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An extended theoretical treatment of a two-step surface redox reaction under the conditions of
square-wave voltammetry (SWV) is presented. The theoretical model is applicable to any revers-
ibility of both redox steps of the EE reaction. The integral equations representing this theoreti-
cal model were solved numerically. The apparent reversibility of the redox steps depends on
two dimensionless kinetic parameters, | and i,, defined as x| = kg ,/f and K, = k ,/f, where k
and k; , are the standard rate constants of the first and second redox steps, respectively, and f'is
the excitation signal frequency. The response consists of either a single or two separate SW
peaks, depending mainly on the difference between the formal potentials of the first and sec-
ond redox steps as well as on the ratio of the kinetic parameters «/k,. The effect of the elec-
tron transfer coefficients of both redox steps is also discussed. A part of the theoretical results

Sudan-IIT

INTRODUCTION

Electrode transformations of many electroactive organic
compounds, as well as of some metal ions, occurring at
the electrode surface are frequently accompanied by ad-
sorption phenomena.!-!'7 In recent decades, numerous
studies have demonstrated that square-wave voltam-
metry (SWV) is an exceptionally convenient technique
for investigating the adsorption-coupled electrode reac-
tions.”-10.12.17 Characterised by unique advantages, such
as a high scan rate, large signal amplitude, effective abil-
ity to discriminate against the charging current, as well
as the ability to provide an insight into both half-reac-
tions of the redox process, SWV is one of the most ad-

are qualitatively illustrated by SW voltamograms of the azo-dye Sudan-III.

vanced members in the family of the pulse voltammetric
techniques.!7-26

The theory of SWV-related redox mechanisms ac-
companied by adsorption phenomena is still in progress.
Recently, attention has been paid to the study of simple
diffusionless surface redox processes in which both
components of the redox couple are immobilised on the
electrode surface.®102225.26 In our recent study,! it was
shown that SWV enabled both thermodynamic and ki-
netic characterisation of the surface reaction by a simple
and fast procedure. On the other hand, surface-confined
electrode processes are of considerable importance since
they are frequently encountered in redox polymer films,
self-assembled structures populated with redox sites, and
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simple adsorbates. Thus, it is of keen interest to extend
the applicability of SWV to more complex surface elec-
trode pathways.

Recently, Armstrong et al.?’-3! established a new field
of application of surface redox reactions. In the so-called
protein film voltammetry, these authors demonstrated how
to deduce valuable data about the physiological activity
of proteins by studying their surface electrode reactions.
The principle of protein film voltammetry is that the pro-
tein sample is confined to the electrode surface, ideally
as a homogeneous population in a monolayer coverage,
affording opportunities for a detailed study of electron
transfer and coupled reactions in proteins.

Although electrode reactions of many adsorbates oc-
cur in one step, cases exist where two or more redox steps
have been observed, such as azo-dyes,!!~1? and aromatic
carbonyl compounds.'*!> For these compounds, the prod-
uct of the initial reduction undergoes further electrode
transformation at either a more negative or the same po-
tential as for the initial reduction step. This type of elec-
trode reaction is designated as EE mechanism.

The theory of an electrode process consisting of two
successive surface redox reactions under the conditions
of linear scan voltammetry and simple dc-polarography,
was developed by Laviron et al.'® The theoretical treat-
ment of the surface EE electrode reaction under the con-
ditions of SWV was recently initiated by O'Dea et al.'?
In their study, the theoretical consideration was restricted
to the surface EE mechanism in which the first step was
quasireversible and the second one totally irreversible.

In this study, we have extended the theoretical treat-
ment of the EE electrode reaction to the case in which
both redox reactions are chemically reversible and char-
acterised by different standard rate constants, as well as
different electron transfer coefficients. The mathematical
solutions are represented as integral equations, and thus
they can be applied to any chronoamperometric technique.
The numerical solutions are adapted to the conditions of
SWV. The aim of the work is to study the relationships
between the properties of the SWV response and the ki-
netic and thermodynamic properties of the surface EE
electrode reactions. It is demonstrated that under certain
conditions SW enables access to the kinetics of both re-
dox steps utilising the method of the »quasireversible
maximum«. The origin of this phenomenon is explained
by the theoretical treatment of the simple surface redox
reaction under chronoamperometric conditions. The
ability of SW to discriminate against the charging cur-
rent for surface redox reactions is also briefly examined.

A part of the numerical results are qualitatively il-
lustrated by the experimental SW voltamograms of Su-
dan-III (1-[4-(phenylazo)phenylazo]-2-naphtol). Sudan-III is
a well-known bis-azo dye,!! which undergoes a two-step
electrochemical reduction in both non-aqueous and aque-
ous media. The comparison with the SW voltammetric
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behaviour of Sudan-III serves only to confirm the valid-
ity of the theoretical models and numerically simulated
data.

EXPERIMENTAL

Sudan-IIT (1-[4-(phenylazo)phenylazo]-2-naphtol) (Aldrich Co.),
borate buffer with pH = 10 (Fluka) and ethanol (Kemika,
Zagreb) were used as received. Water was doubly distilled.
A stock solution of Sudan-III, concentration 0.01 mol dm=3,
was prepared by dissolving it in absolute ethanol. 0.1 mol dm
borate buffers with pH = 10 values were used as supporting
electrolytes.

All measurements were performed at room temperature.
Extra pure nitrogen was purged through the solutions for 8
minutes prior to the first measurement and a nitrogen blan-
ket was maintained thereafter.

All voltamograms were recorded using a pAutolab (ECO
Chemie, Utrecht, Netherlands) which was connected to the
static mercury drop electrode (SMDE), Model 303A, from
Princeton Applied Research. A platinum wire was used as
an auxiliary electrode and Ag | AgCl | KCI (3 mol dm) as
reference electrode.

