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Abstract: The theoretical description for amavadin-ion electrochemical determination in mushroom
pulp has been given for the first time. The correspondent mathematical model has been developed and
analyzed by linear stability theory and bifurcation analysis, providing the theoretical investigation of
the electrochemical behavior of the electroanalytical system. It has been shown that the system behavior
in galvanostatic mode is more dynamic than in potentiostatic mode, which is reflected in the
enhancement of the probability of the electrochemical oscillations due to the intense influence of
chemical and electrochemical stages on both DEL and surface charge. Nevertheless, the system is
efficient for electroanalysis or conducting polymer modification for electroanalytical purposes.

Keywords: Amanita muscaria; amavadin-ion; conducting polymers; electrochemical sensors; stable
steady-state.
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1. Introduction

Amavadin [1 — 4] (Figure 1) is an ion naturally found in fly agaric (A. muscaria)
mushrooms. It is a vanadium-based complex present in the mushroom in both reduced and
oxidized forms. The exact function of the ion in the mushroom organism has not been
determined yet, but it has already been known that it acts as an oxidant in mushroom skin.
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Figure 1. Amavadin-ion structure.
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Being a redox-active compound of natural origin, amavadin is interesting as a green
electrode modifier for either conducting polymer or carbon material electrodes [5 — 10] in
electroanalytics, as it is suitable for anodic doping. Moreover, two forms, corresponding to
tetra- and pentavalent vanadium, are highly toxic to human organisms (toxic effects include
diarrhea, vomiting, glomerulonephritis, and pyelonephritis), as most of the vanadium
compounds [11 — 15], the reason why its determination becomes highly actual. By this, the
conducting polymer doping may be efficiently used for electroanalytical purposes, for
amavadin concentration, or polymer electrode modification.

Nevertheless, the possibility of electrochemical instabilities, observed in similar
systems with the electrosynthesis and modification of conducting polymers, including the
electroanalytical systems [16 — 18], is very important in the theoretical analysis of this system
in order to pose this process in practice. Therefore, this work aims to analyze, from the
theoretical point of view, the system's behavior with conducting polymer amavadin-doping for
electroanalysis and electrode modification in galvanostatic mode. By this, the correspondent
model will be developed and analyzed by means of linear stability theory and bifurcation
analysis, and the system's behavior will be thereby compared to that of similar electroanalytical
systems involving ionic and non-ionic systems [19 — 21].

2. System and its Modeling

Taking into account the electrochemical behavior of neutral conducting polymer in
galvanostatic mode, we may conclude that in the first stage, the tetravalent amavadin enters the
polymer matrix, thereby being oxidized in the second stage. The analytical signal, by this,
maybe either potentio- or conductometric.

Taking this into account, we introduce three variables:

a —amavadin concentration in the pre-surface layer;

p — amavadin-doped conducting polymer surface coverage degree;

g — the electrode charge density.

Assuming some suppositions [20, 21], we describe the behavior of this system by the
trivariant equation-set, expressed as (1):
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in which 4 is the diffusion coefficient, P is the doped polymer maximal surface concentration,
ir is the Faradaic current, ao is the amavadin bulk concentration, and the parameters r are the
correspondent reaction rates, calculated as (2 — 3).

ra = kqa(1 —p) exp (“=22) e
F
To = kop €xp (%) 3)
As for the Faradaic current, it is calculated as (4):
ir = nFkga(l —p)exp (n;fo) + Fk,p exp (%) 4)

in which the parameters k stand for the correspondent reaction rate constants, n is the number
of electrons transferred during the doping, F is the Faraday number, R stands for the universal
gas constant, and T is the absolute temperature.

Taking into account the additional factors valid for galvanostatic mode, the oscillatory
behavior in this system will be more probable than for potentiostatic mode and other similar
systems [20, 21]. Nevertheless, this process is efficient from both electroanalytical and
electrosynthetical points of view, as shown below.

