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Abstract 

 Analysis of the Square Wave Voltammetry (SWV) responses of surface confined 

electroactive probes under finite kinetics conditions, by considering the influence of 

intermolecular interactions on the current, is presented. This non-ideality gives rise to very 

significant deviations in the most relevant features of the current potential response as compared 

with predictions of ideal models. The theoretical model does not require that the dependence of 

the rate constant with the potential (i. e., Butler-Volmer or Marcus-Hush kinetic formalisms) is 

explicitly established a priori. Both location and height of the Quasi-Reversible Maximum and 

symmetry of the SWV current-potential curves are strongly affected by the interaction parameters 

OO RR OR2G a a a= + −  and RR OOS a a= −  (with ija  being the interaction coefficient for species 

i and j). Quantitative methods for obtaining kinetic and interaction parameters of the redox probes 

are presented, based on the measurement of the peak currents and potential under quasi-reversible 

conditions where the current exhibits two asymmetric peaks. A discussion is done concerning the 

deviations found in the estimation of the rate constants with SWV when intermolecular 

interactions are not considered. The above methods have been applied to the characterisation of 

mixed ferrocenylundecanethiol / decanethiol monolayers on gold electrodes at an ethanolic 

medium for which the SWV is clearly non-ideal. 
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1. Introduction 

 The tailored design of electrochemical interfaces or devices based on surface confined 

electroactive molecules for an specific purpose is strongly conditioned by their redox 

functionality. Among the different applications of these systems are, for example, their use on 

molecular electronics, electrocatalysis-based devices, electrochemical synthesis processes, etc., 

[1-10]. This redox functionality is based on a sequence of relevant charge transfer processes and 

is determined by, among other factors, the value of the electrochemical rate constant of the same, 

which can be strongly influenced by the medium in which it takes place. In the case of confined 

redox probes, the interfacial environment of the electroactive groups is critical for its redox 

performance [11-17].  

There exists a variety of different electrochemical methods for the measurement of the 

electrochemical rate constant and other related variables. The method most frequently employed 

is Cyclic Voltammetry, for which, based on Laviron’s ideal model, the rate constant is obtained 

from the shift of the voltammetric peak potentials in terms of the scan rate [11, 12, 18]. This 

methodology, although broadly used, present several limitations. Thus, it needs the a priori 

assumption of a given kinetic formalism, typically the Butler-Volmer (BV) one. Moreover, it does 

not consider the influences of non-idealities. Also, under BV conditions, the charge transfer 

coefficient needs to be determined in order to know the electrochemical rate constant [18-20]. 

Other useful approaches are those based on the use of alternating current measurements as 

Alternating Current Voltammetry (ACS) and Electrochemical Impedance Spectroscopy (EIS) 

[18, 21], which also relies on the consideration of “external” models, in this case, the suitability 

of a given equivalent circuit, which can be very complex, to the experimental data. Among ACS 

methods, those based on the Fourier transformation of large amplitude ACS are of great interest 

since it is possible to analyse a great amount of data arising from different harmonics. This has 

allowed its application to a great number of experimental situations [22-25]. Nevertheless, the 

theoretical treatment of these responses is complex and, in the case of surface confined 

electroactive systems, mostly ideal responses have been addressed.  

An interesting alternative to the above methods are the potential pulse techniques in which 

the current arising from the application of a given potential pulse sequence is measured versus 

time (cronoamperometric methods) [17, 20, 26], or at a given time in terms of the applied potential 

(voltammetric techniques) [20, 27-31]. These methods have several advantages as the de-coupling 

of double layer and faradaic contributions to the overall current, they do not require any a priori 

assumptions in the kinetic formalism, and they present an enhanced sensitivity arising from the 

sample procedure of the current [20, 26, 32]. Among the potential pulse techniques, Square Wave 

Voltammetry presents a special interest. It was introduced by Baker [33] and extensively 

developed by Osteryoung and co-workers, and Lovric and co-workers [27-30, 34-36]. Hence, like 

scanning methods, SWV is a fast technique since a square wave voltammogram can be obtained 
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over a wide potential range in a matter of seconds and can therefore be used in combination with 

other analytical methods such are, for example, chromatographic techniques. SWV, like 

differential pulse techniques, it is a purely subtractive technique, and therefore the non faradaic 

and background currents are minimized. The most significant, differentiating characteristic of 

SWV lies in the use of repeated oxidation and reduction of analyte species, which means that 

sensitivity is enhanced and kinetic information is provided, because of the ability to analyse both 

the forward and the reverse currents, as well as the net current. Thus, information about the 

reaction reversibility can be obtained easily. In the case of surface confined molecules, Lovric et 

al proposed to determine the electrochemical rate constant from the so-called Quasi-Reversible 

Maximum (QRM), that is, the maximum peak current obtained in terms of the frequency of the 

potential perturbation, which corresponds to a typical quasi-reversible behaviour [27, 29, 37, 38]. 

Alternatively, Mirceski proposed a similar approach based on the influence of the square wave 

amplitude for a fixed frequency [39].  

