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This work presents original methodologies to estimate the electrochemical electron-transfer rate constants (k)
of immobilized electroactive species when strong intermolecular interactions occur in a redox-responsive mate-
rial, for which the redox reaction is described by Butler—Volmer theory. Based on Laviron's equations and the
initial Creager and Wooster’s work, these methodologies encompass the general lateral interaction model and
have been experimentally tested to estimate k, in order to provide evidence of the relevance and reliability of

1. Introduction

Electrodes/Surfaces modified by a very thin film or a monolayer of
molecules are proving to be a key point of research and development
in a wide range of scientific fields. Since their discovery in 1983 [1],
self-assembled monolayers (SAM) have always been the subject of ex-
tensive research and have become an ideal system for studying interfa-
cial phenomena in detail. This is due to their simplicity of preparation,
their relatively good stability and the possibility of modulating all parts
of the grafted molecule such as the anchoring group, spacer and func-
tional group in contact with the studied surfaces [2].

In this context, many models and theories have been developed [3,4]
to extract quantitative information using electrochemical techniques
as cyclic voltammetry [5], impedance spectroscopy [6], square-wave
voltammetry, square-wave voltcoulometry [7], chronoamperometry
[8,9], small-amplitude alternative voltammetry (AV) [10-12] and
large-amplitude alternative voltammetry [13-15].

These last years, a great effort has been made to overcome some
problems encountered and unsolved [16,17] with the first pioneered
models in which molecules do not interact with each other. To obtain a
more accurate prediction of experiments, a first approach, initiated by
Laviron and based on Butler-Volmer kinetics formalism, consists in in-
troducing global potential-independent intermolecular (lateral) interac-
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tions [18,19], which can be attractive or repulsive and depend on the
redox state of immobilized molecules. This model, based on a Frumkin
adsorption isotherm and the mean field theory, allows a perfect predic-
tion of electrochemical experiments without explaining involved phe-
nomena (Coulombic, Pi-Pi, Van der Waals interactions ...). To extend
this approach, alternatives have been developed including interactions
with non-electroactive diluting molecules and supporting surface segre-
gation [20-22].

Among available techniques that can support these models, cyclic
voltammetry (CV) is today the most used technique to determine the
values of intermolecular interactions and to estimate the electron-trans-
fer rate constants (k,) when k, is not to high (<10 s7!), via the Lav-
iron’s method [23]. Indeed, by CV, the Laviron’s method requires the
determination of the linear tangents at the boundary conditions (v < <
ko and v > > k) which remains very random for high scan rates (v).
To overcome this limitation, Creager and Wooster developed, in 1998,
an easy-to-use experimental method based on alternative voltametry ex-
periments, involving to fit the ratio of the peak current to the back-
ground current relative to the logarithm of the frequency, in the case of
non-interacting molecules [10]. The results obtained show that the AC
Voltammetry makes it possible to obtain a much higher precision in the
determination of rate constants than the CV can do, especially for high
electron-transfer rate constants.
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In this manuscript, we report original approaches to extend the
Creager and Wooster’s method to estimate the electrochemical elec-
tron-transfer rate constants (k,) of immobilized redox probes when in-
termolecular interactions described by the general lateral interaction
model are taken into account.

2. Alternative voltammetry dedicated to adsorbed systems
2.1. The general lateral interaction model

During the last few years, we proposed theoretical studies to update
the lateral interaction model in order to include non-random distribu-
tions of electroactive species, interactions between redox and non-redox
species and the possibility to used binary electrolyte mixture [21]. The
generalized lateral interaction model (GLI model) enables current-volt-
age behaviours (CV, ACV) to be simulated in the case of a reversible
n-electron redox reaction of adsorbed electroactive species, for which
the redox reaction is described by Butler—Volmer theory:

K
O+ ne” 2R
kb

For a better reading of the article, the GLI model is defined accord-
ing to the main following hypotheses if we select only the case of inter-
actions between redox species:

e The electroactive species are strongly adsorbed, so they are oxidized
and reduced only at the adsorbed state,

e The electroactive species are distributed on substrate with a unimodal
statistical distribution of electroactive neighbours, i.e. a single spatial
distribution,

e A parameter ¢(0), between 0 and 1, defined for a normalized surface

coverage 0 = T (', the surface coverage in mol.cm~2), quantifies

the segregation level of the electroactive species. For a randomly dis-
tributed SAM, ¢(0) = 0, and when a segregation exists on the surface,
1> ¢ >0,

e The sum of normalized surface coverage 6, and 6y of oxidized (O) and
reduced (R) species is constant and equal to 0,

e The surface occupied by an oxidized molecule or a reduced molecule
is the same,

The electrochemical electron-transfer rate constant (k,) is not depen-
dent on the surface coverage,
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® a0, agg and agy are the interaction constants between molecules of
O, molecules of R and molecules of O and R, respectively. a; is posi-
tive for an attraction and negative for a repulsion.

