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The theoretical approach to the application of the first period of a sinusoidal current at static and
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heterogeneous and homogeneous kinetic parameters are proposed. In order to check theoretical result,
the rate of benzidine rearrangement was evaluated from transition time measurements.
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In a previous paper we have carried out a general study of the CE and EC mechanisms
using chronopotentiometry with various current–time functions at usual types of elec-
trodes1. These techniques, in which current does not change the sign during the experi-
ment, are useful for determination of kinetic parameters of chemical reactions
preceding the charge transfer reaction from transition times. However, when chemical
steps follow charge transfer reactions, kinetic information cannot be obtained from the
transition time but only from the complete potential–time curve. Therefore, the calcula-
tion of chemical kinetic parameters is more difficult and is affected by the kinetics of
the charge transfer reaction2–6. For those cases, perturbations in which the sign of the
current changes (alternating current) are more adequate. The kinetic information of the
chemical step can be obtained from transition times of the oxidation process, achieved
after the first change of the current sign.

In refs7–9 we have analyzed the application of an alternating current of low frequency
and large amplitude to different types of electrodes to study a simple charge transfer
reaction. We have shown the advantages of these procedures for determination of
heterogeneous kinetic parameters α and kS. The potential–time curves obtained with
this technique are little affected by the charging of the double layer, however, the ef-
fects of electrode curvature are enhanced.

In this work we have developed a rigorous theory describing the response of EC
mechanism to the alternating current of the form I(t) = I0 sin ωt applied to a DME. It is
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using a more rigorous model of an expanding sphere and assuming, for convenience,
the existence of a blank period t1 ≥ 0. We have also considered an asymptotic solution
applicable when the steady state is reached in the reaction layer. From the equations
deduced in this paper for the dropping mercury electrode (DME), the response corre-
sponding to a static mercury dropping electrode (SMDE) and to a static plane electrode
can be obtained as particular cases.

In spite of the equations obtained in this paper being valid for any number of cycles
of the alternating current, only the first cycle appears to be the most interesting for the
study of EC mechanism. Moreover, the alternating current is applied under conditions
in which the direct transition time, τA, is not reached. In this case, when only species A
is initially present in solution, the transition time corresponding to the oxidation pro-
cess always exists and only depends on chemical kinetics but not on most of the ex-
perimental parameters (electrode area, alternating current amplitude, etc.). Owing to
this characteristic, the diagnosis of an EC mechanism is immediate, and its quantitative
characterization is very easy. Consequently, this technique can be advantageous com-
pared to more popular potentiostatic techniques. We have proposed methods for calcu-
lation of equilibrium and rate constants of the chemical reaction following charge
transfer reaction and also for determining the kinetic parameters of the charge transfer
reaction.

Finally, we have applied the methods described in this paper to the extensively stu-
died reaction of benzidine rearrangement which has been the reference for most of the
theoretical electrochemical studies on the EC mechanism10–14. Our results are in a good
agreement with those previously reported.

THEORETICAL

The EC mechanism is described by the Eq. (A).

A + n e        B        C (A)

The corresponding boundary value problem is given by (see Symbols for notation)

δ̂ACA = 0 (1)

δ̂BCB = −δ̂CCC = −k1CB + k2CC (2)

kf

kb

k1

k2
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t = 0,  r ≥ r0

t > 0,  r → ∞



  CA = CA

∗ ,  CB = CB
∗ ,  CC = CC

∗ (3)

K = 
CB

∗

CC
∗  = 

k2

k1
(4)

t > 0, r = r0

DA 




∂CA

∂r



r=r0

 = −DB 




∂CB

∂r



r=r0

 = 
I(t)

nFA(ts)
(5)

DC 




∂CC

∂r



r=r0

 = 0  . (6)

Moreover,

I(t)
nFA(ts)

 = kfCA(r0,t) − kbCB(r0,t)  , (7)

where δ̂i is the operator corresponding to the expanding sphere15

δ̂i = 
∂
∂t

 − Di 




∂2

∂r2 + 
2
r
 

∂
∂r




 + 

a3

3r2 
∂
∂r

  . (8)

In the following, we assume that

DA ≠ DB = DC  . (9)

When an alternating current of the form

I(t) = I0 sin Ω (10)

is applied to a DME with Ω = ω t (Eq. (A6)), by a procedure similar to that described in
refs1,7,8, we deduce for the surface concentrations of A and B species (see Appendix),

CA(r0,t)
CA

∗  = 1 − NDMEt1/2SA (11)
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CB(r0,t)
CA

