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Square-wave voltammetry (SWV) is a highly sensitive and widely used electrochemical technique, 

suitable for probing the kinetics of various electrochemical electrode processes coupled with different 

chemical reactions. However, its application to mechanisms involving subsequent chemical steps has 

been somewhat limited, particularly in scenarios such as those discussed in recent work.1 Among the 

electrochemical mechanisms coupled with chemical reactions, the EC-type pathways (where an electron 

transfer step is followed by a reversible chemical transformation) remain fundamental for elucidating in-

terfacial reaction dynamics. A significant variant of this mechanism is the EC(dimerization) model, which 

features a reversible bimolecular chemical step in which two oxidized species (2Ox ⇌ Ox–Ox) undergo 

reversible dimerization, introducing second-order kinetics into the entire electrode reaction. Although 

mechanistically distinct, these two pathways produce similar voltammetric signatures, making them diffi-

cult to distinguish under certain experimental conditions. This challenge is further complicated by the fact 

that frequency modulation, a commonly used diagnostic tool in SWV, simultaneously influences both the 

electron transfer kinetics and the chemical reaction rate, thereby diminishing its discriminatory power. In 

this work, we examined the key voltammetric features of both mechanisms under SWV conditions and 

proposed theoretical strategies to differentiate them. Emphasis is placed on the use of numerical simula-

tions as a robust and reliable approach for resolving mechanistic ambiguity. 

 

Keywords: EC mechanism; bimolecular dimerization; voltammetry; kinetics of chemical reaction;  

effect of square-wave frequency 
 

 

ПРОТОКОЛ БАЗИРАН НА ВОЛТАМЕТРИСКИ СИМУЛАЦИИ ПОГОДЕН ЗА ДИСТИНКЦИЈА 

ПОМЕЃУ ЕС–РЕВЕРЗИБИЛЕН И ЕС–ДИМЕРИЗАЦИСКИ МЕХАНИЗАМ ВО УСЛОВИ  

НА КВАДРАТНО-БРАНОВА ВОЛТАМЕТРИЈА 

 
Квадратнобрановата волтаметрија (SWV) претставува исклучително чувствителна и широко 

применувана електрохемиска техника, погодна за проучување на кинетиката на различни 

електрохемиски електродни процеси што се поврзани со дополнителни хемиски реакции. Сепак, 

нејзината примена кај електродни механизми што вклучуваат последователни хемиски чекори е 

значително ограничена, особено во сценарија какви што се дискутирани во некои понови 

теоретски студии.1 Меѓу електрохемиските механизми спрегнати со хемиски реакции, 

механизмите од типот наречен „EC“ (каде што електронскиот трансфер „Е“ е поврзан со 

последователна реверзибилна хемиска трансформација „С“) претставуваат фундаментални 

механизми што се неопходни за објаснување на динамиката на разни интерфазни електрохемиски 

реакции. Многу важен поттип на електроден механизам што припаѓа во класата на EC–реакции е 

т.н. EC–димеризациски механизам. Кај EC–димеризацискиот механизам се случува реверзибилен 

бимолекуларен хемиски последователен чекор, во кој две оксидирани честички „Ox“ подлежат на 

реверзибилна димеризација (2Ox ⇌ Ox–Ox), воведувајќи притоа кинетика од втор ред во 

целокупната електродна реакција. Иако механистички различни, овие два типа на EC механизмите 

даваат многу слични волтаметриски отпечатоци, што ги прави тешко да се разликуваат при 

одредени експериментални услови. Овој предизвик дополнително е усложнет од фактот што 
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квадратнобрановата фреквенција, параметар што често се користи како дијагностичка алатка во 

SWV, истовремено влијае и врз кинетиката на електронскиот трансфер и врз брзината на 

хемиската реакција и на тој начин се намалува нејзината функција за дистинкција на двата 

механизма. Во овој труд се испитувани клучните волтаметриски карактеристики на двата 

механизма во услови на SWV, при што се предложени теоретски стратегии за дистинкција на 

двата електродни механизма. Посебен акцент е ставен на употребата на нумерички симулации 

како робустен и ефикасен пристап кон решавање на механистичките проблеми кај овие 

електрохемиски механизми. 