® G = (app + agg —2apg) and S = (agg —app) wWith |G| and |S| <
defined as "global interaction" parameters. When associated with
¢(0), G-p(0) defines the shape of the voltammetric peak and mod-
ulates the FWHM and the peak intensity (ip), whereas S-¢(0) de-
fines the position of the peak potential (E,). In the case of high elec-
tron-transfer rate constants (k,), under Nernstian conditions, these pa-
rameters are define as:

2, are

E, 0 =£"+&Ts 40
o Al 8
) = ——RT" =G ¢y
2- G¢(0)
R T l+\ (0) a_ G(ﬁ(a) |G¢(9)|<1R
FWHM (8) == |In| ———— = G¢(0) -G O) 4/ - Gh@) A
T\ GHO)

and n, F, A, R, T E, E® and v have their usual meanings.

2.2. Alternative voltammetry characteristics

Alternative Voltammetry used in this study involves the applica-
tion of a sinusoidal voltage combined either with a steady DC volt-
age (e(t) = Epc + Excsin(wt)) or with voltage sweep at a scan rate v
(V.s™1) to a modified electrode surface (e(t) = (E; + v-t) + Ejcsin(wb).
The later experiment is commonly named Alternative Cyclic Voltametry
(ACV). The Fig. 1 shows two typical signals applied.

One of the most important aspect of an Alternative Voltammetry is
the amplitude of the AC perturbation (E,c), which needs to be small
in comparison to the global change in voltage occurring during the ex-
periment. Furthermore, the variation of the surface concentration of ox-
idized or reduced species needs to be small at each cycle in order to
obtain a quasi-sinusoidal resulting current (Fig. 2), and allows the use
of equivalent circuit and mathematical analysis [24]. In this case, it is
possible to linearize the electrode kinetics, which initially have an ex-
ponential dependence on the applied voltage. Typically, a small ampli-

i/ (pA)

03 02 01 00 01 02 03
(E-EV)/ (V)

Fig. 1. (Left) Examples of alternative voltammetry applied potentials. (Red) Sinusoidal voltage combined with a steady DC voltage (e(t) = Ep; + Excsin (wt)). (Dark) Sinusoidal voltage
combined with a voltage sweep at a scan rate v (V.s™)) (e(t) = (E; + v-t) + E4csin (wo). (Right) Resulting currents obtained with these two potential stimulations when applied to adsorbed

systems. Note that the scan rate is deliberately high for readability reasons.



O. Alévéque et al.

Epo=2mV
30
20
10 -
<
E

o
NAN

-30

-0.028 -0.027 -0.026 -0.025 -0.024 -0.023
(E-E%/(v)

30 -0.023

10
_ -0.025 =
S =1
= 0 T
- 0026 W

2TV

-30 t t t -0.028

000 005 010 015 020 025 0.30

t/(s)

Journal of Electroanalytical Chemistry xxx (XXXX) XXX-XXX

Epc = 40 mV
400
/‘_‘\\
200 \
0
3
e
T 200
-400
-600
-0.080 -0.060 -0.040 -0.020 0000 0.020
(E-ED/ (V)
400 0.020
200 0.000
_ o 0.020 =
< =
=9 -3
= w
T 200 0.040 W
-400 -0.060
-600 | ! ! -0.080
000 005 0410 015 020 025 030

t/(s)

Fig. 2. ACV currents obtained at the cyclic voltammetry peak potential (Epc = Ep), at 10 Hz and in the case of a,, = 1, when the amplitude of the AC perturbation (E,¢) is 2 mV (left

parts) or 40 mV (right parts).

tude of 10 mV or less is employed depending on interactions, especially
in the case of attractive interactions that produce a rapid variation of the
redox state of electroactive species close to apparent standard potential.
Another important point concerns the value of the scan rate (v). It must
be relatively low in order (1) to be in the conditions of electrochemical
reversibility (Nernst conditions) and (2) to obtain an AC current much
larger than the current obtained in the conditions of the cyclic voltam-
metry alone.

