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Abstract

Analysis of the Square Wave Voltammetry (SWV) mwmes of surface confined
electroactive probes under finite kinetics condisio by considering the influence of
intermolecular interactions on the current, is présd. This non-ideality gives rise to very
significant deviations in the most relevant feasuséthe current potential response as compared
with predictions of ideal models. The theoreticaldel does not require that the dependence of
the rate constant with the potential (i. e., Butfetmer or Marcus-Hush kinetic formalisms) is
explicitly established a priori. Both location aheight of the Quasi-Reversible Maximum and

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

G =890+ arr ~280r aNd S= &g — & (With a; being the interaction coefficient for species

i and j). Quantitative methods for obtaining kieeind interaction parameters of the redox probes
are presented, based on the measurement of theyakts and potential under quasi-reversible
conditions where the current exhibits two asymmegidaks. A discussion is done concerning the
deviations found in the estimation of the rate tams with SWV when intermolecular
interactions are not considered. The above methads been applied to the characterisation of
mixed ferrocenylundecanethiol / decanethiol monedayon gold electrodes at an ethanolic

medium for which the SWV is clearly non-ideal.

Keywords
Square Wave Voltammetry, Electroactive Monolayateimolecular Interactions, Electrode

kinetics, Marcus-Hush formalism, Butler-Volmer falism



1. Introduction

The tailored design of electrochemical interfaceslevices based on surface confined
electroactive molecules for an specific purposestsongly conditioned by their redox
functionality. Among the different applications thiese systems are, for example, their use on
molecular electronics, electrocatalysis-based @syielectrochemical synthesis processes, etc.,
[1-10]. This redox functionality is based on a sape of relevant charge transfer processes and
is determined by, among other factors, the valub@tlectrochemical rate constant of the same,
which can be strongly influenced by the medium ik it takes place. In the case of confined
redox probes, the interfacial environment of thecebactive groups is critical for its redox
performance [11-17].

There exists a variety of different electrochemivaithods for the measurement of the
electrochemical rate constant and other relateidslas. The method most frequently employed
is Cyclic Voltammetry, for which, based on Lavirerileal model, the rate constant is obtained
from the shift of the voltammetric peak potentislsterms of the scan rate [11, 12, 18]. This
methodology, although broadly used, present sevenitiations. Thus, it needs the a priori
assumption of a given kinetic formalism, typicatg Butler-Volmer (BV) one. Moreover, it does
not consider the influences of non-idealities. Alsoder BV conditions, the charge transfer
coefficient needs to be determined in order to kiiogvelectrochemical rate constant [18-20].
Other useful approaches are those based on thefualiéernating current measurements as
Alternating Current Voltammetry (ACS) and Electreafical Impedance Spectroscopy (EIS)
[18, 21], which also relies on the consideratioriexfternal” models, in this case, the suitability
of a given equivalent circuit, which can be verynpiex, to the experimental data. Among ACS
methods, those based on the Fourier transformafitarge amplitude ACS are of great interest
since it is possible to analyse a great amounttd drising from different harmonics. This has
allowed its application to a great number of expental situations [22-25]. Nevertheless, the
theoretical treatment of these responses is compitek in the case of surface confined
electroactive systems, mostly ideal responses beee addressed.

An interesting alternative to the above methodste@otential pulse techniques in which
the current arising from the application of a giymtential pulse sequence is measured versus
time (cronoamperometric methods) [17, 20, 26]targiven time in terms of the applied potential
(voltammetric techniques) [20, 27-31]. These mesttwalve several advantages as the de-coupling
of double layer and faradaic contributions to tkerall current, they do not require any a priori
assumptions in the kinetic formalism, and they @né®in enhanced sensitivity arising from the
sample procedure of the current [20, 26, 32]. Amiregpotential pulse techniques, Square Wave
Voltammetry presents a special interest. It wasoihiced by Baker [33] and extensively
developed by Osteryoung and co-workers, and Lamndcco-workers [27-30, 34-36]. Hence, like

scanning methods, SWV is a fast technique singgiare wave voltammogram can be obtained
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over a wide potential range in a matter of secamikcan therefore be used in combination with
other analytical methods such are, for exampleoproatographic techniques. SWV, like
differential pulse techniques, it is a purely sabtive technique, and therefore the non faradaic
and background currents are minimized. The mosiifggnt, differentiating characteristic of
SWV lies in the use of repeated oxidation and rednaf analyte species, which means that
sensitivity is enhanced and kinetic informatioprievided, because of the ability to analyse both
the forward and the reverse currents, as well asngt current. Thus, information about the
reaction reversibility can be obtained easily.He tase of surface confined molecules, Lovric et
al proposed to determine the electrochemical ranstant from the so-called Quasi-Reversible
Maximum (QRM), that is, the maximum peak currentagted in terms of the frequency of the
potential perturbation, which corresponds to adgbguasi-reversible behaviour [27, 29, 37, 38].
Alternatively, Mirceski proposed a similar approdidsed on the influence of the square wave
amplitude for a fixed frequency [39].

