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Various redox species frequently undergo irreversible inactivation under specific chemical condi-
tions. This study explores square-wave voltammetry to examine the electrochemical behavior of lipo-
philic redox systems classified within the family of surface electrode mechanisms. The theoretical analy-
sis considers an initial redox form that simultaneously undergoes an electrochemical transformation and
an irreversible chemical inactivation reaction. The study presents a detailed tabulation of distinctive volt-
ammetric patterns, assisting readers to accurately identify this electrode mechanism and distinguish it
from the film loss in the square-wave voltammetry of surface-confined redox systems. The extensive col-
lection of simulated voltammograms in this work offers insight into establishing diagnostic criteria for
recognizing this mechanism. Additionally, several suitable approaches for determining the kinetics of the
dual processes involved in the electrochemical mechanism are proposed. These findings are expected to
help experimentalists studying metal and alloy inactivation, as well as protein-film voltammetry (PFV), to
accurately characterize the considered electrode mechanism. Given the unique features of this mecha-
nism, experimental protocols should incorporate the use of a flow-through electrochemical cell for volt-
ammetric measurements.

Keywords: surface electrode mechanisms; metalloenzymes; protein-film voltammetry; square-wave volt-
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HUPEBEP3UBNJIHA JEAKTUBAIINJA HA IOYETHATA PEJOKC-®OPMA
KAJ HOBPIIUHCKH EJJEKTPOJEH MEXAHU3AM: TEOPETCKH ACIIEKTH BO YCJI0OBH
HA KBAJIPATHO-BPAHOBA BOJITAMETPHUJA

Tomem Opoj cyncTaHIM YecTO MNpEeTpIyBaaT HpEeBep3UOMIIHA JeaKTuBaluja NmpH aeuHUpaHu
XEMHUCKH ycioBH. Bo oBaa cTyaMja € mpHMeHeTa elIeKTPOXEMHCKAaTa TeXHHKa KBaJpaTHO-OpaHOBa
BOJITAMETPHjaTa CO IIEJ Jla CE UCIUTA EIEKTPOXEMHUCKOTO OJHECYBame Ha JIMIOQHMIHA PEIOKC-CHCTEMU
IITO ce KiIacuduImpaar BO Ipyla Ha MOBPIIMHCKM aKTHBHH pelOKC-CHCTeMH. Bo Teopercknor mozen,
JneduHIpaHo € cIieHapHo BO KOE€ IModYeTHaTa peJoke (opMa MCTOBPEMEHO NPETPITyBa M ENEKTPOXEMHCKA
TpaHc(hopMaInHja U HENOBpaTHA XEMHCKa AeaKkThuBanuja. Bo TpymoT e mpukakaH U aeTaneH TabenapeH
nperyie] co KapaKTePUCTHYHH BOJITAMETPUCKH OITrOBOPH CHUMYJHMPAaHH NPH pasiuyHu ycioBu. OBaa
tabena € of1 rojieMa KOPHCT 3a YHTATEINTE Aa MOXKaT IPELH3HO Ja TO HACHTU(UKYBAAT OBOj ENEKTPOJCH
MEXaHH3aM, HO U J1a TO pa3iHKyBaaT OBOj eNEKTPOJCH MEXaHU3aM O MEXaHH3MHUTE IITO Ce OBP3aHH CO
3ary0a Ha aKTHBEH pemoKc-QmiM oJ MOBpIIMHATAa Ha paboTHara enekTpona. OOGeMHaTa KOJIEKIHja Ha
CHUMYJIIpaH{ BOJITAMOTPaMH BO OBOj TPy OBO3MOXYBa Jia ce Jie(MHUpaaT AWjarHOCTUYKH KPUTEPHYMHU
3a Tperno3HaBamke Ha OBOj MEXaHM3aM BO YCJIOBH Ha KBajpaTHO-OpaHoBa BonTamerpuja. [Tokpaj Toa, BO
TPYIOT C€ NPEeAJIOKEHH M HEKOJKY TEOPETCKH HPOTOKOJIM IITO CE COOJABETHU 3a OINpelellyBambe Ha
KHHETHKaTa Ha J[BaTa Mpoleca BKIY4YEeHH BO €JIEKTPOXEMHCKHOT MeXaHu3aM. PesynraTurte o1 0BOj TpyI
Tpeba /1a UM MOMOTHAT Ha €KCIIEPUMEHTAaTOPUTE IITO I'M IPOYydyBaaT MpolecuTe Ha MHAKTHBAIMjaTa Ha
METaJu U JIETypH, Kako M Ha THE IITO padoOTaT CO NMPOTEHHOPHUIMCKA BOITAMETPHja, CO LIeN Jja HalpaBar
Ipenu3Ha KapakTepu3alyja Ha pasrjiefyBaHHOT eNeKTPOJeH MexaHuzaM. MMajku ru  npensun



