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Abstract

A theory of the mechanism that consists of two reversible electrode reactions coupled by kinetically controlled
reversible chemical reaction is developed for square wave voltammetry on stationary planar electrode. The
influences of frequency and the concentration of electro-inactive chemical reactant on the responses are
investigated for thermodynamically stable intermediate. The limits of three types of responses are calculated
and the formula for the estimation of the forward rate constant of chemical reaction is proposed.
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Introduction

A nine-member square scheme [1 - 3] is theoretical representation of two-electron, two-proton electrode
reactions of many organic compounds, such as catechols [4] and quinones [5]. A special case of this scheme is
the ECE mechanism in which two electrode reactions are connected by the chemical reaction in such a way that
the reactant and product of chemical reaction are the product of the first electrode reaction and the reactant of
the second one, respectively [6 - 12]. The theory of this mechanism is developed for chronoamperometry [13],
polarography [14] and voltammetry [15]. In square wave voltammetry, the theory is developed either for totally
irreversible chemical reaction [16 - 19], or for the chemical reaction that is permanently in the equilibrium [20,
21]. The response depends on chemical rate constant in the first case and on thermodynamic constant in the
second one. In this paper a general model of kinetically controlled reversible chemical reaction is described that
enables the definition of conditions under which the ECE mechanism can be considered as being reversible, or
totally irreversible.

Model

Two reversible electrode reactions coupled by the kinetically controlled reversible chemical reaction are
investigated:

Ao B*+e @)
B* + X" o @)
EoFt+e 3)

On the stationary, planar electrode the mass transport can be described by the semi-infinite diffusion model. If
the reagent X" is present in great excess, the variation of its concentration can be neglected. The model is solved
by the following substitutions:

Cint = Cp + Cg (4)

cy = Kexep —cg (5)

Its mathematical representation are the following differential equations and boundary conditions:
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dc, /0t = D d%c,/0x?

¢/ 0t = D 9%¢y, /0%

dcy /0t = D 8%cy/0x? — e cy

dcgp /0t = D d%cp/0x?
Cp—>Ch x> Cx, g0 cg—>0,¢cr>0

Cx =Cx

Cpx=0 = Cax=0 exp(F(E — E{)/RT)

Crx=0 = CEx=0 exp(F(E — Eg)/RT)

D(0c,/0x) 4= = I /FS

D(0cint/0x)x=0 = (I; —,)/FS

D(0cy/0x)y=o = —Kcx I, /FS — I, /FS

D(0cp/0x)x=0 = —1,/FS

(6)
()
(8)
)
(10)
(1)
(12)
(13)
(14)
(15)
(16)
(17)

(18)

Here, € = k, (1 + Kcx) and K = k¢ /k,;,. The meanings of other symbols are reported in Table 1.

Table 1

Meanings of symbols

CAI CB, CE, CF

Concentrations of species A, B*, E and F*

ci, ¢y Concentrations of species A and X in the bulk of solution

¢me €y Concentrations of substitutions Int and H

D Common diffusion coefficient

dE Potential step

E Electrode potential

EY,EY Standard potentials of the first and the second electrode reactions

E, Peak potential
Egw Square wave amplitude
F Faraday constant

f Frequency
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L,I,  Currents of the first and the second electron transfers
K Equilibrium constant of the chemical reactions

ke k, Rate constants of reversible chemical reaction

R Gass constant

S Electrode surface area

T Temperature

t Time

x Distance perpendicular to electrode surface

Differential equations are solved by the numerical method [22, 23]. The solution is the system of recursive
formulae for the dimensionless current @, = I, (FSc;)"*(Df)~'/2, where k = 1 or 2. The sum & = &, + ®, is
reported as a function of electrode potential.

Dym = _ZSZ7_1 + 29271 Zm=_11 D, iSm—js1 T Z1()Z7_1 Zm=_11 Dy iPy_ji1 t 2127 2m=_11 Dy jSm_ji1 T
)j Jj Jj

21227 BT @y P (19)

— -1\'m -1y'm m-—1 -1 ym-1
Dy = 2g + 2125 Zj:l Dy iSm—j1 ~ Z2Z3 Zj:l @, iPy_ji1— Z13 Zj:l Dy jSm_j+1 — 2375 Zj:l Dy Py ji1

(20)

uy =/2/m/5

zy =uit(1+ Kex)™?t 1)
7z, = (1 + Kep) ™32, ? (22)
z3 = Kcyz, (23)
74 = Kcyz, (24)
zs =z, +uitexp(F(E — EX)/RT) + z3P; (25)
zg = [z4 + z3P,lexp(F(E — E9)/RT) (26)
z; = 251 (zy — 2,) — z5 Hup' + (24 + z,Py)exp(F(E — E)/RT)] (27)
zg = z5 ‘exp(F(E — E?)/RT) (28)
Zo = uilzgl + z425 texp(F(E — E9)/RT) — z,z5 1 (29)
Z19 = 7525 texp(F(E — E9)/RT) + z,z5 " (30)
7y, = Zy3 — 2425 texp(F(E — E9)/RT) (31
Z1, = 7325 texp(F(E — E9)/RT) + z3z ! (32)
z13 = [z, + ui*exp(F(E — EY)/RT)]/ zs (33)
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Ky, =kp/f (34)
P = erf [k, (1 + Kci)qi — erf i, (1 + Kep)g( — D) (35)
q=1/50 (36)
sp=yp—yr-1 (37)
m=1,23.. (38)