Potential pulse methods, and SWYV in particularushprovide very accurate values of
electrochemical rate constants. However, as ipitbeious cases, the different approaches for the
modelling of the electron transfer behaviour offace confined redox probes are mostly based
on simple models that only consider idealized praindace interactions, and lead to simplistic
cartoons of the experimental responses [17, 40jrsA approach to achieve a more accurate
description of the electrochemical behaviour of ified interfaces is to consider the existence of
intermolecular interactions, which can be, in gahef repulsive or attractive nature. The causes
of these interactions are related with the appearahcoulombic long range repulsions, or with
the presence of attractive Van der Waals interast(o e., odd-even) ar-n interactions, among
others [13-15, 17]. The influence of interactionghe electrochemical response of the surface
redox probes is quantized through potential-inddpah interaction paramete S and S
introduced by Laviron, among other authors, whensering a Frumkin type of adsorption
isotherm [12, 17, 41]. In the case of SWV, as fawa know, only a previous reference by Lovric
et al has included the consideration of intermdbecinteractions in the analysis of the current
response of confined molecules [42]. In this refees the authors focused their results mainly on
the simplified situation of “uniform interaction§’ e., the interaction coefficients for the difat
species are assumed equal), which is not a vergl esgerimental situation. Moreover, the
authors indicated that the general situation iy wemplex to analyse and it is not possible to
define a single parameter for accounting the effettndividual interaction coefficients. Indeed,
the results of this latter study are analogouh#& of a simple charge transfer process with an
apparent rate constant the value of which dependseexperimental conditions (mainly on the
surface coverage).

In this manuscript, we analyze the SWV responsa efirface confined electroactive

probe that exhibits finite kinetics by includingtinfluence of intermolecular interactions under
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conditions where the electrostatic environmenthefconfined molecules determines the nature
of intermolecular interactions. No restrictionstive values of the interaction coefficients have
been assumed. Methods for determining the kinatidsinteraction parameters are proposed and
applied to the electrochemical characterizatiobioéry ferrocenylundecanethiol / decanethiol at

gold electrodes at an ethanolic medium.



2. Experimental conditions
Reagents and Chemicals

Ethanol (Merck), 11-(Ferrocenyl)undecanethioC (H,,FeS), 10-decanethiol C,,SH),
Lithium perchlorate (LiCI@Q) (Sigma-Aldrich) and Ethanol (EtOH) (Merck) weesagent grade

and used as received.

Preparation of the binary ferrocene monolayers at gld electrodes
Monolayers of ferrocene were formed by the seltadding technique on a gold
substrate. The gold electrode was mechanicallgpet on alumina slurry of different grain size

(1, 0.3 and 0.05um, Buelher), washed and electrochemically cleanedyljing the potential
between 0 V and -1.4 V (vs. SCE) in 2.0 M NaOH #reh between 1.6 V and 0.4 V (vs. SCE)

in 1.0 M SOy until stable voltammograms was obtained. They wieea washed with ethanol
and water and soaked in solutions 2 mM of 11-(Femgl)undecanethiol (FCC11SH) + 1-
decanethiol (C10SH) in a proportion 1:5 (ratio V,:¥9r 48 h at room temperature. Upon removal
from this solution, the electrode was thoroughhged with ethanol and left in the organic solvent
for 48 hours before use.

The resulting monolayers are very stable and guifstant loss of signal is appreciated

after four-five weeks.

Electrochemical measurements and data analysis

A three-electrode cell was employed in the expenisiavith gold disc electrodes of
diameter 0.2 cm as working electrodes (CH Instrus)efhe counter electrode was a Pt foil, and
the reference electrode was a Ag quasi-refererctretie. Solutions were prepared with absolute
ethanol of reagent quality. Nitrogen gas was patsedigh solutions for de-aeration for 20 min
prior to measurements, with nitrogen atmospherentai@mied over the solution during all the
experiments.

Square Wave Voltammetry (SWWas performed using a home-made computer-driven
potentiostat-galvanostat. The net SWV responsesponds to the difference of current signals
obtained between two successive half-cycles medsatréhe end of each potential step (see
Figure SI1 of the Supporting Information, S, a@0,[27]).

The baseline correction of the experimental SW\Wesiwas performed by fitting of the
current values obtained outside the Faradaic retgi@npolynomial of third degree followed by
subtraction by means of the “Transforms” routinESigmaPlot 10.0 for Windows.

All experimental measures have been carried oli+298 K with a potential step in the

Square Wave potential wave formAE;, =5 mV.



The influence of ohmic drop on the SWV responsensadeen considered. On the basis
of previously determined values of the time celhstant and capacitance of binary ferrocene
monolayers, it can be concluded that the ohmistasce lays in the range 10-100[17, 43].
Therefore, any distortion of the voltammetric cureeising from ohmic drop could be considered

as negligible.



3. Theory
Let us consider the following charge transfer psscevolving the surface confined

electroactive species O and R at an electrodecaffar
RO ore 0

with k,, and k.4 being the rate constants for the electro-oxidatml electro-reduction
processes. We will assume that the adsorbed edetitre couple O/R is in the presence of an
electroinactive co-adsorbate P.