26 P. Apostoloski, R. Gulaboski

crenu(pUIHNTEe KApPAKTEPUCTUKHA Ha OBOj MEXaHW3aM, EKCIIEpUMEHTAJIHUTE IIPOTOKOIM Tpeda na
BKJIydyBaaT yHoTpe0a Ha eJeKTPOXEMHCKa KelHMja CO IIPOTOYEH CHCTEM 3a M3BeAyBame Ha

BOJITAMETPUCKN MEPECHA Kaj BAaKBH CHCTCMMU.

Kiy4yHu 300poBH: MOBPIIMHCKY €ICKTPOJIHN MEXaHU3MHU; METAJIOCH3UMH;
MPOTEHHO(HUIMCKA BOJITAMETPH]ja; KBaIpaTHO-OpaHOBa BOJITaMeTpHja; rpad)UTHH SICKTPOIH

1. INTRODUCTION

Over the past two decades, the inactivation
of redox forms originating from various metal sur-
faces and redox enzymes has garnered considera-
ble attention in the field of enzymology.* While the
electrochemistry of metal surfaces provides in-
sights into alloy activity, investigations into en-
zyme inactivation often yield invaluable infor-
mation about the reactivity of specific groups em-
bedded within the protein structures.

To gain a profound understanding of en-
zyme inactivation processes in protein-film volt-
ammetry, it is crucial to conduct sensitive electro-
chemical experiments using lipophilic redox en-
zymes and proteins. These proteins should be stra-
tegically affixed on a specially designed working
electrode made of materials that protect the redox
protein from inactivation. Notably, the simplest
technique for the immobilization of electrochemi-
cally active lipophilic proteins and enzymes onto
diverse electrode surfaces is through the spontane-
ous adsorption of dissolved redox enzymes and
proteins from aqueous solutions.?*

Among the various electrochemical tech-
nigues that have pioneered the study of the electro-
chemical properties and chemical behavior of lipo-
philic redox proteins and enzymes, protein-film
voltammetry (PFV) stands out as one of the sim-
plest and most innovative methods introduced at
the end of the last century.>” In a relatively short
period, the number of redox proteins and enzymes
investigated through PFV has increased almost
exponentially.>” The appeal of PFV lies in its in-
herent simplicity. Using a conventional three-
electrode voltammetric setup allows for the collec-
tion of pertinent data on the dynamics of various
redox proteins. PFV assays typically employ only a
microgram of a redox protein adsorbed onto the
substrate of the working electrode, ensuring that, in
most cases, the protein's functionality remains in-
tact across successive voltammetric scans.

Numerous theoretical studies have explored
different electrochemical mechanisms under PFV
conditions.2 %> However, there has been a lack of
theoretical analysis of electrochemical mechanisms
within square-wave voltammetry. In this study, we
assume that the initial redox form of a given pro-

tein participates in both an electrochemical transition
and an irreversible chemical reaction. This electro-
chemical mechanism is particularly significant as it
frequently correlates with the deactivation pathways
of various redox enzymes and proteins.?

This study highlights the implications of a
theoretical voltammetric model examining elec-
trode transformations of lipophilic redox proteins,
where the initial redox form simultaneously under-
goes an electrochemcial reaction and an irreversi-
ble chemical process. The insights presented herein
aim to help experimentalists in the field of protein-
film voltammetry to recognize this electrochemical
paradigm and develop suitable methodologies for
obtaining relevant kinetic parameters related to
enzyme activity.

2. MATHEMATICAL MODEL

In the context of protein-film square-wave
voltammetry, a surface-confined electrochemical
mechanism is considered. It is assumed that mole-
cules of the initial redox-active species, Ox(ads),
participate in both an electrochemical transfor-
mation and a concurrent irreversible chemical reac-
tion, as illustrated in Scheme I:

a5

Scheme 1. Schematic description of the model elaborated
in this work

In the context of the mathematical model, it
is assumed that molecules of the species "Ox",
"Red", and "Z" are strongly adsorbed (ads) onto
the working electrode surface. The model assumes
no interactions among the adsorbed species and
dismisses any additional mass transfer via diffu-
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sion. In reaction Scheme I, the entity Y represents
a substrate abundant in the electrochemical cell,
which undergoes a selective irreversible chemical
interaction with the electrochemically active
Ox(ads) molecules. Consequently, the concentra-
tion of substrate Y remains essentially unchanged
near the electrode surface throughout the voltam-
metric scans. This stability allows the kinetics of

Table 1

the irreversible chemical reaction in reaction
Scheme | to be treated under pseudo-first-order
conditions. Furthermore, it is presumed that the Z
molecules in reaction Scheme | are electrochemi-
cally inert within the range of the applied poten-
tials. Table 1 provides a comprehensive breakdown
of the principal parameters used in the theoretical
evaluations of the mechanism.