∗  = 
1

1 + K
 

KµEC + γNDMEt1/2 [KSB + XB]


  , (12)

where

NDME = 
2I0

nFA (ts) √DA CA
∗ (13)

A(ts) = A0 ts
2/3 (14)

ts = t1 + t (15)

µEC = 
CB

∗  + CC
∗

CA
∗ (16)

γ = 




DA

DB





1/2

  . (17)

t1 is a blank period elapsed between the time when the drop is breaking off and the
application of the current and t is the time elapsed between the application of the cur-
rent and the measurement of the potential. Si (i = A or B) and XB are functional series
defined in the Appendix. These series are valid for a DME. However, they can be easily
transformed for an SMDE and a static plane electrode by simple transformations ac-
cording to Eqs (A15)–(A19). All general expressions deduced in this paper are therefore
applicable to any static or dynamic electrode, spherical or planar.

When I0 and/or ω in Eq. (10) take values such that the transition time of species A,
τA, is reached (before the change of the current sign), the results obtained with a sinu-
soidal current do not differ substantially from those with a programmed current1–7. In
this case, when t = τA, the experiment must be stopped to avoid decomposition of
supporting electrolyte. This possibility is not very interesting for the study of an EC
process, since τA is identical to that deduced for an electrochemical process and inde-
pendent on chemical kinetic parameters as indicated by Eq. (11).

When the depletion of A at the electrode surface does not occur, and when species B
and C are not initially present in the solution, the transition time of B, τB, is always
reached (after the first change of the alternating current sign). However, if species B
and C are initially present in the solution, τB may or may not be reached depending on the
value of CB

∗  + CC
∗  (ref.8). The general expression for τB is deduced by setting CB(r0,t) in

Eq. (12) equal to zero, so we obtain
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τB
1/2 = 

−KnFA0(t1 + τB)2/3√DB (CB
∗  + CC

∗ )
2I0 [KSB + XB]t=τB

  . (18)

For CB
∗  + CC

∗  = 0, the equation is simplified to

[KSB + XB]t=τB
 = 0  . (19)

The transition time τB, corresponding to the oxidation of species B is function of the
rate constants of the chemical reaction since χ = (k1 + k2)t (series XB in Eq. (A10)).
Thus, it is possible to determine k1 and k2 from measurements of τB (see Results).

From Eq. (19) it is clear that, when only species A is initially present in the solution,
τB is independent of most of the experimental conditions, such as I0, CA

∗ , electrode area,
etc.

The general potential–time response can be deduced by introducing Eqs (11) and
(12) into Eq. (7)

NDME√DA

2ks
 sin (Ω) eαη(t) = 1 − NDME t1/2SA − 

eη(t)

1 + K
 

KµEC + γNDME t1/2 [KSB + XB]


,   (20)

where

η(t) = 
nF
RT

 [E(t) − E0] . (21)

For a reversible process (ks  → ∞), when µEC = 0, Eq. (20) becomes

E(t) = E0 + 
RT
nF

 ln 
(1 + K)
γNDME

 + 
RT
nF

 ln 
1 − NDMEt1/2SA

t1/2(KSB + XB)
  . (22)

For totally irreversible process (ks << 1 cm s–1) two following situations are possible:
a) For I(t) > 0 (ωt < π) Eq. (20) takes the form












E(t) = E0 + 
RT

αnF
 ln 

2ks

NDME√DA
 + 

RT
αnF

 ln gc

gc = 
1 − NDMEt1/2SA

sin Ω












(23)

b) For I(t) < 0 (π < ωt < 2 π) Eq. (20) is transformed into
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E(t) = E0 − 
RT

(1 − α)nF
 ln 

2ks

NDME√DA
 + 

RT
(1 − α)nF

 ln ga

ga = 
−(1 + K) sin Ω

NDMEγt1/2[KSB + XB]












  . (24)

As can be deduced from Eqs (23) and (24), the potential–time response for the cathodic
current I(t) > 0, given by Eq. (10), is independent on the kinetic parameters of the
chemical step and it does not differ from that obtained for a simple, irreversible charge
transfer process. On the other hand, the potential–time response associated with anodic
current I(t) < 0 is affected by the presence of the chemical reaction and depends both
on K and k (k = k1 + k2) as follows from series XB, Eq. (A10). This behaviour will be
analyzed below.

