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ARTICLE INFO ABSTRACT

Article history: Metallophthalocyanines confined on the surface of electrodes are active catalysts for a large variety of
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c . adsorption on graphite and carbon. However, more stable electrodes can be achieved by coating their
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surfaces with electropolymerized layers of the complexes, that show similar activity than their monomer
counterparts. In all cases, fundamental studies carried out with adsorbed layers of these complexes have

Keywords: ) shown that the redox potential is a very good reactivity index for predicting the catalytic activity of
Metal phthalocyanine ) . . ..

Cobalt the complexes. Volcano-shaped correlations have been found between the electrocatalytic activity (as
Iron logI at constant E) versus the Co(Il)/(I) formal potential (E°’) of Co-macrocyclics for the oxidation of
Manganese several thiols, hydrazine and glucose. For the electroreduction of O, only linear correlations between
Nickel the electrocatalytic activity versus the M(III)/M(II) formal potential have been found using Cr, Mn, Fe
Electrocatalysis and Co phthalocyanines but it is likely that these correlations are “incomplete volcano” correlations.
Modified electrodes The volcano correlations strongly suggest that E’, the formal potential of the complex needs to be
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Thiol in a rather narrow potential window for achieving maximum activity, probably corresponding to surface
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Volcano plots

coverages of an M-molecule adduct equal to 0.5 and to standard free energies of adsorption of the reacting
molecule on the complex active site equal to zero. These results indicate that the catalytic activity of
metallophthalocyanines for the oxidation of several molecules can be “tuned” by manipulating the E*’
formal potential, using proper groups on the macrocyclic ligand. This review emphasizes once more
that metallophthalocyanines are extremely versatile materials with many applications in electrocatalysis,
electroanalysis, just to mention a few, and they provide very good models for testing their catalytic activity
for several reactions. Even though the earlier applications of these complexes were focused on providing

active materials for electroreduction of O,, for making active cathodes for fuel cells, the main trend in the
literature nowadays is to use these complexes for making active electrodes for electrochemical sensors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metallophthalocyanines MPcs are extremely versatile materials.
They belong to a class of transition metal complexes known as N4-
macrocyclic complexes and they possess a N4 inner structure that
is common in naturally occurring molecules such as chlorophyll,
heme groups in hemoglobin, cytochrome c, vitamin By, etc. Due to
their macrocyclic nature including extended m-systems, phthalo-
cyanines are capable of undergoing fast redox processes, with
minimal reorganizational energies and can act as mediators in elec-
tron transfer processes involving a great variety of molecules [1-5].
In this review we will concentrate our attention on the catalytic
activity of phthalocyanines for electrochemical reactions. This was
first reported four decades ago in a pioneering study by Jasinski
[6,7] while searching for non-noble catalysts for the oxygen cath-
ode in fuel cells. He showed that Co phthalocyanine is active for the
reduction of O,. This triggered extensive research in many places in
the world on N4 macrocyclic metal chelates as possible electrocat-
alysts for the reduction of O, for the development of low cost fuel
cells, with the aim of replacing platinum, which is the best catalyst
known for the reduction of O,. This topic has been the subject of
several reviews [8-28] and the feasibility of using phthalocyanines
in practical fuel cells has been shown recently [29].

MPcs constitute an interesting type of catalysts since they
present several advantages over noble metals, not only because
of the cost. In particular, they provide very interesting models for
theoretical and experimental studies since their catalytic action
can be described in terms of definite parameters such as chemical
structure and chemical and physical properties. Their reactive cen-
ters are clearly identified and their reactivity can be modulated by
changing the nature of the central metal or by modifying the struc-
ture of the macrocyclic ligand. Fig. 1 illustrates the structures of
some metallophthalocyanines and related macrocyclic complexes
that have been studied as catalysts for electrochemical reactions.

All the work published to date shows that MPcs have a
very wide range of applications in electrochemistry varying from
energy conversion devices to electrochemical sensors for the
detection of molecules of biological and environmental rele-
vance. In the earlier studies, most of the work was focused on
the reduction of molecular O, but was later shown over the
years that they catalyze a myriad of reactions. Some phthalo-
cyanines and related macrocyclic complexes catalyze (i) the
electrooxidation of formic acid [8,30], CO [8,29-33], SO, [34-36],
oxalic acid [37-48], glucose [49-63], molecular hydrogen [64-68],
H,0, [67-69], hydrazine [8,30,47,70-88], nitrite [89,90], mer-
captoethanol [91-93], L-cysteine [71,94-106], sulfide ion [107],
thiocyanate [102,108,109], hydroxylamine [74,88,110-112], NO
[113-119],dopamine [120-122], the evolution of oxygen [123,124]
and the oxidation of phenols [125-128]; (ii) the electroreduction
of Hp,0, [129,130], protons [131], CO, [132-140], alkylchlo-
rides [141,142], cystine [94,143], molecular nitrogen [144], N,O
[145,146], NO [147], nitrite [111], nitrate [148-150], thionyl chlo-
ride [151-167] and sulfuryl chloride [153]. They are also good

catalyst in hydrogenation reactions [165]. MPcs are also promis-
ing as electrode materials not only as catalysts but also as reactive
species in lithium cells [166-168].

MPcs are also promising for promoting photocatalytic reac-
tions. They can act as spectroscopic sensitizers deposited on
semiconductor electrodes [169-188] and can have applications
in solar energy conversion devices. The colour of phthalocyanines
is modified when they undergo oxidation state changes involv-
ing the ligand and this can have applications in electrochromic
devices [189-191]. Rare-earth diphthalocyanines are noticeable
by their electrochromic reversibility which allows their use as
electro-optic transducers in plate screens [192-194]. However we
will not discuss these applications as they are beyond the scope of
the present review.

2. Metallophthalocyanine-based molecular electrodes

Most MPcs are insoluble in water and they can be confined
on electrode surfaces, to yield “metallophthalocyanine-based
molecular electrodes”. They can be attached to an electrode
surface by vacuum sublimation, vapor deposition, precipitation,
adsorption from a solution in an organic solvent or concentrated
acid, polymerization by heat treatment in the presence of carbon
powders (and the electrode is then made with the resulting mix-
ture) and electrochemical polymerization, etc. Fig. 2 illustrates the
different approaches for immobilizing MPcs on electrode surfaces.
Adsorption of the complexes on graphite or carbon materials (see
Fig. 2a) has been the preferred method of most authors due to
its simplicity and because it provides reproducible results. The
modified electrode can be characterized by simple techniques,
like cyclic voltammetry which allows the estimation of the formal
potentials of redox processes involving the immobilized complex
and also the amount of electroactive molecules present on the
electrode surface. In a typical experiment, the adsorption of mono-
layers of MPc is simply achieved by dipping the electrode into
solutions of the complexes in an appropriate solvent for several
minutes, or placing a drop of these solutions on the electrode
surface and then rinsing with ethanol or other solvent to eliminate
any excess of non-adsorbed complex.

The use of self-assembled monolayers (SAMs) of alkylthio-,
arylthio- and thiol-derivatized phthalocyanines [57,82,102,
109,195-208] is a rather new and convenient method for immo-
bilizing these macrocyclic complexes on gold surfaces. Indeed,
thiol derivatized macrocyclic bound to a gold substrate via their
thiol arms lead to the formation of reproducible and stable films
of SAMs. A schematic representation of these SAMs is given in
Fig. 2b-d. Such a monolayer of highly oriented molecules on a
substrate is formed spontaneously by immersing a solid substrate
into a solution containing the desired species with an appropriate
functional group. Careful placement of thiol groups of the adsor-
bate can constrain the resulting molecule to a particular packing
preference on the electrode surface (see Fig. 2b and c).
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Another approach for modifying surfaces is to use polymeric
phthalocyanines. Polymeric films containing MPcs can be formed
on different conductive substrates by electropolymerizing a func-
tionalized monomeric phthalocyanine directly onto a surface of

an electrode or by coating the electrode with a preformed poly-
mer (Fig. 2e). Alternatively, these complexes can be incorporated
into preformed polymers [131,139,209-224], plasma polymerized
[224-227] onto substrates or formed by the Langmuir-Blodgett

(A) Phthalocyanine complexes

& R Octa (or more) Substituent abbreviation
. 2 substituted
Ri=R;=R; =Ry =F 16(F)MPc
R4 R4 Ri=R;=R; =Ry = Cl 16(CI)MPc
Ri=R;=R; =Ry = CN 16(CN)MPc
R1 R4
Ra Rs Ri=Ry=H; R;=R; = SBu 8B(SBu)MPc
Ri=Ry;=H; R;=R; =SC,H,OH 8B(SCH,OH)MPc
R R: Ri=Ry=H; R;=R; =2-Et-CsH1, 0 8B(2-Et-C¢H1,0)
3 R;:=R;=H; Ri=Ry = 0Bu 80 (OBu)MPc
R4 Ri Ri=Ry=H; R; =R; = 0CgHy6 8B(OCsH;7)MPc
R] = R_; = H; Rg = R3 = OCH3 8B(OCH3)MPC
R; =N(CHj3)z; Ry =R, = C(CHs)s 4a(N(CH3)2)4B((CH3);)MP
=H; R; [
Tetrasubstituted
R] = R,; = Rz :H; R_; = NHZ 4B(NH2)MPC
Ri=Ry=R;=H; R; = SCH,Ph 4B(SCH,Ph)MPc
R] = R4 = Rz =H; R3 = C(CH])J 4B(C(CH3)3)MPC
R;=Ry=R;=H; R; = OBu 4B(0OBu)MP¢
R] = R4 = Rz =H; R3 C(CH3)3P1‘I) 4B(C(CH3)3PI‘I)MPC
R;=Ry=R;=H; R; =COoCl 4B(COCIHMPc
R;=Ry=R;=H; R; =COOH 43(COOH)MPe
R] = R.; = Rz =H; R3 = SCqus 4[3(SC12H25)MPC
Ri=Ry=R;=H; R; = S o | 4B(OETh)MPc
™
(ethoxy thiophene:
OETh)
R] = R4 = Rz =H; R3 = OPhC(CHJ)ZPh 4B(OphC(CHJ)2Ph)MPC
R;=Ry=R;=H; R; SYN\ 4B(SMPy)MPc
- |
N =~
(mercapto
pyrimidine: SMPy)
R;=R;=R;=H; R; =NO, 4B(NO2)MPc
R;=R;=R;=H; R; =0GCsHn 4p(0OCsH;1)MPc
R;=R;=R;=H; R; = 4B(OPePyr)
—
- N—(CH2)50
(pentoxypyrrole:
OPePyr)
R;=Ry=R;=H; R; OPh 4B(OPh)MPe
—
Ri=R;=Ry,=H; R; = Q—@—O 4B(PhPy)MPc
(phenoxypyrrole:
PhPy)
Ri=R;=R;=H; R;= =805 4B(SOJ-)M Pc
Ri=Rs=R;=H; R; =t-Bu 4B(t-Bu)MPc

Fig. 1. Structures of some of the examined complexes.
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(B) Naphthalocyanine complexes

Substituent | abbreviation
=H MNc¢
=0OBu 80(OBu)Nc

(C) Porphyrazine complexes
N

TPyr 2,3 MPz

(D) Porphyrins

TPyr 3,4 MPz

QTPy 2,3 MPz

R

Substituent abbreviation
R = (CyHs) 4(C,Hs)MP
. R = Ph(OCH3) 4(Ph(OCH;)MP)
R R =Ph 4(Ph)MP
R = PhNH, 4(PhNH,)MP
1 R =S0; 4(PhSO;)MP
R =F 20(F)PhMP

Fig. 1. (Continued ).

method [198,228]. The electrochemical polymerization is an ele-
gant, attractive and easy strategy for the immobilization of metal
complexes [229-236] providing relatively stable films. The prin-
ciple is based on the electrochemical oxidation (or reduction)
of a polymerizable group present on the phthalocyanine ligand.
The obtained polymeric films should be electronic conductors
to ensure the continuous growth of the polymeric film and to
allow electron transfer processes within the matrix. Pyrrole, thio-
phene and aniline-based monomers have been the most commonly
used materials [234-237]. Such chemically substituted monomers
have many interesting features including a high flexibility in their
molecular design. Additionally, such materials offer the possibil-
ity of using either aqueous or organic solutions to carry out the
electropolymerization. One of the first examples that involved
the incorporation of MPcs into polypyrrole films was based on
the ion-exchange properties of the oxidized polymer. Tetrasul-
fonated substituted complexes [238-245] have been introduced
into polypyrrole films as counter-ions (or “doping” ions). Only
few examples have described the electropolymerization of pyrrole-
substituted MPcs [246-248]. Most studies of polymeric MPcs have
involved the electrochemical polymerization of tetraaminoph-

thalocyanines (4f3(NH3)MPc) [77,119,137,230,249-255] which
involves the oxidation of the amino group to form radicals that
initiate condensation by attacking phenyl rings of neighbor-
ing molecules. An illustration of a hypothetical polymer coating
is given in Fig. 2e. 4B3(NH;)MPc has been electropolymerized
on glassy carbon electrode [77,119,121,252,253,256-262], ITO
[77,241,258,260,262] and highly oriented pyrolytic graphite elec-
trode [254]. Of the 43(NH;)MPc complexes, most studies have
concentrated on 43(NH;)CoPc due the excellent electrocatalytic
behavior of this complex towards a variety of electrochemical reac-
tions.