2.3. Generation of simulated voltammograms

All simulated cyclic voltammograms and alternative (cyclic) voltam-
mograms were performed using MATLAB and/or SigmaPlot softwares
and run on an conventional desktop computer (Intel Core i7-8650U CPU
@ 1.90GHz). We used a numerical method approximating the continu-
ous variation of the applied potential as a series of steps of size AE. If
the increment AE is small enough, it is possible to assume that the rate
constants k;, and k are constant during the entire increment.

This procedure is well detailed in previous papers [24] and adapted
to our formalism. It can be written as:

o,

i = nFAT o~ = nFAT (ky (6 —60) —k:00)
0pGi+1)= (00 (i) — %) exp (= (ky i+ 1)+ ke + 1)) At) +

DOy =00 G+1)—000) = <,%(’;+%-eo(i)> (1—exp (= (ky G+ 1)

Ar=AE

0 (j) thevalueofyatstepj
with 3k, (i +1) = ko exp ((1 —a) B (EG+ 1)~ E"’)) exp (—ZaRR@GR(
k(i + 1) = kg exp (—a;;—l; (EG+1)— EO')) exp (-2a00@00 )
E(+1)=(E +vi)+Egesin(wi) = (E;+ (i+1) Atv) + Eget

3. Theoretical basis of alternative voltammetry dedicated to
adsorbed systems

3.1. The formalism of Laviron

Three publications of Laviron have been devoted to the treatment
of AC polarograms [11,12,25] in the case of strongly adsorbed elec-
troactive species randomly distributed and presenting lateral interac-
tions. Limited to the faradaic contributions (Fig. 3) of the adsorbed
species (i.e. the charge transfer resistance (Rct) in series with the ad-
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Fig. 3. Randles equivalent circuit with its two operating conditions used in this study. (left) an OFF state when no electrochemical reaction is produced, and (right) an ON state when the

electrochemical system delivers its highest current.

sorbed capacitance (Cads)), the Laviron's approach allows to calculate
the phase angle and magnitude of the current of AC polarograms.

The methodology used in these studies can be adapted to AC voltam-
metry, all principles and hypotheses staying the same.

Based on the Laviron's formalism, Rct and Cads can be expressed
from the GLI model:

RT 1

Ret=—=2L 1
= RFAT, ko x
RP &

=> kyé

1
! " RctCads 3

Cads ~— wFPAT,, X

with

7= (1 _ a) 6erl_ae_2“RR0R_2“0R90 + aeon—ae—ZaOOBO—ZaOR
&= (1+ (aog — agg) 0) n'~"e 2RROR=220R% + (1 + (agg = ago) 0) n~"e

Assuming thereafter the case of a charge transfer coefficient a = 0.5
and a randomly distributed SAM (¢(0) = ), these equations can be sim-
plified:

x = \/0,0ge 0@00+a0R)~0r(aRR a0R) =
0-2G0,0x _
0o0r

05 (6~ 90)2905—9(11RR+Q0R)
0-2G0,(0-0,) (
00(0-60)

E=ux

At the equilibrium,

(E-EY) _

nF
n=eRT Z_O6290(00R*aoo)+29R(aRR*a0R) = 00;35*2690+9(5+G)

R o
EY is the surface standard potential (¢
E is the potential applied

Note that 6, and 6 are the values in the absence of alternative po-
tential, at the equilibrium potential. To comply these conditions, (1)
the experimental scan rate (v) must be lower than the electron-transfer
rate constants (k) (k_‘:, - 0), and (2) the AC perturbation (E,:) needs to

be small (see § 2.1). This places the system under Nernstian conditions
around the equilibrium potential (i.e. at Ep¢ or (E; + v-t)).

It should be noted that Rct and Cads are not constant, but depend
on the surface coverage of reduced and oxidized species, the interaction
parameters and the o parameter.

