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Abstract: A theoretical model describing the transport and kinetic processes involved in
heterogeneous redox catalysis of solution phase reactants at electrode surfaces coated with
redox active monolayers is presented. We describe theoretically the time dependent
chronoamperometric response expected for a redox active monolayer in the absence of a
substrate in solution, and subsequently extend the analysis to consider the reaction of a
solution phase substrate mediated by surface immobilized redox groups. This is
accomplished via a Laplace transform based solution of the Fick diffusion equation for the
substrate transport to the monolayer surface coupled with the development of a suitable flux
matching condition at the monolayer/solution interface . The latter procedure enables the
development of an analytical expression for the transient current response in terms of well
established mathematical special functions. We have shown that kinetic information may be
readily extracted from the developed expressions for the current response as a function of
time. In the present paper we assume that the reaction between mediator and substrate is of a
simple outer sphere bimolecular type.
Keywords: Heterogeneous redox catalysis, Redox active monolayers, Chronoamperometry
of redox active monolayers, Monolayer modified electrodes.

Introduction
The phenomenon of heterogeneous redox catalysis at electrode surfaces has been studied
extensively over the last twenty years. Much attention has been focused on chemically modified
electrodes, including, for example, electrodes modified with electroactive polymer films [1], adsorbed
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redox active dye molecules [2], conductive oxide surfaces [3] , and, more recently, metallic electrodes
coated with adsorbed redox active monolayers which are generated via self assembly mechanisms [4].
Redox mediation is simple in concept. In this process surface immobilized sites may be activated
electrochemically via application of a voltage to the support electrode surface. The latter sites may
then oxidize or reduce other redox agents located in the solution phase adjacent to the immobilized
layer, for which the direct oxidation or reduction at the electrode surface is inhibited, either because of
intrinsically slow heterogeneous electron transfer kinetics, or because close approach of the soluble
redox species to the electrode is prevented.
Mediated electron transfer of solution phase species at electrode surfaces containing immobilized
redox species can be examined experimentally using a number of electrochemical techniques. The
technique of rotating disc voltammetry is most often applied, since in principle, the processes of
reactant transport in solution, and kinetic processes at the monolayer can be cleanly separated, by
conducting voltammetric experiments over a range of rotation speeds. Previous theoretical work
describing mediated redox catalysis at monolayers in the context of rotating disc voltammetry has
been presented by Andrieux and Saveant [5], and Laviron [6], More recently the analysis has been
extended to a time dependent technique such as cyclic voltammetry by Aoki and co-workers [7] and by
Xie and Anson [8-10]. The latter analysis of the cyclic voltammetric response can be quite complex
and difficult.
In the first paper of the present series, a general steady state analysis of mediated electron transfer at
redox active monolayer surfaces was presented [11]. It is interesting to note that the technique of
potential step chronoamperometry has not been used in any extensive manner to examine mediated
electron transfer processes at redox active monolayers. This is surprising given that the technique is
simple both in concept and in execution. A singular example extracted from the literature is an early
paper published by Rocklin and Murray [12]. In this account the potential step technique was utilized
and the concept validated for the reduction of dibromoalkanes at electrode surfaces chemically
modified with thin immobilized metallo tetraphenyl porphyrins. In the present paper we present a
theoretical analysis of potential step chronoamperometry applied to redox active monolayer films and
indicate how the technique may be used to obtain transport and kinetic information from experiment.
In this paper we initially describe theoretically the chronoamperometric response expected for a
redox active monolayer firstly in the absence of a substrate in solution, and subsequently extend the
analysis to consider the reaction of a solution phase substrate mediated by surface immobilized redox
groups. In the present paper we assume that the reaction between mediator and substrate is of a simple
outer sphere bimolecular type. The more challenging problem where the possibility that distinct
adduct between surface immobilized mediator and substrate is considered, will be presented in the
succeeding paper.