 
Клучни зборови: EC–електроден механизам; бимолекуларна димеризација; волтаметрија; 

кинетика на хемиски реакции; ефект на квадратнобранова фреквенција 

 

 

1. INTRODUCTION 

 

Electrochemical reactions coupled with fol-

low-up chemical reactions – commonly referred to 

as EC mechanisms1 – play an important role in un-

derstanding the redox behavior of numerous sys-

tems, particularly in biological and physiological 

contexts.2 

In living organisms, many redox-active bi-

omolecules (redox proteins, redox enzymes, neuro-

transmitters, quinones, vitamins, and various me-

tabolite products) undergo electron transfer steps 

that are coupled with reversible chemical reactions, 

most commonly involving protonation-deproto-

nation equilibria.3,4 

These reactions modulate not only the ther-

modynamics and kinetics of the associated redox 

processes but also their biological functions and 

signaling capabilities. For example, the redox ac-

tivity of quinones, catecholamines, flavins, and 

proteins containing amino acid residues like tyro-

sine or cysteine is often regulated by proton-

coupled electron transfer, serving as archetypal 

examples of EC mechanisms in biological redox 

chemistry.2–6 

The coupling of electron transfer with pro-

tonation or other reversible chemical steps shapes 

the electrochemical signatures of these molecules 

and governs their behavior under physiological 

conditions. 

Beyond EC pathways coupled with protona-

tion equilibria, a distinct class of EC mechanisms 

emerges when reactive intermediates – such as rad-

icals – are generated through an electron exchange 

step. These radical species often exhibit high reac-

tivity and commonly undergo bimolecular dimeri-

zation, leading to the formation of stable or meta-

stable dimers. 

This class of mechanisms, known as 

EC(dimerization) systems, is particularly relevant in 

organic and bioinorganic redox chemistry, where 

radical–radical interactions are widespread.7,8 Ex-

amples include phenoxyl radicals derived from 

tyrosine, semiquinone species, and radical forms of 

certain neurotransmitters and antioxidants.8,9 

Although these reactions may resemble, un-

der voltammetric conditions, the more familiar EC 

mechanisms involving unimolecular chemical 

steps, they differ fundamentally in their kinetic 

order. While a simple EC mechanism typically 

involves a first-order chemical transformation, 

EC(dimerization) mechanisms follow second-order 

kinetics due to the bimolecular nature of the dimer-

ization step. 

This distinction results in notable differences 

in their voltammetric profiles, particularly when 

EC mechanisms are investigated using dynamic 

electrochemical techniques. Over the past several 

decades, significant theoretical advances have been 

made in the interpretation and modeling of various 

EC mechanisms1,2,6,10–14 using different voltammet-

ric techniques. Pioneering work by Nicholson and 

Shain11 in the 1960s laid the groundwork for un-

derstanding electrochemical–chemical sequences 

in cyclic voltammetry. Subsequent developments 

by Compton,6,12,13 Lovric,14 Molina,15 and oth-

ers1,16,17 expanded this framework to pulse volt-

ammetric techniques, incorporating reversible and 

irreversible chemical steps. 

In the context of square-wave voltammetry 

(SWV), which is one of the most advanced pulse 

techniques available, many researchers have de-

veloped detailed mathematical models and simula-

tion protocols for complex EC-type systems.12–18 

These works have revealed that although 

EC(reversible) and EC(reversible dimerization) 

mechanisms share some general features – such as 

peak current dependencies and potential shifts as a 

function of chemical kinetic parameters – their de-

tailed behaviors differ due to their different kinetic 

orders, especially in terms of current profiles and 

peak potential evolution. 

In this context, distinguishing between these 

two types of EC mechanisms under square-wave 

voltammetric conditions is critically important. 

Accurate mechanistic assignment has profound 
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implications for interpreting redox processes in 

organic synthesis, studying catalytic reactions, and 

analyzing various biological systems. Moreover, 

understanding whether a defined electrochemical 

system proceeds via a simple reversible chemical 

step or through a dimerization pathway directly 

impacts the estimation of kinetic and thermody-

namic parameters, such as rate constants and equi-

librium constants. 

Given the complex interplay between frequen-

cy, electron transfer kinetics, and chemical rate pa-

rameters in SWV,1,17 traditional approaches to mech-

anistic discrimination often fall short. Thus, there is a 

pressing need for new theoretical and experimental 

protocols capable of unambiguously distinguishing 

EC(reversible) mechanisms14,17 from EC(reversible 

dimerization)18 pathways under the specific dynamic 

perturbations introduced by square-wave voltamme-

try. 