THEORETICAL RESULTS

Surface Concentrations and Transition Times

 The expressions for the surface concentrations corresponding to an EC process, Eqs
(11), (12) and, therefore, potential–time response depend on the series SA, SB and XB

given by Eqs (A1) and (A10). The series Si (i = A or B) corresponds to the electrochemi-
cal process, and, therefore, has diffusive character. The surface concentration of A ac-
cording to Eq. (11) does not differ from that obtained for electrochemical mechanism.
On the other hand, series XB, which appears in the expression CB (r0,t), Eq. (12), de-
pends on the chemical constants k1 and k2 , Eq. (A14), and, therefore, on the chemical
kinetics. This series decreases with increasing χ and has the following lower and upper
limits:

[XB(ξB,β,χ,Ω)]χ→∞ → 0 (25)

[XB(ξB,β,χ,Ω)]χ→0 → SB(ξB,β,Ω)  . (26)

Equation (25) can easily be verified by taking into account large values of χ, for which
the steady-state approximation can be applied. The expression for XB is simplified to

XB = 
sin Ω
2χ1/2      for χ ≥ 20 (27)

for any type of electrode (DME, SMDE or planar electrodes).
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Moreover, it can easily be proved from Eqs (12), (25)–(27) that the EC mechanism
has attributes of a simple electrochemical process in two following cases: considering
µEC = (1 + K)CB

∗ /KCA
∗  for χ → 0, K > 0 and for K >> 1, any value of χ.

Indeed, by substituting one of above mentioned conditions into Eq. (12) we obtain

CB(r0,t)
CA

∗  = 
CB

∗

CA
∗  + γNDMEt1/2SB  , (28)

which is identical to the equation for electrochemical mechanism7,8.
Other subjects of interest are χ → ∞ and K > 0.
The transition time for an EC mechanism (only species A present in solution) is

coincident with that for a charge transfer reaction (E process), as can easily be found by
setting CB (r0,t) in Eq. (12) equal to zero (note that under these conditions µEC =  0 and
XB (ξB, β,χ,Ω) = 0).

In the case of K → 0, Eq. (12) is transformed into

CB(r0,t)
CA

∗  = γNDMEt1/2XB (29)

i.e. an EC process has now a most pronounced kinetic character.

Determination of Kinetic Parameters

 For determining the rate constants k1 and k2 of the posterior chemical step it is necessary to
know the value of the equilibrium constant K. It can be determined, e.g., by extrapola-
tion of the transient response (potential–time curve) to the equilibrium response (near
zero time) as long as species A, B and C are initially present in the solution.

For t → 0 in Eq. (20), we obtain

E(t → 0) − E0 = 
RT
nF

 ln 
(1 + K)
KµEC

  . (30)

Once K is known, the rate constants can easily be deduced from the curves plotted in
Fig. 1. In this figure we have represented the variation of τB/τBE

 vs χt = τB
. The ex-

perimental conditions (I0, CA
∗  and electrode area) have been chosen in such a way that

τA is not reached and τB exists. In other words, NDME < NDMEmin
 (see Eq. (39) in ref.8).

This figure corresponds to the more usual situation for an EC process in which only
species A is initially present in solution (µEC = 0). In this case, τB/τBE

 or Ωt = τB
/Ωt = τBEand χt = τB

 are related through the equations
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[XB(ξB,β,χ,Ω)]t=τB
 = −K[SB(ξB,β,Ω)]t=τB

(31)

and

[SB(ξB,β,Ω]t=τBE

 = 0  . (32)

From these curves the determination of k1 + k2 for K values near zero is immediate.
For large values of K, at least two measurements of τB, corresponding to different ω
values, must be carried out in order to select the adequate branch of the working curve.

These curves present, among others, the following advantages:
a) it is possible to determine k1 and k2 directly from experimental values of τB.
b) The curves remain valid when the frequency of alternating current ω is changed

and the electrode sphericity is not taken into account (ξB = 0) (Fig. 1). This feature is
due to the fact that Eqs (31) and (32) depend on ω (Ω = ωt). Therefore, for a plane
electrode, the series SB (ξB = 0,β,Ω) and XB (ξB = 0,β,χ,Ω) depend only on Ω and χ at
Ω1 = ωt1 fixed since the parameters β and Ω are related by

β = 
t

t1 + t
 = 

Ω
Ω1 + Ω (33)

and

τB

τBE

 = 
Ωt=τB

Ωt=τBE

  . (34)
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FIG. 1
Working curves deduced from Eqs (31) and
(32) for a DME with the expanding plane
electrode model (ξB = 0) for different values
of K. The values of Ω1 are: 1 0, 2 1, 3 3
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c) For calculation of k1 and k2, τB can be determined fairly reliably, taking into ac-
count that when only species A is initially present in the solution (Eq. (28)), then τB is
independent of NDME ts

2/3, i.e. of the values of I0, CA
∗ , etc. as follows from Eq. (13).