Chronoamperometric Response of Surface Immobilized Redox Groups in the Absence of
Solution Phase Substrate
We initially consider the transient current response obtained to a large amplitude potential step
perturbation applied to a surface immobilized redox couple A/B. We let Γj (j = A,B) represent the
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surface coverage (units: mol cm-2) of component j of the redox couple, and define the total surface
coverage as ΓΣ = ΓA + ΓB . We initially assume that the surface redox reaction is irreversible with a rate
equation given by:
−

d Γ A d ΓB
=
= k E′ Γ A
dt
dt

(1)

where the heterogeneous electrochemical rate constant (units: s-1) is of the Butler-Volmer type and is
given by
k E′ = k 0 exp[β ξ ]

(2)

where k0 denotes the standard rate constant, β is the symmetry factor and ξ denotes a normalized
F
E − E A0 / B . The current response to the applied potential step is given by
potential given by ξ =
RT

(

)

i (t ) = nFAf Σ (t ) = nFAk E′ ΓA (t )

(3)

where fΣ denotes the net flux (units: mol cm-2 s-1), n denotes the number of electrons transferred in the
surface redox process, A denotes the geometric area of the electrode and F is the Faraday constant.
The variation of surface coverage with time is obtained via integration of eqn.1 subject to the initial
condition that at t = 0 ΓA = ΓΣ . Hence integration of eqn.1 immediately yields that
ΓA (t ) = ΓΣ exp[− k E′ t ]

(4)

and the surface redox transition obeys first order kinetics. Hence the current response is expected to
follow a simple exponential decay (figure 1) and is given by
i (t ) = k E′ Q exp[− k E′ t ]

(5)

where the charge Q is related to the surface coverage of electroactive groups via the expression
Q = nFAΓΣ . This expression has been used by Finklea [13], Chidsey [14] , Miller and co-workers [15]
and by Forster and Faulkner [16] to examine the dynamics of self assembled monolayer systems.

Figure 1. Plot of normalized current versus normalized time corresponding to the
chronoamperometric response profile of a redox active monolayer. The linear semilogarithmic
plot is characteristic of this system.
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We can readily extend the analysis to consider a quasi-reversible surface reaction. In this case the
rate equation for the surface redox reaction is given by
−

dΓA
= k E′ ΓA − k −′ E ΓB
dt

(6)

where the heterogeneous rate constant for the reverse step is given by k −′ E = k 0 exp[− (1 − β )ξ ]. We
can integrate eqn.6 using the initial condition t = 0 ΓA = ΓΣ ΓB = 0 to obtain
1 + (k E′ k −′ E )exp[− k Σ t ]
ΓA (t ) = ΓΣ 

1 + (k E′ k −′ E )



(7)

where we note that k Σ′ = k E′ + k −′ E . At any time t we also note that ΓA (t ) + ΓB (t ) = ΓΣ and so we also
obtain that
 (k ′ k ′ )(1 − exp[− k Σ t ])
ΓB (t ) = ΓΣ  E − E

1 + (k E′ k −′ E )



(8)

The net current response is therefore given by
i (t ) = nFA{k E′ ΓA (t ) + k −′ E ΓB (t )}

(9)

From eqn.7, eqn.8 and eqn.9 we immediately obtain
i (t ) = nFAk E′ ΓΣ exp[− k Σ t ]

(10)

Again a simple exponential decay in current with time is predicted. A plot of ln i versus t is linear
with intercept given by nFAk E′ ΓΣ and a slope given by − k Σ′ . Hence the surface redox kinetics can be
completely resolved using the potential step technique.
We expect that both the slope and the intercept of the first order kinetic plot be potential dependent.
Finklea and Hanshew [17] have indicated that examination of the heterogeneous electrochemical rate
constants provides a stringent test for structural order within redox active monolayer films. If the
monolayer is ordered then little spread in the electrochemical rate constant should be observed. Finklea
and Hanshew [17] have shown via simulation techniques, that if a spread in heterogeneous rate
constants is assumed, then the chronoamperometric plot of ln i versus t has an apparent slope that
decreases in magnitude as time increases . Hence the current flow at short times is dominated by the
faster rate constants while current flow at longer times is dominated by the slower rate constants.
Hence a bi-phasic , ‘dog leg’ type of profile should be observed. The useful feature of
chronoamperometric plots is that if the latter exhibit good linearity then theories of long range electron
transfer can be carefully tested. This has been done in some detail in recent papers [18-21].
It is also relatively easy to include interaction effects between the immobilized redox groups in the
analysis. We can follow Xie and Anson [8-10] and introduce an interaction parameter g into the
Butler-Volmer expression for the heterogeneous rate constants. Hence we can write that
k E′ = k 0 exp[β g ξ ]

k −′ E = k 0 exp[− (1 − β ) g ξ ]