To address this need, we present a series of 

theoretical results that aim to resolve this problem. 

 
2. THEORETICAL MODELS 

 

Two well-established theoretical models de-

rived from the EC mechanistic scheme were inves-

tigated under the conditions of square-wave volt-

ammetry.  

The first model is represented by the reac-

tion scheme (1): 
 

Red –1e–  ⇄  Ox ⇄ Y   (1) 
 

and is denoted as the EC(reversible) mechanism, 

where the follow-up step is assumed to be a first-

order reversible chemical reaction.  

The second model is represented by the re-

action scheme (2): 
 

Red –1e– ⇄  Ox; 2Ox ⇄ Ox–Ox       (2) 
 

and is referred to as the EC(reversible dimeriza-

tion) mechanism (or simply, ECdimerization), in-

volving a bimolecular chemical step between two 

oxidized species. "Red" and "Ox" stay for the re-

duced and oxidized forms of the electrochemically 

active species involved in the electrochemical 

transformation, respectively. The voltammetric 

responses of both mechanisms are analyzed under 

the conditions of a semi-infinite planar diffusion 

model at a stationary electrode, using the Butler-

Volmer kinetic formalism.  

The voltammetric features of both mecha-

nisms are primarily governed by three key dimen-

sionless parameters. The first is the dimensionless 

rate parameter of electron transfer, K, defined as K 

= ks
o(Df)–0.5. The dimensionless parameter K cou-

ples the heterogeneous electron transfer rate con-

stant ks
o with the rate of diffusion (expressed via 

the diffusion coefficient D) and the square-wave 

frequency f. This definition provides insight into 

the interplay between electron transfer kinetics and 

mass transport relative to the time scale of current 

measurement in SWV. 

The second dimensionless parameter in both 

models is the equilibrium constant of the chemical 

step, Keq, while the third is the dimensionless 

chemical rate parameter, Kchem, which captures the 

kinetic activity of the coupled homogeneous chem-

ical step relative to the timescale of the square-

wave perturbation. 

The definitions of Keq and Kchem for the EC 

mechanism involving a first-order chemical reaction 

are identical to those reported in references,14,17,19 

while the corresponding parameters for the EC 

mechanism incorporating a reversible dimerization 

step are defined as described in reference.18 

Together with temperature (T), square-wave 

potential signal parameters (potential step dE, am-

plitude Esw, and frequency f), and the electron 

transfer coefficient , these three dimensionless 

parameters define the key features of the simulated 

voltammetric profiles. 

The theoretical basis for the EC(reversible) 

mechanism under SWV conditions is detailed in 

references,14,17,19 while the EC(reversible dimeriza-

tion) model is developed and elaborated in refer-

ence.18 

 
3. RESULTS AND DISCUSSION 

 

3.1. Effect of the dimensionless chemical  

parameter (Kchem) on the features of the  

square-wave voltammetric profiles of 

EC(reversible) and EC(dimerization) mechanisms 
 

In the context of gaining insight into the cru-

cial differences between both mechanisms, it was 

appropriate to start with a comparison of the square-

wave voltammetric profiles of the EC(reversible) 

mechanism and the EC(reversible dimerization) 

mechanism, calculated as a function of the dimen-

sionless chemical parameter Kchem. 

The simulation profiles displayed in Figure 

1 represent a series of square-wave voltammo-

grams (forward and backward current components) 

calculated for an EC(reversible) electrode mecha-

nism under the conditions of fast electron transfer 

kinetics and a large equilibrium constant (Keq) for 

the follow-up chemical reaction.  

https://doi.org/10.1016/j.electacta.2012.11.10


P. Kokoskarova, M. Janeva 

Maced. J. Chem. Chem. Eng. 44 (2), xx–xx (2025) 

4 

 
 

Fig. 1. Forward and backward current components of SWV responses for an EC (reversible) mechanism were simulated as a function 

of the dimensionless chemical rate parameter Kchem. The simulations were conducted under the following conditions: dimensionless 

electron transfer kinetic parameter K = 31, electron transfer coefficient = 0.5, temperature T = 298 K, square-wave amplitude  

Esw = 50 mV, and potential step dE = 10 mV. The equilibrium constant of the subsequent chemical reaction was fixed at Keq = 100. 

