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Resumen 

Se reporta el comportamiento electroquímico del sistema formado por compuestos heterocíclicos, en soluciones de 
acetonitrilo, electropolimerizados sobre electrodos de hierro y bajo condiciones de pasivación. Se creó un modelo 

matemático para predecir el mecanismo más probable así como el comportamiento de este sistema (incluyendo la 

determinación de las posibles causas de las inestabilidades electroquímicas). Empleando este modelo es posible 

predecir las condiciones bajo las cuales el sistema puede comportarse como un oscilador. En sistemas donde la 

electropolimerización se realiza en mezclas de acetonitrilo-agua y en presencia de un medio ácido las oscilaciones 

electroquímicas pueden ser causadas por efectos de los protones presentes en el medio, los cuales están 

involucrados en la síntesis de la macromolécula (manifestándose en la formación de protones autocatalíticos los 

cuales participan en el proceso de electropolimerización)  

Palabras clave: Polímeros conductores; compuestos heterocíclicos; acetonitrilo; pasivación de metales; oscilación 

electroquímica 

Abstract 

The electrochemical behavior of the system composed by heterocyclic compounds, in acetonitrile solutions, 
electropolymerized on iron and under passivation conditions was observed. A mathematical model was created in 

order to predict the most probable mechanism and the system behavior (including the determination of possible 

causes for the electrochemical instabilities). According to this model, it is possible to predict the conditions under 

which the system can act as an oscillator. In the systems with electropolymerization in ACN-water mixtures in 

acid media the electrochemical oscillations can also be caused by proton effect on the synthesis of a 

macromolecule (which manifests itself in autocatalytic proton formation and its participation in 

electropolymerization process).   

Keywords: Conducting polymers; heterocyclic compounds; acetonitrile; metal passivation; electrochemical 

oscillations. 

 

Introduction 

The corrosion influences in our life every day because it 

causes the degradation and destruction of metallic details 
of instruments and devices

1-3
. It is necessary to investigate 

the corrosion protection methods to reduce the influences 

of corrosion and money lose caused by it.  

One of these methods is the surface protection by 
conducting polymer (CP) coatings sinthetized by 

electrochemical polymerization of heterocyclic compounds 

(like pyrrole, thiophene, indole, etc.).  

For the last decades the CP have been extensively studied, 

because they have vast and rich spectrum of use, beginning 

on the corrosion protective coatings
2-4

 and ending with 

sensors and biosensors
5, 6

. Due to their liophobicity in most 

of the solvents
1,2,4,7,8

 they are capable to protect the 

metallic surface from degradation and, moreover, conduct 
the electric current.  

But the synthesis of CP over active metals (like iron, 

aluminium, etc.,) in aggressive conditions is difficult 

because the corrosion potential of mentioned metals is 
lower than the polymerization potential of some 

monomers
2,9

. One of the methods to avoid this difficulty is 

to synthetize the polymers in absence of the active 
dissolution of the metal to be protected (for example, in 

dry acetonitrile).The passivation film forms itself over iron 

in dry acetonitrile under potentials comparable with 
polymerization potential of some monomers

1
. The trans-
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passive transition realizes itself during the film dissolution 

(according to the data of Li et. al.
 1

 it is controlled mostly 

by surface reactions than by diffusion). The metal 

dissolution begins after addition of water in the 
acetonitrilic solution. If the concentration of water in the 

ACN-water mixture reaches 6%, or 3.1 M, the behavior of 

iron surfaces corresponds itself to the behavior in aqueous 
solutions.  If the heterocyclic monomer is introduced to the 

system, after the film dissolution the surfaces in which the 

film was dissolved (and exposed to the aggressive media), 
occupy themselves with the monomer, that polymerizes 

itself to form the protecting polymer coating
2,9

, which is 

very important. 

To know the most probable mechanism of the 
electrochemical behavior of this system, we can construct 

the mathematical model capable to describe the 

electrochemical behavior of this system. Many systems 
with passivation, metal corrosion and electropoly-

merization of heterocyclic compounds were found to 

present the oscillatory behavior
2-4,10-15

, but the 
mathematical model, capable to describe this process 

adequately has not developed yet.  

In a recent report, Das et. al.
10

 have observed the potential 

oscillations in galvanostatic mode for the polymerization 
of thiophene. They have explained this type of behavior by 

surface instability (figure 1) 

 

Fig. 1: Anodic potential oscillations, observed during the 

polymerization of thiophene in the presence of different dopants 4-

TSS (a) y NaClO4 (c) and the macromolecule’s form in 

correspondent cases  (b) (d). Reproduced from 10 with permission 

from CSIR-NISCAIR, New Deli, India. 

