Journal of Electroanalytical Chemistry 819 (2018) 502-510

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem

Probing the Fe" ¥ /Fe™ ~ ¥ redox potential of Fe phthalocyanines and Fe | M)

Check for

porphyrins as a reactivity descriptor in the electrochemical oxidation of s
cysteamine

Nataly Silva™", Sebastian Calderén®, Maritza A. Paez”, Maria P. Oyarztn®, Marc T.M. Koper™",
José H. Zagal™"
@ Laboratorio de Electrocatdlisis, Departamento de Quimica de los Materiales, Facultad de Quimica y Biologia, Universidad de Santiago de Chile, Casilla 40, Correo 33,

Santiago 9170022, Chile
P Leiden Institute of Chemistry, Leiden University, PO Box 9502, 2300 RA Leiden, The Netherlands

ARTICLE INFO ABSTRACT

The M™*/M®™ ~ D* redox potential of MN4 macrocyclic molecular catalysts is a very good reactivity descriptor
for several electrochemical reactions. One important feature about this reactivity descriptor is that it can be
determined experimentally under the same conditions of the kinetic measurements in contrast to other de-
scriptors like intermediate binding energies that are estimated from DFT calculations. However a linear corre-
lation between both descriptors seems to exist. Plots of activity as (logj)g at constant E versus the M * /M® ~ D+
redox potential gives volcano correlations. Another important aspect about this parameter is that it is possible to
tune the M */M® ~ D+ redox potential of the MN4 catalyst by manipulating the structure of the macrocyclic
complex and tailoring the electron-withdrawing power of the ligands to obtain the maximum activity. In this
work we have probed the redox potential as a reactivity descriptor for the oxidation of cysteamine studying a
series of substituted Fe phthalocyanines and Fe porphyrins adsorbed on glassy carbon and pyrolytic graphite in
alkaline media. As expected the catalytic activity of these FeN4 species varies strongly with the Fe (II)/(I) redox
potential of the different Fe phthalocyanines and a plot of activity as (logj)r versus E°Fe(Il/I) gives a volcano-
shaped correlation so a formal potential value exists for which the highest activity can be achieved demon-
strating that the formal potential of the complexes seems to be an universal reactivity descriptor for electro-
chemical reactions.
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manuscript to a very outstanding
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reorganizational energies involved. They are very versatile materials
that catalyze a series of electrochemical reactions when confined on the

1. Introduction

Reactivity descriptors and activity volcano correlations are very
important issues in the fundamentals of electrocatalysis as they estab-
lish reactivity guidelines for developing and creating more active
electrocatalytic surfaces for specific electrochemical reactions, espe-
cially as these sort of reactions are involved in fuel cells, air batteries
and several industrial electrochemical processes. Professor Roger
Parsons made very important contributions in this field [1,2] and it is
with pleasure that we dedicate this manuscript to his memory, espe-
cially as we will discuss some reactivity descriptors for MN, macro-
cyclic metal complexes that belong to the class of molecular catalysts.
Macrocyclic MN, complexes such as metallophthalocyanines (MPcs)
and metalloporphyrins (MPs) possess extended electronic m-system
capable of undergoing fast reversible electron-transfer processes cen-
tered on the metal and on the ligand [3,4] due to the very low
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surface of carbon and graphitic materials and their activity has been
discussed in many publications [4-20]. Electrocatalytic reactions are
inner-sphere electron transfer processes as they involve the formation
of a covalent bond between the reactant/intermediate and some atom
or active site on the electrode surface and this facilitates electron
transfer due to the overlap of frontier electronic molecular orbitals. This
is not the case for outer-sphere reaction and their kinetics are in-
dependent of the nature of the electrode [3]. For the case of metal
electrodes (an alloys) a classical an important reactivity descriptor is
the binding energy of the reacting molecule or some reaction inter-
mediate to the metal site [1,2,21-27]. For the particular case of MN,
metal complexes this is also valid for the reduction of O, [28] but little
work has been done along these lines for other reactions [4]. However
an interesting reactivity descriptor of MN, macrocyclic complexes is the
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M"*/M®™ ~ D* redox potential. In general it involves the M(IIL)/(II)
and M(II)/(I) redox couples depending on the reaction. For some re-
actions the onset potential appears very close to the M™*/M® ~ D+
redox potential so this parameter acts as a switch since only one of the
oxidation states of the metal is catalytically active. When the potential
of the electrode containing these catalysts is scanned so the over-
potential increases, as soon as traces of the active species start to form
as a result of the applied potential, the reaction commences [29]. The
interesting thing about this reactivity descriptor is that it can be mea-
sured under the same conditions of the experiment, i.e. with the metal
complexes confined on the surface of a suitable rather inert electrode
like graphite or glassy carbon, in contact with the electrolyte that is
used for the kinetic measurements. In general it is believed that the
active site for many reactions is the M(II) state. In contrast, the M(III)
state is inactive so for reduction reactions like O, reduction the M(III)/
(II) redox potential determines the onset for the reaction as the reaction
occurs on incipient M(II) species that start to form during the negative
potential scan. The opposite is true for oxidation reactions where the M
(ID/(D) redox potential determines the activity. In this work we want to
probe the Fe(II)/(I) redox potential as an activity descriptor for the
oxidation of cysteamine. Cysteamine is a biologically relevant molecule
[30] and active electrodes for the electrooxidation of cysteamine can
potentially serve as electrochemical sensors for detecting this biologi-
cally important molecule [31-38]. Cysteamine is an aminothiol which
has the formula HSCH,CH,NHo. It is the simplest aminothiol and also it
is a drug used to treat cystinosis as it depletes L-cystine that can build up
in cells of people that suffer from this disease.

