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Abstract 
 

A series of Co(III) corrole complexes were tested as catalysts for the electroreduction 

of dioxygen to water. Cyclic voltammetry and rotating ring–disk electrode voltammetry 

were both used to examine the catalytic activity of the cobalt complexes in acidic media. 

Altogether twenty-nine related compounds were examined. 

 A simple monocorrole represented as (Me4Ph5Cor)Co, a face-to-face biscorrole 

complex, (BCY)Co2, linked by an anthracene (A), biphenylene (B), 9,9-

dimethylxanthene (X),  dibenzofuran (O) or dibenzothiophene (S) bridge and a face-to-

face porphyrin–corrole, (PCY)Co2, containing a Co(II) porphyrin (P) and a Co(III) 

corrole (C) linked by one of the above rigid spacers (with Y = A, B, X, O) provided a 

direct four-electron pathway for the reduction of O2 to H2O.  

The catalytic reactivity of seven heterobinuclear cofacial porphyrin–corrole 

complexes (PCY)MClCoCl, M being either an iron(III) or manganese(III) ion were 

examined and compared on one hand to related dyads with a single Co(III) corrole 

macrocycle linked to a free-base porphyrin with the same set of linking bridges, 

(PCY)H2Co, and on the other hand to dicobalt porphyrin–corrole dyads having the 

formula (PCY)Co2. The data indicates that the E1/2 values where electrocatalysis is 

initiated is related to the initial site of electron transfer, which is the Co(III)/Co(II) 

porphyrin reduction process in the case of (PCY)Co2 and the Co(IV)/Co(III) corrole 

reduction in the case of (PCY)MnClCoCl, (PCY)FeClCoCl and (PCY)H2Co. The overall 

data also suggests that the catalytically active form of the biscobalt dyad in (PCY)Co2 

contains a Co(II) porphyrin and a Co(IV) corrole. 
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Finally, a series of dicobalt cofacial porphyrin–corrole dyads bearing substituents at 

the meso positions of the corrole ring were tested for the electroreduction of dioxygen. 

The examined compounds are represented as (PMes2CY)Co2, where Y = 9,9-

dimethylxanthene (X), dibenzofuran (O), or diphenylether (Ox). The catalytic behavior of 

the three investigated cofacial porphyrin–corrole dyads was compared to two cobalt 

corrole complexes possessing different meso-substituents, (F5PhMes2Cor)Co and 

(TPFCor)Co with F5PhMes2Cor = 10-(pentafluorophenyl)-5,15-bis(2,4,6-

trimethylphenyl)corrole and TPFCor = 5,10,15-tris(pentafluorophenyl)corrole, 

respectively. The overall data shows that meso-substitution of porphyrin-corrole dyads 

disfavors the four-electron pathway and a Co(IV)/Co(III) corrole reduction process is 

involved in the reduction of dioxygen. 
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The molecular oxygen reduction reaction (ORR) is one of the most important 

reactions in electrochemical energy conversion1 (such as hydrogen-oxygen fuel cells and 

metal-air batteries) and biological energy conversion.2 This reaction provides the 

maximum energy when the oxygen molecule is directly reduced to water (eq. 1). An ideal 

electrocatalyst for fuel cell applications should reduce oxygen by four electrons directly 

to water in acidic media (eq. 1) at a potential near the thermodynamic value of 1.23 V 

and avoid formation of potentially destructive intermediates such as superoxide or 

hydrogen peroxide (eq. 2). A platinum-based oxygen cathode in a fuel cell has a working 

potential below 0.8 V so that there is a 400 mV potential loss. This large overpotential 

loss has generally been attributed to the adsorption of high-energy reaction intermediates, 

mainly Pt-OH,3 which slow down the overall reaction.4 The inhibition of O2 reduction 

caused by OH– adsorption on Pt is still the most limiting factor in the energy conversion 

efficiency of the proton exchange membrane fuel cell (PEMFC). 

O2 + 4H+ + 4e-    2H2O                       E0 = 1.23 V         (eq. 1) 

O2 + 2H+ + 2e-    H2O2                        E0 = 0.68 V         (eq. 2) 

From the catalytic point of view, the ORR on a Pt electrode has attracted the most 

attention because Pt and Pt-alloys are still the most active catalysts for low-temperature 

fuel cells. Significant research efforts are actively pursuing a better catalyst for the ORR, 

or trying to reduce the amount of Pt catalyst needed for fuel cell operation. Many kinds of 

catalysts such as nanoparticles,5 inorganic and organometallic complexes,6 transition 

metal oxides,7 alloys,8-10 enzymes,11-13 quinones,14-16 pyrazine derivatives17 and 

viologens18 have been investigated with a view toward increasing the efficiency of the 

electrochemical reduction of O2.  Among these catalysts, metal complexes with 
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macrocyclic ligands such as porphyrins and phthalocyanines that contain four nitrogen 

donors (i.e., metal-N4 chelates), adsorbed on carbon and heat treated, are expected to be 

alternates to the conventional carbon-supported platinum catalyst19 and a great deal of 

effort is focused on understanding mechanistic aspects of the electrocatalytic reduction of 

dioxygen by these molecular catalysts.20-25 

The first report of a metal macrocyclic complex as an oxygen reduction catalyst was 

made by Jasinski in 1964.26 He observed that cobalt phthalocyanine dispersed on graphite 

was an effective catalyst for dioxygen reduction in alkaline solution. Since that time, a 

wide variety of macrocyclic complexes have been studied as possible electrocatalysts for 

the reduction of O2.6 Cobalt and iron derivatives have attracted the greatest attention. 

These catalysts have been observed to reduce O2 to H2O2 and/or H2O. In all known 

examples of monomeric catalysts, H2O2 is either the final product or an intermediate in 

the formation of H2O. Until recently, the direct four-electron reduction of O2 to H2O has 

only been observed for dimeric dicobalt cofacial porphyrins which reduce oxygen at very 

positive potentials without H2O2 formation.27  

The catalysis of multielectron redox reactions involving small gaseous molecules 

such as O2 is extraordinary challenging from a kinetic point of view despite the fact that 

the thermodynamic potentials for the overall multielectron change may be favorable. In 

nature, metalloenzymes efficiently transform dioxygen, nitrogen or hydrogen during 

multielectron redox reactions. For instance, cytochrome c oxidases (cyt. c)  [Enzyme 

Commission number E.C. 1.9.3.1], which are the terminal enzymes of the respiratory 

chains of both eukaryotic mitochondria and bacteria,2,28 catalyze the four-electron, four-
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proton reduction of molecular oxygen to water (eq. 3) without releasing one-electron or 

two-electron reduced products (O2
–• and H2O2, respectively).2  

 

4cyt. c Fe(II) + 4H+ + O2  →  4cyt. c Fe(III) + 2H2O                          (eq. 3) 

 

Large membrane-bound metalloenzymes such as cytochrome c oxidases harness the 

free energy from oxygen reduction to pump protons across the cytoplasmic or 

mitochondrial membranes.28 The resulting proton concentration and electrostatic 

potential gradient generated across the membranes drive the synthesis of ATP (adenosine 

triphosphate),2,28 the universal energy source for many cellular processes. Heme-copper 

oxidases catalyze 95% of molecular oxygen reduction in the biosphere.29 Understanding 

the structure and function of this enzyme superfamily has been the focus of intense 

biochemical, spectroscopic,30 X-ray crystallographic,31-33 and biomimetic modeling 

studies.2,27,30,34-37 The X-ray structures of cytochrome c oxidases have revealed that the 

catalytic site of the enzyme is a bimetallic complex of heme a and Cu (Fea3/CuB) (Figure 

1-1). 

A number of synthetic Fea3/CuB analogues have been synthesized to mimic the 

coordination environment of the Fe/Cu core as well as the catalytic function of the four-

electron reduction of O2.30,37 The use of models that mimic a protein active site 

(prosthetic group) is normally prompted by the desire to eliminate any influence of the 

polypeptide backbone surrounding the active site in real biological molecules, which may 

obscure its physico-chemical properties. The first synthetic analogue for the oxygen 

binding site in cytochrome c oxidases was reported by Collman et al.38 The authors also
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Figure 1-1. Structure of the fully reduced (heme a3/CuB) active site of bovine cytochrome 

c oxidase. The O2 binding and reduction site of cytochrome c oxidase contains a high-

spin histidine-ligated heme (heme a3) and a tricoordinated copper atom (CuB) in close 

proximity, Fe…Cu = 5.19 Å. (Reproduced from ref. 32).  
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reported a functional model of the enzyme that consisted of a copper(I) complex 

covalently bound above a cobalt(II) porphyrin36 or an iron(II) porphyrin29,39,40 in a well-

defined geometry. The model compounds catalyze the selective and complete four-

electron, four-proton conversion of dioxygen to water at pH 7.3 without releasing 

partially reduced peroxide (or superoxide) intermediates. The mechanism by which 

cytochrome c oxidase effects the four-electron reduction of O2 to water without releasing 

the two-electron reduced species (H2O2) has yet to be understood. Comparison of the 

catalytic reactivities of the biomimetic complexes in the FeCu and Cu-free forms indicate 

that Cu does not significantly affect the turnover frequency or the stability of the catalyst 

and does not improve catalysis.40-43 The O2 binding to Fe at one end and to Cu at the 

other is not necessary, and only the iron porphyrin itself has been reported to be essential 

for the four-electron reduction of O2.37  

It has been shown that metallo-diporphyrins are potentially good functional models of 

cytochrome c oxidases27,37,44,45 since dicobalt bisporphyrins efficiently electrocatalyze the 

direct four-electron reduction of O2 to water27,34 as well as π-stacked monocobalt 

porphyrins adsorbed on graphite electrodes.46-51 The first simplified functional model of 

cytochrome c oxidases with activity as a four-electron catalyst, (FTF4)Co2 where FTF4 = 

face-to-face porphyrin dimer with linking groups of four atoms, was the subject of many 

studies devoted to understand the key steps of the catalytic reduction of dioxygen.52 

Available evidence supports the idea that the catalytic reaction pathway involves O2 

binding in the well-defined cavity between the cofacial metalloporphyrin and undergoes 

reduction without the intermediate release of H2O2 from the cavity.34 Another class of 

efficient four-electron dioxygen reduction catalysts includes complexes of singly linked 



 7

dicobalt cofacial bisporphyrins, occasionally referred to as “pillared” diporphyrins (DP) 

where the two macrocycles are bridged by anthracene (DPA) or by biphenylene 

(DPB).34,53-55 More recently, cofacial bisporphrins anchored by xanthene (DPX) and 

dibenzofuran (DPD) pillars were examined.56-58 The direct four-electron reduction of 

dioxygen by these systems is based on the ability of the bridge to provide a bimetallic 

cleft of proper size and flexibility (Pacman effect) to efficiently accommodate reaction 

intermediates during catalysis.59  In addition, cofacial Pacman porphyrins containing one 

cobalt and one Lewis acidic metal were prepared and studied.60,61 Among some of them, 

(DPA)CoLu(acac), (DPB)CoLu(acac) and (DPA)CoSc(OH) where Lu(III) or Sc(III) 

replace Co(III), have shown to promote the direct reduction of dioxygen to water.61  

One large drawback of the bisporphyrin systems, in addition to the multi-step, high-

cost and tedious syntheses of the bimetallic complexes, is the fact that the mixed-valent 

Co(II)/Co(III) species, is catalytically active toward O2 reduction, needs to be chemically 

or electrochemically generated via a one-electron oxidation of the starting biscobalt(II,II) 

species. Therefore, the synthesis of cofacial dimers leading directly to mixed-valence 

Co(II)/Co(III) complexes represents a challenge. 

The chemistry of corroles has been considerably developed during the past fifteen 

years. This interest stems from their ability to coordinate metal ions in higher oxidation 

states than porphyrins due to the reduced size of the macrocyclic cavity compared to 

porphyrins and the presence of three NH groups as compared to two in the porphyrins. At 

this time more than twenty metal ions have been inserted into the corrole cavity.62 Some 

metallocorroles have been shown to possess catalytic activity for epoxidation,63 

cyclopropanation64 or aerobic oxidations.65 However, their catalytic behavior towards the 
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reduction of dioxygen had not been examined in detail. To understand the effect of 

corrole macrocyles on the multielectron reactivity of dicobalt cofacial systems towards 

dioxygen, Guilard and coworkers have synthesized a series of cobalt(III) corrole 

complexes in which the nature and the length of the macrocycle-macrocycle connectivity 

is varied (Figure 1-2).66-70  
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Figure 1-2. Structures of biscorroles and porphyrin–corroles with different spacers. 

 

The main difference between the cobalt corroles and previously studied cobalt 

porphyrins is the oxidation state of the metal ion. The uncharged mono- and 

bisporphyrins contain Co(II) ions while the neutral porphyrin-corrole dyads, contain a 

Co(III) corrole linked to a Co(II) porphyrin. In contrast, the biscorrole dyads contain only 

Co(III) ions. Early studies from the Guilard/Kadish group indicated that the mixed valent 
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Co(II)/Co(III) porphyrin-corrole dyad (PCA)Co2 (A = anthracenyl bridge) coordinates 

strongly O2 in air-saturated organic solution to give a µ-superoxo adduct at low 

temperature as evidenced by its fifteen-line ESR spectrum.71 A similar dicobalt face-to-

face anthracenyl bridged bisporphyrin, (DPA)Co2,54,72,73 is able to catalyze the four-

electron electroreduction of O2 in acidic media and it was of interest to examine the 

catalytic properties of the cobalt corrole derivatives. 

  

Outline of the Dissertation 

The aim of this dissertation is to investigate the electrochemical properties and 

catalytic behavior toward O2 of cobalt corrole as well as biscorrole and porphyrin–corrole 

systems covalently linked by a rigid spacer in a cofacial configuration. The nature of the 

bridge, the effect of the substituents and the influence of both the macrocycle and the 

metal ions and their relationship with the selectivity of the oxygen reduction are 

investigated. 

Chapter 2 starts with a brief introduction to cobalt porphyrins and cobalt corroles and 

gives their main electronic and spectroscopic properties along with their binding 

properties in nonaqueous solutions. The second part of this chapter reviews their use for 

electrochemical oxygen reduction. Emphasis is placed on the reduction of O2 at bare 

electrodes and the catalytic reduction of O2 by metalloporphyrins. 

Chapter 3 presents the chemicals used (solvents, supporting electrolytes) as well as 

the compounds which have been investigated in this thesis. The electrochemical 

techniques used to examine these compounds are briefly reviewed. 

The discussion of the research carried out in the context of the present dissertation 
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starts with Chapter 4. Three series of cobalt(III) corroles are tested as catalysts for the 

electroreduction of dioxygen to water. One is a simple monocorrole represented as 

(Me4Ph5Cor)Co, one a face-to-face biscorrole linked by an anthracene (A), biphenylene 

(B), 9,9-dimethylxanthene (X), dibenzofuran (O) or dibenzothiophene (S) bridge, 

(BCY)Co2 (with Y = A, B, X, O or S) and one a face-to-face bismacrocyclic complex, 

(PCY)Co2, containing a Co(II) porphyrin and a Co(III) corrole also linked by one of the 

above rigid spacers (Y = A, B, X, or O). Cyclic voltammetry and rotating ring–disk 

electrode voltammetry were both used to examine the catalytic activity of the cobalt 

complexes in acid media. 

Chapter 5 deals with the electrocatalytic reduction of dioxygen by three face-to-face 

linked porphyrin-corrole represented as (PCY)H2Co where Y = X, A, or B. The 

compounds are investigated as to their ability to catalyze the electroreduction of dioxygen 

in aqueous 1 M HClO4 or HCl when adsorbed on a graphite electrode. 

In Chapter 6, a series of heterobinuclear cofacial porphyrin–corrole dyads containing 

a Co(IV) corrole linked by one of four different spacers in a face-to-face arrangement 

with an Fe(III) or Mn(III) porphyrin are examined as catalysts for the electroreduction of 

O2 to H2O and/or H2O2 when adsorbed on the surface of a graphite electrode in air-

saturated aqueous solutions containing 1 M HClO4. The examined compounds are 

represented as (PCY)MIIIClCoIVCl where P = a porphyrin dianion, C = a corrole trianion 

and Y = a biphenylene (B), 9,9-dimethylxanthene (X), dibenzofuran (O) or anthracene 

(A) spacer. The catalytic behavior of the seven investigated dyads in the two 

heterobimetallic (PCY)MClCoCl series of catalysts is compared on one hand to related 

dyads with a single Co(III) corrole macrocycle linked to a free-base porphyrin with the 
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same set of linking bridges, (PCY)H2Co, and on the other to dicobalt porphyrin-corrole 

dyads of the form (PCY)Co2 which are shown to efficiently electrocatalyze the four 

electron reduction of O2 at a graphite electrode in acid media.   

In Chapter 7, a series of dicobalt cofacial porphyrin–corrole dyads bearing 

substituents at the meso positions of the corrole ring are tested for the electroreduction of 

dioxygen to water in air-saturated aqueous solutions containing 1 M HClO4. The 

examined compounds are represented as (PMes2CY)Co2, where Y = 9,9-

dimethylxanthene (X), dibenzofuran (O), or diphenylether (Ox). The catalytic behavior of 

the three investigated cofacial porphyrin–corrole dyads is compared to two cobalt corrole 

complexes possessing different meso-substituents, (F5PhMes2Cor)Co and (TPFCor)Co 

with F5PhMes2Cor = 10-(pentafluorophenyl)-5,15-bis(2,4,6-trimethylphenyl)corrole and 

TPFCor = 5,10,15-tris(pentafluorophenyl)corrole, respectively. 

Chapter 8 summarizes the important findings of this dissertation. 
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Chapter 2: Background 
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2.1 Porphyrin and Corrole Macrocycles 
 

2.1.1 The Four-Orbital Model 

Figure 2-1 shows the structures of porphyrin and corrole macrocycles whose atoms 

are labeled according to the IUPAC numbering system.74,75 The geometry of the π 

aromatic systems of porphyrin and corrole is planar with D4h and C2v symmetry, 

respectively. Porphyrins are rigid tetrapyrrolic macrocycles that, after the loss of the inner 

protons, can serve as dianionic ligands (porphyrinato ligands), presenting four nitrogen 

atoms in a square-planar arrangement to metal ions located in their center. There are 12 

positions on the peripheral porphyrin ring which can be substituted by an electron-

withdrawing or electron-donating group. Generally, substitution occurs at the four 

identical meso positions (which refer to the carbon methinyl bridge), or at the eight 

identical β positions on the pyrrole rings, but many compounds with substitution at both 

positions are also known.  

Corroles are “contracted porphryins”, i.e., they are tetrapyrrolic, fully conjugated 

macrocycles containing three methine bridges and one direct pyrrole–pyrrole bond 

(Figure 2-1). The genesis of this macrocycle is related to Johnson’s approach to the 

synthesis of Vitamin B12, because the corrole ring was proposed as a precursor of the 

cobalt corrin core of the B12 coenzyme.76 Both porphyrins and corroles contain aromatic 

18 π-systems that are in conjugation with two or one peripheral double bonds, 

respectively. The 18 π-system in the contracted framework of corroles is maintained by 

the change of the oxidation state of one nitrogen atom. Three pyrrole-type nitrogen atoms 

and one imine-type nitrogen atom thus line the central cavity of a corrole as compared to 
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two nitrogen atoms of each type in a porphyrin. Consequently, corroles are slightly 

smaller trianionic N4-donors as compared to the dianionic N4-donating porphyrins. 
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Figure 2-1. Structures of porphyrin and corrole highlighting their aromatic 18 π-electron 

systems. 

Gouterman first proposed the four-orbital model in 1961 to explain the electronic 

spectra of porphyrins and metalloporphyrins (Figure 2-2).77 The HOMOs were calculated 

to be two near-degenerate π orbitals  (a1u and a2u), while the LUMOs were calculated to 

be a set of degenerate π* orbitals (eg). The a1u orbital has nodes at all four meso positons 

whereas the a2u orbital has high coefficients at these sites. The electronic absorption 

spectrum of a typical porphyrin consists of a strong transition at about 400 nm (the Soret 

band or B band) and a weak transition at about 550 nm (the Q band). The B and the Q 

bands arise from the coupling of the two π-π* transitions (configurational 

interaction).78,79 The Q bands are the result of the transition dipoles nearly canceling each 

other out, therefore resulting in a weaker absorbance whereas the higher energy Soret 
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transition results from a linear combination of the two transitions with reinforcing 

transition dipoles and is therefore very intense. The number and type of electron-donating 

or electron-withdrawing substituents at the β-pyrrole and meso positions of the 

tetrapyrrolic macrocycles can greatly affect the magnitude of the HOMO-LUMO gap.80,81 

This will also result in a shifting of the UV-visible Soret bands of the macrocycle. In 

addition to electronic perturbation of the substituents around the π ring system, the steric 

repulsion between the porphyrin ring and bulky substituents can lead to a “ruffling” of 

the macrocycle. The resulting deformation of the planar π-conjugated ring system will 

affect the optical and electrochemical properties of the macrocyle in solution as observed 

for zinc complexes containing substituted tetraphenylporphyrin81 and dodecaphenyl-

porphyrin.82 

Gouterman’s four-orbital model can also be applied to corrole systems (C2v 

symmetry).83 There are two HOMOs, a2 and b1, which are near-degenerate, and two 

LUMOs, also a2 and b1. The a2 and b1 HOMOs of the corrole are close analogues of the 

a1u and a2u porphyrin HOMOs, respectively, i.e., the a2 corrole orbital has very little to no 

amplitude at the meso positions, while the b1 has a large amplitude at these positions, as 

does the porphyrin a2u orbital. Comparisons between corrole and porphyrin spectra 

indicate that the four-orbital model can be used to interpret electronic transitions between 

the frontier orbitals.84 These transitions generate intense Soret bands located at low 

wavelengths and relatively low intensity Q-bands at higher wavelengths. 
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Figure 2-2. Porphyrin HOMOs (bottom row) and LUMOs (top row) in a D4h symmetry.77   
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2.1.2 Redox Properties of Metal Complexes of Porphyrin and Corrole 

Macrocycles 

Porphyrins and corroles contain an extensive 18 π-electron aromatic system and form 

stable complexes with a variety of metal ions.85 The metal complexes of these 

macrocycles in solution can bind one or two axial ligands and undergo metal-centered, 

macrocycle-centered, and/or axial ligand-centered redox reactions.80,86,87 The 

measurement of redox potentials for these compounds can provide information on the 

frontier molecular orbitals of both tetrapyrrolic ligands as well as the degree of 

interaction between the metal and the π orbitals of the ligand. The measured redox 

potentials often depend on the type and oxidation state of the central metal ion, the nature 

of the macrocycle and substitution on the macrocycle periphery, as well as the type and 

number of axial ligands and the solvents conditions.88 Fine tuning of the redox potentials 

has often been achieved by varying these factors. 

In an electrochemical experiment, the HOMO represents the orbital from which an 

electron is removed (oxidation) and the LUMO represents the orbital to which an electron 

is added (reduction). Therefore, the difference between the first oxidation and first 

reduction potential, E1/2(Ox1) – E1/2(Red1), can be related to the HOMO-LUMO gap. 

This piece of data will provide an important link between electrochemical, spectroscopic 

and structural properties of the molecule. There are two main sites of electron transfer 

from/to the HOMO or LUMO levels on metal complexes of tetrapyrroles. One involves 

oxidation and reduction of the conjugated macrocyclic ring and results in production of 

π-cation radicals or π-anion radicals. The other involves electron transfer to or from the 
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metal ion and results in a change in the metal oxidation state.81 For instance, the 

electrochemistry of tetraphenylporphyrin (TPP) or octaethylporphyrin (OEP) 

macrocycles indicates that both compounds are stepwise oxidized or stepwise reduced by 

two electrons at the π-ring system to give π-cation radicals and dications or π-anion 

radicals and dianions. A similar HOMO-LUMO gap of 2.25 ± 0.15 V is observed for 

both macrocycles and this constant separation in potentials between half-wave potentials 

has often been used as a diagnostic criteria to distinguish macrocycle-centered reactions 

from metal-centered ones.  

In 1992, Kadish and coworkers89 reported the first comprehensive study involving 

both the electrochemical oxidation and reduction of metallocorroles. Electrochemical 

studies of corroles62 have demonstrated significant shifts in E1/2 for reduction or oxidation 

of these species as compared to metalloporphyrins containing the same metal central ion. 

