Orbital: The Electronic Journal of Chemistry
journal homepage: www.orbital.ufms.br
e-ISSN 1984-6428

FULL PAPER

Vol 12 || No. 3 | | July-September 2020

The Theoretical Description for the
Perylaldehyde Aldoxime Electrochemical
Determination, Assisted by the Novel

Squaraine Dye - VO(OH) - Composite

Volodymyr V. Tkach?, Marta V. Kushnir?, Oleksandra V. Ahafonova®, Igor G.
BiryukP, Silvio C. de Oliveira®, Petro |. Yagodynets?, Zholt O. Kormosh9,
Lucinda Vaz dos Reis®, Karina V. Palamarek, Tetyana S. Nezveshchuk-Kohutf

aChernivtsi National University, 58000, Kotsyubyns’ky Str. 2, Chernivtsi, Ukraine.

bBukovinian State Medical University, 58000, Teatral'na Sq. 9, Chernivtsi, Ukraine.

cUniversidade Federal de Mato Grosso do Sul, Av. Sen. Felinto. Miiller, 1555, C/P. 549, 79074-460,
Campo Grande, MS, Brazil.

dEastern Ukrainian National University, 43000, Voli Ave., 13, Lutsk, Ukraine

eUniversidade de Tras-os-Montes e Alto Douro, Quinta de Prados, 5001-801, Folhadela, Vila Real,
Portugal.

fChernivtsi Institute of Trade and Economics of KNTEU, 58000, Central Sq, 9, Chernivtsi, Ukraine.

Article history: Received: 13 May 2020; revised: 25 July 2020; accepted: 26 July 2020. Available online: 29
September 2020. DOI: http://dx.doi.org/10.17807/orbital.v12i3.1498

Abstract:

For the first time, the perillaldehyde aldoxime electrochemical determination has been evaluated from the
theoretical point of view. The correspondent mathematical model, including different scenarios of the
electroanalytical process, has been developed and analyzed by means of linear stability theory and bifurcation
analysis. The model analysis clearly shows that the composite of a squaraine dye in organic phase and vanadium
oxyhydroxide in the inorganic phase may be an efficient electrode modifier for perillaldehyde aldoxime
electrochemical determination. On the other hand, both oscillatory and monotonic instabilities may be realized in
the electroanalytical process, and their probability will strongly depend on the direction of the electroanalytical
scenario in the concrete conditions
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1. Introduction

Perillartine  (Fig.1) (perillaldehyde anti-
aldoxime) is a natural sugar substitute, extracted
from Japanese perilla (shiso) leaves [1-4]. It is
considered twice as sweet as sucralose, four
times as sweet as saccharine and 2000 times as
sweet as common sugar.

Although this oxime isn’t considered toxic or
dangerous for the environment, it may be allergic
for people allergic to shiso herb [5-6]. Also, some
toxic nitrogen derivatives like hydroxylamine may
form during its metabolism in some people. It is
important to mention that perillaldehyde

aldoxyme is rarely used as sweetener outside
Japan, so this statement may be used in
investigation of falsification of allegedly
Japanese product. Thus, the development of an
efficient, exact and rapid method for perillartine
determination is really actual task, and the
electroanalytical methods would give it a good
service [7-15].

As for now, no electrochemical methods for
perillartine determination have been developed.
Nevertheless, the aldoxime may be
electrochemically active, being capable either to
reduce or to oxidize. In both cases, the
chemically modified electrodes are preferred to
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use, as they diminish the overvoltage and
augment the electrode sensitivity and efficiency,
due to the modifier affinity to analyte [16-30].

(l)H

N

Figure 1. Perillartine.

In the case of perillartine, cathodic reduction
is preferable, as oxime group is easy to reduce.
Thus, the cathodic process would be conducted
efficiently by an electrode, modified by a hybrid
composite, in which a conducting polymer or
squaraine dye [31-35] could be used as matrix
for an inorganic oxide or oxyhydroxide with
strongly reducing properties. Vanadium (Ill)
oxyhydroxide [36-38] is suitable candidate for
this role.