Potential pulse methods, and SWV in particular, should provide very accurate values of 

electrochemical rate constants. However, as in the previous cases, the different approaches for the 

modelling of the electron transfer behaviour of surface confined redox probes are mostly based 

on simple models that only consider idealized probe-surface interactions, and lead to simplistic 

cartoons of the experimental responses [17, 40]. A first approach to achieve a more accurate 

description of the electrochemical behaviour of modified interfaces is to consider the existence of 

intermolecular interactions, which can be, in general, of repulsive or attractive nature. The causes 

of these interactions are related with the appearance of coulombic long range repulsions, or with 

the presence of attractive Van der Waals interactions (i. e., odd-even) or π-π interactions, among 

others [13-15, 17]. The influence of interactions in the electrochemical response of the surface 

redox probes is quantized through potential-independent interaction parameters G and S, 

introduced by Laviron, among other authors, when considering a Frumkin type of adsorption 

isotherm [12, 17, 41]. In the case of SWV, as far as we know, only a previous reference by Lovric 

et al has included the consideration of intermolecular interactions in the analysis of the current 

response of confined molecules [42]. In this reference, the authors focused their results mainly on 

the simplified situation of “uniform interactions” (i. e., the interaction coefficients for the different 

species are assumed equal), which is not a very usual experimental situation. Moreover, the 

authors indicated that the general situation is very complex to analyse and it is not possible to 

define a single parameter for accounting the effects of individual interaction coefficients. Indeed, 

the results of this latter study are analogous to that of a simple charge transfer process with an 

apparent rate constant the value of which depends on the experimental conditions (mainly on the 

surface coverage). 

 In this manuscript, we analyze the SWV response of a surface confined electroactive 

probe that exhibits finite kinetics by including the influence of intermolecular interactions under 
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conditions where the electrostatic environment of the confined molecules determines the nature 

of intermolecular interactions. No restrictions in the values of the interaction coefficients have 

been assumed. Methods for determining the kinetics and interaction parameters are proposed and 

applied to the electrochemical characterization of binary ferrocenylundecanethiol / decanethiol at 

gold electrodes at an ethanolic medium.  
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2. Experimental conditions 

Reagents and Chemicals  

Ethanol (Merck), 11-(Ferrocenyl)undecanethiol (11 22C H FeS), 10-decanethiol ( 10C SH ), 

Lithium perchlorate (LiClO4) (Sigma-Aldrich) and Ethanol (EtOH) (Merck) were reagent grade 

and used as received.  

 

Preparation of the binary ferrocene monolayers at gold electrodes 

Monolayers of ferrocene were formed by the self-assembling technique on a gold 

substrate. The gold electrode was mechanically polished on alumina slurry of different grain size 

(1, 0.3 and 0.05 mµ , Buelher), washed and electrochemically cleaned by cycling the potential 

between 0 V and -1.4 V (vs. SCE) in 2.0 M NaOH and then between 1.6 V and 0.4 V (vs. SCE) 

in 1.0 M H2SO4 until stable voltammograms was obtained. They were then washed with ethanol 

and water and soaked in solutions 2 mM of 11-(Ferrocenyl)undecanethiol (FcC11SH) + 1-

decanethiol (C10SH) in a proportion 1:5 (ratio V:V), for 48 h at room temperature. Upon removal 

from this solution, the electrode was thoroughly rinsed with ethanol and left in the organic solvent 

for 48 hours before use. 

 The resulting monolayers are very stable and no significant loss of signal is appreciated 

after four-five weeks. 

 

Electrochemical measurements and data analysis 

A three-electrode cell was employed in the experiments with gold disc electrodes of 

diameter 0.2 cm as working electrodes (CH Instruments). The counter electrode was a Pt foil, and 

the reference electrode was a Ag quasi-reference electrode. Solutions were prepared with absolute 

ethanol of reagent quality. Nitrogen gas was passed through solutions for de-aeration for 20 min 

prior to measurements, with nitrogen atmosphere maintained over the solution during all the 

experiments.  

Square Wave Voltammetry (SWV) was performed using a home-made computer-driven 

potentiostat-galvanostat. The net SWV response corresponds to the difference of current signals 

obtained between two successive half-cycles measured at the end of each potential step (see 

Figure SI1 of the Supporting Information, SI, and [20, 27]). 

The baseline correction of the experimental SWV curves was performed by fitting of the 

current values obtained outside the Faradaic region to a polynomial of third degree followed by 

subtraction by means of the “Transforms” routines of SigmaPlot 10.0 for Windows. 

All experimental measures have been carried out at T=298 K with a potential step in the 

Square Wave potential wave form of st 5E∆ =  mV. 
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The influence of ohmic drop on the SWV response has not been considered. On the basis 

of previously determined values of the time cell constant and capacitance of binary ferrocene 

monolayers, it can be concluded that the ohmic resistance lays in the range 10-100 Ω  [17, 43]. 

Therefore, any distortion of the voltammetric curves arising from ohmic drop could be considered 

as negligible. 
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3. Theory 

Let us consider the following charge transfer process involving the surface confined 

electroactive species O and R at an electrode of area A: 

ox

red

R O e
k

k

−→ +←         (I) 

with oxk  and redk  being the rate constants for the electro-oxidation and electro-reduction 

processes. We will assume that the adsorbed electroactive couple O/R is in the presence of an 

electroinactive co-adsorbate P.  

In a previous paper, we have deduced the expression for the current-potential response 

for process (I) in the presence of intermolecular interactions when a single constant potential E or 

a sequence of m consecutive constant potentials 1 2,  ,  ..., mE E E  of the same time length τ  is 

applied to the electrode [17]. The current corresponding to process (I) for any potential can be 

written as 

R,m

E

m dfI

Q dt
= −          (1) 

where  

i,m
i,m

E

 ;        i=O, Rf
Γ

=
Γ

       (2) 

E O RΓ = Γ + Γ          (3) 

E EQ FA= Γ          (4) 

i,mΓ  (mol / cm2) is the surface concentration of species i corresponding to the m-th 

potential pulse applied mE . By following the procedure described in [17], the following 

expression for the current is obtained 

( )

( ) ( ) ( )( )E R,ap,E R, E R,

R, R,

E

10 '
ap ap, R, R,

/

                   e e e 1 emmm m

m mm
m

G fSf Gf
m m m

df dfI

Q d t dT

k g f f
θηθ θ

τ
τ

η −−

Φ = = − = − =

= − −

  (5) 

where  

E
E

M

M E P

Γ=
Γ

Γ = Γ + Γ

θ
         (6) 