2. Experimental
2.1. Materials

The iron (II) 1.2.3.4.8.9.10.11.15.16.17.18.22.23.24.25-hex-
adecacloro-29H.31H-phthalocyanine (16(Cl)FePc), iron (II) 2.9.16.23-
tetra(amino) phthalocyanine (FeTAPc), iron (II) 2.9.16.23-tetra(nitro)
phthalocyanine (FeTNPc), iron (II) 5.10.15.20-(tetra-4-methox-
yphenyl) porphyrin chloride (FeTMeOP), iron (III) 5.10.15.20-(tetra-4-
pyridyl) porphyrin chloride (FeTpyP) were obtained from PorphyChem,
and iron phthalocyanine (FePc) was obtained from Sigma Aldrich. All
the metal complexes were used as provided.

Multi-walled carbon nanotubes (MWCNTs) were acquired from
Dropsens (diameter 10 nm. and length of 1-2pm). MWCNTs were
purified in 37% HCI solution for 5 days and then refluxed for 5h. fol-
lowed by thoroughly washing with water. Acetone, N.N di-
methylformamide (DMF) (analytical grade), NaOH and cysteamine
(=98.0%) were provided by Sigma-Aldrich. Electrolyte solutions were
prepared with MilliQ water (Millipore. Inc.).

2.2. Preparation of hybrid materials between MWCNTs and iron complex

The hybrid materials between FePc or FeP complex and MWNTC
were obtained using methodologies reported previously [39]. MWCNTs
were dispersed in phthalocyanines (1 mgmL~!) by sonication for
30 min. The suspensions were left to rest for 24 h. at room temperature
and were then filtered and washed with the corresponding solvent and
ethanol to remove any excess of the complex. The solid was dried in an
oven at 40 °C for 24 h. Finally MWCNTs + MPc suspensions in DMF
(1 mg mL™ ') were prepared.

2.3. Electrochemical measurements

The working electrode (Pine Instrument) was a glassy carbon elec-
trode (GC) with a geometrical area of 0.196 cm?. We also used a pyr-
olytic graphite electrode (OPG) to characterize the Fe" */Fe™ ~ D+
redox processes of the adsorbed complexes. The cyclic voltammograms
obtained with OPG were similar to those obtained when using glassy
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carbon but the cyclic voltammetry profiles were better defined on OPG.
A platinum spiral wire and Ag/AgCl, 3 M electrode were used as the
auxiliary and reference electrodes respectively. Electrochemical mea-
surements were performed on a Bas CV-100W Voltammetric Analyzer
using a conventional three-compartment glass cell. The electrolyte was
a N, saturated 0.1 M NaOH solution at a temperature of 25 °C.

Cyclic voltammetry (CV) were used to verify the correct functio-
nalization of the electrodes. Slow linear sweep voltammetry
(0.05 Vs~ 1) was used to determine the polarization curves for the
oxidation of cysteamine on the different electrodes studied.
Polarization curves were obtained in N, saturated solutions. Scan rate
0.005Vs~ .