Nevertheless, the electroanalytical process of
VO(OH)-assisted reduction of perillaldehyde,
depending on solution pH, may be realized by
different scenario. For example, VO(OH) may be
oxidized either to VOz2, or to VO?*. On the other
hand, perillaldehyde may also be reduced
yielding different products. Taking this into
account, it is possible to foresee that,
analogously to the similar cases [39-44], the
electrochemical instabilities (oscillatory and
monotonic) are highly probable to appear. They
may influence strongly the interpretation of the
analytical signal, causing strong behavioral
changes not only in the system, but also in the
equipment function mode.

Thus, in order to avoid or minimize the
negative influences of the electrochemical
instabilities or use their positive influences, if
any, the theoretical a priori investigation of the
system’s  behavior is necessary. This
investigation is realized by the development and
analysis of the mathematical model, based on a
most probable mechanism of the chemical and
electrochemical reactions, causing the analytical
signal. Moreover, the modeling permits us to
compare behavior of the systems without

experimental essays.

So, the main goal of our work is to investigate
theoretically the behavior of the system with the
electrochemical determination of perillartine,
assisted by VO(OH)-Squaraine dye composite.
In order to achieve it, we realize the specific
goals like:

- Development of a mechanism, capable to
describe the electrochemical behavior of
the electroanalytical system;

- Development of a balance equation
mathematical model, correspondent to the
mechanism;

- Analysis of the model with the
interpretation of the main results in terms
of the electroanalytical process;

- Investigation of the steady-state stability
requirements and oscillatory and
monotonic instability conditions;

- Comparison of the behavior of the system
with the similar ones [45-49].

2. Material and Methods
2.1 System and its Modeling

In this work we develop and analyze the

general model, describing different behavior
scenarios, realizing during the VO(OH)-
Squaraine dye-assisted electrochemical

determination of perillartine for 3<pH<7. All of
them are joined on the Fig. 2.

VOOH

Figure 2. The general interaction mechanism for
VO(OH)-assisted perillartine determination.
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In general, there are four different interaction
possibilities for perillartine determination. More
acidic is the solution, more possible is vanadyl
formation. Nevertheless, if the pH<3, VO(OH) will
be dissolved, according to the equation:

VO(OH) + 3H* > V3* + 2H20 1),

destroying the modifying material [36 — 38]. Thus
the neutral, mildly and moderately acidic
solutions are to be used in this case.

Taking this into account, we analyze the
behavior of the system with perillartine
determination, using three variables:

s — perillartine concentration in the pre-
surface layer;
vi — vanadium dioxide surface coverage

degree;

v2 — vanadyl derivative surface coverage
degree.

To simplify the modeling, we suppose that the
reactor is intensively stirred, so we can neglect
the convection flow. Also, we suppose that the
background electrolyte is in excess, so we can
neglect the migration flow. The pre-surface layer
thickness is assumed to be constant and equal
to 8, and the concentration profile of the analyte
to be linear. Also, we assume that on the initial
moment of the reaction, vanadium (lll)
oxyhydroxide covers the entire squaraine dye
matrix surface.

Thus, the behavior of this system will be
described by the balance equation-set (2):

ds 2 (2

%35 (g (So =8) =711 —T12 = T1ap — 7‘12h)
dv 1
d_tl = V_l(rll + T11n — T21) (2)
v

1
at Z(rlz + Ti2n — T22)

in which X is the sugar substitute diffusion
coefficient, so is its bulk concentration, V1 and V2
are maximal surface concentrations of each form
of the tetravalent vanadium, and the parameters

In which:
2

11 =3

r are correspondent reaction rates for non-
hydrolytic and hydrolytic processes. They may
be calculated as (3 — 8):

rp = kygs(1 = vy —vy)* (3)
T11p = ki1ps(1 = vy — v,)* exp(—as) 4)
T2 = kips(1—vy — V2)4 exp(fv,) 5)

Tion = Kiaps(1 — vy — U2)4 exp(fv,) exp(—as) (6)

F
T31 = Kp1Vy €Xp _% (7)

122 = kyav; €xp _% (8)

in which the parameters k are rate constants of
the reactions, parameters a and 3 describe the
double electric layer capacitance and ionic force
influences of the formation of ionogenic (primary
amine) and ionic (vanadyl-ion) compounds, F is
the Faraday number, ¢, is the potential slope in
DEL, relative to the zero-charge potential, R is
the universal gas constant, and T is the absolute
temperature.