Fig. 3 shows very schematically a hypothetical catalytic pro-
cess promoted by “MPcs based molecular electrode”. The scheme is
shown for a reduction process but a similar one can be shown for an
oxidation process. In some reactions mediated by MPcs, the com-
plex changes oxidation states upon interacting with the reacting
molecule and it recovers its initial oxidation state by accepting or
donating electrons to the electrode. So the electrode acts simply as
a sink or a source of electrons that are exchanged with the surface-
confined phthalocyanine molecule. As it will be discussed further,
the formal potentials of the catalyst are correlated to the electro-
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(b) ()

S
|

(e)

(CHy),

Pc ligand

Fig. 2. Typical ways of immobilizing macrocyclic complexes on electrode surfaces: (a) with adsorption on graphite, (b) vertical and (c) octopus orientation of a thiol derivatized
MPc complexes on gold to form SAMs; (d) axial ligation of MPc complex on 4-mercaptopyridine preformed SAM; (e) an illustration of a hypothetical polymer coating.

Adapted from ref. [92].

catalytic activity. Table 1 recapitulates some significant examples
of MPcs based molecular electrodes and their use for the activation
of various analytes [263-320].

3. Catalytic properties of MPcs in electrochemical reactions
involving thiols

Metallophthalocyanines and related complexes exhibit catalytic
activity for the electrochemical oxidation of a great variety of thiols
[14,21,100,274,284-287,290-292,321-338] and for the reduction
of the corresponding disulfides [100]. These “molecular phthalocya-
nine electrodes” act by lowering the overpotential of oxidation or
reduction of the target molecules [14]. Studies of the electrooxi-
dation of thiols to give the corresponding disulfides have shown
that the catalytic activity of the molecular electrodes strongly
depends on the nature of the central metal, with cobalt derivatives
exhibiting the highest activity [14]. The rates of the electrochemi-
cal oxidation of thiols are also strongly dependent of the nature of
the N4-macrocyclic ligand.

The electrocatalytic oxidation of thiols and many other reac-
tions discussed in this review can be considered as inner-sphere
reactions since a bond between a sulfur atom and the active site

is expected to occur before or when the electron transfer takes
place [14]. In some cases, this interaction can be so strong that the
catalytic process is inhibited as the active sites are blocked by the
reacting molecules bound to the active sites in the phthalocyanine.
Indeed, in the case of polymeric tetraaminocobalt phthalocya-
nine poly-4[3(NH;)CoPc deposited on transparent indium tin oxide
(ITO) electrodes, there is in situ evidence that an adduct is formed
between this molecule and 2-mercaptoethanol (2-ME) [292,329].
This adduct, if it is labile, could be a precursor in the electro-
catalytic process of oxidation of thiols. Further, electroreflectance
spectroscopy studies on Co and Fe tetrasulfonated phthalocyanines
adsorbed on the basal plane of highly oriented pyrolytic graphite
electrodes have demonstrated that under open-circuit conditions,
in basic deaerated aqueous solutions, the thiol, L-cysteine, reduces
the metal in the adsorbed phthalocyanine from M(II) to M(I) [330]
suggesting that the M(II)/M(I) redox couple in the phthalocyanine
plays a role in the catalytic process.

In earlier studies of the electrocatalytic activity of MPcs for
the oxidation of thiols such as 2-ME and 2-aminoethanethiol
[290,333,334,338-340] the catalytic activity (measured as current
at constant potential) followed a linear correlation with the redox
potential (driving force) of the complex, when immobilized on



thiophene, ethyloxy, neopentoxy,
methoxy

electrodeposition,
SAM, preformed SAM

Table 1
Summiary of studied analytes using MPc complexes?.
Oxidative detection M in MPc Selected ring substituents Electrodes Modification References
methods
Oxidation
Dopamine Fe, Ni, Fe, Co NH, SO5~, H CF, GCE, ITO CPE, polymer, [121,268-273,312,316]
adsorption
Serotonin Ni SO3~, H, NH, CF Polymer, CPE [268,312]
Noradrenaline, adrenaline Ni SO5- CF Polymer [312]
Vitamin B1 Mn H CPE [315]
Glycine Mn NH, ITO, GCE Polymer [260]
Glucose, H,0; Co H, 4(Ph)P GCE Adsorption [50-58,69]
Cysteine, homocysteine, Co, Mn, Fe, Rh, Os, NO,, NH;, SO5;—, H, C-(CH3);3, COOH, GCE, Au, OPGE, VCE, CF, silica  CPE, polymer, [52,92,99,100,101,103,108,248,284-289,299,314,317,320]
N-acetylcysteine Ru, Mo alkylthio, phenoxy pyrrole, ethoxy gel adsorption,

r-GSH Co H, ethoxy thiophene, NH, VCE, CME, GCE, OPGE CPE, adsorption, [52,93,103,293,296,300,302,311,314]
SPCE, polymer
2-ME Co, Fe NHa, SO3~, H, methoxy, ethoxy OPGE, VCE, GCE,CF, Au, OPGE,  Polymer, adsorption,  [92,93,99,275,100,101,106,290,292,294,295,297,314]
thiophene, Cl, ethoxy graphite SPCE, SAM
2-MESA Co NH, H GCE, OPGE, VCE Polymer, adsorbed [106,298]
DEAET, ethanethiol, methanethiol, Co H, alkylthio, NH; BPPGE/SWCNT Electrosorption [291,301,314,319]
propanethiol
SCN-, penicillamine Co, Fe H, alkylthio Au, GCE Adsorption, SAM, [108,101,109,317]
preformed SAM
NO H;, Co, Cr, Fe, Mn, SOs—,H GCE, CF Homogeneous, [113-119,230]
Zn, Cu electrodeposition,
adsorption, polymer
NO,~ Co, Ni, Fe, Mn, Ti, Cr ~ Alkylthio, NH,, phenoxy, benzyloxy, Au, GCE Polymer, SAM, [89,119,277-282,314]
4-tert-butylphenoxy adsorption,
electrodeposition
Hydrazine Co, Fe, Ru, Fe SO5;-, H, NH, GCE, RDE, OPGE, zeolite, Au Polymer, adsorption, [76-79,81,82,111,283]
CPE, preformed SAM
Hydroxylamine Ru H BPG, RDE Adsorption [111,112]
Phenol, 4-CP, PCP, 4-NP Co, Ni H, phenoxy pyrrole GCE,VCE Adsorption, SPCE, [126,265-267]
polymer, CPE
Cresol Co H GCE Adsorption [266]
Amitrole Co, Fe H CPE [313]
Asulum Co NH, BPPGE/MWCNT Polymer [318]
Reduction
Cystine Co, Fe, Mn Ethyloxy, SO3~, H Graphite, OPGE Adsorption [302]
Dithiobis(ethanol) Co, Fe SO5 -, H, NH, ethoxy thiophene, Au, VCE, GCE, OPGE SAM, adsorption, [100,101,292,274,297]
polymer
NO Co, H, SO3, H, GCE Electrodeposition, [117,118,275]
homogeneous,
adsorption
NO,~ Co, Ru H, TPyr2, 3Pz, QTPyr2, 3Pz GCE, RDE Electrodeposition [111,276]
TCA, DBB, t-DBCH Ni, Cu, Co H GCE,OPGE Adsorption, [263,264]
membrane
Oxygen Co, Mn, Fe, Ru, H, NH,, SO5;~, Cl, CN pentoxy pyrrole, GCE, graphite, CF, OPGE, Pt, CPE, adsorption, [79,81,130,214,262,303-305,306-308,309,310]
ethoxy thiophene, EPPGE, Au, zeolite, ITO polymer,
mercaptopyrimidine, phenoxy homogeneous

pyrrole

CPE: carbon paste electrode, SAM: self-assembled monolayer, CF: carbon fiber, GCE: glassy carbon electrode, OPGE: ordinary pyrolytic graphite electrodes BPG: basal-plane pyrolytic graphite, VCE: vitreous carbon electrode, SPCE:
screen printed carbon electrode, CME: carbon microelectrode, ITO: indium tin oxide, MWCNT: multi-walled carbon nanotube, EPPGE: edge plane pyrolytic graphite electrode, RDE: rotating disk electrode, BPG: basal-plane pyrolytic
graphite, BPPGE: basal plane pyrolytic graphite electrode. r-GSH: reduced glutathionine, 2-ME: mercaptoethanol, 2-MESA: mercaptoethanasulfonic acid, 4-CP: 4-chlorophenol, 4-NP: 4-nitrophenol, PCP: pentachlorophenol, TCA:
trichloroacetic acid, DBB: 1,2-dibromobutane, DBCH: 1,2-dibromocyclohexane, DEAET: 2-(diethylamino) ethanethiol.
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clectrode
=N
- N )vf"” N < S (Ox)
N \Nl
N Y
-

N‘ /E
., i W , S (Red)

Fig. 3. Scheme of a catalytic process promoted with MPcs based molecular elec-
trode.

graphite electrodes. The activity increases as the M(II)/M(I) for-
mal potential of the catalyst becomes more negative, that is to
say, the activity increases when the driving force of the catalyst
decreases. This is contrary to what is expected on thermodynamic
grounds. In contrast, for the reduction of 2-mercaptodisulfide the
activity increases as the Co(II)/Co(I) becomes more negative [296],
that is the activity increases when the driving force of the cata-
lyst increases (as expected), since the latter is a reduction reaction.
However, it was shown later that if complexes exhibiting formal
potentials in a wide range are examined, the complete correlation
follows a volcano-shape [92,295,340]. Indeed for the oxidation of
2-ME in a study using five cobalt complexes including porphyrins
and phthalocyanines bearing Co(II)/Co(I) redox potentials in the
range —1.2V to —0.6 V, a volcano plot was obtained [295] with Co-
tetraaminophenylporphyin having a Co(II)/Co(I) formal potential
at ca. —0.9V versus SCE showing the highest activity. More corre-
lations of this type were reported later using adsorbed substituted
metallo tetraphenylporphyrins and metallo phthalocyanines with
Co as the central metal with substituents on the N4 ligand, using
both electron-donor and electron-acceptor groups to modulate the
Co(II)/Co(I) redox potentials in a wide range [340]. The volcano cor-
relations indicate that the redox potential of the catalyst needs to
be “tuned” in a rather narrow potential range for achieving max-
imum activity. These observations have an impact on the search
for catalysts for applications in electrocatalysis and the devel-
opment of electrochemical sensors as will be discussed further
[321].