Potential–Time Curves

 Figure 2 shows the influence of the rate constant k1 on E(t) – E0 vs t plots (E–t curves),
corresponding to an irreversible EC mechanism (K = 0) where the electrochemical step
is reversible. These curves are shifted to more negative potentials and the transition
time increases when k1 diminishes. In Fig. 3 we have plotted the E–t curves obtained
for different values of k = k1 + k2 for K > 0. In this case it can be noticed that for high
and low k values (curves 1 and 4) the transition times are coincident, since in both
cases the EC mechanism behaves as an E process (Eqs (12) and (28)) as discussed

0           1           2            3           4           5           6

250

200

150

100

 50

  0

E(t) – E0

mV

t, s

2
3 1 4

1

3

4

FIG. 3
Potential–time curves at a DME correspond-
ing to an EC mechanism with a reversible
charge transfer reaction; K = 1, ω = 0.8 s–1,
t1 = 0.5 s, NDME tS

2/3 = 2I0 /n F A0√DA CA
∗  = 1

s1/6, ξ0A = ξ0B = 0.15 s–1/6. The values of k =
k1 + k2 (s

–1) are: 1 1 . 10–2, 2 1, 3 10, 4 1 .
104. Vertical dotted line corresponds to t =
π/ω. Other conditions as in Fig. 2
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  0
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E(t) – E0

mV

t, s

1

3

2

FIG. 2
Potential–time curves at an SMDE corre-
sponding to an EC mechanism with a revers-
ible charge transfer reaction and an
irreversible chemical step (K = 0), ω = 1 s–1,
NSMDE = 1 s–1/2, ξ0A =  ξ0B = 0.1 s–1/2, µEC = 0,
γ = 1, T = 298 K. The values of k1 (s

–1) are: 1 1
. 10–2, 2 1, 3 1 . 102
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above. The transition times corresponding to curves 2 and 3, calculated for intermedi-
ate k values are shorter. For χ ≥ 20, Eq. (27) is fulfilled and the E–t curves calculated
at different values of k present a common point at t = π/ω, independent on the chemical
rate constants (curves 3 and 4 in Fig. 3). This common point can be used for determin-
ing the equilibrium constant when the chemical kinetic is rapid (Eq. (27)). This is
shown in Fig. 4 where four types of curves with high values of the rate constants (k =
20, 50 and 100 s–1) are plotted for different values of K. The potential corresponding to
this point can be determined by setting XB = 0 and t = tC = π/ω in Eq. (22) for the EC
process with a reversible electrochemical step. For example, for γ = 1 and an SMDE with
r0 = 0.03 cm, DA = 10–5 cm2  s–1, ω = 1 s–1 and k = k1 + k2 = 10 s–1 we obtain

E(t = π) = E0 + 
RT
nF

 ln 
1 + K

0.017K
 + 

RT
nF

 ln 
2.410 − NSMDE

NSMDE
  , (35)

0              1             2              3               4              5
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   0

–200

–400

E(t) – E0
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t, s

2 3

1

1

32

FIG. 5
Chemical and electrochemical reversibility
effects on the potential–time curves corre-
sponding to an EC mechanism at a SMDE; ω =
1 s–1, k = k1 + k2 = 1 s–1, DA = 10–5 cm2 s–1,
NSMDE = 1.2 s–1/2, ξ0A = ξ0B = 0.1 s–1/2, α = 0.5.
The values of ks (cm s–1) are: (−−−−−) 1 . 10–2,
(− − − −) 1 . 10–5. The values of K are: 1 0, 2
1, 3 100. Other conditions as in Fig. 2
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K = 0.5
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K = 0.3
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FIG. 4
Potential–time curves at an SMDE corre-
sponding to an EC mechanism with a fast
chemical reaction and a reversible charge
transfer reaction, ω = 0.5 s–1, NSMDE = 1 s–1/2,
ξ0A = ξ0B = 0.2 s–1/2. The curves are labelled
with values of K. The values of k = k1 + k2 (s

–1)
are: (−−−−−), 20, (− − − −) 50, (. . . .) 100.
Vertical dotted line corresponds to t = π/ω.
Other conditions as in Fig. 2
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where NSMDE is given by Eq. (A17). From Eq. (35) with given value of NSMDE value of K
can be determined. Note that for K = 0, tC corresponds to the transition time.