(11)

where the interaction parameter g accounts for mutual interactions between the immobilized redox
sites on the electrode surface. When g = 1 the interaction is negligible, and we have the ideal situation.
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When g is negative repulsive interactions between the redox groups pertain and when g is positive
attractive interactions operate. If the surface redox reaction is Nernstian then the pertinent expression is
given by [22] :
E = E0 +

RT  ΓB 
ln  
gnF  ΓA 

(12)

Interaction effects have been discussed in detail by Brown and Anson [22], Albery and Colby [23],
Laviron [24] and by Tokuda and co-workers [25,26]. A recent summary of work in this area has been
provided by Lyons [1].

Chronoamperometric Response of Surface Immobilized Redox Groups in the Presence of
Solution Phase Substrate
We now address the main issue of the present paper, that of mediated electron transfer between a
solution phase reactant and a redox site immobilized at a monolayer coverage on a support electrode
surface. We consider the following reaction scheme:
−

ne
A ∓
→ B
S+B→P+ A

In the following analysis we let A and B represent the reduced and oxidized forms of the surface
immobilized redox couple, and S and P the substrate (reactant species) and product respectively. We
shall assume that the cross exchange reaction between the substrate species S and the redox mediator
species B is irreversible, and we will assume that the kinetics of the A/B surface redox transformation
is facile and is described by the Nernst equation. We will also briefly comment on the more complex
situation in which the mediator generation kinetics are irreversible and described by a kinetic
expression of the Butler-Volmer form. We assume that the net current response will appear as the sum
of two contributions i = i surf + icat where isurf is the current obtained in the absence of solution phase
substrate and icat denotes the catalytic current contribution. Clearly the isurf term will be given by either
eqn.5 or eqn.10. In the following we focus attention totally on the catalytic term.

Irreversible Mediated Electron Transfer with Nernstian Mediator Generation
We first consider the simple situation where immobilized mediator generation is Nernstian and
hence kinetically facile and the mediated bimolecular electron transfer reaction between the solution
phase substrate and the immobilized mediator species is irreversible.
The net flux is given by
fΣ =

i
= k H ΓB s 0
nFA

(13)

where kH represents the bimolecular cross exchange rate constant and s0 denotes the substrate
concentration at the monolayer/solution interface. If the heterogeneous electron transfer process is
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Nernstian then the surface coverage of redox mediator species will depend on the normalized potential
according to
ΓΣ
1 + exp[− ξ ]
ΓΣ
ΓA =
1 + exp[ξ ]
ΓB =

(14)

If the magnitude of the potential step perturbation is large then we immediately note that ΓB = ΓΣ .
The main challenge is to determine the interfacial concentration of substrate s0. This is accomplished
by solving the time dependent Fick diffusion equation for substrate transport to the monolayer surface
∂s
∂2s
= DS 2
∂t
∂x

(15)

subject to the following initial and boundary conditions
s (x,0 ) = s ∞

s (∞, t ) = s ∞

(16)

and the following flux matching condition at the electrode surface
dΓB
 ds 
= DS   = k H ΓB s 0
dt
 dx  0

(17)

In eqn.17 DS denotes the diffusion coefficient of the substrate species in the solution, and finally, s∞
represents the bulk concentration of substrate.
We introduce the following normalized variables
u=

s
s∞

χ=

x
t
τ=
δ
t*

(18)

where t* denotes the typical experimental timescale. The diffusion layer thickness δ is time dependent,
and is given by δ = DS t * . Hence in normalized variables the Fick diffusion equation becomes
∂u ∂ 2 u
=
∂τ ∂χ 2

(19)

and the initial and boundary conditions transform to
 du 
 = γ u 0
u ( χ ,0) = 1 u (∞, τ ) = 1 
 dχ  0

(20)

where we introduce the reaction/diffusion parameter γ as

γ =

k H ΓB δ
DS

(21)

s0
.
s∞
The method of Laplace transformation may be utilized to solve the problem. In Laplace space the
differential equation presented in eqn.19 transforms to
and we note that u 0 =
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d 2u
= 1 + pu
dχ 2