The potential oscillations also were observed by Lemos 

Castagno
2
, Ba-Shammakh

4
 and Das

2,4,10-13
 for the case with 

and without use of surfactants. The current oscillation 

during indole potentiostatic electropolymerization has been 

also observed
3
 (figure. 2). 

 
Fig. 2: The responses without (A, B) and with (C,D) current oscillations, obtained during indole electropolymerization in ACN-water 

mixtures in the presence of [N(C4H9)4][BF4]. Reproduced from 3 with permission from Elsevier, Amsterdam, The Netherlands. 

 

The current oscillations were also obtained by Aoki et. 
al.

14
 for a soluble polythiophene in the conditions of “The 

polythiophene paradox”. They have appeared in the system 

due to the factor of concurrence between polymer 
formation and dissolution. Different researchers have 

found the causes for the oscillations to be different in 
different cases. So, the mathematical investigation, capable 

to find the general causes for the oscillations in the 

electropolymerization processes, has to be fundamental 
and one of the most difficult tasks of physical chemistry. It 
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may elucidate us to the mechanism of the temporal self-

organization in the systems with electrochemical 

protection of the metal surface by electrochemical 

polymerization of one heterocyclic compound over it in 
aggressive conditions with the possibility to find the ways 

to intensify this process or the parameter values, which let 

us avoid the instabilities, undesirable in technological 
process. 

Physically, this system consists of the stages: 

- Monomer diffusion towards the surface  
- Monomer adsorption and desorption  

- Electrochemical polymerization of the monomer on the 

surface to form the protecting polymer coating 

- Formation and dissolving of passive film 
- Active metal dissolution, (in the section 2).  

 

The mathematical model of the anodic electro-

polymerization of one heterocyclic compound over iron 

covered with passive film.  

The mechanism of the electropolymerization of 
heterocyclic compounds. 

The explicit mechanism, capable to describe fully the 

electropolymerization of heterocyclic compounds has not 

described yet. The Sadki review article
16

 and the references 
therein describe the possible scenarios proposed for this 

process. The Diaz mechanism, proposed in 1979
17

, is the 

most acceptable in literature (modified with the Kim 
scenario

18
 in the modern literature

10-15
.  

According to the Diaz mechanism the electropolyme-

rization of heterocyclic compounds consists of such stages 

as: 

1) Monomer oxidation to form cation-radical. π-radical is 

to form firstly, but it quickly isomerizes to form σ-
radical with radical centre in the second position. The 

value of the resonance energy for the second position is 

more, than for the third  
 

 

 

 

 

2) Dimer formation by two ways 

- Cation-radical recombination (Diaz’s scenario): 
 

 

- Electrophylic substitution (Kim’s scenario) 

3) Electrochemical dimer oxidation and chain 

propagation analogically to (1,2)    

75% of rings in the resulting polymer are bonded in 2-2’-

positions, but 3-3’-recombination of oligomer cation-
radicals is also possible  despite of steric difficulties. 

Autocatalytic growth of the chain is possible because 

oligomer or polymer oxidizes more easily than monomer 
due to cation-radical stabilization. Also autocatalysis can 

succeed in strong acid media
19

. It influences the 

electropolymerization, moreover, the pH is decreasing 

during the reaction, so proton formation is autodetermined.  

The chose of the mode.  

The electropolymerization of heterocyclic compounds may 

be realized potentiodinamically, galvanostatically and 
potentiostatically

2
. 

The potentiodynamic electropolymerization yields thin 

films, the properties of which depend on the potential 

margins chosen. The polymer tends to be partially 
overoxidized, and there may exist the “death points” in 

which the electropolymerization doesn’t occur.  

The galvanostatic electropolymerization in the majority of 
cases yields polymer dendrites

16
. It’s difficult to be 

realized, because of the difficulty in finding of the value of 

the current density applied to the working electrode. 
Moreover, the polymer may partially overoxidize, when 

the electrode potential is higher than the overoxidation 

potential.  

The potentiostatic electropolymerization is known to be 
most used in electrochemical syntheses of conducting 

polymer coatings. The polymerization potential for 

concrete monomer is easy to be determined from the 
CVAG and the working potential to be chosen is a little bit 

higher than the peak potential. So, in this work the process 

of the electrochemical polymerization of one heterocyclic 
compound in passivation conditions will be described in 

potentiostatic mode.  

To describe mathematically this process in it we can 

introduce three variables 
 - c – monomer concentration in the pre-surface layer 

 - Θm – the coverage degree of the monomer 

  - Θf – the coverage degree of the passive film 

The accepted suppositions 

To simplify the mathematical model of this process we 
suppose that the liquid is stirring intensively (so we can 
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neglect the convective flow), the background electrolyte is 

in excess (so we can neglect the migration flow). The 

monomer concentration profile is linear, the diffusion layer 

thickness is constant and equal to δ. 

