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Abstract

In this work, the electron transfer mechanism df-aesembled monolayers of 6-
ferrocenyl-1-hexanethiol (FCC6SH) on Au(11l) sudusts is addressed from two
perspectives. To acquire a complete overview of itmelved pathways, cyclic
voltammetry and scanning electrochemical microso@&yCM) were combined using
an integrated experimental-theoretical approachthénfirst case, the electrochemical
behaviour is evaluated in the light of computer (dations of the experimental
voltammetric response measured at successive @btenains in different supporting
electrolytes. Successive potential scans changetiral interactions between adsorbed
Fc molecules that affect the oxidation of the eteottive monolayer. Furthermore, ion-

pair formation between the oxidized ferrocene meseand the anions of the supporting



electrolyte controls the electron transfer procasswell as the type of the lateral
interactions. In the second case, a thin-layer lustled formalism is used to develop a
new model to understand feedback SECM experimetsed out with an additional
redox mediator in solution. Since these experimsatse the parallel pathways of the
electron transfer mechanism (pinholes and direettedn tunnelling and mediated
electron transfer through the monolayer), the tssate processed by using the new
developed model for the analysis of the multipathwkectron transfer mechanism. On
that sense, the experimental results are procesgedsing the new SECM model
accounting for the parallel electron transfer vie tmonolayer and the pinholes

simultaneously.
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1. Introduction

Molecular structuring at interfaces has been bognsmce the late ‘90 due to the
formation of self-assembled monolayers, preferatiyr thiolated molecules on gold

substrates [1-5]. In particular, ferrocene-termadadlkanethiol (FCCnSH) molecules on
gold substrates has provided with a simple andesta@y to prepare tuneable films [4—
6]. Furthermore, the presence of this electroacthaety on the substrate has put
forward significant advances to improve the protectagainst corrosion [7,8], to

understand the electron transfer mechanisms [9-tblgnhance the performance of
bioelectrochemical devices [12-16], and to exphodlecular electronics [17-22]. The
stability of this surface modification relies onetlstrong interaction between the
thiolated adsorbate and the gold substrate. Howelier intermolecular interactions

between adsorbed molecules play a key role in mhété@rg the energetics and kinetics
of the adsorption and assembling processes. Therdfte structure and dynamics of
the interface are the result of different type oferactions involving the substrate,
adsorbate and solvent molecules [1,5,23]. Considethat the FcCnSH molecules
attached to gold substrates are mostly used aslemmtrom transfer mediator, an

externally applied potential can as well modul&atese interactions [24]. In addition, the
electrogenerated oxidized ferrocene*jFmoieties at the interface can form ion-pairs
with the anion of the supporting electrolyte[24-4Cpnsequently, the nature and the
concentration of the anion in solution have also edfect on the kinetics and

thermodynamics of the redox reaction of FcCnSH ffnedligold substrates. In this

scenery, the structure and dynamics of the eledix@amonolayer can be modulated
externally by the applied potential and the natofethe supporting electrolyte.

Experimentally, the molecular structuring (i.e. thalance between the interactions

involving the substrate, adsorbate molecules ands icof the supporting



electrolyte)strongly modifies the shape and thekpgeatential of the current-potential

profiles [41,42].

Another important aspect that affects the elecwodbal response of these FcCnSH
modified gold substrates is the mechanism of eectransfer, which may involve

many parallel pathways [43]. It is well known tliltect electron tunnelling through the
hydrocarbon chain can proceed on any type of mgeolan conducting substrates[44].
Moreover, electroactive monolayers with attachetliced ferrocene (Fc) moieties can
also support mediated electron transfer through edaals mechanism involving

bimolecular electron transfer between the redoxteteand the species in solution
followed by electron transfer to/from the adsorbe€nSH molecules[45,46]. Recalling
that monolayers are not perfectly ordered, paiditylshort alkyl chains ones[24,42],

the electrochemical response is also strongly tteby the presence of pinholes in the
monolayer ordering, as electron transfer can pbcectly on the gold substrate over
these regions [43,47]. Precisely, electron transber these monolayer defects
complicates the interpretation of electrochemieslits, as an inappropriate uncoupling
of this signal from the monolayer response gengetlathds to overestimated effective

electron transfer rates [47].

Scanning electrochemical microscopy (SECM) has lseecessfully used to study the
different pathways of the electron transfer mecsmanithrough different thiolated

monolayers on gold substrates [6,43,46—49]. Inpicy feedback SECM experiment,
the dependence of the tip curreijt)(on the tip-substrate distanad @llows to estimate
an effective rate constank{" ) for the electron transfer process through thenBdified
gold substrate to the tip-generated electroactjwecies in solution [48]. Then, the

electron transfer mechanism can be evaluated fretermhiningk® values at different



operative variables, such as the substrate potgitid, the reactant concentration and

the alkyl chain length. The kinetic parameters loé tinvolved pathways can be
estimated using specific theoretical formalisms eligyed for the SECM geometry
[43,48]. However, the reported SECM studies on ragkiaiol modified gold substrates

have recognized the need to separate the respinosesthe pinholes to avoid the

overestimation of k. For instance, Bard and co-workers proposed tihet t
contributions from the monolayer defects to the 8H€edback current quickly reach a

diffusion-controlled regime [47]. According to thepproach, the effect of pinholes on

I; vs.E5 curves at different values leads to a constant current that can bizastéd

from the global response to calculaké® values for the electron transfer process

through the monolayer [47].