MATHEMATICAL MODEL

Consider the surface redox reaction in which species A
converts electrochemically to B, while B reduces con-
currently to the final product C. Both steps are chemi-
cally reversible first order redox reactions. Omitting the
charge of the species, the electrode mechanism can be
represented by the following Scheme I:

A(ads) + nem —= B(ads) + ne- —= C(ads)

Scheme |.

All participants in the above mechanism are chemi-
cally stable species and are confined firmly to the work-
ing electrode surface. In the absence of lateral interac-
tions, the boundary value problem is defined as:

I
dr nFS
are_ I 1 o
dr nFS n,FS
1
dr n,FS

(@) t=0, [(A)=I* I[(B)=I(C)=0

(b) t >0, I(A) + I(B) + I(C) = I'*
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I(A), I'(B) and I'(C) are surface concentrations of electro-
active species A, B and C, respectively, I'* is the total
surface concentration of adsorbates, and n; and n, are the
number of electrons exchanged in the first and second
electrode steps, respectively, while 1/S is the current den-
sity. Subscripts 1 and 2 refer to the first (A — B) and
second (B — C) redox steps, respectively. The other sym-
bols have their usual meaning.

The solutions of the above equations, which repre-
sent the variation of surface concentrations with time, are:

¢ 1, (7)
IA) = IT* — d 4
(A) {anS T (4)
(L) fL@)

I(B) = -
®) gansdT '([nZFSdT ©)

¢ L (1)
I(C) = | 22 d 6
(C) jn S de (6)

In addition, the following conditions hold at the elec-
trode surface:

I
— = k1 exp(-o,0)[I(A) — exp(pI(B)]  (7)
nFS

I

2 = koo exp(-aa@)[I'(B) — exp(p)l ()] (8)
n,FS

Here, k,; and kg, are the standard rate constants ex-
pressed in units of s, and o, and «, are electron trans-
fer coefficients of the first and second redox steps, re-
spectively. ¢, and ¢, are dimensionless potentials, defined
nFE-E; ) and ¢, = mFE-E;,c)

RT RT
E¢ A/ and Egp,c are the formal redox potentials of the
first and second steps, respectively.

Substituting eqs. (4) and (5) into (7), and (5) and (6)
into (8), one obtains a set of integral equations, which
can be regarded as a mathematical representation of the
surface EE electrode mechanism under chronoampero-
metric conditions:

as ¢ = , where

1
= kg exp(—a ;) -
nFS
¢ 1) ¢ (@) ¢ 1, (@)
s —| 2 Zdr—exp(p) | —=5dr—| 2—£dr 9)
[ { nFS P ;[ nFS { n,FS
12
= k., exp(-a .
n,FS 5.2 EXp(=02007)

J‘II(T) dT_J' I, (7) dr—exp(@, )J‘ 1, (r)
o IS o N, FS o N, FS

} (10)
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For numerical simulations, both variables, current /
and time ¢, were incremented. To each time ¢ = m d, where
d is the time increment, a certain current /,, was ascribed.
Time increment is defined as d = 1/(50 f) (= 0.02/f), which
means that each potential pulse of the excitation signal is
divided into 25 equal time increments. The numerical so-
lutions of integral equations (9) and (10), obtained by the
method of Nicholson and Olmstead,3? are:

Fim = K1 exXp(— Q1 ) -

m=1 m=1
{1—0.02(1Jr exp(@,,) Y ¥, +0.02exp@,, ), ,, + D ¥, ;

Jj=1 Jj=1

|

1+0.02x, exp(_a1¢l,m )1+ exp(‘/’l,m )
(1)

llUZ,m =
m=1 m=l1

0.02x, exp(—a, @, ,, ){‘I’,M + Y ¥, —(+exp@,, ) ¥,
Jj=1 j=1

1+0.02x, exp(-a, @, - )(1+exp(o, m )
(12)

Here, x; and k, are kinetic parameters defined as k;
=k, /f, and K, = k »/f, where f'is the SW signal frequency,
and ¥, = 4 and ¥, = _

n FST* n, FSfT™*
less currents of the first and second redox steps, respec-
tively. The dimensionless current for the overall two-step
process is defined as: ¥ = ¥| + ¥,.

are the dimension-

The square-wave signal is a train of cathodic and an-
odic pulses superimposed on a staircase potential ramp.
The height of each cathodic and anodic pulse is equal and
designated as the square-wave amplitude E,. Additionally,
the SW signal is characterised by the staircase potential
increment dE and frequency f of the pulses.!®

For comparison, a simple one-step surface redox re-
action was considered:

A(ads) + ne —~ B(ads)

Scheme II.

The procedure for numerical simulations of this re-
action is described elsewhere.!°

THEORETICAL RESULTS

The dimensionless SW voltamograms are current-poten-
tial bell-shaped curves defined by the peak potential E,,,
peak current A%, and half-peak width w,. These prop-
erties of the voltammetric response to the current redox
mechanism are functions of the following parameters:
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number of exchanged electrons n; and n,, formal redox
potentials Epsp and Eppc, standard rate constants kj
and k5, electron transfer coefficients o) and a,, temper-
ature 7, and the excitement signal parameters. Moreover,
the responses were analysed with respect to a new ther-
modynamic parameter defined as the difference between
the formal redox potentials AE; = E¢gc — E¢ a/g. This pa-
rameter predominantly determines the overall shape of
the voltammetric response. If the formal potential differ-
ence is AE; < 0, the second redox step occurs at a more
negative potential than the first one, which is the first
prerequisite for the appearance of two separate SW
peaks. For AE; >0, only a single peak arises, since the
second redox step occurs at the same or more positive
potential than the first one. On the other hand, the re-
versibility of both redox steps is determined mainly by
the kinetic parameters k; and x5, and, to some extent, by
the electron transfer coefficients a; and o,.