Definitions of all parameters employed in the computation of the square-wave voltammograms

of the electrode mechanism elaborated in this work

Symbol of physical
parameter/units

Meaning of the parameter

Definition

¥ Dimensionless current of simulated voltammograms ¥=1/[(nESTrC*(Ox)]
I/A Symbol of the electric current

n Number of electrons exchanged between working electrode and the

molecules of adsorbed redox species
S lem? Active area of working electrode
F/ C mol? Faraday constant 96485 C mol!

T/IK Thermodynamic temperature 298 K
tp/s Time-duration of a potential pulse in SWV
flHz Frequency of the applied SW pulses f=1t/2

I(0x)/mol cm2

Initial surface concentration of redox adsorbate Ox

I70x), I (Red) and 7" (2)
/mol cm2

Surface concentrations of molecules of Ox, Red, and Z, respectively

c(Y) /mol cm3

Molar concentration of the substrate Y dissolved in voltametric cell

a Electron transfer coefficient
R/J mol*K! Universal gas constant 8.314 J molK!
) Dimensionless potential D= % (E - EY")
E/V Applied potential
E®/V Standard (formal) redox potential of redox couple Ox(ads)/Red(ads) 0.00 vV
Ker Dimensionless parameter related to the rate of electron transfer Ker = ks?/f
ke /st Standard rate constant of electron transfer
K Dimensionless parameter related to the rate of irreversible chemical _
chem - Kehem =ke/f
reaction
ke /st Rate constant of irreversible chemical reaction ke = ke’ x c(Y)
ke’/mol ™ cmd st Real rate constant of irreversible chemical reaction
Esw/ mV Amplitude of the square-wave pulses
dE / mV Potential increment 4mV
L . M = exp[Kchem(m/50)] —
M Numerical integration factor exp[Kanem(m-1)/50]
m Serial number of the time intervals in SWV

Mathematically, the considered mechanism

t>0; 7{Ox) + I{Red) + I'(Z) = I"*(0Ox)

can be described by the following equations:

(d770X)/dt) = —1/(NFS) — keZTOX) @)
(d7(Red)/dt) = 1/(nFS) @)
(d772)/dt) = keJTOX) 3)

The differential Egs. (1 — 3) have been solved un-
der following conditions:

t=0; 7{TOx) = I'*(Ox); I'"(Red) = 7{Z) =0 (4)
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At the working electrode-electrolyte interface, the
Butler-Volmer formalism is assumed to apply (Eq.
6):

(I/nFS) = kPexp(-a@) [TTOX) —exp(®D) I'(Red)] (6)

To derive a numerical solution for Eg. 6, the
methodology reported by Nicholson and Olmstead
has been utilized, as outlined in reference.®* The
Supplementary Material accompanying this paper
provides the complete MATHCAD file, including
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all formulas and parameters necessary for compu-
ting the model's dimensionless voltammograms.

Given constant simulation parameters, the
primary features of the calculated voltammetric
patterns are predominantly governed by two di-
mensionless parameters: Ker and Kchem. The di-
mensionless kinetic parameter Ker describes the
electron transfer step and is defined as:

KET = ksG/ f (7)

where ks is the standard rate constant of electron
transfer, and f is the square-wave frequency. The
magnitude of Ker serves as an indicator of the rate
of electron transfer occurring between the working
electrode and the molecules of adsorbed redox
species, Ox and Red, relative to the duration of the
applied square-wave pulses.

Conversely, the dimensionless chemical ki-
netic parameter (Kchem) is defined as:

Kchem = kc/f (8)

where k; represents the rate constant of the irre-
versible chemical reaction and f is the frequency
of the square-wave pulses. For the mechanism con-
sidered, the rate constant k. in Equation 8 is ex-
pressed as:

ke = ke' x c(Y) 9)

where k¢' denotes the actual chemical rate constant,
and c(Y) represents the molar concentration of
substrate Y, assumed to be present in excess in the
voltammetric cell.

For the computations of theoretical voltam-
mograms discussed in this study, the commercial
software package MATHCAD 14 has been em-
ployed. In the theoretical model considered, reduc-
tion currents are designated as positive, adhering to
the US electrochemical convention.