The metallocorroles are generally harder to reduce and easier to oxidize than 

metalloporphyrins with the same central metal ion and this is due to the fact that the 

formal charge on the macrocycle is -2 in the case of porphyrin and -3 in the case of 

corroles. The corroles in many cases will also undergo three ring-centered oxidations, 

giving a corrole trication as compared to only two ring-centered oxidations in the case of 

the analogous porphyrins, which form only dications under the same solution 

conditions.62,67 The electrochemically determined HOMO-LUMO gap was measured as 

2.20 ± 0.15 V for a series of 10 different octaethylcorroles which is similar to the 

HOMO-LUMO gap observed for planar porphyrins containing octaethylporphyrin (OEP) 

or tetraphenylporphyrin (TPP) macrocycle (vide supra).80 
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2.1.3 Cobalt Corrole and Cobalt Porphyrin Complexes 

2.1.3.1 Electronic structure 

The structural differences between corroles and porphyrins is reflected in their altered 

metal-coordination properties. The smaller trianionic corrolato ligand has a greater ability 

to stabilize higher central metal oxidation states than the larger dianionic porphyrinato 

ligand. This property has driven an intense investigation of transition metal corrole 

complexes. A number of different monomeric corroles and metallocorroles have been 

synthesized90,91 and their electrochemical properties have also been examined 

extensively.62,67,81 Cobalt corroles are by far the most studied metallocorrole complexes. 

Several papers relative to these derivatives have appeared in the literature,26,62,67,70,92-97 

since the pioneering work of Johnson and coworkers in the early 1970s.76 

Due to its strong ligand field, a corrolato macrocycle stabilizes the Co(III) oxidation 

state whereas porphyrins stabilize cobalt atoms in the +2 oxidation state.62,67,81 The cobalt 

atom in [(corrolato)3−CoIII] complexes (Co3+ d6) is isoelectronic with the iron atom in 

Fe(II) porphyrin complexes (Fe2+ d6). A quantitative study of the structure and electronic 

properties of cobalt corroles using density functional theory showed that the Co d 

configuration is in the ground state 3A2g is (dxy)2 (dz2)2 (dπ1)1 (dπ2)1 (dx2–y2)0 (where the 

orbitals labeled as dπ1 and dπ2 refer to the dxz + dyz and dxz – dyz combinations).98 The 

singlet state (S = 0) shows the same configuration, with an antiparallel alignement of the 

electrons in the last two π orbitals. This is the same ordering of spin states and the same 

metal d configuration as were found for Fe(II) porphyrins,99,100 the only difference being 
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the smaller energy differences between the spin states of Fe porphyrin. Therefore, both 

spin states (S = 0 or 1) might be easily observed in solution for Co(III) corroles 

depending on the solvent nature.95  

 

2.1.3.2 Cobalt(IV) corrole complexes 

One important feature of tetrapyrrolic ligands is their “non-innocent”, i.e., redox-

active nature. The large electron-rich π-systems of tetrapyrrolic ligands are readily 

capable of providing an electron to the central metal which reduces the formal oxidation 

state of the metal and generates a ligand π-cation radical. In the case of the singly 

oxidized cobalt(III) corrole complexes giving [(corrolato)Co]+, a reversible 

intramolecular electron transfer, or valence tautomerism,101 between the cobalt ion and 

the redox-active ligand (Figure 2-3) could generate two electronic isomers in solution 

(valence tautomers) with different charge distributions. 
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Figure 2-3. Redox equilibrium of [(corrolato)CoIV]+ complexes. 

 

The oxidized cobalt complex observed may be a true Co(IV) complex with a 

trianonic corrolato ligand [(corrolato)3−CoIV]+ or a Co(III) complex with a dianionic 

radical corrolato ligand [(corrolato)2−•CoIII]+. The type of axial ligand bound to the metal 
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center can change the site of electron transfer and one example is given for the case of 

(OEC)CoIII (Figure 2-4, OEC is the trianion 2,3,7,8,12,13,17,18-octaethylcorrole) and 

(OEC)CoIV(C6H5) in CH2Cl2.62,102 The σ-bonded complex has spin density on the cobalt 

dyz orbital (Co(IV) character) and on the macrocycle (π cation radical character).103 The 

complex undergoes a Co(IV)/Co(III) transition at E1/2 = –0.23 V in CH2Cl2, 0.1 M TBAP, 

but this metal-centered process is not observed for (OEC)Co which formally contains a 

Co(III) ion and is oxidized to a Co(III) π-cation radical as opposed to a Co(IV) species 

under the same solution conditions.62  

NN

N N
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(OEC)Co (Me6Et2Cor)Co 

Figure 2-4. Structures of alky-substituted cobalt corroles. 

 

Other examples of high-valent cobalt(IV) corroles have been reported70,97,104 and the 

structure of one of the derivatives determined by X-ray diffraction.70 Electrochemistry 

experiments, carried out on a large variety of cobalt metallocorroles, have demonstrated 

that the +4 oxidation state is easily available and readily stabilized by the binding of 

anionic halides (see below).  
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2.1.3.3 π-π interaction in supramolecular dimers and pyridine-binding 

properties of cobalt(III) corroles 

Most radicals dimerize to form a two-center, two-electron bond. However, many 

delocalized radicals associate to form cofacially aligned π-dimers or π-stacks in 

condensed phases.105 The principal driving force for π-dimerization arises from orbital 

overlap of SOMOs with π-symmetry which are delocalized over several atoms, and the 

strength of π-dimerization tends to be low (often reversible in solution) compared to σ-

bond formation. The unconventional bonding in π-dimers has attracted considerable 

interest, and radical ion π-stacks are of central importance to a range of solid-state charge 

transport and magnetic phenomena.  

Metallocorroles form π-stacked dimers in the solid state.62,69,106 They are also able to 

form singly or doubly oxidized π-π dimers upon the abstraction of one or two electrons in 

CH2Cl2 or other noncoordinating media.92,107,108 One example is given for the case of 

(OEC)M (M = Co, Ni, Cu) which exists as a monomeric species in its neutral or singly 

reduced forms but dimerizes after electrooxidation in CH2Cl2.107 The first two oxidations 

of the Co, Ni, and Cu corroles involve the reversible stepwise abstraction of 1.0 electron 

per two (OEC)M units and lead to [(OEC)M]2
+ and [(OEC)M]2

2+, which are assigned as 

π-π dimers containing oxidized corrole macrocycles and divalent central-metal ions on 

the basis of the electrochemical and spectroscopic data.107 The ESR spectrum of  

[(OEC)Co]2
+ in frozen CH2Cl2 at 77 K has a major line at g┴ = 2.40 with a weak signal at 

g|| = 1.89 and is typical of a Co(II) ion in a square planar geometry. The doubly oxidized 



 23

dimer, [(OEC)Co]2
2+, is ESR silent in CH2Cl2 or PhCN, thus suggesting that the two 

unpaired electrons of the two Co(II) ions in [(OEC)Co]2
2+ are coupled.  

The electrochemical behavior of (OEC)Co is similar to what was later reported for 

alkyl- and aryl-substituted Co(III) corroles.92,108 The investigated compounds contain 

methyl, ethyl, phenyl, or substituted phenyl groups at the eight β-positions of the corrole 

macrocycle. Each cobalt corrole undergoes four reversible oxidations in CH2Cl2 

containing 0.1 M tetra-n-butylammonium perchlorate and exists as a dimer in its singly 

and doubly oxidized forms. The difference in potential ∆ox(2–1) between the first two 

oxidations is associated with the degree of interaction between the two corrole units of 

the dimer. The largest ∆ox(2–1) value of the investigated compounds was obtained for 

(Me6Et2Cor)Co (0.62 V) (Figure 2-5) and this can be associated with a strong interaction 

between the two equivalent redox centers in the singly oxidized compound.108 

A detailed electrochemical study of dimer formation as a function of solvent and 

corrole macrocyclic structure was reported.92 A series of alkyl- and aryl-substituted 

cobalt(III) corroles with four, five or seven β-substituted phenyl groups were examined in 

CH2Cl2, PhCN, THF, and pyridine (py) which has the largest donor number of 33.1 

among the four investigated solvents. The interaction between the two macrocycles in the 

monooxidized dimer depends on the solvent donicity, the specific substituents on the 

macrocycle, and the axial binding strength of the complex. The formation of dimers 

occurs more easily in solvents having the lowest donor numbers (e.g., CH2Cl2 and PhCN) 
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Figure 2-5. Cyclic voltammograms of 2.0 × 10-3 M (Me6Et2Cor)Co, 3.0 × 10-3 M 

(Et8Cor)Co, 2.0 × 10-3 M (Me2Et2Ph4Cor)Co, and 1.5 × 10-3 M (Me4Ph5Cor)Co in 

CH2Cl2, 0.1 M TBAP. (Reproduced from ref. 108). 
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with the only exception being the cobalt corrole compound (Me4Ph5Cor)Co having a 

phenyl group at the 10-meso position of the macrocycle which might hinder dimerization 

of the singly oxidized complex. In contrast, little or no dimerization of the same series of 

corroles occured in solvents with higher donor numbers (e.g., THF or pyridine), and this 

was explained in the case of pyridine by the formation of five- and six coordinated 

Co(III) complexes108 which sterically hinder the possibility of stacking. Pyridine binding 

constants were obtained for all examined cobalt(III) corroles by spectroelectrochemistry 

and the values of log K1 range from 3.78 to 5.48, while log K2 values range from 2.00 to 

2.38.108 The bispyridine adduct of the neutral compounds in pyridine undergoes a 

reversible ring-centered one-electron oxidation to form a corrole cation radical which 

retains the two bound pyridine axial ligands. In contrast, the metal-centered reduction of 

the corroles was irreversible in pyridine and proceeds via the unreduced monopyridine 

adduct to give an unligated cobalt(II) corrole as the final reduction product.92  

 

2.1.3.4 Reactions of cofacial cobalt biscorroles and porphyrin-corroles with 

pyridine, chloride and CO 

The electrochemistry, ligand binding reactions, and spectroscopic properties of 

biscorroles and porphyrin-corrole dyads containing redox-active metal centers (see 

Figure 1-2 in Chapter 1) have been examined by Guilard and Kadish.67,69-71,92,93,95-

97,104,108-111 These have included bis-copper,95 bis-nickel,110 and bis-cobalt 

derivatives.109,111 The synthesis and characterization of free-base porphyrins linked to a 

cobalt(III) corrole104,112 and heterobimetallic dyads containing iron(III) or manganese(III) 

porphyrins linked in a face-to-face arrangement with a cobalt(IV) corrole have also been 
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reported.97,104 The cobalt complexes are represented as (BCY)Co2, (PCY)Co2, 

(PCY)H2CoIII, and (PCY)MClCoIVCl where BC = biscorrole, PC = porphyrin-corrole, M 

= MnIII or FeIII, and Y is a bridging group, either biphenylenyl (B), 9,9-

dimethylxanthenyl (X), anthracenyl (A), or dibenzofuranyl (O) (Figure 1-2). 

2.1.3.4.1 pyridine binding 

The electrochemistry and thin-layer spectroelectrochemistry of the above (BCY)Co2, 

(PCY)Co2, (PCY)H2CoIII and (PCY)MClCoIVCl dyads have been examined in 

pyridine,67,97,109,111 a solvent known to coordinate to both the porphyrin and corrole metal 

centers, thus giving complexes with one to four axially bound ligands depending upon the 

type of metal ion in the macrocycle, the metal oxidation state, and the type of spacer 

linking the two macrocycles. Cobalt(III) but not cobalt(II) corrole binds pyridine, and the 

coordination number of CoIII in pyridine can be unambiguously assigned on the basis of 

electrochemical and spectroscopic data. An intense absorption band at 600 nm assigned 

to CoIII(py)2 is observed in the UV-vis spectra of cobalt(III) corrole monomers108 but this 

band is not observed for (PCB)H2Co97 which indicates that the cobalt(III) center of the 

dyad binds a single pyridine ligand in solution as well as in solid state, as shown by the 

structure of the complex.112 In constrast, (PCX)H2Co was characterized as a bispyridine 

adduct, (PCX)H2Co(py)2, in the solid state,94 while (PCA)H2Co and (PCX)H2Co were 

shown to exist as a mixture of five- and six-coordinate cobalt(III) pyridine adducts in 

pyridine solutions97 and (PCO)H2Co was clearly a six-coordinate CoIII species in 

pyridine.97 In comparison, biscobalt biscorroles and porphyrin-corrole dyads form five- 

and six-coordinated complexes depending on the pyridine concentration in solution. The 
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coordination of four pyridine molecules to the two cobalt macrocycles occurs upon going 

from a CH2Cl2/pyridine solution with 10-3 M pyridine to neat (12 M) pyridine in the case 

of (BCA)Co2.111 The pyridine binding properties of (BCB)Co2, (BCO)Co2, (BCX)Co2 

and (BCS)Co2 were also examined in CH2Cl2/pyridine mixtures.111 The biscorroles with 

shorter spacers have the two macrocycles in closer proximity to each other and thus 

exhibit a greater π-π interaction which results in smaller binding constants for the first 

ligand addition which was proposed to occur on the outside of the bismacrocycles. The 

same behavior is also observed for porphyrin-corroles and this is consistent with the K1 

values for pyridine binding which increase in the following order: (PCB)Co2 < (PCA)Co2 

< (PCO)Co2 for the three porphyrin-corrole dyads and (BCB)Co2 < (BCS)Co2 < 

(BCX)Co2 ≈ (BCA)Co2 ≈ (BCO)Co2 for the five biscorrole complexes.111 

A change in the cobalt corrole coordination number with change in the porphyrin 

metal oxidation state is observed both for (PCB)FeClCoCl and (PCB)MnClCoCl. The 

species present in pyridine are [(PCB)FeIIIClCoIII(py)]+ and [(PCB)MnIII(py)2CoIII(py)]+, 

respectively. The reduction of  [(PCB)MnIII(py)2CoIII(py)]+ to [(PCB)MnII(py)CoIII(py)] 

is accompanied by the appearance of a 600 nm band in the UV-vis spectra and is 

consistent with the addition of a second pyridine ligand to the CoIII(py) unit of the dyad 

as one ligand is lost from the electrogenerated manganese(II) porphyrin, thus maintaining 

one pyridine ligand in the cavity. In contrast, the [(PCB)FeIIIClCoIII(py)]+ species is 

reduced to [(PCB)FeII(py)2CoIII(py)2] which contains two pyridine ligands in the cavity.97 

In the case of the PCX, PCA and PCO derivatives, the nature of the porphyrin center (M 

= 2H, FeIII, FeII, MnIII or MnII) has no influence on the coordination number of CoIII 

which binds two pyridine ligands in solution. 
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2.1.3.4.2 chloride binding 

The electrochemistry of Co(IV) dyads containing Mn(III) or Fe(III) porphyrins was 

investigated in benzonitrile and the cyclic voltammograms were generally similar to each 

other.70 The reduction of (PCY)MClCoCl (M = Fe(III) or Mn(III)) in benzonitrile 

containing 0.1 M tetra-n-butylammonium perchlorate is followed by a rapid loss of Cl− to 

give the four-coordinate Co(III) corrole, which is then reoxidized to give CoIVClO4 (an 

electrochemical EC mechanism). The dyads added to solution initially contained CoIVCl, 

but significant amounts of CoIVClO4 could be formed prior to electron transfer, the 

ClO4
−-bound species being easier to reduce than the Cl− derivative by over 300 mV.70 

Additions of TBACl to the solution result in a more reversible CoIVCl/CoIIICl process 

between 0.09 and 0.12 V and the complete disappearance of the couple assigned to 

CoIVClO4/CoIII. The Co(III)/Co(II) process is located at more negative potentials as 

compared to what is seen for the monomeric Co(III) macrocycle,92,108 with the easiest 

metal-centered reduction being observed for dyads with the dibenzofuran (O) bridge (E1/2 

= –0.17 V) and the hardest for dyads with the biphenyl (B) bridge (E1/2 = –0.35 V).70 The 

one-electron reduction of Fe(III) to give Fe(II) is located at E1/2 = –0.42 V (PCO) and E1/2 

= –0.44 V (PCB), respectively. In comparison, the reduction of Mn(III) to Mn(II) is 

located at more negative potential (E1/2 = –0.65 V). 

To further investigate the effect of Cl− on the electrode reaction of cobalt corroles, a 

detailed study presenting quantitative data on the binding of Cl− to both Co(IV) and 

Co(III) forms of the monocorrole (Me4Ph5Cor)Co as well as a series of three free-base 

porphyrin-Co(III) corrole dyads was reported.104 The dyads are represented as 

(PCY)H2Co (Figure 1-2) where a cobalt(III) corrole is linked to a free-base porphyrin by 
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a spacer (Y = A, X, or B). An axial binding of one or two Cl− ligands to the cobalt center 

of the corrole is observed for singly or doubly oxidized (PCY)H2Co, i.e. [(PCY)H2CoIV]+ 

and  [(PCY•+)H2CoIV]2+ respectively, with the exact stoichiometry of the reaction 

depending upon the spacer size and the concentration of Cl− added to solution.104 No Cl− 

binding occurs for the neutral or reduced forms of the dyad, which contrasts with what is 

seen for the monocorrole, (Me4Ph5Cor)Co, where a single Cl− ligand is added to the 

Co(III) corrole in PhCN. The addition of one Cl− ligand to (Me4Ph5Cor)CoIII generates 

[(Me4Ph5Cor)CoIIICl]− which is electrochemically oxidized to [(Me4Ph5Cor)CoIVCl2]– in 

the presence of excess Cl−. The doubly oxidized complex [(Me4Ph5Cor•+)CoIII]2+, which 

is a Co(IV) corrole π-cation radical, can also bind two Cl− ligand in the presence of 

excess Cl−. 

1.3.4.3 CO binding 

Each cobalt(III) corrole, porphyrin–corrole and biscorrole derivative was investigated 

as to its CO binding ability in CH2Cl2 by monitoring the UV−visible spectral changes as 

a function of the CO partial pressure.67,108,109,111 The results of these studies indicate that 

each cobalt(III) center of the monocorrole, porphyrin–corrole and biscorrole coordinates 

with one CO molecule, thus leading to the formation of five-coordinated cobalt(III) 

complexes. The measured CO binding constants (log K) are 3.8 for (BCS)Co2 and 3.9 

(BCX)Co2, and both values are comparable to the CO binding constants of (BCA)Co2 

and (BCB)Co2 which have a log K = 3.9 and 3.6, respectively.109 The monocorrole 

complex, (Me4Ph5Cor)Co, has a log K = 4.2.108 
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2.2. Oxygen Reduction Reaction 
 

2.2.1 ORR in Acidic Aqueous Solutions 

The complete reduction of O2 to H2O requires four protons and four electrons for the 

cleavage of two formal O−O bonds, whereas the partial reduction of O2 to H2O2 requires 

two protons and two electrons for the cleavage of a single O−O bond. The product of the 

one-electron reduction of O2, the superoxide anion, O2
•–, is highly unstable in acidic 

aqueous solutions where its protonated form, the peroxyl radical HO2 (pK = 4.8),113 

decomposes to ozone, oxygen, and hydrogen peroxide. 

The thermodynamic constraints on the principal pathways to the four electron 

reduction of oxygen in acidic media are the following113: 

 

O2 + 2H+ + 2e-    H2O2         E0 = +0.68 V (NHE) 

H2O2 + 2H+ + 2e-    2H2O        E0 = +1.77 V (NHE) 

O2 + 4H+ + 4e-    2H2O         E0 = +1.23 V (NHE) 

2H2O2  O2  + 2H2O              (disproportionation) 

 

The O2 reduction to H2O can be accomplished indirectly in two-electron steps via 

hydrogen peroxide as an intermediate or directly by four electrons without H2O2 

formation. The two-electron reduction of O2 to H2O2 and the four-electron reduction of 

O2 to H2O can occur simultaneously and independently on the same electrode, as two 

parallel processes. The direct four electron reduction can proceed at the thermodynamic 

potential of +1.23 V. Consecutive two electron transfers through H2O2 will have a 
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potential governed by the first step where the standard potential is +0.68 V. A further 

reduction of H2O2 to H2O can occur but the potential for this second step cannot exceed 

the thermodynamic value for its formation. H2O2 is a very weak acid (pK1 = 11.6),113 

which does not lose its second proton in aqueous alkaline solutions. It is also a very 

powerful oxidizer (E0 = +1.77 V) and decomposes more or less rapidly by 

disproportionation. When the disproportionation reaction of H2O2 is very fast and occurs 

at the surface of an electrode, the overall process is apparently the direct reduction of 

dioxygen to water, peroxide being an intermediate species. In terms of operating an 

electrochemical fuel cell, there could be a loss of more than 0.5 V in output by producing 

H2O2 as an intermediate.114 Therefore, it is highly desirable to reduce oxygen directly to 

water. 

Molecular oxygen is a very stable molecule and has a relatively low reactivity in spite 

of its high oxidizing power. Furthermore, the spin conservation principle restricts the 

reactions in which O2 can participate. Dioxygen in its ground triplet state will lead to a 

triplet molecule when interacting with a singlet molecule.115 However, the spin restriction 

can be overcome upon coordination of the O2 molecule to a metal center which is itself 

paramagnetic.116 There are now three major adsorption models in the literature113,115 for 

molecular oxygen adsorption (Scheme 2-1):  

- the Griffiths model in which O2 interacts with two bonds on a single substrate atom 

(side-on interaction); 

- the Pauling model with end-on adsorption of the oxygen molecule through a single 

bond (end-on interaction); 

- the Yeager model, a model with two bonds interacting with two sites. 
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Scheme 2-1. Plausible 1:1 and 2:1 metal-dioxygen complex structures: the Griffiths 

model, the Pauling model, and  the Yeager model (trans and bridge, respectively). 

 

The bridge interaction in the Yeager model is likely to occur on noble metals such as 

Pt where O2 is reduced to water with little or no peroxide formed. A trans configuration is 

likely to occur with cofacial dicobalt bismacrocycles which promote the cleavage of the 

O−O bond.23 

 

2.2.2 ORR at Unmodified Electrodes 

Despite extensive research that has been carried out in this area, a detailed mechanism 

of the ORR, even at Pt, is still uncertain.4 The number of elementary steps and 

mechanistic routes in the reduction of O2 to H2O is vast, since it involves four electron 

transfers, four proton transfers and O−O cleavage. Adsorption of O2 and a wide spectrum 

of oxygenated adsorbed intermediates probably also occur, further complicating kinetic 

treatment of the experimental data. Quantum mechanical calculations have been applied 

to determine optimal structures and adsorption energies.117,118  

The nature and surface structure of the electrode is a fundamental aspect to consider 

when one or several intermediates can adsorb on the electrode surface.119 This is 
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especially the case for oxygen reduction on platinum electrodes, in which four electrons 

are involved in the overall reduction of dioxygen to water. The high number of electrons 

exchanged per oxygen molecule would imply the possible existence of several adsorption 

intermediates, whose interaction energies with the surface will depend on the metal and 

its surface structure.8 

 

2.2.2.1 Electrochemical reduction of oxygen at platinum 

It is well-known that the ORR can proceed by a two-electron transfer pathway with 

the formation of hydrogen peroxide or by a four-electron process. The four-electron 

pathway is predominant on gold and platinum electrodes in alkaline media120 and on 

platinum or platinum-based alloy electrodes in acidic media.10,121,122 

The rotating ring-disk electrode (RRDE) technique has often been used in studies of 

the ORR because it provides the possibility of probing the formation of H2O2 

accompanying oxygen reduction and therefore of determining the effective electron-

transfer number, neff. The formation of H2O2 during the ORR at Pt-based electrodes in 

acid medium is presumed to occur through an alternative, parallel mechanism and is 

negligible at potentials outside the hydrogen adsorption region. The reaction scheme 

proposed by Wroblowa et al. has been generally accepted as the mechanism of this 

parallel reaction (Figure 2-6).5  
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Figure 2-6. Wroblowa scheme for the pathways of the oxygen reduction reaction. The 

rate constants for the different steps in the scheme are indicated in the figure. b, S and * 

denote bulk solution, the vicinity of the electrode and the absorbed state, respectively. 

(Reproduced from ref. 5). 

 

The k’s and a’s in Figure 2-6 are the overall rate constants for the corresponding 

reaction or adsorption steps, each of which may contain several elementary steps. The 

superscripts b, s, and * refer, respectively, to species which are in bulk solution, in the 

vicinity of the electrode surface, and which are adsorbed on the electrode surface. Also, it 

has been generally accepted that the rate-determining step in the ORR is the first 

electron-transfer step and that the real reaction rate is an overall result of the coupling of 

this step with the diffusion and adsorption of oxygen molecules.  