This model includes four possible chemical
stages and two electrochemical stages.
Therefore, the behavior of the system will be
much more dynamic than in the similar cases
[45-49], as it is strongly influenced by either
electrochemical and chemical stages, as shown
below.

3. Results and Discussion

In order to investigate theoretically the
electroanalytical determination of perillartine,
assisted by squaraine dye — VO(OH) composite,
we analyze the equation-set (2) and algebraic
relations (3-8) by means of linear stability theory.
The steady-state Jacobian matrix members will

be described as:
a1 Q12 Qg3
<a21 Az a23> (9)

az1 dzy dszz

5 (_g — k11 (1 = vy —v2)* — ky1n (1 — v1 — vo)* exp(—as) + aky1pS(1 — vy — v)* exp(—as) —

ki(1—vy — U2)4 exp(Bvy) — kizn(1 — vy — U2)4 exp(Bv,) exp(—as) + akqyzps(1 — vy —

v,)* exp(Bvy) exp(—as)) (10)
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A = %(4’(115(1 -V - 172)3 +4kips(1—vy — V2)3 exp(—as) + 4kis(1 — v, — U2)3 exp(fv,) +

4kiops(1— vy — v2)4 exp(Bv,) exp(—as)) (11)

a3 = %(4’(115(1 -V - 172)3 +4kips(1—vy — V2)3 exp(—as) + 4k;,5(1 — vy — U2)3 exp(Bv,) +
4kyop5(1 — vy — v,)* exp(Bv,) exp(—as) — B(ki2s(1 — vy — v,)* exp(Bv,) + kypps(1 — vy —

v2)* exp(B;) exp(—as))) (12)

azy = Vil(kn(l L vz)4 + kiin(1—vy — 172)4 exp(—as) — akqy1ps(1 — vy — 172)4 exp(—as)) (13)

1 F . F
QAzz = v (_4k115(1 -V = V2)3 —4kyps(1—v; — U2)3 exp(—as) — k,; exp _% — jka1vy exp _ﬂ)

(14)

RT

Qz3 = %(_41(115(1 — U - vz)3 —4kyps(1—vy — v2)3 exp(—as)) (15)

1
az; = v (k12(1— vy — vz)4 exp(Bv,) + kizp(1 — vy — vz)4 exp(Bv,) exp(—as) — akyzps(1 — vy —

v,)" exp(Bv,) exp(—as)) (16)

Qazp; = Viz(_‘l'kus(l -V — 172)3 exp(Bv,;) = 4kizps(1 — vy — U2)4 exp(Bv,) exp(—as)) (17)
azz = %(_41‘125(1 — vy — ;)% exp(Bv;) — 4kypps(1 — vy — v,)* exp(Bv,) exp(—as) + B(kyps(1 — vy —

U2)4 exp(Bv,) + kizps(1 — vy — v2)4 exp(fv,) exp(—as)) — k,, exp — % — jkaav, €xp — Fﬂ) (18)

In order to investigate the steady-state
stability in this system, we apply the Routh-
Hurwitz criterion to the equation-set (2). Avoiding
the cumbersome expressions, we introduce new
variables, so the Jacobian determinant will be
presented as:

2 _K_Al_/lz X1+X2 X1+X2+(U
e X -5 =X

e Az _Xl _XZ - 52 —w
(19)

Opening the brackets and applying the Det J<0
requirement, salient from the criterion, we obtain
the steady-state stability requirement, exposed
as (20):

_K(X152 + Xlw + 51X2 + 5152 + 510)) -
A1(51X2 + 5152 + 51(1) - X152 _Xzsz) -
X E+ X o+ 55 +XX,) <0 (20)

Which indicates that, comparing this system
with the similar ones [45-49], involving vanadium
(1) oxyhydroxide and (or) conjugated compound
as electrode modifier, the topological region of
the steady-state stability will be narrower. In
other words, it will be satisfied will have less
probability than in the above-mentioned similar
works [45-49].