OO RR OR

RR OO

2    G a a a

S a a

λ γ β µ
λ γ β µ

= − + − = + − 
= − − + = − 

     (7) 

( ) ( )0
ap ap E P P

F
E E S f S

RT
η η θ′= − = − +       (8) 
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( )

0 0
ap E E P P

P RP OP

   

2

RT RT
E E S f S

F F
S a a

θ θ′ ′ = + + 

= − 

      (9) 

( ) ( )E OR E OO OP PE OP P
2 220 0 0

ap
S G a a a fa fk k e e k e− − − +′ ′ ′−= =θ θθ     (10) 

0 0k k τ′ ′=           (11) 

OOa , RRa , ORa , OPa  and RPa  are the interaction coefficients for couples O-O, R-R, O-

R / R-O, OP and RP respectively (with ija  being positive for attractions and negative for 

repulsions). Moreover, ( )g η  is a function that defines the potential dependence of the electro-

oxidation and electro-reduction rate constants, oxk  and redk , respectively. Its particular form 

depends on the kinetic model chosen (i. e., Butler-Volmer, BV, or Marcus-Hush, MH). The 

expression of ( )g η  for both models is given in Appendix I. 

 A simplified situation arises when we assume that the interaction coefficients of the 

different pairs are approximately equal [42] (uniform interactions, 

OO RR OR OP RPa a a a a a= = = = = ), then P 0G S S= = =  such that the current-potential 

relationship is formally identical to that corresponding to the ideal case [17], but there is a 

remaining influence of intermolecular interactions on the kinetics through coefficient a since (see 

equation (10)),  

( )E P2 10 0
ap,uniform

a fk k e− +′ ′= θ        (12) 

which coincides with the results in reference [36] by assuming that there is no presence of 

electroinactive coadsorbate (i. e., P 0f =  and E20 0
ap,uniform

ak k e′ ′ −= θ ). In practice, this analysis is 

analogous to that of a single surface charge transfer with an apparent rate constant that depends 

on the parameter “a” (the value of which is a function of experimental factors, mainly of the 

surface coverage). 

 By applying a numerical method (for example the 4th order Runge-Kutta one, see [17]), 

equation (5) can be solved for a given potential waveform. Here we will apply the expression for 

the current given by equation (5) to calculate the response to the potential perturbation 

corresponding to the multipotential pulse technique Square Wave Voltammetry (SWV) given by 

(see also Figure S1 of the SI): 

( )initial st SW
1

Int 1 1 ;  1  2, ..., N
2

m
m

m
E E E E m ,

 + = − − ∆ − − =  
  

  (13) 

where N is the total number of potential pulses applied, stE∆  is the potential step of the staircase 

and SWE  is the square wave amplitude. Accordingly, three input parameters are necessary to be 
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specified in SWV measurements: stE∆ , SWE  and the frequency (f) or the time pulse length τ , 

with ( )1/ 2 fτ =  (see Figure S1 of the SI). 

 The current (SWV) response is sampled at the end of each potential pulse and the net 

response (ISW) is given by the subtraction of the current corresponding to a pulse with odd index 

(forward current) and the signal of the following pulse with even index (reverse current) [20, 27]: 

( )SW,c 2 1 2 ;  1  2, ..., N 2c cI I I c , /−= − =       (14) 

where c refers to the c-th pair of pulses or cycle and subscripts f and r to the forward (2c 1− ) and 

reverse (2c) components of each cycle. The SW current is plotted versus the arithmetic average 

of the potentials applied: 

( )index,c initial st1E E c E= − − ∆        (15) 
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4. Results and discussion 

 In the following, unless indicated, the Butler-Volmer kinetics formalism will be 

considered. 

 

4.1. Theoretical results 

 Figure 1 shows the SWV responses calculated from equations (5) and (13) for different 

values of the dimensionless rate constant 0
apk ′ , a fixed square wave amplitude of 40 mV, st 5E∆ =  

mV, E E 1G Sθ θ= =  and a charge transfer coefficient 0.5α = . From the curves in this Figure we 

can see the typical evolution of the SWV current signal when changing the dimensionless rate 

constant. Thus, at the Nernstian limit corresponding to high values of 0
apk ′  (see curves with 

( )0
aplog 0 4k .′ =  and 0.25), the current shows almost negligible values and two different peaks that 

increase when reaching the quasi-reversible zone (see curves with ( )0
aplog 0 1k .′ =  and 0.25− ). In 

this region, both current peaks grow and get closer to each other till they merge into a single 

current peak where the highest value of the current is reached ( ( )0
aplog 1k ′ = − ). When the kinetics 

becomes slower according to the decrease of ( )0
aplog k ′ , the current signal strongly diminishes 

keeping a single peak feature till reaching the fully irreversible region ( ( )0
aplog 3k ′ = − ). 

 This figure shows the most typical features of SWV responses of surface confined 

species, i. e., the splitting of the response for intermediate values of ( )0
aplog k ′  and the appearance 

of a maximum peak current or quasi-reversible maximum (QRM), which is a function of the 

dimensionless rate constant [27, 29, 42]. Note that the two peaks observed for ( )0
aplog 1k ′ > −  are 

not symmetrical, with the peak located at more positive potentials being in all the cases higher 

than that located at more negative ones. This fact cannot be attributed to the redox kinetics since, 

for 0.5α = , symmetrical quasi-reversible peaks are observed [27], and the asymmetry observed 

is directly related to the influence of intermolecular interactions (see below).  

The maximum sensitivity for the current is obtained under quasi-reversible conditions for 

which the influence of the redox kinetics and intermolecular interactions on the response is also 

maximum. This is one of the main problems for the kinetic analysis of surface redox processes 

with SWV since, under these conditions, there exist a complex interplay between both sets of 

kinetic and interaction parameters (see below). 