In a previous paper, we have deduced the exprefsidhe current-potential response
for process (1) in the presence of intermoleculggriactions when a single constant potetiat

a sequence ah consecutive constant potenties, E,, ..., E, of the same time length is

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

written as
In __dfrm (1)
Qe dt
where
r
fim =_tn. i=0, R 2)
il rE
Me=lFo+lg (3)
Qe =FA ¢ (4)

lim (mol / cnf) is the surface concentration of species i cooedimg to the m-th

potential pulse appliecE,,. By following the procedure described in [17], thalowing

expression for the current is obtained

® Il _ dfg m :_de’m:
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EQ,=E° +geEs+%T9E S

9)

S = 2( Rp~ aOP)
0 = K0 (5-02a) g2ants = 70 (300 2 §) (10)
EO’ - kUZ. (11)

a00s 8rr» Bor: dop and agp are the interaction coefficients for couples ORER, O-

R / R-O, OP and RP respectively (wit§ being positive for attractions and negative for

repulsions). Moreoverg (/7) is a function that defines the potential dependeasfcthe electro-

oxidation and electro-reduction rate constamis, and k.4, respectively. Its particular form
depends on the kinetic model chosen (i. e., Butdmer, BV, or Marcus-Hush, MH). The
expression ofg (/7) for both models is given in Appendix I.

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

different pairs are approximately equal [42] (unifio  interactions,
o0 = 8gr = Apr= 8gp= agp= 8), then G=S= $ =0 such that the -current-potential

relationship is formally identical to that corregping to the ideal case [17], but there is a
remaining influence of intermolecular interactiamsthe kinetics through coefficieatsince (see

equation (10)),
K9 =k° e—zeEa(1+ fo) (12)

ap,uniform
which coincides with the results in reference [B§] assuming that there is no presence of

1,0 —

electroinactive coadsorbate (i. €, =0 and Kyp, niform = k?€2%2). In practice, this analysis is

analogous to that of a single surface charge teangth an apparent rate constant that depends
on the parametera” (the value of which is a function of experimentattors, mainly of the
surface coverage).

By applying a numerical method (for example tHeodder Runge-Kutta one, see [17]),
equation (5) can be solved for a given potentialef@am. Here we will apply the expression for
the current given by equation (5) to calculate theponse to the potential perturbation
corresponding to the multipotential pulse techni§aeare Wave Voltammetry (SWV) given by

(see also Figure S1 of the SI):

m+1

Em = Binitial _{Int(T]_l}AEﬂ -(-)" Eg; m=1,2, ..., N (13)

where N is the total number of potential pulsediagpAE; is the potential step of the staircase

and Eg,y Is the square wave amplitude. Accordingly, thregut parameters are necessary to be



specified in SWV measuremen®8E;, Eg,, and the frequency)(or the time pulse lengtin ,
with 1=1/(2f) (see Figure S1 of the SI).

The current (SWV) response is sampled at the ém@dah potential pulse and the net
responselgw) is given by the subtraction of the current cquasling to a pulse with odd index

(forward current) and the signal of the followingge with even index (reverse current) [20, 27]:
where c refers to the c-th pair of pulses or cyeld subscripts f and r to the forwar2c 1) and

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

of the potentials applied:

Eindex,c = Einitial - ( C_l)A Est (15)
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4. Results and discussion
In the following, unless indicated, the Butler-War kinetics formalism will be

considered.

4.1. Theoretical results

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

values of the dimensionless rate constéﬂjt a fixed square wave amplitude of 40 mME;, =5

mV, 6:G =6:S=1 and a charge transfer coefficiemt=0.5. From the curves in this Figure we
can see the typical evolution of the SWV curreghal when changing the dimensionless rate

constant. Thus, at the Nernstian limit correspogdim high values oﬂ?;’r; (see curves with

Iog(lzfr',) = 0.4 and 0.25), the current shows almost negligibleesiand two different peaks that

increase when reaching the quasi-reversible zaeeqgrves WitHog(RﬁF;) =0.1and-0.25). In

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

current peak where the highest value of the cu'rsamachedl()g(l?;’é) =-1). When the kinetics
becomes slower according to the decreasmg)@?;";), the current signal strongly diminishes

keeping a single peak feature till reaching thé/fufeversible region I()g(l?;’;) =-3).
This figure shows the most typical features of SWAgponses of surface confined

species, i. e., the splitting of the responserftermediate values 069(@;) and the appearance

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

dimensionless rate constant [27, 29, 42]. Notetti@two peaks observed fDIg(I?f‘;) >-1 are

not symmetrical, with the peak located at more tp@spotentials being in all the cases higher
than that located at more negative ones. Thisciamhot be attributed to the redox kinetics since,
for a = 0.5, symmetrical quasi-reversible peaks are obser2él] 4nd the asymmetry observed

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

The maximum sensitivity for the current is obtainedier quasi-reversible conditions for
which the influence of the redox kinetics and intelecular interactions on the response is also
maximum. This is one of the main problems for threetic analysis of surface redox processes
with SWV since, under these conditions, there exisbomplex interplay between both sets of
kinetic and interaction parameters (see below).