In this work, the electron transfer mechanism df-aesembled monolayers of 6-
ferrocenyl-1-hexanethiol (FCC6SH) on Au(111) sulists are addressed from two
different perspectives: cyclic voltammetry and stag electrochemical microscopy. In
the first case, the electrochemical behaviour ialiated in the light of computer
simulations of the experimental voltammetric reggomeasured at successive potential
scans in different supporting electrolytes. The potar simulations were carried out
using an integrated theoretical-experimental apgrda analyse the nature of lateral
interactions between adsorbed FCC6SH moleculebdanntonolayer. The simulations
were performed applying a Laviron-type approach45{) similar to that used recently
by Wandlowski and co-workers [52] and Yu and codeoss [53] to study the
electrochemical behaviour of 11-ferrocenyl-1-unaethiol (FCC11SH) self-assembled
on gold. Further, the Laviron-type approach was alsplied by Cao and co-workers to

analyse the current-potential profiles of FcC6SH-agsembled on gold [16]. This



approach, not only represents a proof of concepevaluate the coexistence of
disordered regions with 2D patches or domains cédllg ordered species on the gold
substrate, but also a direct measure of the eled¢temsfer between the redox moieties
and the gold substrate. In the second case, anicaddiredox mediator is used in

solution to sense the parallel pathways of theteladransfer mechanism (pinholes and
direct electron tunnelling and mediated electrangfer through the monolayer). To

understand feedback SECM experiments, a thin-legk(TLC)—based formalism was
used as a benchmark to develop a model for the/siaalf completd; (ES) curves at
different d values. This formalism was originally proposed Zgski and co-workers

[54] and recently applied to analyse the hydrogeidaiion reaction mechanism [55].

The simplicity of the TLC configuration enables fmodel complex electron transfer
processes without much difficulty. In fact, the esmental results (.. (Es,d)

curves) can be processed without intervention of previous correction by using a
SECM model accounting for the parallel electromgfar via the monolayer and
pinholes simultaneously, as it was already propasednalyse results from other
electrochemical techniques. Thus for example, & wemplete model proposed by
Finklea et al. [44] to analyse polarization curvasasured on alkanethiol modified
electrodes not only considers the existence ofnc(panholes) and covered (perfectly
ordered monolayer) sites, but also takes into adcthe presence of regions with

collapsed monolayer around the pinholes. Notwitiditeg, the incorporation of such a
scheme in a SECM model for the interpretation ahplete experimenta]T(ES,d)
dependences requires a theoretical formalism diffteto that usually employed to

correlate approach curves [43,46-48]. On that sethgeanalysis of; (ES) over the

whole Eg range at differend values is carried out by using a versatile nevorigcal



model that incorporates the substrate responseatopgrin a TLC. The SECM model
involves the simultaneous responses of the monolayel pinholes for a simple
reduction reaction and allows to understand thetme transfer process through the
FcC6SH modified gold substrate to the tip-generatedtroactive species. In short, this
work combines thermodynamic and kinetic consideregtito qualitatively improve the
comprehension of the electron transfer mechaniseieatroactive moieties anchored to

conducting substrates.

2. Experimental Section

2.1. Chemicals and materials

All reagents were of analytical grade and comméyciavailable: NaClQ, 6-
ferrocenyl-1-hexanethiol (FcC6SH) and ferrocenemuath (FcMeOH) from Sigma-
Aldrich, CH,Clsfrom Dorwil, KOH, KH,PO, and KHPO, form Baker, HSO, from
Cicarelli, and HCIQ form Merck. All chemicals and solvents were usetheut further
purification. The electrolyte solutions were pregghwith ultrapure water (18 fcm at

25 °C).

All the experiments were performed using the Aujl¥libstrate (either bare or
modified) as working electrode, an Ag|AgCI|KCI (3a&nd a platinum wire were used
as reference electrode and counter electrode, ataggly. Platinum wires from Alfa

Aesar and borosilicate capillaries from Paralwaltér diameter: 1.4 mm, inner
diameter: 1.1 mm) were used for the fabricationS&ECM tips by a heat-sealing

procedure described elsewhere [56].



2.2. Instrumentation

All the electrochemical measurements were perforosg a potentiostat /galvanostat
micro-Autolab PGSTAT 101 (Metrohm Autolab, The Natlands) equipped with

NOVA software at room temperature in a three-etelercell.

SECM experiments were carried out using a homd-mstrument described elsewhere
[56]. The bipotentiostat was a PG 340 (Heka ElelkioGermany) with an ITC-16
board. The tip position was controlled with thréepper motors (Zaber, Canada) and a
Nanocube P-611.3S closed-loop XYZ nanopositioniggtesn driven by an E-664
voltage amplifier/servo controller (Physik Instrume, Germany). Both the
bipotentiostat and the positioning system were camued via the software Potmaster

(Heka Elektronik).
2.3. FcC6SH modified Au(111) substrates

Gold on glass substrates (Arrandee®) were flamee@ed prior to use by gentle
heating with a butane torch and subsequently codtedh to room temperature in an
nitrogen stream, a procedure known to produce Alj(1drraces [57]. These substrates
were cleaned by immersion in hot piranha solutldsO,-H,SO, 1:3 mixture) for about
30 seconds (Caution! Piranha solution is a powerfidizing agent that reacts violently
with most organic materials; it should be handlathvextreme care). After that, the
Au(111) substrates were rinsed with ultrapure watet further cleaned by cycling (50
successive scans) at 0.100 Vietween 0.060 V and —1.400 V in 0.10 M KOH at room
temperature. The substrate area exposed to thé&roljée was 0.33 cf and the
electroactive area was determined from the redadmd signal measured in 0.10 M

H,S O, [58,59).



FcC6SH self-assembled monolayer was formed by dipthe Au(111l) substrate in a
1.00 mM FcC6SH solution prepared in &Hb for 15 h at room temperature. The
modified substrate was repeatedly rinsed with,Cli-land ultrapure water prior to the

electrochemical experiments.

2.4. SECM experiments:

SECM experiments were carried out in the feedbaaddemin which the cation
ferricenium methanol (FcMeOWMin solution was generated under diffusion conditoh
Pt ultramicroelectrode-tip surface from FcMeOH. Tipegenerated species interacts

with the Fc modified gold substrate right under tipeand regenerates the mediator
causing an increase of (so-called positive feedback). Steady-st'atéEs) curves for

the reduction of FcMeOHwere measured at differendt values on a Fc modified
Au(111) substrate in 1 mM FcMeOH solutions usin0OM NaClQ, as supporting

electrolyte.

Tip-substrate approach curves were measured witlp$at 0.40 V tip potentialK;)
and E;= —0.60 V. These approach curves were properlgdfittvith the theoretical
expression for total positive feedback, which akowto knowd value during the
acquisition ofi; (E5) curves. Once the tip was positioned at a certhiralue, the
steady state, (ES) curve was measured by a slow potentiodynamic at@rD10 V &

of the Egfrom cathodic (—0.60 V) to anodic (0.40 V) valuesile keepingE; =0.40V.