In the so-called “peroxide pathway”, as found with Hg, Au, and C electrodes,  the 

first electroreduction step leads to the formation of a superoxide anion (O2
•–).121  

O2 + e-  O2
•–                                                       (eq. 4) 

The E0 for this reaction is –0.284 V vs NHE, well negative of the E0 of the 4e reduction 
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to water, 1.23 V vs NHE. To attain the 4e– pathway to water, any hydrogen peroxide that 

is formed by the superoxide intermediate route would have to undergo rapid 2e– 

reduction to water or a decomposition to water and O2 as the step that accomplishes O−O 

bond cleavage. 

An alternative path (the so-called “direct pathway”) involves the initial dissociative 

chemisorption of O2, eq. 5, involving the splitting of the O−O bond to form adsorbed 

oxygen atoms (O•). 

2M + O2  2MOads                                                       (eq. 5) 

The adsorbed oxygen atoms are then electroreduced to water according to eq. 6, 

which actually involves a series of several elementary steps. 

2MOads + 4H+ + 4e-    2M + 2H2O                                           (eq. 6) 

The electrolyte effects on oxygen reduction kinetics at platinum have been examined 

by Hsueh et al.123 who showed that the kinetics for oxygen reduction in perchloric, 

phosphoric, sulfuric, or trifluoromethanesulfonic acids (all at pH = 0) and in potassium 

hydroxide (pH = 14) at 25˚C decrease in the order KOH > H2SO4 ~ CF3SO3H > H3PO4 > 

HClO4. This order of activity reflects a negative effect of anion adsorption on ORR.3  

 

2.2.2.2 Electrochemical reduction of oxygen at graphite electrodes 

Carbon electrodes are of interest for electrochemical reduction of oxygen since high 

surface area carbon materials are used as platinum catalyst supports in fuel cell 

electrodes. The kinetics of O2 reduction have been extensively investigated on glassy 

carbon and pyrolytic graphite.124 Oxygen reduction reaction on carbon electrodes 
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proceeds predominantly as a two-electron process producing hydrogen peroxide which is 

an unwanted side product in fuel cells as it reduces the power efficiency. However, 

carbon is the electrode material of choice for the electrochemical synthesis of hydrogen 

peroxide, since a Nernstian response for the O2/HO2
− couple has been observed in 

alkaline solutions.125  

The oxygen reduction reaction has been investigated on various carbon-based 

materials and it is well-known that the kinetics for O2 reduction can be influenced by 

many factors (i.e., surface area, amount of edge plane graphite, oxygen functionalities). 

After decades of study, it is now well-established that surface structure has a major 

influence on O2 reduction kinetics.126 In particular, surface functionalities at edge plane 

defects of graphite are known to significantly increase O2 reduction activity by acting as 

adsorption sites for dioxygen and other intermediates.124 A strong interaction of oxygen 

with functional groups on the surface occurs during oxygen reduction on carbon and 

graphite. The chemical nature of active sites on carbon surfaces and how these affect 

electron transfer reactions have been the matter of much speculation. For instance, the 

electrochemical behavior of carbon materials depends strongly on electrode pre-

treatment124,126 and oxidation of the electrode leads to an increase of the O2 reduction rate 

due to electrocatalysis by oxygen containing surface species.127,128  Oxidation of carbon 

surfaces, which tend to increase the coverage of functional groups, also catalyzes the 

further reduction of hydrogen peroxide in alkaline solutions.127 The chemical nature and 

surface coverage of the oxygen functionalities on carbon surfaces responsible for 

electrocatalysis are still not clear but quinone groups are likely candidates considering the 

high chemical reactivity with O2 of the semiquinone intermediate formed in the reduction 
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of quinones.124  

At unmodified graphite electrodes in neutral to alkaline media, the ORR proceeds by 

a two-electron reduction pathway (eq. 7) with hydrogen peroxide (HO2
–, hydroperoxide 

in neutral to alkaline media) as an intermediate or final product. 

O2 + H2O + 2e-    HO2
– + OH–           E0 = –0.065 V (vs NHE)     (eq. 7)     

This reaction may be followed either by a second two-electron reduction of  HO2
– to OH– 

(eq. 8), 

HO2
– + H2O + 2e-    3OH–                      E0 = 0.867 V (vs NHE)     (eq. 8) 

or, by the rapid chemical decomposition of HO2
– to regenerate O2, (eq. 9). 

HO2
–    1/2O2 + OH–                                                    (eq. 9) 

Although thermodynamics predict that the reduction of HO2
– should occur at much 

more positive potentials than O2 reduction, a large overpotential is generally required due 

to slow reduction kinetics. This, in effect, pushes the HO2
– reduction process to potential 

more negative of those needed for O2 reduction. With graphitic electrodes in the absence 

of additional catalysts, both successive two electron reductions of O2 (eq. 7 and eq. 8) are 

observed since the slow kinetics of the chemical decomposition step (eq. 9) make 

hydroperoxide a stable intermediate.124 

Although exhaustive mechanistic analysis of the ORR is difficult given the numerous 

possible pathways, linear sweep voltammetry can provide insights into the rate 

determining step (RDS) and whether an outer sphere (nonadsorptive) or inner sphere 

(adsorptive) pathway is observed.128 The rate of ORR on the edge plane of pyrolytic 

graphite is several orders of magnitude higher than that on the basal plane and this has 



 38

been considered to result from the adsorption of the superoxide intermediate.127,129 The 

low reactivity of the graphite basal plane is a result of its low density of electronic states 

and the lack of functional groups and adsorption sites. McCreery and coworkers128 have 

proposed that, at metal-free carbon surfaces, O2 reduction involves surface adsorption 

(eq. 10), with the initial electron-transfer step consisting of O2 being reduced to 

superoxide (eq. 11), followed by protonation to form hydroperoxide radical (eq. 12) and 

subsequent reduction to hydroperoxide (eq. 13).  

O2  →  O2,ads                                                          (eq. 10) 

O2,ads + e-    O2
•–

 (ads)                                                    (eq. 11) 

O2
•–

 (ads) + H2O    HO2
•
 (ads) + OH–                                       (eq. 12) 

HO2
•
 (ads) + e-    HO2

–
 (aq)                                                 (eq. 13) 

 

McCreery also concluded that adsorption is critical to increasing the reduction of O2 

by accelerating protonation of the superoxide ion O2
•– (eq. 12).127 If O2

•– becomes more 

basic upon adsorption, protonation and subsequent reduction of HO2
• are accelerated. 

Hence, for O2 reduction in solutions with pH < pK O2
•– , the rate determining step is the 

initial electron-transfer rather than the protonation of O2
•–

(ads).130 A pH dependence of the 

observed O2 reduction potential and the apparent transfer coefficient, αobs, is a key 

indicator in distinguishing if the adsorption pathway is predominant. Technically, the 

RDS shifts from eq. 11 to eq. 12 for O2 reduction proceeding via the adsorptive pathway, 

yielding a value of αobs = 0.5 at neutral pH  and increasing to a value near αobs = 1.0 in 

very alkaline conditions.131,132  While the potential where the first electroreduction of O2 
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occurs will be shifted to more positive values by a fast following reaction of  O2
•– (eq. 

12),132 one is limited in the extent of this shift by a decrease in the heterogeneous  

electron-transfer rate for eq. 11. 

 

2.2.3 Homogeneous Catalysis of ORR 

Numerous monomeric complexes of water-soluble Fe(II) and Co(II) porphyrins have 

been used as homogeneous catalysts for the electroreduction of dioxygen with the main 

objective of these studies being to examine mechanisms through which these 

metalloporphyrins catalyze the electroreduction of O2. The electrocatalytic activity of 

soluble iron and cobalt porphyrins or iron and cobalt phthalocyanines have been 

compared.133 It was concluded that dissolved iron porphyrins and iron phthalocyanines 

promote the reduction to water, H2O2 being often an intermediate. Monomeric cobalt 

porphyrins and cofacial diporphyrins are only slightly soluble in concentrated acid 

solutions, but the biscobalt compounds promote the four-electron reduction of O2 under 

these conditions.134 In benzonitrile, the mixed-valence CoIIICoII redox state of the 

biscobalt diporphyrin binds O2 strongly.135 

With the objective to learn more about mechanistic details for the catalytic 

electroreduction of O2 by Co(II) porphyrins, water-soluble macrocyclic complexes of 

Co(II) have been studied by Anson and co-workers in the presence of O2.20,21,136,137 

Cobalt complexes of tetraazamacrocycles, which include 1,4,8,11-

tetraazacyclotetradecane (otherwise known as cyclam), react only slowly with O2 in 

aqueous media but become more efficient catalysts for the reduction of O2 upon 
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adsorption on electrode surfaces.21 For instance, Bhugun and Anson reported that the 

[(tim)Co]2+ complex (tim = 2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradeca-

1,3,8,10-tetraene) is catalytically inactive toward O2 when generated by electrochemical 

reduction of [(tim)Co]3+ in solution.21 However, when adsorbed on the surface of 

roughened graphite electrodes, the catalytic activity of the complex was enhanced. The 

coordination chemistry and redox reactivity exhibited by these complexes in 

homogeneous solutions containing O2 have also been extensively documented by 

Endicott and co-workers138-140 and Espenson and co-workers.141 Among the features of 

these homogeneous catalysts for the electroreduction of O2 are the opportunities they 

afford to observe the electrochemical behavior of intermediates formed during the 

catalytic cycle.  

A mechanism for the four-electron reduction of dioxygen catalyzed by cofacial 

dicobalt porphyrins using one-electron reductants in the presence of perchloric acid 

(HClO4) in benzonitrile (PhCN) was reported by Fukuzumi et al.24,25 Comparison of the 

homogeneous catalytic reactivities of cofacial dicobalt porphyrins (DPY)Co2 (with Y = 

A, B, D and X) and a monocobalt porphyrin, (OEP)Co, and detection of the reactive 

intermediates by ESR provided insights into the mechanism of O2 reduction by this 

bimetallic system. Monomeric cobalt porphyrins catalyze only a two-electron reduction 

of O2 by ferrocene derivatives in acidified benzonitrile whereas cofacial dicobalt 

porphryin complexes catalyze the four-electron reduction of O2 under the same 

experimental conditions.24 A mechanism for the catalytic four-electron reduction of 

dioxygen by ferrocene derivatives was proposed.  In the catalytic cycle, the initial 

bicobalt(III) complex is reduced via a two-electron transfer process by the ferrocene 



 41

derivatives to give the Co(II)Co(II) active species, which reacts with dioxygen to produce 

a µ-peroxo Co(III)-O2-Co(III) complex.  A heterolytic cleavage of the Co(III)-O2-Co(III) 

complex affords the high valent Co(IV) oxo species which is further reduced by 

ferrocene in the presence of protons to yield H2O. The critical difference between the 

two-electron and four-electron reduction processes is competition between cleavage of 

the O−O bond and protonation of the oxygenated species,  the O−O bond cleavage 

leading to a four-electron reduction of dioxygen, while protonation produces hydrogen 

peroxide by a two-electron reduction of dioxygen. The turnover-determining step in the 

dicobalt bisporphyrin-catalyzed four-electron reduction of dioxygen changes from the 

electron transfer to cleavage of the O−O bond of the µ-peroxo species, depending upon 

the electron donor ability of ferrocene derivatives. Detection of the reactive intermediates 

was carried out by ESR and provided valuable insights into how the four-electron 

reduction of dioxygen to water occurs without releasing the two-electron reduced 

hydrogen peroxide in the presence of biscobalt bisporphyrin systems.142 

Fukuzumi, Guilard and coworkers also reported that the four-electron reduction of 

dioxygen by an acid-stable nicotinamide adenine dinucleotide (NADH) analog e.g. 10-

methyl-9,10-dihydroacridine (AcrH2) occurs efficiently in the presence of perchloric acid 

using cofacial dicobalt porphyrins as catalysts.143 Only the two-electron reduction of O2 

by AcrH2 takes place using monomeric cobalt octaethylporphyrin (OEP)Co under the 

same experimental conditions.  When AcrH2 is replaced by 9-alkyl-10-methyl-9,10-

dihydroacridine (AcrHR: R = Me, Et, and CH2COOEt), the biscobalt bisporphyrins 

catalyze a four-electron reduction of dioxygen by AcrHR in the presence of HClO4, 

resulting in dehydration of AcrHR via the C(9)-H cleavage to yield H2O.  However, in 
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the case of R = But and CMe2COOMe, the catalytic four-electron reduction of O2 by 

AcrHR results in oxygenation of the alkyl group of AcrHR rather than dehydrogenation 

to yield 10-methylacridinium ion (AcrH+) and the oxygenated products of the alkyl 

groups, i.e., the corresponding hydroperoxides (ROOH) and the alcohol (ROH), 

respectively.143 The catalytic mechanism involves dehydrogenation vs the oxygenation of 

AcrHR in the two-electron and four-electron reduction of O2, catalyzed by monomeric 

cobalt porphyrins and cofacial dicobalt porphyrins, respectively, have been discussed in 

relation with the C(9)-H or C(9)-C bond cleavage of AcrHR radical cations produced in 

the electron-transfer oxidation of AcrHR.143 

 

2.2.4 ORR at Chemically Modified Electrodes (CMEs) 

The electroreduction of O2 on carbon surfaces is much slower than on metals such as 

platinum or gold. This observation has initiated a search for catalysts for the 

electrochemical reduction of O2 on carbon electrodes under different experimental 

conditions. Modification of the electrode substrates with electrocatalytic materials144 is a 

promising and nowadays quite common approach for the improvement of oxygen 

reduction by reducing the large overpotentials required. The usual approach is through 

immobilization of catalytic materials onto the electrode surface via chemisorption or 

covalent bonding.145,146 A variety of catalysts have been used for modification of carbon 

electrodes in order to increase the rate of the ORR on such electrodes. These include both 

metal-containing catalysts like Co(II)-macrocycle complexes6,147 and non-metal 

containing ones like carbon nanotubes or quinones.124 



 43

 

2.2.4.1 Mediated electron transfer at CMEs containing redox species 

The objective of electrocatalysis is to drive highly efficient and selective oxidation or 

reduction of substrates at modest potential and under mild, clean conditions. Studies of 

electrocatalytic reactions utilizing chemically-modified electrodes144-146,148-151 (CMEs) is 

currently an active area of research due to its great interest for the understanding of 

catalytic redox processes, especially those involving model complexes of 

metalloenzymes, and for its applications in electroanalytical chemistry.152 Modification 

of electrode surfaces with electron transfer materials is widely used to prepare electrodes 

with electrocatalytic activity for the reduction of O2. Porphyrins or phthalocyanines of 

cobalt and iron are known as effective electrocatalysts for O2 reduction.27,34,153 The 

principle of this catalytic process consists in the electrochemical generation of a low-

valent form of the metalloporphyrin which converts the substrate into the desired product 

while regenerating the starting metalloporphyrin thus triggering a new catalytic cycle. 

 Figure 2-7 illustrates a typical example of an electrocatalytic reduction process at a 

CME. The reversible redox mediator P/Q with a standard potential of E0
P/Q is 

immobilized on an electrode to promote the irreversible reduction reaction A + e → B. 

The standard potential of P/Q is more positive than the irreversible potential where the 

direct electrochemical process to be catalyzed takes place (E0
P/Q > E0

A/B). Instead of 

taking place at the electrode surface, electron transfer to A occurs via the reduced form of 

the mediator Q generated at the electrode surface at a potential less reducing than the 

potential at wich the direct reduction of A occurs. 
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AB PQ

A B

a. b.
e- e-

electrode electrode

solution

solution

monolayer film

Eobserved = E0
A/B

Eobserved = E0
P/Q > E0

A/B

Figure 2-7. Schematic representation for the reduction reaction A → B on bare (a) and 

catalyzed (mediated) conditions (b). The terms P and Q correspond to the reversible 

mediator of oxidized and reduced states, respectively. In heterogeneous catalyzed 

reaction, the P/Q mediator is bonded on the electrode surface. 

 

Mediated electron transfer of solution phase species at electrode surfaces containing 

immobilized redox species can be examined experimentally using a number of 

electrochemical techniques. The technique of rotating disk electrode voltammetry is most 

often applied, since in principle, the processes of reactant transport in solution, and 

kinetic processes at the monolayer can be separated by carrying out the voltammetric 

measurements over a wide range of rotation speeds. Previous theoretical work describing 

mediated redox catalysis at monolayers has been presented.154-163  
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2.2.4.2 ORR at quinone-modified electrodes 

The heterogeneous catalytic reduction of O2 may be represented schematically as 

shown below: 

O + ne 
k c

ka
 R                                                       (eq. 14) 

R + O2 
kh

 O + products                                   (eq. 15) 

 

where kc and ka denote the formal heterogeneous electrochemical rate constants of the 

reversible redox reaction (eq. 14) followed by an irreversible catalytic reaction (eq. 15) 

where kh represents the heterogeneous catalytic rate constant of the reaction. The term 

“catalytic”  is employed to denote a class of reactions in which the initial electroactive 

species, O, is regenerated on or close to the electrode surface by a coupled chemical 

reaction. The products of the chemical reaction are not adsorbed or electroactive at 

electrode potentials in the range of interest. It is assumed that sufficient supporting 

electrolyte is present in solution to ensure that mass transport of the reaction constituents 

occurs solely by diffusion and/or convection and that the regenerative process is totally 

irreversible. 

Electrode catalysts which promote oxygen reduction with a high efficiency and with 

long operating lifetimes are what is needed. The immobilization of catalytic materials is 

advantageous since they reduce the typically large overpotentials that are required at most 

electrode substrates. It has been shown that modification of the electrode surface by 

quinones via adsorptive attachment enhances the rate of oxygen reduction.164 However, 

quinones can desorb from the surface during long-term operation, especially in alkaline 
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solution.164 It is more beneficial to attach the quinone moiety covalently to the 

surface.14,16,165-168 

The modification of carbon surfaces by quinones can be used to established the 

relationships between structure of the catalyst and the catalytic activity for oxygen 

reduction,165 in particular, for H2O2 production.169,170 The reactive intermediate is likely 

to be a semiquinone intermediate formed as the first reduction product of the surface 

quinone groups and there is strong evidence that O2 reduction follows an 

electrochemical-chemical catalytic mechanism (ECcat) on these surfaces.165 Recent work 

using adsorbed anthraquinone (AQ) derivatives confirmed this mechanism at pH 4.5 and 

showed that the kinetics were controlled by a chemical reaction between reduced AQ and 

O2.170    

 

 2.2.4.3 ORR at porphyrin-modified carbon electrodes 

2.2.4.3.1 Monocobalt porphyrins 

Since the pioneering work of Jasinski in 1964,26 metalloporphyrins have drawn 

considerable interest as catalytic modifiers for carbon-based electrodes (e.g., carbon 

black, graphite and glassy carbon) because they are known to lower the kinetic 

overpotential for reduction and oxidation of small molecules. Indeed, the rich and 

reversible redox chemistry of metalloporphyrins is the key factor that allows them to 

serve as mediators in many electron transfer reactions. Among the different 

electrocatalytic reactions, the catalytic reduction of dioxygen is the most studied.6 The 

main goal of these studies was in most cases to find a highly potent catalyst for dioxygen 
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reduction to substitute the noble metal Pt and to improve the oxygen (air) electrode of 

fuel cell systems.171 Metal complexes of porphyrins adsorb strongly on graphite at 

monolayer levels, leading to chemically modified electrodes which exhibit efficient 

electrocatalytic activity for oxygen reduction. It is well-known that monomeric cobalt 

complexes usually catalyze dioxygen reduction only to hydrogen peroxide whereas iron 

derivatives promote the two-step, four-electron reduction of O2 to H2O over the full pH 

range.133,172-174 However, cobalt complexes catalyze O2 reduction to H2O2 with a lower 

overvoltage than do iron compounds; because the MIII/MII redox potential is much higher 

for cobalt. In a few cases, aggregates of cobalt porphyrins adsorbed onto graphite 

electrodes catalyze the direct reduction of oxygen to water.46-51 A similar behavior was 

reported by D’Souza et al.175 for glassy carbon electrodes modified by electrostatic-

assembled, tetracationic meso-tetrakis(N-methyl-4-pyridyl)porphynatocobalt and 

tetracationic meso-tetrakis(4-sulfonatophenyl)porphyrinatocobaltate films. In both cases, 

the authors attributed the observed catalytic efficiency to the stacked structure of the 

porphyrin film, allowing for the simultaneous binding of O2 to two cobalt porphyrin sites. 

Similarly, cobalt porphyrins adsorbed on pyrolytic graphite and containing [Ru(NH3)5]2+ 

or [Os(NH3)5]2+ groups coordinated to N-pyridyl or N-cyanophenyl residues at the meso 

positions of the porphyrin macrocycle, catalyze the four-electron reduction of O2 to 

H2O.22,176,177 The four-electron reduction efficiency in these cases was ascribed to back-

bonding effects from the ruthenium complexes which modulate the electron transfer 

capability of the cobalt(II) porphyrin ring. In another study, an iron(II) porphyrin was 

used as the ORR catalyst and Ru(NH3)6
2+ as the electron carrier in a Nafion matrix.178 

Higer Ru(II) concentrations favor the 4-electron vs the 2-electron O2 reduction pathway. 
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2.2.4.3.2 Bridged Cofacial Bis(metallo)porphynoids 
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X = Y = - ; biphenylenyl ; (DPB)Co2 
X = Y = C ; anthracenyl ; (DPA)Co2 
X = CMe2, Y = O ; dimethylxanthenyl ; (DPX)Co2 
X = - , Y = O ; dibenzofuran ; (DPD)Co2 

 
Scheme 2-2. Chemical structures of face-to-face bisporphyrins (left) and pillared 

bisporphyrins (right). 

 
Cofacial bis(metallo)porphynoids were initially prepared to study the interaction 

between closely lying electroactive centers such as in the case of cytochromes, to obtain 

multi-electron transfer, or to find new catalysts for the reduction or oxidation of small 

substrate molecules such as O2, N2, or H2.179 In particular, covalently linked cofacial 

cobalt bisporphyrins have been extensively studied for exploring the cooperative effect of 

metal centers in promoting the four-electron reduction of O2 to H2O.27,34 Cofacial 

bisporphyrins can generally be grouped into two types of compounds, those linked on 

opposite sides of each macrocycle with two flexible strapping units114,179-184 (“Face-to-

Face” bisporphyrins) (Scheme 2-2) and those linked on only one side of each macrocycle 

by a rigid linking unit (“pillared” bisporphyrins).23,53,55,60,61,185-187  
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2.2.4.3.2.1 Face-To-Face systems 

In the field of dioxygen reduction, the rich history of cofacial metallodiporphyrins 

began with the synthesis of the face-to-face diporphyrins FTF4 (where FTF is for Face-

To-Face diporphyrins) in which the two etio-type porphyrin units are linked at two β-

pyrrolic positions of the porphyrin by amide linkages (see Scheme 2-2).135,188-190 

Experiments performed in nonaqueous media established that the biscobalt (FTF4)Co2
II/II 

complex had, in fact, a very low affinity towards dioxygen.189  In contrast, it was shown 

that the monooxidized form of the dicobalt bisporphyrin (FTF4)Co2
II/III leading to a µ-

superoxo derivative114,191 had a very high affinity toward dioxygen135 and catalyzed the 

four electron reduction of dioxygen to water when adsorbed on the graphite electrode 

surface.114,183,192  

The catalytic activity of the (FTF4)Co2 system can be easily determined using cyclic 

voltammetry (CV) or rotating ring-disk electrode (RRDE) voltammetry (Figure 2-8).61 

The technique of RRDE permits the quantitative measurement of H2O2 production and 

allows discrimination between the formation of free H2O2 as an intermediate or merely as 

a minor side product. The ring-disk electrode assembly consists of a pyrolytic graphite 

disk inside a concentric Pt ring. The (FTF4)Co2 complex is applied to the graphite disk 

by irreversible adsorption. As the assembly is rotated, fresh O2-saturated electrolyte is 

drawn vertically toward the disk surface and ejected radially across the disk and ring. The 

disk potential is controlled by a potentiostat, and the disk current-potential profile records 

the O2 reduction process. At the same time, the ring is held at a potential where any H2O2 

reaching it is rapidly oxidized to O2. The ring current response thus monitors H2O2 
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production; and the ratio of disk to ring current, normalized for the collection efficiency, 

defines the relative contributions of the 4e– and 2e– reduction processes. 