< Figure 1 >

In order to clearly analyse the effect of the iattion parameter§.G and g-S on the

quasi-reversible SWV curves, in Figure 2 we hawttetl a set of ninebg,, - E plots,

index
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calculated for different values df,,, -G and .S, a fixed value of the dimensionless rate

constant(l?;)‘; :1) , AE, =5 mV anda =0.5.

As stated above, one of the most relevant featfrdge square wave voltammograms is
the appearance of two peaks when the process I®havguasi-reversible. The origin of this

feature, as has been discussed in detail in [@y$, ih the way th&g,, signal is recorded, since

it is plotted versus an average applied potertialdrward and reverse pulses,, .. Whenever

two peaks appear in the response, we will derg " and ®B2%* to those current peaks
obtained at less and more positive potentials thanapparent formal potential, respectively.

ELe2~ and EES2* will be the potentials of each peakELeak = ELS — E Peak the difference

between each peak potential, aR@= ®EEX" /d P22 the ratio between the peak heights. The

values of all these parameters for the curves gureéi 2 are given in Tables SI1-SI4 of the
Supporting Information, SI.

In the curves in Figure 2 it can be seen that, umdisal conditions §:G =6:S=0,
Figure 2E), a symmetrical peak splitting appeaiith(WwReak~ = d £ea and ELEaK* = —pLeak )
so the entire signal is “centred” around the appai@mal potential [20, 27, 31]. In addition, we
can see that the peak separati 5\7“‘) decreases with the square wave amplitugg, /) till
both peaks start to overlap. For the SWV curvethis Figure and the particular value of the

dimensionless rate consta(n?af’i; = 1) , the partial overlapping of both peaks startsigy, =100

mV, and they fully merge into a single peak t&y,, <40 mV (see also Tables SI1-Sl4 of the SI).
If we analyse how the interaction paramefeG affects the current signal for a fixed
value of the parameteéd-S, we can observe that the full width at the halkimam (fwhm) of
the current peaks is larger fécG <0, both in split and fully overlapped signals (comgé&or
example, Figures 2A and 2C correspondin@dG = -1 and 1, respectively) . It can also be seen
that, in the split signals, the peak separatibﬁgcvak) decreases a8.G becomes negative, a fact
that can be observed for example in Figure 2D aalolel'SI2 @G =-1 and §-S=0). In this
last Figure it can be observed that, even forahgelst square wave amplitudgg(, =120 mV),
the peaks are partially overlapped, and that beékp fully merge in one peak fét,, <80 mV.
For -G >0, the opposite behaviour is obtained, with the pdming narrower and with a higher
separation AEES\?“) (i. e., the split signal appears for lower valoésE,,, see Figure 2F and

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

of the parametergcG, it is clear that wheng:S#0 the current is not centred around

—_ =0
Eindex =E

ap With the SWV curves being displaced froB},ge, = Eg'p towards more positive

values wherg.S< 0, whereas the opposite behaviour is observe@f&> 0 (see for example
Figures 2G and 2| and Table SI2). Moreover, cooditibf2a¢” <d e (i e, RQ<1) is
fulfilled for negative values 08-S whereasRQ is higher than unity fog.S>0. Thus, from a

simple glance of thebg,, —E curves, it is possible to estimate qualitativédg sign and

index
magnitude ofg.S.

Concerning the values of the peak heights, theyedse forg.S<0 (for example,
2% values forg.S = -1 are around one half of those obtair® = 0), whereas the contrary

effect is observed fof. S >0 (with ®2%3 values forg: S =1 being around twice those obtained
for .S =0). Also, as mentioned before, the appearance fcsptent signals for smaller values
of Eg, takes place at higher values of the square wegitaide for 6:S<0 (being around
15mV larger fog.S=-1 when compared withg:S=0), and the contrary is observed for
€S>0 (being around 30 mV smaller f8¢S =1 when compared witl#. S = 0).
< Figure 2>
Figure 2 clearly shows that the SWV current isrsgfy affected by botl#.G and gcS

parameters, especially at the asymmetrical sgittegion. This complex landscape cannot be
obtained if uniform interactions are assumed invthg done in [42]. As will be seen below, this

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

transfer process under study. Thus, it will be uesgful to have a broad range@‘f, for which

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

wave amplitudeE,,, as shown in Figure SI2 of the Sl, obtaineddpG =1 and§:S=-1. The
SWV curves in this Figure show that féig,, =120 mV it is possible to obtain a split SWV

response fotog(l?fr',) > -1.145, showing both SWV peaks a raio6065> RQ= 0.475. When
smaller pulse amplitude values are used, for exarfpl Eg,, =40 mV, the split region is
narrower and values dbg(l?fr',) >-0.320 are required. Note that the asymmetry degreeean th

SWV response depends on paramé}es (and therefore on those experimental conditioas th

lead to changes in this parameter as, for exantpéesurface amount of redox probe or the
electrolytic media), and it cannot be justifiedess non-uniform interactions are considered (see
for example [42, 44]).
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Due to the fact that the main application of theseves is the determination of the rate

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

the interaction parameters on it. In Figures 3 &fdof SI we have plotted trfégf,\"}‘k—log(lzg))

curves obtained foAE; =5 mV, a fixed .G and three values .S (Figure 3), and for a
fixed .S and three values of.G (Figure SI3). In all cases, the value of the squease
amplitude isEg,, =40 mV.