After acquisition of a completdaT(ES) curve the solution was agitated by a gentle



bubbling of air,d was changed using the piezo-positioner of the SE@¥ument, and

a new curve was measured.



3. Theory

3.1. Laviron-type approach

The shape of the voltammograms were analysed usiegLaviron-type approach
[50,51], similar to that used recently by Wandlowakd co-workers [52], Yu and co-
workers [53] and Cao and co-workers [16], that abers a random distribution of the
electroactive species, a reversible electrocheméziix reaction, and strongly adsorbed
oxidized (O) and reduced (R) species on the substfaurthermore, interactions
between adsorbed molecules were modelled by a Rndipe isotherm. These
interactions are assumed to be potential-indepénded an effective lateral interaction

term G is defined as:
G =8y, tag — 28 (1)
where a,,, ax and gyxare the interaction constants between O-molecures,

molecules and between them, respectively. Thedoten constants are positive for the
attraction forces while negative, for repulsioneelexpression for the current-potential

profiles is then [50]:

. _(F?*) f(1-f)
|—[RT]nvAI' (2)

"1-2Ge,f(1-1)

where the potential dependence is expressed dpltbeing equation [50]:

n(E—Epeak):T:T{Inﬂlffj+vGHT(1—2f)} 3)



wherel ;is the total adsorbed amount of the redox-activexigs;n is the number of
electrons per oxidized/reduced molecuejs the potential scan ratef =6,/ (
g=r,/l,, beingl,, is the maximum adsorbed amount) is the fractiorhef total

coverage due to O-specie§, =8, +6; is the total fractional coverage of the redox-

active species and’ is the number of water molecules replaced by amsorded
molecule. F, R and T are the Faraday constant,ewsal gas constant and absolute

temperature, respectively. The signs of the effectiateral interaction parameter,
vGé,, the relationship between attractive and repuldmees, the shape of the

voltammogram and the full peak width at half peak eight,

W2 [: ﬁ‘In (H—Uj -vG HTO'J being o = {% ,of the electrochemical wave
—_ V L

nF 1-0
Applying this approach, we fitted the experimemairent-potential profiles of FCC6SH

are summarized in Table 1.

modified Au(111) substrates usiMydifferent contributions byl independent Laviron-
type functions [50], assuming that they were additiThe expression for the total

current-potential profiles is then:

| i F_2 , M fj (1_ fJ)
Itotal _[RTJn VAFT; Bj [1— 2(VGBT)J' fJ (1_ fl)] X

where the potential dependence is expressed dpltbeing equation [50]:

f.
n(E- Epeak,1)=g['”£1_1f J+(VGHT)J (1- 2f1)} 5)

where B; is the amplitude parameter arig, is the peak potential of thg

eak,j

contribution. In the fitting procedure, the paraensfy G4, )., B, and E

j veakj fOF €achi-



contribution were used as adjustment parametexstfis fitting function (Eqg. (4)), has

3Madjustment parameters to descrilbé different contributions). The potential

dependence off; (Eg. (5)) was solved numerically using a modiiieatof the Powell

hybrid method [60—-62].

Wandlowski and co-workers [52] identified three felient adsorption regions
represented by three separate Laviron-type funeifdn= 3) for FCC11SH modified Au
(111), Au (100) and Au (110) substrates. The cati@h between the experimental and
theoretical anodic profiles were excellent. On otieer hand, Yu and co-workers [53]
used only two contributiond = 2) with poorer fitting results. Finally, Cao and-

workers [16] analysed the experimental anodic Eefof FCC6SH modified gold beads

using tha\V’2to calculater G e, .

3.2. General SECM Mode

For a SECM feedback experiment, the complete degreedofi, normalized respect to

its value at infinite distancel{ =iT/iT,w) on E; andd normalized respect to the tip

radius (L =d/a) has been recently reported [55]. This dependingiwen by Eq. (6).
451

IT(ES’ L) :(TJ[ITPF (L)_ ITNF (L)} ITLC(ES'L)+C(ES’L!t)ITNF (L) (6)

The core of this equation is the normalized TLCrenr (I =iTLC/iT’m) for the
reaction that flows between the tip disk microeledeé and an identical area at the
substrate ¢ =77a2). In addition, this equation involves the positisad negative
feedback normalized limiting current$;{ and 1", respectively), a correction factor
B due to the finite tip-sheath radiug, | that depends on the ratig, = rg/a[63], and

the dimensionless concentratiarF C(L)/C* , whereC(L) and C" are concentrations

of the tip reactant at distanck and in the bulk solution, respectively. Both the



l.c(Es,L)and thec(Eg,L,t) dependences must be solved for the particulatiosac

and substrate configuration that is analysed.

3.3. Modelling the adsorbed FcC6SH moleculesina TLC

On the basis of previous models for adsorbed FcCafHolayer on gold substrates
that take into account the electrochemical respomgepinholes [64,65] and of the
monolayer [47], we propose as a first approximatiat the substrate modification can
be represented in the TLC configuration by a hefeneous surface with two different
electrocatalytic activities (see Scheme 1). Thkea,whole TLC current is the addition

of two independent TLC contributions. The pinhades represented as an ensemble of

uniform nanodisks with radius;, randomly dispersed on the substrate surface. The

reaction proceeds with current densitigg, (on the pinholes) ang, (on the

monolayer). Note that this model does not take adoount the diffusion through the
pinhole thickness [65] and the presence of colldpegions around the defects [44]. It
also oversimplifies the well-known heterogeneitysitape and size of the defects [4] by
assuming a disk geometry and a mean value foratieis. The TLC current for this

modified substrate is expressed by the followingatigpn:

i A+
ITLC — JplnApln‘ JMLA\/IL (7)

It o

whereA,; | = Nﬂrjn, being N the number of pinholes, and
AL =Ac—An= 7'r(a2 = Nr;n) are the surface areas occupied by the pinholeshend

monolayer, respectively. In terms of the fractidnpmholes or of uncovered area (

fin = Abm/Am =NR;,, whereR, =r, /a), I is defined by Eq. (8):
e (Bso L) = fnl o (B, L) + (1 0 ) 1 Bs L) (8)
wherel ;= j. (72°/i; ) and1,, = j, (7).

