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Abstract: The theoretical description for 1-propenesulfenic acid and its isomer propanethial-S-oxide,
substances, responsible for leek lacrimogenic activity, has been described theoretically. The process is
realized anodically over a poly(naphthoquinone) — CoO(OH) composite. A model has been developed
and analyzed using linear stability theory and bifurcation analysis. According to the model analysis,
the ionic compound's transformation during the sulfenic acid oxidation may be responsible for the
oscillatory and monotonic instability alongside the double electric layer (DEL) influences of the
electrochemical stage. Nevertheless, the model's analysis shows that the electroanalytical process is
efficient for determining both of the analytes.
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1. Introduction

As it is known, cutting crude onion, like also adding it into the food, leads to the tearing
effect [1-3]. It is linked to the presence of the sulfurous organic compounds — 1-
propenesulfenic acid and propanethial S-oxide. The acid is easily isomerized to the
thioaldehyde S-oxide ( Fig. 1).
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Figure 1. 1-propenesulfenic acid isomerization to propanethial S-oxide.
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Both substances are classified as irritant, possessing mild to moderate toxicity, which
is much higher in excess [4-5]. Thus, the development of the methods for determining both of
the substances is actual [6].

As both compounds contain sulfur in an intermediate oxidation state, it may be
determined either cathodically or anodically. In the last case, a great variety of oxidants may
be used, including conducting polymers [7-9], metallic nanoparticles [10-11], carbon
materials [12—13]. Cobalt (I11) oxyhydroxide, sole and in a composite with the conducting
polymer [14-15] could be readily used for this purpose.

On the other hand, as the electrochemical instabilities are frequently observed in the
organic molecules electrooxidation and electropolymerization [16 — 19], like also CoO(OH)
electrosynthesis, the process of electrochemical determination of two sulfurous organic
compounds in the presence of CoO(OH) and its composite with poly(5-amino-1,4-
naphthoquinone) has to be thoroughly analyzed by theoretical means. Therefore, this work's
goal is the mechanistic theoretical study of CoO(OH) — conducting polymer - assisted 1-
propenesulfenic acid and propanethial-S-oxide determination with the development and
analysis of the correspondent mathematical model. Also, the system's behavior will be
compared to similar ones [20 — 21].

2. Materials and Methods
2.1. System and its modeling.

Schematically, the electroanalytical process is described in Fig. 2:
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Figure 2. The scheme of the electroanalytical process.

As seen from Fig. 1, both of the compounds are oxidized, yielding the hexavalent sulfur.
The acid is oxidized by double bonds and sulfur atoms, yielding a hydroxysulfonic acid, much
stronger than the initial sulfenic one. Therefore, forming a more ionic compound from a less
ionic will influence the double electric layer (DEL) ionic force, conductivity, capacitance, and
impedance, being responsible for the realization of electrochemical instabilities.

Therefore, in order to describe the behavior of this system, we introduce three variables:
s1— sulfenic acid concentration in the pre-surface layer;
s2— thioaldehyde oxide concentration in the pre-surface layer;
https://biointerfaceresearch.com/ 11146
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c — cobalt (111) oxyhydroxide surface coverage degree.

In order to simplify the modeling, we assume that:
- the background electrolyte quantity is excessive in relation to the reacting substances so that
we can neglect the migration flow and the oxidizing dopant oxidation change;
- the reactor is intensively stirred, permitting us to neglect the convection flow;
- the pre-surface layer concentration profile is linear, and it is of constant thickness, expressed
as o.

It is possible to prove that the differential equations” set describing the system may be
described as:

dS]_ _ E(é _ _ _ )
%t 3 8(50 S1) =1 —T;

d
22 = 2 — 1) (1)

dc 1

i E(Tz — 71— T12)

herein, A is the diffusion coefficient, so is the sulfenic acid bulk concentration, C is the cobalt
oxyhydroxide maximal surface concentrations, and the parameters r are the correspondent

reaction rates, calculated as:

1; = k;s; exp(—as;) (2)
" = k1151C4 exp(—as;) (3)
T2 = ]‘71252C2 (4)
r2 = ka(1 =) exp (22 )

The parameters are correspondent to k that are the reaction rate constants, a is the
parameter relating the DEL capacitance with the sulfenic acid reactions, F=Na*e stands for the
Faraday number, o depicts the potential slope in a double electric layer, R is the universal gas
constant, and T is the absolute temperature of the solution.

In this case, the system will be more dynamic than both CoO(OH)-assisted ionic
compound determination and CoO(OH)-assisted isomerization monitoring due to the
transformation of different organic sulfur ionic forms. These transformations have a strong
impact on the systems’ behavior. Nevertheless, it doesn’t impede the system from being
electroanalytical efficient, as shown below.