In this section we focused on the description of some significant
recent examples reported in the literature related to the electro-
activation of thiols by “molecular phthalocyanine electrodes”. It is
aimed at showing how the redox and electrocatalytic activities of
the electrodes can be finely tuned in order to control the electron
transfer rates. Also, a tentative elucidation of a possible empirical
correlation between the experimentally established data and theo-
retical calculations will be reported and discussed. Table 2 shows a
selection of thiols activated by several types of “molecular phthalo-
cyanine electrodes”.
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Fig. 4. Dependence of the Co(Il)/(I) formal potential of the adsorbed CoPcs with the
sum of the Hammett parameters of the substituent on the ligand.
Adapted from ref. [92].

3.1. Redox behavior of thiols at molecular phthalocyanine
electrodes

As stated in the first part, the catalytic activity of the MN4 com-
plexes strongly depends on the nature of the central metal but also
on the nature of the ligand. We will also describe below the stud-
ies that support the influence of these parameters on the catalytic
activity towards the oxidation of thiols.

All adsorbed CoPcs complexes exhibit a reversible pair of
peaks between —0.8 and 0.0V versus SCE that has been ten-
tatively assigned to the Co(Il)/Co(I) reversible process [338]. As
expected, the formal potential of the Co(II)/Co(I) redox process
shifts to more negative values by the effect of electron donat-
ing groups (83(0CgH17)CoPc, 83(0OCH3)CoPc, 43(0CsH11 )CoPc and
4[3(NH, )CoPc) since these groups increase the electron density on
the metal center, faciliting the oxidation of the Co center compared
to H-substituted CoPc. The opposite effect is observed for electron
withdrawing groups, as the formal potential shifts to more posi-
tive values in comparison to CoPc. This is illustrated in Fig. 4 that
shows a linear correlation between the Co(Il)/Co(I) formal poten-
tial and the sum of the Hammett parameters ¢ of some examples
of substituents on the ligand. This shows that the redox potential
of Co phthalocynine can be modulated, by choosing the appropri-
ate substituents on the ligand. This is true for phthalocyanines of
other metals, as has been shown in a series of papers by Lever and
co-workers [21,88,111,146].

Fig. 5 illustrates a typical cyclic voltammogram for
4B(0CsH;1)CoPc adsorbed on OPG, after adding 1mmolL~!
of 2-mercaptoethanol (2-ME) to 0.5 mol L-! NaOH solution [339].
A large oxidation current is observed starting at —0.5 V versus SCE,
which corresponds to the electrocatalytic oxidation of 2-ME at
the molecular phthalocyanine electrode. The appearance of the
oxidation peak at Ep, =+0.38 V versus SCE is concomitant with the
reduction peak at —0.75V versus SCE, during the reverse scan. This
large cathodic peak is related to the reduction of the corresponding
disulfide. Oxidation of 2-ME on the bare OPG electrode is only
observed as a peak at +0.07 V versus SCE with no reduction peak
in the potential range examined. This clearly shows that cobalt
phthalocyanine layer not only acts as a catalyst towards the
oxidation of 2-ME but also for the reduction of the corresponding
disulfide. This has also been observed for the oxidation of 2-ME on
Fe phthalocyanines and the more active the catalysts, the smaller
the separation between the 2ME oxidation peak and the disulfide
reduction peak [290].
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Table 2

A selection of peak potentials for the detection of thiols on MPc modified electrodes versus Standard calomel electrode (SCE). Potentials reported versus Ag|AgCl have been

corrected to versus SCE using —0.045V conversion factor.

MPc? Electrode® Modification method®  Analyte® Ep (V) versus SCE  Medium References
Cysteine
CoPc Clay/Hg Incorporated inside Cysteine -0.47 pH7.4 [288]
4{3(COOH)CoPc, 43(SO3~)CoPc, CoPc, GCE Electrodeposition Cysteine 0.63 to +0.78 pH 3.5 [284]
43(C(CH3)3)CoPc, 4B(NO, )CoPc
—0.03 to +0.16 pHO
8B(SBu)FePc, 83(SBu)CoPc, Au SAM Cysteine +0.29 to +0.46 pH4 [108,285]
8B(SC2H4OH)FEPC, 8B(SC2H4OH)COPC
4f3(0OETh)CoPc VCE Adsorbed Cysteine -0.11 0.5M NaOH [100]
4{3(PhPy)CoPc VCE Adsorbed Cysteine -0.04 0.5M NaOH [100]
4(3(SMPy)CoPc GCE Adsorbed Cysteine +0.12 pH 4 [99]
4B(PhPy)CoPc GCE Polymer Cysteine +0.46 pH4 [248]
43(OETh)CoPc Au SAM Cysteine +0.36 pH4 [101]
CoPc, FePc, MnPc Au Preformed SAM Cysteine +0.14, +0.16 pH 4 [102]
CoPc CME Micromolded C Cysteine 0.50¢ pH5.5 [103]
RhPc(Cl)(py), OsPc(py)2, RuPc(py)2, GCE Adsorption Cysteine +1.05 to +1.15 pH7.2 [286]
43(SO3~)OMoPc Carbon CPE Cysteine +0.25 0.05M H,SO4 [287]
2-ME
FePc 83(0OCHj3 )FePc OPGE Adsorption 2-ME —0.28,-0.33 pH 10.5 [290]
4B(NH;)CoPc VCE Adsorption 2-ME -0.29, -0.32 05MNaOH  [274]
4[B(OETh)CoPc Au SAM 2-ME +0.74 pH 4 [101]
4f3(0OETh)CoPc VCE Adsorbed 2-ME —0.22 0.5M NaOH [100]
4B(PhPy)CoPc VCE Adsorbed 2-ME -0.12 05MNaOH  [100]
4{3(SMPy)CoPc GCE Adsorbed 2-ME -0.4 pH 11 [99]
CoPc Carbon SPCE 2-ME +0.12 pH7.4 [93]
2-ME —0.35 ~pH 13
CoPc VCE Polymer 2-ME —0.45 0.5M NaOH [292]
4(3(NH;)CoPc VCE Polymer 2-ME -0.05 0.5M NaOH [295]
CoPc/SWCNT GCE Adsorption 2-ME —0.15 0.1 M NaOH [297]
Other
8B(SBu)FePc, 83(SBu)CoPc Au SAM Homocysteine +0.48, 0.40 pH 4 [108]
8B(SC2H40H)FePc, 83(SC;H4OH)CoPc Au SAM Homocysteine +0.50, 0.41 pH 4 [108]
8B(SBu)FePc, 83(SBu)CoPc Au SAM Penicillamine +0.54, 0.41 pH4 [108]
8B(SC,H40H)FePc, 83(SC,H40H)CoPc Au SAM Penicillamine +0.51, 0.40 pH 4 [108]
8B(SBu)FePc, 83(SBu)CoPc Au SAM Thiocyanate +0.74,0.69 pH 4 [108]
8B(SC,H4OH)FePc, 83(SC;H40H)CoPc Au SAM Thiocyanate +0.69 pH4 [108]
CoPc, FePc, MnPc Au Preformed SAM Thiocyanate +0.51, +0.54 pH4 [109,317]
4(3(NH;)CoPc/MWCNT BPPGE Electrosorption DEAET +0.54 pH 7 [319]
43(NH, )CoPc VCE Polymer Dithiobis (ethanol) -0.89 0.5M NaOH [274]
43(OETh)CoPc Au SAM Dithiobis (ethanol) —0.65 pH4 [101]
4{3(OETh)CoPc VCE Adsorbed Dithiobis (ethanol) r-GSH -1.1,-0.14 0.5M NaOH [100]
4B(PhPy)CoPc VCE Adsorbed r-GSH —0.08 0.5M NaOH [100]
43(SMPy)CoPc GCE Adsorbed r-GSH -0.19 pH 11 [99]
CoPc Carbon SPCE r-GSH +0.34 pH7.4 [93]
r-GSH —0.05 ~pH 13
CoPc VCE Polymer Dithiobis (ethanol) -0.9 0.5M NaOH [292]
CoPc CME Micromolded C Glutathionine, homocysteine  0.50 pH 5.5 [103]
0.35
4B(0CsH;1)MPc OPGE Adsorbed 2-HEDS -0.9 0.2 M NaOH [296]
CoPc/SWCNT GCE Adsorption Dithiobis (ethanol) -0.95 0.1 M NaOH [297]
CoPc OPGE Adsorbed 2-MESA —0.047 0.1 M NaOH [298]
43(NH, )CoPc VCE Adsorbed 2-MESA -0.14 0.1 M NaOH [298]
Polymer -0.14

2 py: pyridine; MWCNT: multi-walled carbon nanotube; SWCN: single-walled carbon nanotube.

b OPGE: ordinary pyrolytic graphite electrode; GCE: glassy carbon electrode; CPE: carbon paste electrode; VCE: vitreous carbon electrode; SPCE: screen printed carbon
electrode; OPGE: ordinary pyrolytic graphite electrodes; BPPGE: basal plane pyrolytic graphite electrode; SAM: self-assembled monolayer.

¢ r-GSH: reduced glutathionine, 2-ME: mercaptoethanol, 2-MESA: mercaptoethanasulfonic acid, DEAET: 2-(diethylamino) ethanethiol.

d versus Pt wire quasi-ref electrode.

The catalytic activity of MPcs for the oxidation of thiols is
strongly dependent on the nature of the metal in the macrocycle
[14,21,321]. When comparing the activity of phthalocyanines of
different metals for the oxidation of 2-ME, the highest activity was
shown by CoPc and FePc [91]. CoPc and 4((SO3~)CoPc complexes
were the most active (compared to MnPc, FePc, NiPc and CuPc) for
the electrocatalytic oxidation of L-cysteine [74].

The catalytic activity of ring substituted 4f(NO,)CoPc,
43(NH;)CoPc, 4B(C(CH3)3)CoPc, 4PB(SO3~)CoPc and 4p3(COOH)
CoPc adsorbed onto glassy carbon electrode increased with the
ring substituent as follows: 4f3(COOH)CoPc>4{3(C(CHjs)s3)CoPc
>4[3(S03~)CoPc > 43(NH;)CoPc > 43(NO; )CoPc. The potential for
the catalytic oxidation of L-cysteine was closely related to the

Co(IIT)/Co(Il) couple of the CoPc species in acid media and to
Co(I)/Co(I) couple in basic media [284]. The Fe(Il)/Fe(I) couple
has also been associated with the electrocatalytic oxidation of L-
cysteine by 43(SO3~)FePc [330].

The study on the effect of ring substituents on the elec-
trocatalytic behavior of iron phthalocyanines (4f3(SO5;~)FePc,
4[3(COOH)FePc, 83(0CH3)FePc, 16(F)FePc and FePc) adsorbed on
ordinary pyrolytic graphite electrode, for the oxidation of 2-ME
[53], showed that complexes containing electron-withdrawing
groups (-CO,~, -SO3~, Cl7) shifted the catalytic peak to more
positive potentials, and the ones containing electron-donating
methoxy groups to more negative potentials [290] as discussed
above for Co complexes. The catalytic activity was measured by
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Fig. 5. Typical cyclic voltammogram of the response of an OPG/4[3(0OCsH;1)CoPc
electrode recorded in a 0.1 M NaOH deaerated solution containing 0.001M 2-
mercaptoethanol. The response of the unmodified OPG is also shown. Scan rate:
0.1V/s.