Both TLC regions define their own limiting curredénsities. For the monolayer, as

long as it covers most of the surfack,( <0.5), the limiting current density should be



equivalent to that of a simple linear TLC, whichade to I, ,, (L) =(48L/m)".
Moreover, for the pinholes a model that combinegdr and radial diffusion can be

used [66], which leads 10 ,, (L) = (R, / ., +4BL/71) .

3.3.1. Reaction rate on the pinhole
In general, the reaction at the pinholes is fagtan it is at the monolayer [47], and it
can be reversible as it will be discussed latehwiir experiments. The TLC expression

for a reversible reaction [54,671,,(Es, L) is defined by:

R. -1
Ip‘"(Es’L):(lj@j£ . +4€7Lj ©)

where G):exp[F(ES—EO)/RT] and E° is the formal potential of the probed
electrode reaction. Moreover, the reversible reactat the pinholes controls the
concentration profile of tip reactant around thésttate surface over the shielding
potential range. Then, the tero{Eg,L,t) in Eqg. (6) that results for serial linear and

radial diffusion at the proposed pinhole ensembdelehis given by Eq. (10):

1 j 4.0
1+
1+0 ”fpin(Rpin +4\/?)

c(Es, L,t)=( (10)

Wherer(: Dt/naz) is the normalized time.

A more general treatment considering a quasi-réverseaction at the pinholes is only

justified when experimental evidence shows a cldaviation from a reversible
behaviour. In such a case, equations lfgr(Es, L) and c(Es, L,t) for quasi-reversible

kinetics [67] can be straightforwardly obtained.

3.3.2. Reaction rate on the monolayer surface:

As it was discussed in the Introduction sectiore tHectron transfer through the
hydrocarbon chains of the redox functionalized niayer to the redox mediator in
solution may proceed via direct electron tunnelliggt) and via mediated electron

transfer (met) through bimolecular reaction of tedox moieties [43]. Then, the TLC



current through the monolayer can be written im&epf the normalized reaction rates (

\% :va/ DC") of these two parallel processa&if'and V™, respectively) as:

uML(Es,L){ﬁj[des(ES,L)+V$(ES,L)] (1

A Butler-Volmer type dependence can be adoptedhidirect electron tunnelling rate,

SO theV,\‘A’f(ES,L) dependence in terms of the normalized tunnelleig constant (

N = K42/ D) and of the charge transfer coefficient results according to Eq. (12).

Vl\;ljf (ES’ L) =@ |:1_ (_ﬁj L (Es ’L)(l"' Q) Lj| (12)

T

On the other hand, the mediated mechanism invéheslectron tunnelling through the
monolayer to/from the adsorbed redox moiety (prasip studied by cyclic
voltammetry) and the bimolecular electron trandfetween adsorbed and diffusing
species at the monolayer|solution interface [43]. fBllowing the same previous
treatment that uses the Laviron approach [50,5Hesxribe the electron transfer of the
adsorbed species as a reversible process withnakifritype isotherm (see Section 3.1),
but only considering a single type of site, togetiwéh an irreversible model for the

bimolecular reaction, it results thé* (ES, L)dependence given by Eq. (13).

Vi (EsiL) = A €244, (1- f )&% {1—@] L Es L )L} (13)

T
wheref is the fraction of the total coverage due to O @adotential dependence is
expressed by Eq. (3), considering that E5 andn=1.
These equations involve not only the adsorptionampaters of the Laviron-type
approach ¥Gé, 855,830k Ea) [50], but also the normalized bimolecular

reduction rate constant’{, =k a/D). The irreversible approximation given by Eq.

(13) is valid either wherEg <<E_, or whenK, is much larger than the backward



(oxidation) bimolecular rate constant [43]. Finalby introducing Eqgs. (12) and (13)
into Eq. (11), the completg, (Es,L)dependence given by Eq. (14) is obtained:

4ﬁj [Ae™ 6 (1 1) &' + 1,0 | (14)

I (Es, L) =| —
w (Es; L) (ﬂ 1+L[/|mae—2v6raRRgT (1—f)eVGarf+/|det9_a(l+@)]



4. Results and discussion
4.1. Cyclic voltammetry
4.1.1. Successive potential scans

Figure 1 shows the voltammograms (expressed asutrent densityj ) of FCC6SH

modified Au(111) substrates performed in 1.00 M Effégisteredat 0.050 Véor
different cycles (2 and 10). The experiments wexgied out with different FCC6SH
modified Au(111) substrates prepared using the sdipping procedure regarding
concentration, time and solvent. It is importantrention that the first potential scan
was not included in the analysis because the dup@tential profiles greatly varied
from sample to sample (see Supplementary MateHighce, the voltammograms were
analysed from the second potential scan. Cleahly, shapes of the voltammograms
measured in the second cycle also strongly depanttied Au(111) substrates used for
the modification. However, the difference becomesslevident after ten cycles. The
measured voltammograms were identical betweenixile @nd tenth cycles for all the
cases studied. These six voltammograms exemplifg tiehaviour of three
representative families of electrochemical signasasured with different Au(111)
substrates modified with FcC6SH. The three famgilesw two signals between 0.30 V
and 0.45 V during the second anodic cycle, in agesg with published
results[28,68]that show multi-peak voltammogram&oE€6SH modified gold substrate
measured in HCIQ In family I, these signals are clearly separabengas, in the other
two cases, the lower potential signal appears sisoalder (family Il) or overlapped
(family III) with the second signal. On the othemrtdl, a single oxidation signal was
recorded for the three families from cycle 6 uplth When analysing the reduction
profiles, the electrochemical signal appears ba@e9 V and 0.34 V and remains

constant during cycling.



In order to understand such a behaviour, the elegoémical oxidation profiles were
fitted using Eq. (4). Figure 2 shows the experirakmaind fitted anodic scans (after
subtracting the baseline) corresponding to the rebk@nd tenth cycles for the three
families together with the contributions given blgetindependent Laviron-type
functions. The results of the fitting procedureatetl to cycles 3-9 for family | are
shown in the Supplementary Material. Contrary toerd reported results of anodic
responses of FCC6SH on gold beads measured in (N&BIO, [16], three functions

were the minimal set (making up more than 90% ef ttital electrochemical signal)
needed for the deconvolution of the voltammografmeazh family shown in Fig. 1.