The monomer in the diffusion layer 

The monomer enters the layer by diffusion and also 
desorbing from the surface and leaves it adsorbing onto it, 

so the monomer concentration balance equation can be 
described as 

 










cc

D
vv=

dt

dc
b


11

2                            (1) 

in which v1 and v-1 are monomer adsorption and desorption 

rates, cb is the monomer bulk concentration, D is the 
diffusion coefficient. 

The monomer on the electrode surface.  

The heterocyclic monomer enters the surface adsorbing 
onto it and leaves it by desorption. It’s also spent by 

electropolymerization. The monomer surface concentration 
balance equation can be described as:  

 
211

max

1
vvv=

dt

d
m 






                                   (2) 

in which v2 is the electropolymerization rate, Γmax is the 
maximal monomer surface concentration. 

The adsorption, desorption and polymerization rates can be 

calculated as: 

  )1(exp
1;11 fm

ck=v  ; 

  )(exp
211




k=v ; 











022
exp 

RT

zF
k=v  

in which k1, k-1 and k2 are constants of relative reactions, α1 
and α2 describe the interactive forces between the adsorbed 

molecules z is the number of electrons transferred during  the 

electropolymerization, T is the absolute temperature, R is the 
universal gas constant and φ0 is the potential slope relative to 

the zero-charge potential.  

The passive film on the surface 

The passivation film is forming during the interaction of the 
metal with the air oxygen

1
 and is dissolving itself in 

acetonitrile solution. The balance equation can be described 

as 

    


2313
exp1exp 


kk

dt

d
mFF

F     (3) 

in which k3 and k-3 are film formation and dissolution 

constant , β1 and β2 are constants that describe the 

interaction of the molecules in the film. 

Results and discussion.  

We investigate the equation system (1-3) by using the 

linear stability theory[20]. The Jacobi functional matrix, 

the terms of which are calculated in the steady-state can be 
described as:   


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The terms of the matrix can be described as: 
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The stable steady-state 

The characteristic equation of this system will be described as  
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To investigate the linear stability of this system we use the 

Rauss-Gurwitz criterion. It requires the main diagonal 

minors of Gurwitz matrix 

















C

ABC

A

00

01
 

to be positive for stable steady-states.  The members of the 
principal diagonal: 

A
1

, 

BC

A 1
2
  

 

C

ABC

A

00

01

3
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We can see that Δ3= CΔ2, so the the stability condition will 

be described as C>0.  We may analyze this system deeply, 

introducing new variables  

1
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So, the Jacobian will be represented as:
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Transforming the Jacobian we can obtain the steady-state 

stability condition as 
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So, the stationary state in this system is stable, when the 

difference between the passivation film formation and 

dissolution factors is lower, than the critic parameter, the 

value of which is defined by adsorption, diffusion and 

polymerization factors (D, G1, R1, R-1, R2) and also the 

passivation factor itself (G3).  

We can see that this condition satisfies itself during the 

distractive interaction between adsorbed particles, which is 

defined by negative values of α1, α2, β1, β2. The negative 
values of the parameters β1 and β2 make the values of the 

expression on the left side of the inequality lover, and the 

negative values of parameters α1 and α2 make the 
rightwards  ́fraction bigger, which gives the possibility for 

this condition to be satisfied.  

The oscillatory instability 

Was described either for passivation systems, or for the 
electropolymerization systems and also in the coactions of 

both factors. It realizes itself in Hopf bifurcation conditions
20

, 

that define the presence of complex radicals for characteristic 
equation, shown above. They require, that the terms of the 

main diagonal of the Jacobi matrix contain the positive 

addendums (that describe the positive callback).  

It’s obvious that the oscillatory behavior will be possible if α1, 

α2, β1 and β2 are positive (which, defining the possibility of R1 

and R-1, describes the attractive interaction between adsorbed 

particles). The electrochemical oscillations in this case will be 
caused by cyclic change of electrochemical impedance, 

caused by cyclic change of the surface covering, so the 

responsible in this case is the surface instability, described by 
Das

10-13
 and Aoki

14
. 

This surface instability favors the monomer adsorption, 

providing the positive callback in the adsorption process.  

One more oscillation condition can be obtained in cause of 
the realization of 

00 


m
d

d  

It is known21 that  

Ffmm
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In which K0, K1, K2 are integral capacities for the parts of 

DEL, corresponding to the free part of the surface, the 

surface occupied by monomer and the surface occupied by 

the passive film, φ1 and φ2 are potential slopes of the 
corresponding parts of DEL relatively to zero-charge 

potential.  

Inputting the expression of 

 


0

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to the corresponding member of Jacobian, we can obtain, that 

R2 may be positive when φ0 is negative. That can signify the 

oscillations during the anodic oxidation of strong reducents 

forming during the electropolymerization.  