3. RESULTS AND DISCUSSION
3.1. Description of general voltammetric behavior

Electrochemical assessment of the oxidation
status and the chemical activity of an electrode-
confined redox protein is frequently explored as a
foundation for theoretical modeling in protein-film
voltammetry. The features of theoretical current-
potential voltammetric curves often provide insight
into the electrode transformation of a given class of
redox proteins, while also revealing the kinetic and
thermodynamic effects of associated chemical re-
actions.

Theories of lipophilic redox proteins under
cyclic voltammetry and square-wave voltammetry

conditions at planar electrodes have already been
applied to numerous electrode mechanisms involv-
ing coupled chemical reactions. Readers are re-
ferred to various works on this top-
ic 81113.17.20212325-38 ntjl now, no theoretical study
in square-wave voltammetry has examined a
mechanism in which the initial form of a lipophilic
redox protein undergoes simultaneously electro-
chemical transformation and a parallel irreversible
chemical inactivation reaction at the working elec-
trode. It is important to note that distinguishing
between enzyme irreversible inactivation and film
loss under voltammetric conditions is challenging,
as both phenomena produce similar effects.? This
study presents SW voltammetric results that can
differentiate between irreversible inactivation and
film loss of lipophilic enzyme/protein adsorbed at
the working electrode.

This section highlights the key outcomes re-
lated to the electrochemical mechanism delineated
in Scheme 1, including a detailed discussion on the
primary attributes of the computed voltammetric
curves, supplemented by illustrative voltammo-
grams to aid in deducing the relevant kinetic pa-
rameters. Since this electrochemical mechanism
under SWV conditions is a pioneering endeavor, it
is essential to represent the voltammetric patterns
using two graphical formats: one emphasizing the
characteristics of both forward and reverse current
components and the other focusing on the net SW
voltammograms.

Figures la—c show the forward (reduction)
and backward (reoxidation) curves of square-wave
voltammograms for the considered electrochemical
mechanism. The curves in Figure 1 illustrate the
effect of the dimensionless chemical parameter
Kcnem, Calculated at a moderate rate of electron
transfer step (Ker = 1). Curve 1 in Figure la was
computed under the near absence of chemical reac-
tion, and its attributes correspond to a simple sur-
face electrode mechanism.”* The influence of
chemical rate on the reduction (forward) and oxi-
dation (backward) curves becomes noticeable
when Kehem > 0.5.

Since the irreversible chemical reaction con-
sumes the starting material of the redox protein, an
increase in the chemical rate (expressed via Kchem)
is expected to correspond to a decrease in current
intensities of both voltammetric current compo-
nents. This trend is evident for Kehem > 0.5 in all
patterns shown in Figures la—c when Kgr < 2.5.
Under such conditions, the effect of chemical reac-
tion rates on the shape of the forward and back-
ward voltammetric curves is an interesting aspect
to consider across different Kcnem regions.

Maced. J. Chem. Chem. Eng. 44 (1), 25-38 (2025)
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As expected for the current electrochemical
mechanism, the currents associated with the reoxi-
dation (backward) voltammetric components de-

However, the backward current components retain
their characteristic peak-like shape across all val-
ues of Kchem, as seen the reoxidation curves in Fig-

crease as the chemical reaction rate increases. ures la—c.
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Fig. 1. Effect of dimensionless chemical rate parameter Kcrem to the features of forward (reduction) and backward (reoxidation)
current components of the square-wave voltammograms of considered electrochemical mechanism. Curves are simulated at moderate
rate of electron transfer step described with Ker = 1. Other parameters used in calculations are: electron transfer coefficient « = 0.5,

number of electrons exchanged n = 1, temperature T = 298 K,

square-wave amplitude Esw = 50 mV, potential step dE = 4 mV. Rate

of chemical reaction increases in direction from curve 1 on Figure (a) towards curve 13 in Figure (c). The magnitudes of the
dimensionless chemical kinetic parameter Kchem are given in the patterns. Starting potential in all calculations was set to + 0.4 V.
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As Kenem increases, not only do the intensities
of the currents associated with the forward (reduc-
tion) voltammetric curves decrease but significant
changes in morphology also occur at high chemical
reaction rates. For 5 < Kehem < 100 (curves 3 and 4 in
Fig. 1a, and curves 5 and 6 in Fig. 1b), an increase
in the chemical reaction rate produces significant
broadening of the reduction (forward) curves. These
curves eventually adopt a plateau-like shape instead
of a peak when Kehem > 200 (curves 7 and 8 in Fig.
1b and curves 9 — 13 in Fig. 1c).