3.2. The experimental approach of Creager and Wooster and its limitations

Based on Laviron’s results, the Creager and Wooster’s approach
[10,26,27] uses the Randles equivalent circuit (Fig. 3), the most adapted
for modelling a redox-active monolayer immobilized on electrode sur-
face. Depending on the potential applied, the Randles equivalent circuit
has two operating boundary conditions: an OFF state when no faradaic
process occurs (itot = iCdl = ioff = Ippsin(Wt + @) and an ON state
when faradaic contribution is predominant and delivers a maximum al-
ternative current (itot,,,, = (Cdl + if).x = ion = Ipysin Wt + @op)).

By plotting the ratio of the magnitude of the peak current (Ipy) to the
magnitude of the background current (Io) of experimental AC voltam-
mograms as a function of the logarithm of the frequency (f), a sigmoid
curve is obtained, describing a cut-off phenomenon, which can be used
to estimate k, by a fitting procedure. The resulting admittances of the
circuit are:

Yopp = wCdl = 2zfCdl

Vo = w \/ Cads’ CdF Rer'w+Cads’ +2CadsCdl+Cdl _ 5, gy

Cads’Refw2+1

_ Cads
andp=1+ Cdl

The Ion-to-Ioff ratio can be expressed as:

Tov _ Yo
lorr  Yorr

(8

S

./ .
p can be seen as the ratloIOO—FNF when - - 0, as previously demon-
0

strated.

In the particular case studied by the authors, without interaction
between immobilized species and for a = 0.5, the ACV peak potential
(Eon) at Iy (i.e. the DC component of the potential applied), is located
at E” whatever the frequency (Fig. 4) and at this potential 0,y = g

_ _ 9 Ret= 2RT _ n’FAT,,.0 _ Cads
,E=2, =3, ¢ nZFZAFkaOB’CadS_Tand”_1+ ol
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Fig. 4. ACV currents obtained at (A) f = 1Hz and (B) f = 500Hz (' = 5.10~'° mol.cm~2, ko = 500 s7%, Exc = 5 mV, v = 5 mv.s~!, Cdl = 10 pF). (C) Ioy/Ios ratio obtained for each tested
frequencies. The dotted line represents the best estimation obtained with fitted values: ko = 500 s™! (o, = 0.001 s~1) and Cdl = 10 pF (g = 0.001 pF).

1, . .
are constants. Consequently, I(?_FA; only depends on the ratio ki’ i.e. the
0

one which can produce the well-known cut-off phenomenon (Fig. 4),
and only two independent parameters are used to fit the sigmoid: k, and
p.

As experienced by Laviron, the consideration of interactions between
redox species induces drastic modifications on the expressions of y and &
and causes mathematical difficulties to solve equations due to the intro-
duction of exponential terms. Indeed, without interaction, and accord-
ing to previous equations, Iy reaches its maximum at a particular value
of Opoy = L which coincide with the inflection points of y (maximum)

and ¢ (minimum) vs. ;. In the presence of interactions, the inflection
points of y (maximum) and ¢ (minimum) are not positioned at the same
value of 6,, and according to Egs. (7) and (8), I5y needs to be maxi-
mized at each frequency with a specific couple (y; £) associated to a spe-
cific 6, on- Based on simulations of several current ratios, Fig. 5 shows
a typical example of the variation of 6, oy when frequency and interac-
tion parameter agq vary. This frequency dependence of 9, oy leads to a
frequency dependence of associated parameters &, y, Rct, Cads as well as
the peak potential Eyy, according to a specific sigmoidal trend for each
parameter.

Consequently, all these parameters, considered as constant without
interaction, vary with frequency when interactions are present, which

1
makes the Eq. (8) unusable for a fitting procedure, because [OO—FA;does not

only depends on the ratio kibut also on 6y on(-
0
Because no equation has been formulated so far to describe the vari-
ation of 6, gy as a function of frequency, the Creager and Wooster’s ap-
proach is used due to the lack of easy-to-use alternatives.

4. Results and discussion

4.1. Theoretical study

1, . . . .

In order to study the IOO_FNF ratio with frequency when interactions
are taking into account, the dependence of I,y and 6, oywith frequency
must be clearly defined.