Figure 5 shows the influence of the chemical equilibrium constant on E–t curves of
an EC mechanism (k = 1 s–1) with quasireversible (solid lines) or irreversible (dotted
lines) electrochemical step. It can be seen that the influence of K on each situation is
very different: The quasireversible process is affected by K throughout the complete
chronopotentiogram; the totally irreversible process is not affected by the chemical
equilibrium in its response to the cathodic current (Ω < π), whereas the anodic region
(Ω > π) is affected strongly. It is in agreement with Eqs (23) and (24). Moreover, in the
latter case, for K → 0 the decrease of τB leads to the disappearance of characteristic
shoulder of these curves, when the electrochemical step is irreversible7.
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–200

–400

E(t) – E0
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FIG. 7
Heterogeneous rate constant effects on the
potential–time curves corresponding to an EC
mechanism at a DME. K = 5, k = k1 + k2 = 1.5 s–1, ω =
0.8 s–1, t1 = 0.5 s, DA = 1 . 10–5 cm2 s–1,
NDME tS

2/3 = 2I0 /n F A0√DA CA
∗  = 1.2s1/6. The

values of ks (cm s–1) are: 1 1 . 103, 2 5 . 10–4, 3 1 . 10–4,
4 1 . 10–5. Other conditions as in Fig. 2
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FIG. 6
Chemical rate constant effects on the potential–
time curves at a DME corresponding to an EC
mechanism when both chemical and electro-
chemical steps are irreversible; K = 0, ks = 1 . 10–5

cm s–1, α = 0.5, ω = 1.2 s–1, t1 = 1 s, DA = 1 . 10–5

cm2 s–1, NDME tS
2/3 = 2I0/nFA0√DA CA

∗  = 1.5
s1/6. The values of k1(s

–1) are: 1 0.1, 2 1, 3
10. Other conditions as in Fig. 2
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Figure 6 shows the effect of the homogeneous rate constant k1 on the E–t curves for
an irreversible electrochemical process (kS = 10–5 cm s–1) and for an irreversible chemi-
cal reaction (K = 0). In this case, the decrease of τB due to the increase of k1, yielded
less enhanced shoulder. So, for high values of k1 the shoulder completely disappears
(see curve 3 in Fig. 6).

We now shall analyze the influence of the reversibility of the electrochemical step on
E–t curves. Figure 7 shows the influence of kS on the EC mechanism for K = 5. The
cathodic and anodic branches become more separated as kS diminishes. For a totally
irreversible process a shoulder appears on these curves. Furthermore, it can be seen that
the point of intersection, whose ordinate corresponds to the polarographic crossing-
potential, is independent on the heterogeneous kinetic parameters7–9.

Determination of the Kinetic Parameters α and kS of the Electrochemical Step

 Electrochemical kinetic parameters can be obtained by linear regression analysis of
E(t) vs ln (gC) and E(t) vs ln (gA) plots in agreement with Eqs (23) and (24). Thus, it is
possible to discriminate between an EC and an E process, since in the latter case the
function gC is identical to that obtained for an EC mechanism, while the function gA has
a different form.

EXPERIMENTAL

Waveforms generation and data acquisition were performed using i–SBXDDA4 and DAS16-330i
(ComputerBoards, U.S.A.) boards, respectively. All computer programs were written in our labora-
tory. Computer driven potentiostat–galvanostat was designed and constructed by QUICELTRON
(Spain). A SMDE was constructed using a DME, EA 1019-1 (Metrohm) to which a home-made
valve was sealed. Different open times in this valve allowed electrode radii to be between 0.01 and
0.05 cm. A reference was Ag/AgCl/KCl(sat) electrode. Working solutions (40% (v/v) ethanol) were
prepared from an ethanolic 10 mmol l–1 azobenzene stock solution (stored in dark) to which appro-
priate amounts of water, ethanol and aqueous solutions of HClO4 and NaClO4 were added. In all ex-
periments the temperature was kept constant at 25 ± 0.2 °C. Other methods and experimental
conditions are described in ref.7.

EXPERIMENTAL RESULTS

To verify methods proposed in this paper for the determination of the kinetic par-
ameters of the chemical step, the well known reduction of azobenzene was used accord-
ing to Eqs (B), (C).