Figure 1 shows theoretical SW voltamograms simu-
lated for x; = x, = 1 and several values for AE;. For AE; >
—50 mV, the response consists of a single SW peak (curves
A and B in Figure 1). Its position, height and half-peak
width are strongly dependent on the values of AE}. Increas-
ing the value of AE; from —50 to 0 mV, the peak potential
shifts in a positive direction. The increase of the standard
potential difference corresponds to the conditions when the
second redox process gradually approaches the first one,
which occurs at slightly more positive potentials. For these
reasons, the peak current of the single SW peak increases,
while the half-peak width decreases. When the second re-
dox step proceeds at either equal or more positive poten-
tials than the first one, the standard potential difference
AE; no longer affects the properties of the response.

For AE; = —100 mV, the response consists of two
partly overlapped SW peaks (curve C in Figure 1). Over-

0.8
0.6 -
04 4

0.2 1

-03 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1
(E—E¢am)/ V

Figure 1. SW voltamograms of a surface EE reaction simulated
for a formal potential difference of AE; = 0 (A), =50 (B), ~100
(C), =150 (D) and =200 mV (E). The other conditions of the simu-
lations were: a1 = ap = 0.5, n1 =npy =1, k7 = kp = 1, poten-
tial step dE = 10 mV and square-wave amplitude Eg, = 30 mV.
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lapping of the SW peaks is present permanently within
the interval —150 mV <AE; <-100 mV. If the second re-
dox step occurs at potentials that are 150 mV more nega-
tive than the first process, then both redox processes are
isolated effectively and two well-separated SW peaks are
observed.

Therefore, with respect to the formal potential dif-
ference AE;, three distinct cases may be considered:

Case A. The second redox step occurs at potentials
that are at least 150 mV more negative than the potential
of the first step, or AE; <—150 mV.

Case B. The second redox step occurs at either equal
or more positive potentials than the first step, AE; >0 mV.

Case C. An intermediate case where —150 mV < AE;
<0 mV.

Interestingly, similar intervals have been observed
in the study of the diffusion EE mechanism by cyclic
voltammetry.33 In that study, two separate CV waves are
observed for AE; < —180 mV. In the intermediate region,
—100 mV < AEy < 0 mV, the two waves are merged in a
single broad wave, whereas for AE; > 180 mV (i.e., the
second step is much easier than the first), a single wave
characteristic of a direct 2e~ reduction is observed.

Case A (AE;< —150 mV)

If AE; <—150 mV, both redox processes of the surface
EE mechanism are isolated effectively, acting virtually
as an independent surface redox reactions. In this situa-
tion, thermodynamic conditions for the electrochemical
conversion of the intermediate B to the final product C
are fulfilled only at potentials that are much more nega-
tive relative to the first electrochemical transformation.
The response consists of two well-developed SW peaks,
with a potential separation depending on the standard
potential difference AE; and particular values of the ki-

06 -
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04 1
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log k¥
Figure 2. (case A) The dependence of the dimensionless peak cur-
rent A¥, on the logarithm of the kinetic parameter «, simulated for
the formal potential difference of AE; = ~200 mV. This dependence

applies equivalently to both redox steps of the EE reaction. All the
other conditions of the simulations were the same as in Figure 1.
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netic parameters x; and x,. On the other hand, the height
of the SW peaks is affected primarily by kinetic parame-
ters, and to some extent by the electron transfer coeffi-
cients a; and a,.

The dependence of the dimensionless peak current
AV, on the kinetic parameter i is illustrated in Figure 2.
It should be stressed that this dependence is equally
valid for both SW peaks. Being parabolically dependent
on the kinetic parameter x, the peak current dramatically
increases within the quasireversible region (-1 < logx <
1). This is a well-known property of the surface redox
reaction named »quasireversible maximum«.*>.7,8.22-26

The position of the quasireversible maximum is as-
sociated with a certain critical value of the kinetic argu-
ment K., which depends on the electron transfer coef-
ficient o and the signal amplitude E,. The critical val-
ues of k., have already been calculated for series of o
and E,.”? In the real experiment, the quasireversible
maximum could be demonstrated by varying the signal
frequency. Plotting the ratio of the real peak current and
the corresponding frequency Al /f versus the inverse sig-
nal frequency 1/f, one could reconstruct the theoretical
dependence depicted in Figure 2. If the critical frequency
associated with the quasireversible maximum f,,, is ob-
tained experimentally and if the critical value of the ki-
netic parameter k,,,, is calculated theoretically, the stan-
dard rate constant of the surface redox reaction could be
estimated using the following simple relation: k, = K.«
fmax’

Apparently, the quasireversible maximum is an im-
portant property, which enables estimation of the standard
rate constant by a simple and fast experimental procedure.
The quasireversible maximum could be employed inde-
pendently for both SW peaks, enabling assessment of the
redox kinetics of both steps of the surface EE mechanism.
If the electrode mechanism is investigated under the con-
ditions of cyclic voltammetry, the method of Laviron3*
can be applied for same purposes. The method requires
an extrapolation of the data, which generally involves a
larger error in the estimation of the standard rate constant
than the method of »quasireversible maximum«. More-
over, the CV cannot resolve contributions of the charg-
ing and faradic components in the overall voltammetric
response, which appears to be the major disadvantage of
this technique. As explained in the Appendix, square-wave
voltammetry avoids efficiently the contribution of the
charging current, providing exclusively data about the re-
dox transformation of the electroactive film confined to
the electrode surface.