Taken from ref. [339].

the difference in peak potentials between the oxidation peak of
the RSH and the reduction peak of the product (RSSR). That is,
the lower the potential peak separation of the RSH/RSSR cou-
ple, the higher the catalytic activity. Based on this observation,
the catalytic activities of the complexes increase as follows:
8[3(0OCH3 )FePc > FePc > 4[3(COOH )FePc > 4[3(SO3 ~ )FePc > 16(F)FePc
[290]. Similarly, 8B(0CgH;7)CoPc monomer adsorbed onto
graphite electrodes shows a higher catalytic activity towards
oxidation of 2-ME than adsorbed 4(SO3;~)CoPc or CoPc due to
the electron-donating ability of the ethylhexyloxy substituents in
the former [333]. These differences in activities can be attributed
to the different redox properties of the complexes, as it will be
discussed further on.

Platinum group metal monophthalocyanines adsorbed on glassy
carbon electrode catalyze the oxidation of L-cysteine depending
on the nature of axial ligands [286]. When DMSO or cyanide were
employed as axial ligands, catalytic activity was observed and ring-
based redox processes were implicated in the catalytic process.

Oxidation of L-cysteine on MPc-SAMs formed from thiol substi-
tuted MPc complexes, was observed at lower potentials compared
to the potential observed for its oxidation on unmodified CoPc
[96,293,341,342]. The overpotentials for oxidation of homocys-
teine, L-cysteine and penicyllamine are slightly lower on alkylthio
substituted FePc complexes compared to the corresponding CoPc
ones [108], however the latter was less susceptible to fouling
[108]. Of a series of MPc-4-MPy-SAM (M =Fe, Mn, Co and 4-M-
Py =4-mercaptopyridine) used for catalytic oxidation of L-cysteine,
FePc-4-MPy-SAM showed better catalytic activity [102].

The sensitivity and stability of poly-4[3(NH;)CoPc were much
higher than for adsorbed monomer for 2-ME oxidation [274] or to
be similar to that of adsorbed 4[3(NH,)CoPc (on vitreous carbon
electrode) in terms of current and peak potential [335] for L-

cysteine and reduced glutathione showing that only a few external
layers of the polymer are electroactive. Poly-43(NH; )CoPc shows
catalytic activity for both the oxidation of thiols and the reduction
of the corresponding disulfides [274].

In addition to studies on adsorbed monomers, polymers and
SAMs, other methods of electrode modifications for the detection of
thiols have been explored. CoPc supported on poly(2-chloroaniline)
was active for the electrooxidation of 2-ME, reduced glutathione
and hydrazine [293]. The use of CoPc composite electrode resulted
in the lowering of overpotential for glutathione oxidation by 0.75V
[343] compared to the unmodified carbon electrode. Also, MPc
modified carbon paste electrodes have been employed by several
authors for the analysis of thiols. Carbon paste electrodes incor-
porating OMoVY(OH)Pc catalyze the oxidation L-cysteine with a
considerable reduction in overpotential [287], and it was proposed
that the oxidation of L-cysteine is mediated by MoV!Pc species [287].

Very few metalloporphyrins have been investigated for the
oxidation of thiols [292]. For example studies using electropoly-
merized aminophenyl and hydroxyphenyl cobalt porphyrins
have shown some activity [292,344] but they are less active
than phthalocyanines. These differences in behavior have been
attributed to a different electrocatalytic mechanism and/or to dif-
ferences in the polymer film conductivities. However, as it will be
discussed further on, Co porphyrins exhibit Co(II)/(I) formal poten-
tials which are much more negative than those of phthalocyanines,
so the interaction of the sulfide ion with the Co(II) center to form a
Co(I) adduct is less favorable with porphyrins.

3.2. General trends in reactivity of macrocyclics for the oxidation
of thiols

It is very important in electrocatalysis to be able to make pre-
dictions about the eventual catalytic activity of an electrode. This is
especially important if the active electrode contains a metal com-
plex having a reactivity that can be controlled by its molecular
and electronic structure. However the theory of electrocataly-
sis is still underdeveloped. Predictions of reactivities, with a few
notable exceptions, have been thus far mainly based on correlative
approaches. Along these lines, most of the work published has been
focused on the electrocatalytic activity of pure metals, alloys or
metal oxides for well known reactions such as hydrogen evolution,
hydrogen oxidation, O, evolution or O, reduction which are the
reactions occurring in H, /O, fuel cells and water electrolyzers. Cru-
cial parameters that correlate with catalytic activity are heats and
free energies of adsorption of intermediates that account for the
degree of interaction of the reacting molecule with the active sites
located on the metal or metal oxide surface [345-361]. The adsorp-
tion phenomenon lowers activation energies for the processes.
In relation to the electrocatalytic activity of electrodes modified
with metallophthalocyanines or complexes in general there are no
models available. However correlations can be found if the reac-
tivity is compared versus some parameter that accounts for the
reactivity of the active site which is the central metal. One use-
ful parameter is the redox potential of the complex and can be
easily determined by cyclic voltammetry, under the same condi-
tions (pH, electrolyte composition, temperature) employed for the
kinetic measurements. As shown recently, non-linear correlations
are found between the redox potential of the metal complex and
the catalytic activity, expressed as logi at constant potential or
potential at constant current density. This is not only valid for the
oxidation of thiols but also for many other reactions promoted by
these MN4 complexes [14,27,321] as it will be discussed further
down.

Tafel plots are very common in kinetic studies of electrode pro-
cesses. They correlate currents or current densities (i or I) with
electrode potentials (E versus a reference electrode potential) or
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Fig. 6. Tafel plots for the oxidation of 2-ME on graphite modified with M-
tetrasulfonated phthalocyanines. Response of graphite also shown. pH 10.1
Adapted from Fig. 11 in ref. [91].

overpotentials 7. The overpotential n=E — E¢q is a measure of the
departure from the equilibrium Eeq. The current density is the cur-
rent divided by the area of the electrode. The electrical current
flowing through the electrode is proportional to the reaction rate,
and the electrode potential is proportional to the driving force. The
rate of an electrochemical reaction increases exponentially with
the electrode potential. For a chemical reaction the driving force is
AG°, the standard free energy of the reaction. For an electrochemi-
cal reaction, the driving force of the reaction can be modified by the
electrode potential, since AG=—nFE where E is the potential of the
cell. For a reduction reaction the driving force can be increased by
applying a negative potential. The opposite is true for an oxidation.
The Tafel equation is: logi=1logi, + n/b where i is the current den-
sity, io is the exchange current density, b is the Tafel slope and 7 is
the overpotential. n=E — Ecq where E is the potential and Eeq is the
equilibrium potential of the reaction versus a reference electrode
(given by the Nernst equation).

A Tafel plot is a graph of logi versus E, and according to the
equation it should be linear, with a slope of 1/b. So essentially
a Tafel plot is a plot of log(reaction rate) versus driving force. A
bit far from equilibrium these plots are linear and the Tafel slope
SE/5logi provides information about the rate determining step. A
common slope is 0.118 V/decade indicating that the reaction rate
is increased 10 times if the potential applied to the electrode is
increased by 0.118V, for an oxidation process. A Tafel slope close
to 0.118 V/decade is indicative that the first one-electron transfer
is rate determining. A Tafel slope close to 0.059 V/decade indicates
that the first fast electron transfer is followed by a slow chemi-
cal step. A Tafel slope close to 0.040V indicates that the first fast
electron transfer is followed by a slow electron transfer step. For
catalytic processes the smaller the Tafel slope the better since it
indicates the magnitude of applied potential required to increase
the rate 10 times, the lower the energy required to push the reac-
tion. The Tafel equation is an empiric equation and a more rigorous
correlation between the current and the potential is given by the
Butler-Volmer equation and the interested reader can consult sev-
eral text books available in electrochemistry.

Fig. 6 illustrates a series of Tafel plots obtained with pyrolytic
graphite modified with tetrasulfonated phthalocyanines of Cr, Mn,
Co, Fe, Ni, Cu and Zn for the oxidation of 2-mercaptoethanol. The
response of the bare graphite is also shown. The slopes of the lines
range from 0.10 to 0.120V/decade suggesting that the first one-
electron transfer step is rate determining, for the oxidation of 2-ME
with all catalysts. The most active one is 4[3(SO3~)CoPc as the Tafel
lines appear at lower potentials. The least active is bare graphite,

since the Tafel lines (which are linear only at low potentials) appear
at the more positive potentials. Plots similar to those in Fig. 6 are
obtained with other phthalocyanines and also for the oxidation of
other thiols, so it can be proposed that the rate determining step for
the oxidation of thiol is step (3) in the mechanism depicted below.
The oxidation of thiols in alkaline media most likely involves the
formation of a bond between the metal center in the complex and
the sulfur atom in the thiolate. The complete reaction scheme is:

RSHoj + OH™ = RS~ o) + H20 (1)
[M(IT)Pc]ags + RS so1 S [R-S- - -M(I)Pc] ™ 145 (2)
[R-S---M(I)Pc]™ 345 — [M(II)Pc],qs + RS®so1 +€~ 3)
RS®s01 + RS®so1 = RS-SRg; (4)

where “sol” and “ads” stand for species in solution or adsorbed on
the electrode, respectively. Step 4 is fast and irreversible. A crucial
step is step 2, which involves the formation of a Co-S bond, with
a partial reduction of the metal center in the catalyst and partial
oxidation of the bound thiol molecule.

As pointed out above, the redox potential can be used as a
parameter of reactivity as reduction of the metal center is involved
in step 2. Two approaches can be used to modify and modulate
the redox potential of the complexes: (a) by changing the metal
but keeping the same phthalocyanine ligand or (b) keeping the
metal but changing the ligand by using different substituted
phthalocyanines.

By using approach (a) Fig. 7 compares the reactivity of two fam-
ilies of MPc for the oxidation of 2-ME, namely unsubstituted and
tetrasulfonated phthalocyanines [331,333,334]. The activity as log i
(current density) at constant potential has been plotted versus the
redox potential of the first reduction process of the catalyst (called
“formal redox potential of the catalyst”). This redox potential might
involve the M(II)/(I) couple for Cr, Mn, Co and Fe but might involve
the ligand for Ni and Cu. Since these redox potentials are obtained
from the potential of voltammetric peaks at which the surface
concentration of oxidized species is equal to the surface concentra-
tions of reduced species, these potentials are then formal potentials
“E°’”. In Fig. 7 a linear correlation is observed for both families of
phthalocyanines and the activity increases as the redox potential
becomes more positive. One would expect this on thermodynamic
grounds if the formal potential of the catalyst represents part of the
driving force of the reaction (apart from the electrode potential,
which in this case has been kept constant). However, activity
should also increase if the affinity of the central metal for the thiol
increases, i.e. as the M-Co energy bond increases. In the data shown
in Fig. 7 the effect of the ligand depends on the nature of the central
metal. When comparing CrPc with 43(SOs~)CrPc, CrPc is more
active than 43(SO3~)CrPc. In contrast 43(S03~)CuPc is more active
than CuPc but in both cases no deviations are observed from the
linear correlation, so the redox potential is a good reactivity index
for these complexes no matter what central metal or what ligand is
considered.

An interesting feature in the correlations of Fig. 7 is that
the slopes for both families of phthalocyanines are different.
For unsubstituted MPcs, the slope is 0.070V/decade whereas for
4[3(SO3~)MPcs the slope is 0.14 V/decade. These slopes are not Tafel
slopes since the data were obtained at constant potential (constant
driving force of the electrode) and the driving force was varied
by changing the redox potential of the catalyst but essentially,
they have a similar meaning to Tafel slopes, since these slopes
are (8E°’/51ogi)g, where E°’ is the formal potential of the catalyst
instead of (8E/8logi)g-, the Tafel slopes obtained for a given cata-
lyst (constant E°’). On the other hand, Tafel slopes obtained from
plots of logi versus potential for all catalysts included in Fig. 6 are
less than 0.118V/decade [91,333], and depend on the particular
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Fig. 7. (Left) Plots of logi (current density in Acm~2) at constant potential versus the redox potential of MPcs and 4f3(SO5;~)MPc s for the oxidation of 2-ME in 0.2 M NaOH.
Data obtained from mass transport corrected Tafel plots at —0.45V. Data for 43(SO3;~)MPc taken from Fig. 6. (Right) Plot of logi (current density in Acm~2) at constant
potential versus the Co(II)/(I) formal potential of different CoPcs confined on an OPG electrode for the oxidation of 2-aminoethanethiol in 0.2 M NaOH. Data obtained for mass

transport corrected Tafel plots at —0.20 and at —0.35V versus SCE.
Adapted from ref. [92].