N N +  2 e  + 2 H NH NH (B)
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Here, azobenzene is reduced to hydrazobenzene which undergoes benzidine rear-
rangement in strong acid. The kinetic studies reported10,11 show that the rearrangement
is of the first order for hydrazobenzene and of the second order for hydronium ions.
According to these studies, in the presence of a strong acid, the process is of pseudo
first order in hydrazobenzene, and the charge transfer reaction is reversible.

Figure 8 shows alternating current chronopotentiograms of azobenzene at several
acid concentrations. The theoretical transition time τBE

 of species B correponding to an
electrochemical process is shown in this figure. As discussed above, τBE

 is an upper
limit for τB. Apparently, this figure shows the presence of a chemical reaction (in-
fluenced by acid concentration) following the charge transfer reaction. We can also see
the complication appearing in the reduction mechanism of azobenzene in an unbuffered
neutral medium (curve 1). The appearance of the shoulder associated with a quasirever-
sible charge transfer reaction is evident. Due to more complex interpretation of azoben-
zene reduction in a neutral medium, no kinetic analysis was carried out for this case.

An interesting problem is the measurement of transition times. In fact, each proposed
method implies some degree of arbitrariness. We have measured τB as the point at
which the concavity of the suddenly ascendant E–t curve changes. For this purpose, the
first derivative of the E–t curve was calculated and the transition time was defined by
the point at which the derivative reached its maximum value, as illustrated in Fig. 9.

NH NH
k1

H2N

H2N

H2N NH2

+ (C)

0              1             2              3              4              5

 0.5

 0.4

 0.3

 0.2

 0.1

 0.0

–0.1

–0.2

E, V

t, s

1

3

2

4

τBE

FIG. 8
Experimental potential–time curves at an
SMDE corresponding to 2 mmol l–1 azoben-
zene; ω = 1 s–1, I0 = 3.5 µA, r0 = 0.026 cm.
The concentrations of HClO4 and NaClO4 (in
mol l–1) are as follows: 1 0, 1.5; 2 0.25, 1.25;
3 0.63, 0.87; 4 1.25, 0.25
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According to Eq. (19) τB is independent of I0 for an EC process. In Fig. 10 we can
see this independence for benzidine rearrangement. Moreover, this characteristic is as-
sumed as a diagnosis for the absence of a double layer capacitative distortion, since
when capacitative effects are present, τB is dependent on I0 (ref.16).

The results of our kinetic analysis carried out at three acid concentrations are shown
in Table I. As pointed out, for the calculation of the chemical rate constants it is
necessary to assume a value for K (the chemical equilibrium constant). According to
previous reports10–14, we assume K = 0. As shown in Table I, the values found for the
rate constant are practically independent of ω, indicating a good performance of the
method and also that the assumption of K = 0 is correct (hence k1 >> k2). A direct
comparison of our results with those previously given in the literature is not immediate,
because these studies have been carried out under a wide range of experimental condi-

0.0       0.5        1.0        1.5        2.0         2.5        3.0

 0.4

 0.3

 0.2

 0.1

 0.0

E, V

t, s

1

3 2

1

FIG. 10
Experimental potential–time curves at an
SMDE (solid lines) corresponding to 2 mmol l–1

azobenzene in 0.25 mol l–1 HClO4 and 1.25
mol l–1 NaClO4; ω = 1.5 s–1, r0 = 0.026 cm.
The values of I0 (µA) are: 1 3.5, 2 5, 3 6.
Circles correspond to theoretical curves cal-
culated for a reversible charge transfer reac-
tion with K = 0, ω = 1.5 s–1, ξ0A = ξ0B =
0.138 s–1/2, µEC = 0, γ = 1, T = 298 K, E0 =
0.100 V. The values of NSMDE (s

–1/2) are: 1
1.193, 2 1.705, 3 2.046
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1          2                  3

FIG. 9
Experimental potential–time curves at an
SMDE (solid lines) and their first derivative
(dashed lines) corresponding to 2 mmol l–1

azobenzene in 0.25 mol l–1 HClO4 and 1.25
mol l–1 NaClO4; I0 = 3.5 µA, r0 = 0.026 cm.
The values of ω (s–1) are: 1 1.00, 2 0.75, 3 0.50
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TABLE I
Kinetic data for the perchloric acid-catalyzed rearrangement of hydrazobenzene in 40% (v/v) etha-
nol–water solution of HClO4 + NaClO4 mixture at 25 °C. Azobenzene 2 mmol l–1, r0 = 0.026 cm. It
is assumed that DA = DB = 3.2 . 10–6 cm2 s–1 (A = azobenzene, B = hydrazobenzene)