< Figure 1 > 

In order to clearly analyse the effect of the interaction parameters EGθ  and ESθ  on the 

quasi-reversible SWV curves, in Figure 2 we have plotted a set of nine SW indexEΦ −  plots, 
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calculated for different values of SWE , EGθ  and ESθ , a fixed value of the dimensionless rate 

constant ( )0
ap 1k ′ = , st 5E∆ =  mV and 0.5α = . 

As stated above, one of the most relevant features of the square wave voltammograms is 

the appearance of two peaks when the process behaves as quasi-reversible. The origin of this 

feature, as has been discussed in detail in [27], lays in the way the SWΦ  signal is recorded, since 

it is plotted versus an average applied potential for forward and reverse pulses, indexE . Whenever 

two peaks appear in the response, we will denote peak
SW

,−Φ  and peak
SW

,+Φ  to those current peaks 

obtained at less and more positive potentials than the apparent formal potential, respectively. 

peak
SW

,E −  and peak
SW

,E +  will be the potentials of each peak, peak peak peak
SW SW SW

, ,E E E+ −∆ = −  the difference 

between each peak potential, and peak peak
SW SW

, ,RQ − += Φ Φ  the ratio between the peak heights. The 

values of all these parameters for the curves in Figure 2 are given in Tables SI1-SI4 of the 

Supporting Information, SI. 

In the curves in Figure 2 it can be seen that, under ideal conditions (E E 0G Sθ θ= = , 

Figure 2E), a symmetrical peak splitting appears (with peak peak
SW SW

, ,− +Φ = Φ  and peak peak
SW SW ),, ,E E+ −= −  

so the entire signal is “centred” around the apparent formal potential [20, 27, 31]. In addition, we 

can see that the peak separation (peak
SWE∆ ) decreases with the square wave amplitude (SWE ) till 

both peaks start to overlap. For the SWV curves in this Figure and the particular value of the 

dimensionless rate constant ( )0
ap 1k ′ = , the partial overlapping of both peaks starts for SW 100E =  

mV, and they fully merge into a single peak for SW 40E ≤  mV (see also Tables SI1-SI4 of the SI). 

If we analyse how the interaction parameter EGθ  affects the current signal for a fixed 

value of the parameter ESθ , we can observe that the full width at the half maximum (fwhm) of 

the current peaks is larger for E 0Gθ < , both in split and fully overlapped signals (compare, for 

example, Figures 2A and 2C corresponding to E 1G = −θ  and 1, respectively) . It can also be seen 

that, in the split signals, the peak separation (peak
SWE∆ ) decreases as EGθ  becomes negative, a fact 

that can be observed for example in Figure 2D and Table SI2 ( E 1Gθ = −  and E 0Sθ = ). In this 

last Figure it can be observed that, even for the largest square wave amplitude (SW 120E =  mV), 

the peaks are partially overlapped, and that both peaks fully merge in one peak for SW 80E ≤  mV. 

For E 0Gθ > , the opposite behaviour is obtained, with the peaks being narrower and with a higher 

separation ( peak
SWE∆ ) (i. e., the split signal appears for lower values of SWE , see Figure 2F and 

Table SI2). 
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Regarding the effect of the interaction parameter ESθ  on the SWV signal for a fixed value 

of the parameter EGθ , it is clear that when E 0Sθ ≠  the current is not centred around 

0
index ap,E E ′=  with the SWV curves being displaced from 0

index apE E ′=  towards more positive 

values when E 0Sθ < , whereas the opposite behaviour is observed for E 0Sθ >  (see for example 

Figures 2G and 2I and Table SI2). Moreover, condition peak peak
SW SW

, ,− +Φ < Φ  (i. e., 1RQ< ) is 

fulfilled for negative values of ESθ  whereas RQ  is higher than unity for E 0S >θ . Thus, from a 

simple glance of the SW indexEΦ −  curves, it is possible to estimate qualitatively the sign and 

magnitude of ESθ .  

Concerning the values of the peak heights, they decrease for E 0Sθ <  (for example, 

peak
SWΦ  values for E 1Sθ = −  are around one half of those obtained E 0Sθ = ), whereas the contrary 

effect is observed for E 0Sθ >  (with peak
SWΦ  values for E 1Sθ =  being around twice those obtained 

for E 0Sθ = ). Also, as mentioned before, the appearance of split current signals for smaller values 

of SWE , takes place at higher values of the square wave amplitude for E 0Sθ <  (being around 

15mV larger for E 1Sθ = −  when compared with E 0Sθ = ), and the contrary is observed for 

E 0Sθ >  (being around 30 mV smaller forE 1Sθ =  when compared with E 0Sθ = ). 

< Figure 2> 

 Figure 2 clearly shows that the SWV current is strongly affected by both EGθ  and ESθ  

parameters, especially at the asymmetrical splitting region. This complex landscape cannot be 

obtained if uniform interactions are assumed in the way done in [42]. As will be seen below, this 

region is recommended for carrying out the determination of the rate constant of the charge 

transfer process under study. Thus, it will be very useful to have a broad range of 0
apk ′  for which 

a split SWV signal could be obtained. This can be achieved by using high values of the square 

wave amplitude SWE  as shown in Figure SI2 of the SI, obtained for E 1G =θ  and E 1S = −θ . The 

SWV curves in this Figure show that for SW 120E =  mV it is possible to obtain a split SWV 

response for ( )0
aplog 1 145k .′ ≥ − , showing both SWV peaks a ratio 0.6065 0.4752RQ≥ ≥ . When 

smaller pulse amplitude values are used, for example for SW 40E =  mV, the split region is 

narrower and values of ( )0
aplog 0 320k .′ ≥ −  are required. Note that the asymmetry degree in the 

SWV response depends on parameter ESθ  (and therefore on those experimental conditions that 

lead to changes in this parameter as, for example, the surface amount of redox probe or the 

electrolytic media), and it cannot be justified unless non-uniform interactions are considered (see 

for example [42, 44]). 
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 Due to the fact that the main application of these curves is the determination of the rate 

constant using the location of the QRM [27, 28, 42, 44], it is important to analyse the impact of 

the interaction parameters on it. In Figures 3 and SI3 of SI we have plotted the ( )peak 0
apSW log k ′Φ −  

curves obtained for st 5E∆ =  mV, a fixed EGθ  and three values of ESθ  (Figure 3), and for a 

fixed ESθ  and three values of EGθ (Figure SI3). In all cases, the value of the square wave 

amplitude is SW 40E =  mV. 

