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Abstract: In this work, the theoretical description for the VO(OH)-assisted reductive
electropolymerization of a pyridinic monomer or another heterocyclic monomer with one or more
pyridinic nitrogen heteroatoms is presented. The analysis of the corresponding mathematical model has
confirmed the efficiency of assisted electropolymerization and the enhanced process and surface
stability related to direct electropolymerization. The polymer surface is somehow more developed than
in the case of direct electrochemical polymerization. As for the oscillatory behavior, it is less probable
than for direct electropolymerization due to the absence of surface instability for indirect
electropolymerization. The probability of the oscillatory behavior will be dependent on the ionization
degree of the monomer.
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1. Introduction

Indirect electropolymerization [1-4], in other words, electropolymerization, in which
the monomer doesn’t interact with the electrode but with the electrode reaction product. This
change makes the electropolymerization process more flexible from the mechanistic point of
view, providing a higher tunability of the resulting polymer properties.

In most cases, the electropolymerization (direct or indirect) is given by monomer
oxidation, yielding cation-radical. Even if realized on the cathode, the cathodic reaction yields
in situ an oxidant, attacking the monomer and creating the chain growth center as a radical
cation. In some cases [5-7], the cathodic electropolymerization is given to the cathode by the
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direct cathodic reaction. By this, the growth center is an anion-radical, which may also be
created by an indirect cathodic or anodic reaction involving electrochromic materials.

Nevertheless, this type of polymerization is possible for the specific type of monomers.
Most are 5- or 6-atom heterocyclic compounds with pyridinic nitrogen atoms with lone or
condensed rings (pyrazoles, imidazoles, thiazoles, pyridines, quinolines, acridines,
phenanthridines, etc.). Carbocyclic aromatic compounds with 2 or more accepting groups and
azulenic derivatives may also polymerize by this mean. The electropolymerization is thereby
given by nucleophilic mechanism, so the monomer units are linked via nucleophilic centers,
not via electrophilic ones, as in direct anodic electropolymerization.

Their polymers may be used in corrosion protection, smart coatings, supercapacitors,
and sensors. Also, they may be used to eliminate chlorogenic compounds like sucralose[8,9].
Moreover, indirect electropolymerization may be more economical and more “green” than
direct one, as it may require reduced energy spending and may involve monomers capable of
being extracted from renewable fonts [10-14].

Even though direct anodic polymerization is generally used [15-21], it requires high
anodic potential or specific oxidants for assisted polymerization. So, cathodic direct and
assisted electropolymerization may be a suitable alternative, providing more developed
polymer surfaces.

In this work, the theoretical description for the possibility of vanadium (l11)
oxyhydroxide-assisted cathodic electropolymerization of a pyridinic monomer via anion-
radical formation has been realized. Vanadium (I11) oxyhydroxide, in this case, changes the
modification during the gradual anodic reaction, yielding a more active form, transferring the
electron to the monomer, and provoking the polymer growth [8-21]. The system’s behavior
will also be compared with that of similar systems [22—28].

2. Materials and Methods

The initiating VO(OH)-form is yielded by gradual vanadium dioxide reduction by:
VO2 + H20 +e" = VO(OH) + OH" 1)
VO(OH) +e” = VO(OH)* 2

The reaction (2) is, in fact, the initial stage of the trivalent vanadium reduction into
bivalent, but it is unfinished in the synthesis conditions.

The electron transference, leading to chain initiation, will be thereby described as:

VO(OH)*+ M+ OH = VO2+ M* + H20 3)

Therefore, to describe the behavior of this system, we introduce the trivariant equation-
set of the next variables:
v — vanadium (I11) oxyhydroxyde less active modification surface coverage degree;
v* — vanadium (I11) oxyhydroxyde more active modification surface coverage degree;
m — monomer pre-surface concentration.

Taking some assumptions [8,9,22-28], we describe the behavior of this system by a
balance equation-set (4):

( % = %(7& —13)
=y -1) 4

d_m_E(ﬁ( —m) - )
at s \s Vo — M) =1
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Herein, V and V* are the maximal surface concentrations of the correspondent
modifications of VO(OH), M is the monomer diffusion coefficient, mo its bulk concentration,
and the parameters r are the correspondent reaction rates, calculated as:

r1=k1(1—v—v*)exp% (5)
r, = kv exp% (6)
1, = k,v ** m” exp(—am) (7

Herein, the parameters k stand for the correspondent reaction rate constants, F is the
Faraday number, ¢, stands for zero-charge-related potential slope, R is the universal gas
constant, T is the absolute temperature, and a is the variable describing the DEL influences of
the polymerization stage, X, and y are the polymerization reaction orders.