3. Results and Discussion

In order to investigate the behavior of the system with the electrochemical doping of
neutral conducting polymer by amavadin-ion, we analyze the equation-set (1), taking into
account the algebraic relations (2 — 4) through linear stability theory. The steady-state Jacobian
matrix members will be described as:

ai1 Q2 Ag3
<a21 az; a23> 5)

asz; dz; dsz

Herein:
s =3 (- 15 50 (229) ®
Ay = %(kda exp (n:fo) — jkaa(1 —p)exp (%)) ")
=3t =) xp (229 g
az1 = 3 (ka(1 — p) exp (Poe)) (9)
e = (g (229 g0 - o (22) e (2)
Jkop exp (%)) (10)
ay3 = % (lkda(l —p) exp (n:;’fo) +lk,p exp (%)) (11)
a3y = —nFkq(1 - p) exp (“22) (12)

az, = —nF (—kda exp (n:fo) + jkga(1l —p) exp (%)) —F (ko exp (%) -
jkopexp(Z22))  (13)
asz = nF (lkda(l — p) exp (nj:f")) +F (lkop exp (%)) (14)
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Taking into account the main diagonal elements (6), (10), and (14), we conclude that
the oscillatory behavior in this system is more probable than in similar systems [20, 21] either
due to the influence of both of the electrochemical stages on DEL electrophyslcal properties or
due to the more dynamic nature of galvanostatic processes, while compared to potentiostatic.

The oscillatory behavior may be possible if the Hopf bifurcation conditions are
satisfied. The necessary condition for its realization is the presence of the positive elements
(responsible for the positive callback) in the Jacobian main diagonal. These elements are:

jkqa(l —p)exp (n:;}o) and jk,p exp (%) if j>0, like also nF (lkda(l —p) exp (ngfo» +

F (lkop exp (%)) > 0, if I>0. The oscillatory behavior is explained by the cyclic changes of

both electrochemical stages on the electrophysical properties of DEL and surface, as well as
the electrode charge density. The cyclic influences are generated by the conducting polymer
doping and the dopant oxidation with changes in dopant charge and charge density distribution.
Either way, the oscillation frequency will highly depend on the background electrolyte
composition, including the pH.

As for the steady-state stability, its topological region will be slightly narrower than for
the simplest case due to more dynamic behavior in galvanostatic mode. In order to facilitate
the stability analysis by the Routh-Hurwitz criterion, we introduce new variables and rewrite
the determinant as (15):

AF —K—F A —-P
52p = -A—-0 P+T (15)
—nZ n1+0 nP+T

which, according to the determinant properties, will be rewritten as (16):

—K—Z A —-P
% g —A—-0 P+T (16)
0 —-n-1D0 2nP+Mm+ 1T

Applying the Det J<0 condition, salient from the criterion, opening the straight brackets,

and changing the signs, we obtain the stability requirement, expressed as (17):
kK((n—1DOP+T)—(A+D@2nP + n+ DT) + E((n— AT -
QA+2)(2nP +2(n+ 1T) >0 (17)

This condition describes the mostly kinetically controlled electroanalytically efficient
system, although its topological satisfaction region will be slightly narrower than for the
potentiostatic mode, but even though it will remain efficient from both electroanalytical and
electrosynthetical points of view, as it is readily satisfied, if the DEL parameters j and | are
negative or, even being positive, have small positive values. Really, if j and | are negative, the
kinetic parameters P and T become negative, and the kinetic parameters Q and A become
positive. By this, the left side of the inequity (17) will be driven towards more positive values,
stabilizing the system.

Taking into account that no side reaction capable of compromising the polymer and/or
amavadin stability occurs in this system, we conclude that the steady-state stability will
correspond to the linear dependence between the concentration and potential, providing an
efficient analytical signal interpretation. The conductometric measures also give the possibility
to relate the doping degree to the concentration.

As for the detection limit, its condition is correspondent to the monotonic instability
and is described as:
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kK(n=DRP+T)—(A+2)2nP + (n+ 1DT) + Z((n — VAT — (24 + 2)(2nP +

2(n+1T) =0 (18)

In the case of the conducting polymer overoxidation, which may accompany the

galvanostatic electropolymerization and doping processes, part of the polymer will be

transformed into a less conducting form. In most cases, the dopant will leave the polymer
matrix, returning to the pre-surface layer. Thus, the model will be rewritten as:

da 2 (A
2= G- -r+n)
ar _ 1. _ . _
dt—P(Td Ty —T5) (19)
d_q_._.
dt_l lp

and analyzed in our next works.

4. Conclusions

The system with amavadin galvanostatic electrochemical determination by
intercalation into neutral conducting polymer as a dopant has been analyzed from the
mechanistic point of view. The analysis of the correspondent model has shown that the system's
behavior will be more dynamic than the potentiostatic mode, leading to the more probable
oscillatory behavior manifestation. Even though, in galvanostatic mode, the system remains a
kinetically controlled electroanalytical efficient process.
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