The theoretical response of the surface EE reaction
gains an interesting shape for the large signal amplitude
and height reversibility of the redox steps of the EE re-
action. Figure 3 shows the theoretical response calcu-
lated for AE; = 200 mV, Eg, = 50 mV and kx| = k, = 5.
For such conditions, the SW response of the surface EE
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Figure 3. (case A) Theoretical SW voltamograms of the EE reaction
simulated for k1 = kp = 5, Aff = =200 mV and E,,, = 50 mV. All
other conditions of the simulations are the same as in the caption
to Figure 1.

reaction consists of four SW peaks as a consequence of
the splitting of both SW peaks. It was recently shown!?
that, under certain experimental conditions, the response
of a fast and chemically reversible surface redox reac-
tion splits into two SW peaks as a result of the large sep-
aration between the cathodic and anodic components of
the SW voltammetric response. The potential separation
between the split peaks is sensitive to the redox kinetics,
and therefore it may additionally serve for estimating the
standard rate constants of both redox steps following the
procedure elaborated in our previous communication.'?

According to the methodology developed (Ref. 10),
the kinetics of the fast surface redox reaction can be stud-
ied by varying the signal amplitude at a low signal fre-
quency. In cyclic voltammetry, the accessibility of the ki-
netics of the fast surface redox reaction is possible only
at extremely high scan rates. Under such conditions, the
quality of the CV data is severely affected by the contri-
butions of the charging current and ohmic drop, since both
effects increase proportionally to the scan rate.

In conclusion, when both redox steps of the EE re-
action are effectively isolated (AE; < —150 mV), the
properties of each SW peak are quite close to that of the
corresponding simple one-step surface reaction. Conse-
quently, the previously described methods of a »quasi-
reversible maximume« 78 and »split SW peaks«!? for re-
dox kinetic measurements of the surface redox reactions
are fully applicable to each step of the EE reaction.

Case B (AE; = 0 mV)

This is the case in which the thermodynamic conditions
for the electrochemical conversion of intermediate B to
the final product C are fulfilled immediately after cre-
ation of B via the first redox reaction. This is an excep-
tionally important case, since it can be regarded as a
possible pathway of many two-electron quasireversible
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Figure 4. (case B) The dependence of the dimensionless peak cur-
rent AW, on the kinetic parameter k; for the formal potential differ-
ence of AEf = 0 mV. The values of the kinetic parameter x7 are:
log(xy) = -3.5 (A), -1 (B), 0 (C), 0.48 (D), 0.90 (E), and 1 (F). All
other conditions of the simulations were the same as in Figure 1.

surface redox reactions, which were already experimen-
tally studied.'!-13

The response consists of a single SW peak, whose
position is independent of the formal potential difference
AE;. The properties of the voltammetric response are af-
fected predominantly by the kinetic parameters x; and x,
and electron transfer coefficients ; and «,.

Figure 4 shows the effect of the kinetic parameter x,
on the dimensionless peak currents for several constant
values of the kinetic parameter x;. This theoretical anal-
ysis illustrates the comparison of different EE reactions
characterised by the same rate of the first redox step and
different rates of the second one. For log(x;) = —3.5 (curve A
in Figure 4), the kinetic parameter of the second redox
step x, exhibits no influence on the peak currents, whereas
for log(x) = —1 (curve B in Figure 4), the kinetic param-
eter k, exhibits only a slight influence on the peak cur-
rents. In the interval log(x;) <-3.5, the limiting condi-
tions are reached and the kinetics of the overall EE reac-
tion is determined solely by the kinetics of the first redox
step, which is slow and electrochemically irreversible.

The second limiting situation appears when the ki-
netic parameter of the first redox step is within the re-
versible region (log(x;) > 0.8). For these conditions, the
kinetics of the overall process is solely determined by
the kinetics of the second step (curves E and F in Figure
4). In the intermediate case, —3.5 <log(x;) < 0.8, the ki-
netics of the surface EE reaction is a complex function
of the kinetics of both redox steps (curves C and D in
Figure 4) and the peak currents depend on both kinetic
parameters, k; and K.

The foregoing theoretical analysis serves to reveal
the conditions under which the EE reaction is controlled
by the kinetics of a single redox step. However, it should
be emphasised that this theoretical analysis does not cor-

Croat. Chem. Acta 76 (1) 37-48 (2003)

V. MIRCESKI AND R. GULABOSKI

respond to the real experimental case in which a single
reaction is studied. In the experiment, it is not possible
to vary a single kinetic parameter independently. Both ki-
netic parameters x; and x, can be simultaneously varied
by changing the SW frequency from a certain minimal
Jfinin to @ maximal value f;,,,. Thus, the overall process is
controlled by the kinetics of the first redox step if the
condition log(kg 1/fnin) < —3.5 is fulfilled. Whereas, the
overall process is controlled solely by the kinetics of the
second redox step for log(kg 1/finax) = 0.8.

As expected, when both steps of the EE reaction are
quasireversible, the complexity of the system increases
considerably. Processing numerous simulated voltamo-
grams, an attempt was made to elucidate the specific
properties of the system, and to establish criteria, if pos-
sible, of distinguishing the EE mechanism from the sim-
ple one-step surface reaction. For these purposes, a com-
parative analysis of the two-electron EE reaction
(Scheme I) and two-electron one-step (Scheme II) sur-
face redox reaction was made.

In Figure 5, the theoretical responses of these two
different redox reactions, simulated under identical con-
ditions, are presented. Each redox step is associated with
identical kinetic parameters: k¥ = 2 and a = 0.5. Com-
paring the net-SW responses of reactions (I) and (II)
(compare curve 3 in Figures 5A and 5B), it is obvious
that the two-electron EE reaction produces a higher re-
sponse than the corresponding two-electron one-step
surface reaction. Interestingly, the response of the second
step of the EE reaction (curve 2 in Figure 5A) is higher
than the response of the first step (curve 1 in Figure 5A)
although both processes proceed at an equal rate.