3. Results and Discussion

We observe the CoO(OH) - Poly(5-amino-1,4-naphthoquinone)-assisted 1-
propenesulfenic acid and propanethial-S-oxide determination by analyzing the equation-set (2)
by means of linear stability theory and bifurcation analysis. The steady-state Jacobian
functional matrix members for this system may be described as:

ai1 42 Qg3
<a21 azz a23> (6)

asz; a3z dszz

Herein,

a;, = %(— % — k;exp(—as;) + ak;s; exp(—as;) — ky;c* exp(—as;) +
akq,,s,c* exp(—asl)) (7)

a;; =0 8

a3 = %(—4k1151c3 exp(—as,)) 9)
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ay, = %(kl- exp(—as,) — ak;s, exp(—as;)) (10)

Ayy = %(—klzcz) (11)

ay3 = %(—Zklzszc) (12)

Az, = %(—k11c4 exp(—as,) + aky;s;c* exp(—as;)) (13)

A3y = %(—klzcz) (14)

a3z = %(—kz exp (%) + jk,(1 —c) exp (%) — 4ky15,¢° exp(—as;) — 2k12526) (15)

Taking into account the addendums (7), (11), and (15), forming the Jacobian main
diagonal, it is possible to confirm that it contains the elements capable of being positive, being,
therefore, responsible for the positive callback, realizing the oscillatory behavior. Contrarily
to the similar systems [20-21], in which the oscillatory behavior was caused by DEL influences
of electrochemical process within the modifier and of the interaction between an ionic analyte
and modifier, in this system, the DEL influence of isomerization, which transforms an ionic
compound to a non-ionic, reducing the DEL ionic force. In contrast, the diffusion and sulfenic
acid oxidation to sulfonic form augment it. By this, the changes in DEL ionic force,
conductivity, impedance, and capacitance will be cyclical, providing the oscillatory behavior,
which is mathematically condition of the positivity of the elements ak;s; exp(—as;) > 0,

aky;s;c* exp(—as;) > 0 and jk,(1 —c)exp (%). As DEL parameters' concrete values

strongly depend on the background electrolyte composition, the oscillation amplitude will also
be, as shown both experimentally and theoretically in [17 — 21].

As for the steady-state stability, in order to derive its requirement, we apply the Routh-
Hurwitz stability criterion. Simplifying the determinant, we introduce new variables, rewriting
it as:

e -0 0 -6
37C = A - (16)
—0 —A —0-0-9

Opening the straight brackets and applying the condition Det J<0, salient from the
criterion, we obtain the steady-state stability requisite, exposed as:
—k(AQ +10) —EAN —N?A <0 a7

Which is warranted to be realized, if j<0 and a<0, defining the fragility of DEL influences of
all chemical and electrochemical stages, capable of producing such influences. Really, in this
case, the value of the expression to the left side of the equation (17) will be shifted to more
negative values, stabilizing the system.

If the isomerization is relatively slow, the process will be either diffusion or kinetically
controlled, as other processes are more rapid. On the other hand, if the isomerization is
relatively rapid in the analysis conditions, diffusion will be the unique, controlling process.

As there are no side reactions capable of compromising the analyte and modifier
stability are typical to this process, the steady-state stability will correspond to the linear
dependence between the analytes’ concentration and the current in the system. Taking this into
account, and considering that the steady-state stability is realized in the vast topological
parameter region, the electroanalytical process may be considered as efficient.

The detection limit is defined by the margin between the steady stable-states and
unstable states. Its condition is Det J=0, or (18)
https://biointerfaceresearch.com/ 11148
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—k(AQ+A0) —EAQ —0%A=0 (18)
Suppose both of the isomers are ionic or yield ionic compounds during the
electrooxidation. In that case, the electrochemical instabilities will be even more probable. The
behavior of this system will be described in our next works.

4. Conclusions

From the theoretical analysis of the 1-propenesulfenic acid and propanethial S-oxide
electrochemical determination, it was possible to conclude that the electroanalytical system
will be generally efficient. Nevertheless, some of the behavior aspects will be strongly
dependent on the supporting electrolyte composition. If the isomerization is rapid, the process
will be diffusion controlled; if slow, it will be diffusion and kinetically controlled. As for the
oscillatory behavior, it is possible, being caused by double electric layer influences not only of
electrochemical stages and modifier-analyte chemical interactions but also of the isomerization
of an ionic compound to a non-ionic form. The oscillation amplitude will be strongly dependent
on the electrolyte composition.
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