Table 3
Tafel slopes for the oxidation of 2-mercaptoethanol on different MPcs at 25°C, pH
12.8.

Catalyst Slope in V/decade RT/(1 - B)F B

NiPc 0.150 2.54RT/|F 0.61
CuPc 0.136 2.30RT/F 0.57
MnPc 0.127 2.15RT/F 0.53
CrPc 0.099 1.68RT/F 0.40
CoPc 0.127 2.15RT/F 0.53
FePc 0.113 1.91RT/F 0.48

catalyst. As seen from the data in Tables 3 and 4, the slopes tend
to be lower for the most active catalysts, so the symmetry factor 8
varies between 0.28 and 0.65. The Tafel slope is 2.3RT/BF and for a
symmetrical energy barrier 8=0.5 and the slope is 0.118 V/decade,
that indicates that the first electron transfer is rate determining.
Slopes close to 0.118V are also observed for the oxidation
of other thiols like L-cysteine catalyzed by several metalloph-
thalocyanines [95], the oxidation of mercaptoacetate [340] and
aminoethanethiol [338]. The values of the Tafel slopes have been
used to justify that the transfer of one electron in step 3 is rate
controlling in alkaline media. The linear dependence of logi on
the redox potential in Fig. 7 indicates that the free energy of
adsorption of the thiol on the active sites is proportional to the
redox potential of the catalyst. If this is true, the slope would be
B'AG,qs where AG,4qs would account for the thermodynamics
of step 2. Note that 8’ is a Bronsted coefficient not necessarily
equal to the transfer coefficient g, linked to the r.d.s. 3. This is
generally observed for correlations of this type when comparing
the electrocatalytic activity of metals [344-353]. Similar correla-
tions to those in Fig. 7 are found for the oxidation of L-cysteine

Table 4
Tafel slopes for the oxidation of 2-mercaptoethanol on different 43(SO3~)MPc at
25°C, pH 10.1.

Catalyst Slope (V/decade) RT/(1 - B)F B

43(S03~)CrPc 0.167 2.83RT/F 0.65
43(SO3~)NiPc 0.120 2.03RT/F 0.51
4f3(S03~)MnPc 0.114 1.93RT/F 0.48
43(SO3~)CuPc 0.0958 1.62RT/F 0.38
43(SO3~)MePc 0.082 1.39RT/F 0.28
43(SO3~)CoPc 0.093 1.58RT/F 0.37

Taken from ref. [91].

on MPcs and 4(SO3~)MPcs with similar slopes [331,333,334], so
these correlations seem to be independent of the nature of the
thiol. However, only Mn, Fe and Co and probably Cr exhibit redox
processes located on the metal, namely the M(II)/M(I) process
while for Ni and Cu the redox potential plotted in Fig. 7 involves
the ligand. Thus, when different central metals are compared,
different frontier orbitals in the metal could be involved for each
particular case, when adsorption of RS~ takes place. For example
for complexes having central metals like Fe and Co, which have a
frontier orbital with more d character, one would expect a stronger
interaction of the metal with the thiol than, for example, Cu.

Since the redox potential (formal potential) of the catalyst
is a good reactivity index for predicting the catalytic activity
of these complexes, it is interesting to compare the activity of
complexes using approach (b), i.e. by keeping the same metal
center but modulating the redox potential by placing different sub-
stituents (electron-withdrawing or electron-donating groups) on
the phthalocyanine ligand. Fig. 8 compares the catalytic activity of
different iron phthalocyanines versus the Fe(II)/Fe(I) formal poten-
tial for the oxidation of 2-ME [290]. In contrast to what is observed
for phthalocyanines of different metals, the activity decreases as
the formal potential of the catalyst becomes more positive and the

0.5 8B(OCH,)FePc
> ] m 4B(COOH)FePc
S 4B(SO3)FePc
C.; -1.5
®
= -2.0
o]
o
-
254 16(Cl)FePc
-3.0 T

v T v T v T v
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

E°Fe (ll)/Fe(l) IV vs SCE
Fig. 8. Plot of logI at constant E, versus E° Fe(II)/Fe(I) for the oxidation of 2-ME at

pH 10 on OPG modified with different FePcs.
Adapted from ref. [290].
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Table 5
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Variation of the slope (in V/decade) of plots of logi versus E°’ for the oxidations of several thiols in basic media (pH 13) catalyzed by Co phthalocyanines confined on graphite.

Electrode potential (V versus SCE) 2-Aminoethanethiol 2-Mercaptosulfonic acid L-Cysteine 2-Mercaptoethanol
—-0.450 -0.234
—0.400 -0.267
-0.350 ~0.180 -0.283
-0.300 -0.220 -0.273
~0.250 ~0-261
~0.200 ~0.286 -0.225 -0.220 ~0.300
~0.150 -0.250 -0.218
-0.100 —0.257 —0.224
~0.050 -0.240 -0.220
-0.5 Table 7
Rising region ,f'\ Falli . Tafel slopes for the oxidation of mercaptoacetate for catalysts on the falling side of
greg PN alling region the volcano plot of Fig. 10.
> / AN
o 1.0 K e 8B(OC;gH,,)CoPc Catalyst Tafel slope (V/decade) Tafel slope
o / i 8B(OCH,)CoPc
. ; VitB, A\ o B( ) Vitamin By, 0.091 1.54RT/F
l":l K 43(OC¢H,,)CoPc 8B(0CsH;7)CoPc 0.079 1.34RT/F
W 1.5 4B(NH,)CoPC\ . p 4B(0CsHy 1 )CoPc 0.077 1.31RT/F
s K N %ﬁ((:SO')CoPc 8B(OCH;)MPc 0.078 1.32RT/F
o 3 CoPc 0.094 1.59RT/F
£ 204 4(PhNH,)CoP 4B(S05- )CoPc 0.075 1.27RT/F
< 16(F)CoPc 0.085 1.44RT/F
= 4(Ph(OCH,))CoP 4B(NH,)CoPc 0.095 1.61RT/F
> 2.5
L 4(Ph)CoP 16(F)CoPc . .
relations do not depend on the substrate used for confining the
30 complexes.
= T T T T T T T T T 4 ~ H H
12 10 08 06 04 A volcano-shaped correlation is also obtained for the oxida-

E°coun | V VS SCE

Fig. 9. Volcano plot for the oxidation of 2-ME in 0.1 M NaOH, on OPG modified with
different cobalt N4 macrocycles. Data obtained from Tafel plots at E= —0.30V versus
SCE (currents in Acm~2 corrected for mass transport).

Adapted from ref. [92].

slope (8E°’/8logi)g is —0.205V/decade (—3.47RT/F) for E=—-0.30V
versus SCE and —0.370V/decade (—6.27RT/F) for E=—-0.25V ver-
sus SCE. Similar results were reported for the oxidation 2-ME
[333] and for the oxidation of aminoethanethiol [338] on differ-
ent Co phthalocyanines. For cobalt substituted phthalocyanines,
the slopes of the plots of logi versus redox potential are also nega-
tive and potential-dependent for the oxidation of several thiols, as
illustrated in Table 5.

In order to explore a wider range of Co(II)/Co(I) redox poten-
tials, cobalt porphyrins together with cobalt phthalocyanines and
vitamin By, (aquocobalamine) were investigated and the results
are included in Fig. 9 for the oxidation of 2-ME. In this case a
volcano-shaped curve is obtained, with a region where the activ-
ity increases with the formal potential of the catalyst and another
region where the activity decreases. The slope, (6E°'/§logi)g of
the rising portion of the volcano is 0.110V/decade or 1.86RT/F
and the falling portion has a reciprocal slope of —0.245V/decade
or —4.15RT/F. The slope of the rising portion of the volcano is
similar to the Tafel slopes obtained from Tafel plots for single
catalysts (see Fig. 6). Similar results are obtained for the oxi-
dation of 2-ME when glassy carbon is used instead of pyrolytic
graphite [295] (see Tables 6 and 7), which shows that the cor-

Table 6
Tafel slopes for the oxidation of mercaptoacetate for catalysts on the rising side of
the volcano plot of Fig. 10.

Catalyst Tafel slope Tafel slope
20(F)PhCoP 0.092 1.56RT/F
4(PhSO5~)CoP 0.103 1.74RT[F
4(PhNH, )CoP 0.093 1.58RT/F

tion of 2-mercaptoacetate and the data are illustrated in Fig. 10.
The volcano correlation includes again several types of macrocyclic
complexes, i.e. Co porphyrins, Co phthalocyanines and cyanocobal-
amin (vitamin Bq;). As observed for the oxidation of 2-ME a linear
region of positive slope (0.112V/decade) is observed and then a
region where activity decreases with the formal potential of the
catalysts with a slope equal to —0.171 V/decade.

It is well-known in heterogeneous catalysis and electrocatalysis
[345-361] that a volcano-shape curve is obtained when the activ-
ity of the catalyst (logarithm of current density) for a given reaction
is plotted versus a parameter related to the ability of the catalyst
to form chemical bonds with reactants, reaction intermediates or
products [298,350-360]. So in some cases that we have discussed
before, where linear correlations are obtained, these are probable

-3.0
Rising region . Falling region
-3.5 /N VitB12
° 8B(OC4H,,)CoPc
N ’
o 404 J *8B(OCH,)CoPc
' ] , .
! /" 4B(OC4H,,)CoPc
w45 g BOCsH) 4B(NH,)CoPc
b kg
© / CoPc
‘e 5.0-
g 4(PhNH,)CoP « \ 16(F)CoPc
< 4B(SO; )CoP *
S 55 apPhsoycop  4P(SOs)CoPe
=2 20(F)PhCoP
= -6.0
6.5
T T T T T T T T
-1.2 -1.0 -0.8 -0.6 -0.4
E°' CO(”/I) IV vs SCE

Fig. 10. Volcano plot for the oxidation of 2-mercaptoacetate in 0.1 M NaOH, on OPG
modified with different cobalt N4 macrocycles. Data obtained from Tafel plots at
E=-0.250V versus SCE (currents in Acm~2 corrected for mass transport).

Adapted from ref. [92].