By studying the quasireversible maximum, it was well-
understood that the response of the surface redox reac-
tion increases dramatically within the quasireversible re-
gion.” Under these conditions, the enhancement of the re-
sponse is mainly due to kinetic reasons, i.e., synchronisa-
tion of the rate of the redox reaction with the frequency of
the excitation signal. The amount of the measured current
for a quasireversible redox reaction does not depend con-
siderably on the number of exchanged electrons. There-
fore, to some extent, it is understandable why the two
successive one-electron quasireversible transformations in
the EE reaction produce a larger current than the one-step
two-electron transformation in the case of reaction (II).

However, it is still not clear why the response of the
second step of the EE reaction is higher than the first
one, although both steps proceed at an equal rate. It ap-
pears that a certain pseudo-catalytic phenomenon takes
place for the second redox step of the EE reaction. In the
course of the anodic pulses of the SW excitation signal,
the final product C can be reoxidised to the intermediate
B, as well as to the initial reactant A, since both pro-
cesses occur at the same potential. As a consequence,
the intermediate B, acting as a reactant for the second re-
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Figure 5. (case B) (a): The net-SW 09 9

response of the first (curve 1), sec-
ond (curve 2), and the overall (curve
3) redox step of the EE mechanism
simulated for k7 = Ky = 2, and AF;
=0mV,ni=ny=1loanda; = ay
= 0.5. (b) The net-SW response of
a simple two-electron one-step sur-
face redox reaction simulated for k
= 2 and o = 0.5. The other condi-
tions of the simulations valid for both
reactions were: square-wave ampli-
tude E, = 30 mV and potential step
dE = 10 mV.
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dox step, is regenerated permanently by both the anodic
oxidation of the final product C and the cathodic reduc-
tion of the initial reactant A. This gives rise to pro-
nounced currents in the second redox step, which con-
tribute considerably to the overall response of the EE re-
action.

Although the overall behaviour of the net-SW re-
sponse of the reaction mechanisms (I) and (II) is rather
similar, it is of particular importance to emphasise that
the half-peak width of the net-SW response of the EE re-
action (curve 3 in Figure 5A) is considerably different
from that of the one-step surface redox reaction (Figure
5B). Figure 6 shows the variation of the half-peak width
with the logarithm of the kinetic parameter x for both re-
actions. The half-peak widths decrease with the kinetic
parameter for both reactions. However, the values for
the EE reaction are on average 40 mV higher than that
of the one-step two-electron reaction.

160

-0.05 0.05

(E-Ep IV

0.05 0.15 -0.25 -0.15

The variation of the electron transfer coefficients o
and a, over the interval from 0.3 to 0.8 exhibits a slight
influence upon the peak currents, whereas the peak po-
tential and half-peak width are independent of transfer
coefficients. The peak current of the overall process de-
pends parabolically on ¢, with a maximum positioned at
0.5, which holds for both a; and 5.

To conclude, in the experimental reality, the analysis
of the response by varying the signal frequency is
strongly recommended. Measuring the half-peak width
of the single SW peak and plotting it versus the signal
frequency, one obtains a dependency corresponding one
of those presented in Figure 6. This analysis should pro-
vide information whether the reaction studied proceeds
as an EE, or a simple one-step surface redox process. At
the same time, analysing the peak current as a function
of the signal frequency, one can obtain parabolic de-
pendencies, as presented in Figure 4. The curves in Fig-

120

80 -

wy, / mV

40 4

Figure 6. (case B) The dependence of the
half-peak width for the two-electron EE reaction
(curve 1) and the two-electron one-step surface
reaction (curve 2) on the kinetic parameter. The

0.5
log K

‘ conditions of the simulations for the EE and
simple surface reactions were the same as in
Figure 5(a) and (b), respectively.

Croat. Chem. Acta 76 (1) 37-48 (2003)



44

ure 4 represent the quasireversible maxima for the EE
reaction. However, if the redox reaction proceeds under
limiting conditions, i.e., it is controlled by the kinetics of
the single step, the quasireversible maximum can pro-
vide kinetic information for the rate-controlling step.
Otherwise, when both redox steps contribute to the ki-
netics of the overall process, the quasireversible maxi-
mum does not allow extraction of accurate kinetic data.

Case C (-150 mV < AE; < 0 mV)

In this case, the response of the EE reaction consists of
either a single peak or two overlapped SW peaks, de-
pending on the kinetic parameters x and x, as well as on
the formal potential difference AE;. When two SW peaks
are observed, their peak heights are determined mainly
by the magnitudes of the kinetic parameters x; and x5,
and transfer coefficients «; and or», whereas their poten-
tial separation depends on the formal potential differ-
ence AE; and the ratio x;/k5.

Figure 7 represents a variety of SWV responses sim-
ulated for a constant standard potential difference of AE;
= —100 mV and a series of different ratios «,/x,. For
K/k, £0.2, a single SW peak is observed (Figure 7,
curve A). Increasing the ratio x/k, causes the response
to split into two peaks. For x/k, = 0.79, the potential
separation between the overlapped SW peaks is 70 mV
(Figure 7, curve B). In general, the potential separation
increases in proportion to x;/x,. It is important to note
that for x/x, = 50, the potential separation is 180 mV,
which is larger than the actual formal potential differ-
ence AE; (see curve C in Figure 7).

