ISSN 1814-9758. Ukr. Bioorg. Acta, 2020, Vol. 15, N 1
UDC 544.6 + 541.138.3: 539.2: 539.216
DOI: hpps://doi.org/10.15407/bioorganica2020.01.047

Ukrainica Bioorganica Acta

www.bioorganica.org.ua

RESEARCH ARTICLE

The mathematical description of dopamine electrochemical oxidation,
accompanied by its chemical and electrochemical polymerization

Volodymyr V. Tkach*?*, Marta V. Kushnir!, Yana G. Ivanushko®, Svitlana M. Lukanova',
Silvio C. de Oliveira?, Petro I. Yagodynets'

yuriy Fedkovich Chernivtsi National University, 2 Kotsiubynsky St., Chernivtsi, 58012, Ukraine
2 Universidade Federal de Mato Grosso do Sul, Ave. Sen. Felinto. Muller, 1555, C/P. 549, 79074-460, Campo Grande, MS, Brazil
3Bukovinian State Medical University, 9 Teatralna Sq., Chernivtsi, 58000, Ukraine

Abstract: The electrooxidation of dopamine is accompanied by its chemical and electrochemical polymerization, and in which either the
monomer or the polymer may be oxidized to the respective quinonic form, was investigated from the theoretical point of view. Dopamine
is one of the important neurotransmitters in human and mammal organisms. It is a precursor to epinephrine, which influences the
cardiovascular, hormonal and renal functions. Its lack causes diseases like Parkinson, therefore, dopamine has been used as a drug for their
treatment. On the other hand, its excess stimulates the sympatic nervous system yielding the metabolic disorders and even schizophrenia.
Thus, the development of the rapid and accurate method for its concentration measurement is very important. Dopamine is very popular
analyte in electroanalytical systems. The modified electrodes for its determinations have been developed by many researchers. Dopamine
is widely used as a monomer for synthesis of a conducting polymer — polydopamine, whis is used as electrodes’ modifier in capacitors and
in anticorrosive coatings. The electropolymerization of dopamine into polydopamine proceeds along with its traditional quinone-
hydroquinonic oxidation. Both processes give their impact to the electrochemical behavior of dopamine during its electropolymerization.
The mechanism’s complexity is also responsible for the electrochemical instabilities during electro-oxidation. In order to understand these
instabilities it’s necessary to develop the mathematical model that is capable to describe the behavior of the system. It also helps us to
esteem the influence of the electrochemical instabilities, by which it may be accompanied. The goal of this work is to describe an
electrochemical oxidation and polymerization of dopamine that will provide an important connection between the electrochemical
detection of biologically active compounds and their electropolymerization for electrode modification.
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Introduction illnesses like Parkinson disease [6], therefore it can be used

as a drug in medical protocols [7]. Its excess can cause

Dopamine is a hormone and one of the major  different effects on sympathic segment of neurosystem,

neurotransmitters in human and mammalian organisms [1-  methabolic disturbance and even schizophrenia [8].

4] that is synthesized in the body. It is a member of the  Therefore, the development of a novel method that is

catecholamine family of neurotransmitters in the brain and ~ capable to detect its concentration in a rapid, precise,
is a precursor to epinephrine (adrenaline) and  accurate and sensitive way is very important task.

norepinephrine (noradrenaline) hormons [5]. Its lack causes Chemically modified electrodes have  various

advantages, the main of which is the affinity between the
modifier and the analyte, reason why they are one of the

Egg?s“e/gd 28:82:;8;8 modern, cheap and tunable electroanalytic tools. For
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composition were developed [9-15]. Some hydroquinonic
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modifiers [16-17]. Dopamine is a polymerizable compound
[18] and its polymer can be used as an electrode modifier
similarly as of polyalizarine [19]. Moreover, if the
supporting electrolyte contains oxidizing ions, they can
promote chemical polymerization of dopamine. In order to
evaluate the effect of polymerization by the electrochemical
(electroanalytical) process it’s necessary to investigate the
system with polymerization-accompanied electrochemical
oxidation of dopamine from mechanistic point of view.

Therefore, it’s important to develop and analyze the
mathematical model that is capable to describe the behavior
of the system. It will be useful us to evalate the influence of
the electrochemical instabilities that can be occurred
[20-21].

The goal of this work is to evaluate by mechanistic way
the influence of chemical and electrochemical
polymerization of dopamine and introduce an important
connection between the electrochemical detection of
biologically active compounds and their electropoly-
merization.