Table 2 gives the main fitting parameters consdiene the model for these

contributions: the effective lateral interactionargmeter (VGHT)J.), the full peak

width at half peak height\/(/jﬂz), and the oxidation peak potentidd_:pgak’j ). The charge

fractions (| / i ) Calculated from fitting the experimental electremical signal are

also reported in the table. The total charge dgnsialculated by integrating the
oxidation signal, does not depend (within the lgnof experimental error) on the cycle
or family analysed. The calculated values are (3 gC cm?, (31 + 3)uC cm? and
(26 + 3)uC cm? for families I, Il and Ill, respectively. Therefarthe change in the
shape of the voltammograms with cycling is not tezlato the adsorbed amount of
FcC6SH.

The effect of successive potential scans on thpesbéthe electrochemical signals of
the FcC6SH monolayer on Au(111) substrate was aedlyor the three families. The
extremely sharp and narrow peak current observ@d3atV for family I in the second
scan (Fig. 2a) contributes around 20% of the totarge. In this contribution the

attractive interactions between adsorbed molecplevails (see Table 1). Narrow



current peaks (spikes) have been already obsenidd R¢C6SH and FcC11SH

monolayers on gold substrate under certain com#iti@8,52]. In fact, the calculated
V\/j”2 for this contribution fully agrees with the repadt value. This narrow

electrochemical signal gradually becomes less ealile with successive cycles while a
new current peak is defined at 0.60 V with Langnrtyre features (Fig. 2d). On the
other hand, two signals contributing up to 80% loé total charge with different
effective interactions appear at more positive pidés: A Langmuir-type contribution
at 0.36 V and a wide and flat signal, represergatifvrepulsive interactionat 0.45 V.
These signals are not affected by cycling the FeéCe®dified Au(111l) substrates.
Families Il and Ill show similar behaviours in whithe signal at around 0.30 V in the
second cycle is less sharp and narrow than obsdrvddmily I. Thus, attractive
interactions between adsorbed molecules are lepsriemt before cycling in these
cases. The contributions at more positive poten(@dl45 V) behave in similar way as
described for family I. As indicated by the expesmtal voltammograms, cycling the
FcC6SH modified Au(11ll) substrate produces simatgctrochemical responses.
Therefore, the type of effective lateral interac§oand the charge fraction of each
contribution change during the cycling. These rssuhdicate the coexistence of
different domains of adsorbed FCC6SH moleculef©énrhonolayer that are rearranged
during cycling. Since these results clearly indicttie importance of cycling before
performing any experimental measurement with FcC&8idified Au(111) substrates,

the following discussion is based on pre-treatditsates.

4.1.2. Nature of the supporting electrolyte
Figure 3 shows the voltammograms of FcC6SH modiia(lLl11) substrates performed

in different electrolytes and scan rates whereagurEi 4 presents the respective



relationship between the peak current density &edstan rate. Considering that this
substrate modification can be coupled to a biosdlebemical device to improve its
performance [12-16], the selected supporting elbdas represent gradual
modifications from the commonly used 1.00 M HEIGH 0.2 in electrochemical
determinations to the 0.10 M phosphate buffer (PB)8.5, compatible with surface
bioactivity[69—71].

Clearly, the shape of the voltammograms measurdd0@ M HCIQ does not depend
on the scan rate. Thus, the FCcC6SH monolayer, wdthdieterogeneous, is stable
against successive changes of the scan rate sathe electrolyte after the cycling pre-
treatment. However, the shape of the electrochdmigaals strongly depends on the
nature and concentration of the supporting elegias well as on the pH. As indicated
by the linear relationship between the current dgasd the scan rate, this behaviour is
not attributable to any desorption caused by tleetedlyte or by cycling at different
scan rates. The different slopes of these lindatioaships also indicate that the shape
of the voltammograms in a particular supportingcetdyte is due to the different
effective lateral interactions and charge fractidreach contribution (see Eq. (4)). The
effect of the nature of the electrolyte is alsoesbed in the anodic and cathodic peak
potentials. These values do not change with the st@ but they depend on the nature
and concentrations of the supporting electrolytmgdérom 0.39 V in HCIQ to 0.50 V

in PB for the anodic wave.

Figure 5 shows the experimental and fitted anodams (after subtracting the baseline)
together with the contributions given by the indsgent Laviron-type functions
corresponding to the electrochemical signals ifedéht supporting electrolyte. Three
functions were the minimal set (making up more tB8#%6 of the total electrochemical

signal) needed for the deconvolution of the expental voltammograms of each signal



shown in Figure 3. Table 3 lists the valuestglhy, ,Epeagand (VGE), . As

expected, the scan rate does not affect the numpbsitjon or ratio of each contribution
(Supplementary Material). Moreover, the calculatethl charge densities for these
systems are (31 + 3)C cm? (26 + 3)uC cm? and (30 * 3uC cni?, for 1.00 M
NaClQ,, 0.10 M NaClQ and PB, respectively, indicating that the suppgrelectrolyte
does not affect the adsorbed amount of FCC6SH.

Even though three main contributions are also elesein 1.00 M NaCI@ none of

them have attractive lateral interactions and gneyoxidized at more positive potentials
than observed in 1.00 M HCIOThe value of(VGHT)J. in this supporting electrolyte

tends to zero, indicating a Langmuir-like behavi¢tiable 1). On the other hand, the
contribution at about 0.45 V is not modified by thid. These results show that the pH
of the supporting electrolyte does not affect tletelogeneity of the monolayer on

Au(111), although the interactions between adsoFL6SH molecules change. When

the electrolyte is less concentrated, there arendgeee major contributions with more
positive Epeak,j values than those found with the experiments peréor in 1.00 M

NaClO,. However, the contribution with repulsive laterateractions becomes less
significant. Hence, both the pH and the concemnatf the supporting electrolyte
modify the type of lateral interactions betweencaded FCC6SH molecules. Changing

the supporting electrolyte from NaCJ@ PB, results in more pronounced changes both

in the number of contributions and in tI(uEGHT)J. parameters. In PB, there are two

contributions that oxidize at the same potentidliclw is more positive than those found

in the presence ofClO,. The lateral interactions for one contribution aepulsive

whereas for the other one, the parame(teGHT)j tends to zero. This result is not



surprising recalling that not only the type of ioeshanged but also that PB ions can be
specifically adsorbed onto Au substrates [72—75].