In both Figures we can observe how a positive value of EGθ  give rises to the increase of 

the value of the QRM current (being for E 1G =θ  around 57% higher than that corresponding to 

E 0Gθ = ), while negative values of EGθ  cause a decrease of the QRM (being for E 1G = −θ  

around 29% smaller when compared with that obtained for E 0Gθ = ). The appearance of 

asymmetric split signals is more evident for positive values of EGθ  and it corresponds to values 

of the apparent rate constant in the region ( )( )0'
ap0.4 log 0.8k− ≤ ≤  (see Figure 3c).  

Concerning the values of the rate constant that can be obtained from the measurement of 

the QRM, it can be seen that, for positive values of EGθ  and a fixed value of ESθ  (Figure 3C), 

the QRM appears at more positive values of ( )0
aplog 'k . This fact could lead to the underestimation 

of the rate constant if the effect of interactions is not considered (around 20% smaller compared 

with that corresponding to E 0Gθ = ), whereas the opposite effect is observed for negative values 

of EGθ  (with values of ( )0
aplog 'k  obtained from QRM measurements around 20% bigger 

compared with those obtained for E 0Gθ = ). Based on these deviations, it is clear that EGθ  is a 

key parameter that should be known in order to make reliable kinetic measurements with SWV.  

Regarding the effect of ESθ  on the location of QRM and, therefore, in the estimation of 

the rate constant (Figure SI2), it can be observed that, for positive values of ESθ  the QRM appears 

at more positive values of ( )0
aplog 'k . This result leads to the overestimation of the rate constant 

(around 70% bigger compared with that obtained for E 0Sθ = ), whereas for negative values of 

ESθ  the contrary effect is observed, ( ( )0
aplog 'k  values around 35% smaller compared with those 

corresponding to E 0Sθ = ).  

In the worst scenario, where the electroactive monolayer presents values of E 0Gθ <  and 

E 0Sθ > , the wrong estimation of the rate constant by analysing the signal without taking into 

account the effects of the interactions, can lead to artificially double its value.  
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< Figure 3 > 

Indeed, the values of EGθ  and ESθ  are very important when defining intervals of 

reversibility for the surface redox probe, i.e., ranges of values of the apparent dimensionless rate 

constants from which it could be possible to identify the response of the charge transfer process 

as reversible, quasi-reversible or fully irreversible. Thus, in the same way that the QRM changes 

with the interaction parameters EGθ  and ESθ  (see Figures 3 and SI2), the limits of the different 

reversibility regions (reversible, quasi-reversible or irreversible) change as well. In order to be 

able of identifying them correctly, we have plotted in Figure 4 two examples showing the different 

regions of the signal for different values of the interaction parameters (EGθ  and ESθ ) and a fixed 

value of SW 40E =  mV. 

In this Figure we have considered that the signal falls in the reversible zone when the 

current peak height is below 5% of the QRM, and that can be considered in the irreversible region 

when the current is lower than 105% of the fully irreversible maximum current. As we can see in 

this figure the limits of these regions move when changing EGθ  and ESθ . Therefore, we should 

always know the values of the interactions parameters in order to be able to properly classify the 

experimental response into a given reversibility region. Of special interest is the 0 '
apk  interval for 

which two symmetric or asymmetric current peaks are obtained (see for example the 

( )( )0'
ap0.4 log 0.8k− ≤ ≤  region in Figures 3C and 4B corresponding to E 1G =θ  and E 0S ≠θ ), 

since under these conditions the determination of kinetic and interaction constants is easier (see 

below). 

< Figure 4 > 

 As stated in previous sections, the theoretical framework used for the analysis of the SWV 

response does not require an a priori kinetic formalism as in the CV case. Thus, up to now, we 

have employed the more usual BV one but its replacement by the MH one is immediate by simply 

changing the function ( )ap,mg η  in equation (5) (see also equations (A1)-(A3) in Appendix). In 

order to analyse the differences between both the BV and MH formalisms, we have plotted in 

Figure 5 a set of SWV curves calculated for different values of EGθ  and ESθ  (values shown in 

the Figure), and 0 '
ap 1k =  for both the BV (solid lines) and symmetrical MH (dashed lines) 

formalisms, calculated for a square wave amplitude SW 40E =  mV. We have considered a value 

of 0.5α =  for the BV curves and a dimensionless molar reorganization energy 30Λ =  for the 

MH ones (this is a typical value for functionalized alkanethiols on gold, see [17, 45]), and a 

symmetry factor 0γ =  [46]. The corresponding forward and reverse currents for the case 

E 1G = −θ  are also given in Figure SI4 of the SI. As can be seen in these curves, the differences 
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between both types of kinetic formalisms is very small, with errors in the peak currents below 4% 

in all the cases. The major differences correspond to negative values of EGθ  and positive values 

of ESθ  (see black lines in Figure 5c). Thus, under these conditions (values of 30Λ ≥ ), the kinetic 

analysis of surface confined charge transfer processes with SWV could be carried out by using 

the BV model. The differences between both BV and MH kinetic formalisms will be more evident 

for systems with small rate constants and reorganization energies, for which high overpotentials 

are required to observe their redox behaviour [45, 46]. On the other hand, for values of 0 '
ap 0.1k ≥  

the differences between both formalisms are small, as can be seen in Figure SI5 of the SI, 

corresponding to a charge transfer process with 0 '
ap 0.1k = , E 1G =θ , E 1S= −θ , SW 40E =  mV and 

st 5E∆ =  mV. Thus, the decrease of Λ  in the range 40 20≤ Λ ≤  (i. e., 1 0.5≤ λ ≤  eV), gives rise 

to slightly broader SWV responses, with a maximum difference in the currents obtained for BV 

and MH formalisms below 5%. 

