r o n t r a n s f e r which was supposed 

i n f i n i t e (vide supra). Therefore they demonstrate that c l a s s i c a l 

t h e o r i e s cannot be used f o r the e x t r a c t i o n of k i n e t i c information 

from voltammograms recorded at scan rates exceeding a few hundred 

k i l o v o l t s per second. 

This introduces an a d d i t i o n a l i n t r i n s i c l i m i t to be considered 

in Figure 2c. Obviously more s o p h i s t i c a t e d t h e o r i e s (as the one 2 1 

whose r e s u l t s are presented here) may be used so that data obtained 

beyond t h i s l i m i t can be used. However t h i s w i l l be done at the 

expenses of severe d i f f i c u l t i e s i n the data treatment and w i l l 

require a c o r r e c t d e s c r i p t i o n of the d i f f u s e layer i n organic 
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c o n d i t i o n s . Moreover, the ensuing k i n e t i c s w i l l be d i f f i c u l t to 

r a t i o n a l i z e owing to the f a c t that they occur i n a region where an 

intense and v a r i a b l e e l e c t r i c a l f i e l d operates. One may even question 

the tr u e s i g n i f i c a n c e of a constant rate constant under such 

c o n d i t i o n s ; indeed, a d e s c r i p t i o n i n terms of l o c a l microscopic rate 

constants varying as a f u n c t i o n of the f i e l d s t r ength, i.e. of the 

distance from the el e c t r o d e , seems more appropriate than c l a s s i c a l 

macroscopic rate constants. 
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the U n i v e r s i t y of B o l o g n a ) . H i s f i r s t p u b l i c a t i o n w i t h the l a t i n t i t l e "De 

V i r i b u s E l e c t r i c i t a t i s i n Matu M u s c u l a r i Commentarius" (Note an the i n f l u e n c e 

of E l e c t r i c i t y on M u s c u l a r Mot ion ) appeared i n 1791, w h i l e the expe r imen t s 

were c a r r i e d out 5 y e a r s be fo re i n 1786 o b s e r v i n g the muscle c o n t r a c t i o n i n 

the l e g s of a dead f r o g pend ing on the b a n i s t e r o f the b a l c o n when t o u c h i n g 

i t s ne rves w i t h a p a i r o f s c i s s o r s d u r i n g a s to rm. 

T h i s d i s c o v e r y was f o l l o w e d by a l o n g p o l e m i c s w i t h the p h y s i c i s t A l e s s a n d r o 

V o l t a , and by a t e n t a t i v e , more c o r r e c t i n t e r p r e t a t i o n by Johan V i l h e l m 

R i t t e r . 

A f t e r t h i s somewhat d r a m a t i c s t a r t a p e r i o d of s i l e n c e f o l l o w e d , d u r i n g which 

few s c i e n t i s t s were conce rned w i t h ( r e a l l y ) b i o e l e c t r o c h e m i c a l r e s e a r c h . 

Wor thwhi le t o be ment ioned a re Leonor M i c h a e l i s ( b o r n 1875; p h y s i c i a n , who 

i n v e s t i g a t e d r edox r e a c t i o n i n v o l v i n g i o n i c s p e c i e s o c c u r r i n g i n l i v i n g 

b o d i e s ) ; D a v i d K e i l i n (born 1887, c h e m i s t , who i n v e s t i g a t e d redox p r o c e s s e s 

i n r e s p i r a t o r y c h a i n ) ; René B e r n a r d Vurmser ( bo rn 1890, c h e m i s t , who 

i n t r o d u c e d p o t e n t i o m e t r i c t e c h n i q u e i n b i o l o g i c a l r e s e a r c h ) ; and more 

r e c e n t l y two Nobe l P r i c e s : A l b e r t Szen t G i o r g y (born 1893, who i n t r o d u c e d 

semiconduc to r t h e o r y ) : and I l i a P r i g o g i n e (born 1917, who d e v e l o p e d the 

t rea tment of b i o l o g i c a l phenomena u s i n g then thermodynamics of nan r e v e r s i b l e 

p r o c e s s e s ) . 
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