As already mentioned, the shape of the anodic cupetential profile depends on the
type of interactions between adsorbed Fc molecygeserating sharp signals before
cycling only at acid pH. From a thermodynamics poifwview, this behaviour could be
due to ion pairing between the oxidized Bn the Au(111) substrate and the anion of

the supporting electrolyte [26-32,40]. The formatiof these ion pairs, favours the
oxidation process of the adsorbed FcC6SH molecateacid pH and highClO,

concentration. Hence, the oxidation of FCC6SH mdksat low potentials in HClQOs

a cooperative process due to favourable interastiogtween the cationic adsorbed
species and the supporting electrolyte anionsnfgrimediate potentials, the oxidation
process does not depend on the pH, but it becomes favourable when the
concentration of the supporting electrolyte deasa3he same behaviour is observed
with the domains of adsorbed FCC6SH moleculesdkigiizes at higher potentials. The
presence of phosphate ions in the buffer solutftece both ion pair formation and the
metal substrate [72—75], resulting in two domalret bxidize at the same potential.
Finally, it is worth mentioning that the anodic @mt-potential profile has different
information than the cathodic one. In general, pracesses control the anodic current-
potential profile: lateral interactions between atied molecules and ion-pairing
between FEmoieties and the anions of the supporting elegtigol Hence, the oxidation
potentials are determined from the strength of itlteraction between the adsorbed
positive moieties and the negative ions presersointion. As a consequence, at least
three domains with different oxidation potentialerer observed by fitting the
experimental profiles. On the other hand, the dadithourrent-potential profile is mainly

controlled by ion-pairing because at the switcheptal all the oxidized Fcmoieties



interact with the anions of the supporting elegtiml Thus, during the backward scan
potential, the monolayer behaves as a homogendecisoehemical system in such a
way that FE moieties are reduced at the same potential. Coesdlg, the voltammetric

analysis was restricted to the anodic current-gikeprofiles because they provide with

relevant information to characterize the monolagdgerms of the different domains.

4.2. Scanning Electrochemical Microscopy

4.2.1. Tip-substrate approach curves

Figure 6 shows typical approach curves measuredh\ahet tip oxidizing FcMeOH to

FcMeOH, under diffusion control, was approached to a Fi€6nodified Au(111)
substrate polarized at differeft; to probe the reduction of the tip-generated FcMEOH

through the feedback loop. Significant feedbackenitris detected at all potentials up to
0.15 V, which results from the electron transferdmgh or either one of the described

pathways of electron transfer through the hydromarthains and/or through pinholes.

At Eg> 0.15 V the shielding process [67]was evident. édwer, curves measured at

the most cathodic potentialé={ <—0.55V) were properly fitted with the total positive

feedback dependence [63] indicating that the reacét the substrate reaches total
diffusion control at these potentials. Then, tiprrents measured in total positive

feedback conditions were used to estintt@lues in the performed experiments.

4.2.2 SECM polarization curves

Figure 7 (a) shows the experimentahs a function ofEg curves (the so-called SECM

polarization curves) for the reduction of tip-geated FcMeOH (E, = 0.40 V)on

FcC6SH modified Au(111l) substrates acquired atetbffit d values by slow



potentiodynamic scans (0.01 ¥)srom —0.60 V to 0.40 V. In these potential ranie,

adsorbed Fc moieties change from the reduced toxidésed state at around 0.2 V. The
SECM polarization curves show two potential regidns< 0.20V,where the FcMeOH
mediator is regenerated at the substrate leading pmsitive feedback current and
E, >0.20V,where the substrate consumes FcMeOH competingthéthip. The most
useful part of these curves (full of kinetic feasir is the positive feedback region,

where the SECM polarization curve increases gsd/a) decreases. A qualitative

inspection of theiT(ES) dependence over this region shows a shoulderbéaimes
more pronounced ak decreases, which is most likely caused by a mesthan

transition. A fast process occurs laf <0.22V and seems to reach a limiting rate for

E; <0.10V. Considering that such response has been preyiassbciated to the fast
FcMeOH reduction on pinholes or defects [47], the reactim these regions was
assumed reversible in our model. At more cathddicvalues €0.05V), a second

slower process is evident, which tends to reachassAransport limiting value only at
E; <-0.50V. This is most likely caused by the electro-recarctdf FcMeOH on the

monolayer. All these polarization curves were repaible, and could be repetitively
measured in spite of the very cathodic limit patnt—0.6V) applied to the FcC6SH

modified Au(111) substrate.
SECM polarization curves were normalized and cateel using Eq. (6) with the
developed model, pointing to find a single set wfekic and adsorption parameters.

These correlations are shown in Figure 7(b), aeddifitained parameters are listed in

Table 4. For the correlations, the adsorption patanv G&, was fixed at a value of -

0.2, andEpex Was fixed at 0.435 VEpex — E° = 0.23 V). These values are weighted



averages of the values measured by cyclic voltamymat 0.1 M NaClQ solution
previously listed in Table 3. In spite of the langember of correlated variables, fitting
of all curves measured at differdntvalues with a single set of parameters is a strong

constrain that limits the possible solutions toaarow group of values. For example, if

the mediated reaction is assumed to occur withllarate (A, =0), then the curves
cannot be fitted with a singlef ; value. Figure 8 shows the theoretical SECM

polarization curves calculated with the parameséisvn in Table 4 for twa values as
well as the contribution of each electron trangfathway to the whole response. The

effects of the parallel electron transfer processeshe SECM polarization curves are

evidenced on different potential regions. The pleddl ,,(Es) ) govern the response at

pin
E.-E°>-0.10V, as |pmquickly reaches a diffusional limiting rate. Nothstanding,

a contribution from the monolayet, (Es)) is also detected over this potential range.