From the voltammograms depicted in Figure 2-8, there is no doubt left about the role 

of this mixed-valence compound in the catalytic reduction of oxygen to water, as the 

four-electron reduction is active only in the potential domain where the CoIII/CoII redox 

state exists; the reduction to peroxide occurs when both cobalt centers are reduced to 

cobalt(II). It has been shown that the cobalt(III) atom in (FTF4)Co2
II/III acts as a Lewis 

acid center for O2 binding and can be replaced by LuIII or ScIII.61 Later on, however, it 

was shown that the tetra-electronic reduction process of O2 by dicobalt bisporphyrins is 

not effective when the edge plane graphite is replaced by a gold electrode.193 The 

participation of reactive functional groups on the graphite surface has been suggested. 
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Figure 2-8. Catalysis of O2 reduction at a ring (Pt)–disk (EPPG) electrode in contact with 

an aqueous 0.5 M H2SO4 solution, the graphite disk being modified by adsorption of a 

biscobalt porphyrin, (FTF4)Co2.61 (a) disk current, solution saturated with O2 at 

atmospheric pressure. Rotation rate: 100 rpm; scan rate: 5 mV s-1. (b) cyclic voltammetry 

at the EPPG disk under nitrogen. Scan rate: 100 mV s-1. (c) detection of H2O2 on the 

platinum ring, Ering = 1.33 V vs NHE. 
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2.2.4.3.2.2 Pillared systems 

The cofacial bisporphyrin systems linked by a single rigid spacer are the so-called 

“Pacman” porphyrin systems (DPA)H4, (DPB)H4, (DPX)H4 and (DPD)H4 where DPA, 

DPB, DPX and DPD represent bisporphyrins (DP is for DiPorphyrin) with anthracenyl 

(A), biphenylenyl (B), 9,9-dimethylxanthene (X) or dibenzofuran (D) bridges (Scheme 

2-2).53,55,60,61,185-187,194 For many years, the synthesis of cofacial porphyrins had been 

limited to DPA and DPB bisporphyrin derivatives34,53-55,186 where the two porphyrin units 

are constrained in a cofacial arrangement via a biphenylenyl (B) or anthracenyl (A) 

bridge.54,195,196 Recently, Nocera and co-workers56-58 further developed a novel one-pot 

method for obtaining xanthene and dibenzofuran bridges in high yield, allowing for the 

efficient gram-scale synthesis of cofacial “Pacman” bisporphyrins, incorporating new 

flexible dibenzofuran (D) or xanthene (X) spacers which display variable pocket 

sizes.59,197  

The reported crystal structures of (DPB)Co2,198 (DPA)Co2,199 (DPX)Co2,59,197 and 

(DPD)Co2(2MeOH)59,197 indicate that the distances between cofacial porphyrin units are 

quite different depending upon the spacer as shown in Figure 2-9.  The metal-metal 

separations in (DPA)Co2 (4.53 Å) and (DPX)Co2 (4.58 Å) are virtually almost the same.  

However, the xanthene spacer of (DPX)Co2 is readily more flexible than the anthracene 

spacer of (DPA)Co2. It has been shown that dicobalt complexes (DPD)Co2 and 

(DPX)Co2 are also efficient catalysts for the four-electron reduction of dioxygen to water 

despite a ca. 4 Å difference in their metal–metal distances. This result suggests that the 

longitudinal “Pac-Man” flexibility of those cofacial systems allows the distal cavity to 
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structurally accommodate reaction intermediates during multielectron catalytic 

processes.23,58,59 It is also worthy to point out a ‘quasi-parallel’ geometry of the rings is 

observed in the case of biphenylenyl and anthracenyl (DPB)H4 and (DPA)H4 

bisporphyrins while an ‘open mouth’ structure is generally observed in the case of the 

dibenzofuran (DPD)H4 bisporphyrin.199 The parallel geometry of the rings observed in 

(DPB)H4 and (DPA)H4 bisporphyrins favor π-π interactions and these interactions can be 

varied via the use of an appropriate spacer.199  

 

(DPB)Co2 (DPA)Co2

(DPX)Co2 (DPD)Co2(2MeOH)  

Figure 2-9. Selected distances (Å) in (DPB)Co2,55 (DPA)Co2,199 (DPX)Co2,57,59 and 

(DPD)Co2(2MeOH).57,59 
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A mechanism for the direct four-electron reduction of O2 by dicobalt bisporphyrins 

(DPY)Co2 (Y = A, B, X or D) adsorbed on graphite electrodes has been suggested23 

where the catalytically active species is a mixed-valence Co(II)/Co(III) complex (Scheme 

2-3). Experimental studies have shown that the one- and two-electron oxidized cofacial 

platforms are capable of binding O2, whereas the fully reduced [Co2(bisporphyrin)] 

complex is unreactive to the O2 substrate.55,200,201 The active species, a Co(II)/Co(III) 

compound, provides entry into the catalytic cycle (Scheme 2-3, Cycle A) and is generated 

from the stable bis-Co(II) derivative, either electrochemically or chemically. The binding 

of dioxygen leads to a µ-superoxo species which is stabilized by the two Co(III) atoms. 

Nocera and co-workers23 stated that the specific protonation of the µ-superoxo Co(III)–

O2–Co(III) adduct bypasses formation of peroxo-type adducts (Cycle B), resulting in 

complete O−O bond cleavage upon the two-electron transfer. The subsequent addition of 

one proton and one electron produce two H2O molecules. Thus, protonation of the 

superoxo species is essential for favoring multielectron over single-electron processes for 

O−O activation and cleavage. This crucial stoichiometry of three electrons and one 

proton which is needed for O−O bond cleavage is also assumed to take place in 

cytochrome c oxidase.  
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Scheme 2-3. Mechanistic model for the activation and reductive cleavage of the O−O 

bond by Pacman porphyrins. (Reproduced from ref. 23). 
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Chapter 3: Experimental Section 
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3.1 Chemicals and Compounds 
 

Unless otherwise noted, all chemicals were obtained commercially and used without 

further purification. High purity N2 gas was purchased from Matheson-Trigas. Organic 

solvents and mineral acids were of reagent grade and were used as supplied except for 

benzonitrile (PhCN) which was purified by passage through a column of activated Linde 

3 Å molecular sieves followed by distillation under reduced pressure. Aqueous solutions 

were prepared with deionized water of resistivity not less than 18 MΩ cm. The cobalt 

complexes used in this study [(Me4Ph5Cor)Co, (Me6Et2PhP)Co, (BCY)Co2, (PCY)Co2, 

(PMes2CY)Co2, (PCY)H2Co, and (PCY)MClCoCl with Y = anthracene (A), biphenylene 

(B), 9,9-dimethylxanthene (X), dibenzofuran (O), or dibenzothiophene (S) bridge and M 

= FeIII or MnIII] were obtained from the group of Dr. Roger Guilard at the Université de 

Bourgogne, France and were synthesized and purified according to published 

procedures.111,112  

 

3.2 Apparatus and Electrode Preparation 
 

All electrochemical data were collected using a three-electrode cell. The three 

electrode system consisted of a platinum ring-graphite disk working electrode, a platinum 

wire as the auxiliary electrode, and a commercial saturated calomel electrode (SCE) as 

the reference which was separated from the bulk of the solution by means of a salt bridge. 

The KCl solution in the SCE was changed periodically in order to maintain the correct 

potential that was checked using a standard solution for redox potential measurements.202 
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An aqueous Ag/AgCl (KCl saturated) reference electrode (–45 mV vs SCE) was 

employed for thin layer experiments.  

All electrochemical experiments were conducted at ambient laboratory temperature 

(22 ± 2 ºC). Cyclic voltammetry and rotating disk experiments were carried out using a 

Pine Instrument model AFMSR rotator linked to an EG&G Princeton Applied Research 

(PAR) model 263A potentiostat/galvanostat. The potentiostat was monitored by an IBM 

compatible PC microcomputer controlled by the software M270 (EG&G PARC). A 

RDE4 bipotentiostat (Pine Instrument) was employed with a HP 7090A three-channel 

digital plotter for rotating ring–disk electrochemical experiments. The rotating ring–disk 

electrode (RRDE), purchased from the Pine Instrument Co., consisted of a platinum ring 

and a removable graphite disk. 

Just before it was coated with the catalyst, the edge-plane pyrolytic graphite disk (A = 

0.282 cm2) was polished to a rough finish with 600 grit SiC paper, rinsed with water and 

wiped to remove any free graphite particles. The molecular catalyst was irreversibly 

adsorbed on the electrode surface by means of a dip-coating procedure; the freshly 

polished electrode was dipped for 5 s in a 0.1 mM solution of the catalyst in CHCl3, 

transferred rapidly to pure CHCl3 for 1-2 s and then dried following the procedure of 

Anson.47 After being coated with the catalyst, the ring–disk electrode was introduced into 

air-saturated aqueous 1 M HClO4. Particular care was taken to ensure a high reactivity of 

the Pt ring towards H2O2. Immediately prior to use, the Pt surface was cleaned with a 5 

µm alumina slurry (Buehler MICROPOLISH II polishing suspension) on a polishing 

cloth (Buehler MICROCLOTH), rinsed successively with water and methanol, dried, and 

activated by cycling between 1.20 V and –0.20 V in 1 M HClO4 until reproducible 
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voltammograms were obtained.203,204 During polishing of the Pt ring, the graphite disk 

was removed to avoid contamination of the Pt with graphite particles and to preserve the 

integrity of the graphite surface. 

The diffusion-limiting currents for the reduction of O2 in aqueous solution at the 

rotating disk electrode were calculated using the following parameters: kinematic 

viscosity of H2O at 25 °C, 0.01 cm2 s-1; solubility of O2 in air-saturated 1 M HClO4, 0.24 

mM; diffusion coefficient of O2, 1.7×10-5 cm2 s-1.47 The solubility of dioxygen in 1 M 

HClO4 was calculated by using the Setschenow equation ( mkmm ×= sO
0
O   }/ln{

22
) and 

the Pitzer equation205 ( −+ +=
422 ,O,O4S 2  2 )HClO(

ClOH
k λλ ) where m is the molality (mol kg-

1) of HClO4, 0
O2
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3.3 Electrochemical Techniques 
 

3.3.1 The Edge Plane Pyrolytic Graphite (EPPG) Electrode  

An electrode made from pyrolytic graphite will have a surface composed of both edge 

plane and basal plane graphite, with the basal:edge ratio and graphite monocrystal size 

depending on the quality of the pyrolytic graphite used.126 EPPG electrodes are fabricated 

by taking a piece of high quality highly ordered pyrolytic graphite (HOPG) and cutting 

the desired electrode geometry such that the layers of graphite lie perpendicular to the 

surface; conversely, BPPG electrodes are produced by cutting the electrode geometry 
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such that the graphite layers lie parallel to the surface.  

 

Figure 3-1. Illustration of the heterogeneity of the HOPG surface. 

(Reproduced from ref. 208). 

 

The basal plane surface of HOPG electrode, which is the most well defined graphite 

surface commercially available, consists of layers of graphite (graphene sheets) which lie 

parallel to the surface and are separated from each other by 3.35 Å. Although a basal 

plane pyrolytic graphite (BPPG) electrode conducts electricity, it can be considered 

electrochemically inert.209 For a large number of redox couples, electron transfer rate 

constants at basal plane graphite have been found to be over 103 times lower than that for 

the same electrode reaction at edge plane graphite.210 Recently, Compton and co-workers 

have shown that the electron transfer rate constant of ferrocyanide at an edge plane 

pyrolytic graphite (EPPG) electrode was 0.022 cm sec-1, whereas k0 for the same reaction 

at a basal plane HOPG electrode was less than 10-9 cm s-1.208 The authors suggested that 

the observed electrochemical reactivity of basal plane HOPG electrodes is due to an 

ensemble of edge plane graphite nano-bands arising where there are imperfections (steps) 
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in the perfectly flat basal plane (Figure 3-1).209 The basal plane graphite terraces have no 

influence on the voltammetry and are effectively inert.209 The same conclusion can be 

applied to other carbon materials such as carbon nanotubes which are rolled-up graphene 

sheets.211 

 

3.3.2 Rotating Disk Electrode Techniques 

3.3.2.1 The Nernst diffusion layer 

In the third decade of the twentieth century, Levich and co-workers made great 

progress in developing the mathematical equations describing fluid dynamics at 

submerged electrode surfaces of different geometries.212 One of the electrode systems 

described by Levich is the rotating disk electrode (RDE) shown in Figure 3-2. This 

technique provides a well-defined and reproducible laminar flow over the surface of the 

disk.213 

 

Figure 3-2. Flow profile of solution at a rotating disk electrode. 

 

Because of the electrode rotation, a stagnant layer of solution adheres at the disk 
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surface and rotates at an angular velocity (ω) equal to that of the electrode. The solution 

at some infinite distance from the disk is also rotating although not at the velocity of the 

electrode. The centrifugal force upon this fluid causes it to move in a radial direction near 

the disk surface. The radial fluid displacement is compensated by an axial fluid flow, as 

shown in the pictorial representation of Figure 3-2. The convective mass transport is 

negligible within the layer and diffusion alone is responsible for mass transport in this 

region. The layer of solution at the disk surface where diffusion is the prominent mode of 

mass transport is called the Nernst diffusion layer.213 Under these experimental 

conditions Levich deduced an expression relating the thickness (δ) of the diffusion layer 

with experimental variables such as the kinematic viscosity of the solution (ν), the 

diffusion coefficient of the electroactive species in solution (D) and the rotation speed of 

the electrode (ω): 

2/13/26/161.1 −= ωυδ D                                           (eq. 16) 

 

3.3.2.2 Steady-state voltammetry 

Methods involving forced convective mass transport of reactants and products at an 

electrode in motion such as an RDE are also called hydrodynamic methods. Advantages 

of rotated disk electrodes include: (i) The rate of mass transport of reactants to a RDE 

surface is controlled precisely by fixing the rotational velocity (ω) of the electrode; (ii) 

electrode currents (i) quickly achieve steady-state values (∂i/∂t = 0) following 

establishment of applied electrode potential (Eapp) for moderate-to-high rates of rotational 

velocity (ω > 10 rad s-1). As a consequence, the voltammetric response (i – Eapp) for a 
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species transported from the bulk of the solution to the RDE surface is independent of the 

potential scan rate for low rates scan (v < 0.1 V s-1); (iii) Current response at RDEs is 

insensitive to incidental vibrations of the apparatus. 

Under steady-state conditions, the activities and fluxes of reactants, intermediates, 

and products in the electrode process remain essentially constant, both at the electrode 

surface and in the bulk of the solution. The current reaches a steady-state at 

hydrodynamic electrodes as fresh analyte is being transported to the electrode surface by 

convection. The kinetic expressions describing the electrode reactions thus reduce to 

time-independent algebraic equations which may usually be solved analytically for the 

surface concentrations of the species in question. As a result, exact solutions of the 

boundary-value problems can be obtained for considerably more complex reaction 

schemes than is possible for transient voltammetric methods.  

Of the forced-flow techniques for which exact solutions of the Navier-Stokes 

equations of hydrodynamic motion214 are obtainable, that of the rotating disk electrode is 

the most suitable for investigation of electrochemical reactions at solid electrodes. The 

Nernst diffusion layer concept permits a trivial derivation of the current at an RDE when 

the electrode reaction is mass-transport (diffusion) controlled. Since the surface 

concentration of the electroactive species is zero, the limiting current (ilim) is given by eq. 

17: 

CDnFAi
δ

=lim                                                      (eq. 17) 

where n, F, A, D, δ, and C are, respectively, the number of electrons transferred, the 

Faraday constant (96485 C eq-1), the electrode surface area (cm2), the diffusion 



 64

coefficient of the electroactive species in solution (cm2 s-1), the thickness of the diffusion 

layer (cm), and the concentration of the electroactive species (mol cm-3), respectively. 

Equations eq. 16 and  eq. 17 show that in the region of laminar flow, the flux of 

electroactive species ( CD
δ

) is proportional to the square root of the angular velocity of 

the disk, ω,  and that the diffusion layer thickness, δ, is constant over the entire disk 

surface. The latter significant result implies that the local current density i/A is the same 

everywhere on the surface and independent of the total area of the electrode.  

The use of forced-flow techniques permits the kinetics of electrode reactions to be 

studied under steady-state conditions as a function of the rate of mass transport of the 

reaction constituents to or from the electrode surface. By adjustment of the flow rate, the 

thickness of the diffusion boundary layer can be varied in such a manner so as to alter the 

relative degree of control of the overall reaction rate by kinetics and mass transport. Thus, 

by increasing the rate of mass transport of the electroactive species to the surface, it 

becomes possible to extend appreciably the range of kinetic control. However, with high 

rotation velocities, the fluid flow at the RDE becomes turbulent and relations based on 

laminar mass transport are no longer valid. 

In the following section, the use of the rotating disk electrode for kinetic studies of 

heterogeneous first-order catalytic electrode reactions is discussed. It is assumed that for 

mass transport by convective diffusion, the thickness of the diffusion boundary layer 

remains constant as a function of time and hence that steady-state conditions prevail. 
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3.3.2.3 Kinetics studies of ORR by rotating disk electrode (RDE) technique 

In order to distinguish the effects of kinetic control by the coupled chemical reaction 

(C) of heterogeneous catalytic electrode reactions from those of the electrochemical 

reaction (E) itself, it is necessary to maintain the electrode at a potential where the rate of 

the latter reaction is controlled solely by the rate of supply of O2 to the surface, i.e., in the 

limiting-current region (ilim) (Figure 3-3).  
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Figure 3-3. Current-potential curve for the reduction of O2 in 1 M HClO4 at a rotating 

graphite disk electrode coated with 2.4 × 10-10 mol cm-2 of Co(TPP). Rotation rate: 100 

rpm. Scan rate: 5 mV sec-1.  

 

To investigate the kinetics of an electrode reaction, mass transport should be fast in 

comparison to the charge transfer rate.215 The RDE is uniquely suited to the 

determination of heterogeneous rate constants for moderately rapid electron transfer 
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processes because the mass transport rate can be regulated via the disk rotation velocity. 

For catalyzed dioxygen reduction, the data were acquired at 100, 400, 900, 1600, 2500 

and 3600 rpm (rpm = rotation per minute). 

If the mass-transport process in the solution controls the reduction of dioxygen at the 

catalyst-modified electrode, the relationship between the limiting current of the rotating 

disk voltammogram and rotation rate obeys the Levich equation: 

2/16/13/2*
Levlim 62.0 ων −== DnFACii                                 (eq. 18) 

where n, A, D, C*, ν and ω represent the number of electrons transferred in the overall 

electrode reaction, the electrode area (cm2), the dioxygen diffusion coefficient (cm2 s-1), 

the bulk concentration of dioxygen in the solution (mol cm-3), the kinematic viscosity 

(cm2 s-1), and the rotation rate (rad s-1), respectively. From eq. 18, the plot of the limiting 

current ilim as a function of the square root of rotation rate ω1/2 should be a straight line 

intersecting the origin. A lack of linearity in the Levich plot suggests that the catalytic 

reaction is limited by chemical kinetics and not by mass transport. 

The catalytic current i corresponding to the mediated reaction is a function of the 

Levich current iLev representing the mass transport of O2 in the solution and the kinetic 

current ik representing the current in the absence of mass transport effect. For the pseudo-

first order catalytic reduction of oxygen (O2 concentration is in large excess compared to 

the catalyst) at a chemically modified electrode, the limiting-current measured 

experimentally at the rotating disk electrode is described by the Koutecky-Levich 

equation:  

Levk lim /1/1/1 iii +=                                                 (eq. 19) 
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The first term on the right-hand side is the inverse of the kinetic current, ik, as 

expressed by 

*
k CnFki Γ=                                                      (eq. 20) 

where n is the number of electrons transferred in the overall electrode reaction, k the 

pseudo-first order rate constant for the catalyzed reaction (M-1s-1), Γ the surface 

concentration of catalyst on the electrode surface (mol cm-2), F the faraday constant 

(96,487 C eq-1), and C* the bulk concentration of O2 (mol cm-3). The second term in eq. 

21 is the inverse of the Levich mass transport limited current density for the reduction of 

O2.  

The kinetic current (ik) that would have been obtained in the absence of mass 

transport limitation  can also be calculated by transforming eq. 19: 

ii
iii
−

⋅
=

lim

lim
k                                                         (eq. 22) 

 

3.3.2.4 Catalytic reduction of O2 at a RDE coated with Co(TPP) 

The catalytic reduction of O2 at a RDE coated with Co(TPP) is shown in Figure 3-4a. 

Limiting current values were taken at a fixed potential on the catalytic wave plateau of 

Figure 3-4a (−0.2 V). Levich plot212 of the potential-independent plateau currents vs the 

electrode (rotation rate)1/2 is curved (Figure 3-4b), as is typical for the electroreduction of 

O2 catalyzed by adsorbed cobalt porphyrins.48 The clear lack of linearity in the Levich 

plot suggests that the catalytic reaction is limited by kinetics and not by mass transport. 

The slope of the Koutecky–Levich plot216,217 (Figure 3-4c) shows that the electrocatalytic 
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reduction of O2 is a two-electron process. The nonzero intercept of the line drawn 

through the experimental points in Figure 3-4c shows that the electrocatalytic reduction 

of oxygen is not mass transport controlled, but is limited by a kinetic controlled process. 

A chemical step, previously assigned to the formation of a cobalt(III)-O2 adduct,72 

precedes the electron transfer and limits the current to values below the convection–

diffusion limit. 
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Figure 3-4. (a) Current-potential curves for the reduction of O2 in 1 M HClO4 at a 

rotating graphite disk electrode coated with 2.4 × 10-10 mol cm-2 of Co(TPP). Values of 

the rotational velocity (ω) of the electrode in rpm are indicated on each curve. (b) Levich 

plot of the rotating limiting currents (j) vs square root of rotational velocity (ω)1/2. The 

circle are experimental; the dotted line refers to the theoretical curve for the diffusion-

convection-limited reduction of O2 by two electrons, as indicated in the figure. (c) 

Koutecky-Levich plot of the reciprocal currents in part b vs (ω)-1/2. 
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3.3.3 Rotating Ring–Disk Electrode Technique 

3.3.3.1 Technical aspects 

The technique most often used for studying the catalytic reduction of O2 by 

metalloporphyrins is rotating ring–disk voltammetry.214 This electrochemical technique 

provides a quantitative measurement of any H2O2 produced as a product of the O2 

reduction and allows discrimination between the formation of free H2O2 as an 

intermediate and that which is formed as a minor side product in the desired conversion 

of O2 to H2O by 4 electrons.  The ring–disk electrode assembly consists of a pyrolytic 

graphite disk inside a concentric Pt ring. The compound to be tested as a reduction 

catalyst is applied to the graphite disk by irreversible adsorption. As the assembly is 

rotated, fresh O2-saturated electrolyte is drawn vertically toward the disk surface and 

ejected radially across the disk and ring. The disk potential is controlled by a potentiostat, 

and the disk current (ID)-potential (E) profile records the O2 reduction process. At the 

same time, the ring is held at a potential where any H2O2 reaching it is rapidly oxidized to 

O2. The ring current response (IR) thus monitors H2O2 production; and the ratio of disk to 

ring current, normalized for the collection efficiency, defines the relative contributions of 

the 4e– and 2e– reduction processes. 

The equations used to calculate the average number of electrons transferred n and the 

percentage of H2O2 formed at the electrode are eq. 23 and eq. 24, respectively: 

 n = 4ID/(ID + IR/N)                                                    (eq. 23) 

 %H2O2 = 100(2IR/N)/(ID + IR/N)                                         (eq. 24) 

where ID is the faradic current at the disk and IR is the faradic current at the ring.218 The 
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value of the collection efficiency, N = IR/ ID, is determined using a standard redox couple, 

such as Fe(CN)6
3–/4– in 1 M KCl. 