If the monomer isn’t significantly ionized during the electrochemical process, the
exponential multiplier is turned to one, as the parameter a is reset to zero, and the reaction rate
expression becomes simplified.

The oscillatory and monotonic instability in this system is more probable for ionic
monomers and less probable for less ionic. Either way, it will be less probable, and the system
will be more stable than direct polymerization in the same conditions, as shown below.

3. Results and Discussion

We investigate the behavior of VO(OH)-assisted cathodic reductive
electropolymerization over vanadium (Il1l) oxyhydroxide during modification reducing
interchange by analyzing equation-set (4) by linear stability theory. The Jacobian matrix
steady-state elements are described as:

ai1 A2 ag3
<a21 az2 a23> (8)
az1 dzz dzz

In which:

1 F . F F . F
a;; = ;(—k1 expﬁ +jki(1—v—v=) exp% —ky exp% + jk,v exp %) 9)

a;, = £ (—k1 exp% + k(1 —v—vx) exp% — lk,vexp %) (10)

v
a13 == 0 (11)
1 F . F
a1 = - (k1 exp % — jk,v exp %) (12)
Az = % (lkzv exp% — xk, v+~ mY exp(—am)) (13)
Ay = % (—ykpv +* mY~1exp(—am) + ak,v +* m? exp(—am)) (14)
a31 = 0 (15)
as, = % (—xkpv xX~1my exp(—am)) (16)
Qs = Vi (_% — yk,v +* m¥~Lexp(—am) + ak,v +* m¥ exp(—am)) (17)

Observing the Jacobian main diagonal elements (9), (13), and (17), we may observe
that all of them contain positive addendums related to the positive callback. Therefore, the
Hopf bifurcation is possible, and the oscillatory behavior may be manifested in this system. It
is caused by DEL capacitance and conductivity impact of both of the electrochemical stages,
leading to the initiator synthesis, like also of the initiated indirect electropolymerization.
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They are described by the positivity of the elements jk,(1 — v — v *) exp% > 0 and

jkov exp% > 0, if >0, lkyv exp% > 0, if >0 and ak,v ** m” exp(—am) > 0, if a>0.
The action and the intensity of these factors are related to DEL capacitance and conductivity,
which are directly related to background electrolyte composition (including pH). For this
reason, the frequency and amplitude of the oscillations will be dependent on those factors,
which have already been experimentally [22—-24] and theoretically [25-28] proved.

Either way, the probability of the oscillatory behavior, in this case, will be much lower
than for direct electropolymerization (anodic or cathodic), as the surface factor, which is
manifested in the direct electropolymerization processes, does not play a significant part here.
Therefore, adsorption instability isn’t possible in this case, S0 the process is more stable.

To describe the steady-state stability, we apply the Routh-Hurwitz stability criterion to
the equation set (4). We introduce new variables, rewriting the determinant as (18):

-N-Y —-A-P 0
pX P-T -z (18)
0 -T —K—F

To avoid cumbersome expressions.

Opening the brackets and applying the Det J<O requisite, salient from the criterion, we
obtain the stability condition, expressed as (19):

DTk —Pxk—PE)+2X(Tk + Ak + PE) > 0 (19)

Describing an efficient kinetically controlled system, in which the steady state is easily
obtained and maintained, providing a well-developed polymeric coating synthesis. It may have
excellent anticorrosive, catalytic, sensoric, and capacitor systems. Moreover, it is capable of
retaining heavy metal cations and some chloroorganic compounds, like sucralose.

This makes the obtained process even more important, providing a simplified metal-polymer
composite synthesis and chloroorganic compounds removal from wastewater.
As for monotonic instability, it delimits the stable steady-states and unstable states. Its
condition may be described as Det J =0, or (20):

Q(Tk — Pk —PE) + Z(Tk + Ak + PE) = 0 (20)

In some cases, the tetravalent vanadium may not be involved. Therefore, the process
will be described by the equations (21 — 22):

VO(OH) +e" > VO(OH)* (21)
VO(OH)* +M > M* + VO(OH) (22)

By this, the equation set becomes bivariant, and this process will be described in our

next works.

2
SVVx

4. Conclusions

From the theoretical analysis of cathodic indirect VO(OH)-assisted
electropolymerization, it was possible to conclude that this process is an efficient kinetically
controlled electrochemical system. The oscillatory behavior in this system is possible, and the
oscillation frequency and amplitude depend strongly on the background electrolyte nature.
Either way, the oscillatory behavior is less probable an for the direct anodic or cathodic
electropolymerization of the same monomer in the same conditions, providing a more
economical and green process.
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