Kchem values used in the simulations are indicated in the 3D voltammetric plot. The 2D voltammograms presented in the upper panel 

correspond exactly to the profiles depicted in the 3D graph. Starting potential was set to –0.5 V. 
 

 

This set of simulations was performed with a 

fixed dimensionless rate parameter of electron 

transfer K = 31, for  = 0.5, and an equilibrium 

constant Keq = 100, while systematically varying 

the dimensionless chemical parameter Kchem from 

0.0001 up to 100. 

As previously mentioned, the dimensionless 

chemical parameter Kchem unified the rate of fol-

low-up chemical reaction with the time resolution 

(i.e., the square-wave frequency) of the applied 

square-wave pulses. As illustrated by the simulated 

voltammograms shown in Figure 1, a progressive 

increase in the magnitude of Kchem resulted in a 

notable shift of the entire voltammetric signal to-

ward more negative potentials. This phenomenon 

was observed in both the forward and backward 

current components, and it became increasingly 

pronounced as the chemical reaction accelerated. 

From a mechanistic point of view, this be-

havior was attributed to the dynamic depletion of 

the electrochemically generated intermediate spe-

cies (Ox) by the fast and reversible chemical reac-

tion that followed the electron-transfer step. As the 

chemical step became more kinetically dominant in 

the entire mechanism (1), Ox was removed more 

rapidly from the interfacial region, thus disrupting 
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the local equilibrium at the electrode/electrolyte 

interface. This depletion of Ox drove the oxidation 

process (electrode transformation of Red to Ox) 

more efficiently, while requiring a lower applied 

potential to sustain the same current response. 

In addition to this shift in peak potential, sig-

nificant changes were observed in the reverse (re-

duction) current component of the square-wave 

voltammograms. For small values of Kchem, the 

backward peak was distinct and symmetric to the 

forward one, reflecting the availability of Ox for 

reduction during the reverse pulse. However, as the 

chemical reaction became faster, the backward peak 

progressively diminished and was eventually sup-

pressed. This suppression occurred because the Ox 

species was rapidly converted into the chemically 

stable product Y during the forward pulse. As a re-

sult, there was insufficient Ox remaining to be re-

duced, and the backward current became negligible. 

From both a kinetic and thermodynamic per-

spective, the scenario depicted in the voltammo-

grams of Figure 1 illustrated the strong coupling 

between the electron–transfer event and the follow-

up chemical transformation. The high equilibrium 

constant ensured that the chemical conversion of 

Ox to Y was thermodynamically favored, while 

increasing Kchem ensured that the follow-up chemi-

cal transformation occurred rapidly on the volt-

ammetric timescale. 

Together, these conditions led to a pro-

nounced distortion in the voltammetric response, 

characterized by negative peak potential shifts in 

the entire voltammetric profile and substantial at-

tenuation of the backward signal. These features 

were commonly used as voltammetric diagnostics 

for EC-type mechanisms where the intermediate 

was actively consumed by a reversible chemical 

transformation.1,11,14,17,19  

Shown in Figure 2 was a series of working 

curves illustrating the dependencies of the net peak 

potentials (Enet,p) of square-wave voltammograms 

for an EC(reversible) electrode mechanism, plotted 

as a function of log(Kchem). The curves were evalu-

ated at several magnitudes of the equilibrium con-

stant Keq, and were displayed within the plot. In all 

cases, the working curves exhibited typical sig-

moidal features, which have been widely recog-

nized in theoretical analyses of kinetically coupled 

electrochemical reactions.1,14,17,19 

For every value of Keq, the progression of the 

peak potential values with respect to log(Kchem) fol-

lowed a trend with three features: a) plateau at low 

chemical reactivity; b) a linear region at intermediate 

Kchem; and c) a second plateau at high chemical rates. 

The most prominent feature in all of the curves lay in 

the linear mid-region, which marked the kinetic re-

gime where the chemical step increasingly influenced 

the electrochemical response. 
 