A more detailled analysis of the influence of the ra-
tio /K, on the potential separation for various values
of AE; is represented in Figure 8. Under certain condi-

0.4

0.3

0.1

-0.35 -0.25 -0.15 -0.05 0.05 0.15
(E-Egpam) IV

Figure 7. (case C) Theoretical SW voltamograms of the EE reac-
tion simulated for a formal potential difference of AE; = —100 mV.
The ratio of the kinetic parameters is «1/kp= 0.2 (A), 0.7 (B) and
50 (C). All other conditions of the simulations are the same as in
the caption to Figure 1.
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Figure 8. (case C) The dependence of the peak potential separa-
tion AE, between the SWV peaks of the EE reaction on the ratio
K1/ The formal potential difference is: AE; = 0 (1), 50 (2) and
100 mV (3). All other conditions of the simulations are the same
as in the caption of Figure 1.

tions, e.g. K/, > 200, two separate SW peaks can be
observed, even for AE; = 0 mV. It is worth noting that if
the potential separation between the SW peaks is greater
than 75 mV, the kinetics of both redox steps may be in-
dependently inspected applying the method of »quasire-
versible maximume, or some other method for kinetic
measurements.

EXPERIMENTAL RESULTS

A part of the theoretical results can be illustrated by the
experimental behaviour of Sudan-III. Figure 9 shows the
forward (reduction), backward (reoxidation) and net-com-
ponents of the SWV response of Sudan-III recorded in
borate buffer. As can be seen, the first redox step is a
chemically reversible process, whereas the second one is
totally irreversible. Being linearly dependent on pH of the
medium, both SW peaks shift in the negative direction
by increasing the pH. In agreement with the literature
data,! in an aqueous medium Sudan-III undergoes suc-
cessive electrode reductions of its two »azo« groups, fol-
lowed by chemically reversible and irreversible proton-
ation, in the first and second redox steps, respectively (see
Scheme III)!:

Ph—-N=N-Ph-N=N-R + 2H* + 2e- ——
Ph—-NH-HN-Ph-N=N-R

Ph—-NH-HN-Ph—-N=N-R + 2H* + 2¢e- —
Ph-NH-HN-Ph—-NH-NH-R

Scheme Il
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where Ph and R are abbreviations for phenyl and 2-naphtol
radical, respectively.

Both SWV peaks are appreciably sensitive to the ac-
cumulation time. Increasing the accumulation time caused
both peaks to enhance proportionally. Moreover, after long
accumulation time, i.e., 120 s for 5 x 105 mol/l concen-
tration of Sudan-III, a consecutive cycling of the poten-
tial did not affect significantly the heights of the peaks,
which implies that all the species involved in the redox
reaction are immobilised firmly on the electrode surface.
This voltammetric behaviour is typical of a surface elec-
trode reaction occurring mainly on the working electrode
surface, which is the main prerequisite for the illustra-
tion of the foregoing theoretical results.

As can be seen from Figure 9, for an amplitude of
E , =25 mV and a signal frequency of /= 100 Hz, the
potential separation between the two SWV peaks of Su-
dan-III is about 230 mV. Consequently, this is the case
of a surface EE reaction in which both redox steps are
separated effectively and behave as independent redox
reactions (case A in Theoretical results). As the theory
predicted, the kinetics of the EE mechanism consisting
of two-isolated redox reactions may be inspected effec-
tively utilising the method of »quasireversible maximumx.

Before presenting the data of the kinetic measure-
ments of Sudan-III, it is reasonable to consider the prop-
erties of the first SW peak in more detail, since the first
redox step of Sudan-III, in which an exchange of two
electrons is involved, can be regarded either as a
two-electron EE reaction (case B in Theoretical results),
or a two-electron one-step surface reaction. As recom-
mended in the previous section (see Case B), inspection
of the half-peak width of the first SW peak of Sudan-III
was carried out by varying the signal frequency (see Fig-
ure 10). The half-peak width decreases slightly with the

T T
-1.0 -038 -0.6 -04 -0.2

EIV

Figure 9. Square wave voltamogram of 5 x 10-> mol/L Sudan-Ill
solution recorded in borate buffer at pH = 10. The experimental
conditions are: accumulation potential, Egec. = 0.2 V; accumula-
tion time, toec. = 30 s; SW amplitude, Eg, = 25 mV; SW frequency,
f = 100 Hz and potential step, dE = 4 mV.
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logarithm of the inverse signal frequency, in agreement
with the predictions of the theoretical results presented
in Figure 6. The half-peak width of the first peak ranged
from 50 to 70 mV, indicating that the reaction occurs as
a simple one-step two-electron surface redox reaction
(compare Figures 10 and 6). Note that the typical inter-
val values for the half-peak width of the two-electron EE
reaction ranged from 110 to 70 mV.

Inspecting the peak currents of the first SW peak over
the frequency interval 10 < f/Hz < 650, the quasirever-
sible maximum for Sudan-IIT was constructed (see Figure
11). Note that the ratio between the real peak current and
the signal frequency (ordinate in Figure 11) corresponds
to the dimensionless peak current A¥, = AL, /(nFSfI"™),
while the inverse signal frequency 1/f (abscissa in Figure
11) corresponds to the kinetic parameter x = k,/f. The criti-
cal frequency associated with the experimental quasire-

70 . .

60

Wy, / mV

* sen

40

3 25 2 45 4 05
log(f “/s)

Figure 10. The dependence of the half-peak width of the first SW
peak of Sudan-lll on the logarithm of the inverse signal frequency.
The experimental conditions were the same as in Figure 9.