 

3.3.3.2 Catalytic reduction of O2 at a RRDE coated with Co(TPP) 

Figure 3-5 shows the current–potential curves for the two-electron reduction process 

of O2 to H2O2 recorded at a rotating graphite disk–platinum ring electrode (RRDE) 

coated with Co(TPP) in air-saturated 1 M HClO4. The disk potential was scanned from 

0.4 V to –0.3 V vs SCE at a rotation speed of 100 rpm while the ring potential was held at 

+1.0 V to oxidize the H2O2 generated by O2 reduction at the disk electrode. A disk 

current (ID) for dioxygen reduction at +0.3 V is observed (see upper curve in Figure 3-5), 

which attains a limiting diffusion current at more negative potentials. A large anodic ring 

current (IR) flows as the reduction of O2 occurs (lower curve in Figure 3-5). The ratio of 

the ring to disk limiting current, IR/ID, is 0.13 for the Co(TPP)-coated RRDE, which is 

relatively close the collection efficiency N of 0.15 determined at a bare graphite disk–

platinum ring electrode with the use of the [Fe(CN)6]3-/4- redox couple in 1 M KCl. From 

the ratio of the ring–disk current, the calculated number of electrons involved in the 

reduction of O2 is found to be 2.0 according to eq. 23, which is almost identical to that 

acquired from the Koutecky-Levich plot (vide supra).  
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Figure 3-5. Current-potential curves obtained during the reduction of O2 at a rotating 

graphite disk–platinum ring electrode. The graphite disk is coated with Co(TPP). Scan 

rate: 5 mV s-1. Rotation rate: 100 rpm. Supporting electrolyte: air-saturated 1 M HClO4. 

The potential of the platinum ring electrode was set to 1.0 V to oxidize H2O2 to O2 

completely. ID = 21.4 µA and IR = 2.9 µA. 
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Chapter 4: Reactivity of Cobalt(III) Complexes of 
Monocorrole, Biscorroles, and Porphyrin–
Corrole Dyads Toward Dioxygen 
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4.1 Introduction 
 

 

Several porphyrin–corrole,67 biscorrole,67 and bisporphyrin23,27,34,201,219-221 dyads 

linked in a cofacial configuration have been synthesized and examined as to their 

electrochemical reactivity with small molecules such as O2 or CO. One such compound is 

the anthracenyl bridged porphyrin−corrole dyad (PCA)Co2, 1a, (Chart 4-1) which 

strongly binds O2 in air giving a stable bis-Co(III) µ-superoxo complex as evidenced by 

its 15-line ESR spectrum.71 A similar dicobalt face-to-face anthracenyl-bridged 

bisporphyrin27,54 is able to catalyze the four-electron electroreduction of O2 in acidic 

media, and it was of interest to examine catalytic properties of the related mixed 

oxidation state porphyrin−corrole dyads 1a-1d and the Co(III) biscorrole dyads 3a-3e 

(Chart 4-1) under similar experimental conditions. 

Metallocorroles have been examined as to their catalytic properties in oxidation 

reactions63,65 and their affinity for dioxygen,106 but nothing has been reported as to their 

ability to catalyze the electroreduction of O2 when adsorbed on an electrode surface. The 

main difference between the cobalt corroles and previously studied cobalt porphyrins is 

the oxidation state of the central metal ion. The uncharged cobalt mono- and 

bisporphyrins contain Co(II) ions while the neutral porphyrin−corrole dyads, 1a-1d, 

contains a Co(III) corrole linked to a Co(II) porphyrin. In contrast, the biscorrole dyads 

(BCY)Co2, 3a-3e, and the uncharged monocorrole 2 contain only Co(III) ions. 
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One goal of the present study was to examine the redox properties of the three series 

of corroles in acidic media and another was to examine their use as catalysts for the 

reduction of O2 at a graphite electrode. The four dicobalt porphyrin–corrole dyads, 1a-1d,  

the five dicobalt biscorrole dyads, 3a-3e, and the monocobalt corrole, 2, examined in this 

study are well characterized as to their electrochemistry under N2 in a variety of 

nonaqueous solvents.71,92,108,109,111 (Me4Ph5Cor)CoIII, 2, can be reversibly reduced to its 

Co(II) form at E1/2 = −0.15 V to −0.17 V vs SCE in CH2Cl2, PhCN or THF.92 Slightly 

more negative potentials are observed for the Co(III)/Co(II) process of the biscorroles 

(BCY)Co2
109,111 and porphyrin−corroles (PCY)Co2

111 under similar experimental 

conditions. 

Of more relevance to the present work are the potentials where the three series of 

corroles 1, 2 and 3 are oxidized to their higher, formally Co(IV) and Co(IV) π-cation 

radical oxidation states. These electrode reactions occur at E1/2 = 0.47 and 0.82 V for 

(Me4Ph5Cor)CoIII, 2, in PhCN 0.1 M TBAP and at E1/2 = 0.53 and 0.73 V in THF giving 

[2]+ and [2]2+ in both solvents.92 A splitting of the first redox process of 2 is observed in 

CH2Cl2 due to the presence of dimers.92 As will be described, both series of biscobalt 

complexes 1 and 3 can serve as catalysts for the four-electron electroreduction of 

dioxygen in an air-saturated aqueous acidic solution containing 1 M HClO4. The onset 

potentials of the catalytic reduction for both biscobalt complexes are comparable to the 

potentials for the formal Co(IV)/Co(III) processes of the catalysts in nonaqueous media. 

This result is consistent with the binding of O2 by the Co(III) form of the compounds and 

is also consistent with the previously described µ-superoxo species that are formed in the 

reaction between O2 and (PCA)Co2.71 
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4.2 Results and Discussion 
 

4.2.1 Redox Properties of Complexes and Catalytic Reduction of O2.  

 

A detailed discussion is given for compounds 1a, 2 and 3a and this is followed by 

data on the other linked derivatives in the two series of biscobalt complexes. 

The three series of cobalt complexes were applied to an edge-plane pyrolytic graphite 

(EPPG) electrode by irreversible adsorption from a dilute chloroform solution. Cyclic 

voltammograms recorded at a graphite disk coated with complex 1a are illustrated in 

Figure 4-1A. In the absence of dioxygen, the response of the modified graphite electrode 

is characterized by a redox process centered at E1/2 = 0.38 V in 1 M HClO4 (Epc = 0.36 V, 

Epa = 0.40 V). When the solution is saturated with air, a larger cathodic peak is observed 

at almost the same potential of Ep = 0.40 V. The reduction of O2 at an uncoated graphite 

electrode occurs at Ep = −0.34 V which indicates that complex 1a catalyzes the 

electroreduction of dioxygen when adsorbed on graphite.  

A catalytic reduction wave of dioxygen is also observed at a rotating platinum 

ring−graphite disk electrode modified by adsorption of complex 1a on the disk as 

illustrated in Figure 4-1B. This RRDE voltammogram was obtained by scanning the disk 

potential from 0.70 to 0.00 V vs SCE at a rotation speed of 100 rpm while holding the 

ring potential at 1.10 V so that any H2O2 formed at the disk could be detected at the ring. 

Under these conditions, the anodic ring current results from the oxidation of H2O2 to O2.  
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As seen in Figure 4-1B, the disk current begins to increase at about 0.60 V and the 

plateau is reached at 0.30 V. At about 0.26 V, the current begins to decrease slightly and 

then rises again as the potential is scanned to more negative values. A similar behavior 

was previously observed for (FTF4)Co2
114,222 (FTF4 = face-to-face porphyrin dimer with 

a linking group of 4 atoms) and biscobalt “Pacman” type bisporphyrins.54,57,72 Only a 

relatively small amount of hydrogen peroxide is detected at the ring electrode in the 

vicinity of E1/2 when the reaction is carried out in air-saturated HClO4 (Table 4-1). The 

value of the disk current at E1/2 corresponds to an apparent number of electrons 
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Figure 4-1. (A) Cyclic voltammograms of 1a adsorbed on an EPPG electrode. 

Supporting electrolyte: 1 M HClO4 (a) saturated with argon and (b) saturated with air. 

Scan rate: 50 mV s-1. (B) Reduction of O2 at a rotating ring (Pt)−disk (EPPG) electrode 

in air-saturated 1 M HClO4. The potential of the ring electrode was maintained at 1.1 V. 

Rotation rate: 100 rpm. Scan rate: 5 mV s-1. 
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transferred of n = 3.9. From the data in the figure, we cannot say which of the two cobalt 

centers is reduced first in (PCA)Co2 (that of the corrole or that of the porphyrin) but there 

is no doubt that the redox process at E1/2 = 0.38 V in HClO4 under argon corresponds to 

the electroreduction of O2 to give H2O at Ep = 0.40 V under air.  

The electrochemical and electrocatalytic properties of the monocorrole 2 in HClO4 

differ from that of the dicobalt porphyrin−corrole 1a under the same solution conditions. 

The cyclic voltammogram of 2 adsorbed on a graphite disk in the absence of dioxygen 

shows three reversible processes located at E1/2 = 0.38, 0.20 and −0.08 V (Figure 4-2A). 

The three reactions can be related to similar reactions for the same compound in CH2Cl2 

which occur at E1/2 = 0.62, 0.45 and −0.15 V.92,109 The electrochemical response at −0.15 

V was assigned to the Co(III)/Co(II) couple.109 In comparison with the same process of a 

structurally related porphyrin, (OEP)Co48 (E1/2 = 0.41 V) where OEP = 

octaethylporphyrin, the smaller ring size of the macrocyclic cavity62 of 2 shifts the formal 

potential of the Co(III)/Co(II) couple by 490 mV to lower values in accordance with the 

fact that a corrole macrocycle stabilizes the Co(III) oxidation state whereas porphyrins 

stabilize cobalt in a +2 oxidation state.62,67,223 The two processes at E1/2 = 0.38 and 0.20 V 

for complex 2 suggest reduction via a dimeric species as is also observed in a nonaqueous 

solvent such as CH2Cl2.92,108 The first reduction peak at Ep = 0.35 V in Figure 4-2A thus 

probably corresponds to formation of a monooxidized dimer, [(2)2]+, which is 

catalytically active toward the reduction of dioxygen as seen in Figure 4-2B by the 

substantially enhanced peak currents at Ep = 0.36 V in the presence of O2. 



 79

 

Table 4-1. Electroreduction of Dioxygen by Adsorbed Dicobalt Porphyrin−Corroles and 

Biscorroles in Air-Saturated 1 M HClO4. 

Compound Ep
a E1/2

b nc 

1a (PCA)Co2 0.40 0.47 3.9 

1b (PCB)Co2 0.38 0.46 3.7 

1c (PCX)Co2 0.38 0.45 3.7 

1d (PCO)Co2 0.34 0.41 3.5 

     

2 (Me4Ph5Cor)Co 0.36 0.38 2.9 

     

3a (BCA)Co2 0.36 0.39 3.4 

3b (BCB)Co2 0.35 0.37 2.4 

3c (BCX)Co2 0.34 0.37 2.9 

3d (BCO)Co2 0.33 0.35 3.4 

3e (BCS)Co2 0.33 0.35 3.1 
a Peak potential of the dioxygen reduction wave (V vs SCE). b Half-wave potential (V vs 

SCE) for dioxygen reduction at rotating disk electrode (ω = 100 rpm). c The apparent 

number of electrons transferred per dioxygen molecule (n) at E1/2 is calculated from n = 

4ID/(ID+IR/N) where ID and IR are disk and ring currents, respectively, and N (= 0.24) is 

the collection efficiency of the ring−disk electrode.218 
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Figure 4-2. Cyclic voltammograms of 2 adsorbed on EPPG electrode. Supporting 

electrolyte: 1 M HClO4 saturated (A) with argon, (B) with air. Scan rate: 50 mV s-1. 
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Shown in Figure 4-3 are the cyclic voltammograms and rotating ring−disk electrode 

voltammograms responses obtained for (BCA)Co2, 3a, adsorbed on an EPPG electrode in 

1 M HClO4. Results for the biscorrole 3a parallel what is observed for 1a except that 

more H2O2 is produced at the E1/2 of 0.39 V (30%) than in the case of the 

porphyrin−corrole mixed oxidation state derivative where only 5% of H2O2 was observed. 

The biscorrole 3a is thus less selective than the porphyrin−corrole dyad 1a but more 

selective than the monocorrole 2 (55% H2O2). In comparison with the dicobalt 

porphyrin−corrole 1a and biscorrole 3a, the half-wave potential E1/2 of the dioxygen 

reduction wave is less positive for the monomeric cobalt complex 2 (Table 4-1). Also, in 

the case of 2, H2O2 is detected at the ring electrode as soon as dioxygen reduction occurs 

(Figure 4-4). Under these conditions, the value of n calculated from the disk and the ring 

currents is 2.9 at 0.38 V (Table 4-1). As complex 2 is not catalytically active towards the 

reduction of H2O2 (vide infra), this value of n requires that a portion of the dioxygen that 

reaches the electrode surface be reduced by four electrons to H2O. The catalytic behavior 

of 2 is thus similar to what has been reported for cobalt porphyrins with unsubstituted 

meso positions such as (OEP)Co48 or Co(II) porphine.46 In both cases, a formation of 

dimers on the surface of the graphite electrode was proposed to explain the catalytic 

electroreduction of O2 to H2O. 
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Figure 4-3. (A) Cyclic voltammograms of 3a adsorbed on an EPPG electrode. Supporting 

electrolyte: 1 M HClO4 (a) saturated with argon and (b) saturated with air. Scan rate: 50 

mV s-1. (B) Reduction of O2 at a rotating ring (Pt)−disk (EPPG) electrode in air-saturated 

1 M HClO4. The potential of the ring electrode was maintained at 1.1 V. Rotation rate: 

100 rpm. Scan rate: 5 mV s-1. 
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Figure 4-4. Reduction of O2 at a rotating ring (Pt)−disk (EPPG) electrode coated with 2 

in air-saturated 1 M HClO4. Collection efficiency N = 0.24. The potential of the ring 

electrode was maintained at 1.1 V. Rotation rate: 100 rpm. Scan rate: 5 mV s-1. 
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4.2.2 Kinetics of O2 Reduction Catalyzed by (Me4Ph5Cor)Co and (PCA)Co2.  

 

Figure 4-5A shows a set of current-potential curves for the reduction of dioxygen at a 

rotating disk electrode coated with the cobalt monocorrole 2 and porphyrin−corrole 1a in 

1 M HClO4. The corresponding Levich plot of limiting current vs the square root of the 

rotation rate (ω)1/2 and the lines calculated from the Levich equation (eq. 18) for the 

diffusion-convection-limited two- and four-electron reduction of dioxygen are shown in 

Figure 4-5B. The Levich plot for monocorrole 2 shows that the steady-state limiting 

currents exceed the calculated values corresponding to the two-electron reduction of O2. 

The nonlinearity of the Levich plot in Figure 4-5B suggests that the catalytic reaction is 

limited by a rate-determining step that precedes the electronic transfer (CE mechanism). 

This nonlinearity was previously observed for several cobalt(II) porphyrin 

complexes47,48,171,175,224-227 and the chemical step was assigned to the formation of a 

dioxygen adduct192 which is a reducible species. Kinetic analysis of such systems is 

facilitated by means of Koutecký-Levich plots228 of reciprocal current density (jlim)-1 vs 

reciprocal square root of rotational velocity (ω)-1/2. Typical plots are shown in Figure 

4-5C. These plots are interpreted on the basis of equation (1): 

klevlim

1  1  1
jjj

+=                                                            (1) 

where jlim is the measured limiting current density (mA cm-2). The Levich current, jlev, 

and jk, the kinetic current that measure the rate of the current-limiting chemical reaction, 

are defined by equations (2) and (3), respectively. 
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2/1*6/13/2
lev  0.62 ωυ CnFDj −=                                                (2) 

where n is the number of electrons transferred in the overall electrode reaction, F the 

Faraday constant (96487 C mol-1), D and C *  are the diffusion coefficient (cm2 s-1) and 

bulk concentration of dioxygen (mol dm-3), respectively, υ is the kinematic viscosity of 

water (cm2 s-1), and ω is the angular rotation speed (rad s-1) of the electrode. 

*3
k Γ10 CnFkj =                                                       (3) 

where k (M-1 s-1) is the second-order rate constant governing the current-limiting reaction 

between the reduced catalyst and O2 and Γ (mole cm-2) is the surface concentration of 

catalyst on the electrode that participates in catalyzing the reaction. The quantity of 

(Me4Ph5Cor)Co present on the electrode (Γ = 2.0 × 10-10 mol cm-2) was obtained by 

measuring the area under the cyclic voltammogram recorded in dioxygen-free 1 M 

HClO4. The value of n determined from the slope of the Koutecký-Levich plot (Figure 

4-5C) shows that a portion of dioxygen is reduced to water. This is in agreement with the 

value of n = 2.9 determined from the ring−disk experiment at a rotation speed of 100 rpm 

(Table 4-1). The value of the O2 reduction rate constant k, evaluated at pH = 0, from the 

intercept of the Koutecký-Levich plot, is higher than previously reported rate constants 

governing the kinetics of the coordination of dioxygen to adsorbed cobalt(II) porphyrin 

complexes (Table 4-2).192 
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Figure 4-5. (A) Current-potential curves for the reduction of O2 in 1 M HClO4 at a 

rotating graphite disk electrode coated with 2.0 × 10-10 mol cm-2 of 2 (left) and 11.0 × 

10-10 mol cm-2 of 1a (right). Values of the rotational velocity (ω) of the electrode in rpm 

are indicated on each curve. The disk potential was scanned at 5 mV s-1. (B) Levich 

plots of the rotating limiting currents (j) of (A) (○) vs square root of rotational velocity 

(ω)1/2. The lines refer to the theoretical curves for the 2e- and 4e- processes, as indicated 

in the figures. (C) Koutecký-Levich plots corresponding to B. 
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Table 4-2. Rate Constants (k) for the Electroreduction of O2 by Adsorbed Catalysts in 

Air-Saturated 1 M HClO4 (pH = 0). 

Catalyst 10-5 k, M-1 s-1 Ref 

(PCA)Co2 (1a) 0.2 T.W. 

(Me4Ph5Cor)Co (2) 5.7 T.W. 

(FTF4)Co2
 3.0 192 

(diethylesterMe2Et2P)Co 1.4 192 

(DPA)Co2 0.2 72 

T.W. = This work. 
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The rotating disk procedure described above for measuring the rate constant 

governing the catalytic reaction of 2 with O2 was also applied to the dicobalt 

porphyrin−corrole 1a. An EPPG disk was modified with (PCA)Co2 using a dip-coating 

procedure. The surface coverage of the disk was calculated from integration of the 

voltammetric peak recorded in a deoxygenated acidic solution (Figure 4-1A) and was 

found to be 11.0 × 10-10 mol cm-2 of geometric electrode area. The recorded 

hydrodynamic voltammograms in the presence of dioxygen are shown in Figure 4-5A. 

The Levich plot in Figure 4-5B is nonlinear, as expected for a reduction in which a 

current-limiting chemical step precedes the electron transfer. The reciprocal slope of the 

corresponding Koutecký-Levich plot (Figure 4-5C) corresponds to an apparent n value of 

3.5 which suggests that O2 is reduced to a mixture of H2O and H2O2. This is also 

consistent with the magnitudes of the anodic ring currents at potentials on the plateau of 

the disk curent-potential curve in Figure 4-1B. The rate constant, k, for the catalytic 

reduction of O2 by (PCA)Co2 was evaluated from the intercept of the Koutecký-Levich 

plot (Figure 4-5C) and found to be 0.2 × 105 M-1 s-1 (Table 4-2). This value is lower than 

that obtained for the monocobalt porphyrin (diethylesterMe2Et2P)Co (k = 1.4 × 105 M-1 

s-1)192 and its related dimer (FTF4)Co2 (k = 3.0 × 105 M-1 s-1)192 but it is identical to that 

reported previously for the electrocatalytic reduction of O2 in 1 M CF3CO2H by a 

(DPA)Co2-coated graphite electrode where DPA = anthracenyl-bridged diporphyrin (k = 

0.2 × 105 M-1 s-1).72 
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4.2.3 Thin-layer Voltammetry.  

 

 

Further insight into the catalyzed reduction of dioxygen by 2 was obtained by 

dissolving the catalyst in a thin layer of benzonitrile next to the electrode instead of 

adsorbing it directly on the electrode surface. Shown in Figure 4-6 are cyclic 

voltammograms obtained with an EPPG electrode on which was placed a 30 µm layer of 

benzonitrile containing (Me4Ph5Cor)Co. The electrode was immersed in an aqueous 

solution of 1 M HClO4. The large cathodic peak current at Ep = 0.20 V vs Ag/AgCl 

(Figure 4-6A) arises from the reduction of O2 catalyzed by 2. The rise in the catalytic 

current occurs at the same potential where, in the absence of O2, [(Me4Ph5Cor)CoIV]+ is 

reduced to [(Me4Ph5Cor)CoIII]0 in 1 M HClO4 (Figure 4-6B). This implicates the 

cobalt(III) corrole as the catalytically active species. The reversible process observed at 

more cathodic potentials (Ep = −0.30 V vs Ag/AgCl) corresponds to the Co(III)/Co(II) 

redox couple.  
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Figure 4-6. Cyclic voltammograms of 2 (0.6 mM) dissolved in a thin layer of acidified 

PhCN placed on an EPPG electrode that was immersed in 1 M HClO4. (A) In the 

presence of O2 and (B) after the aqueous phase (and the equilibrated thin layer of PhCN) 

was saturated with argon. Scan rate: 50 mV s-1. 
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4.2.4 Catalytic Activity of Cobalt Corrole Derivatives Towards H2O2 at pH = 0.  

 
As shown by the rotating disk electrode voltammograms of (Me4Ph5Cor)Co (Figure 

4-5A), the reduction of O2 proceeds in a single step and H2O2 is the major product of the 

reduction at the plateau. In contrast, the larger disk current with (PCA)Co2 (Figure 4-5A) 

shows that a portion of the O2 is reduced to H2O instead of H2O2. However, the catalyst 

may produce H2O2 as an intermediate species in the catalytic process. To test this 

possibility, the solution used to record the cyclic voltammogram in the presence of 

dioxygen (Figure 4-1) was made 0.5 mM in H2O2 and deoxygenated with argon for 20 

minutes. The cyclic voltammogram was then recorded with a (PCA)Co2-coated electrode 

in the presence of hydrogen peroxide and the resulting current-voltage curve is shown in 

Figure 4-7A where the potential was first scanned from 0.50 to 0.10 V and then from 

0.10 to 0.80 V and back to 0.10 V. Under these conditions, a catalytic oxidation peak of 

H2O2 to O2 was observed at Ep = 0.65 V whereas the reduction of the dioxygen formed at 

the electrode occured at 0.42 V on the reverse scan. No peak corresponding to the 

reduction of H2O2 to H2O was detected between 0.80 and 0.00 V. The same 

electrochemical behavior was observed for (Me4Ph5Cor)Co (Figure 4-7B) except that the 

magnitude of the oxidation peak current at Ep = 0.70 V was relatively higher than seen in  

Figure 4-7A for (PCA)Co2. In order to obtain a more quantitative assessment of the 

catalytic properties of complexes 1a and 2 towards H2O2, current-potential curves were 

recorded at a rotating disk electrode in 1 M HClO4 saturated with argon (Figure 4-8). 

Here, both adsorbed complexes catalyze the electrooxidation of H2O2 at E1/2 = 0.61 and 

0.65 V, respectively. 
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Figure 4-7. Cyclic voltammograms of 1a (A) and 2 (B) adsorbed on EPPG electrode. 

Supporting electrolyte: 1 M HClO4 saturated with argon. [H2O2] = 0.5 mM. Scan rate: 50 

mV s-1. 
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Figure 4-8. Rotating disk voltammograms of 2 (curve a) and 1a (curve b) adsorbed on 

EPPG electrode. Supporting electrolyte: 1 M HClO4 saturated with argon. [H2O2] = 0.5 

mM. Rotation rate: 100 rpm. Scan rate: 5 mV s-1. 
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The decrease in limiting currents observed for 1a and 2 at potentials higher than 0.80 

V corresponds to a gradual loss of catalytic activity due to a possible degradation of the 

compounds at the EPPG surface. The curves for reduction of H2O2 at the 

(Me4Ph5Cor)Co-coated electrode reveal that cobalt(III) monocorrole 2 reduces H2O2 at a 

much slower rate than it catalyzes its oxidation. The RDE voltammogram recorded in a 

deoxygenated solution containing 0.5 mM H2O2 (curve a, Figure 4-8) shows a slow rise 

of the disk current from ca. 0.60 to 0.00 V. An analogous RDE experiment with a 

(PCA)Co2-coated graphite disk (curve b, Figure 4-8) shows a similar behavior of the 

dicobalt porphyrin−corrole dyad towards the catalytic reduction of H2O2. However, the 

magnitudes of the cathodic currents recorded between 0.60 and 0.00 V are higher than 

those observed for the monocobalt corrole (Me4Ph5Cor)Co (curve a, Figure 4-8). As 

expected, no oxidations or reductions of H2O2 were observed at the bare electrode and 

this is also evident from the current-voltage curves in Figure 4-8. 