< Figure 5 >  

 As a summary, in order to carry out kinetic measurements of a given surface redox probe 

with SWV, we should bear in mind the complex behaviour arising when quasi-reversible 

conditions are considered since the mutual influences of kinetic and interaction parameters is 

maximum. Thus, on the basis of the above results it can be concluded that the optimal way to 

fully characterise the redox kinetics of a given surface confined redox species requires the a priori 

knowledge of parameter EGθ . This can be done from the measurement of the charge-potential 

curves by using SWVC in the way discussed in reference [40]. From the charge-potential curves 

it is also possible to obtain in a very easy way the value of the apparent formal potential and the 

surface coverage. Once EGθ  is known, the following operating procedure is proposed (see also 

the diagram in Figure 6): firstly, the apparent rate constant 0
apk ′  can be estimated by overlapping 

the experimental peak heights of the SWV curves to a theoretical ( )peak
SW logΦ − τ  curve, assuming 

a value of E 0S ≈θ  (and being aware of the error of this estimation, which is, as stated above, 

between 85%-170% of the real value). Next, we can determine ESθ  using the peak separation 

( )peak
SWE∆  of the SWV response under experimental conditions for which a clear splitting of the 

current is obtained (see Figure 2 and Table SI2). The peak separation is an experimental parameter 

very sensitive to ESθ  and the square wave amplitude value, as shown in Figure SI6, obtained for 

0
ap 1k ′ = , E 1G =θ  and three SWE  values. Then, this new value of ESθ  is employed to correct the 

previously estimated apparent rate constant. Finally, we should consider possible changes in the 

value of α  in order to carry out the final fitting of the SWV curves, if the ratio between the peak 

currents ( )RQ  does not match the response. Note that, up to now, we have assumed a typical 



17 

 

value of 0 5.=α  in all the cases. The influence of the charge transfer coefficient on the SWV 

curves under quasi-reversible kinetic conditions is small for 0.3 0.7≤ α ≤  (see Figure SI7, 

obtained for different values of EGθ  and ESθ , and [27, 29]), and a fully irreversible behaviour is 

required to detect a strong influence of the charge transfer coefficient. Note also in Figure SI6 

that the split region obtained for the ideal case (E E 0G S= =θ θ ) is much narrower than that 

obtained when interactions are present. 

In the case of the MH formalism, the above described process is the same but the final 

step corresponds to changing the reorganization energy Λ, if necessary. A final check by carrying 

out the overlapping of theoretical and experimental curves should certify the reliability of the 

fitting parameters. 

< Figure 6 > 

 

3.2 Experimental results 

We have applied the methodology described above to the analysis of the square-wave 

current-potential responses of a binary monolayer of ferrocenylundecanethiol/decanethiol 

(FcC11SH/C10SH) at polycrystalline gold electrode in EtOH / LiClO4 0.1M media. This 

monolayer has been prepared by using a mixture of ethanolic solution 1mM of the redox probe 

11-(ferrocenyl)-undecanethiol and electroinactive 1-decanethiol in the ratio (v/v) 1:5 (see 

experimental section for more details). We will consider in our treatment that, due to the low 

coverage of ferrocene probes under our experimental conditions, there is a single type of ferrocene 

moiety at the monolayer. Therefore, any non-ideality affecting the redox performance of the 

ferrocene probes in the SWV curves will be assigned to the presence of intermolecular 

interactions [17].  

 Figure 7 shows the experimental dimensionless current-potential curves ( )indexEΦ − , 

with ( )SW EI / QΦ = τ , corresponding to the direct anodic scan obtained for SWE =40 mV, 

st 5E∆ = mV and three different pulse lengths, 20, 30 and 40 ms (i. e., frequencies in the range 

10-25 Hz). We have used the value of E 0 365Q .=  µC determined by Square Wave 

Voltcoulommetry in the way discussed in [43] (see below). As can be seen in this Figure, the 

SWV curves correspond to the quasi-reversible region, with the current increasing as the time 

pulse decreases (or the frequency increases), due to the decrease of the dimensionless rate 

constant, ( )0 0 0
ap ap ap 2k k k / f′ ′ ′= =τ , in line with theoretical curves in Figure 1. The SWV curves 

show in all the cases two asymmetric peaks, being peak peak
SW SW

, ,I I− +<  with a practically constant 

value of 0.74RQ≅ , a fact that suggest that E 0G >θ  and E 0S<θ  (see Figure 2).  

< Figure 7 > 
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Figure 8 shows a set of experimental SWV curves obtained for the three pulse lengths 

above mentioned (20, 30 and 40 ms) and different values of the square wave amplitude ranging 

from 40 to 100 mV (solid lines). As can be seen in this Figure, the split peak shape SW indexEΦ −  

responses show a peak separation ( )peak
SWE∆  that increases with the square wave amplitude SW.E  

Also, they show an almost constant value of height of both peaks, and therefore a constant value 

of the ratio RQ between them, for the different SWE  values. The clear splitting of the response 

and the high asymmetry observed in all the cases under these conditions have led us to focus on 

this quasi-reversible zone for carrying out the quantitative analysis of the response. 