At ON state, the Randles equivalent circuit imposes, ioy = icq + i
that can be rewritten as:

oy sin (Wt + @) = Icg sin (Wt + @cy) + Isin (wi

+ %) ©

B0 on

1e+5

le+d

1e+3

1e+2 -

£/ (Hz)

1e+5 1e+1

1e+0

1e-1
-1.0 -0.5 0.0 05 1.0

oo

Coo0o000
NGO EWN

Fig. 5. Values of 6, oy at different frequencies and interaction parameters ayo, determined numerically with Eq. (8) (6, stepwise = 0.01, ky, = 100 s~!, Cdl = 10 pF and 0 = 1).
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with

WP AT ,6 -
RT AC

- If = ——x
{chz(p—C:Sd%EAc and § <m>2+<%>2

= 205
@5 arctan( "

After simplifications (Appendix A), the magnitude of the current can
be rewritten as:

Toy = \/1/2 + 2 d g sin (@) + e = \/Xl +1ca? (10)
With

X = Ifz + 21 cq sin ((pf)

2
_ P )2 <1+2Cdl§>EAC2

2 P
1 £
(k(),}’) + (W)(
and
PP AT 6
B RT

In this expression, only theX; contribution is impacted by interac-
tion parameters and 6, (via y and £expressions). Consequently, during
an ACV experiment at a fixed frequency, Ipyis reached when the X; con-
tribution is at its maximum, i.e. at a specified 6, oy and so at a specified
potential Eqy.

Derivation of X; with respect to 6, must lead, after searching for ze-
ros, to a particular value 6, oy at which the current is maximum at a
specified frequency. The non-linearity of the equations does not allow
their full resolution and only solutions at the boundary conditions (f— 0
orf— oo ) can be calculated (Appendix B) as follow.

f

L o0

ko
Boonr0 =75

f

k%
(4 Cdl G-P)(S0-1)/ (4 Cdl G-P)* (S0-1)*+2-5:0(4-Cdl-GP)-(4-Cc
25(4 Cdl G-P)

000Nfa00 =

In addition when %* oo, some conditions are required on Cdl
(Table 1, Appendix C), to reach a maximum between O and 1
(0<0pon<D).

From Eq. (6), Eyy can be expressed as:

Eox=E + &L (i (g‘fg%) ~2Go0y+0(5+G))

RT
Eon = Eongo = 3F <1n (9_3002'/\/) +G(0-2: 900/\/))

12)

with Egypo = EY + %08 = E,, i.e. the CV peak potential in reversible

conditions.

Table 1
Conditions on Cdl to obtain 0 < 0y gy < 1.

G+1S|>0 G+1S| <0
P
0<CdI< 0<cCdl
4(G+fs1)
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The same non-linearity excludes expressing 6, oy as a function of
Eon-
In summary, no exact solution exists to describe 6, oy at each fre-
. 1 .
quency and especially around the ,OO—FA; cut-off frequency, and at this

stage, only 6, oy at the boundary conditions (f— 0 orf— o ) can be ex-
pressed.

4.2. Fitting procedures

To work around mathematical difficulties, we can nevertheless pro-
pose two different methods to determine the electrochemical elec-
tron-transfer rate constants using AV or ACV responses.

4.2.1. Fixed potential procedure

This first method is based on the Creager and Wooster’s procedure
without using the I,y current because of its 6, on(f) dependence. If the
magnitude of the total current (Itot) is recorded at a fixed value of 6,
i.e. at a fixed value of potential E, the ratio of currents only depends on
the frequency, and Eq. (8) can be adapted to:

ItOt{E,GO} 3 YtOt{E,GO}

IOFF YOF F

2

= 3 with parameters p, €, x, Rct and Cads constant
14 21
ko é{'iveo }

Particularly, if the potential selected is the peak potential (E,) of

RT

the initial cyclic voltammogram (reversible case), £ = E,= EY + WGS

, 00 = g and p, &, y, Ret and Cads calculated with Egs. (3), (4) and (5).

Very easy to implement, this method can be used with the two types of
Alternative Voltammetry (Alternative Voltammetry at a fixed potential
or Alternative Cyclic Voltammetry). The key point is the measurement
of Itot;z 5, the magnitude of the resulting sinusoidal current, which is
less easy to determine than in the case of a peak. Indeed, during an
ACV experiment, the current measured at the potential E is probably
not the maximum current of the alternating cycle wherein E is included.
Thus, either we use the maximum current closest to the potential E or
the maximum current is estimated by drawing the upper envelope of
the current. Fig. 6 highlights the principle of this procedure and shows
the results of the fit and the estimation of k, using simulated alternative
cyclic voltammograms for a,, = 1. This fitting procedure makes it pos-
sible to determine the values of k, and Cdl with a good accuracy and
precision in the case of interacting electroactive species.