The distinctive shapes of the reduction volt-
ammetric currents primarily result from the domi-
nance of the chemical reaction rate over the elec-
tron transfer rate. Generally, sustained consump-
tion of the initial electroactive material during the
current-sampling phase of SW pulses leads to plat-
eau-like reduction current components. For Kepem >
500, reduction voltammetric current components
exhibit plateau-like behavior as the rate of the
chemical step increases.

The peculiar shapes of reduction voltammetric
currents at higher chemical reaction rates (Fig. 1c)
mainly arise from the significant dominance of the
chemical reaction rate over the rate of the electron
transfer step. This dominance results in a permanent
consumption of the initial electroactive material dur-
ing the current-sampling phase of SW pulses, leading
to plateau-like reduction current components. This
voltammetric behavior resembles to some aspects
patterns in electrochemical-regenerative EC' mecha-
nisms at high regenerative reaction rates.?

The unigue voltammetric patterns in Figures
la—c are specific to this electrochemical mechanism
and do not resemble patterns associated with protein-
film loss® or other electrode mechanisms.”® Conse-
quently, the voltammetric profiles in Figures la—
may serve as valuable indicators for identifying this
particular electrode mechanism in SWV.

The net SW voltammograms corresponding
to the forward-backward curves in Figure 1 are
displayed in Figures 2a and b. As expected, the
peak currents in net SWV decrease in proportion to
the rate of the chemical reaction. At Kchem > 20, a
shoulder-like feature emerges in the ascending
branches of net SW voltammograms at positive
potentials. The feature originates from the shapes
of forward-backward current components (see Fig.
1) observed at Kehem > 20 and from the definition of
net currents in SWV.% The net SWV peaks in Fig-
ure 2 exhibit another characteristic: shift toward
more positive potentials as the chemical step rate
decreases in the range of 20 < Kchem < 3000. This
behavior is typically linked to electrode mecha-
nisms involving follow-up chemical steps.>** The

next section explores this shift in net SWV peaks
as a means to construct working curves for deter-
mining the rate constant of the chemical step.

0.975 ~
v — Kchem=0.0001
0.725 A ===-Kchem=1
— K chem=5
0.475 1 = = Kchem=10 (a)
— Kchem=25
0.225 A
-0.025 T T ]
0.4 -0.2 0 0.2 0.4
Evs. E°/V
0.029 A Kchem=50
b'd * Kchem=100 (b)
* Kchem=250
* Kchem=500
0.019 4 Kchem=750
+ Kechem=1000
+ Kchem=2500 .v""*
Kchem=5000 : s
. .‘q.
0.009 A i \
0,001 — . .
-0.4 -0.2 0.4

E vs.OEB/V 0.2

Fig. 2. Effect of dimensionless chemical rate parameter Kchem
to the characteristics of net square-wave voltammograms of
considered electrochemical mechanism, calculated for
magnitude of the dimensionless electrode kinetic parameter
Ker = 1. Rate of chemical reaction increases from top curve in
Figure (a) towards curve with lowest current in Figure (b). The
magnitudes of the dimensionless chemical kinetic parameter
Kehem are given in the graphs. Other conditions used in this
simulation protocol were same as those reported in Figure 1.

It is worth noting that the mechanism de-
scribed in this study shares some similarities with
film loss in protein-film voltammetry. In protein-film
voltammetry, film loss is commonly characterized by
a simultaneous decrease in both reduction and oxida-
tion current components as the electrode potential
cycles up and down consecutively (particularly when
using cyclic voltammetry as a working technique™®).
Figure 3 presents a series of cyclic voltammograms
of a surface electrode system illustrating a simple
case of film loss after consecutive cycling. The volt-
ammograms in Figure 3 differ significantly from
those observed for irreversible inactivation, as shown
in the voltammograms in Figure 1.
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-0.4 -0.3 -0.2

0.2 0.3 0.4

E/V

Fig. 3. Cyclic staircase voltammograms simulated for a simple surface electrode mechanism representing the film loss during
consecutive scans in protein-film voltammetry. As the number of scans increases, the loss of the film is portrayed in subsequent
diminishing of both current components in the directions of the arrows, while the position of both peaks remains unchanged. The
protocol used to simulate this set of cyclic voltammograms comprised initial surface concentration of redox adsorbate being only
variable. Other simulation conditions were: electron transfer coefficient & = 0.5, number of electrons exchanged n = 1, temperature T
=298 K, potential step dE = 4 mV, time duration of potential pulses z=0.02 s. Starting potential was +0.4 V, while the switch
potential was setto -0.4 V.