(22)

where u is the normalized substrate concentration in Laplace space and p denotes the Laplace
parameter. The boundary conditions in Laplace space adopt the following representation
u (∞, p ) =

 du 

 = γ u 0
 dχ  0

1
p

(23)

The normalized flux is given by the expression
Ψ=

f Σδ
 du 

= 
∞
DS s
 dχ  0

(24)

We can readily show that a general solution to eqn.22 is given by
u (χ , p ) =

[

1
+ A( p ) exp
p

]

[

p χ + B( p ) exp −

pχ

]

(25)

Since the concentration u must be finite as χ Æ ∞ then clearly A=0. Differentiation of eqn.25 with
respect to χ and using the second relation in eqn.23 we obtain that B = −γ p −1 / 2 u 0 . Noting that
γ
1
u (χ , p ) = −
u 0 , and the requirement that at χ = 0 u = u 0 , we can readily show that
p
p
u0 =

p 
1 

 . Consequently we note that B = −
p  p + γ 
p

(

γ
.
p +γ

)

Hence in Laplace space the concentration profile of substrate is given by
u (χ , p ) =

[

1 γ exp − p χ
−
p
p p +γ

(

)

]

(26)

The concentration profile of substrate is obtained from eqn.26 via inverse Laplace Transformation.
Hence

[

]
) 


 exp − p χ
u (χ , τ ) = 1 − γ L−1 
 p p + γ


(

(27)

We note that

L−1  exp[− α


 p

(

]
)

p  1
 α
 = erfc 
p + β  β
2 τ

 1

α 
2
 − β exp αβ + β τ erfc  β τ +

2 τ



[

]

(28)

Utilizing the latter identity we immediately note that

 χ 

χ
2
u (χ , τ ) = 1 − erfc 
 − exp γ χ + γ τ erfc γ τ +


2 τ
 2 τ 

[

]

 

 

We can also readily obtain an expression for the normalized flux. We note that

(29)
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γ
p p +γ

 du 
 =
Ψ ( p) = 
 dχ  0

(

)

(30)

Hence in real space the normalized flux is given by


1
Ψ (τ ) = γ L−1 
 p p + γ

=γ





(
)
exp[γ τ ] erfc[γ τ ]

(31)

2

It is interesting to make the observation that eqn.31 is of the same form as the established
relationship for slow charge transfer at an unmodified electrode surface [27]. In this case the rate
constant kH for the cross exchange reaction between the substrate and the immobilized mediator
species is to be identified with the potential dependent heterogeneous rate constant k’ for electron
k H ΓΣ
transfer at the bare electrode. Indeed we can make the identification as k ′ = k H ΓB =
. We
1 + exp[− ξ ]
note however that the heterogeneous electron transfer rate constant k’ increases exponentially with
increasing potential ξ according to the Butler-Volmer law, unless rate determining diffusive transport
becomes rate limiting, whereas the composite term k H ΓB → k H ΓΣ as ξ Æ ∞ . We can readily show
that the current response as a function of time is given by
k Γ t 
 k 2 Γ 2t 
i (t ) = nFAk H ΓB s ∞ exp  H B  erfc  H B 
 DS 
 DS 

(32)

where the surface coverage of immobilized mediator species is given by
ΓB =

ΓΣ

(33)

 nF ( E − E 0 A / B ) 
1 + exp −

RT



This expression will be valid when the heterogeneous kinetics involving mediator generation are
rapid and described by the Nernst equation.
We return to eqn.31 and compare the latter expression for the normalized chronoamperometric
current transient with that predicted for a simple diffusion controlled reaction which is given by the
Cottrell equation [28]. In normalized form the Cottrell equation is given by
ΨC (τ ) =

1
πτ

(34)

Consequently we examine the ratio of the catalytic and the Cottrell expressions to obtain
Ψ (τ )
= π γ τ exp γ 2τ erfc γ τ
ΨC (τ )

[ ] [

]

We set λ = γ 2τ and obtain the following well established result

(35)
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Ψ (τ )
= F (λ ) = π λ exp[λ ]erfc λ
ΨC (τ )