Collman et al. observed that a graphite electrode coated with (FTF4)Co2 also 

catalyzes the two-electron reduction of H2O2 to H2O in acidic media.183 The catalytic 

reduction of H2O2 by (FTF4)Co2 was characterized by rotating disk electrode 

voltammograms similar to those recorded for complex 1a (Figure 4-8). A similar 

catalytic activity toward H2O2 was reported by Anson, Chang and coworkers for a 

dicobalt cofacial diporphyrins, (DPA)Co2, that is structurally similar to complex 1a.72 

The lack of significant catalytic activity of (DPA)Co2 towards the disproportionation of 

H2O2 was also demonstrated. Both Collman and Anson have stated that the rate of the 

electrocatalytic reduction of H2O2 by (FTF4)Co2 and (DPA)Co2 is very slow compared to 
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the rate of O2 reduction.72,183 From the results shown in Figure 4-8 it is clear that this is 

also true for (PCA)Co2. 

 

4.2.5 Effect of Different Spacers on O2 Catalysis.  

The dioxygen reduction catalytic properties of dicobalt porphyrin−corrole and 

biscorroles complexes bridged by biphenylene, 9,9-dimethylxanthene, dibenzofuran and 

dibenzothiophene were compared to those of (PCA)Co2 and (BCA)Co2 (Chart 4-1). The 

electrochemical data are compiled in Table 4-1. The structural details on complexes with 

spacers of the type used in this study were reported previously.94,95,112,229 The rigidity of 

the anthracene and biphenylene bridges in complexes 1a, 1b, 3a and 3b minimize ring 

lateral slippage while maintaining a face-to-face arrangement of both macrocycles.34 

Biphenylene provides a tighter binding cavity than anthracene due to the fewer number of 

atoms separating the macrocyclic units. However, both single rigid linkers afford a small 

flexibility along the longitudinal axis of the ligands that allow the molecular clefts to 

structurally accommodate reaction intermediates during multielectron catalysis (“Pac-

Man” effect34,58), thus resulting in an efficient catalytic reduction of O2. The 

porphyrin−corrole dyads bridged by 9,9-dimethylxanthene (1c) and dibenzofuran (1d) 

also efficiently catalyze the direct four-electron reduction of O2 to H2O (Table 4-1), 

despite the structural difference between the two ligands. The xanthene bridge contains 

the same number of atoms as anthracene whereas the five-membered ether ring in 

dibenzofuran increases the size of the binding pocket. The presence of an sp3 oxygen in 

the latter bridge allows the porphyrin–corrole dyad to open and close its binding pocket 
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by a longitudinal distance of over 4 Å in the presence of exogineous ligands as reported 

by Nocera and coworkers58 This longitudinal flexibility is also observed in complex 1d 

since the PCO system displays a four-electron reactivity toward dioxygen (Table 4-1).  

Coatings of cobalt(III) biscorroles catalyze O2 reduction at more negative potentials 

than do the (PCY)Co2 derivatives under the same experimental conditions (Table 4-1). 

The E1/2 values of 3a-3c are close to that observed for (Me4Ph5Cor)Co (E1/2 = 0.38 V), 

whereas complexes 3d and 3e reduce O2 at more slightly negative potentials (E1/2 = 0.35 

V). Rotating ring−disk measurements show that reduction of O2 by the (BCY)Co2 

complexes produce a more significant amount of H2O2 than porphyrin−corrole 

derivatives. In comparison with (PCY)Co2 systems, the decrease of catalytic selectivity 

towards the four-electron reduction of O2 to H2O in 1 M HClO4 observed with 

(BCY)Co2-coated electrodes suggests that the partially reduced dioxygen species is less 

stabilized. This decrease of selectivity for the direct reduction of O2 to H2O might also be 

explained by a difference of electronic properties between the electron-poor aryl-

substituted corrole and the electron-rich alkyl-substituted porphyrin subunits. In 

comparison with 1, the presence of a second cobalt(III) corrole unit in 3 may reduce the 

basicity of the oxygen adduct which strongly disfavors the four-electron reduction 

pathway.23 
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4.3 Conclusion 
 

In summary, we have shown that cobalt corroles can be used as effective catalysts in 

the reduction of O2. The half-wave potentials range from 0.35 to 0.47 V for the ten 

investigated catalysts when measured by cyclic voltammetry in 1 M HClO4. However, the 

H2O/H2O2 product ratios of the reduction differ in each case, with the most effective 

catalyst being the mixed oxidation state derivative 1a-1d which leads almost exclusively 

to a four-electron reduction of O2 at E1/2 = 0.41 to 0.47 V vs SCE. A four-electron 

reduction also occurs to some extent in the absence of a porphyrin macrocycle and, under 

these conditions, O2 reduction occurs at an E1/2 of 0.35-0.39 V as seen in Table 4-1. 

Finally, reduction of hydrogen peroxide in 1 M HClO4 by the dicobalt porphyrin-corrole 

1a is too slow to account for participation of free H2O2 as an intermediate in the four-

electron reduction of O2. 
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Chapter 5: Catalytic Activity of Free-Base Porphyrin–
Cobalt Corrole Dyads for the 
Electroreduction of O2 
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5.1 Introduction 
 

In Chapter 4, we examined the use of face-to-face bis-Co(III) corroles or dyads 

containing one Co(III) corrole and one Co(II) porphyrin as catalysts for the 

electroreduction of O2 in acid media when adsorbed on a graphite electrode. 

In this chapter, three face-to-face dyads where one macrocycle is a cobalt(III) corrole 

and the other a free-base porphyrin are examined. The present study shows the ability of 

the three free-base porphyrin−Co(III) corrole dyads to catalyze the electroreduction of 

dioxygen in 1 M HClO4 or 1 M HCl when adsorbed on a graphite electrode, and these 

results are compared to what is reported for the series of biscobalt porphyrin−corrole 

dyads with the same linker groups desribed in Chapter 4. The examined compounds in 

this chapter are illustrated in Chart 5-1 and are represented as (PCY)H2Co, where P = a 

porphyrin dianion and C = a corrole trianion. Y is a biphenylenyl (B), 9,9-

dimethylxanthenyl (X) or anthracenyl (A) spacer which links the two macrocycles. 

Face-to-face bismacrocycles with one cobalt porphyrin and one free-base porphyrin 

have earlier been examined as to their efficiency in the electrocatalysis of O2 when 

adsorbed on a graphite surface in acid media.72,192 These monocobalt bisporphyrins 

exhibit four electron reduction pathways, as evidenced by napp values which are much 

greater than 2.0, and it was, therefore, of interest in the current study to examine the 

reactivity of the three (PCY)H2Co dyads toward O2 electroreduction in 1 M HClO4 as 

well in 1 M HCl where Cl− anions were expected, on the basis of previous studies,70 to 

bind to the Co(IV) and maybe also the Co(III) form of the complex. 
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5.2 Results and Discussion 
 

5.2.1 Redox Properties of (PCY)H2Co (Y = A, B, and X) and Catalytic 

Reduction of O2 

The catalytic activity of the (PCY)H2Co dyads toward the reduction of O2 was 

examined by cyclic voltammetry and rotating ring–disk electrode voltammetry in 

aqueous solutions of 1 M HClO4. Current–potential curves recorded at a graphite disk 

coated with (PCA)H2Co and (PCB)H2Co are illustrated in Figure 5-1. In the absence of 

dioxygen, the response of the graphite electrode coated with (PCA)H2Co resembles that 

obtained with the (PCB)H2Co-coated electrode (Figure 5-1a). The cyclic voltammogram 

of (PCB)H2Co shows two reversible processes located at E1/2 = 0.37 and –0.02 V in 1 M 

HClO4 whereas the (PCA)H2Co system is characterized by a reversible system at E1/2 = 

0.36 V and an irreversible reduction peak at Epc = –0.12 V. On the basis of comparisons 

with the electrochemical response of (Me4Ph5Cor)Co adsorbed on a graphite electrode 

(Chapter 4) (E1/2 = 0.38, 0.20 and –0.08 V), the two processes of (PCB)H2Co at E1/2 = 

0.37 and –0.02 V can be assigned to the formal potentials of the Co(IV)/Co(III) and 

Co(III)/Co(II) couples, respectively. The presence of an additional reversible process at 

E1/2 = 0.20 V for (Me4Ph5Cor)Co was earlier explained (see Chapter 4) by the tendency 

of the corrole to spontaneously dimerize (or to form higher aggregates) on the graphite 

surface. This electrochemical behavior is not observed for the currently investigated free-

base porphyrin-cobalt corrole dyads. 
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Figure 5-1. (a) Cyclic voltammograms of (PCA)H2Co (left) and (PCB)H2Co (right) 

adsorbed on an EPPG electrode. Supporting electrolyte: 1 M HClO4 saturated with 

argon. Scan rate: 50 mV/s. (b) Cyclic voltammograms of (PCA)H2Co (left) and 

(PCB)H2Co (right) adsorbed on an EPPG electrode. Supporting electrolyte: 1 M HClO4 

saturated with argon. [O2] = 0.24 mM. Scan rate: 50 mV/s. 
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Table 5-1. Electroreduction of Dioxygen by Adsorbed Free-Base Porphyrin−Cobalt 

Corrole Dyads in Air-Saturated 1 M HClO4 or 1 M HCl. 

 1 M HClO4  1 M HCl 

compound Ep
a E1/2

b nc  Ep
a E1/2

b 
∆ E1/2 

(HClO4-HCl) 

(PCA)H2Co 0.30 0.35 2.8  0.21 0.28 0.07 

(PCX)H2Co 0.31 0.35 2.5  0.23 0.28 0.07 

(PCB)H2Co 0.29 0.35 2.9  0.24 0.29 0.06 

(Me4Ph5Cor)Co 0.36 0.38 2.9  0.28 0.33 0.05 

a Peak potential of the dioxygen reduction wave (V vs SCE). b Half-wave potential (V vs 

SCE) for dioxygen reduction at a rotating disk electrode (w = 100 rpm). c The apparent 

number of electron transferred per dioxygen molecule (n) at E1/2 is calculated from n = 

4ID/(ID + IR/N) where ID and IR are disk and ring currents, respectively, and N (= 0.24) is 

the collection efficiency of the ring-disk electrode.  
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When the solution is saturated with air (Figure 5-1b), the response of the (PCY)H2Co-

coated electrodes is characterized by a large reduction peak located at Epc = 0.29-0.31 V, 

depending upon the spacer (see exact values in Table 5-1). The electroreduction of O2 by 

the three (PCY)H2Co complexes occurs at slightly less positive potentials than that  of the 

related cobalt(III) corrole (Me4Ph5Cor)Co (Epc = 0.36 V), but leaves no doubt that the 

electrocatalysis proceeds at the potential of the Co(IV)/Co(III) process, with the 

cobalt(III) center of the dyad being the active site in the electroreduction of O2.  

The rotating ring–disk electrode responses obtained for (PCA)H2Co and (PCB)H2Co 

adsorbed on the graphite electrode in 1 M HClO4 (Figure 5-2) exhibit a single wave for 

the reduction of O2 (E1/2 = 0.35 V) as does (PCX)H2Co, and the average number of 

electrons transferred (n) is higher than 2 (Table 5-1) for all three investigated 

porphyrin−corrole dyads. The number of electrons transferred in the O2 electroreduction 

process ranges from 2.5 to 2.9 for (PCY)H2Co and (Me4Ph5Cor)Co, indicating that the 

electrocatalytic reduction of O2 leads to the formation of H2O2 and H2O through 

processes involving both 2e− and 4e− reactions, as was previously reported for 

monocoabalt cofacial bisporphyrins.72 This is clearly different behavior from that of the 

pophyrin–corrole dyads with two cobalt centers, (PCY)Co2 (Y = O, A, X, and B), where 

n = 3.5−3.9 and O2 is mainly reduced to H2O through a 4e− process.  

The unmetallated porphyrin unit of the (PCY)H2Co dyads may increase the 

selectivity for the four-electron reduction of O2 to H2O over the two-electron pathway by 

helping to stabilize the partially reduced dioxygen species. 
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Figure 5-2. Reduction of O2 at a rotating ring (Pt)−disk (EPPG) electrode coated with 

(PCA)H2Co (left) and (PCB)H2Co (right) in air-saturated 1 M HClO4. the potential of 

the ring electrode was maintained at 1.1 V. Rotation rate: 100 rpm. Scan rate: 5 mV s-1. 
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 A similar effect has been reported for face-to-face bisporphyrin systems containing one 

free-base porphyrin and one cobalt porphyrin.73 Alternatively, the increased value of n 

above 2.0 may be due to the presence of aggregates or dimers of the dyads on the 

electrode surface, as was postulated to occur in the case of (Me4Ph5Cor)Co(III) (see 

Chapter 4), (OEP)Co(II),48 and Co(II) porphine.46 A dimerization is not detected by 

electrochemistry of the dyads in HCl or HClO4, but it is clearly evident from the cyclic 

voltammograms of (PCX)H2Co and (PCA)H2Co in CH2Cl2 or PhCN. 

 

5.2.2 Catalytic Reduction of O2 in 1 M HCl.  

The catalytic reduction of dioxygen by (PCY)H2Co and the monocorrole, 

(Me4Ph5Cor)Co, was also investigated by cyclic voltammetry and rotating disk electrode 

voltammetry in 1 M HCl where the ligand Cl− from the acid would be expected to 

coordinate to the Co(IV) center of the corrole adsorbed on the electrode surface. As 

shown in Figure 5-3, the electrocatalytic reduction wave of dioxygen recorded in air-

saturated 1 M HCl at a graphite disk coated with (PCB)H2Co is shifted by 60 mV to more 

negative potentials, consistent with Cl− coordinating to the Co(IV) center of the 

porphyrin−corrole dyad. A similar negative shift is seen for the other two (PCY)H2Co 

complexes as well as for (Me4Ph5Cor)Co in HCl, and the magnitude of the shift in E1/2 is 

listed in Table 5-1 as ∆ E1/2, which ranges from 50 to 70 mV. The fact that (PCY)H2Co 

and (Me4Ph5Cor)Co both catalyze the reduction of dioxygen in the presence of Cl− (see 

Table 5-1) suggests that the anionic axial ligand is released rapidly when the cobalt(IV) 

center is reduced to Co(III) in the dyad.  
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Figure 5-3. Reduction of O2 at a rotating disk electrode coated with (PCB)H2Co in air-

saturated 1 M HClO4 or 1 M HCl. Rotating rate: 100 rpm. Scan rate: 5 mV s-1. 
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5.3 Conclusion 
 

Three face-to-face linked porphyrin-corrole dyads were investigated as to their ability 

to catalyze the electroreduction of dioxygen in aqueous 1 M HClO4 or HCl when 

adsorbed on a graphite electrode. The characterized compounds are represented as 

(PCY)H2Co, where P = a porphyrin dianion; C = a corrole trianion; and Y = a 

biphenylenyl, 9,9-dimethylxanthenyl, or anthracenyl spacer, which links the two 

macrocycles in a face-to-face arrangement. The Co(III) form of the corrole in 

(PCY)H2Co appears to be the catalytically active species in the electroreduction of 

dioxygen, which occurs at potentials associated with the Co(IV)/Co(III) reaction, that is, 

0.35 V in 1 M HClO4 as compared to 0.31−0.42 V for the same three dyads in PhCN and 

0.1 M TBAP.104 The potential for the catalytic electroreduction of O2 in HCl shifts 

negatively by 60 to 70 mV as compared to E1/2 values in 1 M HClO4, consistent with the 

binding of Cl− to the Co(IV) form of the corrole and its rapid dissociation after 

electroreduction to Co(III) at the electrode surface. 
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Chapter 6: Catalysis of O2 reduction by 
heterobimetallic dyads containing a face-
to-face linked Fe(III) or Mn(III) porphyrin 

 



 110

6.1 Introduction 
 

 

In the previous chapters, we demonstrated that cobalt(III) corroles could be used as 

effective catalysts for the electroreduction of O2 when adsorbed onto a pyrolytic edge-

plane graphite electrode.104,230 The most efficient electrocatalysts for the production of 

H2O from O2 were shown to be the dicobalt cofacial porphyrin (P)–corrole (C) dyads, 

(PCY)Co2 where P represented a Co(II) porphyrin linked to a Co(III) corrole (C) by an 

anthracenyl (A), biphenylene (B), 9,9-dimethylxanthene (X), or a dibenzofuran (O) 

bridge (represented as Y in the formula). The least efficient of the studied cobalt corrole 

catalysts where the monomeric cobalt(III) corroles or the dicobalt cofacial biscorrole 

dyads, (BCY)Co2, which contained two Co(III) corrole units linked in a face-to-face 

arrangement. The potentials for catalytic O2 electroreduction in 1 M HClO4 by adsorbed 

mixed-valent Co(II) porphyrin/Co(III) corrole complexes of the type (PCY)Co2 ranged 

from 0.41 to 0.47 V vs the saturated calomel electrode (SCE) while the same reaction 

with dicobalt(III) biscorrole derivatives of the type (BCY)Co2 occurred at more negative 

E1/2 values (0.35–0.39 V) which were close to values obtained when the catalyst was the 

cobalt(III) monocorrole (Me4Ph5Cor)Co under the same experimental conditions (E1/2 = 

0.38 V). A difference also exists in the number of electrons transferred for the catalytic 

reduction of O2 using as catalysts the porphyrin–corrole dyads (PCY)Co2 and the 

biscorrole dyads (BCY)Co2. A value of n = 4 is expected for complete conversion of O2 

to H2O while an n = 2 is expected for the 2e- conversion of O2 to H2O2. Under the same 

experimental conditions, the average measured value of n ranged from 3.5 to 3.9 for the 
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biscobalt (PCY)Co2 catalysts, from 2.4 to 3.4 for the biscorrole dyads (BCY)Co2 and 

from 2.5 to 2.9 for the (PCY)H2Co series of compounds adsorbed on a graphite electrode. 

These results suggest that the cobalt porphyrin macrocycle not present in (BCY)Co2 or 

(PCY)H2Co plays a key role in the initial stage of O2 reduction. We were therefore 

interested in examining the catalytic activity for a similar series of recently 

characterized70,112 heterobinuclear face-to-face porphyrin–corrole dyads of the form 

(PCY)MClCoCl (where Y = A, B, X, or O, M = Fe(III) or Mn(III)), C represents a 

Co(III) corrole and P an Fe(III) or Mn(III) porphyrin linked by a rigid spacer Y (Chart 

6-1). These results are reported in the present chapter and provide a clear picture as to the 

role of the cobalt porphyrin in the electrocatalytic process. 

 

6.2 Results and discussion 
 

6.2.1 Electrocatalytic Reduction of O2. 

The catalytic activity of the heterobimetallic porphyrin–corrole complexes 

(PCY)MClCoCl (Y = A, B, O, X and M = FeIII or MnIII) towards the reduction of O2 

were examined by cyclic voltammetry and rotating ring–disk electrode voltammetry in 

aqueous solutions of 1 M HClO4. Figure 6-1A displays current–potential responses for 

the catalytic reduction of O2 at a graphite disk coated with (PCO)MnClCoCl (top of 

figure) or (PCA)FeClCoCl (bottom). Curves (a) in Figure 6-1A were obtained by cyclic 

voltammetry, scanning from +0.80 V to –0.30 V and then back to the initial potential 

whereas the rotating disk electrode voltammograms illustrated by curves (b) show the 

current–voltage curves only for reduction over the same range of potentials.  
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The rotating ring–disk electrode (RRDE) voltammograms obtained for the same two 

compounds, (PCO)MnClCoCl and (PCA)FeClCoCl, are presented in Figure 6-1B. The 

reduction is carried out at the disk and the products of the reactions, H2O2 or H2O, are 

monitored at the ring where any H2O product of reduction will be electrooxidized at an 

applied potential of 1.10 V vs SCE. H2O is electroinactive at this potential and thus the 

magnitude of the ring current provides a direct indication as to the amount of H2O2 

produced in the electroreduction of O2. It should also be pointed out that the corrole 

redox process assigned as Co(IV)/Co(III) in the dyads occurs at E1/2 values close to 0.40 

V in HClO4
104,230 and at E1/2 = 0.50 V vs SCE in PhCN.70,111  

Only the Co(IV) form of the corrole is present in the catalyst on the electrode surface 

when a negative potential scan is initiated at 0.80 to 0.60 V vs SCE as seen in Figure 

6-1A. This assignement which is based on the Co(IV)/Co(III) redox potential will be 

discussed later in this chapter and is important with respect to the fact that E1/2 for the 

electrocatalytic reduction of O2 occurs at potentials quite close to E1/2 values for 

electrochemical generation of the Co(III) corrole from (PCY)MIIIClCoIVCl or 

(PCY)H2Co on the electrode surface. 

In the presence of O2, the current-potential curves obtained at (PCY)MnClCoCl- and 

(PCY)FeClCoCl-coated graphite electrodes are characterized by two irreversible 

processes. The cyclic voltammogram of (PCO)MnClCoCl (curve a, Figure 6-1A) shows 

an initial reduction peak at Epc = 0.30 V followed by a second less intense peak at a more 

cathodic potential (Epc = –0.06 V). A similar response is seen for the electrode coated 

with (PCA)FeClCoCl and here the first reduction peak in the air-saturated solution is
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Figure 6-1. (A) Cyclic voltammograms (curves a) and rotating disk electrode 

voltammograms (curves b) of M–Co porphyrin–corroles adsorbed on EPPG electrode (M 

= Fe(III)Cl, Mn(III)Cl). Supporting electrolyte: 1 M HClO4 saturated with air. Scan rate: 

50 mV s-1. (B) Current-potential curves at a rotating (Pt) ring–(EPPG) disk electrode in 

air-saturated 1 M HClO4. Scan rate: 5 mV s-1. Rotation rate: 100 rpm. Ering = 1.1 V vs 

SCE. 
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located at Epc = 0.34 V and the second at Epc = –0.11 V for a scan rate of 0.05 V/s. At pH 

0, the current–potential curves for O2 reduction at the rotating disk electrode coated with 

(PCA)FeClCoCl or (PCO)MnClCoCl consists of two distinct waves (curves b, Figure 

6-1A). In both cases, the magnitude of the first reduction currents are similar but the 

plateau currents for the second processes are notably larger at the electrode coated with 

(PCA)FeClCoCl than the one with (PCO)MnClCoCl. Also, the presence of the 

(PCA)FeClCoCl dyad on the electrode surface leads to an electroreduction of O2 at a 

slightly more positive half-wave potential (E1/2 = 0.39 V) than in the case when 

(PCO)MnClCoCl is used as the catalyst (E1/2 = 0.36 V). 

The E1/2 values for the first reduction wave associated with the catalytic reduction of 

O2 by the seven investigated complexes having the formula (PCY)MnClCoCl or 

(PCY)FeClCoCl range from 0.30 to 0.39 V (see Table 6-1) and are consistent with a 

cobalt(III) corrole-catalyzed reduction of O2 based on previous experiments with 

monocobalt (PCY)H2Co complexes which lack a reducible metal ion in the porphyrin 

macrocycle and show only a single redox process at E1/2 = 0.35 V over the range of 

investigated potentials (see Chapter 5). In comparison, the Fe(II) form of the “simple” 

monomeric iron porphyrin macrocycle, (Me6Et2PhP)FeCl, catalyzes the electroreduction 

of O2 at E1/2 = 0.01 V (see Table 6-1) and this reaction occurs at potentials associated 

with the Fe(III)/Fe(II) process. A similar catalytic process is not readily observed for the 

Mn(II) form of (Me6Et2PhP)MnCl, in large part because the Mn(III)/Mn(II) process does 

not occur until much more negative potentials of –0.40 to –0.60 V vs SCE depending 

upon the solution conditions.70,112 
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Table 6-1. Catalytic Behavior of Heterodinuclear Porphyrin–Corroles Complexes 

Towards the Reduction of O2. 