ω, s–1 I0, µA τB, s kl, s
–1

[HClO4] = 0.25 mol l–1, [NaClO4] = 1.25 mol l–1

0.5 3.5 7.55 0.16

 0.75 3.5 5.16 0.16

1.0 5.0 3.94 0.14

1.5 6.0 2.65 0.18

2.0 6.0 2.02 0.13

3.0 7.5 1.36 0.13

4.0 10.0 1.02 0.19

mean value: 0.15 ± 0.02

[HClO4] = 0.63 mol l–1, [NaClO4] = 0.87 mol l–1

0.5 3.5 6.68 1.15

 0.75 3.5 4.52 1.30

1.0 5.0 3.44 1.38

1.5 6.0 2.36 1.39

2.0 6.0 1.82 1.28

3.0 7.5 1.25 1.26

4.0 10.0 0.96 1.16

mean value: 1.27 ± 0.09

[HClO4] = 1.25 mol l–1, [NaClO4] = 0.25 mol l–1

0.5 5.0 6.43 3.26

 0.75 7.5 4.33 3.36

1.0 7.5 3.28 3.39

1.5 7.5 2.22 3.65

2.0 7.5 1.69 3.73

3.0 7.5 1.16 3.60

4.0 10.0 0.89 3.53

mean value: 3.50 ± 0.17
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tions. However, consulting refs10–14, the agreement with our results is clearly seen. For
example, in ref.11, for a composition of solution similar to our own, 40% (v/v) ethanol and
0.25 mol l–1 HClO4, they obtained a value for k1 = 0.143 s–1, while the value obtained by us
under analogous conditions (except of the concentration of NaClO4) was k1 = 0.15 s–1.

CONCLUSIONS

The application of an alternating current to spherical electrodes is a very powerful
technique for characterizing an EC mechanism, under conditions at which the transition
time of the oxidized species τA is not reached. Under these conditions, the transition
time of the reduced species τB is always reached during the first cycle of the alternating
current if species B is not initially present in solution. It involves an important homo-
geneous kinetic information and does not depend on most experimental details such as
the alternating current amplitude I0, the electrode area and the initial concentration of
the oxidized species. A suitable time scale for each kinetic situation is achieved by
selecting an appropriate value of ω.

The EC mechanism behaves as an E mechanism in the two cases: χ→ 0, K > 0 and
K >> 1, any value of χ.

When K = 0 the EC mechanism shows the most pronounced kinetic character accord-
ing to Eq. (29). In this case, the oxidation transition time, τB, diminishes when the
homogeneous rate constant k1 increases. When K > 0, τB diminishes initially with k1 + k2

until it reaches its minimum value. Then τB increases to its upper limit given by the
oxidation transition time of an E process τBE

.
For totally irreversible charge transfer reaction, the cathodic region of E–t curves is

identical for both E and EC mechanisms, while the anodic region is strongly dependent
on homogeneous kinetics.

The procedures described in this paper for calculating chemical rate constants have
been applied to the benzidine rearrangement reaction. The values obtained are in agree-
ment with previous studies10–14.

APPENDIX

The series Si (i = A or B) and XB in the expressions for surface concentrations depend
on the type of the electrode. In this work these series have been derived for the DME
because for this electrode the problem is more general. Moreover, expressions derived
for the expanding sphere electrode can be simply transformed for static spherical elec-
trode (SMDE) and for planar electrode (PE).

The Si and XB series for a DME are given by

Si = Si(ξi,β,Ω) = ∑ 
n=0

∞
(−1)nΩ2n+1

(2n + 1)!  Gn(ξi,β) (A1)
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Gn(ξi,β) = Gn
(0)(β) − ξiGn

(1)(β) + ξi
2Gn

(2)(β) + … (A2)

Gn
(0)(β) = 

1
P4n+3




1 + 

β3

3(4n + 5) + 
7
18

 
β6

(4n + 5)(4n + 7) +

+ 
20
27





β9

(4n + 5)(4n + 7)(4n + 9) + …




(A3)

Gn
(1)(β) = 

1
4(2n + 2) + 

β3

8(2n + 2)(2n + 3) + 3
β6

32(2n + 2)(2n + 3)(2n + 4) + … (A4)

Gn
(2)(β) = 

1
P4n+3

 




1
2(4n + 5) + 

β3

(4n + 5)(4n + 7) + …



  , (A5)

where Ω, ξi and β are dimensionless parameters given by

Ω = ωt (A6)