[ ]

(36)

The properties of the F(λ) function have been described in detail in the useful monograph authored
by Spanier and Oldham [29]. Two limiting cases can be derived.
Firstly, when λ is large corresponding to the limit of long times
F (λ ) ≅ 1 −

(2 j − 1)!! + ⋅ ⋅ ⋅ ≅ 1
1
3
+ 2 − ⋅⋅⋅⋅ +
2λ 4λ
(− 2λ ) j

(37)

Hence for large λ or large τ we note that
Ψ (τ ) ≅ ΨC (τ ) =

1
πτ

(38)

and the chronoamperometric response corresponding to mediated electrocatalysis is under simple
diffusion control and is well described by the Cottrell equation.
Secondly, when λ is small corresponding to short times we note that
exp[λ ]erfc

[ λ ]≅ 1 − 2

λ
π

(39)

and the normalized chronoamperometric response takes the form:
Ψ (τ ) ≅

λ
λ
2γ 2
1
2
γ
τ
−
=
−


τ
π
π 1/ 2

(40)

Hence in the limit of short times a plot of Ψ(τ) versus τ1/2 is linear with a negative slope given by
2γ 2
and an intercept given by the reaction/diffusion parameter γ. Hence analysis of the
π
chronoamperometric data at short times can produce kinetic information.
Spanier and Oldham [29] have noted that for any value of the parameter λ the following
approximation holds

[ ]

F (λ ) = π λ exp[λ ]erfc λ ≅

2

2 


1 −  
2
π 
1 + 1 + 1 − 

λ
 5λ  
 exp  7  




(41)

This approximation is very useful for numerical work and exploits the inequality
2
2
1+ 1+
λ

< F (λ ) ≤

2
4
1+ 1+
πλ

(42)

Hence we conclude that to a good approximation, the normalized chronoamperometric transient
response profile is well described by
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2  
2
Ψ (τ ) ≅
1 + 1 + 2
πτ   γ τ
 


1 − (1 − 2 π )
 exp 5γ 2τ 7


[

1/ 2






]







−1

(43)

The latter expression is presented in figures 2-4 both as a function of the reaction diffusion
k Γδ
parameter γ and the normalized potential ξ . We recall that γ = H B
and
DS
ΓΣ
ΓB =
and so the γ parameter is potential dependent given by
 nF ( E − E 0 A / B ) 
1 + exp −

RT



k H ΓΣδ 
1

 where we recall that the normalized potential is given by
DS 1 + exp[− ξ ]
F
ξ=
E − E A0 / B . In the computations presented in figures 2-4 the γ values quoted correspond to the
RT
k Γδ
quantity H Σ .
DS

γ =

(

)

In figure 2-4 we present the normalized chronoamperometric transient response calculated using the
SigmaPlot software package (SigmaPlot 2001, SPSS Science) from eqn.43. In all figures the Ψ versus
τ profiles are produced for various values of the normalized potential ξ. The latter curves are then
presented in Cottrell format (Ψ versus τ-1/2) and as plots of Ψ versus τ1/2. In figure 2 the analysis is
presented for the reaction/diffusion parameter γ = 0.1. In figure 3 the analysis is repeated for γ = 1 and
in figure 4 the situation corresponding to γ = 10 is presented. We recall that the γ parameter quantifies
the balance between heterogeneous kinetics involving the immobilized mediator and substrate
k Γδ
f
diffusion. Hence γ = H B = K where fK denotes the kinetic flux arising from reaction between
DS
fD
immobilized mediator species B and substrate S and fD represents the flux due to diffusive material
transport of substrate to the site of reaction on the surface of the redox monolayer. When γ is small (as
in figure 2), substrate diffusion is more rapid than heterogeneous kinetics. Hence the data when
displayed in the Cottrell format will be non linear over an extensive period of the experimental
timescale. Linear Cottrell behaviour will only be observed at the longest times. In contrast a plot of Ψ
versus τ1/2 will exhibit good linearity over an extended timescale. This is in accord with the
approximate expression presented in eqn.40 which holds when the parameter λ = γ 2τ is small . If γ is
small enough then λ will be small over an extended period of the normalized time τ. A well defined
intercept is obtained on the Ψ axis of the plot , the magnitude of which will depend on the value of the