On the other hand, the instabilities will be
more probable. Nevertheless, their satisfaction is
correspondent to the parameter values, which lie
beyond the detection limit. Thus, taking also into
account that no side reaction, compromising the
material or analyte stability is possible in the
model conditions, it is possible to conclude that

RT

the linear dependence between the analyte
concentration and the electrochemical parameter
will be satisfied within the steady-state stability
region, making the analytical signal easy to
interpret. The electroanalytical process will be
either diffusion or kinetically controlled.

The detection limit is correspondent to the
monotonic instability, serving as a margin
between the stable steady-states and instable
states. Its realization condition is Det J =0 (21):

k(X5 + Xy0 + 5 X, + 515, + Bjw) —
MEX, +EE5+50—X 5, —X,5,) —
LXK E + X w+E 5 +XX,)=0 (21)

What about the oscillatory behavior, in this
system it will be more probable than in the
similar systems [45 — 49], as the double electric
layer capacitance, conductivity and ionic force
suffer strong influences on two electrochemical
and three of four chemical stages as described
below.

As known, the Hopf bifurcation is realized if
the Jacobian matrix main diagonal elements
have positive elements, responsible to the
positive callback. In these systems, elements,
which may be positive are:

akips(1 — vy, —vy)* exp(Bv,) exp(—as) > 0 if
a>0, describing the DEL influence of the
transformation of an oxyme (weak base) into a
primary amine (strong base). The amine, as a
ionogenic compounds will interact with ions yet
present in DEL, altering its structure and
contributing to the cyclic changes in its
capacitance, conductivity and ionic force;
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(k12s(1 = vy —v,)* exp(Bv,) + kyzps(1 — vy —
v,)* exp(Bv,) exp(—as)) > 0, if B>0, describing
the DEL influence of the formation and
disappearance of an ionic compound (vanadyl
derivative) on a squaraine matrix, leading to an
effect, analogous to that described above;

—jk,1v; €XP —% >0 and
—jky,v, €xp —% >0, if j<0, describing the

DEL influences of the electrochemical stages on
DEL capacitance, conductivity and ionic force,
like also the surface doping degree and
resistance.

All of the three factors are characteristic for
the similar systems [45 — 49] or are analogous to
them, as the similar systems also represent the

DEL influences of electrochemical and (or)
chemical stages, responsible for oscillatory
behavior.

This model describes the general case of the
perillartine VO(OH)-Squaraine dye assisted
determination. It is characteristic for the pH
values, in which both tetravalent vanadium forms
are yielded. If only one of the is on the electrode,
the variable, correspondent to the second form
will be annulated, and the trivariant system will
be transformed into a bivariant.

4. Conclusions

From the analysis of the system with the
perillaldehyde aldoxime cathodic electrochemical
determination on  VO(OH)-squaraine  dye
composite it is possible to conclude that:

- The system’s behavior is more dynamic,
while compared to the similar ones, as there are
five reactions influencing double electric layer
capacitance, conductivity and ionic force, like
also surface doping degree and conductivity —
more than in similar systems;

- The electroanalytical process tends to be
either diffusion or kinetically controlled;

- The oscillatory behavior tends to have more
probability to be realized than in similar systems.
It is caused by three factors;

- Despite of this, the linear dependence
between the electrochemical parameter and
concentration is observed in a vast parameter
region, defining that the VO(OH) — Squaraine

Dye composite is an efficient electrode modifier
for perillartine electrochemical detection.
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