System and its modeling

The dopamine polymerization is occured in electrode
potential lower than for benzolic compounds. It is due to the
presence of donor groups (two hydroxyls and an ethylamine
group) in the benzene ring, therefore, the number of
chemical oxidants that is capable to promote
polymerization, has to be higher compared to benzene. The
bond between monomer units is formed either by
participation of oxygen, or by creating C-C bond between
positions 3 and 6 of the ring.

While the hydroquinonic structure is present (at least in
part) in the polymer backbone, the polymer can be also
oxidized further to its quinonic form. The oxidation of
hydroguinonic monomer units makes the system similar to
so called “polythiophene  paradox” [22]. The
electrochemical oxidation of the dopamine polymer is
reversable in nature while overoxidation of the same
polymer is irreversible. Therefore we can safely assume that
these processes are different.

Taking in account the described assumptions, we are
introducing three variables:

¢ — the dopamine concentration in the pre-surface layer;
6 — dopamine coverage degree;

0p — polydopamine (chemically, or electrochemically
obtained) coverage degree.

In order to simplify the mathematical model, we
introduce several assumptions:

 the background electrolyte is present in an excess,
therefore we can disregard the migration flow and the
oxidizing dopant concentration change;

« the reactor is intensively stirred, so we can disregard
the influence of convection flow;
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« the concentration profile of dopamine in the pre-surface
layer is linear;

« the thickness of pre-surface layer is constant and equal
to 9.

It is possible to demonstrate that the differential
equations’ set that are describing the electrochemical
oxidation system can be defined as following:

% = %(%‘(Co _C)"' r, - rl)
C:j_f:é(rl_rl_rz_rpl_rpz) o))
do

d_tp = %(rpl T — r3)

where A is the dopamine diffusion coefficient to from
electrolite to the surface, co is its concentration in the
solution, G and J are the maximal surface concentration of
the dopamine and its polymer correspondengly, and the
parameters r are the dopamine rates of adsorption (ri),
desorption (r.1), electrooxidation (rz), chemical (rp1) and
electrochemical (rp2) polymerization, and the rate of
polydopamine oxidation (rs). These rates can be express as
following:

r=kcl-60-0,)exp(ad); @)
r, =k, 0exp(—ab); ®)
r, = kﬁexp(%); 4
ry=k,0" exp(zg_i_/gj f(0,); (5)
r, =K,0"1(0,); (6)
r, =k;0, exp( jFRg_ZI_H” J )

where the parameters k are the correspondent reaction rate
constants, parameter o is a variable, which describes the
interaction between the dopamine adsorbed molecules, F is
the Faraday number, z and j are the numbers of transferred
electrons during the polymer formation and oxidation
correspondingly, y and & are parameters that describes the
influences of the electrochemical processes on the double
electric layer (DEL) capacitances, R is the universal gas
constant, T is the absolute temperature of the solution, f is
the function that describes the autocatalytic reaction of the
dopamine  polymerization and relatess to the
polymerization’s reaction order.
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The electrochemical dopamine polimerization system is  stability theory to equation set (1). Its steady-state Jacobian
similar to “the polythiophene paradox” that combines  matrix members can be described as :
nearly all variables. Its behavior, however, is slightly

different, and will be discussed in the next section. a;; a, a

a,; dy Ay 8)
Results and discussion
a‘31 a32 a33

In order to understand and investigate the behavior of the ) . .
electrochemical  system  that includes dopamine’s where variables can be described by Equations 9-17

electrooxidation and polymerization we apply a linear ~ (Figure 1).

2

&, :g<_%_kl(1_9_9p)exp(a0)) 9)

a, = %(klc exp(a6)—ak,c(L-0-0,) exp(ab)+k , exp(- a6) - ak ,0exp(- ab)) (10)
2

a3 = S (klc EXp (0‘ 9)) (11)
1

8= (k,(1-6- 6,)exp(ab)) (12)