k Γδ
1
normalized potential ξ , since we recall that γ = H Σ 
.
DS 1 + exp[− ξ ]
In figure 3 we present an analysis of eqn.43 when γ = 1. Here the substrate diffusion flux and the
flux arising from the bimolecular heterogeneous mediation kinetics are in balance. We note that a
linear region is more marked in the Cottrell plot whereas a direct plot of Ψ versus τ1/2 exhibits linearity
only at short times. This behaviour is even more apparent in the computations presented in figure 4
where γ = 10. Here the diffusive flux is much less than the heterogeneous kinetic flux and rate control
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via diffusive transport of substrate pertains. Cottrell plots are linear over an extended time domain and
the plots of Ψ versus τ1/2 are non-linear except at very short times.
We note that the computed curves presented in figures 2-4 are similar in shape to experimentally
determined chronoamperometric profiles recorded by Rocklin and Murray [12]. In this work a Pt
surface was modified with an immobilized cobalt(II) tetra(p-aminophenyl) porphyrin monolayer,
which exhibited redox activity according to the reaction Co II (NH 2 )4 TPP + e − → Co I (NH 2 )4 TPP .
Reference is made especially to figure 11 of the latter paper, in which a Cotrell analysis of the
experimentally determined chronoamperometric transient for the reduction of the substrate species
PhCHBrCHBrPh at a Pt electrode modified with cobalt(II) tetra(p-aminophenyl) porphyrin monolayer,
exhibited linear behaviour only at long times. A marked deviation from linearity corresponding to rate
determining heterogeneous kinetics involving the immobilized CoI metallo-porphyrin species and the
dihaloaromatic substrate species, was observed over much of the experimental time-scale.

Figure 2. Plots of normalized chronoamperometric response in various formats derived from
eqn.43 for γ = 0.1.

Figure 3. Plots of normalized chronoamperometric response in various formats derived from
eqn.43 for γ = 1.

Figure 4. Plots of normalized chronoamperometric response in various formats derived from
eqn.43 for γ = 10.
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Irreversible Mediated Electron Transfer Coupled with Irreversible Heterogeneous Electron
Transfer Kinetics
Here we examine the more complicated situation of mediated electron transfer at a monolayer film
assuming that the bimolecular cross exchange reaction is irreversible, and that mediator generation is
irreversible and described via Butler-Volmer kinetics.
In this case the net flux is given by
fΣ =

i
 ds 
= DS   = k E′ ΓA + k H ΓB s0
nFA
 dx  0

(44)

and so the flux consists of two terms : that due to the surface reaction involving mediator generation,
and that arising from the mediation cross exchange reaction involving B and S. Again to obtain an
expression for the interfacial concentration of substrate in eqn.44, the time dependent Fick diffusion
equation presented in eqn.15 must be solved subject to the initial and boundary conditions presented in
eqn.16. However the flux balance at the interface is now expressed via eqn.44. Again we adopt the
strategy of using normalized variables to make the equations dimensionless and utilize the definitions
presented in eqn.18. We can readily show that the flux matching condition for the irreversible
generation of a surface bound redox mediator species presented in eqn.34 can be expressed as
 du 

 = ζ (1 − θ ) + γ ′ u 0θ
χ
d

0
where we note that θ =

γ′=

k H ΓΣ δ
,
DS

and

the

(45)

ΓB
, γ' is given by a modified form of eqn.21 and is represented as
ΓΣ
heterogeneous

rate

constants

are

of

the

Butler-Volmer

form

k E′ = k 0 exp[β ξ ].We have also introduced a further competition parameter ζ which relates the flux
associated with mediator generation with the substrate diffusion flux. This parameter is given by
k′ Γ δ
ζ = E Σ∞ .
DS s
A problem immediately arises if we want to apply the method of Laplace Transformation to
solve the problem as we have done for the situation where surface mediator generation is Nernstian.
We note from eqn.45 that in general both the normalized concentration of the substrate at the
monolayer/solution interface u0 and the fractional surface coverage θ are both time dependent. Indeed
we can readily show, using an analysis similar to that leading up to eqn.10, that

θ (τ ) = 1 − exp[− κ exp[β ξ ]τ ]