In both Figures we can observe how a positive vafug.G give rises to the increase of
the value of the QRM current (being fcG =1 around 57% higher than that corresponding to
6:G =0), while negative values of:G cause a decrease of the QRM (being #pG = -1
around 29% smaller when compared with that obtaifeedd.G =0). The appearance of

asymmetric split signals is more evident for pesitralues ofg.G and it corresponds to values
of the apparent rate constant in the reg(ieﬁ.4s Iog(@%) < 0.9 (see Figure 3c).

Concerning the values of the rate constant thabeawbtained from the measurement of
the QRM, it can be seen that, for positive valueg@ and a fixed value oS (Figure 3C),

the QRM appears at more positive valuek)gl(E:F;) . This fact could lead to the underestimation

of the rate constant if the effect of interactiismsot considered (around 20% smaller compared

with that corresponding t6.G = 0), whereas the opposite effect is observed for thegaalues
of -G (with values of Iog(EfF;) obtained from QRM measurements around 20% bigger

compared with those obtained f¢G = 0). Based on these deviations, it is clear #ab is a

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

Regarding the effect .S on the location of QRM and, therefore, in theraation of

the rate constant (Figure SI2), it can be obsetivat for positive values @S the QRM appears

at more positive values d@g(@)’;) . This result leads to the overestimation of the mnstant
(around 70% bigger compared with that obtaineddg® = 0), whereas for negative values of
gcS the contrary effect is observedog(_lgﬂ;) values around 35% smaller compared with those

corresponding t&:S=0).
In the worst scenario, where the electroactive rfaymw presents values 6£G <0 and
6:S>0, the wrong estimation of the rate constant by esmad the signal without taking into

account the effects of the interactions, can leaattificially double its value.
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< Figure 3 >

Indeed, the values ofG and g.S are very important when defining intervals of
reversibility for the surface redox probe, i.engas of values of the apparent dimensionless rate
constants from which it could be possible to idgrttie response of the charge transfer process
as reversible, quasi-reversible or fully irrevelsilihus, in the same way that the QRM changes
with the interaction paramete& G andg.S (see Figures 3 and SI2), the limits of the diffiétre
reversibility regions (reversible, quasi-reversibleirreversible) change as well. In order to be
able of identifying them correctly, we have plottedrigure 4 two examples showing the different
regions of the signal for different values of theeraction parameterg{G andg.S) and a fixed
value of Eg,, =40 mV.

In this Figure we have considered that the sigalid in the reversible zone when the
current peak height is below 5% of the QRM, and ¢ha be considered in the irreversible region
when the current is lower than 105% of the fulhgwersible maximum current. As we can see in

this figure the limits of these regions move whbearingd.G and g.S. Therefore, we should
always know the values of the interactions pararaeteorder to be able to properly classify the

experimental response into a given reversibiliior. Of special interest is théfp interval for
which two symmetric or asymmetric current peaks al#ained (see for example the

(—0.4s Iog(E:r;)s 0.63 region in Figures 3C and 4B correspondingdi® =1 and 6:S#0),

since under these conditions the determinatioriratic and interaction constants is easier (see
below).
< Figure 4 >
As stated in previous sections, the theoretieah&work used for the analysis of the SWV
response does not require an a priori kinetic ftiemaas in the CV case. Thus, up to now, we

have employed the more usual BV one but its reptace by the MH one is immediate by simply
changing the functiorg(napm) in equation (5) (see also equations (Al1)-(A3) mpAndix). In
order to analyse the differences between both el MH formalisms, we have plotted in
Figure 5 a set of SWV curves calculated for différealues ofg.G and g-S (values shown in

the Figure), andEfp'zl for both the BV (solid lines) and symmetrical Midaghed lines)

formalisms, calculated for a square wave amplitedg =40 mV. We have considered a value

of a =0.5 for the BV curves and a dimensionless molar retdmgaion energy\ =30 for the
MH ones (this is a typical value for functionalizatkanethiols on gold, see [17, 45]), and a

symmetry factory=0 [46]. The corresponding forward and reverse cusrdor the case

6:G = -1 are also given in Figure Sl4 of the SI. As carséen in these curves, the differences
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between both types of kinetic formalisms is vernginwith errors in the peak currents below 4%

in all the cases. The major differences corresggomegative values oG and positive values
of .S (see black lines in Figure 5c). Thus, under tlteselitions (values of\ = 30), the kinetic

analysis of surface confined charge transfer psesewith SWV could be carried out by using
the BV model. The differences between both BV ardilvhetic formalisms will be more evident

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

are required to observe their redox behaviour 445, On the other hand, for values@t‘ >0.1

the differences between both formalisms are smaslican be seen in Figure SI5 of the SI,

corresponding to a charge transfer process Eﬁ;'h: 0.1, 6:G =1, g:S=-1, Eg,, =40 mV and

AE, =5 mV. Thus, the decrease 6f in the ranged0< A < 20 (i. e.,1<A < 0.5 eV), gives rise

to slightly broader SWV responses, with a maximuffeknce in the currents obtained for BV
and MH formalisms below 5%.