In order to determine the kinetic and interaction parameters of this system, we have first 

applied SWVC to the FcC11SH/C10SH monolayers in EtOH / LiClO4 0.1M media by using long 

pulse times (50 and 100 ms, i. e., frecuencies of 5 and 10 Hz) obtaining the charge-potential curves 

shown in Figure SI8 of the SI. From the values of the fwhm and peak charges of these curves, by 

carrying out the fitting process described in [40], the following experimental values have been 

determined: E 0 89G .=θ , 0
ap 0.400E ′ =  V and 0.365EQ =  µC.  

Once the value of EGθ  is known, we have applied the fitting protocol described in Figure 

6 for the Butler-Volmer formalism, to the experimental curves. Three iterations have been 

required for obtaining adequate values of the apparent rate constant and parameter ESθ  (see 

Figure SI9 of the SI). First, by assuming a seed value of E 0 2S .= −θ  and E 0 89G .=θ , we have 

obtained theoretical ( )peak 0
apSW log k ′Φ −  curves for different values of the square wave pulse 

amplitude, and we have obtained a first 0
apk ′  value from the best fittings of the experimental peak 

heights ( 0
ap,1k ′ ). From the peak

SWE∆  values of the theoretical curves for 0
ap,1k ′  we have calculated a 

second ESθ  estimation ( E 0 7S .= −θ ) and generated again theoretical ( )peak 0
apSW log k ′Φ −  curves 

for comparing with the experimental values. After three iterations the values of 0apk ′  and ESθ  are 

self-consistent and correspond to E 0 61S .= −θ  and 0
ap 44k ′ =  1s− , by assuming 0.5α = . Figure 9 

shows the comparison between theoretical and experimental peak heights for two values of the 

square wave amplitude (40 and 60 mV). The value of 0
apk ′  is in line with previously reported ones 

for similar binary monolayers in non-aqueous solvents (see [17] and references therein). 

 The theoretical SWV curves calculated by using the estimated interaction parameters 

(lines) fit satisfactorily all the experimental curves for the different square wave amplitudes and 

time pulses shown in Figure 8. It is worth to mention the discrepancy observed in the valley 

between both peaks, which could be related with a double layer contribution to the response, 

which has not been correctly removed with the baseline correction procedure. 
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< Figure 8 >  < Figure 9 > 

 The QRM of the SWV current for the interaction parameters of FcC11SH/C10SH 

monolayers in this media corresponds to ( )0
aplog 0 510k .′ = −  (see the ( )0

peak ap-log k ′Φ  curve in 

Figure 9. If the effect of interactions was not taken into account, i. e., under E E 0G S= =θ θ  

conditions, the QRM corresponds to ( )0
aplog 0 325k .′ = − , which would lead to an apparent rate 

constant 0
ap 70k ′ =  1s− , i. e., a 53% higher value. 

 The application of this fitting protocol has enabled us to obtain both set of interactions 

and kinetic parameters for this system under conditions of strong influence of intermolecular 

interactions.   
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Conclusions 

 The two-dimensional structure resulting from the confinement of a given redox probe is 

usually very complex. Unless, very demanding synthetic procedures were followed, its particular 

redox performance is strongly conditioned by its local surrounding energy landscape. Even under 

these conditions, the analysis of the redox kinetics of surface confined probes with 

electrochemical techniques as Cyclic Voltammetry and Square Wave Voltammetry, is typically 

carried out by using ideal models. These models are not able to reproduce the complex influence 

of the molecular environment on the conversion of the redox probes, and lead to inaccurate and 

irreproducible values for the kinetic parameters. This could be avoided by incorporating the 

influence of non-idealities in the electrochemical responses of these redox probes.  

 The physical origin of non-idealities is diverse, although is usually related with structural 

factors. We have focused our analysis on the case of intermolecular interactions since they are 

intrinsically related with the redox conversion. The appearance of other sources of non-ideality 

as, for example, the presence of thermodynamic or kinetic dispersion [25], is typically related 

with the existence of different structural (and therefore functional) domains in the monolayer, 

which corresponds to the presence of adsorbated species of large size or to high coverages of the 

redox probes. In the case of ferrocene monolayers, dispersion appears for values of surface 

coverage above 30% ([17] and references therein). Thus, since low coverages have been used 

here, we have assumed that the only source of non-idealities in the electrochemical response is 

the presence of interactions. 

In particular, when intermolecular interactions effects are included in the analysis of 

current-potential SWV responses, significant deviations in the main features of the current-

potential curves, as compared with those predicted by ideal models, are found. The estimation of 

the rate constant of a surface charge transfer process from measurements of the location of QRM 

is seriously compromised by the influence of interaction parameters EGθ  and ESθ , which distort 

the ( )0
peak ap-log k ′Φ  curves and can lead to important errors in the estimation of kinetic 

parameters. Thus, the rate constant estimation method based on the measurement of a single 

parameter as the location of QRM, which is seriously affected by the presence of intermolecular 

interactions under quasi-reversible redox conditions, could lead to important errors in 0apk ′ . When 

uniform interactions are considered, the reliability of this method is restored, but this is an 

infrequent experimental situation. Indeed, the asymmetry in the SWV split response is usually 

attributed to charge transfer values far from 0.5, but in many cases this assumption cannot totally 

justify the deviations observed. The method proposed here, although more complex, allows to 

analyze the response under different experimental conditions and it provides self-validated values 

for the redox and interaction parameters. It should be noted that, in fact, we need to use both 

Square Wave Voltammetry and Voltcoulommetry since any of them separately does not provide 
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enough information for the complete characterization of the redox process. For example, Square 

Wave Voltcoulommetry allows to determine easily the sign and magnitude of the parameter EGθ  

but it does not give any information about the parameter ESθ  [43]. Nevertheless, it is important 

to remind that differential pulse techniques as those mentioned above, are able to provide detailed 

insight into the electrochemical behavior of these systems under non-ideal conditions.  