Compound 1st wave 2nd wave 

 E1/2
a nb E1/2

a nb 

(PCA)FeClCoCl 0.39 2.8 –0.04 3.0  

(PCO)FeClCoCl 0.35 2.8 –0.03 3.2 

(PCX)FeClCoCl 0.33 2.6 –0.08 3.2 

(PCB)FeClCoCl 0.30 2.6 –0.06 3.1 

     

(PCO)MnClCoCl 0.36 2.6 –0.02 2.7 

(PCX)MnClCoCl 0.33 2.5 –0.16 2.5 

(PCB)MnClCoCl 0.32 2.8 –0.14 2.8 

     

(Me4Ph5Cor)Co 0.38c 2.9c   

(Me6Et2PhP)Co 0.43 2.6   

(Me6Et2PhP)FeCl 0.01 3.1   

a Half-wave potential (V vs SCE) for dioxygen reduction at rotating graphite disk 

electrode coated with the catalyst and rotated at 100 rpm in 1 M HClO4 saturated with 

air. b The apparent number of electrons transferred per dioxygen molecule (n) at E1/2 is 

calculated from n = 4ID/(ID+IR/N) where ID and IR are disk and ring currents, 

respectively, and N (= 0.24) is the collection efficiency of the ring–disk electrode.218 c 

Data taken from ref. 230. 
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As seen in Table 6-1, the E1/2 values for the catalytic reduction of O2 vary slightly as 

a function of the specific bridge linking the porphyrin and corrole macrocycles in the 

(PCY)FeClCoCl and (PCY)MnClCoCl series. The most positive E1/2 values are observed 

for dyads with the A or O bridges and the most negative for derivatives with the X or B 

bridges. Coatings of (PCX)FeClCoCl and (PCB)FeClCoCl electrocatalyze the reduction 

of O2 at more negative potentials (E1/2 = 0.33 and 0.30 V) than do the (PCA)FeClCoCl, 

(PCO)FeClCoCl and (Me4Ph5Cor)Co complexes (Table 6-1). However, there appears to 

be no effect of the porphyrin metal ion in influencing the E1/2 values for oxygen reduction 

using as catalysts the (PCY)MnClCoCl or (PCY)H2Co derivatives.  For example, 

(PCO)MnClCoCl and (PCY)H2Co all show an identical E1/2 of 0.35-0.36 V within 

experimental error. 

Measurements with a rotating (Pt) ring–(EPPG) disk electrode coated with 

(PCY)MnClCoCl or (PCY)FeClCoCl show that the number of electrons transferred (n) at 

the half-wave potential of the first electroreduction process ranges from 2.5 to 2.8 (Table 

6-1), indicating that the electrocatalytic reduction of O2 by the Co(III) center of the 

heterobimetallic complexes leads to the formation of both H2O2 (n = 2) and H2O (n = 4).  

A second reduction is also observed for the (PCY)FeClCoCl dyads in air-saturated 

solutions. This reduction is located at the same potential as in solutions containing added 

H2O2 (vide infra) and, as discussed below, is assigned to an iron(II) porphyrin catalyzed 

reduction of H2O2 or O2 to H2O. This reaction is responsible for the decrease in anodic 

ring current which accompanies the increase in disk current observed for 

(PCA)FeClCoCl (Figure 6-1B). The RRDE voltammogram of (PCO)MnClCoCl (Figure 

6-1B) shows a slight increase of the disk current as well as a decrease of the ring current 
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starting at 0.10 V which suggests a slow reduction of H2O2 or a disproportionation of a 

portion of H2O2 by the manganese porphyrin since no decrease of the ring current is 

observed below 0.10 V for the series of dyads with one cobalt corrole macrocycle linked 

to a free-base porphyrin, i.e. (PCY)H2Co.104 This second reduction process of 

(PCY)MnClCoCl occurs at a slightly more negative half-wave potential for 

(PCB)MnClCoCl (E1/2 = –0.16 V) than for (PCX)MnClCoCl (E1/2 = –0.14 V), again 

consistent with the small influence of the bridge on the redox potentials for O2 

electrocatalysis. 
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Figure 6-2. Rotating disk voltammograms of (PCA)FeClCoCl (left) and (PCB)MnClCoCl 

(right) adsorbed on EPPG. Supporting electrolyte: 1 M HClO4 (a) saturated with air; (b) 

saturated with argon and in the presence of H2O2. [H2O2] = 0.25 mM. Scan rate: 5 mV s-1. 

Rotation rate: 100 rpm. 
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Shown in Figure 6-2 (curves b) are rotating disk voltammograms recorded with 

(PCO)MnClCoCl- or (PCA)FeClCoCl-coated electrodes in dioxygen-free 1 M HClO4 

containing 0.25 mM H2O2. The voltammogram of (PCA)FeClCoCl under these 

conditions shows a well-defined reduction wave at E1/2 = –0.04 V. The same E1/2 value is 

obtained for the second reduction when the air-saturated solution has no added H2O2, thus 

giving further evidence that the second catalytic process is initiated after formation of an 

Fe(II) porphyrin. This redox reaction in air-saturated solutions is assigned in part to a 

catalytic reduction of H2O2 formed in the first step of O2 reduction173 but it may also 

involve a direct 4e- reduction of O2 by the heterobimetallic dyad which contains a Co(III) 

corrole linked to an Fe(II) porphyrin at potentials where the Fe(III)/Fe(II) reaction occurs. 

In contrast to what is observed for (PCA)FeClCoCl, the voltammogram obtained at the 

(PCO)MnClCoCl-coated electrode in HClO4 solutions with H2O2 shows only a slow rise 

of the disk current from 0.20 to –0.40 V. An analogous RDE experiment (data not shown) 

carried out with a Mn(III) porphyrin, (Me6Et2PhP)MnCl, as a catalyst exhibits a similar 

“sluggish” redox behavior towards H2O2 and the small increase in the plateau current 

observed at E1/2 = –0.02 V for (PCO)MnClCoCl is attributed to a slow reaction between 

H2O2 and the reduced manganese center of the porphyrin–corrole.  

The Co(III) corrole units of (PCA)FeClCoCl and (PCO)MnClCoCl both catalyze the 

electrooxidation of H2O2 at anodic potentials (see Figure 6-2, curves b) and this was also 

earlier reported in the case of (Me4Ph5Cor)Co.230 As seen in Figure 6-2, the 

electrooxidation of H2O2 at a (PCA)FeClCoCl-coated electrode proceeds in a single step 

at E1/2 = 0.69 V. The current-potential curve obtained with a (PCB)MnClCoCl-coated 
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electrode, also shown in this figure, exhibits a less intense catalytic wave which might be 

due to degradation of the modified graphite electrode during H2O2 oxidation. 

Because surface poisoning of the Pt ring by impurities in solution easily deactivates 

the electrode towards H2O2 oxidation,183 the collection efficiency of the ring–disk 

electrode is always lower than the theoretical value and this could result in an 

overestimation of the catalytic selectivities. Therefore, linear Koutecky–Levich plots (K–

L) of (plateau current)-1 vs (rotation rate)-1/2 for (PCA)FeClCoCl were used to confirm the 

apparent numbers of electrons (n) determined in the RRDE experiments (Table 6-1) and 

were compared with the K–L plot of the iron-free derivative (PCA)H2Co (Figure 6-3). 

The catalyzed reduction of O2 by the latter complex occurs in one step whereas a two 

steps reduction is clearly observed with (PCA)FeClCoCl (Figure 6-3A). For both 

complexes, the plateau currents do not increase linearly with (rotation rate)1/2 (Figure 

6-3B), indicating that the coordination of O2 with the cobalt(III) center in the catalyst is 

the current-limiting step, as previously reported for (Me4Ph5Cor)Co and (PCA)Co2.230 

The reciprocal intercept of the K–L plot corresponds to a kinetic current which depends 

upon the rate of oxygen-adduct formation. However, due to uncertainties in determining 

the quantities of the initially deposited catalyst, we did not attempt to calculate the 

second-order rate constant for the current-limiting reaction. Also, in the case of 

(PCA)FeClCoCl, the deviations of the plateau currents are too small to produce a 

measurable intercept in the K–L plots (Figure 6-3C).  
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 Figure 6-3. Catalyzed reduction of O2 in 1 M HClO4 at a rotating graphite disk 

electrode coated with (PCA)H2Co (left) and (PCA)FeClCoCl (right). (A) Values of 
the rotation rates of the electrode (ω) are indicated on each curve. The disk 
potential was scanned at 5 mV s-1. (B) Levich plots of the plateau currents of (A) vs 
(rotation rate)1/2. (○) First current plateau for (PCA)H2Co and (PCA)FeClCoCl; (●) 
final current plateau for (PCA)FeClCoCl. The lines refer to the theoretical curves 
expected for the diffusion-convection limited reduction of O2 by 2e– or 4e–, as 
indicated in the figures. (C) Koutecky-Levich plots of the reciprocal plateau 
currents vs (rotation rates)-1/2. Supporting electrolyte: 1 M HClO4 saturated with air.
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For (PCA)FeClCoCl, the values of n calculated from the slopes of the lines in Figure 

6-3C were 2.4 and 4.0 on the first and the second current plateau, respectively. These 

values confirm that a portion of O2 that reaches the electrode surface (20%) is reduced by 

four electrons to H2O on the initial current plateau whereas 100% of the O2 reaching the 

electrode is reduced to H2O on the plateau of the second wave. In comparison, the 

(PCA)H2Co dyad with a free-base porphyrin exhibits less efficient catalytic behavior 

since only 30% of the O2 reaching the electrode surface (n = 2.6) is reduced to H2O on 

the plateau of the wave. 

 

6.2.2 Comparison Between Catalytic Behavior of Homo- and Heterobimetallic 

Cofacial Porphyrin–Corrole and Biscorrole Dyads. 

As explained in the introduction, our initial objective was to examine the extent to 

which the presence of iron or manganese porphyrins in the dyads could affect the 

electrocatalytic activity of the resulting derivatives towards the catalytic electroreduction 

of O2. All seven of the heterobimetallic porphyrin–corrole dyads examined in this study 

act as electrocatalysts for the reduction of O2. In the first step of the reaction, the 

(PCY)MClCoCl catalysts reduce O2 to a mixture of H2O2 and H2O and these reactions 

occur at E1/2 values close to half-wave potentials for the conversion of 

(PCY)MIIIClCoIVCl to (PCY)MIIIClCoIII, i.e. the Co(IV)/Co(III) process of the corrole in 

the absence of dioxygen. A similar catalytic behavior is observed for the (PCY)H2Co 

dyads which catalyze the electroreduction of O2 by more than two electrons.104 Again, as 

in the case of (PCY)MClCoCl, the E1/2 values for the electrocatalytic reduction of O2 are 
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close to the E1/2 values for the Co(IV)/Co(III) process of (PCY)H2Co in the absence of 

O2.  

The most illuminating comparison between the previously investigated (PCY)Co2 

catalysts and the other three series of related porphyrin-corrole dyads, (PCY)H2Co, 

(PCY)FeClCoCl and (PCY)MnClCoCl is given in Table 6-2 and Figure 6-4 which 

summarize half-wave potentials for the catalytic electroreduction of O2 and the overall 

measured number of electrons transferred in the process which should range from 2.0 for 

exclusive formation of H2O2 to 4.0 for the complete reduction of O2 to H2O. Also 

included in Table 6-2 are data on the dicobalt biscorrole catalysts with the same bridges, 

(BCY)Co2.230 

Clear differences exist between the porphyrin-corrole dyads containing a Co(II) 

porphyrin central ion and those without this central metal ion. As seen in Figure 6-4B, the 

average E1/2 value for the electroreduction of O2 by (PCY)Co2 is 0.45 V while the ten 

other dyads in the three series of compounds show an average E1/2 of 0.34 V for O2 

electroreduction. This latter value is close to E1/2 for the electroreduction of O2 using as 

catalyst the simple monocorrole (Me4Ph5Cor)Co (0.38 V). It is also close to the measured 

E1/2 for the Co(IV)/Co(III) process of the monocorrole in the absence of dioxygen.230 This 

latter fact clearly establishes that the cobalt corrole is in its +3 oxidation state in the 

catalytically active form of the (PCY)MClCoCl and (PCY)H2Co dyads. In this regard, it 

should be noted that quite similar E1/2 values, averaging 0.37 V for electroreduction of 

O2, have previously been measured for four (BCY)Co2 dyads in acid media (see Table 

6-2), thus providing strong evidence for a similar initial site of electron transfer step in 

these catalysts. 
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Table 6-2. Half-Wave Potentials and Measured n Values at E1/2 for the Electroreduction of O2 by the Different Dyads 

Adsorbed on a Rotating Graphite Disk Electrode in Contact with Air-Saturated 1 M HClO4. 

    PCY Complexes  BCY Complexes 

Bridge (Y)  Monomer  Co/Co H2/Co Fe/Co Mn/Co  Co/Co 

A    0.47 (3.9) 0.35 (2.8) 0.39 (2.8) -  0.39 (3.4) 

O    0.41 (3.5) - 0.35 (2.8) 0.35 (2.6)  0.35 (3.4) 

X    0.45 (3.7) 0.35 (2.5) 0.33 (2.6) 0.33 (2.5)  0.37 (2.9) 

B    0.46 (3.7) 0.35 (2.9) 0.30 (2.6) 0.32 (2.8)  0.37 (2.4) 

None (P)  0.43 (2.6)  [Me6Et2PhP]Co - -  - 

None (C)  0.38 (2.9)  [Me4Ph5Cor]Co - -  - 
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Figure 6-4. (A) apparent numbers of electrons transferred (napp) vs Ligand and (B) Half-

wave potentials (E1/2) for O2 reduction vs Ligand. (▲) (PCY)Co2, (○) (PCY)H2Co, (+) 

(PCY)FeClCoCl, (□) (PCY)MnClCoCl with Y = A, B, X or O. 
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In contrast to (PCY)H2Co and (PCY)MClCoCl, the four (PCY)Co2 dyads catalyze the 

electroreduction of O2 at much more positive potentials and here the average E1/2 value 

for this process is 0.45 V, close to the E1/2 of 0.43 V for O2 reduction by the analogous 

cobalt monoporphyrin (Me6Et2PhP)Co in the absence of a second macrocycle (see Table 

6-2). The O2 electrocatalysis half-wave potentials of 0.41 to 0.47 V for (PCY)Co2 in 

Table 6-2 are also close to the related Co(III)/Co(II) process of the monoporphyrin in the 

absence of O2 (E1/2 = 0.41 V), thus providing strong evidence that the first step in the 

electrocatalysis with (PCY)Co2 is initiated by a reduction of the porphyrin and not the 

corrole unit of the dyad since the Co(IV)/Co(III) corrole redox process occurs at 

significantly more negative half-wave potentials (E1/2 = 0.38 V). The large difference in 

O2 reduction potentials (∆E1/2 ~ 110 mV) observed between dicobalt (PCY)Co2 dyads 

and the monocobalt (PCY)MClCoCl and (PCY)H2Co dyads indicates that the cobalt(II) 

porphyrin unit of (PCY)Co2 catalyzes the electroreduction of O2 whereas the cobalt 

corrole unit remains catalytically inactive towards O2. The bulkiness of the aryl-

substituents attached to the corrole subunit in (PCY)Co2 may decrease the non-covalent 

π-π interaction of this macrocycle with the graphite surface, favoring the adsorption of 

the alkyl-substituted cobalt porphyrin unit on the electrode surface as well as its catalytic 

activity toward O2.19 The existence of stronger interactions between the carbon surface 

and the porphyrin ring19 could also explain the positive potential shift observed (∆ E1/2 = 

50 mV) when (Me6Et2PhP)Co is used as a catalyst instead of (Me4Ph5Cor)Co (Table 6-2). 
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The proposed initial site of electron transfer in the different types of porphyrin–

corrole dyads is shown schematically in Scheme 6-1. Under an applied potential of 0.60 

to 0.80 V where the negative potential sweep is initiated, the dyads all exist with the 

corrole in its CoIV oxidation state. The cobalt porphyrin from (PCY)Co2 is also oxidized 

to its Co(III) form at a potential of 0.60 to 0.80 V and thus the catalyst on the surface for 

(PCY)Co2 is actually doubly oxidized [(PCY)Co2]2+ which contains a Co(IV) corrole and 

a Co(III) porphyrin. The other dyads also contain a Co(IV) corrole before starting the 

potential sweep, i.e. [(PCY)H2Co]+, (PCY)MnClCoCl and (PCY)FeClCoCl. The above 

mentioned compounds are all inactive towards the electroreduction of O2 as is doubly 

oxidized [(BCY)Co2]2+ which contains two Co(IV) corrole macrocycles under an applied 

potential of 0.8 V in HClO4.  

As indicated earlier, the initial site of electron transfer involves the cobalt porphyrin 

center in the case of (PCY)Co2 and the cobalt corrole center in the case of all other 

compounds. This is shown in Scheme 6-1 which also includes the electrode reaction 

corresponding to the first reduction of [(BCY)Co2]2+ at the electrode surface. It is 

suggested that only one of the two Co(IV) centers is converted to Co(III) which is not an 

unreasonable assumption given the similar values of E1/2 for (BCY)Co2, (PCY)H2Co and 

(PCY)MClCoCl in the catalytic electroreduction of O2 (see Table 6-2) and the known 

tendency of bisporphyrins and biscorroles to undergo redox reactions at different half-

wave potentials due to the interactions which occur between two equivalent redox active 

sites in the molecules.23,27,55,57,86,192,201,221 

The different metal oxidation states of the four singly reduced dyads in the (PCY)Co2 

series as compared to the 14 other compounds in Table 6-2 must be associated with 
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different mechanisms for the catalytic reduction of O2 at potentials of 0.30 to 0.47 V and 

this is reflected in quite different values of n which range from 3.5 to 3.7 for (PCY)Co2, 

2.9 to 3.4 for (BCY)Co2 and 2.5 to 2.8 for the ten compounds in the three series of dyads 

containing a free-base, Mn(III) or Fe(III) porphyrin macrocycle. The average n value for 

these latter ten compounds is 2.7 electrons transferred in the reduction of O2 as compared 

to an average n = 3.0 for the four (BCY)Co2 dyads and n = 2.9 for the simple 

monocorrole under the same experimental conditions (see Table 6-2). 

The fact that all of the experimentally determined n values at E1/2 = 0.30 – 0.39 V are 

larger than 2.0 for the (PCY)H2Co and (PCY)MClCoCl complexes requires that a portion 

of the O2 reaching the electrode surface must be reduced by four electrons to H2O since 

cobalt(III) corroles are weak catalysts for the reduction of H2O2.230 All of the dyads in the 

three monocobalt series of catalysts (PCY)FeClCoCl, (PCY)MnClCoCl and (PCY)H2Co 

exhibit higher selectivities for the direct reduction of O2 to H2O over the two-electron, 

two-proton pathway to give H2O2. There is a slight dependence of E1/2 on the bridge but 

there is no significant difference in the measured n value as a function of bridge type or 

porphyrin metal ion as shown graphically in Figure 6-4A. Although not shown in Figure 

6-4, the measured n value for the (BCY)Co2 catalysts with X and B bridges fit well with 

the other B- and X-bridged compounds in the (PCY)MClCoCl and (PCY)H2Co series and 

(Me4Ph5Cor)Co also fits this trend. 

A number of different schemes have been proposed in the literature for related 

porphyrin µ-superoxo intermediates in the catalytic O2 reduction cycle,23,34,61,73,201 some 

of which may be operative for the present series of compounds. We have not investigated 

the prevailing mechanism of O2 reduction for the monocorrole or the heterobimetallic 
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porphyrin–corrole dyads but in both cases there must be two competing catalytic 

processes to give an n value larger than 2.0. The data indicates that the catalytic active 

species in (PCY)H2Co, (PCY)MnClCoCl and (PCY)FeClCoCl contains the Co(III) 

corrole generated at the electrode surface at a half-wave potential associated with the 

Co(IV)/Co(III) process measured in the absence of O2. All three series of porphyrin–

corrole dyads are proposed to follow the same initial pathway with the only difference 

being that (PCY)FeClCoCl undergoes a second catalytic process after the Fe(III)/Fe(II) 

reaction of the porphyrin to give at the electrode surface a dyad having a Co(III) corrole 

linked to an Fe(II) porphyrin. As we have demonstrated in this chapter, a monomeric 

Fe(II) porphyrin can efficiently reduce O2 at a half-wave potential of 0.01 V giving an n 

= 3.1 (Table 6-1) or it can reduce H2O2 to give H2O at the same half-wave potential 

(Figure 6-2). The catalytic reduction of H2O2 to H2O by monomeric iron porphyrins is 

well documented in the literature27,86 and thus any H2O2 generated in the first catalytic 

step would be quantitatively removed to give only H2O and an overall 4e- reduction of O2 

to H2O at the plateau of the second reduction, as is experimentally observed. 

On the other hand, the experimentally measured value of n = 3.1 for O2 reduction by 

(Me6Et2PhP)FeCl at 0.01 V (see Table 6-1), combined with the availability of a second 

metal ion able to bind O2 in the electrogenerated Co(III)/Fe(II) dyad should in theory lead 

to the direct 4e- reduction of any O2 reaching the electrode by a process similar to that 

observed for (PCY)Co2 which contains one Co(III) corrole and one Co(II) porphyrin. 

However, more detailed studies must still be carried out in order to definitively elucidate 

this point. 
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6.3 Conclusion 
 

In summary, we have examined the catalytic behavior of a series of heterobimetallic 

porphyrin–corrole dyads towards O2 electroreduction. The results of our studies indicate 

that O2 is initially reduced by the cobalt(III) corrole unit of the complexes. Although the 

second metal (Fe or Mn) of the (PCY)MClCoCl systems has some influence on the 

potential where O2 is reduced, these systems are no more effective towards O2 catalysis 

than the monocobalt derivatives (PCY)H2Co, indicating that a bimetallic system is not 

indispensable for the four-electron reduction of oxygen as previously observed for 

monomeric iron porphyrins.27,40,41,43,231 However, the introduction of a second cobalt 

atom into (PCY)H2Co produces Co–Co catalysts with significantly higher selectivities 

toward the four-electron reduction of O2 than the (PCY)MClCoCl systems. Coatings of 

(PCY)Co2 also catalyze the electroreduction of O2 at more positive potentials than do the 

monocobalt derivatives (PCY)MClCoCl and (PCY)H2Co, indicating that the active form 

of the catalyst contains the cobalt(II) porphyrin moiety. 
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Chapter 7: Meso-substituted cobalt corroles and 
porphyrin-corrole dyads as catalysts for 
the electroreduction of molecular oxygen 
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7.1 Introduction 
 

 

We have reported in the previous chapters that potentials for the catalytic O2 

electroreduction in 1 M HClO4 by adsorbed mixed-valent Co(II) porphyrin/Co(III) 

corrole complexes of the type (PCY)Co2 (Y = A, B, X, or O) range from 0.41 to 0.47 V 

vs the saturated calomel electrode (SCE) while the average number of electrons 

transferred, n, ranges from 3.5 to 3.9. Under the same experimental conditions, the 

average value of n ranges from 2.5 to 2.9 for the dyads with a single Co(III) corrole 

macrocycle linked to a free-base porphyrin, (PCY)H2Co, and from 2.6 to 2.8 for the 

heterobimetallic porphyrin–corrole complexes (PCY)MClCoCl where a Co(IV) corrole is 

linked in a face-to-face arrangement with an Fe(III) or Mn(III) porphyrin. The catalytic 

electroreduction of O2 by the porphyrin–corrole dyads (PCY)H2Co and (PCY)MClCoCl 

occurs at an average E1/2 value of 0.34 V with the cobalt(III) center of the dyads being the 

active site in the electroreduction of O2. In comparison, the biscobalt dyads, (PCY)Co2, 

catalytze O2 electroreduction at potentials more positive by an average of 110 mV and the 

catalytically active form of the biscobalt dyad contains a Co(II) porphyrin and a 

cobalt(IV) corrole.  

This present chapter expands upon our studies of dicobalt porphyrin-corrole dyads 

(PCY)Co2 (Chapter 4) and here examines how meso-substitution of the corrole ring will 

affect the catalytic efficiency of the biscobalt complexes for the electroreduction of O2. 

The examined compounds are shown in Chart 7-1.  
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The dyads are represented as (PMes2CY)Co2 where Y = 9,9-dimethylxanthene (X), 

dibenzofuran (O), or diphenylether (Ox). The catalytic behavior of the these three 

compounds is compared to that of two cobalt corrole mononuclear complexes possessing 

different meso-substituents, (F5PhMes2Cor)Co and (TPFCor)Co with F5PhMes2Cor = 10-

(pentafluorophenyl)-5,15-bis(2,4,6-trimethylphenyl)corrole and TPFCor = 5,10,15-

tris(pentafluorophenyl)corrole, respectively. As before, the catalytic activity of each 

species towards the electroreduction of O2 was studied by cyclic voltammetry and 

rotating disk voltammetry in aqueous solutions 1 M HClO4.  