 

 
 

Fig. 2. Dependence of the peak potentials of net square-wave voltammograms (Enet,p) of an EC(reversible) mechanism as a function 

of log(Kchem). Working curves are constructed at several values of equilibrium constant of follow up chemical reaction (Keq), whose 

values are given in the graph. Other simulation conditions were same as those in Figure 1. 
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As shown in Figure 2, the extent and slope of 

these linear segments were critically dependent on 

the magnitude of Keq. For larger values (e.g., Keq  

10), the sigmoidal curve was more extended, and the 

linear kinetic region spanned over a broader range of 

Kchem. This result indicated that for highly favorable 

chemical equilibria, the EC mechanism remained 

sensitive to kinetic modulations over a wider domain 

of chemical reaction rates. In contrast, as the magni-

tude of Keq decreased (e.g., Keq  0.5), the sigmoidal 

curves became compressed, and the linear region 

narrowed, which indicated that the influence of the 

chemical reaction rate on the peak potential was con-

fined to a smaller kinetic window. 

A particularly important theoretical insight 

was the slope of the linear portion of these sig-

moidal plots, which remained consistently around 

–30 mV per decade increase in Kchem, regardless of 

the magnitude of Keq. This characteristic slope had 

been previously discussed and validated in the 

works of Lovric14,17 and Osteryoung,19 who identi-

fied it as one of the hallmarks of the EC(reversible) 

mechanism under square-wave voltammetric con-

ditions. The –30 mV/log(Kchem) behavior reflected 

the fact that the chemical step, although reversible, 

modified the electrochemical potential distribution 

at the electrode interface in an almost Nernstian 

(thermodynamically reversible) manner when the 

system was under kinetic control of chemical reac-

tion. 

Similar voltammetric patterns (from a quali-

tative perspective) were obtained for the 

EC(dimerization) mechanism, as presented in Fig-

ure 1. Additionally, Figure 3 showcased a series of 

square-wave voltammograms calculated for an 

EC(reversible dimerization) electrode mechanism 

under conditions of fast electron transfer (with di-

mensionless parameter K = 31) and a large equilib-

rium constant for the follow-up chemical step (Keq 

= 100). 

These simulations were conducted under 

identical conditions to the EC(reversible) case, 

with the chemical rate parameter Kchem again varied 

over a wide range (from 0.0001 for the blue curve 

to 100 for the magenta curve). This configuration 

permitted a direct comparative analysis between 

the voltammetric behavior of the EC(reversible 

dimerization) mechanism and the simpler 

EC(reversible) mechanism involving a first-order 

chemical reaction. 

A key observation from the voltammetric 

profiles displayed in Figure 3 was the stronger and 

more pronounced shift of the voltammetric profiles 

toward more negative potentials as the magnitude 

of Kchem  increased. This effect was significantly 

more intense than what was observed in the 

EC(reversible) mechanism. The more pronounced 

negative shift of the net peak potential of SW volt-

ammograms displayed in Figure 3 reflected a much 

easier oxidation process under these conditions, 

which was a consequence of the second-order na-

ture of the follow-up chemical reaction. 

In the electrode mechanism involving a 

chemical dimerization scenario, two molecules of 

the electrochemically generated Ox species were 

consumed simultaneously in the chemically re-

versible formation of a dimeric product. This con-

sumption resulted in a quadratic depletion of the 

Ox species with respect to its concentration, thus 

making the system kinetically "more aggressive" in 

removing Ox from the interfacial zone, even at 

relatively modest values of Kchem. 

From a kinetic perspective, the faster con-

sumption of Ox via dimerization rapidly shifted the 

dynamic equilibrium of the electron transfer step 

(Red –1e– ⇌ Ox sequence) in the direction of an 

easier oxidation. This effect drove the electrode 

reaction forward more effectively and caused the 

system to reach its oxidative state at lower applied 

potentials. The more intensive the rate of the di-

merization reaction was (i.e., the higher the magni-

tude of Kchem), the stronger this potential shift be-

came. 

Additionally, the backward (reduction) 

components of the voltammograms were dramati-

cally affected by this second-order chemical step. 

As the magnitude of Kchem increased, the Ox spe-

cies was consumed more rapidly than at the "sim-

ple" EC(reversible) mechanism, so only minute 

amounts of Ox remained available for reduction 

during the current-measuring time of the reverse 

pulse. This Ox depletion resulted in an almost 

complete disappearance of the backward peak cur-

rent, even at much lower magnitudes of Kchem (evi-

dent in the orange- to magenta-colored curves in 

Fig. 3). The voltammograms became increasingly 

asymmetric, even at moderate magnitudes of Kchem, 

highlighting the decoupling of the redox couple 

under strong kinetic constraints.  
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Figure 3. Forward and backward current components of square-wave voltammetric profiles for an EC(dimerization) mechanism 

simulated as a function of the dimensionless chemical rate parameter Kchem. The 2D voltammograms presented in the upper panel 

correspond to the profiles depicted in the 3D graph. All other simulation parameters were identical as those reported in Figure 1. 
 