—k,cexp(ad)+ak,c(L—0-0,)exp(ad)—k_, exp(— a )+ ak_,0exp(— ad)-

1
Ap =— 2Fy0 2Fy0 - (ZF}/&] o (ZF]/H)
G| -k, exp| —— |-k, 0exp| —— |-nk 6" e f(8,)—%k 60"¢e f(o
o0 222 |- e 222 ) nk, 0 o %22 1(0,)- k0" e 27 )1 (0,)
(13)
1 , n ZFy6 m
a23=6(—klcexp(a¢9)—f ©,)(k,0 exp( R;/ j+kp0 )J (14)
a;, =0 (15)
1 e ZFy0 n ZFy0
a32:3(nkp6 1exp( - jf(ap)ﬂkpe exp( =T jf(ap)j (16)
1( .. ) ZF y0 o JFé6 IFE6
a33=3(f @,)(k,0 exp( o j+kp¢9 )—kgexp( = P — &, 60, exp ?" (17)
(& —E) AT+ QT +PE+PY+PK-KA-KQ-KP)+E(PY-AK + AZ) <0 (30)
(- —E)AZ+QZ+PE+PY+PK-—KA-KQ-KP)+E(PY-AK +AX) =0 (31)

Figure 1. The series of Equations 9-17 and 30-31.
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Observing the expressions (8), (12) and (15), it’s
possible to demonstrate the oscillatory behavior of the
system. Moreover, it is even more likely occurance compare
to similar systems [20-21]. It happens because the main
matrix diagonal contains more positive elements compare to
mathematical models for similar systems [20-21, 23-24].

The oscillatory behavior will be observed under

following conditions:

« attraction between the adsorbed molecules that are
represented by the positivity of the element
+ak,c(1—0—0,)exp(crd) and of +ak ,0exp(~ab).

This influence factor is common to all similar systems and
represents the surface instability that was described
experimentally [20-21] and theoretically [23-24];

« strong influence of electrochemical processes on DEL
capacitances. This cause is common to all similar systems
and represent the electrochemical instability the oscillation
amplitudes and electrolyte’s composition [20]. In the case
of dopamine three electrochemical processes are taking
place that can cause changes to electrolyte’s conductivity
(increases or decreases). Therefore, the DEL capacitance

will have its value altered, which will cause the
electrochemical oscillations. Mathematically, they are
described by the positivity of the elements
IFEE, 2Fy0
- &0 exp| —L2 |, —Kk,0e
¢k;0, xp[ AT KO OXP| —
(18) (19)
ZFy0
— 5k H“exp[ ?jf(ep)
and
(20)

which make part of the main diagonal elements az; and ass.

« the autocatalysis during polymer formation can occur
because of rapid transference of an olygomer and a polymer
compare to a monomer. This factor as a cause of the
oscillatory behavior occures during the “polythiophene
paradox”. Mathematically it can be described by the
positivity of the element

0 m
? j+kp9 )

f'(,)(k,0" exp( (21)

The oscillatory behavior has three possible causing
factors compare to the two factors that are existing in the
general [23]. Ther factors are being similar to the
polythiophene paradox [24].

In order to evaluate the steady-state stability we apply
the Routh-Hurwitz stability criterion to the differential
equations’ set (1). To avoid the appearance of the
cumbersome expressions we introduce new variables:
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b=

k,1-6-0,)exp(ad)=E

(22)

(23)

k,cexp(ad)- ak,c(l—0-6,)exp(ad)+k_, exp(-

(24)

k,cexp(ad)=Y (25)

k exp[Zij +1Kk,0 exp(ﬁj =Q (26)

RT

nk enlexp(ZFw)f(e )+ k0" exp( Fij(e )=P

(27)
JFEO, JF&6,
k, exp( = ”j—z:ksep exp( - szﬁ (28)

so the Jacobian determinant can be described as following:

) -Kk—-= A Y
— = -A-Q-P -Y-K (29)
Kl
0 P K-X

Opening the brackets and applying to the determinant the
requirement Det J < 0 that is derived from the criterion we
can obtain the steady-state stability condition that is
described in Equation 30 (Figure 1).

The topological area of satisfaction of the inequation
(30) is less than in the similar cases, including even the case
of the polythiophene paradox [20-24]. Nevertheless, the
steady-state stability is easy to maintain as it will be
warranted to be stable if:

- the repulsion between the adsorbed particles that is
described by the positivity of the parameter A when the
parameter a is negative. Together with the satisfaction of
the conditions exposed below, the element AX is
maintained positive, and the left-side expression of the
inequation is more negative;

« the influence of the electrochemical processes to the
DEL capacitances that is described by the positivities of the
parameters 2, P and X . Each parameter corresponds to
the certain electrochemical process — electrooxidation (),
electropolymerization (P) and the polymer electrooxidation
(2). In the case of the positivity of the these parameters the
expression AX+QX+PX+PYwill have the a positive
value, and it will “push” the left-side expression of the

ab)— ok ,0exp(—ab)=A
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inequation (30) to more negative values, resulting in its
satisfaction;

« the absence or fragility of autocatalytic effect during
electropolymerization. If the autocatalysis isn’t realized,
f(6)=const and f'(0)=0, which anihilates the elements
containing the parameter K, the nulity or negativity of
which “pushes” the left-side expression of the inequation
(30) to more negative values, satisfying the steady-state
stability condition.