2.4. Preparation of modified electrodes

Before each experiment the surface of the GC electrode was me-
chanically polished with alumina suspension followed by ultrasonic
treatment in purified water for 2 min and dried with nitrogen flow. GC
was modified with different metal phthalocyanines or metal porphyrins
placing a drop (10 pL) of the 1-10~ * M solutions of the complexes or
1mgmL~"' of the hybrid materials. All the complex solutions were
prepared using DMF. For all modifications the electrodes were thor-
oughly washed with DMF to eliminate any excess of the complex.

3. Results and discussion

Fig. 1 illustrates the structures of Fe phthalocyanines and Fe por-
phyrin bearing different substituents on the ligand used in present
work. The purpose of using different substituents on the ligand is to
affect or tune in different ways the electron density on the Fe center,
depending on whether these groups are electron-donating or electron-
withdrawing compared to the —H group in the un-substituted Fe
phthalocyanine.

All these complexes were tested with the macrocyclics pre-adsorbed
on ordinary pyrolytic graphite electrodes as the response on OPG gives
better defined redox peaks than in GC. The response of the clean OPG is
rather flat, except at around — 0.15 V where a very weak signal can be
observed and can be attributed to redox processes involving quinonic
groups or other functionalities that exists at defects of the graphite
surface [40]. When the electrode is modified with different FeN4
complexes two distinct signals are observed in the potential range from
— 1.6 to 0.2 V: signal 1 is attributed to the Fe(II)/(I) reversible couple
whereas signal 2 is assigned to the Fe(II)/(II) reversible transition. It is
important to point out that recently it has been suggested that signal 1
could be also attributed to a reversible charge transfer process occur-
ring on the ligand without the involvement of the Fe center as Fe(I[)Pc/
Fe(Il)Pc ™! [41] so this possibility cannot be discarded. As expected, as
the electron-withdrawing power of the groups located on the ligand
increases the redox processes shift in the positive direction. Electron-
withdrawing groups on the ligand lower the energy of the electronic
orbitals of the complex including the frontier orbital from where the
electron is removed. So more energy (more positive redox potential) is
required to remove that electron for the d-character frontier orbital of
FeNy.

Fig. 3 shows a series cyclic voltammograms similar to those of il-
lustrated in Fig. 2 but with the Fe complexes pre-adsorbed on MWCNTs
and the MWCNT deposited on OPG. The response is essentially similar
and the redox processes are not affected much by the nature of the
supporting substrate whether its OPG or MWCNTs. It is important to
comment that the MWCNTs were modified with the Fe complexes se-
parately before incorporating the MWCNT to the OPG substrate. The
MWCNTs contribute to increase the amount of FeN4s on the electrode
by a factor of ca. 10 compared to the amount of complexes adsorbed on
the smooth OPG surface. As a consequence the currents observed for the
MWCNT/FeN, hybrid electrodes are much larger and nearly 10 times
more intense than for the OPG/FeN, electrodes.
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Fig. 1. Structures of the studied iron complexes (phthalocyanines and porphyrins) bearing different substituents.
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Fig. 2. Cyclic voltammograms of a OPG electrode modified with FePs and FePcs and
recorded in deaerated, N, saturated 0.1 M NaOH aqueous solution. Adapted from Fig. 6

[39]. Scan rate 0.1 Vs~ .
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Fig. 3. Cyclic voltammograms of a GC electrode coated with MWCNT modified with FePs
and FePcs and recorded in deaerated, N, saturated 0.1 M NaOH aqueous solution.
Adapted from Fig. 6 [39]. Scan rate 0.1 Vs~ .
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Fig. 4. Cyclic voltammograms of FePc adsorbed on GC and OPG electrodes (NaOH 0.1 M,
N, saturated solution; scan rate = 0.1 Vs~ ') (a). Polarization curves for the oxidation of
5 mM cysteamine on GC and OPG electrodes modified with FePc (0.1 M NaOH, N, sa-
turated; scan rate 0.005 Vs~ !, rotation rate = 1000 rpm) (b).