4.2.2. Fitting procedure using the GLI function

Based on the General Lateral Interaction model, the GLI function has
initially been developed to fit cyclic voltammetric peaks of self-assem-
bled monolayers under Nernstian conditions for extracting characteris-
tic parameters such as the peak current (ip), the full width at half maxi-
mum (FWHM) and the peak potential (Ep.

i(E) = nzFZAvF,m,ﬂ exp(X)
RT (1+exp()())2 -2B exp(X)
Ji) 2B
X:n—(E—E)+——B
RT P nF
it veexp(~ Hr (E-E,) ) a4

A=1/0-=y-B) and y=0.399
B=G¢ () or B= GO (randomcase) and |B| <2
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Fig. 6. ACV currents obtained at (A) f = 1Hz and (B) f = 500Hz (I' = 5.107'° mol.em™2 (8 = 1), ky = 500 s7}, Exc =5 mV, v="5 mv.s™}, Cdl = 10 pF, aoo = 1). (C) Itotg, /I ratio
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(6cq = 0.001 pF).

This equation is an approximation of the ratio 9 to work around a

0
problem of mathematical recursion.
0
29 = | and E—E,
0 P

- 1 +exp (—%(E—Ep) A)
RT (9—%)
=———1In
nFa 9

The second approach proposed to determine the electrochemical
electron-transfer rate constants using ACV responses consists in follow-
ing simultaneously the ratio Ioy/Iopr and the potential Eyy when fre-
quency changes. Taking into account that Eoy .o =Ey Opon 0 = g,

(15)

and using Eq. (14), Eoy and 6y can be defined as:

RT 8 — 8oy
EON_EONf—>O=_m1n <W and 6oy
6 (16)

FA
1 +exp (—“R—T (Eon = Eom‘-.o))

Ration Iy/Iopr is unchanged and is defined as:

with &, y, Rct, Cads and p not constant but calculated with Egs. (3), (4),

(5) and with the estimation of 6, oy (Eq. (15)) at each frc_squency. Fi-

nally, as desired, the ratio 7% only depends on the ratio i
0

Torr

Fig. 7 shows the results of the fit and the estimation of k, using sim-
ulated alternative cyclic voltammograms. As in the previous case, this
fitting procedure makes it possible to determine the values of k, and Cdl
with a good accuracy and precision in the case of interacting electroac-
tive species. It should be note that the intricate mathematical problem
of the frequency dependence of Eqy and 6,y induces that only the ex-
perimental points used can be recalculated after the fitting procedure,

. L -
and thus the prediction of the ratio IOO—FNF at unmeasured frequencies is

impossible.
All the results obtained with these two fitting procedures are listed
in Table 2, and compared with those obtained with the Creager and
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Fig. 7. ACV currents obtained at (A) f = 1Hz and (B) f = 500Hz (I' = 5.107'° mol.cm™2 (0 = 1), ky = 500 s}, Exc = 5 mV, v = 5 mv.s~!, Cdl = 10 pF, aoo = 1). (C) Ion/Iosy ratio obtained
for each tested frequencies. (D) Potentials relative to each Iny, which allow to calculate first (E) 6 oy, and secondly (F) yon and épy. The best estimation obtained with fitted values is:

Ko = 500.674 571 (6 = 0.070 s71) and Cdl = 10 pF (ccg = 0.001 pF).
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Table 2
Results of the fitting processes (I' = 5.107° mol.cm™2 (0 = 1.00), ky =500 s}, E\c =5
mV, v=>5mv.s~}, Cdl = 10 pF, aoco = 1).

Simulated data ko (s™H) o (571 Cdl (pF) oot (HF)
Creager and Wooster procedure 160.8 1.4 5.010 0.010
Fixed potential procedure 500.0000 0.0010 10.0000 0.0010
GLI function procedure 500.674 0.070 10.0000 0.0010

Wooster’s procedure (without taking interactions into account). In this
particular case of simulated voltammograms, the relative differences are
68% underestimated for k, and 50% underestimated for Cdl.

4.3. Fitting experimental ACV

4.3.1. Experimental setups

The relevance of our approach was experimentally tested by graft-
ing a TEMPO derivative (C15-TEMPO) on Au substrate, known to pro-
vide very intense attractive interactions between its oxidized species
(a,, = 1) in methylene chloride. The synthesis, characterisations and
preparation of C15-TEMPO-based SAM were described in Ref. [28].