(46)

where the symmetry factor β and the normalized potential ξ have been invoked previously in eqn.2,
D t
k 0δ 2
and we have introduced the parameter κ =
and the normalized time τ = S2 . The variation of
DS
δ
normalized surface coverage of mediator species with time, computed from eqn.46 is presented in
figure 5, for various values of the competition parameter κ and the normalized potential ξ. It is clear
from the latter computation that θ Æ 1 rather rapidly when either κ increases or ξ increases.
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It will be difficult to evaluate the Laplace transform of the bimolecular factor θu0 in eqn.45 since in
general the Laplace transformation operator is not distributive. However for irreversible kinetics the
normalized potential ξ applied to the electrode surface will usually be large (a large amplitude
potential step will usually be applied) and consequentially the exponential term in βξ in eqn.46 will
be very large. This situation will pertain, as illustrated in figure 5, provided that the kinetics of
mediator generation within the monolayer is not very kinetically sluggish making the competition
parameter κ very much less than unity. Hence to a very good approximation we can assume that
exp[− κ exp[β ξ ]τ ] → 0 under irreversible conditions where mediator generation is hard driven and so
the normalized surface coverage of electrogenerated mediator species θ ≅ 1 and the quantity
1 − θ ≅ 0 . Hence for irreversible conditions the generalized flux matching condition outlined in eqn.35
 du 
 ≅ γ u 0 which is the same as that used in eqn.20 when Nernstian mediator generation
reduces to 
 dχ  0
was discussed. We can use the expression for u0 developed in our previous analysis and hence we
 du 
γ
 =
recall from eqn.30 that Ψ ( p) = 
, which on application of the inverse Laplace
p p +γ
 dχ  0

(

)

Transformation results in the following expression for the normalized current response:
Ψ (τ ) = γ ′ exp γ ′2τ  erfc γ ′

τ 

(47)

This is similar in form to the result outlined in eqn.31 with the proviso that the reaction/diffusion
parameter γ' is potential independent in that it reflects the total surface concentration of mediator
species ΓΣ rather than the surface concentration of active mediator species ΓB as is the case in eqn.31.

Figure 5. Variation in the normalized surface coverage of mediator species B with time for
various values of κ and normalized potential ξ.
Discussion
In the present communication we have presented a theoretical analysis describing the
chronoamperometric response arising from the mediated electron transfer of a solution phase substrate
at a redox active monolayer. Potential step chronoamperometry is one of the most simple transient
electrochemical experiments to perform, and requires only the most basic electrochemical equipment .
Consequently , we have found it surprising that this elementary technique has not been applied
extensively to probe the kinetics at redox active monolayers. Most studies have utilized rotating disc
voltammetry or cyclic voltammetry instead. Solution of the Fick diffusion equation for the substrate
transport to the monolayer surface coupled with the development of a suitable flux matching condition
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at the monolayer/solution interface enabled the development of an analytical expression for the
transient current response in terms of well established mathematical special functions. We have shown
that kinetic information may be readily extracted from the developed expressions for the current
response as a function of time.
It is important to note that our theory has assumed that a simple bimolecular reaction event occurs
between the redox active surface immobilized mediator and the solution phase substrate and so the
electron transfer event is of an outer sphere nature. This assumption may not be of general validity. For
instance , as noted earlier, Rocklin and Murray [12] compared the electrocatalytic rates for different
halo aliphatic and haloaromatic substrates such as PhCHBrCH2Br, PhCHBrCHBrPh and
CH2BrCHBrCH3 and the immobilized CoI metallo-porphyrin mediator. From this work they
concluded that the electron transfer mediation process involved a specific interaction between substrate
and metalloporphyrin, rather than being a simple bimolecular outer sphere event. It was proposed that
the mediation reaction must involve the formation of an adduct species. However the authors [12] did
not speculate on the nature of the substrate/binding mechanism or the mechanistic details of the
electron transfer process. Bearing this observation in mind, we need to further develop the theoretical
analysis of mediated electron transfer at redox active monolayers, to take into consideration a more
complex kinetic interaction between mediator and substrate, involving binding and subsequent adduct
formation. We will pursue this avenue of approach in the succeeding paper of the current series.
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