Fig. 4a compares the potentiodynamic response of two kinds of
electrodes modified with FePc: OPG and glassy carbon (GC). We wanted
to compare these two types of electrodes as especially scientists
working in electroanalysis more commonly use GC than OPG in the
literature. The figure on the left shows the responses of both FePc/OPG
and FePc/GC. The CV curve of FePc/OPG is more flat than that of FePc/
GC and less capacitive. Both redox processes are well defined on OPG.
In contrast GC shows higher capacitive currents and less defined redox
processes. This difference can be attributed to the less homogeneous
and more open structure of GC compared to OPG [42]. Fig. 4b shows
the polarization curves for these two electrodes when 5 mm of cystea-
mine is added to the electrolyte. The polarization curves on both
electrodes are very similar but the intensity is different. The maximum
current for FePc/OPG is 460 pA whereas for FePc/GC is only 300 pA
and the lower response could attributed to the lower total concentration
of FePc compared to OPG as evidenced by the weaker redox signals of
FePc/GC shown on the cyclic voltammograms in Fig. 4a. The polar-
ization curve was obtained on a rotating disk electrode and the absence
of a typical diffusional plateau can be attributed to the oxidation center
from Fe (II) to Fe (IMOH™~ at E = — 0.1 V which is not far from
— 0.2 V. the current maximum in the polarization curve. The (III) state
has no catalytic activity because the active sited is blocked by adsorbed
OH™. This has been observed for other electrochemical reactions
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Fig. 5. Polarization curves of the oxidation of 5 mM cysteamine in 0.1 M NaOH for GC
electrode modified with FeTAPc and MWCNT/FeTAPc. The formal potentials of FeTAPc
are indicated by dotted lines. Scan rate = 0.005V s~ .

catalyzed by FeN4 complexes like the oxidation of i-cysteine and glu-
tathione [39] where the thrill group RSH is oxidized to RSSR and cy-
steamine is not an exception. This type of behavior is also illustrated in
Fig. 5 where the polarization curves for the oxidation of cysteamine
were obtained on a smooth GC electrode modified with FeTAPc and on
GC modified with MWCNTs modified with FeTAPc. The maximum
current for the FeTAPc/MWCNT/GC electrode is about 10 times larger
than that obtained with the FeTAPc/GC electrode so again a factor of
ca. 10 is observed for the currents obtained when using MWCNTs and
can be attributed to a 10 times larger concentration FeTAPc per geo-
metric area compared to the smooth FeTAPc/GC electrode, assuming
that the reaction is first order in [Fe(I)N4].4.

Fig. 6 illustrate the polarization curves obtained on a GC electrode
modified with the iron macrocycles (a) and the corresponding hybrids
(b). It is observed that every curve has a maximum current that quickly
drops at more positive potentials and this was discussed before for
Fig. 5 so for all catalysts, inhibition is observed at potential where Fe
(IIDOH starts to form on the electrode surface and this is also observed
for the electrodes having carbon nanotubes. In the latter case the drop
in the currents is less pronounced when MWCNTs are present.

Fig. 7 shows Tafel plots obtained with data taken from the zone of
kinetic control. It is observed in Fig. 7 that these slopes are similar to
one another for most of the FePcs while values for FePs are almost
double and could attributed to a change in mechanism that will be
discussed further on (see Table 1). A similar analysis can be done from
Fig. 4b where the data was obtained with the complexes adsorbed on
carbon nanotubes. The slopes values of ~0.060 V/decade are found for
FePcs while FePs show values of > 0.120 V/decade. The Fe porphyrins
show the lowest activity of all complexes studied.

As discussed in the introduction the Fe(II)/(I) redox potential is a
good reactivity descriptor and the catalytic activities can be compared
versus this parameter. Fig. 8 shows a plot of (logj)g at a constant po-
tential (0.3 V) versus the formal potential of the Fe(II)/(I) redox couple
of each catalyst. The correlations in Fig. 8 have the typical volcano
shape of plots of the activity of metal electrodes versus the binding
energy of intermediates to the active site [2,23,24]. In previous work
[28] when comparing the activity for O, reduction of a great variety of
MN, complexes we have found that the M(III)/(I) formal of the cata-
lysts correlates with the M—O, binding energy in a linear fashion. It is
possible and this will be checked in future work that the binding en-
ergies of cysteamine to different MN4 complexes also correlate in a
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Fig. 6. Polarization curves obtained from oxidation of cysteamine 5 mM in = 0.1 M NaOH on electrodes of (a) GC modified with FePcs and FePs; and (b) GC modified with MWCNT/FePcs
and MWCNT/FePs. N-saturated solution; scan rate: 0.005 V s~ ', Rotation rate: 1000 rpm.

linear fashion with the formal potential of the catalyst.