Electrochemical experiments were carried out with a Biologic
SP-300 potentiostat driven by the EC-Lab software including ohmic drop
compensation. All electrochemical experiments (CV and ACV) were per-
formed in a three-electrode cell controlled at a temperature of 293 K in
a glove box containing dry, oxygen-free (< 1 ppm) argon. Working elec-
trodes were a gold surface (A = 0.2 cm?) modified with a C15-TEMPO
SAM. Counter electrodes were platinum wires. Reference electrodes
were Ag/AgNO; (0.01 M CH5CN) in order to have a very fine deter-
mination of Eqy. Experiments were recorded in dry HPLC-grade meth-
ylene chloride with 0.1M tetrabutylammonium hexafluorophosphate
(BuyNPFg, electrochemical grade, Fluka) as supporting electrolyte.

The charge (Q) involved during a CV experiment is deduced by in-
tegration of the voltammetric signal, and the surface coverage of elec-
troactive species is calculated as I' = Q/(nFA).
4.3.1.1. Cyclic voltammograms The first step aims at estimating interac-
tion parameters of SAM. As mentioned previously, analysis of cyclic
voltammograms under reversible conditions allows the extraction of
the full width at half maximum (FWHM), peak potential (Ep) and peak
intensity (ip) which depend on the interactions (Eq. (1)).

Figs. 8 and 9 show cyclic the voltammograms of the two SAMs cov-
ered with C15-TEMPO (@ = 0.64 and 6 = 0.18). At these surface cov-
erages, interaction parameters are calculated (¢pp =1 = G= g =-S

) from the values of the FWHM, ip and E,. FO is estimated at 0.553
V vs Ag/AgNO; reference electrode. In addition, Cdl can be roughly
estimated at 1 pF by divided the capacitive current by the scan rate
(CdL = igg/V).
4.3.1.2. Alternative cyclic voltammograms The second step requires a set
of ACV experiments on the same SAMs. Each ACV experiment was per-
formed with a small amplitude voltage of 5mV (E,.), a scan rate (v) of
5mV.s~!, and an acquisition time adjusted to obtain 20 points per alter-
native cycle whatever the frequency used. Generally, three frequencies
per decade were used between 1 HZ and 1000Hz (i.e. the maximum
frequency of our instrument) to obtain the minimum number of points
needed to perform the proposed adjustment procedures.

Figs. 8 and 9 show the experimental alternative cyclic voltammo-
grams, at two frequencies (5 Hz and 200 Hz), of the two SAMs covered
with C15-TEMPO.

4.3.2. Fitting procedures apply to experimental results
: Toy 11t p-gp)
Figs. 8 and 9 show the -~ and ———extracted from the same
OFF OFF

set of ACVs. The results of the fitting procedures applied to these data
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are listed in Table 3 and Table 4, and compared to the results obtained
with the original Creager and Wooster’s procedure (i.e. without interac-
tion).

First of all, the two new procedures give fairly close results which
validates the initial models and as previously observed, the original
Creager and Wooster’s procedure is clearly not suitable for determining
ko and Cdl when interactions between redox species occur during the
experiments, i.e. when G 6 (or G ¢(6)) is not negligible. In the case of di-
luted monolayers, G 0 tends to zero and the three procedures converge,
as the theory predicts, towards quite similar results if the precision of
the measurements is taken into account. The influence of the environ-
ment, the stability of the SAM and the poorer accuracy when the cover-
age is low may explain the slight differences observed.

Second, there is little differences between the two new procedures
tested despite the fact that the GLI function is based on a model ap-
proximating the determination of 6,y. This point is interesting because
it opens up the possibility of choosing the adjustment procedure accord-
ing to the technical capacities of the instrument used (AV or ACV). The
weak point of the ACV method is the very high number of points re-
quired per experiment, which involves using a very efficient instrument.

The last important point is the good accuracy obtained in the de-
termination of Cdl, as already observed with other alternative methods,
compared to the determination with cyclic voltammetry [7,9].

5. Conclusion

Based on our previous studies on SAMs, Laviron's equations and the
initial Creager and Wooster’s approach, this work presents two general
methods to estimate the electrochemical electron-transfer rate constants
(ko) of immobilized redox probes when the intermolecular interactions
described by the general lateral interaction model are taken into ac-
count.