It explains the relation between the oscillations and dopant 

nature (the potential slope values in the presence of different 

dopants are different). More strong oxidant is dopant, lower is 
the value of φ0.  

The monotonic instability defines system´s behaviorWhen 

the cyclic voltamperogram shows N-shaped curve. 

It ocurrs in the conditions of Tr <0, Det = 0. The principal 

condition is Det J = 0 (cause Tr<0 realizes for nearly all the 

systems). Using the calculations, demonstrated above, we can 

show that it occurs in the condition of: 

)(1
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In this point multiple stationary states exist and the system 

chooses only one of them. It destroys after the change of 

the factor action. This model can be applied for all systems 
with passivation of metals during the electropoly-

merization in organic solvents without water, so the active 

metal dissolution does not occur.   

The mathematical model of the anodic electro-

polymerization of one heterocyclic compound over iron 

covered by passive film in ACN – H2O mixtures in acid 

media. 

As it was described in the introduction, when the water is 

added to the solution, the iron begins to dissolve. The 

behavior of this system becomes more complicated. 

To describe mathematically the system with the potentiostatic 

electropolymerization of one acidofobic heterocyclic 

compound, we can introduce three variables: 

 - c – the monomer pre-surface concentration 

 - Θf – the passive film coverage degree 

 - h – the pre-surface concentration of protons 

supposing the mentioned above (page 100). Also (to simplify 
the modeling) we suppose that the electropolymerization is 

not foregone by monomer adsorption and that all the reaction 

of the protons are of the first order.   

The side reaction of monomer (if it is furan or pyrrole) with 

proton is defined by its acidophobicity – electrophylic proton 

attack in the presence of water: 

 

X

+ H+

X

H

H
XH

OH

+ H2O

-H+

The polymerization,
yieling the non-conducting
 polymer

 
 
In general, the procedures, used for this system is the 

same, that for the described above, so now it will be 

described briefly.  

The monomer in the pre-surface layer.  

Enters it by diffusion from the bulk and leaves from it 

participating either in the electropolymerization (according 

to the Diaz mechanism) or in the side reaction with protons 
(because it’s acidophobic).The monomer balance equation 

can be described as 

  









apb
vvcc

D
=

dt

dc



2
 

In which vp is the polymerization rate and va is the rate of 
the reaction with protons (because it’s side reaction). 

Passive film. 

Forms itself during the reaction of iron with water 

molecules and dissolves itself by chemical and 
electrochemical way reacting with protons. So, the balance 

equation will be described as: 

 
qelf

vvvG
dt

d
 1  

in which vf is the film formation rate, vel and vq are 

chemical and electrochemical dissolution rate . 

The protons 

The protons reach the surface by diffusion. Their quantity 
increases during the electropolymerization process 

(according to the Diaz mechanism, mentioned above). 

Protons participate in chemical and electrochemical film 
dissolution and the side reaction (proton attack of the 

monomer). The proton balance equation can be described 

as:  

  









delqapb
vvvvvhh

D
=

dt

dc


2

2  

in which D2 is the proton diffusion coefficient, hb is the 

proton bulk concentration, vdis the metal dissolution rate.  
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The rates of the formation and dissolution of the film can 

be described as: 

  ;1exp
1 ffff

kv    

  hkv
qq


2
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  hkv
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
2

exp   

The metal dissolution, electropolymerization and side 

reaction rates can be described as: 

;hkv
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  
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
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exp)( 

RT

zF
chfk=v
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hckv aa   

in which the function f(h)manifests the influence of pH to the 

polymerization process.  

Using the method, used above we can predict, that the 

oscillatory behavior in this system can be caused by attractive 
interaction between the molecules in the film, 

One more factor is responsible to the oscillations in this 

system. It’s the possibility of the autocatalytic proton effect 
on the electropolymerization. One of the addendums of the 

third matrix member can be positive if that describes the 

autocatalytic proton formation during the electro-

polymerization. According to the Diaz mechanism, it can 
succeed if the electropolymerization in acid media is 

autocatalytic. 

Conclusions 

We have described mathematically the electropolyme-

rization of one heterocyclic compound on iron in 

acetonitrile solution in passivation conditions. The steady-
state conditions were determined by Rauss-Gurwitz 

criterion. The oscillatory behavior can be caused by 

attractive interaction between the adsorbed particles of the 

monomer and the film and by anodic oxidation of strong 
reducents forming during the electropolymerization.  

In the system with the electrochemical polymerization of 

one heterocyclic compound in ACN-H2O mixtures in acid 
mode the electrochemical oscillations can also be caused 

by the autocatalytic proton effect on the polymerization 

process. 

The system is temporal dissipative structure, existing by 

the monomer diffusion and stable polymer formation, 

capable to protect the surface from corrosion without 
dissolution (possible for the oxide (hydroxide) film).  
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