Depending on dopamine concentration and on
electrode’s shape the electrochemical process can be
diffusion-controlled or adsorption-controlled.

It will correspond to a linear dependence between an
electrochemical parameter and a dopamine concentration
from the electroanalytical point of view. It will correspond
to a polymer formation from electrosynthetic point of view.

The monotonic instability is also probable if the
destabilizing and stabilizing influences are equal and it
relates to a detection limit from the electroanalytical point
of view. It will be caused by an autocatalysis and its
conditions can be described by Equation 31 (Figure 2).

Not only dopamine, but also other compounds that are
having a hydroquinonic structural characteristics and active
sites for electropolymerization can undergo the process that
is described in this work. For example, acetaminophen
(paracetamole) can be also polymerized [25]. Its
electrochemical detection on poly- (aniline blue) electrodes
was reported [26] and described theoretically [27]. The
section 2 reported electropolymerization that was
accompanied by electrochemical detection of paracetamol
over polymeric surface. Our model can be used to described
polyacetaminophen electrooxidation.

Conclusions

The analysis of dopamine electrooxidation that is
accompanied by chemical and electrochemical
polymerization allow us to conclude that:

« the stable steady-state, despite to the narrower
parameter topological zone, can be easily maintain. The
factors, which are warranting the steady-state stability, are
repulsion between particles, fragility of DEL influences of
electrochemical processes and the absence or fragility of
autocatalysis

* depending on dopamine concentration, the electrode
area and the presence of active sites, the process will be
controlled by diffusion or by adsorption;

« the oscillatory behavior in this case is more probable
than in the cases of electropolymerization. It caused by a
surface, an electrochemical and an autocatalytical factors;