There are two zones clearly defined: a rising region which corre-
sponds to the FePs complexes and a falling one where FePcs are located.
In this trend, hypothetically complexes with formal potentials near the
summit of the volcano should present higher activity for the cysteamine
oxidation reaction so once more, this illustrates the concept we have
proposed before that it is possible to “tune” the formal potential of a
MN4 catalyst in order to obtain the maximum activity. However, in our
case there are two catalysts on one side of the volcano correlation,
specifically FeTMeOP and FeTPyP that have Fe(IlI)/(II) formal poten-
tials that are far too negative compared to the potential chosen for
comparing activities, i.e. — 0.3V so at this potential not all surface
confined FeN4 catalyst are in the Fe(II) active form. The surface cov-
erage of Fe(Il) as a function of the Fe(Ill)/(IlI) and Fe(I)/(I) formal
potentials is given by the Nernst equation for adsorbed species, as-
suming ideal behavior.

6(Fe(ID))
_ exp(F (E — EJ;)/RT) 1
[1 + exp(F (E — Ejj;)/RT)] [1 + con~exp(F (E — Efyy;)/RT)]

(€8]

— 0.3V can be calculated for FeTMeOP and FeTPyP
and on GC/MWCNT. When the complexes are

O(Fe(Il)) atE =
adsorbed on OPG

confined on GC for FeTMeOP 6(Fe(Il)) = 10~ %748 and for FeTPyP 6(Fe
(I)) = 10~ *5. When the complexes are confined on GC/MWCNTs for
FeTMeOP 6(Fe(ID)) = 10~ 7°! and for FeTPyP 6(Fe(Il)) = 10~ >%,
These very low values of 6(Fe(I)) indicate that the low activities of Fe
porphyrins can be attributed to a very low surface concentration of Fe
(II) active sites and explains the volcano correlation. These two com-
plexes appear on the “strong adsorption” side of the volcano correlation
and their low activity cannot be attributed to the classical explanation
of low coverage of Fe[lI] free sites due to thermodynamically favour-
able adsorption of RS- radicals on the Fe(II) sites but simply to a shift in
the RSq)~ + [Fe(IDN4laq < [Fe(IDN4RS]ag + e equilibrium to the
reactants side due to a very low concentration of [Fe(I[)N4].q4 species.
An interesting correlation is obtained if the currents for these two
porphyrins are divided by O[Fell] at that particular potential. The
volcano correlations in Fig. 8 become straight lines and the interesting
thing is that the slopes for GC/FeN4 and GC/MWCNT/FeN4 electrodes
are —0.090 V and — 0.129 V/decade respectively which are close to
the theoretical value of — RT/B’F (— 0.118 V/decade) assuming that
the Bronsted coefficient = 0.5. The low activity of FeTMeOP and
FeTPyP is then attributed to the fact that most of the catalyst at the
potential of comparison is in the wrong oxidation state of Fe(III)OH and
its low activities are due to the strongly bound OH™ 1 to the Fe(Il)
center that prevents cysteamine molecules to interact with the active

W FePc > 025 B FePc
5.0 : 16(Cl)FePc <4< a R : 16(Cl)FePc b
FeTAPc FeTAPc
<
¥V FeTNPc B 0304 W FeTNPe f:g,»”»
<« FeTMeOP <<< g = <« FeTMeOP ,4
_ P FeTPyP < »,» . _ P FeTPyP P
O < G o O -0.35- ‘:{"
> .0.35 e > . >
< < . - <
~ 44 : .0 “‘ ~
=2 < > . A 2 040
< <« > ° u A < -
” » o%n 14 0 wnn®
= > N 1 v’ = amn® "
> b me®a 4 vv' > -0.45- L
= -0.40 1  Nat v -~ A q0°
L [] Y 'V L AA A AA..O.
N v’ 050 A A AL Go0
= Ae v : Ak A A o
A v¥ A AA oe?® _— wY
L, &
= -0.55 - s LA
v
-045 T T T T T T T T T T T T T
56 54 52 50 48  -46 44 42 50 48 46 -44 42 40 38
; -2 ; 3
logj/Acm logj/Acm

Fig. 7. Tafel slopes obtained from polarization curves for oxidation of cysteamine 5 mM in NaOH 0.1 M on GC electrodes modified with (a) FePcs and FePs; (b) MWCNT + FePcs and

MWCNT + FePs (b).
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site.