< Figure 5>

As a summary, in order to carry out kinetic measwnts of a given surface redox probe
with SWV, we should bear in mind the complex bebaviarising when quasi-reversible
conditions are considered since the mutual infleenaf kinetic and interaction parameters is
maximum. Thus, on the basis of the above resultaritbe concluded that the optimal way to
fully characterise the redox kinetics of a giverfate confined redox species requires the a priori

knowledge of paramet&f.G . This can be done from the measurement of thegehaotential

curves by using SWVC in the way discussed in refeed40]. From the charge-potential curves
it is also possible to obtain in a very easy way\hlue of the apparent formal potential and the

surface coverage. On&&G is known, the following operating procedure isgwsed (see also

the diagram in Figure 6): firstly, the appareneretbnstanlk‘,fp can be estimated by overlapping

the experimental peak heights of the SWV curvattteoreticahbgf,\";‘k— Iog(r) curve, assuming

a value ofgcS=0 (and being aware of the error of this estimatiohich is, as stated above,

between 85%-170% of the real value). Next, we caterdhine .S using the peak separation

(A pf,’\‘}"k) of the SWV response under experimental conditfonsvhich a clear splitting of the

currentis obtained (see Figure 2 and Table Sk2.geak separation is an experimental parameter

very sensitive t&gS and the square wave amplitude value, as showigurd-SI6, obtained for

_Ig% =1, 6:G =1 and threekg,, values. Then, this new value 8fS is employed to correct the

previously estimated apparent rate constant. ina should consider possible changes in the

value of & in order to carry out the final fitting of the SW&drves, if the ratio between the peak

currents(RQ) does not match the response. Note that, up to n@have assumed a typical
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value of @ = 0.5 in all the cases. The influence of the chargestexncoefficient on the SWV
curves under quasi-reversible kinetic conditionssngall for 0.3<a < 0.7 (see Figure Sl7,

obtained for different values &G andg.S, and [27, 29]), and a fully irreversible behavigir

required to detect a strong influence of the chargesfer coefficient. Note also in Figure SI6
that the split region obtained for the ideal cageG(=6:S=0) is much narrower than that
obtained when interactions are present.

In the case of the MH formalism, the above desdrip®cess is the same but the final
step corresponds to changing the reorganizatiorggwe if necessary. A final check by carrying
out the overlapping of theoretical and experimentalves should certify the reliability of the
fitting parameters.

< Figure 6 >

3.2 Experimental results

We have applied the methodology described abowbdaanalysis of the square-wave
current-potential responses of a binary monolayerfesrocenylundecanethiol/decanethiol
(FcC11SH/C10SH) at polycrystalline gold electroae EtOH / LICIQ; 0.1M media. This
monolayer has been prepared by using a mixtur¢hahelic solution 1mM of the redox probe
11-(ferrocenyl)-undecanethiol and electroinactiveéletanethiol in the ratio (v/v) 1.5 (see
experimental section for more details). We will sigler in our treatment that, due to the low
coverage of ferrocene probes under our experimeatalitions, there is a single type of ferrocene
moiety at the monolayer. Therefore, any non-idgaliffecting the redox performance of the
ferrocene probes in the SWV curves will be assighedhe presence of intermolecular

interactions [17].

Figure 7 shows the experimental dimensionlessentypotential curveg® - Ej e, ),
with <D=(ISWT)/QE, corresponding to the direct anodic scan obtaifeed Eg,,, =40 mV,
AEg =5mV and three different pulse lengths, 20, 30 anand(i. e., frequencies in the range

10-25 Hz). We have used the value Q@ =0.365 pC determined by Square Wave

Voltcoulommetry in the way discussed in [43] (sedolv). As can be seen in this Figure, the
SWV curves correspond to the quasi-reversible regiath the current increasing as the time

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

constant,kd = k37 = k%,/(2 f), in line with theoretical curves in Figure 1. TRV curves

show in all the cases two asymmetric peaks, beBjff” <1 &% with a practically constant

value of RQ[0.74, a fact that suggest thgtG >0 and g.S<0 (see Figure 2).

< Figure 7 >
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Figure 8 shows a set of experimental SWV curvesioktl for the three pulse lengths
above mentioned (20, 30 and 40 ms) and differelniegeof the square wave amplitude ranging

from 40 to 100 mV (solid lines). As can be seethia Figure, the split peak shage,, — E; 4ex

responses show a peak separa‘ibﬁg\‘f\,ak) that increases with the square wave amplitlglg.

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

of the ratioRQ between them, for the differe,, values. The clear splitting of the response

and the high asymmetry observed in all the casdsruhese conditions have led us to focus on
this quasi-reversible zone for carrying out thergiiative analysis of the response.