When the rate of electron transfer is relative-
ly high, a series of distinctive phenomena emerge
in the calculated voltammograms at varying chem-
ical reaction rates. Figures 4a—c illustrates the ef-
fect of Kenem ON the voltammetric curves of reduc-
tion (forward) and reoxidation (backward) current
components. All voltammetric curves in Figure 4
are simulated at a relatively high electron transfer
rate (Ker = 10). In general, increasing the rate of
the chemical step within the range 0.5 < K¢hem < 5
leads to a significant decrease in the peak-to-peak
separation between forward and backward peaks.
More intriguingly, within this same range of chem-
ical rates (0.5 < Kchem < 5), both reduction and re-
oxidation current components increase, instead of
decrease, as Kenem increases. For instance, the peak
current of the reduction component rises approxi-
mately fourfold, while the reoxidation component
increases by about twofold as Kchem increases from
0.1 to 5.0 (compare curve 1 and curve 5 in Fig. 4a).
Similar phenomena have been observed in surface
electrode mechanisms coupled with follow-up

Maced. J. Chem. Chem. Eng. 44 (1), 25-38 (2025)

chemical reactions; readers can find detailed ex-
planations elsewhere %

In Figure 4a, the behavior of the voltammet-
ric curves can be explained by considering the
characteristics of surface electrochemical reactions
with very fast electron transfer rates. In such cases,
voltammograms typically exhibit small detected
currents due to the rapid conversion of most
Ox(ads) species into Red(ads) during the dead-time
of applied potential pulses.’®*® Since SWV sam-
ples the current at the end of each SW pulses, only
a small fraction of initial redox form Ox(ads) re-
mains available for electrochemical conversion at
the end of the pulse (curve 1 in Fig. 4a). However,
if Ox(ads) participates in a parallel chemical reac-
tion, the chemical reaction rate can disrupt the
equilibrium of the electrochemical step [Ox(ads) +
ne < Red(ads)] established during the dead-time
of potential pulses. This results in a greater fraction
of Ox(ads) remaining available for redox transfor-
mation at the working electrode surface when cur-
rent is being sampled in SWV.%* Consequently,
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all SWV current components increase within the
region of moderate chemical step rates, as dis-
played in the voltammograms in Figure 4a.
Eventually, for chemical step rates charac-
terized by Kenem > 5 (curves 6 — 10 in Fig. 4b and
curves 11 — 15 in Fig. 4c), both reduction and reox-
idation current components decrease as Kchem in-

creases. In this range of chemical reaction rates
(Kchem > 5), voltammetric behavior similar to that
illustrated in Fig. 1 is observed. The apparent plat-
eau condition of the forward (reduction) current
components becomes pronounced at chemical rates
exceeding Kcnem > 500 (see the curves in Fig. 4e).
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Fig. 4. Effect of dimensionless chemical rate parameter Kcnem to the attributes of forward (reduction) and backward (reoxidation)
current components of the square-wave voltammograms of considered electrochemical mechanism, simulated at fast rate of electron
transfer step for Ker = 10. Rate of chemical reaction increases from curve 1 on Figure (a) towards curve 15 in Figure (c). The
magnitudes of the dimensionless chemical kinetic parameter Kcnem are given in the graphs. Other conditions used in this simulation
protocol were identical as those in Figure 1.
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When discussing net SW voltammograms
under these conditions, it is important to highlight
the splitting of the net SWV peak,”®**° a character-
istic feature of all surface-confined electrode
mechanisms with high electron transfer rates (see
curve 1 in Fig. 5a). Increasing the rate of the chem-
ical reaction in the range 0.5 < Kepem < 5 leads to
the disappearance of the splitting phenomenon of
the SWV peaks (curves 3 —5 in Fig. 5a). Addition-
ally, within this same range of rates of chemical
step (0.5 < Kenem < 5), a significant increase in the
net SWV peak currents occurs as Kcnem increases.

The expected decrease in the net SWV peak
currents becomes evident when Kenem > 5 (curves 6

0.475 -~

0.225 o

— 10 in Fig. 5b, and curves 11 — 15 in Fig. 5¢). In
this region of chemical reaction rates, a shoulder-
like feature appears on the ascending branches of
the net SWV peaks calculated for Kehem > 50. As
with previous cases discussed in this work, when
chemical reaction rates fall within the range 25 <
Kehem < 5000, the positions of the net SWV peaks
shifts to more positive potentials.