The calculatedi,in value of 0.29 indicates a high density of pinholleat causes a
positive feedback current almost similar to thedfesck current from the monolayer

whenL > 0.4 (see Figure 8 (b)). The resulting fittinge asalid for any value of
normalized pinhole mean size laying in the indidatange R;, <3x10%), so its
estimated real value results not larger than 12Asmpreviously discussed, the electron

transfer through the FcC6SH modified Au(111) sudistto the FcMeOHmediator in

solution may proceed by either direct or mediatedteon transfer [43]. The monolayer
contribution observed aE;—E°>-0.10V is caused by the reaction via mediated
electron transfer. On the other hand, the reastiarlirect electron transfer controls the
curve shape at the most cathodic potentifis<(E° <-0.10V) before it reaches the

diffusion limiting value.



Probably the most relevant kinetic parameter tlesulted from this analysis is the
transfer coefficient §) of the direct electron transfer process, mainle do the
implications that can be inferred from its valuen Anusually small value ofr was
obtained from the correlations, similarly to whaisaobserved in other reported studies
[47,48]. As it was previously demonstrated by Faskland co-workers [44], such
behaviour evidences the presence of collapsed megid the monolayer around the
pinholes where the monolayer thickness varies. &pnglnumerical simulations these
authors demonstrated that as the rate constanthdepen many factors including
monolayer thickness and structure [76,77]. Thegres of diverse monolayer regions
with different tunnelling rates leads to differedépendences of the local current
densities on potential [44]. Then the whole expental current is in fact a convolution
of many current-potential dependences, whose skegdts much smaller than those of
the monolayers with uniform thicknesses [44]. Thtise apparent tunnelling rate
constant that was measured in this work on the BeCodified Au(111) substrate (

N4 =1.45, which leads tdk,, =0.025cm§') is in fact a sort of mean value that results

from a heterogeneous surface with a profile of @astants following an arbitrary
distribution function. An improved model should ¢athis effect into consideration in
order to fully address the influence of pinholestlom SECM responses and to calculate
more reliable rate constant values.

Another interesting result is the poor effect oé tharameter depicting the lateral
interactions of adsorbed FCC6SH molecules, w.&.6;, on the fitting quality of the
measured SECM polarization curves. The correlatiohshese curves were totally
insensitive to this parameter ovéis — E° < -0.2 V. Even though the cyclic
voltammograms accounting for the oxidation procedsthe adsorbed FcC6SH

molecules on Au(111) are strongly affected by Eltenteractions, most of thé



values in the SECM experiments were cathodic enoegpect to the peak potential that

the substrate was essentially covered by the reld&cespecies. Then, the effect of

vG@, on the fraction of the total coverage due to Figk molecules was negligible

over most of the analysed potential range. In facteffect of the adsorption parameters

(vGé,and Va8 ) on the bimolecular reaction rate should be exgkcaccording to

Eq. (13), at less cathodic potentials, and the rjzalon curve should actually be
affected by these parameters. However, the coniibof the interaction parameters to

the mediated electron transfer rate is coupledhérate constant, so any change of

VG, and ofvag@é in the correlation will be balanced by an opposhiange ofA_, .

Then the actual value of\ , cannot be separated from the contribution of the

interaction parameters from these results.

Conclusions

The two perspectives addressed in this work arg useful to acquire a complete
overview of the different electron transfer pathwadlat take place on Fc-terminated
alkanethiol monolayers on Au(111l) substrates. Ia flrst place, the integrated
theoretical-experimental approach used to analyxee lateral interactions between
adsorbed FcC6SH molecules from cyclic voltammedtipws to understand the effect
of the successive potential scans and differentpating electrolyte on the
electrochemical behaviour of the modified subssraficcessive potential scans change
the surface domains distribution and affect thedatton process of the electroactive
monolayer. As a consequence, the substrate maghiichecomes more homogeneous
in such a way that potential scans can be usedraBahle pre-treatment procedure.

Furthermore, ion-pair formation between the oxidiEe moieties and the anions of the



supporting electrolyte controls the electron trangfrocesses as well as the type of the

lateral interactions and the number of the surthareains.

In the second case, the correlation between SECMrarents and the TLC model
using an additional redox mediator in solution &Hoto identify the pinholes
contributions and the electron transfer kineticapagters through direct and mediated
pathways. The pinholes contribution behaves asnsereble of nanodisks and takes
place through a reversible electron transfer pac@&fe mediated electron transfer
pathway proceeds with an effective rate constaat th affected not only by the
bimolecular rate constant but also by the latersraction parameter of the adsorbed
electroactive species. Direct electron transfesuph a tunnelling mechanism occurs at
more cathodic potentials. The heterogeneity in rif@nolayer thickness, due to the
collapsed regions around the pinholes, causes afatlgrlow transfer coefficient that

may lead to an overestimated tunnelling rate comsta
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Figure captions:

Figure 1. Cyclic voltammograms of FCC6SH modified Au(111lbsuates performed in
1.00 M HCIQ at 0.050 V& for cycles 2 +—) and 10 {—) for the three
representative families of electrochemical sigrialsnd when modifying the substrate

with the same dipping procedure (Fc concentratioB® mM, time: 15 h and solvent:
CH,CIl,).

Figure 2. Experimental and fitted anodic scans of FcC6SHiflemlAu(111) substrates
performed at 0.050 Vsin 1.00 M HCIQ for cycles 2 ((a)-(c)) and 10 ((d)-(e)) for the
three representative families shown in Fig. 1 amel ¢ontributions calculated from

independent Laviron-type functions (Eq. (4)). Diéfet contributions (solid lines),

experimental ) and simulated<{— total anodic current-potential profile.

Figure 3. Cyclic voltammograms of FcC6SH modified Au(111) swates performed in
different electrolytes: (a) 1.00 M HCIO(b) 1.00 M NaCl@, (c) 0.10 M NaClQ@ and
(d) 0.10 M phosphate buffer (PB) and scan rates-) 0.005; () 0.010; )
0.050; () 0.100 and4—) 0.150 V §* after the substrate pretreatment.