We may develop a simple model for the catalyst dependence of the
rate of cysteamine oxidation following Parson's original ideas [1] as-
suming the following mechanism, in which RHS represents cysteamine:

RSH(aq) + OH_(aq) < RS_(aq) + H,0 2)
RS (aq) + [Fe(ID)NyJags < [Fe(IDNy — RS]ags + €~ 3)
21 a GC/FeN4
—~
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2 RS — RSSR %)

where we assume that the final product of cysteamine electrooxidation
is the cysteamine disulfide. In this mechanism, we assume that the Fe
(I) state of the adsorbed phthalocyanine or porphyrin is the catalyti-
cally active state (Fig. 9).

If the pH is constant and higher than the pK, of RSH, ¢(RHS,q)) = ¢,
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Fig. 9. Log (j/6) (E = — 0.3 V) versus E”Fe(1I1)/(1) formal potential of the catalyst for the electro-oxidation of cysteamine using GC electrodes modified with (a) FePcs y FePs; (b) with

MWCNT/FePcs and MWCNT/FePs.
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Fig. 10. Simulated for the potential dependence of OFe(II), of the polarization curves for
cysteamine oxidation and the volcano correlation. n = 2, F = 96,485 C/mol, T = 298 K,
kscon™ =10, Es° =0V, ¢ = 0.005, ky =3 X 107°, E,° = — 0.3V, Ep,°= —0.9V,
Emm® = —0.4V.

where is the c is the weighed concentration of RSH, and applying the
steady-state approximation to the concentration of the active inter-
mediate [Fe(I[)N4-RS].q4s in Egs. (2) and (3), the following expression
for the overall current density is obtained:

Jj = nFk,(E, AGyas)corr6 [Fe(IDN4-RS]

= nFk, (E, AGyuas)con~
kads (E7 AGads)ce [FE(H)]

kads (E, AGads)ce [Fe (H)] + kdes (E: AGad:) + kr (E9 AGads)COH7 (6)
where
kads (E: AGads) = k2 eXp(“ZF(E - EZO)/RT) exp(_ﬁzAGads/RT) (7)

kdcs (E’ AGads) = kzeXP(—(l - O‘Z)F(E - EZO)/RT) eXP((l - ﬁz)AGads/RT)
(®

©)

O[Fe(I)] represents the fraction of catalytic sites in the active Fe(II)

kr (E’ AGadS) = k} exp(a3F(E - E30)/RT) EXP((l - ﬁ3)AGadS/RT)

Table 1
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state, AGgqs is the binding free energy of the RS- intermediate to the
active state of the catalyst, k.5 and kg, are the rate constants of reac-
tion (2), and k, is the rate constant of reaction (3), and E,° and E5° are
the corresponding standard equilibrium potentials. In Egs. (6)-(8), we
have assumed that all electron transfer reactions follow the Butler-
Volmer rate law with transfer coefficients a;, and that all reactions in-
volving the adsorbed catalytic intermediate depend on its binding free
energy following the Brgnsted relation with Brgnsted coefficients f; (as
originally suggested by Parsons [1]). In what follows, we will assume
that all @; and §; are constant and equal to 0.5 and we will write them as
a and .

In the limit of weak adsorption, AGug > 0 and kges > kygs, Ky, the
current is given by

j = nFkyexp(—F (aEY + E{)/RT) exp((1 + &) FE/RT) exp(—BAGqqs/RT)
(10a)

or, if k, > kags, Kdes:

j = nFlyexp(aF (E — EJ)/RT) exp(—BAGaqs/RT) (10b)

In the limit of strong adsorption, AGug <0 and kggs > kges > ki,
O[Fe(IDN4 - RS] = 1 and the current is given by

j = nFlzexp(aF (E — EY)/RT) exp((1 — B)AGuqs/RT) (11)

Expressions (10a), (10b) and (11) are the limiting expressions for
the two legs of the volcano, with the maximum of the volcano given
approximately by the intersection of Egs. (10a), (10b) and (11):

AGys ~ F(E — E9) (12a)

ke

3COH™

AGys ~ aF (EY — EJ) + RTIn (12b)

Note that the Tafel slope is different on both sides of the volcano. In
the limit of strong adsorption, the Tafel slope is predicted to be In10RT/
aF = 0.120 V/dec. In the limit of weak adsorption, Eq. (10a) predicts a
Tafel slope of In10RT/(1 + @)F = 0.040 V/dec and Eq. (10b) a Tafel
slope In10RT/aF = 0.120 V/dec.