Indeed, the features of the voltammetric
curves in Figures 4 and 5 can serve as useful tools
for identifying this mechanism, which is character-
ized by a high rate of the electron transfer step.
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Fig. 5. Effect of dimensionless chemical rate parameter Kchem to the features of net square-wave voltammograms of considered
electrochemical mechanism, calculated for magnitude of the dimensionless electrode kinetic parameter Ker = 10. Rate of chemical
reaction increases from curve 1 in Figure (a) towards curve 15 in Figure (c). The magnitudes of the dimensionless chemical kinetic
parameter Kchem are given in the graphs. Other conditions used in this simulation protocol were identical as those in Figure 1.
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3.2. Clues to accessing the kinetic parameters
relevant to the electrode mechanism

Upon determining the characteristics of the
electrode mechanism discussed in this study, the
next step was to ascertain the physical parameters
associated with the electron transfer process (ks’,
o) and the chemical reaction (k).

In addition to the phenomenon of splitting of
the net SWV peak, as displayed in curve 1 of Fig.
5a,%6% another useful approach for determining the
standard rate constant of the electron transfer step
(ks®) is the feature known as the quasireversible
maximum.? This effect is commonly observed in
all surface-confined electrode mechanisms, where
net SWV peak currents exhibit a parabolic depend-
ence on the applied SW frequency. This phenome-
non arises from the interplay between the specific
chronoamperometric properties of the surface elec-
trode reaction and the current sampling procedure
used in SWV. Further explanations of its causes of
can be found in the work.?®

Generally, the synchronization of the elec-
tron exchange rate between the working electrode
and the redox adsorbates using the current measur-
ing frequency in SWV leads to recycling of elec-
trochemically active material within the timeframe
of SW pulses. As a result, electrochemical systems
with moderate rates of electron transfer exhibit
significantly higher measured currents compared to
those with fast electron transfer rates. By experi-
mentally observing the quasireversible maximum,
one can determine the standard rate constant of
electron transfer (ks°) using the provided protocols
outlined in the work.?

Figure 6 presents a series of quasireversible
maxima constructed as a function of the chemical
step rate. As reported in the work,? the position of
the quasireversible maximum is closely related to
the apparent reversibility of the electrode reaction.
Therefore, two key conclusions can be drawn from
Fig. 6: 1) for low chemical step rates (up to Kepem =
0.1), the position of the quasireversible maximum
is independent of Kcnem; 2) for higher chemical step
rates (Keem > 0.25), the position of the quasi-
reversible maximum depends on Kepem, shifting
toward higher Ker values as the chemical step rate
increases (curves 3 — 5 in Fig. 6).

Curves 1 and 2 in Figure 6 suggest that the
quasireversible maximum feature could potentially
be used to determine ks°, following the procedure
described elsewhere,?® but only when measured at
the low chemical step rates of the electrode mech-
anism. However, in real experimental scenarios,
the curves in Fig. 6 can be reproduced by varying

the SW frequency. Since the SW frequency simul-
taneously affects both dimensionless parameters
(Ker and Kchem), such an analysis may lead to erro-
neous results. A more reliable approach for deter-
mining the magnitude of k° is to explore the ap-
proach of splitting the net SWV peak under the
influence of square-wave amplitude.?® Alternative-
ly, this amplitude-based quasireversible maximum
approach,®” along with other methods,**® may also
be employed. To determine the electron transfer
parameter («), one can use the methodology out-
lined in the work.*

Y’m,p —8—Kchem =50 1
=@ =Kchem =10 ""‘
08 - s
- ® -Kchem =5 !
l‘r H 5
—0—Kchem =1 ¢ i
i
I
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-2.5 -15 -0.5 0.5 15 25 35
log(Ker)

Fig. 6. A series of "quasireversible maxima" constructed for
several different rates of the chemical reaction. The
magnitudes of the dimensionless chemical kinetic parameter
Kenem used for constructing of every single "quasireversible
maximum" are given in the graph. Other conditions used in
this simulation protocol were identical as those in Figure 1.

One of the defining characteristics of elec-
trode mechanism is the shift in net SWV peak po-
sitions toward more positive potentials as the rate
of the chemical step increases (see net SWV peaks
in Figs. 2 and 5). Figure 7 illustrates the relation-
ship between net SWV peak potentials (Enetp) and
log(Kchem). The curves in Figure 7 are estimated for
three different values of Ker. In all working curves
presented in Figure 7, a largely sigmoidal depend-
ences exists between Epetp and log(Kehem), with lin-
ear sections mostly observed in the 0.5 < log(Kchem)
< 3.0 region. Within this range of chemical reac-
tion rates, a linear dependence exists between Enetp
and log(Kcnem), With nearly identical slopes of the
linear lines close to +59 mV.

The equations describing the linear portions
of the curves in Figure 6 are as follows: for Ker =
5: Enetp /V =0.059 log(Kchem) — 0.081 V; for Ker =
1: Enetp/V = 0.058 log(Kchem) — 0.0372 V; and for
Ker = 0.056Enetp /V =0.058 log(Kchem) +0.0323 V.

