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Abstract: In this work, the possibility of cathodical electroanalytical determination of aesculetin
and quercetin, the most representative polyphenolic coumarin and flavonoid, is theoretically de-
scribed. The cathodic reaction is given by the electrochemical reduction of 2- and 4-pyrone rings
simultaneously on a vanadium(III) oxyhydroxide-modified electrode at a pH correspondent to wine
(3 < pH ≤ 7). Analysis of the mathematical model, corresponding to the reaction mechanism, lets us
conclude that, although the oscillatory behavior remains highly probable, the cathodic electroanalyti-
cal process, based on VO(OH)-assisted reaction, may be even more efficient than anodic oxidation of
the polyphenolic compounds in the same conditions.

Keywords: aesculetin; quercetin; wine; polyphenolic compounds; electrochemical sensors;
vanadium(III) oxyhydroxide; stable steady-state

1. Introduction

Douro wine is one of the symbols of Portugal. The Douro wine region was first
demarked in the XVIII century. The wines produced in the area present their characteristic
scent and flavor due to some aromatic lactones. However, the principal nutrient value of
the vine is given by its polyphenolic composition [1].

On the other hand, the chestnut C. Sativa is one of the most critical products and
ingredients for the cuisine of Trás-os-Montes [2]. The districts of Vila Real and Bragança
produce 25% of Portuguese chestnut. Its pulp and flowers also possess high concentrations
of flavonoid (for example, quercetin) and coumarin (for instance, aesculetin) polyphenols,
mainly those with hydroquinone moieties (Figure 1), which, in quinonic forms, act as
antioxidants and preservatives, thereby being candidates for the substitution of sulfites in
wine preparation.

Another positive feature of those compounds is their contribution to polyphenolic
wine profiles, which is why the development of an efficient method for their determination
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is actual, and the electroanalytical process applicable to polyphenolic compounds may be
an exciting solution [3].
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Figure 1. Aesculetin and quercetin. 

Another positive feature of those compounds is their contribution to polyphenolic 
wine profiles, which is why the development of an efficient method for their determina-
tion is actual, and the electroanalytical process applicable to polyphenolic compounds 
may be an exciting solution [3]. 

Both aesculetin and quercetin may be easily detected by an anodic process in which 
the hydroquinone moiety loses two protons, yielding the correspondent quinone. Never-
theless, the anodic process may lose selectivity, especially in the presence of carbocyclic 
polyphenols. Moreover, anodic oxidation is more favored in a neutral or neutralized me-
dium, which is incompatible with wine pH (mildly acidic). Therefore, the cathodic process, 
in which the pyrogenic heterocyclic moiety is reduced in the presence of protons, may be 
helpful in the selective flavonoid and coumarin polyphenols’ determination in wine. 

In this aspect, the use of chemically modified electrodes (CMEs), which constitute a 
flexible and modern tool for electroanalysis, becomes highly important, and vanadium (III) 
oxyhydroxide, a semiconducting material with highly expressed reducing properties, may 
serve as an exciting electrode modifier for this process. Nevertheless, the use of a novel 
modifier with new analytes requires behavior investigation to verify a priori the most 
probable mechanism of the reactions, leading to the appearance of the analytical signal, as 
well as demonstrating the possibility of electrochemical instabilities typical for similar 
systems [4] and the requirements of the most efficient analytical signal interpretation. 

Therefore, this work aims to investigate the possibility of cathodical electroanalytical 
determination of aesculetin and quercetin over a VO(OH)-assisted modified electrode. The 
correspondent mathematical model will be thereby analyzed using linear stability theory 
and bifurcation analysis to investigate the requisites of the most efficient analytical signal 
interpretation, like the oscillatory and monotonic instability conditions. Additionally, the 
electroanalytical system’s behavior will be compared with that of similar ones [5]. 

2. System and Its Modeling 
The electrochemical determination of aesculetin and quercetin by VO(OH)-assisted 

cathodic resolution is given by the electrochemical reduction process, leading to the 
rupture of both rings and yielding the appearance of two clear analytical signals. As for 
trivalent vanadium, it is oxidized to the tetravalent form, thereby being regenerated in 
the electrochemical stage, according to the reaction (1): 

VO2 + H+ + e−  VO(OH) (1)

Schematically, the electroanalytical process is depicted in Figure 2. 
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Both aesculetin and quercetin may be easily detected by an anodic process in which the
hydroquinone moiety loses two protons, yielding the correspondent quinone. Nevertheless,
the anodic process may lose selectivity, especially in the presence of carbocyclic polyphenols.
Moreover, anodic oxidation is more favored in a neutral or neutralized medium, which is
incompatible with wine pH (mildly acidic). Therefore, the cathodic process, in which the
pyrogenic heterocyclic moiety is reduced in the presence of protons, may be helpful in the
selective flavonoid and coumarin polyphenols’ determination in wine.