If we assume a linear relation between the binding energy of the RS-
intermediate and the Fe(II)/(I) redox transition, AGags = FEy,° + C
(i.e., a more negative Ey;,° implying a stronger binding of the RS- in-
termediate), similarly to the linear correlation between M—O, binding
energy and the M(III)/M(II) formal potential of the MN, catalyst ob-
served for oxygen reduction [28], the linear correlations of the volcano
plot can be expressed as a function of Ey;,,° as:

Jj = nFk'exp(—BFEIf,;,/RT) (13)

j = nFk"exp((1 + B)FE},;/RT) (14)

However, in the case of very negative redox potentials, the Fe(III)/
(II) redox transition also comes into play, lowering the fraction of
catalytically active sites O[Fe(II)] with more positive potential, leading
to the observed inhibition at higher potentials (see Figs. 4b, 5, and 6).
Egs. (1) and (6) together model the current-voltage curves and
the volcano dependence of the cysteamine oxidation on Fe

Formal potential of Fe(I)/(I) and Fe(III)/(II) processes of complexes deposited on OPG and on GC/MWCNT. Onset value of the polarization curve.

Complex OPG/FeN4 complex GC/MWCNT/FeN4 complex
E”Fe(1D)/(1) E*Fe(111)/(I) Onset/V Tafel slope/V E”Fe(11)/(1) E*Fe(111)/(I) Onset/V Tafel slope/V

FePc —0.624 -0.177 —0.405 0.064 —0.684 -0.171 —0.490 0.059
16(Cl)FePc - 0.307 —0.055 —0.421 0.110 —-0.272 —0.061 —0.542 0.098
FeTAPc —0.642 —-0.237 —0.415 0.075 —0.605 —0.266 —0.554 0.055
FeTNPc —0.610 —0.255 —0.463 0.089 —0.660 —0.256 —0.576 0.061
FeTMeOP —1.388 —0.639 —0.339 0.122 —1.365 — 0.655 —0.355 0.154
FeTPyP -1.181 —0.506 —0.392 0.170 —1.200 —0.538 —0.355 0.118
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phthalocyanines. Fig. 10 shows some typical curves for representative
values of the various model parameters, offering a semi-quantitative
modeling of the experimental observations.

4. Conclusions

In this manuscript we demonstrate once more that the M"*/
M® = D+ formal potentials of MN, macrocyclic molecular catalysts are
very good reactivity descriptors for cysteamine electrooxidation and
also for several electrochemical reactions. Most likely this parameter is
a universal reactivity descriptor for redox mediators as in homogeneous
redox catalysis [43]. One remarkable feature about this reactivity de-
scriptor is that it can be easily determined experimentally under the
same conditions of the kinetic measurements in contrast to other very
good descriptors like binding energies of intermediates that need to be
estimated from DFT calculations. Plots of activity as (logj)g at constant
E versus the M" */M™ ~ P+ redox potential give volcano correlations
for both Fe(I)/(I) and Fe(III)/(II) formal potentials. It is possible to tune
the M */M® ~ D* redox potential of the MN4 catalyst by tailoring the
electron-withdrawing character of the ligand of the macrocyclic com-
plex to obtain the maximum activity. The catalytic activity of these
FeN, species varies exponentially with the Fe (II)/(I) and Fe(III)/(II)
redox potentials and plots of activity as (logj)z versus E°Fe(II/I) and
E°Fe(Ill/1I) give volcano-shaped correlations for all electrodes, i.e. GC/
FeN4 and MWCNT/GC/FeN, configurations so a formal potential value
exists for which the highest activity can be achieved. However, the
maximum observed is not related to a value of AG,4° = 0 as in classical
activity volcano correlations but to a low surface concentration of Fe(II)
active species for complexes having E° formal potentials close or more
negative than the potential of the electrode at which activities are
compared. It is interesting to note that for classical volcano correlation
the hypothetical maximum activity is observed at ca. Fe(I)6 = 0.5, i.e.
half of the active sites are occupied with adsorbed RS- molecules. In the
present case the maximum should be close to a situation where 6Fe(II)
= 0.5, i.e. where I'rear) = I'reamas in the peak cyclic voltammogram
and this would correspond to a hypothetical catalyst having E°qqn,
m = E’max = E, where E is the electrode potential, i.e. — 0.3V in this
case. This value is very close the potential at which the maximum
currents are observed in Fig. 8 and in the simulated volcano of Fig. 10.
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