J.H. Zagal et al. / Coordination Chemistry Reviews 254 (2010) 2755-2791 2767

“incomplete” volcano correlations. These relations are very impor-
tant as they serve as guidelines in the search of new catalysts for any
given reaction. It is important for these correlations to be valid that
the rate determining step of the reaction is the same for all catalysts,
and this is the case for the data reported in Figs. 9 and 10. Heats of
adsorptions of the molecules on different catalysts or bond ener-
gies between active site and the adsorbed molecule are generally
used in volcano plots [345]. In the case of the data in Figs. 9 and 10,
the redox potential is used since heats and free energies of adsorp-
tion of thiols on the different metal N4-macrocycles, to best of our
knowledge, are not available in the literature. However the formal
potential is related to the reactivity of the metal center towards the
thiol through adduct formation and to the thermodynamics of this
process (step 2). Thus, the datain the volcano plots can be explained
according the above written mechanism (the thiolate is used since
all data were obtained in alkaline media (pH in the range 10-13).
Since the active sites (the metal center in the phthalocyanine) are
well separated from the neighboring phthalocyanine molecule, it
is expected that the free energy of adsorption of thiolate molecules
on the metal centers is independent of coverage. Then it seems suit-
able to use a Langmuir isotherm [345,362,363] for the adsorption
of thiolate molecules on the metal centers as follows:

== aRS_, exp % (5)
where 6 is the coverage of thiolate RS~ and AGgg- is the free energy
of adsorption of RS~ (as [R-S---M(I)Pc] in Eq. (2) relative to aRS_ |,
the solution activity of the thiolate. AGgs- is essentially the free
energy of step 2. Solving for 6, one obtains:

aRS_; exp(—AGgs-/RT)

- [1+aRS_,; exp(—AGgs-/RT)] (6)

—AGgs- could depend on electrode potential since the process
involves a charged species and could also depend on coverage. If
one assumes that the electrochemical r.d.s. has a rate constant of
k=Cexp+(1—B)EF/RT at =(1-0)=0.5 (where E is the potential
on some nominal scale and Cis a constant). Assuming that the bar-
rier height is changed by +p8' AGgs- in the presence of adsorption
keeping in mind that adsorption acts on the initial state (step 2)
whereas E affects step 3 which involves the transfer of one elec-
tron. Note that 8 is a Bronsted coefficient (not necessarily identical
with 8) which is the symmetry factor related to the symmetry of
the energy barrier for electron transfer step 3. As seen from the
bottom of the energy well for RS(’ads), the barrier height changes by
—(1 — B')AGgs- in the presence of adsorption, compared with its
standard state value at 6 =0.5. The rate of the r.d.s. is therefore:

[(1 — B)EF/RT]

_ B AGgg-
=aRS_ Cexp— | —==—">| exp+
v so1~ €XP [ RT P T aRs_ exp(— AGys /RT)]
(8)

At low 6 coverages, aRS_ | exp(—AGgs-/RT) « 1, this corresponds
to the rising side of the volcano and the rate is:

v=aRS_ Cexp— ['B/AR(;RS] exp + [“R?EF] ) (9)

The first exponential term of the equation depends on the ther-
modynamics of step 2 and the second term depends on the potential
and it is constant in a volcano plot since the rates are compared at
fixed potential E. So the rate can be rewritten as:

'AGgs-
v=aRS_,C"exp— [ﬁRTRS] (10)

The hypothetical slope (6E°’/§ logi)g of the rising side of the vol-
cano is then RT/F#’, and if the energy barrier is symmetrical 8’ =0.5
the slope is 2RT/F or 0.118 V/decade. Experimental values are close
to this figure.

For the falling side of the volcano, 6 is high and
aRS(’Sol) exp(— B’ AGgs- /RT) > 1. The rate is then:
_ (1-p) AGgs- (1 - B)EF
v=Cexp+ {RT exp + —RT (11)

Again, the second exponential term is constant since E is con-
stant. Under high coverage conditions the rate becomes zero order
in RS~ so the rate in the falling side of the volcano is:

1 —ﬂ’AGRS] (12)

v="C exp—i—[ RT

and the slope of the declining portion of the volcano would
be —2RT/F. Experimental values are larger (absolute value) than
—0.118V/decade.

From this simplified analysis, catalysts on the rising and falling
side of the volcano should have the same Tafel slope, provided that
AGgs- does not depend on the electrode potential (a mathematical
treatment for the case where AGgs- depends on the potential as
been given elsewhere [92] and it is too long to describe here).

The numerical deduction given above predicts that g’ should
have the same value for both branches, but Figs. 9 and 10 show that
this is not the case. However, the rising branch (weak adsorption,
positive AG, low 0) may have very differently shaped energy wells
than those for the falling branch (strong adsorption, negative AG,
high 0), so the change in ' with coverage may not be surprising.
In all cases, the rising branch of the volcanoes shows slopes almost
one-half of those corresponding to the falling branch [295].

It can be concluded that (i) B (the symmetry factor for the elec-
trochemical step) seems to depend on the nature of the catalyst
which indicates that the shape of the energy wells might vary to
some degree for each catalyst (as seen for the variation of Tafel
slopes), (ii) variations in the slopes on both sides of the volcanos
or incomplete volcanos might also reflect changes in the shape of
energy wells with adsorption and (iii) the rising portion of the vol-
cano corresponds to low coverages and a maximum activity should
be achieved at 6=0.5.

In general, the slopes observed experimentally are close to, but
less than 2RT/F(0.118 V/decade) and indicate that the formal poten-
tial of the catalyst is directly proportional to AGgg- as:

AGgs- ~ —nEF°”" + C” (13)

So replacing AGgs- in Eq. (10) gives for the rising portion of the
volcano:

IB/nFEo/

~ aRS”™
v~ aRS RT

sol

C"exp+ [ } assuming n =1 (14)
and C” contains all terms in the exponential that are con-
stant. So a plot of logi, which is proportional to logv, versus E*’
would have a reciprocal slope of +2.303RT/Ff’ (assuming n=1) or
+0.118 V/decade, for 8’ values ca. 0.5. This slope is similar to a Tafel
slope of +2.303RT/F@’ that is obtained for kinetic measurements
with a single catalyst (E°’ constant) from plots of logi versus E. So
the rising side of a volcano essentially represents a plot of logv (or
log i) versus driving force of the catalyst (E°’) at constant E whereas
a Tafel plot represents a plot of logv (or logi) for a given catalyst
versus driving force of the electrode (E) at constant E°’.

Replacing AGgs- in Eq. (12), for the falling side of the volcano
we have:

v=C""exp— {“_’Q”FE] (15)
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so the slope (8E°’/§logi)g in the falling side of a volcano of logi
versus E°” would be 2.303RT/F(1 - ') or ca. —0.118 V/decade for
B'=0.5. Thus, increasing the formal potential increases the reac-
tivity of the metal center in the macrocycle towards the thiol.
However, increasing the formal potential beyond a certain value
becomes detrimental since this stabilizes the adduct (shifting the
equilibrium of step 2 to the right), blocking the active sites. This
can explain the declining portion of the volcano plots, that includes
most of the catalysts studied. AG°,q, is >0 for the ascending por-
tion of the volcano (low coverages 6 « 1). The maximum activity
should be achieved when AG,4s=0 [345] and 6=0.5 (equilibrium
constant equal to 1 for step 1 under standard conditions). Then cur-
rents decrease for values of AG,q4s <0 which correspond to the high
coverage region (6 ~ 1). However an explanation is still needed for
the slopes near —4RT/F in the declining portion of the volcano, i.e.
for the unsymmetry of the experimental volcano correlations. They
might reflect a different shape of the energy well for high coverages
which will affect the values of 8.

The data in Figs. 9 and 10 clearly show that MN4-macrocyclic
complexes with formal potentials corresponding to an optimum
situation for the interaction of the thiol with the active sites will
have the highest activity. This corresponds to the Sabatier princi-
ple in heterogeneous catalysis that an interaction of the reacting
molecule with the active sites needs to be not too weak, not
too strong for optimum catalytic activity [345-360]. For the oxi-
dation of 2-mercaptoethanol the highest activity is observed for
E°’=-0.93V versus SCE for catalysts adsorbed on graphite and at
E°’=-0.95V versus SCE for catalysts adsorbed on glassy carbon
[295] whereas for 2-mercaptoacetate oxidation maximum activ-
ity is achieved for E°’=-0.85V versus SCE. For the oxidation of
aminoethanethiol, maximum activity is observed for E’=-1.02V
and for cysteine E°’=—-1.01V [344]. A plot of the pK; of the thiol
versus E°’'max gives a linear correlation, indicating once again that
the maximum in the volcano is related to the reactivity of the sulfur
in the thiol [344]. So the optimum formal potential depends on the
nature of the thiol.

4. Catalytic properties of MPc in electrochemical reduction
of molecular oxygen

Amongst the non-noble metals candidates, phthalocyanines
have appeared as promising catalysts to replace platinum in fuel
cells. Unfortunately, the stability of metallo phthalocyanines in a
fuel cell environment is tempered by the formation of oxygen-
based radical intermediates that can attack the ligand during the O,
reduction process, with the generation of species that present much
lower catalytic activity than the original phthalocyanine. In this
section we will discuss the catalytic properties of metallophthalo-
cyanines for the electrochemical reduction of molecular oxygen in
aqueous media. The different factors that affect their catalytic activ-
ity will be discussed such as the nature of the central metal, the

Table 8
Possible pathways for the oxygen reduction in aqueous media.
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Fig. 11. Possible configurations for molecular oxygen for its interaction with active
sites on the electrode surface.

nature of the ligand and the effect of substituents on the phthalo-
cyanine ring. Catalytic activity of different metallomacrocyclics will
be discussed in terms of the different reduction pathways of O, that
they promote, i.e. two versus four electron reduction pathways.

4.1. Reaction pathways for the reduction of molecular oxygen

The electrochemical reduction of oxygen in aqueous media is a
complex multielectron process that occurs via two main pathways:
one involving the transfer of two electrons, to give hydrogen per-
oxide and the direct four-electron pathway to give water. The latter
involves the rupture of the O-0 bond and releases the most energy.
The nature of the electrode strongly influences the preferred path-
way. Most electrode materials catalyze the reaction only via two
electrons to give hydrogen peroxide. The several possible pathways
are given in Table 8. In strongly alkaline solutions or in organic sol-
vents, O, is reduced via the transfer of a single electron to give
superoxide ion

0y +e” 5 0,7 E° = —0.33Vversus NHE (16)

As mentioned above, in order to obtain the maximum free
energy or the highest oxidant capacity of O, when this molecule
reacts on the cathode of a fuel-cell, O, needs to be reduced via
four electrons. Most common electrode materials only promote
the two-electron pathway, which releases almost one half the free
energy compared to that of the four-electron pathway. This can be
attributed in part to the high dissociation energy of the O-O bond
(118 kcal/mol). Fig. 11 illustrates the possible orientations that O,
can adopt when it interacts with an active site. The four-electron
reduction of dioxygen to give water involves the rupture of the 0-0O
bond and requires the interaction of dioxygen with one site (sin-
gle site, side-on, see Fig. 11) or with two active sites simultaneously
(dualsite, bridge, see Fig. 11) on the electrode surface. When dioxy-
gen interacts or binds to a site, as depicted in Fig. 11, the energy of
the O-0O bond decreases, favoring the rupture of the bond since
electrons accepted by the oxygen molecule will occupy antibond-
ing 7* orbitals. On platinum, O, reduction occurs almost entirely
via four electrons [361]. A “bridge cis” type of interaction is favor-

Mode of interaction Oxygen reduction pathways

Acidic medium

Basic medium

Bridge Oy +2H" +2e~ — 20H,4s
(or) 20H,4s +2H" +2e~ — 2H,0
Trans Overall direct reaction:
0, +4H" +4e~ — 2H,0; E°=1.23 V versus NHE
End-on 0, +H" +e~ — HOy 445

HO, 445 +H* +e~ — H,0
Overall indirect reaction:

0, +2H" +2e~ — H,0,; E° =0.682 V versus NHE
with Hy0, +2H* +2e~ — 2H,0; E° =1.77 V versus

NHE

0, +2 Hy0+2e~ — 2 OH,q +2 OH-

2 OHpgs +2e~ — 2 OH~

Overall direct reaction:

0, +2H,0+4e~ — 4 OH; E°=0.401V versus NHE

0, +H;0+e-— HOy .45 + OH™

HOy 45 t€~ — HOy~

Overall indirect reaction:

0, +H,0+2e-— HO,~ +0OH—; E°=-0.076 V versus NHE
with HO,~ +H,0+2e~ — 3 OH~; E° =0.88 V versus NHE
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able on Pt, as illustrated in Fig. 11, which involves two metal sites
since the Pt-Pt separation in certain crystallographic orientations
is optimal for this type of interaction. It is very important then to
develop low cost catalysts that decrease the overpotential of the
reduction of oxygen and that can also promote the four-electron
reduction.