Figure 4. Current density as function of the scan rate fer oxidation reaction of

FcC6SH modified Au(111) substrates performed ified#nt electrolytes:«) 1.00 M
HCIOy, (@) 1.00 M NaClQ, (e) 0.10 M NaCIlQ and @) 0.10 M phosphate buffer (PB).

Figure 5. Experimental and fitted anodic scans of FCC6SHifremdAu(111) substrates
performed at 0.050 VAsin different electrolytes: (a) 1.00 M HCIQ(b) 1.00 M NaCIQ,

(c) 0.10 M NaClQ and (d) 0.10 M phosphate buffer (PB) for the ddttawn in Fig. 3
and the contributions calculated from independeawtidon-type functions (Eq. (4)).
Different contributions (solid lines), experimen(el) and simulated-— total anodic

current-potential profile.

Figure 6. Approach curves for the reduction of FcMeOmediator (in 1 mM FcMeOH
- 0.1 M NaClQ solution) of a Pt tip on FcC6SH modified Au(11ipstrates polarized
at different substrate potentialE{): —0.60 (a), —0.40 (b), 0.00 (c), 0.10 (d), 0.1%¢Y.



Symbols represent the fitting of curve (a) with theoretical total positive feedback

dependence [63F = 0.40 V,it»=0.87 nAa=4.1um, R (=r, /a) =5).

Figure 7. (a) Experimental SECM polarization curves for gigrerated FcMeOH(in 1
mM FcMeOH - 0.1 M NaClI@® solution) on FcC6SH modified Au(111) substrates at
different tip-substrate distances. (b) Theoreta®bendences (open symbols) resulting

from correlations of normalized SECM polarizatiames (solid lines) using Eg. (6)

and parameters listed in Table l4(=d/a) =0.288 (i), 0.366 (ii), 0.407 (i), 0.477 (iv),

0.620 (V) (ET =0.40 VyiT,DO =0.87 nA’a = 41“m’ Rg - 5)

Figure 8. Theoretical SECM polarization curves (dashed lirsex) the contribution of
each electron transfer route to the whole respgnhs by the monolaye— and

the pinholes{— simulated with the parameters shown in Tablerd.fe 0.288 (a)
and 0.620 (b).
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Table1;

vGéo, Balance of forces Shape of the voltammogram nWY?/ v
Attraction and
_ repulsion forces | Langmuir-type adsorption. Independent
=0 0.091
compensate each of the total coverage.
other.
Repulsion forces Current peak becomes wider and
<0 . . >0.091
predominate. flatter, with a more rounded shape|
. Current peak becomes narrower and
Attraction forces
>0 . sharper, when the total coverage | < 0.091
predominate. :
increases.

Table 2: Fitting parameters considered in the model (Eq) ) the different
contributions of the anodic current-potential pesfiof FCC6SH monolayers on Au(111)
performed in 1.00 M HCI@at 0.050 V&: the effective lateral interactions parameter(

(I/GHT)j ), the full peak width at half peak heingz), and the oxidation peak potential

(Epeak,j). Charge fractions /qTotaJ) were calculated from fitting the experimental
electrochemical signal.

Second cycle Tenth cycle
Famlly (VGHT)J' ijllz /V Epeak,j /V qj /qTotaI (VGHT)]. ijllz /V Epeak,j /V qj /qTotaI

15 0.02 0.30 0.19 1.0 0.04 0.31 0.13
-0.3 0.10 0.36 0.43 -0.1 0.10 0.36 0.45

I -2.3 0.22 0.45 0.36 -2.2 0.21 0.44 0.35
—0.6 0.12 0.62 0.06
-0.5 0.12 0.36 0.06 0.7 0.05 0.33 0.04

[ -0.3 0.10 0.45 0.44 -0.2 0.10 0.42 0.49
-3.9 0.31 0.45 0.43 -3.5 0.28 0.43 0.39
-0.9 0.14 0.68 0.05 -0.9 0.14 0.64 0.07
0.0 0.09 0.31 0.15 0.0 0.09 0.31 0.17

[l -0.1 0.10 0.38 0.51 0.0 0.09 0.36 0.59
-1.5 0.17 0.46 0.31 -0.9 0.14 0.47 0.21




Table 3. Fitting parameters considered in the model (Eq) (&) the different
contributions of the anodic current-potential pexfi of FCC6SH monolayers on
Au(111) performed in different electrolytes at M05/s': the effective lateral

interactions parameter(L(GHT)j), and the oxidation peak potentiaEpgak'j). Charge

fractions (] /qTota,) were calculated from fitting the experimental célechemical

signal.
Conciion | PTG, | o0 | 100N | 00W | phophae
uffer
0/ Orotar 0.15+0.03
1 =AY 0.32+0.05
(vGé&,), 0.4+0.1
Upn/Orow | 0.35#0.05 | 0.30£0.05 |  0.75+0.05
2A Epeacon/ V| 0.39$0.05 | 0.38£0.02 |  0.41%0.02
(vG6),, | -02:01 | -0.10£0.05] —0.10+0.0
O/ Grota 0.25+0.05 0.15+0.05 0.45+0.05
28 Epeax 28/ V 0.45:0.02 | 0.48:0.02|  0.52+0.02
(vG&),, ~0.10+0.05 | -0.10+0.05|  —0.3+0.1
s/ roga 0.45+0.05 | 0.35+0.05|  0.10+0.05|  0.50+0.05
3 Epeacs/ V| 0.45:0.05 | 0.46+0.02| 058:0.02  0.52+0.02
(vG&), ~2.0¢0.5 ~1.5+0.5 ~1.0+0.5 ~2.2¢0.5

Table 4. Parameter resulting from the correlations showRigure 7(b). Other involved

parameters:E®° =0.205V (estimated from the tip voltammogram, see Suppitang

Material), E

peak

—-E° =0.23V (estimated from the substrate voltammogram inN.1

NaClQ,, see Supplementary Material)G . 0-0.2, 7= 10.

Pinholes Monolayer
Roin fin | AuBr€ 7 | Ny a
<3x10°| 0.29 0.497 1.45| 0.176
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Highlights

> Electrochemical technigues to understand the electron transfer of adsorbed ferrocene
are employed.

> Theory to understand the electron transfer of adsorbed ferrocene is devel oped.

> Monolayer and pinholes are incorporated into the SECM model.