Maced. J. Chem. Chem. Eng. 44 (1), 25-38 (2025)



Irreversible inactivation of the initial redox form in surface electrode mechanism: theoretical aspects in square-wave voltammetry 35

These equations, corresponding to the linear
segments of the Enetp VS. 10g(Kchem) dependences in
Figure 7, can be used to determine the rate of the
chemical reaction, provided that the magnitude of
Ker has been previously determined.

When conducting experiments on systems
known to follow this electrode mechanism, it is
crucial to control the introduction of substrate Y
into the electrochemical cell with the initiation of
voltammetric scans. This synchronization is essen-
tial because the chemical reaction within this elec-
trochemical mechanism can proceed even in the
absence of an applied potential.

Using a conventional electrochemical cell
can present challenges in aligning the onset of
chemical reaction inactivation with the initiation of
voltage bias, particularly for systems with rapid
chemical reaction rates. One potential solution to
this issue is the use of flow-through voltammetric
cells.*+4
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'Enat.p/\'r
0.2 4 o (K = 0.056)
(Ker=1)
0.15 - o
e’
"’ 16‘0 (Ker=5)
01 A L
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-0.05
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Fig. 7. Working curves presenting net SW peak potentials
(Enetp) as a function of log(Kcnem), calculated at three different
kinetics of electron transfer step. The values of Ker used in
this set of simulations are given in the graph. Other conditions
used in simulations were identical as in Figure 1.

4. CONCLUSIONS

While significant advancements have been
made in theoretical research on protein-film volt-
ammetry (PFV) over the past two decades, several
challenges remain in voltammetric data interpreta-
tion. For example, when conducting experiments
with lipophilic proteins under voltammetric condi-
tions, differentiating between the irreversible inac-
tivation of the initial form of a redox protein and
the loss of the protein film from the working elec-
trode presents a considerable challenge.® Irre-
versible inactivation processes frequently occur in
PFV experiments.?
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The comprehensive review? details: anaero-
bic inactivation of Ni-Fe hydrogenases; nitrate re-
ductase inactivation in the presence of excess of
nitrates; bilirubin oxidase and multi-copper oxi-
dase inactivation triggered by chlorides; horserad-
ish peroxidase inactivation due to high concentra-
tions of hydrogen peroxide; and oxidative inactiva-
tion of FeFe hydrogenases. These reductions are
just a few examples of common inactivation reac-
tions studied in PFV.

This work presents a comprehensive set of
theoretical findings on the voltammetric characteris-
tics of lipophilic redox enzymes and other surface-
active systems. The initial form of these lipophilic
surface-active chemical systems undergoes an elec-
trode transformation and a simultaneous irreversible
chemical change, known as irreversible inactivation.
By analyzing this model under square-wave volt-
ammetry conditions, readers gain access to a wide
array of voltammetric curves that contribute to a
deeper understanding and characterization of this
important electrochemical mechanism.

Table 2 provides a systematic review of the
reduction and oxidation curves associated with this
mechanism, analyzed in relation to the electron
transfer rate and the rate of the irreversible chemi-
cal reaction. The voltammetric curves presented in
Table 2 are characteristic of this particular electro-
chemical mechanism, enabling a clear differentia-
tion between this mechanism and protein-film loss,
as well as other systems involving preceding, re-
generative, or subsequent chemical reactions.

Furthermore, by referencing insights from the
previous section 3, researchers can identify the ap-
propriate voltammetric methodology to determine all
relevant physical parameters associated with this
mechanism. The initial findings presented here aim to
establish a solid foundation for developing novel pro-
tocols related to the inhabitation/inactivation process-
es of lipophilic redox proteins under square-wave
protein-film voltammetry conditions.

At this stage, it is important to note that
time-based (or frequency-based) analysis in
square-wave voltammetry is not a reliable method
for extracting Kinetic parameters associated with
this mechanism. This limitation arises because a
time-based analysis simultaneously affects both the
kinetic parameter related to the electron transfer
step (Ker) and the dimensionless parameter associ-
ated with the Kinetics of the chemical step (Kchem).
Therefore, due to the mechanistic features dis-
cussed in this study, applying time- or frequency-
based analysis may lead to erroneous or misleading
interpretations.
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Table 2

Reduction (forward) and reoxidation (backward) components of the square-wave voltammetric patterns

were calculated at different rates of electron transfer step and different kinetics of the irreversible chemical
reaction. For the voltammograms display, a square-wave amplitude of 80 mV and a potential step of 4 mV

)

O]

were used. The electron transfer coefficient in all simulations was set to o = 0.5.
The starting potential was set to +0.4 V.
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