Several reviews have appeared in the literature dealing with
the electrocatalytic activity of MN4 complexes for the reduction
of dioxygen [12-14,16-19,23-25,364,365]. MN4 complexes are
also interesting because they provide models where active centers
can be identified and their catalytic activity can also be modu-
lated by changing the structure of the macrocyclic ligand or by
changing the central metal as discussed above for the oxidation
of thiols. Fe and Mn phthalocyanines, at low overpotentials pro-
mote the four-electron reduction with rupture of the O-O bond
[14,16,18,361,366], without the formation of hydrogen peroxide.
In contrast Co, Ni and Cu phthalocyanines promote the reduction
of O, only via two-electron to give hydrogen peroxide [16,366]
as the main product. Polymerized Co tetraamino phthalocyanines
promote the four-electron [367,368] reduction whereas polymer-
ized Fe tetraaminophthalocyanines only promote the two-electron
reduction [310] in contrast to their monomeric counterparts.
The catalytic activity of metal macrocyclics is correlated to the
M(IIT)/M(IT) redox potential of the complexes, the more positive
the redox potential, the higher the activity. This trend is the oppo-
site to what is expected from a simple redox catalysis mechanism,
which is generally observed for the reduction of O, catalyzed by
immobilized enzymes.

Most studies have been performed with the metal chelates
confined on an electrode surface, generally graphite or carbon sup-
ports. Heat treatment in an inert atmosphere increases both the
stability and catalytic activity [369-374]. Since the support can act
as an axial ligand, the properties of the complexes in solution or
on the adsorbed state could be different. So most studies discussed
here have been carried out with the complexes immobilized on
graphite or carbon supports. Smooth electrodes have been used to
study mechanistic aspects of the reaction.

4.2. Interaction of O, with active sites and the redox mechanism

0, reductioninvolving more than one electronis aninner sphere
reaction and involves an interaction of dioxygen with an active
site as depicted in Fig. 11. The outer-sphere reduction of dioxygen
involves the transfer of one single electron to give superoxide and
probably occurs at the outer Helmholz plane. The kinetics of this
outer-sphere reaction are independent of the nature of the catalyst
and do not involve an interaction of dioxygen with the electrode
surface. Since we are interested in studying the electrocatalysis
of the reaction we will focus our discussion on the inner sphere
reduction mechanisms.

The interaction of molecular oxygen with the MN4 catalyst
involves binding to the d-orbitals of the central metal in the macro-
cyclic structure and will be influenced by the electronic density
located on those orbitals. Two different possible interactions, end-
on and side-on, of the orbitals of the dioxygen molecule with the
orbitals of the metal in the MN4 molecule occur, as illustrated in
Fig. 11. For end-on M-0, complexes, the major interaction for both
o and 7 bonding occurs with the 7* antibonding orbitals of the O5.
The o interaction is essentially between the metal 3dz? and the in
plane antibonding . orbital of dioxygen, where the superscript
refers to whether or not the orbital is symmetric “s” (or antisym-
metric “a”) with respect to the MO, plane. This can be viewed as
an electron transfer from the metal ion to O,. The 7 interaction
involves essentially the metal 3dyz and the 1mg? (7 antibonding
antisymmetric orbital) on the O, and can be visualized as a back-
bonding interaction. In both interactions the m,* and 7, (bonding

Fig. 12. Optimized structural configurations for the O, adsorbed on FePc and CoPc
molecules. Parts (a) and (b) are two end-on configurations; parts (c) and (d) are two
side-on configurations. The central yellow ball represents metal Fe or Co atom, the
central two red balls represent the adsorbed O, molecule, blue balls represent N
atoms, gray balls represent C atoms and light white balls represent H atoms. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

From reference [377], reproduced from permission from Taylor and Francis.

T orbitals symmetric and antisymmetric respectively) play a lesser
role in the composition of the bonding orbitals [375-378]. For the
side-on interaction, a 3dz? orbital of the metal will interact with the
1msY bonding orbital (back-bonding interaction) and a 3dxz with
a 1mg® antibonding orbital of dioxygen. Fig. 12 shows the opti-
mized structural configurations for the O, adsorbed on FePc and
CoPc molecules [377].

Shi and Zhang conducted a density functional theory study of
metal phthalocyanines and metal porphyrins [379] to investigate
the dioxygen-binding abilities and their relation with the catalytic
activity. They investigated both end-on and side-on binding modes.
They also evaluated the electronic properties of the complexes such
as the ionization potential and Mulliken charge. They also studied
the effect of substituents on the ligand on the electronic proper-
ties of the complexes. The catalytic activity varied linearly with
the ionization potential. The ionization potential correlates directly
with the redox potential of the catalysts, based on previous stud-
ies by Zagal and co-workers [18,331,334,375]. Cobalt porphyrins
have high ionization potentials, which make them better catalysts
than the iron counter parts. In contrast with other phthalocyanines,
iron derivatives have large ionization potentials and better oxygen-
binding ability which makes them good catalysts for O, reduction
[379]. As discussed further down, these theoretical studies cor-
relate well with experimental studies that demonstrate that the
redox potential (proportional to the ionization potential) is related
to the catalytic activity of metal phthalocyanines.

The active site in the phthalocyanine usually involves the M(II)
state, so in alkaline solution a step will require the reduction of
M(III):

M(III) - OH + e = M(II) + OH™ 17)
An adduct will be formed as follows:

M(II) + O, = M(III) — 05~ or M(II) — O, (18)
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The adduct will undergo reduction as follows:

M(II) - 0, ~ +e~ < M(II) + intermediates (19)

The mechanism above is applicable to Mn and Fe complexes.
In the case of Co complexes, Co(Ill) is probably not formed upon
its interaction with the dioxygen molecule since the Co(III)/(II)
redox process occurs at much more positive potentials than the
Fe(IIT)/Fe(Il) process but step 17 is still crucial since the catalytically
active site is Co(Il) [14,19]. Density functional theory calcula-
tions [377,378] have indicated that O, interacts with CoPc via
an end-on interaction whereas for FePc both end-on and side-
on interactions are plausible. As it will be discussed further, Fe
phthalocyanines promote the four-electron reduction of O, and
this can be attributed to a side-on interaction of O, with the Fe
complexes, which facilitates the rupture of the O-0 bond.

When making comparisons between different catalysts, it is
important that the redox potentials or formal potentials are mea-
sured in the same conditions. This implies that the same electrolyte
and the same pH are used since M(III)/M(II) redox couples are
pH dependent [366,379-381]. Co and Fe phthalocyanines exhibit
the highest activity for the reduction of O, but they behave dif-
ferently: Co complexes exhibit Co(Ill)/Co(Il) transition that is far
more positive than the onset potential for O, reduction whereas
for Fe complexes the onset potential for O, reduction is very close
to the Fe(III)/Fe(Il) process [14,18,19,366]. There is in situ spec-
troscopic evidence for the fact that reversible transitions for the
adsorbed macrocycles involve the M(III)/M(II) couples [19,382,383]
for both Co and Fe phthalocyanines. For example, for experiments
conducted on Fe phthalocyanine adsorbed on ordinary pyrolitic
graphite, Scherson et al. demonstrated that evidence for the redox
transition assigned to Fe(III)/Fe(Il) involving a metal-based orbital
was supported by Fe K-edge XANES [382,383] (X-ray absorption
near edge structure) recorded in situ in 0.5M H;SO4 as illustrated
in Fig. 13. The adsorption edge of Fe(Il)Pc (recorded at the same
potential indicated in the insert) shifted strongly to higher energies
upon oxidation from Fe(II) to Fe(III).

The total driving force of the reaction is given by the applied
potential and also by the M(III)/M(II) formal potential of the cat-
alyst, so the catalytic activity could be correlated with the formal
potential of the catalyst as discussed before for the oxidation of
thiols. Many authors have discussed this issue and it is yet not
clear what sort of correlation should be expected. Reduction should
occur at the potential of reduction of the M(III)O,~ adduct and
not at the potential of the M(III)/M(II) couple. The latter should
only be observed if the reaction were outer-sphere. For the par-
ticular case of iron phthalocyanines and other macrocyclics, O,
reduction starts at potentials very close to the Fe(IlI)/Fe(Il) cou-
ple [14,18,23]. In contrast, for cobalt macrocyclics reduction of O,
starts at potentials much more negative than those correspond-
ing to the Co(III)/Co(II) couple [366]. Several authors have reported
correlations between activity (measured as potential at constant
current) and the M(III)/M(II) formal potential and volcano-shaped
curves have been obtained [13,366,384,385]. This could indicate
that the redox potential needs to be located in an appropriate
rather narrow window to achieve maximum activity as discussed
before for the oxidation of thiols. In other words a M(III)/M(II) for-
mal potential that is too negative (easily oxidable metal center)
or a M(IIT)/M(II) formal potential that is too positive (metal cen-
ter that is more difficult to oxidize) does not favor the catalysis.
However more recent studies [304,331,334,375] have shown that
when comparing families of metallophthalocyanines, linear corre-
lations are obtained when plotting logk or log! (rate constant or
current at fixed potential, respectively) versus the M(III)/M(II) for-
mal potential, as illustrated in Fig. 14A (first order rate constants
were calculated as k = I[nAFc where I is the current at a given poten-
tial, nis the total number of electrons transferred, which is 2 for the
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Fig. 13. (A) In situ FeK-edge XANES of FePc/KB in 0.5M H,SO4 at 0.4V (a, dashed
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scale. Insert: cyclic voltammogram of FePc/KB recorded at 10 mV s~! in H,SO4 where
a, b, and c indicate the potential at which XANES spectra was recorded.

From reference [383], reproduced from permission from the American Chemical
Society.

hydrogen peroxide pathway and 4 for the reduction to H,0, A is the
area in cm?, Fis the Faraday constant and c is the oxygen concentra-
tion in moles per cm3). One linear correlation is obtained for Cr, Mn
and Fe complexes and these metals have configurations d* (Cr), d°
(Mn) and d® (Fe) and another linear correlation is obtained for Co
complexes, which have a d” configuration. Shi and Zhang [379] have
conducted theoretical studies that show that the ionization poten-
tial of the complexes IP is correlated the redox potential of Co and
Fe phthalocyanines and porphyrins. So the catalytic activity should
also be correlated with IP so plots of log k versus IP also give linear
correlations (see Fig. 14B and C). The lines in Fig. 14A are parallel
with a slope close to 0.15 V/decade. The line in Fig. 14B has a slope of
1.25eV/decade and 1.1 eV/decade for Fig. 14C demonstrating that
IP is a good reactivity index for these Co and Fe phthalocyanines
and also for TPyr3,4FePz. It is possible that the declining straight
lines are part of an incomplete volcano correlation. If so, the slope
(8E°’[81ogi)e of 0.15V/decade might have a physical meaning, as
discussed for the oxidation of thiols [92]. So using similar argu-
ments to those discussed for the oxidation of thiols, the slope of
0.15V/decade would correspond to the falling region of an incom-
plete volcano. Ifthe lines in Fig. 14 correspond to a declining portion
of a volcano, then the log of currents should be used instead of log k
since the calculation of log k assumes that the surface concentration
of adsorbed reacting O, molecules and the surface concentration of
free sites are constant and this is not necessarily true on the falling
side of a volcano. However, the shape of the curves in Fig. 14 is
not going to change when using logI since the kinetic currents are
proportional to k. For the data in Fig. 14, the driving force of the
catalyst increases as the formal potential of the catalysts becomes
more negative. So if AG,qs0, is the free energy of step 18, then the
more negative the formal potential of the catalyst, the more nega-
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Fig. 14. (A) Plot of log k (at constant potential) versus the M(III)/(II) formal potential and (B and C) ionization potential IP of MN4 macrocyclic for the reduction of molecular

oxygen in 0.2 M NaOH.
Adapted from ref. [331] and [379].

tive AGygso,- So the rate of the falling region of the volcano would
be (note that we do not use rate constants but rates):

v=Cexp+ [ﬂ,Asadsoz} exp — {W} (20)

T RT

and since kinetic data are compared at constant E, the second expo-
nential term is constant so Eq. (20) can be rewritten as:

'AG
v=Cexp+ ['BR.;dSOZ] (21)
so assuming that
AGygso, ~ nFE” 4+ C" (22)
v=C"exp+ [ﬂ;r } (23)

where C” contains the constant exponential terms.