 

 

Figure 4 showcased a series of working curves 

representing the dependence of the net peak poten-

tials of square-wave voltammograms simulated for 

an EC(dimerization) mechanism plotted against the 

logarithm of the chemical rate parameter log(Kchem). 

The working curves were evaluated for various val-

ues of the chemical equilibrium constant Keq. 

As in the previous case (see Fig. 2), the work-

ing curves exhibited distinct sigmoidal shapes, char-

acteristic of systems where a chemically coupled 

step progressively influenced the electrochemical 

behavior as its rate increased. These profiles, how-

ever, displayed specific features that distinguished 

them markedly from the simpler EC(reversible) 

mechanism. A notable difference was observed in 

the significantly broader linear kinetic regions 

within the sigmoidal curves of the dimerization 

mechanism. 
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Fig. 4. Dependence of the peak potentials of net square-wave voltammograms (Enet,p) of an EC(dimerization) mechanism  

as a function of log(Kchem). Working curves are constructed at several values of equilibrium constant of follow up chemical reaction, 

whose values are given in the graph. Other simulation conditions were same as those in Figure 1. 

 

 

As Kchem  increased, each curve entered a 

domain in which the peak potential shifted nearly 

linearly with the logarithm of the chemical pa-

rameter. These linear ranges spanned a much wider 

domain compared to the EC(reversible) case (see 

the curves in Fig. 4 and compare with the corre-

sponding profiles in Fig. 2), indicating that the 

voltammetric response remained sensitive to 

changes in chemical kinetics over a broader range 

of time scales. This behavior arose from the sec-

ond-order nature of the follow-up dimerization 

reaction, in which the electrochemically generated 

species Ox participated in a bimolecular transfor-

mation (2Ox ⇌ Ox–Ox). As such, the rate of Ox 

depletion depended quadratically on its concentra-

tion, which led to more efficient consumption of 

Ox, and thus a more pronounced shift in the elec-

trode potential. 

Another important observation was the de-

pendency of the linear region's extent on the value 

of Keq. As Keq increased, the linear segment be-

came more extended, covering several orders of 

magnitude of Kchem. This extension reflected the 

thermodynamic driving force of the chemical step: 

a larger equilibrium constant promoted more com-

plete conversion of Ox into Y, thereby amplifying 

the impact of chemical kinetics on the voltammet-

ric signal. Conversely, for smaller Keq values, the 

chemical step was less thermodynamically favored, 

and the influence of Kchem was confined to a nar-

rower range. 

It is important to note that the slope of the 

linear segments in all these sigmoidal dependencies 

presented in Figure 4 was approximately –60 mV 

per decade increase in the magnitude of Kchem.20 This 

slope was roughly double that of the slope observed 

for the EC(reversible) mechanism, where the shift 

was typically around –30 mV/decade (see Fig. 2).19 

The steeper slope in the dimerization case 

directly resulted from the second-order chemical 

kinetics, where two Ox species were consumed per 

chemical event. This quadratic dependency en-

hanced the effect of increasing Kchem on the sys-

tem's electrochemical behavior, and thus doubled 

the rate at which the peak potential shifted with 

respect to changes in the chemical rate.  

 

3.2. Role of SW frequency modulation in both 

mechanisms 
 

Although both EC(reversible) and EC(rever-

sible dimerization) mechanisms considered in this 

work may have appeared similar in their overall 

structure, some important differences in their volt-

ammetric behavior emerged under SWV condi-

tions, which were critical for accurate mechanistic 

interpretation. 
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The chemical reactions involved in the con-

sidered mechanisms were of different order with 

respect to the concentration of the electrochemical-

ly generated species "Ox". However, since the con-

centration "Ox" was not controllable during the 

electrochemical experiment (i.e., "Ox" was gener-

ated in situ), the concentration of "Ox" could not be 

considered a relevant variable in assessing the ef-

fect of the dimensionless chemical rate parameter 

by either mechanism. 