 

7.2 Results and Discussion 
 

Since it has been previously shown that the highest activity of adsorbed cobalt 

porphyrins and corroles towards oxygen reduction is obtained in acidic media,114,192,232 

we examined all compounds in aqueous solutions containing 1 M HClO4. Each of the 

examined complexes adsorbs strongly and irreversibly on an EPPG electrode. 

 

7.2.1 Redox Properties of (F5PhMes2Cor)Co and (TPFCor)Co and the Catalytic 

Reduction of O2 in 1 M HClO4 

Figure 7-1 illustrates a series of cyclic voltammograms obtained with an EPPG 

electrode modified with the cobalt corroles (F5PhMes2Cor)Co and (TPFCor)Co. In the 

absence of  dioxygen (curves a), both (F5PhMes2Cor)Co and (TPFCor)Co exhibit a single 

redox process  centered at E1/2 = 0.33 V and E1/2 = 0.34 V, respectively, which is assigned 

to the formal potential of the Co(IV)/Co(III) couple.104 Reduction of the Co(IV) center in 
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(TPFCor)Co to Co(III) occurs at a slightly higher potential (Epc = 0.29 V) than E1/2 for 

the reduction of (F5PhMes2Cor)Co (Epc = 0.26 V) due to the electron-withdrawing effect 

of the pentafluorophenyl groups which decrease the electron density on the metal center. 

It should be pointed out that this electron-withdrawing effect is more pronounced in 

nonaqueous solvent since the half-wave potentials for the Co(IV)/Co(III) process of 

(F5PhMes2Cor)Co and (TPFCor)Co in PhCN are 0.57 V and 0.74 V, respectively.233 
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Figure 7-1. Cyclic voltammograms of cobalt corroles adsorbed on EPPG electrode. 

Supporting electrolyte: 1 M HClO4 (a) saturated with argon and (b) saturated with air. 

Scan rate: 50 mV s-1.  

 

When the same solutions are saturated with air (curves b), the responses of both 

(F5PhMes2Cor)Co- and (TPFCor)Co-coated graphite electrodes are similar and 

characterized by a large irreversible reduction peak located at Epc = 0.24–0.25 V for a 
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scan rate of 50 mV s-1 (Figure 7-1 and Table 7-1). In comparison, the reduction of O2 at 

an uncoated graphite electrode occurs at a much more negative potential (Ep = –0.41 V) 

which clearly indicates that the reactivity of the electrode upon modification has to be 

attributed to the adsorbed cobalt corroles. The catalyzed electroreduction of O2 by 

(F5PhMes2Cor)Co and (TPFCor)Co occur at potentials similar to those where Co(IV) is 

reduced to Co(III) (E1/2 = 0.33 V and E1/2 = 0.34 V, respectively), thus indicating that the 

reduced form of the cobalt corrole catalyzed the reduction of O2 as previously reported 

(Chapters 4, 5 and 6). In comparison to the peak potentials observed for solutions of 

(F5PhMes2Cor)Co and (TPFCor)Co in the absence of dioxygen (Figure 7-1, curves a), the 

slightly less positive peak potential for O2 reduction (curves b) may reflect either a slow 

formation of the O2 adducts, a less positive reduction potentials of the O2 adducts, or 

perhaps both. The half-wave potentials for O2 reduction at the rotating disk electrode 

(Table 7-1) are similar for the two corrole catalysts (E1/2 = 0.30 V) and indicate that the 

catalytic reduction of O2 is not strongly influenced by the difference in the substitution 

pattern between (F5PhMes2Cor)Co and (TPFCor)Co. However, both meso-substituted 

corroles catalyze the O2 reduction at significantly lower potentials than those observed 

for the previous examined monocobalt corrole with β-pyrrole substituents, i.e. 

(Me4PhCor)Co (E1/2 = 0.38 V) and the potentials are also lower than observed for the 

porphyrin–corrole dyads (PCY)H2Co, (PCY)FeClCoCl and (PCY)MnClCoCl, which 

show an average E1/2 of 0.34 V for O2 electroreduction (Chapter 6). The redox potential 

shift in the formal Co(IV)/Co(III) process may be explained by the bulkiness and 

orientation of the meso-substituents on (F5PhMes2Cor)Co and (TPFCor)Co. For both 

complexes, the methyl and fluoro groups at the ortho position prevent rotation of the 
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Table 7-1. Electroreduction of Dioxygen by Cobalt Corroles in Air-Saturated 1 M HClO4. 

Monomer Ep
a E1/2

b nc refd 

(F5PhMes2Cor)Co 0.24 0.30 2.0 T.W. 

(TPFCor)Co 0.25 0.30 2.0 T.W. 

(Me4Ph5Cor)Co 0.36 0.38 2.9 230 

a Peak potential of the dioxygen reduction wave (V vs SCE). b Half-wave potential (V 
vs SCE) for dioxygen reduction at rotating disk electrode (ω = 100 rpm). c Electrons 
consumed in the reduction of O2 as estimated from the slope of the Koutecky−Levich 
plots. d T.W. = This Work. 
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phenyl rings at the meso position due to a strong repulsion by the pyrrole hydrogens.19,234 

As pointed out by Yamazaki et al.,19 the bulkiness and orientation of these substituents 

decrease the π–π interaction between the macrocycles and the electrode surface which 

results in a negative shift of the half-wave potential for O2 reduction.  

To quantify the stoichiometry of the catalyzed reduction of dioxygen, voltammetric 

measurements at a rotating disk electrode (RDE) were also performed. The RDE 

responses obtained for (F5PhMes2Cor)Co adsorbed on the graphite electrode in 1 M 

HClO4 (Figure 7-2) show a single wave for the reduction of O2. A similar behavior is also 

observed for the pentafluorophenyl derivative (TPFCor)Co (data not shown). The half-

wave potential is identical for (F5PhMes2Cor)Co and (TPFCor)Co, E1/2 = 0.30 V, (at i = 

0.5imax where imax is the limiting current measured at 100 rpm), and becomes more 

negative at higher rotation rate. The number of electrons transferred during oxygen 

reduction was calculated from the magnitude of the steady-state limiting current values 

which were taken at a fixed potential on the catalytic wave plateaus of the different 

current-voltage curves in Figure 7-2A (–0.1 V). If mass-transport alone controls the 

reduction of dioxygen at the (F5PhMes2Cor)Co-modified electrode, then the relationship 

between the limiting current and rotation rate should obey the Levich equation:214 

2/1
2

3/26/1 ][O62.0 ωυ DnFAiLev
−=                                       (eq. 25) 

where n is the number of electrons transferred, F is the Faraday constant (96485 C mol-1), 

A is the electrode area (cm2), ν the kinematic viscosity of the solution (cm2 s-1), D the  
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 Figure 7-2. Catalyzed reduction of O2 in 1 M HClO4 at a rotating graphite disk 

electrode coated with (F5PhMes2Cor)Co (left) and (PMes2CO)Co2 (right). (A) 

Values of the rotation rates of the electrode (ω) are indicated on each curve. The 

disk potential was scanned at 5 mV s-1. (B) Levich plots of the plateau currents of 

(A) vs (rotation rate)1/2. The dashed line refers to the theoretical curve expected for 

the diffusion-convection limited reduction of O2 by 2e–, as indicated in the figures. 

(C) Koutecky-Levich plots of the reciprocal plateau currents vs (rotation rates)-1/2. 

Supporting electrolyte: 1 M HClO4 saturated with air. 
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dioxygen diffusion constant (cm2 s-1), [O2] the bulk concentration of oxygen (mol dm-3), 

and ω the rate of rotation (rad s-1). From eq. 25, the plot of the limiting current density j (j 

= i/A) as a function of the square root of the electrode rotation rate ω1/2 should be a 

straight line intersecting the origin. Figure 7-2B shows that the Levich plot212 of the  

plateau currents vs ω1/2 is curved as is typical for the electroreduction of O2 catalyzed by 

adsorbed cobalt complexes.72 The clear lack of linearity in the Levich plot suggests that 

the catalytic reaction is limited by kinetics and not by mass transport. A chemical step, 

previously assigned to the formation of a cobalt(III)-O2 adduct (Chapter 5), precedes the 

electron transfer and limits the current to values below the convection–diffusion limit.  

The reciprocal of the limiting current density was plotted against the reciprocal of the 

square root of the rotation rate (Figure 7-2C). The straight line obeys the Koutecky-

Levich equation:216,217  

2/1
2

3/26/1
2

1
][O62.0

1
]O[

11
ωυ DnFnFkj

+=                                 (eq. 26) 

 For large values of ω1/2 (ω → ∞), the current is controlled by the kinetic process and 

reaches an asymptotic maximum value, jk (mA cm-2), which can be obtained 

experimentally from the intercept of the Koutecky–Levich line in Figure 7-2C. 

jk = 103nFΓk[O2]                                                  (eq. 27) 

where k is the second-order rate constant of the reaction (M-1 s-1) which limits the plateau 

current and Γ (mol cm-2) is the surface concentration of  (F5PhMes2Cor)Co and the other 

terms have their usual significance as described previously. The slope of the Koutecky–

Levich plot shows that the catalytic electroreduction of O2 by (F5PhMes2Cor)Co is a two-

electron process. The Koutecky–Levich plot for (TPFCor)Co (not shown) also indicates a 
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two-electron reduction of O2 to H2O2 (Table 7-1) as previously reported in the 

literature.232 In comparison, the number of electrons transferred is 2.9 for (Me4Ph5Cor)Co 

(Table 7-1) indicating that the catalytic electroreduction of O2 by the cobalt complex 

leads to formation of H2O and H2O2 through processes involving both two-electron and 

four-electron reactions. The catalytic activity of (Me4Ph5Cor)Co was attributed in 

Chapter 5 to the spontaneous dimerization (and higher aggregation) of this complex on 

the electrode surface. Such a van der Waals-driven association has also been reported for 

unsubstituted cobalt porphyrins47,48 and is believed to create cobalt–cobalt separations 

that are small enough to permit O2 molecules to coordinate simultaneously to two cobalt 

centers. One result of such orientation at the electrode surface is a weakening of the O−O 

bond which favors its breaking during the four-electron reduction of O2 to H2O.46,47 For 

(F5PhMes2Cor)Co and (TPFCor)Co, the two-electron reduction of O2 clearly indicates 

that a dimerization (or oligomerization) does not occur for either complex because of 

steric interactions among the bulky phenyl meso-substituents.48 

The jk value obtained from the intercept of Figure 7-2 was used to calculate the 

second-order rate constant k for the formation of the [(F5PhMes2Cor)CoIIIO2] complex on 

the electrode surface. The value calculated at pH = 0 using eq. 27 is k = 1.7 × 105 M-1 s-1, 

which is lower than that reported in Chapter 5 for the catalytic electroreduction of 

dioxygen at the (Me4Ph5Cor)Co-modified electrode (k = 5.7 × 105 M-1 s-1), but it is 

identical to the value reported for the electrocatalytic reduction of O2 by the monocobalt 

porphyrin (diethylesterMe2Et2P)Co (k = 1.4 × 105 M-1 s-1).192 
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7.2.2 Catalysis of O2 Reduction by Dicobalt Porphyrin-Corrole Dyads 

Containing Aryl Meso-Substituents 

We next sought to examine the eletrocatalytic properties of the dicobalt porphyrin–

corrole dyads (PMes2CX)Co2, (PMes2CO)Co2 and (PMes2COx)Co2 under the same 

solution conditions. The catalytic activity of the dicobalt complexes towards the 

reduction of O2 was examined by cyclic voltammetry as well as by rotating disk electrode 

voltammetry and the results are summarized in Table 7-2. When the solution is saturated 

with air, the cyclic voltammograms obtained at (PMes2CY)Co2-coated electrodes are 

characterized by a large reduction peak located at Epc = 0.25–0.27 V, depending upon the 

spacer (see exact potential in Table 7-2). (PMes2CX)Co2, (PMes2CO)Co2 and 

(PMes2COx)Co2 catalyze the electroreduction of O2 at potentials close to those observed 

for (F5PhMes2Cor)Co and (TPFCor)Co (Epc = 0.24–0.25 V). Also, the average E1/2 value 

for the electroreduction of O2 at a rotating disk electrodes coated with (PMes2CY)Co2 is 

0.32 V (Table 7-2) while (F5PhMes2Cor)Co and (TPFCor)Co show an average E1/2 of 

0.30 V (Table 7-1). The former value is also close to the measured E1/2 for the 

Co(IV)/Co(III) process of the monocorroles (F5PhMes2Cor)Co and (TPFCor)Co in the 

absence of dioxygen (vide supra). This latter fact indicates that the cobalt corrole is in its 

+3 oxidation state in the catalytically active form of the (PMes2CY)Co2 dyads. A similar 

catalytic behavior was also observed for the free-base porphyrin–cobalt corrole dyads 

(PCY)H2Co and the heterobimetallic porphyrin–corrole dyads (PCY)MClCoCl (M = 

FeIII, MnIII) which both catalyze the electroreduction of O2 by more than two electrons at 

an average half-wave potential of 0.34 V (Chapters 5 and 6). Comparisons between the  
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Table 7-2. Electroreduction of Dioxygen by Adsorbed Dicobalt Porphyrin–Corrole Dyads 

in Air-Saturated 1 M HClO4. 

Bridge (Y)  (PMes2CY)Co2  (PCY)Co2
 

  Ep
a E1/2

b nc  Ep
a E1/2

b nc 

X  0.25 0.32 2.5  0.38 0.45 3.7 

O  0.25 0.32 2.4  0.34 0.41 3.5 

Ox  0.27 0.33 2.5  0.35 0.40 3.1 

O O

X O

Bridge

O

Ox  

a Peak potential (V vs SCE) of the dioxygen reduction wave obtained by cyclic 

voltammetry (scan rate = 50 mV s-1). b Half-wave potential (V vs SCE) for O2 reduction 

at rotating disk electrode (ω = 100 rpm). c Electrons consumed in the reduction of O2 as 

estimated from the slope of the Koutecky−Levich plots. 
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two series of porphyrin–corrole dyads  (PCY)MClCoCl and (PMes2CY)Co2 suggest that 

the cobalt(III) corrole unit in the latter dyad may catalyze the electroreduction of O2 

whereas the cobalt porphyrin unit remains catalytically inactive towards O2. This 

catalytic behavior contrasts with that observed for the unsubstituted derivatives 

(PCY)Co2 which were shown to efficiently electrocatalyze the direct reduction of O2 to 

H2O at an average potential E1/2 of 0.45 V (Chapter 4), thus indicating that the active 

form of the catalyst contains the cobalt(II) porphyrin moiety.  

The number of electrons transferred in the O2 electroreduction process determined by 

rotating disk voltammetry for (PMes2CX)Co2, (PMes2CO)Co2 and (PMes2COx)Co2 

ranges from 2.4 to 2.5 (Table 7-2), indicating that the electrocatalytic reduction of O2 by 

the dicobalt porphyrin–corrole dyads leads to the formation of H2O2 and H2O through 

processes involving both 2e– and 4e– reactions. This catalytic behavior is similar to what 

is observed for the (PCY)H2Co and (PCY)MClCoCl complexes (Chapters 5 and 6). The 

average n value for these latter compounds is 2.7 electrons transferred in the reduction of 

O2 as compared to an average of n = 2.5 for the three (PMes2CY)Co2 dyads under the 

same experimental conditions. This is clearly different from the porphyrin–corrole dyads 

(PCY)Co2 (Y = X and O), where n = 3.5–3.7 (Table 7-2) and O2 is mainly reduced to 

H2O through a four-electron, four-proton process. By replacing the rigid PCO spacer by 

the more flexible one, PCOx, the number of electrons transferred is still higher (n = 3.1) 

than that observed for (PMes2COx)Co2 (n = 2.5). One possible explanation about the low 

catalytic efficiency of mesityl-containing porphyrin–corrole dyads (PMes2CY)Co2 in the 

direct reduction of O2 to H2O is that steric interactions between the bulky substituents of 

the corrole and the porphyrin macrocycle induce ring lateral slippage234 which could 
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disfavor the accommodation of oxygen intermediates during multielectron catalysis. The 

presence of electron-withdrawing meso-substituents in (PMes2CY)Co2 may also disfavor 

cleavage of the two formal O−O bonds required for the direct reduction of O2 to H2O. 

This substituent effect was proposed by Nocera et al. to explain the low catalytic 

efficiency toward O2 by cofacial Pacman porphyrins bearing an aryl group trans to the 

spacer.23 The authors also reported that the presence of aryl meso-substitutents in cofacial 

bisporphyrins lower the potential of O2 reduction by an average of 130 mV compared to 

the unsubstituted derivatives which is in accord with the decrease in potential observed 

between (PCY)Co2 (E1/2 = 0.43 V) and (PMes2CY)Co2 (E1/2 = 0.32 V) (Table 7-2).  

 

7.3 Conclusion 
 

The results of the present study have demonstrated that the catalytic behavior of 

cobalt porphyrin–corrole dyads toward the catalytic electroreduction of dioxygen is 

strongly influenced by the presence of substituents attached to the meso positions of the 

corrole ring. Cyclic voltammetry and rotating disk voltammetry demonstrate that the 

(PMes2CY)Co2 dyads exhibit a lower efficiency and a more negative potential for 

dioxygen reduction in acidic media than the unsubstituted derivatives (PCY)Co2. The 

results of our studies indicate that O2 is initially reduced by the cobalt(III) unit of 

(PMes2CY)Co2 whereas electroreduction of O2 by (PCY)Co2 is catalyzed by the 

cobalt(II) porphyrin unit in the dyad. 
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Chapter 8: General Conclusion 
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This dissertation presents the investigation of twenty-nine cobalt corrole complexes 

as catalysts for the electroreduction of dioxygen to water at a graphite electrode. Cyclic 

voltammetry and rotating ring–disk voltammetry were both used to examine the redox 

properties and the catalytic activity of the cobalt complexes in acidic media.  

The mixed valent Co(II)/Co(III) complexes, (PCY)Co2, where P represents a Co(II) 

porphyrin linked to a Co(III) corrole (C) by an anthracenyl (A), biphenylene (B), 9,9-

dimethylxanthene (X), or a dibenzofuran (O) bridge, and the dicobalt biscorrole 

complexes, (BCY)Co2, which contain two Co(III) ions in their air-stable forms, all 

provide a direct four-electron pathway for the reduction of O2 to H2O in aqueous acidic 

media when adsorbed on a graphite electrode. The half-wave potentials for dioxygen 

reduction range from 0.35 to 0.47 V for the (PCY)Co2 and (BCY)Co2 complexes when 

measured by rotating ring–disk voltammetry in 1 M HClO4. The H2O/H2O2 product ratios 

of the reduction differ for each set of compounds, with the most effective catalysts being 

(PCY)Co2 which is in the mixed oxidation state Co(II)/Co(III) and gives almost 

exclusively a four-electron reduction of O2 at E1/2 = 0.41 to 0.47 V vs SCE. A four-

electron reduction also occurs to some extent at the (BCY)Co2-coated graphite electrodes 

and under these conditions O2 reduction occurs at an E1/2 of 0.35-0.39 V. The efficiency 

of the O2 catalysis by (PCY)Co2 and (BCY)Co2 is slightly dependent upon the nature of 

the spacer Y. The most efficient process is observed in the case of complexes having an 

anthracene spacer. A relatively small amount of hydrogen peroxide (5%) was detected at 

the Pt ring electrode in the vicinity of E1/2 which was located at 0.47 V vs SCE for the 

anthracene-bridge porphyrin-corrole (PCA)Co2. In comparison, a larger amount of H2O2 

is produced at the E1/2 of 0.39 V (30%) in the case of (BCA)Co2. The biscorrole is thus 
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less selective towards the four-electron reduction of O2 to H2O than the porphyrin–

corrole dyad but more selective than the monocorrole (Me4Ph5Cor)Co, where 55% of 

H2O2 is produced from O2 at E1/2 = 0.38 V. The electrocatalytic reduction of O2 by this 

latter complex leads to the formation of H2O and H2O2 through processes involving both 

two-electron and four-electron reactions. The catalytic activity of (Me4Ph5Cor)Co was 

attributed to a spontaneous dimerization (and higher aggregation) of this complex on the 

electrode surface. This association would lead to cobalt–cobalt separations that are small 

enough to permit O2 molecules to coordinate simultaneously to two cobalt centers and 

thus favor O−O bond cleavage during the four-electron reduction of O2 to H2O.  

In the absence of dioxygen, the cyclic voltammogram of (Me4Ph5Cor)Co adsorbed on 

a graphite disk shows three reversible processes located at E1/2 = 0.38, 0.20 and −0.08 V. 

The two redox processes at E1/2 = 0.38 V and 0.20 V corresponds to the reduction of a 

dioxidized and a monoxidized dimer, respectively, the latter being catalytically active 

towards the reduction of dioxygen. The presence of two redox processes is not observed 

for the porphyrin–corrole derivatives, (PCY)H2Co, where one macrocycle is a cobalt(III) 

corrole and the other a free-base porphyrin. In comparison with (Me4Ph5Cor)Co, the 

reduction of (PCY)H2Co is characterized by a single redox process centered at E1/2 = 0.37 

V which may be indicative of a weak dimerization of the dyads on the surface of the 

graphite electrode.  

As part of this dissertation, we also examined the redox properties and catalytic 

reactivity towards O2 of heterobimetallic face-to-face complexes of porphyrin–corrole 

dyads, (PCY)MClCoCl, M being either an iron(III) or manganese (III) ion and Y being 

an anthracenyl (A), biphenylene (B), 9,9-dimethylxanthene (X), or a dibenzofuran (O) 
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bridge. The (PCY)MClCoCl catalysts reduce O2 to a mixture of H2O2 and H2O and these 

reactions occur at E1/2 values close to half-wave potentials for the conversion of 

(PCY)MIIIClCoIVCl to (PCY)MIIIClCoIII, i.e. the Co(IV)/Co(III) process of the corrole in 

the absence of dioxygen. A similar catalytic behavior is observed for the (PCY)H2Co 

dyads which catalyze the electroreduction of O2 by more than two electrons. The half-

wave potentials for the catalytic reduction of O2 by the heterobimetallic complexes range 

from 0.30 to 0.39 V and vary slightly as function of the specific bridge linking the 

porphyrin and corrole macrocycles. The most positive E1/2 values are observed for dyads 

with the A or O bridges and the most negative for dyads with the X or B bridges.  

In contrast to (PCY)H2Co and (PCY)MClCoCl, the (PCY)Co2 dyads catalyze the 

electroreduction of O2 at an average potential which is much more positivie  (E1/2 = 0.45 

V). The large difference in O2 reduction potentials (∆E1/2 ~ 110 mV) observed between 

the dicobalt (PCY)Co2 dyads and the monocobalt (PCY)MClCoCl and (PCY)H2Co dyads 

indicates that the cobalt(II) porphyrin unit of (PCY)Co2 catalyzes the electroreduction of 

O2 whereas the cobalt corrole unit remains catalytically inactive towards O2 since the 

Co(IV)/Co(III) corrole redox process occurs at significantly more negative half-wave 

potentials (E1/2 = 0.38 V). 

Finally, a series of meso-substituted cobalt corroles and dicobalt porphyrin-corroles 

were also investigated as part of this dissertation. The presence of bulky phenyl groups at 

the meso position of the corrole ring in (F5PhMes2Cor)Co and (TPFCor)Co has a 

significant effect on the catalytic electroreduction of O2, shifting the reduction potentials 

negatively by about 80 mV as compared to the O2 reduction potential observed for 

(Me4Ph5Cor)Co. This difference in reduction potentials was explained by the bulkiness 
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and orientation of the meso-subtituents which decrease the interaction between the 

corrole macrocyle and graphite. This effect is also observed for dicobalt porphyrin–

corrole dyads (PMes2C)Co2 containing two mesityl groups at the meso positions of the 

corrole ring. These catalysts reduce O2 at an average E1/2 potential similar to those 

measured for Co(IV)/Co(III) process of the monocorroles (F5PhMes2C)Co and 

(TPFCor)Co. In comparison to (PCY)Co2, the mesityl-substituted dyads also exhibit 

markedly reduced selectivities for the direct reduction of O2 to H2O over the two-proton, 

two-electron pathway to H2O.  One possible explanation of this catalytic behavior is that 

mesityl subsituents may sterically prevent a face-to-face arrangement of the two 

macrocycles and disfavor the accomodation of oxygen intermediates during multielectron 

catalysis. The electron-withdrawing effect of the meso-substituents in (PMes2CY)Co2 

may also disfavor cleavage of the two formal O−O bonds required for the direct reduction 

of O2 to H2O. 
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