In this aspect, the use of chemically modified electrodes (CMEs), which constitute a
flexible and modern tool for electroanalysis, becomes highly important, and vanadium
(III) oxyhydroxide, a semiconducting material with highly expressed reducing properties,
may serve as an exciting electrode modifier for this process. Nevertheless, the use of a
novel modifier with new analytes requires behavior investigation to verify a priori the most
probable mechanism of the reactions, leading to the appearance of the analytical signal,
as well as demonstrating the possibility of electrochemical instabilities typical for similar
systems [4] and the requirements of the most efficient analytical signal interpretation.

Therefore, this work aims to investigate the possibility of cathodical electroanalytical
determination of aesculetin and quercetin over a VO(OH)-assisted modified electrode. The
correspondent mathematical model will be thereby analyzed using linear stability theory
and bifurcation analysis to investigate the requisites of the most efficient analytical signal
interpretation, like the oscillatory and monotonic instability conditions. Additionally, the
electroanalytical system’s behavior will be compared with that of similar ones [5].

2. System and Its Modeling

The electrochemical determination of aesculetin and quercetin by VO(OH)-assisted
cathodic resolution is given by the electrochemical reduction process, leading to the rupture
of both rings and yielding the appearance of two clear analytical signals. As for triva-
lent vanadium, it is oxidized to the tetravalent form, thereby being regenerated in the
electrochemical stage, according to the reaction (1):

VO2 + H+ + e− → VO(OH) (1)

Schematically, the electroanalytical process is depicted in Figure 2.
Therefore, taking into account the above-cited statements and some assumptions [5],

we describe the behavior of this system using the trivariate equation set (2):
da
dt = 2

δ

(
∆
δ (a0 − a)− r11

)
dq
dt = 2

δ

(
D
δ (q0 − q)− r12

)
dv
dt = 1

V (r11 + r12 − r2)

(2)

in which a and q are aesculetin and quercetin concentrations in the pre-surface layer; a0
and q0 are their bulk concentrations, ∆ and D are diffusion coefficients, δ is the pre-surface
layer thickness, v is the vanadium (IV) oxide surface coverage degree, V is its maximal
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surface concentration, and the parameters r are the correspondent reaction rates, calculated
as follows (3–5):

r11 = k11a(1− v)4 (3)

r11 = k11a(1− v)2 (4)

r2 = k2vexp
(
− Fϕ0

RT

)
(5)

Herein, the parameters k stand for the correspondent reaction rate constants, F is the
Faraday number, ϕ0 is the potential slope, related to the zero-charge potential, R is the
universal gas constant, and T is the absolute temperature.

Considering that the phenolic compounds are less ionized in the mildly acidic medium
than in neutral or alkaline, which is characteristic for anodic oxidation [5], the cathodic
process in mildly acidic media, corresponding to wine pH, tends to be more stable. There-
fore, as shown below, the cathodic determination for aesculetin and quercetin in wine
is preferable.
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Figure 2. The schematic representation of aesculetin and quercetin electrochemical determination 
on VO(OH). 

Therefore, taking into account the above-cited statements and some assumptions [5], 
we describe the behavior of this system using the trivariate equation set (2): 

⎩⎪⎨
⎪⎧ௗ௔ௗ௧ = ଶఋ ቀ௱ఋ (𝑎଴ − 𝑎) − 𝑟ଵଵቁௗ௤ௗ௧ = ଶఋ ቀ஽ఋ (𝑞଴ − 𝑞) − 𝑟ଵଶቁௗ௩ௗ௧ = ଵ௏ (𝑟ଵଵ + 𝑟ଵଶ − 𝑟ଶ)   (2)

in which a and 𝑞 are aesculetin and quercetin concentrations in the pre-surface layer; 𝑎଴
and 𝑞଴ are their bulk concentrations, Δ  and 𝐷  are diffusion coefficients, 𝛿  is the 
pre-surface layer thickness, v is the vanadium (IV) oxide surface coverage degree, 𝑉 is its
maximal surface concentration, and the parameters r are the correspondent reaction 
rates, calculated as follows (3–5): 𝑟ଵଵ = 𝑘ଵଵ𝑎(1 − 𝑣)ସ (3)𝑟ଵଵ = 𝑘ଵଵ𝑎(1 − 𝑣)ଶ (4)𝑟ଶ = 𝑘ଶ𝑣 exp ቀ− ிఝబோ் ቁ  (5)

Herein, the parameters k stand for the correspondent reaction rate constants, 𝐹 is 
the Faraday number, 𝜑଴ is the potential slope, related to the zero-charge potential, 𝑅 is 
the universal gas constant, and 𝑇 is the absolute temperature. 
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using the linear stability theory. The steady-state Jacobian matrix members for this sys-
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Figure 2. The schematic representation of aesculetin and quercetin electrochemical determination on
VO(OH).