0.06 q

0.05 1

0.04 A

0.03 A

Al f1 7 pAs

0.02 A

0.01 T T T T T )
-3 =25 -2 -15 -1 =05 0

log(f™'/s)
Figure 11. The quasireversible maximum of Sudan-lll. The depend-
ence of the ratio Al /f on log(1/f) for the first redox process of Su-

dan Ill. The presented data were recorded for an amplitude of E,
= 20 mV. All other conditions are the same as in Figure 9.
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versible maximum is f,,, = 25 Hz. For the selected ex-
perimental conditions, the critical kinetic parameter is
Kmax = 1.18 £ 0.05, which applies to the transfer coeffi-
cient of 0.24 < « <0.85.7 Hence, the estimated value for
the standard rate constant of the first redox step of Su-
dan-IIT is k, = 30 + 1 s7L,

It should be emphasised that the phenomenon of
quasireversible maximum is associated with the first re-
dox step of Sudan-III only, since the second one appears
as a totally irreversible redox reaction. However, the
variation of the signal frequency influences the position
of the second SWYV peak. As expected for an irreversible
surface redox reaction, the peak potential shifts in the
negative direction in proportion to the logarithm of the
signal frequency. The relationship E,-log(f) is linear
with a slope of =103 mV. The theoretical slope of this
dependence is —2.303(RT/no F) £ 0.006 V. Therefore, the
electron transfer coefficient for the second reduction
step of Sudan-III is 0.29 £ 0.05. The same parameter can
be calculated on the basis of the half-peak width. The
theoretical half-peak width of an irreversible surface re-
dox reaction is wy,, = 0.06/(na) V. Since the half-peak
width of the second SW peak of Sudan-III is 105 mV
(see Figure 9), the electron transfer coefficient estimated
on the basis of half-peak width is 0.28, which is in good
agreement with the previous value.

Finally, the effect of the signal amplitude will be
discussed. For an amplitude of E , = 100 mV and fre-
quency f = 30 Hz, the response consists of three SW
peaks. This is a consequence of the splitting of the first
SWYV peak of Sudan-III. Only the first SW peak is sub-
ject to splitting. The second SW peak does not split
since it is ascribed to an irreversible redox process. For
amplitudes higher than 100 mV, the potential separation
between split SW peaks increases, which causes over-
lapping with the response of the irreversible process.
The influence of the signal amplitude is in agreement
with the theoretical predictions presented in Figure 3.
However, the shape of the voltammetric response of Su-
dan-IIT at a large signal amplitude is rather complex, in-
dicating that the variation of the amplitude will not pro-
vide useful information about the kinetics of the redox
system under study.
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APPENDIX

It is instructive to investigate the variation of the charg-
ing current in the course of a single SW potential pulse
for a simple surface redox reaction (II), since it is fre-
quently claimed that SWV is discriminative against the
charging current only in the case of diffusion controlled
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processes. The aim of the following brief analysis is to
check the ability of SWV to avoid the charging current
when the electrode is covered by an electroactive film.

The interfacial potential distribution and the capaci-
tance of an electrode covered by an electroactive film are
treated by Smith and White.? The total capacitance Cr
of the interface is defined as:
n*F*I*

Ci' =C'+C |1+ @(l—@)}

Here, C is the capacitance of the adsorbed film, Cgy;
is the capacitance of the solution, and @ = I'(A)/ I*is
the relative surface coverage. All other symbols have the
same meaning as in the section Mathematical model. Ob-
viously, the total capacitance is a complex function of the
surface concentration of the oxidised form of the adsor-
bate I'(A). It means that the faradic current affects the
charging current in the course of the potential pulse by
varying the surface concentration I'(A).

In general, in a single potential pulse experiment, the
charging current changes with time according to the fol-
lowing equation:

Here, I. is the charging current, E is the relative po-
tential with respect to the potential of zero charge E,,,
and R, is the solution resistance.

I. = exp| — !
° R R.C,S

s

To estimate the charging current, and to compare it
with the faradaic current, we will use the same parame-
ters as in the example given by Smith,® i. e., C; = 0.035
Fm?2 Cy=2278 Fm=2, Evs Epyc =05V, " =1x
101 mol cm™2, R, =40 Q, n =1, and S = 0.09 cm?. To
calculate faradaic current,'? we set the following condi-
tions: f = 2000 Hz (it corresponds to the duration of a
single potential pulse of 7 = 0.25 ms), standard rate con-
stant of k, = 20 000 s~! (reversible reaction, log(k/f) =
1), and E vs. E? = 0. The calculations show that after 0.1
ms, the charging current decreases to 0.5 % of its initial
value. At the same moment, the ratio of the faradaic /;and
charging I, current is I;/I. = 64.9. Moreover, at the end
of the pulse, when the current is actually measured in
SWYV, the charging current decreases to (3.7 x 1077) % of
its initial value and the ratio is It/I, = 2.1 x 10%.

It is particularly important to investigate the ratio of
the faradic and charging currents under the conditions when
the quasireversible maximum is reached. The critical value
of the kinetic parameter (k,/f).« associated with the quasi-
reversible maximum is close to 17, which means that the
highest faradaic current is measured when the duration of
the potential pulse is synchronised to the rate of the elec-
tron transfer i.e., f = k. For instance, if k, = f = 2000 s~!,
and all other conditions are the same as in the previous
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example, the ratio of the faradaic and charging currents
at the end of the pulse is It/I, = 1.67 x 107, which shows
clearly that the current measured is virtually completely
due to the faradaic reaction. It is important to note that
under these conditions the charging current measured at
the very beginning of the pulse is larger than the faradaic
current, indicating that there are great advantages of
measuring the current after a certain time of potential
pulse application. Therefore, it is quite clear that SWV
can effectively discriminate against the charging current
even in the case of the surface redox reaction.

REFERENCES

1.

2.

10.

11.
12.

13.

14.

A. Webber, M. Shah, and J. Osteryoung, Anal. Chim. Acta
157 (1984) 1-16.

A. Webber and J. Osteryoung, Anal. Chim. Acta 157 (1984)
17-29.

. S. Komorsky-Lovri¢ and M. Lovrié, Electroanalysis 6 (1994)

651-656.