Therefore, a challenging situation arose in de-

veloping a relevant diagnostic protocol capable of 

distinguishing these two mechanisms, particularly 

because the other controllable parameter – the SW 

frequency – simultaneously affected the kinetics of 

all steps involved in both electrode mechanisms. 

One of the most distinguishing features of 

the EC(dimerization) mechanism in SWV was the 

rapid suppression of the backward current peak. As 

chemical dimerization was a second-order reaction, 

the oxidized species (Ox) was consumed via dimer 

formation, especially at higher concentrations of 

Ox generated during the forward SW pulse. This 

additional consumption resulted in a more pro-

nounced suppression of the backward peak com-

pared to the EC(reversible) mechanism, where the 

unimolecular transformation (Ox ⇌ Y) occurred. 

Therefore, the steeper decline of backward 

peak currents was one of the notable hallmarks of 

the dimerization route. However, this criterion could 

not be regarded as reliable, as differing rate con-

stants of the chemical reactions in both mechanisms 

could lead to misinterpretation when attempting to 

distinguish the EC(dimerization) mechanism from 

the simple EC(reversible) mechanism. 

A more important distinguishing feature, as 

demonstrated in Figures 2 and 4, was the depend-

ence of the peak potentials of voltammetric pro-

files on the rate of the chemical reaction in both 

mechanisms. In EC(reversible), the net peak poten-

tial shifted approximately by –30 mV per decade 

change in the logarithm of the dimensionless chemi-

cal rate parameter, while in EC(reversible dimeriza-

tion), this shift was steeper, approaching –60 mV 

per decade increase in Kchem. Moreover, the length 

of the kinetic region – the range of chemical rate 

constants over which the voltammetric response 

transitioned from reversible to quasi-reversible or 

irreversible behavior – was significantly broader in 

EC(dimerization). 

Despite the appeal of frequency modulation 

as an important diagnostic tool in SWV,1,17 its role 

in mechanistic distinction between EC(reversible) 

and EC(dimerization) mechanisms was rather lim-

ited. This limitation occurred because the frequen-

cy appeared in the definition of both the dimen-

sionless chemical parameter (Kchem) and the dimen-

sionless parameter related to the rate of electron 

transfer step (K). Specifically, the chemical param-

eter was inversely proportional to the SW frequen-

cy (e.g., Kchem = /f), while the electron transfer rate 

parameter was defined by K = ks
o/(Df)0.5. As a re-

sult, changing the frequency altered both the rate 

of chemical transformation and the dynamics of 

electron transfer (see Fig. 5)17 in a coupled and 

inseparable manner.1,17 

This dual dependence created a confounding 
effect since any observed shift in peak potential or 
change in peak current with frequency could no 
longer be attributed solely to the kinetics of the 
chemical reaction. Consequently, frequency lost its 
diagnostic specificity and could not be used to dis-
tinguish between EC(reversible) and EC(dimeri-
zation) mechanisms in a conclusive manner. Fur-
thermore, the simultaneous alteration of both 
chemical and electron transfer kinetics obscured 
the true mechanistic behavior, especially in inter-
mediate kinetic regimes of the curves presented in 
Figures 2 and 4. 

It is worth mentioning that decreasing the SW 
frequency induced an increase in the apparent revers-
ibility of voltammetric profiles when studying the 
effect of K. At the same time, however, the decrease 
in SW frequency led to an increase in the dimension-
less chemical parameter, which resulted in greater 
irreversibility of voltammetric profiles. These two 
effects were opposite and could lead to misinterpreta-
tions of the obtained voltammetric results.  

Nevertheless, under certain conditions, fre-
quency modulation still offered limited utility in 
distinguishing between these two mechanisms. 
Notably, since the frequency dependence of Kchem 
was f −1, while that of K was f −0.5, variations in fre-
quency had a more pronounced effect on the rate 
of the chemical step than on the electron transfer 
process. Therefore, if the electron transfer was suf-
ficiently fast, quantified by log(K) > 1,17 corre-
sponding to a regime of rapid interfacial electron 
exchange, then frequency modulation in the range 
of approximately 0.1 Hz to 200 Hz could selective-
ly influence the chemical kinetics. In such cases, 
one could observe a characteristic shift in peak 
potential of either –30 mV or –60 mV per decade 
modulation in frequency magnitude, corresponding 
to a first-order or second-order chemical step (di-
merization), respectively. This observation could 
serve as a diagnostic criterion to distinguish be-
tween EC(reversible) and EC(reversible dimeriza-
tion) mechanisms. 
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Figure 5. Forward and backward square wave voltammetric profiles of a simple Red – 1e– ⇄ Ox diffusional mechanism simulated  

as a function of dimensionless kinetic parameter of electrode reaction K. Values of K were set to 0.005 (a), 0.05 (b), 0.09 (c), 0.5 (d), 

2.25 (e) and 22.5 (f). Other simulation parameters were identical as those reported in Figure 1. 
 