+ the monotonic instability of this system can appear and
can be caused by autocatalysis in electropolymerization.
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MaremMaTUYHUN OMUC EJIEKTPOOKHUCHEHHS JIOMaMiHy, IO CYNPOBOKYEThCS MOTO
XIMIYHOIO Ta €EKTPOXIMIYHOIO MOJTIMEPHU3ALIEI0
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Pestome: LlikaBuit BUMaOK €IEKTPOOKHCHEHHS IOMAMiHY, 110 CYPOBOKYEThCS HOro XiMiuHOIO Ta eJICKTPOXIiMIi4HOIO TOJTiMEepH3aIli€lo, B yMOBaxX SKOI SK
MOHOMEp, TaK i HOJIiIMEp MOXYTh EIEKTPOXIMIYHO OKHCHIOBATHCS, IOCTIIKEHO 3 TEOPETHYHOI TOYKHM 30py. JlomamiH — OmuH i3 HalBaKIMBILIMX
HEWPOTPaHCMITEPIB B JIIOACPKUX OpraHi3Max, a TaKOXX B OpraHi3Max iHIIMX ccaBlliB. BiH € nmpekypcopom eniHepprHy — OHi€T i3 HalBaXKIIMBIIIUX MOJICKYJI
HEHTPOTPAHCMITEPIB 3 BAXUIMBUMH BIUIMBAMH Ha (YHKIi CepLEBO-CYAMHHOI CHCTEMH, TOPMOHAJBHOrO arapaTy, HHPOK TOImO. Moro Hecraua crae
MIPUUMHOIO PAAY XBOPOO — TakMX, K xBopoba [TapkiHcona. Binrak, 1ornamMiH BAKOPUCTOBYETHCS K JIIKaPChKUN Mpenapar Mpu ix JikyBaHHi. 3 iHIIOro 60Ky,
HAQUIMILIOK JIONaMiHy NMPU3BOAUTH A0 CTUMYJIIOBAaHHS CUMIATHYHOI HEPBOBOI CUCTEMH, MeTabOIIYHMX MOPYIIEHb i HaBiTh mu3oQppeHii. Bigrak, po3podka
METOJly HOro BH3HAYEHHS TOYHO 1 HMIBUAKO — JIHHO akTyaipHa 3ajgaya. CaMm 1o co0i jomaMiH € JyXKe MOMYJSIPHUM aHaJIiTOM B EJIEKTPOAHAIITUYHUX
cucreMax. MoaudikoBaHi eIeKTpoau A Horo BU3HA4YeHHA OyiaM po3poOieHi OaraTbMa BYeHMMH. JlOmMaMiH TaKOX LIMPOKO BHKOPHCTOBYETHCS SK
MOHOMEp IPOBIJHOr0 MOJIIMEPY — HOMIJIONAMIHY, IKUi BUKOPUCTOBYETHCS K MOIM(IKATOP EIEKTPOAY y KOHJCHCATOPaX Ta K MPOTHKOPO3iHHE MOKPUTTS.
OCKiJIbKM €JIeKTPONOoIiMepH3allisl 1oNaMiHy ife mapajaeiabHO 3 HOro TpaJuliiHUM OKHCHEHHSM 3a XIHOH-TIIPOXIHOHHMM MEXaHi3MOM, OOMIBa NpoLecH
BHOCATh CBii BKJIQJ B EJIEKTPOXIMIUHY HOBEIIHKY JOHaMiHy IiJi 4yac Horo enekrporoiiMepusauii. Binrak riOpuaHicTh MeXaHi3My TeX CTae
BIJINOBIJAJILHOIO 32 MOSBY €JIEKTPOXIMIYHMX HECTIMKOCTEH NMpH eIeKTPOOKMCHEHH1 0NMaMiHy, 10 CyNPOBOKYETHCA HOTO eleKTponoiMepu3auieto. Boun
MOXYTb MPU3BOIAMTH A0 YCKJIAJHEHHS IHTEpHpeTalii aHaIiTHYHOrO CHTHAy, a TaKOX IO IOJIOMKH eJeKTpoxiMiuHoro obsanHanHs. [lloOu 3’ sicyBatn
IMOBIPHICTb MOSIBU LIMX HECTIMKOCTEH, HEOOXITHO anpiOPHO JOCTIAUTH MOBEAIHKY y JaHId CUCTEMi 3 TEOPETHMYHOI TOUKHU 30Dy, 1O 1 BinOyBaeTbcs y Liit
poboTi. It 1bOro MmoBediHKa B €JICKTPOAHATITUYHOMY HPOLECI OMMCYETHCS CHCTEMOIO TPhOX OanaHCOBUX AU(epeHLialbHUX DPIBHSHB, aHaNli3 SKOI
nokasye, 1mo: a). CTifiKicTh CTalliOHapPHOTO CTaHy, HE3BAXKAIOYM HA 3BYXKEHHS TOIOJOIYHOI 00JIacT] MapamMeTpiB, siKa il BiNOBIAAE, MIATPUMYETHCS JIETKO.
®dakropu, 1110 3a0€3MeYyI0Th CTIMKICTh CTAL[IOHAPHOI'O CTaHYy — BIIIITOBXYIOYa B3a€MOJIs acOpOOBAHUX MOJICKYJ MOHOMepy abo moiiMepy, cladKicTh
BIUIMBIB €JIEKTPOXIMIYHUX IPOLECIB HA MOABIHHUIA €NEKTPUYHUI LIap Ta BIACYTHICTH abo0 cnadkicTh aBTOKartanily; 0). B 3anexHOCTI Big KOHLEHTpawil
JloNaMiHy Ta aKTUBHOI IUIOLII €NIEKTPOLY, €JEKTPOaHANITHYHUI mporec Moxe OyTH nudysiiiHo- abo aacopOLiiHO-KOHTPONBOBAaHUM; B). OcHUIATOpHA
MOBEJIiHKa B LbOMY BHIAJAKy CTa€ OiNbII iMOBIPHOIO, HDK B 3arajbHMX BMIIQJKaX eJEKTponojiMepusauil. BoHa CHpu4nHS€THCS MOBEPXHEBUMH,
CJIEKTPOXIMIYHMMH Ta aBTOKATAJTITUHYHUMH (PAaKTOpAaMM; - MOHOTOHHA HECTIMKICTh B Liil cucTeMi MOXIMBa. BoHa CpuuMHSETHCS TOJIOBHO (hakTOpamu
aBTOKATaJIITHYHOTO POCTY JAHIIOTA.

Kuo4oBi ciioBa: 1onamMil; nojionaMil; elIeKTPOOKUCHEHHS; eNEKTPOIOJiMepi3allis; MaTeMaTH4YHa MOZEb.
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