In order to determine the kinetic and interactiangoneters of this system, we have first
applied SWVC to the FcC11SH/C10SH monolayers inHEtQiICIO4 0.1M media by using long
pulse times (50 and 100 ms, i. e., frecuenciesamicb10 Hz) obtaining the charge-potential curves
shown in Figure SI8 of the SI. From the valuesheffivhm and peak charges of these curves, by

carrying out the fitting process described in [48F following experimental values have been
determined:6.G =0.89, Eg,=0.400 V and Q¢ =0.365 {C.
Once the value ofG is known, we have applied the fitting protocolatésed in Figure

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

required for obtaining adequate values of the apparate constant and parametg!S (see
Figure SI9 of the SI). First, by assuming a seddevaf 6:S=-02 and .G =0.89, we have

obtained theoreticaﬂbg‘f,f,‘k—log(@%) curves for different values of the square waveseul

amplitude, and we have obtained a fkg;; value from the best fittings of the experimentélp

heights kgpyl). From theAEg\?\?k values of the theoretical curves mj‘p,l we have calculated a

secondg: S estimation G:S=-0.7) and generated again theoreti \e,f,*k—log(Ea%) curves

for comparing with the experimental values. Aftenee iterations the values bfp and g.S are

self-consistent and corresponddgS = -0 61 and kgp =44 s, by assumingx =0.5. Figure 9
shows the comparison between theoretical and enpatal peak heights for two values of the
square wave amplitude (40 and 60 mV). The valuleg;g)is in line with previously reported ones

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

The theoretical SWV curves calculated by using ébmated interaction parameters
(lines) fit satisfactorily all the experimental gas for the different square wave amplitudes and
time pulses shown in Figure 8. It is worth to mentthe discrepancy observed in the valley
between both peaks, which could be related witloabkk layer contribution to the response,

which has not been correctly removed with the lasalorrection procedure.
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< Figure 8 > < Figure 9 >
The QRM of the SWV current for the interaction graeters of FcC11SH/C10SH

monolayers in this media correspondslmg(@r;) =-0.510 (see the¢peak-log(Egp) curve in
Figure 9. If the effect of interactions was noteiaknto account, i. e., und&G =6:S=0
conditions, the QRM corresponds Imng(@p) =-0.325, which would lead to an apparent rate

constantk‘,fl"p =70 s, i. e., a 53% higher value.

The application of this fitting protocol has erablus to obtain both set of interactions
and kinetic parameters for this system under cmmditof strong influence of intermolecular

interactions.
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Conclusions

The two-dimensional structure resulting from tloa@ftement of a given redox probe is
usually very complex. Unless, very demanding syithmocedures were followed, its particular
redox performance is strongly conditioned by itlsurrounding energy landscape. Even under
these conditions, the analysis of the redox kisetaf surface confined probes with
electrochemical techniques as Cyclic Voltammetry Square Wave Voltammetry, is typically
carried out by using ideal models. These modelsiarable to reproduce the complex influence
of the molecular environment on the conversiorhefredox probes, and lead to inaccurate and
irreproducible values for the kinetic parameterkisTcould be avoided by incorporating the
influence of non-idealities in the electrochemieaponses of these redox probes.

The physical origin of non-idealities is diverathough is usually related with structural
factors. We have focused our analysis on the chsdesmolecular interactions since they are
intrinsically related with the redox conversion.eTappearance of other sources of non-ideality
as, for example, the presence of thermodynamidratik dispersion [25], is typically related
with the existence of different structural (andréfere functional) domains in the monolayer,
which corresponds to the presence of adsorbataiespaf large size or to high coverages of the
redox probes. In the case of ferrocene monolayispersion appears for values of surface
coverage above 30% ([17] and references therem)s,Tsince low coverages have been used
here, we have assumed that the only source ofdeaiiies in the electrochemical response is
the presence of interactions.

In particular, when intermolecular interactionseett are included in the analysis of
current-potential SWV responses, significant désre in the main features of the current-
potential curves, as compared with those predicjeideal models, are found. The estimation of
the rate constant of a surface charge transfeepsdtom measurements of the location of QRM

is seriously compromised by the influence of intéiom parameterg.G andég.S, which distort
the deeak—Iog(Rgp) curves and can lead to important errors in thémesibn of kinetic

parameters. Thus, the rate constant estimationaddihsed on the measurement of a single

parameter as the location of QRM, which is seripafiected by the presence of intermolecular
interactions under quasi-reversible redox cond#tjamould lead to important errors ﬁp When

uniform interactions are considered, the reliapitif this method is restored, but this is an
infrequent experimental situation. Indeed, the amgitny in the SWV split response is usually
attributed to charge transfer values far from Bu,in many cases this assumption cannot totally
justify the deviations observed. The method progdsere, although more complex, allows to
analyze the response under different experimentalitions and it provides self-validated values
for the redox and interaction parameters. It shdndchoted that, in fact, we need to use both

Square Wave Voltammetry and Voltcoulommetry sinog @ them separately does not provide
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enough information for the complete characterizatibthe redox process. For example, Square

Wave Voltcoulommetry allows to determine easily sign and magnitude of the paramefieG
but it does not give any information about the paeter .S [43]. Nevertheless, it is important

to remind that differential pulse techniques as¢hmentioned above, are able to provide detailed
insight into the electrochemical behavior of theggtems under non-ideal conditions.