In this sense, we believe that the procedures presented constitute a more direct and sound 

methodology for the analysis of the complex landscape of redox processes of surface confined 

probes. 
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Appendix. Expressions for function ( )g η  for the BV and MH kinetics formalisms. 

 The expressions of function ( )g η  are the following 
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In Eq., 0k ′  is the conditional rate constant, α  is the charge transfer coefficient, and  

( )
2

red 1 1
4 4 16
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  (A2) 

Λ  is the dimensionless reorganization energy given by 

RT

λΛ =          (A3) 

where λ  is the molar reorganization energy [45, 46], and γ  is the asymmetry parameter that 

accounts for differences between the inner-shell force constants of the oxidized and the reduced 

species (a positive γ  value is associated with greater force constants for the oxidized species and 

the opposite for negative γ  values). The case 0γ =  (equal force constants for both reduced and 

oxidized states) corresponds to the simpler symmetrical Marcus-Hush model. Note that for both 

MH and BV kinetic formalisms it is fulfilled that  

ox

red

e
k

k
η=         (A4) 
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Figures 

 

Figure 1. Theoretical SWV responses calculated from equations (5) and (13) for different values of the dimensionless rate constant 0apk ′  (shown in the curves), 

SW 40E =  mV, st 5E∆ =  mV, E E 1G Sθ θ= = , 0.5α =  and T=298.15 K. 
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Figure 2. Theoretical SWV responses calculated from equations (5) and (13) for different values of EGθ  and ESθ  (shown in the curves). st 5E∆ =  mV, 
0

ap 1k ′ = , 0.5α =  and T=298.15 K. The values of the square wave amplitude SWE  (in mV) are shown in the Figure. 
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Figure 3. Theoretical ( )peak 0
apSW log k ′Φ −  curves calculated from equations (5) and (13) obtained 

for a fixed EGθ  and three values of ESθ  (shown in the curves). SW 40E =  mV, st 5E∆ =  mV, 

0.5α =  and T=298.15 K. Dashed and solid lines correspond to peak,
SW

−Φ  and peak,
SW

+Φ , respectively, 

i. e., to those current peaks obtained at less and more positive potentials than the apparent formal 
potential, respectively. 
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Figure 4. Reversibility regions for a simple charge transfer obtained from the measurement of 
the peak heights of the SWV curves calculated from equations (5) and (13) obtained for a fixed 

EGθ  and two values of ESθ  (shown in the curves). SW 40E =  mV, st 5E∆ =  mV , 0.5α =  and 

T=298.15 K  
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Figure 5.  Theoretical SWV responses calculated from equations (5) and (13) for different values 

of the interaction parameters EGθ  and ESθ  (values shown in the curves) and two kinetic 

formalisms: Butler-Volmer (solid lines, 0.5α = ) and symmetrical Marcus-Hush (dashed lines, 

30Λ = ) 0
ap 1k ′ = , SW 40E =  mV, st 5E∆ =  mV and T=298.15 K
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Figure 6. Scheme for the determination of kinetic and interaction parameters of a surface confined 

charge transfer process by using SWV. 
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Figure 7. Experimental baseline corrected dimensionless SWV curves for the direct anodic scan 

corresponding to binary ferrocenylundecanethiol/decanethiol (FcC11SH/C10SH) monolayers at 

polycrystalline gold electrode of radius=1 mm. ( )SW E/I QΦ = τ , EtOH / ClO4Li 0.1 M. 

initial 200E =  mV, SW 40E =  mV, st 5E∆ =  mV, E 0.365Q =  µC. The values of the pulse length 

in ms are given on the curves. T=298 K 
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Figure 8. Symbols: experimental baseline corrected SWV curves for the direct anodic scan 

corresponding to binary ferrocenylundecanethiol/decanethiol (FcC11SH/C10SH) monolayers at 

a polycrystalline gold electrode of radius=1 mm. EtOH / ClO4Li 0.1 M. initial 0E =  mV, s 5E∆ =  

mV T=298 K. Lines: Theoretical SWV curves for the direct anodic scan calculated from Eqns. 

(5) and (13) by using the following data: st 5E∆ =  mV, E 0 89G .=θ , 0
ap 0.400E ′ =  V and 

0.365EQ =  µC, E 0 61S .= −θ  and 0
ap 44k ′ =  1s− , 0.5α = , T=298 K. The values of the pulse length 

(in ms) and of the square wave amplitude are (in mV) are given in the curves.  
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Figure 9. Symbols: experimental baseline corrected SWV peak current values for the direct 

anodic scan corresponding to binary ferrocenylundecanethiol/decanethiol (FcC11SH/C10SH) 

monolayers at a polycrystalline gold electrode of radius=1 mm. EtOH / ClO4Li 0.1 M. Three pulse 

time lengths have been considered: τ = 20, 30 and 40 ms.initial 0E =  mV, s 5E∆ =  mV T=298 K. 

Lines: Theoretical ( )peak
SW logΦ − τ  curves calculated from equations (5) and (13) for SWV curves 

for E 0 89G .=θ  and E 0 61S .= −θ , st 5E∆ =  mV and two values of the square wave amplitude. 

The values of SWE  (in mV) are: 40 (black lines and symbols) and 60 (red lines and symbols).  
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Highlights 

 

- Analysis of the influence of intermolecular interactions on the Square Wave Voltammetry 

(SWV) response of surface confined electroactive probes under finite kinetics conditions, 

is presented. 

- Significant deviations in the current (degree of symmetry, location of the Quasi-

Reversible Maximum) are theoretically predicted and experimentally confirmed. 

- A quantitative method for obtaining kinetic and interaction parameters of the redox 

probes is presented and applied to mixed ferrocenylundecanethiol / decanethiol 

monolayers on gold electrodes at an ethanolic medium. 

- An accurate and reliable estimation has been done for the kinetic rate constant for 

ferrocenylundecanethiol probes under conditions of strong influence of intermolecular 

interactions. 
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