A thorough analysis of the AC voltammogram currents makes it pos-
sible to describe the cut-off phenomenon and to estimate k, by fitting
procedures. The accuracy and precision of the results obtained, whether
on simulated or experimental data, demonstrate the reliability of both
procedures.

This work also shows that models or mathematical treatments [29]
initially developed for cyclic voltammetry can be adapted and reused to
exploit more complex techniques.
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Appendix A. Appendix

Al Al

Iy sin (Wt + @oy) = Iy sin (W + @cg)) + Irsin (wt
+ )

According to trigonometric formula

sin(a + b) = sin(a) cos (b) + cos (a) sin (b)
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Fig. 8. Experimental CV and ACVs C15-T self-assembled monolayer (I' = 3.2.10'° mol.cm™2 (0 = 0.64), aoo = 1) in 0.1 M Bu,NPF¢/CH,Cl, at 293 K.Top) A) CV at v =100 mV.s!
(Ep = 0.536 mV vs Ag/AgNO;), and ACVs (E,c =5 mV, v =5 mv.s~1) at B) 5 Hz and C) 200 Hz.Bottom) (D) I,y/Io ratio obtained for each tested frequencies. (E) Potentials relative
to each Iy, which allow to calculate first 6, oy, and secondly (F) yoy and égy. The best estimation obtained with fitted values is: ky = 292.1 s7! (6o = 14.7 s7!) and Cdl = 0.983 pF

(6cq = 0.011 pF). (G) Itots/Iopy ratio obtained at the potential E = E,, for each tested frequencies. The dotted line represents the best estimation obtained with fitted values: ko = 333.2
57! (oyo = 20.9 s71) and Cdl = 1.019 pF (o = 0.015 pF).Note: to facilitate the calculation, the point at 10° Hz is a theoretical point.
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Fig. 9. Experimental CV and ACVs C15-T self-assembled monolayer (I' = 0.9.107'° mol.cm™2 (0 = 0.18), aoo = 1) in 0.1 M Bu,NPF¢/CH,Cl, at 293 K.Top) A) CV at v =100 mV.s™!
(Ep = 0.552 mV vs Ag/AgNO;), and ACVs (Exc =5 mV, v=5 mv.s™!) at B) 5 Hz and C) 200 Hz.Bottom) (D) Ioy/Iogy ratio obtained for each tested frequencies. (E) Potentials relative
to each Ipy, which allow to calculate first 6, oy, and secondly (F) yoy and &oy. The best estimation obtained with fitted values is: ky = 298.3 s~! (6o = 37.1 s™1) and Cdl = 1.149 pF
(6cq = 0.035 pF). (G) Itot s/ Iopr ratio obtained at the potential E = E,, for each tested frequencies. The dotted line represents the best estimation obtained with fitted values: ko = 279.7
571 (oyo = 20.7 s71) and Cdl = 1.095 pF (o4 = 0.020 pF).Note: to facilitate the calculation, the point at 10° Hz is a theoretical point.

Table 3
Results of the fitting processes (I' = 3.2.107° mol.em™2 (8 = 0.64), Ex\c=5 mV, v=35
mv.s~!, aoo = 1).

Experimental data ko) oG CA P oy (WF)
Creager and Wooster procedure 148.1 7.3 0.6692 0.0076
Fixed potential procedure 333.2 20.9 1.019 0.015
GLI function procedure 292.1 14.7 0.983 0.011

Table 4
Results of the fitting processes (I'=0.9.107° mol.em™ (0 = 0.18), Ex\c=5 mV, v=5
mv.s~!, aoo = 1)

Experimental data ko (571 oo (571 Cdl (uF) oepr (HF)
Creager and Wooster procedure 248.9 31.0 1.046 0.032
Fixed potential procedure 279.7 20.7 1.095 0.020
GLI function procedure 298.3 37.1 1.149 0.035
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Appendix B. Appendix

B.1. Case

+—>2(1+
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s e G
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Lo

ko
Ay and Ay,>0

00(6-80)

This limit depends on the ratio % = m(see Eq. (5)), i.e.

depends on 6,
This function is null at 6, =0 and 6, =0, is always positive for
0p€]10; 0 [, and thus presents a maximum at 0, oy. The root of the

6o — derivative of % is equal to 6 gy, i.e. the particular value at which %
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and X; are maximized.
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B.2. Case
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These results invalidate this hypothesis.
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