In this sense, we believe that the procedures ptedeonstitute a more direct and sound
methodology for the analysis of the complex langecaf redox processes of surface confined

probes.

Acknowledgements
The authors greatly appreciate the financial sttppvided by the Fundacion Séneca
de la Region de Murcia (Project 19887/GERM/15).

Supporting information

The contents of the supporting information are:egixpental details, potential waveform

for Square Wave Voltammetry and additional theoadthand experimental results

21



Appendix. Expressions for functiog(q) for the BV and MH kinetics formalisms.

The expressions of functiogl(fy) are the following

gBV (,7) —e an
® e_AG;d(fv” A\ :V)
9(7)=1 F(nA) | 1+e (A1)
g™ ()= ==
F(OA) = (e AG(£.0A ,V)J
= |de
Sl 1+e®

In Eq., k% is the conditional rate constamt, is the charge transfer coefficient, and

2
N +& +& +& N
AGfed(en,/\,y)=Z(1+'7A j+y('74 j(1+('7/\ UWE (A2)

N\ is the dimensionless reorganization energy giwen b

A
N=— A3
RT (A3)

where A is the molar reorganization energy [45, 46], gnds the asymmetry parameter that

accounts for differences between the inner-shetlef@onstants of the oxidized and the reduced

species (a positivg value is associated with greater force constamtthe oxidized species and
the opposite for negativg values). The casg=0 (equal force constants for both reduced and

oxidized states) corresponds to the simpler symoa¢tMarcus-Hush model. Note that for both
MH and BV kinetic formalisms it is fulfilled that

Ko — (Ad)

kred
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Figure 1. Theoretical SWV responses calculated from egnat{6) and (13) for different values of the dimengss rate constaﬁg?r; (shown in the curves),
Eqw =40 mV, AE; =5 mV, .G=6.S=1, a =0.5 andT=298.15 K.
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Ef’p =1, a = 0.5 andT=298.15 K. The values of the square wave amplitiglg (in mV) are shown in the Figure.
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Figure 3. Theoreticaqugeﬁk—log(Ea%) curves calculated from equations (5) and (13)inbth

for a fixed .G and three values af-S (shown in the curveskg,, =40 mV, AE; =5 mV,

o =0.5 andT=298.15 K. Dashed and solid lines correspon@ ™ and ®23* | respectively,
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Figure 7. Experimental baseline corrected dimensionless SWVes for the direct anodic scan

corresponding to binary ferrocenylundecanethiokgethiol (FcC11SH/C10SH) monolayers at
polycrystalline gold electrode of radius=1 mrm=(lg,1)/Qg, EtOH / ClQLi 0.1 M.

Einiias =200 mV, Eg,, =40 mV, AE;, =5 mV, Qg =0.36E uC. The values of the pulse length

in ms are given on the curvés=298 K
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Figure 8. Symbols: experimental baseline corrected SWV cufeeghe direct anodic scan
corresponding to binary ferrocenylundecanethiotethiol (FcC11SH/C10SH) monolayers at
a polycrystalline gold electrode of radius=1 mnOHBt/ CIGiLi 0.1 M. E =0 mV, AE;=5

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

(5) and (13) by using the following dat&E,, =5 mV, 6-.G =0.89, Egp =0.400 V and
Qg =0.365uC, c.S=-061and k;’p =44 s, a =0.5, T=298 K. The values of the pulse length

(in ms) and of the square wave amplitude are (i) ar¢ given in the curves.
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Figure 9. Symbols: experimental baseline corrected SWV peakent values for the direct
anodic scan corresponding to binary ferrocenyluadethiol/decanethiol (FCC11SH/C10SH)
monolayers at a polycrystalline gold electrodeaolius=1 mm. EtOH / CI§Qi 0.1 M. Three pulse
time lengths have been considered: 20, 30 and 40 m&;;;,, =0 mV, AE; =5 mV T=298 K.

Lines: Theoreticamgf,vak— Iog(T) curves calculated from equations (5) and (13BM#V curves

for .G =0.89 and 6.S=-061, AE, =5 mV and two values of the square wave amplitude.

The values ofEg, (in mV) are: 40 (black lines and symbols) and 1&@l (ines and symbols).
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Highlights

Analysis of the influence of intermolecular interans on the Square Wave Voltammetry
(SWV) response of surface confined electroactiedes under finite kinetics conditions,
is presented.

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

Reversible Maximum) are theoretically predicted arderimentally confirmed.

A quantitative method for obtaining kinetic andeir#ction parameters of the redox
probes is presented and applied to mixed ferroce@canethiol / decanethiol

monolayers on gold electrodes at an ethanolic mediu

An accurate and reliable estimation has been donehk kinetic rate constant for

ferrocenylundecanethiol probes under conditionstaing influence of intermolecular

interactions.
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