Results and Discussion

Theoretical dimensionless square wave voltammograms of ECE mechanism depend on the difference between
standard potentials of two electrode reactions. If EY — EY > 0.15 V and both electron transfers are fast and
reversible, the response consists of two peaks [24]. Furthermore, the voltammograms depend on the product of
equilibrium constant of chemical reaction (K = k;/k;,) and the bulk concentration of species X". This product

defines the ratio of equilibrium concentrations of the product B* and the second reactant E. Finally, the response
depends on the ratio of backward rate constant and square wave frequency.
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Fig. 1 Square wave voltammograms of ECE mechanism. EY — EY = 0.2V, Eg,, = 50 mV, dE = 5 mV, Kc; = 100
and k,/f = 103 (A) and 10* (B). The net current (A® = ®,, — ®,,,) and its forward (®,,) and backward (®,,,)
components are shown.

Two examples of ECE voltammograms are shown in Fig. 1. They correspond to the case of thermodynamically
stable intermediate and the chemical reaction that favours the substance E. If the dimensionless backward rate
constant is relatively low (k,/f = 1073), the first net peak current is higher than the second one (Ad, ; = 0.608
and A®,, = 0.521) and the net peak potentials are -0.010 V and 0.205 V vs. E7, respectively. If the ratio k,/f is
much higher, two peak currents are almost equal (A®,, ; = 0.755 and A®,, , = 0.752), but the peak potentials are
-0.120 V and 0.200 V vs. EY. The difference in the first net peak currents can be explained by the change in their
backward components. In Fig. 1A the minimum of this component is equal to -0.18, while in Fig. 1B this minimum
decrease to -0.29. The origin of backward component is the reduction of the product B*. So, it is proportional
to the concentration of this species. The chemical reaction may consume this product and then the backward
component of current is diminished. However, if the backward rate constant of chemical reaction is very high,
the concentration of the product B* is restored by decomposition of the second reactant E. In this case the first
minimum of the backward component of current deepens. The lower value of the first net peak potential is
caused by the formation energy of the reactant E.
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Log(kn/ f)

Fig. 2 Dependence of peak currents on the logarithm of dimensionless backward rate constant: A®, ; (1), A®,,,
(2), Ppoxa 3) Ppoxz ), Ppreas (5) and @y, .4, (6). All other data are as in Fig. 1.

The influence of the variation of square wave frequency on peak currents of ECE voltammograms is shown in
Fig. 2. The results can be divided in three parts. If log (k;,/f) < -5 the response consists of a single peak that
corresponds to the first electrode reaction. The net peak potential is equal to the first standard potential. Within
the range -5 < log(k,/f) < 4 the response is controlled by the kinetics of chemical reaction. The first peak
current and its components are diminished for log(k,/f) < -1, but augmented for higher values of this
argument. The first peak potential changes from zero to -0.120 V vs. EY in this range. The second peak current
is sigmoidal function of log(k,/f), but its potential is independent of this ratio. Finally, if log(k,/f) > 4 the both
net peak currents are equal and the chemical reaction is permanently in the equilibrium. In the first and the third
part of these results the real net peak currents depend linearly on the square root of frequency, but not in the
second part in which the dimensionless peak currents Ad,, ; and A®,, , are also functions of the frequency.
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Fig. 3 Dependence of the first net peak current (A) and the first minimum of the backward component (B) on
the logarithm of k,/f ratio. Kcx = 1000 (1), 300 (2), 100 (3), 30 (4), 10 (5) and 1 (6). All other data are as in Fig.
1.

The relationships that are shown in Fig. 2 depend on the bulk concentration of the species X", as can be seen in
Figs. 3 and 4. The first one shows the depression of the first net peak current and the diminution of its backward
component. One can notice that the range of kinetically controlled responses widens with the increasing product
Kcy. Also, if the frequency is constant and the bulk concentration of X is increased, the first peak appears less
reversible, i.e. its net peak current is smaller and the minimum of backward component is shallower. At very high
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values of the ratio k;/f the first dimensionless net peak current becomes independent of the frequency. The
critical frequency and the product Kcy are related by the following equation:

Log(ky/f)eit = Log(Kcy) + 2 (39)
If this condition is satisfied, both net peak potentials are independent of frequency.
0.61
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A(Dp,z
0.41
0.31
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A3 ) 3 2 K]
Log(ks/ f)

Fig. 4 Dependence of the second net peak current on the logarithm of k,/f ratio. Kcx = 1000 (1), 300 (2), 100
(3), 30 (4), 10 (5) and 1 (6). All other data are as in Fig. 1.