β = 
t

t1 + t
 = 

Ω
Ω1 + Ω (A7)

with

Ω1 = ωt1 (A8)

ξi = 
2(Dit)1/2

r0
(A9)












XB = XB(ξB,β,χ,Ω) = exp (−χ)∑(−1)nΩ2n+1χj

(2n + 1)! j!
j,n

∞

 Jj,n(ξB,β)

Jj,n(ξB,β) = Jj,n
(0)(β) − ξBJj,n

(1)(β) + ξB
2Jj,n

(2)(β)












(A10)

Jj,n
(0)(β) = 

1
P2j+4n+3

 



1 + 

β3

3(2j + 4n + 5) + 
7
18

 
β6

(2j + 4n + 5)(2j + 4n + 7) + 

+ 
20
27





β9

(2j + 4n + 5)(2j + 4n + 7)(2j + 4n + 9) + …




(A11)
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Jj,n
(1)(β) = 

1
4(j + 2n + 2) + 

β3

8(j + 2n + 2)(j + 2n + 3) +

+ 
3β6

32(j + 2n + 2)(j + 2n + 3)(j + 2n + 4) + … (A12)

Jj,n
(2)(β) = 

1
P2j+4n+3

 




1
2(2j + 4n + 5) + 

β3

(2j + 4n + 5)(2j + 4n + 7) + …




(A13)

χ = kt  . (A14)

Particular Cases

Null blank period (t1 = 0). In this case the alternating current given by Eq. (10) is
applied from the beginning of the drop life and Eqs (A1)–(A5) can be included in
Eqs (11)–(12) by setting β = 1.

Stationary spherical electrode. Equations (11) and (12) for CA (r0,t) and CB(r0,t) can
be transformed for a stationary electrode of area A = A0 = A0t 1

2/3 by assuming t1 >> t (or
β = 0) in Eqs (A3)–(A5), (A11)–(A13). Thus,

CA(r0,t)
CA

∗  = 1 − NSMDEt
1/2SASMDE

(A15)

CB(r0,t)
CA

∗  = 
1

1 + K
 

KµEC + γNSMDEt

1/2 

KSBSMDE

 + XBSMDE







(A16)

NSMDE = 
2I0

nFA√DA CA
∗ (A17)

SiSMDE
 = ∑(−1)nΩ2n+1

(2n + 1)!
n=0

∞

 




1
P4n+3

 − 
1

4(2n + 2)ξi + 
1

2(4n + 5)P4n+3
ξi

2 + …




(A18)

XBSMDE
 = exp (−χ)∑(−1)nΩ2n+1

(2n + 1)! j!
j,n

∞

χj 




1
P2j+4n+3

 − 
1

4(j + 2n + 2)ξi +

+ 




1
2P2j+4n+3 (2j + 4n + 5)ξi

2 + …



  . (A19)
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Stationary plane electrode. Equations (11) and (12) are transformed for a stationary
plane electrode of area A = A0 t1

2/3 by setting ξi = 0 and β = 0.

SYMBOLS

a (3mHg/4πd)1/3

A(ts) time dependent electrode area for a DME (= A0 ts2/3)
A0 electrode area at ts = 1 s (A0 = (4π)1/3(3mHg/d)2/3)
Di diffusion coefficient of species i, i = A, B or C
E0 formal standard potential of the electroactive couple
k k1 + k2

k1, k2 homogeneous rate constants of the forward and reverse first order chemical reaction
kS heterogeneous rate constant of charge transfer at E0

K CB
∗ /CC

∗

mHg, d rate of flow and density of mercury
Pj 2Γ(1 + j/2)/Γ[(1 + j)/2]
r0 electrode radius at time ts for a DME (r0 = a tS1/3) or fixed electrode radius for an SMDE
t time elapsed between the application of the alternating current and the measurement of

the potential
tS t1 + t
t1 blank period used, optionally, only with DME
β t/(t + t1) = Ω/(Ω + Ω1)
Γ Euler Gamma function
µEC (CB

∗  + CC
∗ )/CA

∗

ξi 2√Dit  ⁄ r0

ξ0i ξi /√t  for an SMDE, ξi tS1/3/√t  for a DME
τA reduction transition time for an EC process
τB oxidation transition time for an EC process
τBE oxidation transition time corresponding to an E process
χ kt
ω angular frequency of alternating current (2 πf, where f is conventional frequency in Hz)
Ω ωt
Ω1 ωt1
Other symbols have their usual meaning.
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