. M. Lovri¢, S. Komorsky-Lovri¢, and R. W. Murray, Electro-

chim. Acta 33 (1988) 739-744.

. M. Lovri¢ and S. Komorsky-Lovri¢, J. Electroanal. Chem.

248 (1988) 239-253.

. J. J. O'Dea, A. Ribes, and J. Osteryoung, J. Electroanal.

Chem. 345 (1993) 287-301.

.S Komorsky-Lovri¢ and M. Lovrié, J. Electroanal. Chem.

384 (1995) 115-122.

. S. Komorsky-Lovri¢ and M. Lovri¢, Anal. Chim. Acta 305

(1995) 248-255.

. R. Gulaboski, V. Mirceski, and S. Komorsky-Lovrié, Electro-

analysis 14 (2002) 355-364.

V. Mir¢eski and M. Lovrié, Electroanalysis 9 (1997) 1283—
—1287.

T. M. Florence, J. Electroanal. Chem. 52 (1974) 115-132.
J.J. O'Dea and J. Osteryoung, Anal. Chem. 69 (1997) 650—
—658.

V. Mirceski and M. Lovri¢, Croat. Chem. Acta 73 (2000)
305-329.

M. M. Baizer and H. Lund, Organic Electrochemistry, Mar-
cel Dekker, New York, 1983.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

47

A.J.Bard and H. Lund, Encyclopaedia of Electrochemistry
of the Elements, Marcel Dekker, New York, 1979.

R. Meunier-Prest and E. Laviron, J. Electroanal. Chem. 410
(1996) 133-143.

J. Osteryoung and M. Schriener, Anal. Chem. 19 (1988) S7.
J. Osteryoung and J. J. O'Dea, in: A. J. Bard (Ed.) Electro-
analytical Chemistry, A Series of Advances, Vol. 14, Marcel
Dekker, New York, 1987.

A. B. Miles and R. G. Compton, J. Electroanal. Chem. 499
(2001) 1-16.

A. B. Miles and R. G. Compton, J. Electroanal. Chem. 499
(2000) 75-89.

A. B. Miles and R. G. Compton, J. Phys. Chem. B 104 (2000)
5331-5342.

V. Mirceski and R. Gulaboski, Electroanalysis 13 (2001)
1326-1334.

V. Mirceski, J. Electroanal. Chem. 508 (2001) 138-149.
V. Mirceski, R. Gulaboski, B. Jordanoski, and S. Komorsky-
Lovrié, J. Electroanal. Chem. 490 (2000) 37-47.

V. Mirceski, M. Lovri¢ and R. Gulaboski, J. Electroanal.
Chem. 515 (2001) 91-100.

V. Mirceski and R. Gulaboski, Microchim. Acta 138 (2002)
33-42.

J. Hirst and F. A. Armstrong, Anal. Chem. 70 (1998) 5062—
-5071.

F. A. Armstrong, H. A. Heering, and J. Hirst, Chem. Soc.
Rev. 26 (1997) 169-179.

J. Hirst, G. N. L. Jameson, J. W. A. Allen, and F. A. Arm-
strong, J. Am. Chem. Soc. 120 (1998) 11994-11999.

J. Hirst, J. L. C. Duff, G. N. L. Jameson, M. A. Kemper, B.
K. Burgess, and F. A. Armstrong, J. Am. Chem. Soc. 120
(1998) 7085-7094.

F. A. Armstrong and G. S. Wilson, Electrochim. Acta 45
(2000) 2623-2645.

R. S. Nicholson and M. L. Olmstead, in: J. S. Mattson, H.
B. Mark, and H. C. MacDonald (Eds.), Electrochemistry,
Calculations, Simulation and Instrumentation, Vol. 2, Mar-
cel Dekker, New York, 1972, pp. 120-137.

A. J. Bard and L. R. Faulkner, Electrochemical Methods,
Fundamentals and Applications, John Wiley & Sons, New
York, 1980, pp. 232-236.

E. Laviron, J. Electroanal. Chem. 101 (1979) 19-28.

C. P. Smith and H. S. White, Anal. Chem. 64 (1992) 2398—
—2405.

SAZETAK

Teorijsko i eksperimentalno istrazivanje dvostupanjske kvazireverzibilne povrsinske
redoks-reakcije pravokutnovalnom voltammetrijom

Valentin Mirceski i Rubin Gulaboski

Opisan je prosireni teorijski pristup dvostupanjskoj povrsinskoj redoks-reakciji (EE) pod uvjetima pravo-
kutnovalne voltammetrije. Op¢im teorijskim modelom obuhvacene su EE reakcije razlicitih stupnjeva reverzi-
bilnosti pojedinih elektronskih prijelaza. Integralne jednadzbe koje ¢ine matematicki model rijeSene su nume-
ricki. Prividna reverzibilnost pojedinih stupnjeva EE reakcije ovisi o bezdimenzijskim kineti¢kim parametrima
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Ky =kg1/fiKky=ksp!f, pri Cemu su kg ;i kg, standardne konstante brzina prvog i drugog elektronskog prije-
laza, a f je frekvencija voltammetrijske pobude. Odziv EE reakcije moZe biti samo jedan voltammetrijski val ili
se javljaju dva odvojena vala, Sto prvenstveno zavisi o razlici formalnih (standardnih) potencijala pojedinih
stupnjeva reakcije i o omjeru kinetickih parametara k i k,. Raspravlja se i o utjecaju koeficijenata pojedinih
elektronskih prijelaza na oblik odziva EE reakcije. Dio teorijskih predvidanja potvrden je kvalitativnom uspo-
redbom s voltamogramima azo-boje Sudan-III.
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