Fig. 4 shows the relationships between the second dimensionless net peak current and square wave frequency,
for various concentrations of X". As the frequency is increased, the second peak eventually disappears. The critical
frequency depends on the product Kcy:

Log(ky/f)eit = -Log(Kcy) — 3 (40)

So, the forward rate constant of chemical reaction can be estimated by the variation of frequency:

ke =107 fait/ c; 41)
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Fig. 5 Dependence of the first peak potential on the logarithm of Kc; product; k,/f = 10° (1), 1 (2) and 10 (3),
All other data are as in Fig. 1.

The equilibrium constant can be determined by the variation of the bulk concentration of X" if the measurement
can be performed at the frequency at which the chemical reaction is apparently in the equilibrium. Under this
condition the first net peak potential depends linearly on the logarithm of the product Kcg, with the slope -
0.059 V. This is shown in Fig. 5. If the response is controlled by the kinetics of chemical reaction, the relationship
between E, ; and log(Kcy) is not linear and the slopes of local segments are smaller than the limiting one. Finally,
curve 3 shows that in the case of very slow chemical reaction, the first peak potential does not depend on the
concentration of species X".

01 0 01 02 03 0.4 05 06
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Fig. 6 Square wave voltammogram of ECE mechanism. Kc; = 0.01 and k,/f = 10% All other data are as in Fig.
1.

Fig. 6 shows theoretical response of ECE mechanism in which chemical reaction does not prefer the second
redox couple. First dimensionless peak current and its potential are independent of kinetic parameters. The
second net peak potential is 0.310 V vs. E?, which is higher than the second standard potential. This additional
energy is needed for chemical reaction. For Kc; = 107 the second peak appears if k;,/f > 2. This is shown in
Fig. 7. The second net peak current becomes independent of the ratio k,/f if this parameter is higher than 107.
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Fig. 7 Dependence of the second net peak current (1), the second maximum of the forward component (2) and
the second minimum of the backward component (3) on the logarithm of k, /f ratio. Kc; = 0.01 and all other
data as in Fig. 1.

The influence of the product Kcy on these two critical parameters is shown in Fig. 8. The minimum ratio k,/f
that is required for the appearance of the second peak is higher than the one that is shown in Fig. 4. The
relationship reported in Fig. 8A can be approximated by the straight line: log(k, /f)«it = -1.43 log(Kcy) — 3. This
means that the simple eq. (41) does not apply if Kcy < 10". The linear relationship that is shown in Fig. 8B
satisfies the following equation:

Log(ky/f)ait = -2 log(Kcg) + 3 (42)

If this condition is satisfied, the second net peak potential depends linearly on the logarithm of the product Kcy,
with the slope -0.059 V.

151



To Chemistry Journal Vol 2 (2019) ISSN: 2581-7507 http://purkh.com/index.php/tochem

A)

1,,
Log(kb/ f )cri[

0+

-2+ \\\“‘\\

3t -

Log(Kcx*)

B)

Log(ko /f )eri T

Log(Kcx*)

Fig. 8 Dependence of the logarithm of minimum ratio k,/f that is required for the appearance of the second
peak (A) and for the establishment of equilibrium conditions in the ECE mechanism (B) on the logarithm of the
product Kcy. Dotted lines in (A) and (B) satisfy eqgs. (40) and (42), respectively. All other data are as in Fig. 1.

Conclusions

The main characteristics of the proposed model is the minimum in the relationship between dimensionless net
peak current and the dimensionless backward rate constant of chemical reaction. In the models developed on
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the assumption that the chemical reaction is totally irreversible, this current decreases sigmoidally with the
increasing rate constant. In the general model both forward and backward rate constants are increased
proportionally and the ECE mechanism tends to the permanent equilibrium. The characteristics of ECE
mechanism can be investigated by the variation of the bulk concentration of the species X~ and the square wave
frequency. If the first net peak potential depends on ¢y and the second one does not, the product Kcy is higher
than one. In the opposite case this product is smaller than one. By increasing the frequency the limits of
kinetically controlled ECE mechanism can be determined. At the highest frequency the second peak may vanish
and the forward rate constant can be estimated using eq. (41) if Kc; > 107", At the lowest frequency the real net
peak currents may depend linearly on the square root of frequency and the slope of the linear relationship
between the potential of one of peaks and the logarithm of c; may be -0.059 V. These are indications that either
eq. (39) or eq. (42) are satisfied. Under these conditions the equilibrium constant can be measured. The results
presented in this paper apply to thermodynamically stable intermediate. If two peaks of ECE mechanism overlap,
the effects of frequency and X™ concentration are not clearly visible.
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