3. Results and Discussion

We investigate the system with aesculetin and quercetin electrochemical determination
in wine, analyzing the equation set (2) and considering the algebraic relations (3–5) using
the linear stability theory. The steady-state Jacobian matrix members for this system may
be described as follows: a11 a12 a13

a21 a22 a23
a31 a32 a33

 (6)

In which

a11 =
2
δ

(
−∆

δ
− k11(1− v)4

)
(7)

a12 = 0 (8)

a13 =
2
δ

(
4k11(1− v)3

)
(9)
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a21 = 0 (10)

a22 =
2
δ

(
−D

δ
− k11a(1− v)2

)
(11)

a23 =
2
δ

(
2k11a(1− v)3

)
(12)

a31 =
1
V

(
k11(1− v)4

)
(13)

a32 =
1
V

(
k11a(1− v)2

)
(14)

a33 =
1
V

(
−4k11(1− v)3 − 2k11a(1− v)3 − k2vexp

(
− Fϕ0

RT

)
+ jk2vexp

(
− Fϕ0

RT

))
(15)

As mentioned above, the phenolic compounds are less ionized in mildly acidic media,
corresponding to wine. Therefore, the ionization multipliers previously mentioned do
not constitute the reaction rate expressions, and the ionization factor, responsible for the
enhanced probability of the oscillatory behavior in neutral and basic media, will be absent
in this case. This makes the system more stable and the analytical signal easier to interpret,
as shown below.

As known, the primary condition for Hopf bifurcation, which corresponds to the
oscillatory behavior, is the presence of the positive elements in the Jacobian main diagonals
(7), (11), and (15). In the absence of the polyphenol ionization and its impact on the
DEL ionic force during the chemical stages, the unique positive element in this system
is jk2vexp

(
− Fϕ0

RT

)
> 0, if j > 0, thereby being correspondent to the DEL influences of

the electrochemical stage, which is common for all the similar systems [5]. As observed
experimentally, the oscillation frequency and amplitude will depend on the background
electrolyte composition [4].

As for steady-state stability, the electroanalytical system for cathodic reduction tends
to be more stable than for anodic oxidation in a neutral or slightly alkaline medium.
Applying the Routh–Hurwitz criterion and avoiding cumbersome expressions, we rewrite
the Jacobian determinant as follows (16):

4
δ2V

∣∣∣∣∣∣
−κ1 − Ξ 0 Σ

0 −κ2 −Λ T
Ξ Λ −Σ− T −Ω

∣∣∣∣∣∣ (16)

Applying the Det J < 0 requisite, salient from the criterion, and changing the signs to
the opposite, we obtain the stability requisite, expressed as follows (17):

κ1(κ2Σ + ΛΣ + κ2T + κ2Ω + ΛΩ) + Ξ(κ2T + κ2Ω + ΛΩ) > 0 (17)

Defining an efficient electroanalytical system controlled by diffusional and kinetical
factors, but primarily by diffusional factors. The topological region, correspondent to
steady-state stability, which, in electroanalytical terms, corresponds to the linear depen-
dence between the electrochemical parameter and concentration, is more comprehensive
than for the anodic oxidation in neutral or alkaline medium. On the other hand, in acidic
media, a proton-leaving reaction of hydroquinone electrooxidation becomes slow and
ineffective, which makes the cathodic reduction more efficient for aesculetin and quercetin
electroanalytical determination in wine.
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As for the detection limit, defined by the monotonic instability correspondent to the
saddle-node bifurcation, it occurs at the condition of Det J = 0, or the following (18):

κ1(κ2Σ + ΛΣ + κ2T + κ2Ω + ΛΩ) + Ξ(κ2T + κ2Ω + ΛΩ) = 0 (18)

At this point, the stable, steady states are divided from the unstable states. The system
chooses one of the multiple unstable steady-states, destroyed when the conditions are
changed and not necessarily restored in the return to the bifurcation point.

The same procedure may be efficiently used to determine quercetin and aesculetin
in vines and vine-based drinks. In certain conditions, an additional analytical signal for
flavoring substances like vitispiran and sotolone may be provided.

4. Conclusions

From the theoretical investigation for quercetin and aesculetin VO(OH)-assisted elec-
trochemical determination in wine, it was possible to conclude that the cathodic decision in
wine is more stable, efficient, and selective than the anodic oxidation in the same conditions
or in neutral or neutralized media. The electroanalytical process is diffusion-controlled
chiefly, and the topological region of the linear dependence between the electrochemical
parameter and concentration becomes vaster than for the anodic electrooxidation.
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