 

However, to implement such an approach, it 

was essential to first determine the standard heter-

ogeneous electron transfer rate constant ks
o, which 

could be estimated using established experimental 

protocols.21 

Once the value of ks
o was known and fell in 

range above 1 cm s–1, and if the values of the diffu-

sion coefficient and the electron transfer coeffi-

cient  were also available (or determined),17 one 

could proceed to a fitting procedure between ex-

perimental and theoretical SW voltammograms. 

Theoretical frameworks for EC(reversible) and 

EC(reversible dimerization) mechanisms were 

available in the works of Garay and Lovric14 and 

Lovric, Jadresko, and Komorsky-Lovric,18 respec-

tively. Additionally, a voltammetric profile fitting 

process enabled quantitative extraction of the ki-

netic and thermodynamic parameters related to the 

follow-up chemical reaction, as well as the kinetics 

of the electron transfer step. 

When the fitting procedure between theoret-

ical and experimental voltammetric patterns was 

applied, it was advisable to fit the normalized for-

ward and backward current components of both 

voltammetric responses. Such a fitting procedure 

was always useful, as it avoided certain artifacts 

(e.g., parasitic currents) that commonly appeared 

in experimental voltammograms. 

It is also worth mentioning that alongside 

variation of SW frequency, we attempted to ex-

plore the square-wave amplitude as a tool to dis-

tinguish between both mechanisms. Although 

changing the square-wave amplitude might have 

enabled potential distinction between the two 

mechanisms, our analyses revealed that the ampli-

tude of SW pulses had shown an almost identical 

effect in both mechanisms. 

 

4. CONCLUSION 

 

While square-wave voltammetry offered a 

powerful window into the kinetics of various elec-

trochemical systems, the ability to discriminate 

between EC(reversible) and EC(dimerization) 

mechanisms required careful consideration of the 

interdependent variables involved. 

The conventional approach of frequency 

modulation in SWV was often insufficient and 
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even somewhat misleading, due to its simultaneous 

influence on both chemical and electron transfer 

rates. It should be emphasized, however, that a fre-

quency-based diagnostic approach was valid under 

conditions where the electron transfer occurred 

very rapidly. 

In kinetic regimes dominated by the electron 

transfer step – specifically when electron transfer 

fell in the quasi-reversible region – frequency af-

fected both the electrode transfer and the chemical 

reaction rates in an inseparable manner. Converse-

ly, in cases of very slow electron transfer, the rate 

of the chemical reaction had a negligible effect on 

the voltammetric profile, as extensively discussed 

in the initial work by Osteryoung.19 As a result, 

mechanistic resolution under such conditions be-

came unreliable when relying solely on frequency 

analysis. 

An alternative method for distinguishing the 

two mechanisms considered in this work was rec-

ognized in reference,18 where the authors examined 

the dependence peak potential on the bulk concen-

tration of the initial electroactive species present in 

the electrochemical cell. However, the model-

based simulation approach reported in this study 

proved to be most reliable – not only for differenti-

ating between these two similar mechanisms but 

also for accessing all parameters relevant to each. 

The procedure for simulations of an 

EC(reversible) mechanism in SWV was provided 

in reference,17 while the protocol for simulating 

EC(reversible dimerization) in SWV was outlined 

in reference.18 

Both theoretical model protocols for 

EC(reversible) and EC(dimerization) mechanisms 

in MATHCAD format – ready for simulations – 

are available upon request from the authors, and 

they are also available at the Repository of our 

university. 

By following strategies developed in this 

work and by utilizing the simulation protocols for 

EC(reversible)17 and EC(dimerization)18 mecha-

nisms, one could even develop an analytical proto-

col capable of uncovering the true nature of cou-

pled electrochemical systems under various dy-

namic SWV conditions.22,23  
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