So Eq. (23) predicts a reciprocal slope (6E°’/6logi)g of the plot
of logv versus E°’ of 2.303RT/Ff’, which for values of §'=0.5 gives
a slope of 0.118 V/decade. This is not far from the experimental
values.

The data in Fig. 14A indicate that more positive redox poten-
tials will increase the catalytic activity up to a certain point if
the correlation is an “incomplete volcano”. The M(III)/M(II) redox
potential of some macrocyclics can be shifted in the positive direc-
tion with heat-treatment. For example when iron tetraphenyl
porphyrin [372], 4(Ph)FeP, is heat treated the Fe(III)/(I) redox tran-
sition is shifted from 0.2 V versus RHE for fresh 4(Ph)FeP to 0.4V for
4(Ph)FeP heat treated at 700 °C. Intermediate redox potentials are
obtained for heat treatments at intermediate temperatures [372]

and the catalytic activity increases with heat treatment, showing
that a more positive redox potential of the catalyst favors the O,
reduction reaction rate.

An alternative explanation for the results in Fig. 14 (activity
decreases as the driving force of the catalyst increases) is that
the electronic coupling between the donor (MPc) and the acceptor
(03)decreases as the electron-donating capacity of the substituents
increases, due to a shift in the energy of the frontier orbitals of the
metallophthalocyanine [332,386,387]. The shift in the energy of the
frontier orbital with substituents on cobalt phthalocyanines has
been calculated by Schlettwein and Yoshida [332] and Cardenas-
Jirén and co-workers [296] using PM3 and ZINDO/S semi-empirical
theoretical calculations and using DFT by Shi and Zhang [379]. There
are several approaches to estimate the electronic coupling matrix
elements between the donor and the acceptor in electron transfer
reactions. One of them considers the energy difference between the
LUMO of the electron acceptor and the HOMO of the electron donor
[388] but this requires knowledge of the distance that separates the
donor from the acceptor. This is not simple for an inner sphere reac-
tion where the M-0, distance could vary from complex to complex.
Another reactivity index that can be used to rationalize the data in
Fig. 14 is the concept of molecular hardness which is a commonly
used criterion to predict reactivities in organic reactions and was
proposed by Pearson [389,390]. The hardness 7 of a single molecule
is approximately one-half the energy gap of the HOMO-LUMO, so
the larger the gap the greater the hardness of the molecule and the
higher its stability (the harder the molecule the lower its reactivity).
On the contrary, a molecule with a narrow HOMO-LUMO gap (soft
molecule) will be very reactive. Now for a donor-acceptor pair it
is better to use the concept of donor-acceptor hardness npa which
is one-half the difference between the energy of the LUMO of the
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acceptor (0O, molecule) and the energy of the HOMO of the donor
(metal complex).

1
pA = —§(8LUMOacceptor — EHOMOdonor ) (24)

Also, the donor-acceptor intermolecular hardness is one half the
difference between the ionization potential of the donor and the
electron affinity of the acceptor.

1
bA = _f(ldonm —Aacceptor) (25)

The ionization potential is directly proportional to the redox
potential of the catalyst as shown in theoretical studies by Shi and
Zhang [379]. For a gas phase reaction involving the transfer of a
single electron this will be equivalent to AG°. For the particular
case of Co-phthalocyanine in its ground state, the highest occupied
molecular orbital is occupied with a single electron (doublet state)
soitcorresponds to a single occupied molecular orbital (SOMO). The
same is valid for molecular oxygen, which in its ground state has
two unpaired electrons in two degenerate 7* anti-bonding orbitals.
So the formation of an adduct CoPc-0, involves the interaction of
two SOMOs and npj is given by:

1
A = E(SSOMO/aCcePtOF — £S0MO/donor) (26)

Fig. 15 illustrates the calculated energy levels of the SOMOs
of different cobalt phthalocyanines with respect to the SOMO
of dioxygen using PM3. Electron-withdrawing substituents (sul-
fonate, fluoro) on the phthalocyanine ring stabilize the SOMO
and the opposite is true for electron donating groups (methoxy
and neopentoxy). So electron-withdrawing groups, even though
they decrease the electron density on the cobalt (more positive

redox potential) they also decrease the gap between the energy
of the SOMO of the phthalocyanine and the energy of the SOMO
of dioxygen. The bottom of Fig. 15 shows that logk for O, reduc-
tion increases as the chemical hardness of the system decreases or
as the softness of the system increases the reactivity increases. The
trend in reactivity is exactly the same as thatillustrated in Fig. 14. So
molecular hardness can be used as a criterion for reactivity of these
systems when comparing complexes that bear the same structure,
and could explain why, for example perfluorinated phthalocyanine,
which has the most positive redox potential (the most oxidant) is
the best catalyst for O, reduction in the series of cobalt phthalo-
cyanines examined since one would expect, on thermodynamic
grounds that the best catalyst should be that one having the most
negative redox potential. However, the concepts discussed before
need to be taken with care since the metal-free phthalocyanine
molecule (~1.8 eV HOMO-LUMO energy gap, which is quite small)
is not very reactive and rather stable. It would be interesting to use
the Klopman-Salem equation to describe the reactivity of the one
system with respect to the other one. According to this equation
a hard-hard reaction is fast because of a large Coulombic attrac-
tion and a soft-soft reaction is fast because of a large interaction
between the HOMO of the nucleophile and the LUMO of the elec-
trophile. To the best of our knowledge, there no reports in the
literature that use the Klopman-Salem equation to describe the
reactivity of phthalocyanines

In order to understand the dioxygen-binding difference
between phthalocyanines and porphyrins, with cobalt and iron as
central metals, Shi and Zhang [379] examined electronic structures
using density functional theory. They calculated Mulliken charges
on central atoms of metal macrocyclic complexes. They find that
electron-withdrawing substituents (HSOs3, F) of M-X-Pc increase
as expected the positive charge on both central metal atoms (Co
and Fe), and electron-donating substituents (methoxy, neopentoxy,
phenyl) diminish the charge on central metal atoms (Co and Fe). For
phthalocyanine systems, they find that the central metal has less
charge compared to porphyrins. They attribute this to the better
electron-donating ability of the phthalocyanine ligand compared
to the porphyrin one, that has a frontier orbital (HOMO) of lower
energy and higher ionization potential than that of Pc. The calcu-
lated charges on Co in phthalocyanine and porphyrin systems are
in the range of 0.18-0.21 and 0.24-0.26, respectively. For Fe, they
are in the range of 0.31- 0.40 and 0.43-0.45, respectively. They find
that the Co atom generally has a small Mulliken charge than the cor-
responding Fe atom due to lower d orbital energies of cobalt. The
HOMO energies calculated for CoPcs were lower than that of molec-
ular oxygen (except for 8[3(OCH3)CoPc, which has a higher HOMO
energy). The 3d orbitals of Co in CoPcs were even lower in energy.
An electron-donating substituent has the effect of raising the Co 3d
orbital energy, the energy gap between the interaction orbitals of
Co and O, diminishes, so the binding energy increases. This dis-
agrees with the explanation given by Zagal and Cardenas-Jir6n
[386] that stated that the electronic coupling between the donor
(CoPcs) and the acceptor (0;) decreases as the electron-donating
capability of the substituents increases. Shi and Zhang obtained a
theoretical correlation very similar to that illustrated in Fig. 14 B
and C, where they plot experimental values of log k versus the ion-
ization potential IP. They conclude [379] that the catalytic activity
of the metal-macrocyclics is related to its ionization potential and
dioxygen-binding ability.

For substituted cobalt phthalocyanines, the catalytic activity
decreases linearly with dioxygen binding ability so for cobalt
phthalocyanines the activity is associated with weak dioxygen
binding ability. For Fe complexes they claim [379] that the reverse
is true but the dispersion of the data does not allow to draw
this conclusion. However the clear correlation obtained with Co
phthalocyanines strongly suggest that the data in Fig. 14A corre-
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the MN4 macrocyclic for the reduction of oxygen in 0.2 M NaOH.
Adapted from ref. [331].

sponds to the falling region of an incomplete volcano since the
decrease in the activity with driving force is associated with strong
adsorption of O, on the Co sites. These authors explain the dif-
ferences in reactivity between phthalocyanines and porphyrins.
Cobalt porphyrins have high ionization potentials, making them
better catalysts than the corresponding iron derivatives. In con-
trast, for phthalocyanines, iron complexes have large ionization
potentials and better dioxygen-binding ability, which make them
better catalysts than Co derivatives. Therefore, their calculations
[379] predict very well the catalytic activities found experimen-
tally in spite of the fact that the influence of the solvent has not
been considered.

Quantum theories of elementary heterogeneous electron trans-
fer (ET) reactions in polar media have been extended to reactions
which proceed through active intermediate electronic surface band
states or bands. On the basis of this theoretical framework Ulstrup
[391] has interpreted experimental data obtained for the reduction
of molecular oxygen catalyzed by metal phthalocyanines. When
comparing activities of complexes by plotting constant potential
versus redox potential of the catalyst, linear correlations are also
obtained (see Fig. 16) as predicted theoretically [391]. Essentially,
Fig. 16 is a plot of driving force versus driving force. This carries
the assumption that the M(III)/M(II) redox potential provides a

Mn Fe
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Fig. 17. Volcano plot for the electrocatalytic activity of different 4B3(SO3~)MPcs
adsorbed on graphite for O, reduction in 0.1 M NaOH, as a function of the number
of d-electrons in the metal.

From reference [14], reproduced with permission of Elsevier.

measure of the driving force of the catalysts and this might not
necessarily be true for inner sphere reactions.

Not all metals of the first transition series exhibit M(III)/M(II)
processes so if one compares macrocyclics of different metals it is
convenient to use another parameter, for example the number of
d electrons in the metal (Fig. 17). Here it can be clearly seen that
Fe derivatives exhibit the highest activity, followed by Mn and Co
and the correlation also illustrates a common observation in catal-
ysis that metals with nearly half filled d-energy levels exhibit the
highest activity. So a redox type of mechanism does not operate for
metals that do not exhibit the M(III)/M(II) transition in the poten-
tial window examined for O, reduction. This is the case for Ni, Cu
and Zn phthalocyanines. It is important to comment at this point
that in order to obtain catalytic activity, the frontier orbital of the
MN4 needs to have some d character. In fact, the most active cat-
alysts included in the data (Cr, Mn, Fe, Co) have frontier orbitals
with d character [392]. In the case of CuPc, Fig. 18 [334] compares
the frontier orbitals of CoPc and CuPc and it is quite clear that CoPc
shows a well defined dz? orbital sticking out of the plane of the
phthalocyanine whereas CuPc does not and shows very low activ-
ity for O, reduction. There is experimental evidence to support this

Fig. 18. Illustration of the frontier orbitals involved in the interaction of cobalt phthalocyanine with O;.
From reference [334], reproduced with permission of Elsevier.
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Fig. 19. STM surface plot image of CoPc and CuPc coadsorbed on the (11 1) plane of
Au.

From reference [393], reproduced with permission of the American Chemical
Society.

using tunneling electron microscopy. By this technique Hipps et
al. [393] have been shown a strong d-orbital dependence on the
images of metal phthalocyanines (see Fig. 19). Unlike CuPc where
the metal appears as a hole in the molecular image, CoPc shows the
highest point in the molecular image [393]. The benzene regions of
CoPc and CuPc show the same height. So, essentially images are in
agreement with those predicted by theoretical calculations.

Even though most authors agree that the M(II) state is the active
site for O, reduction [13,17-19,23,25,370,376,378,379,383], it has
been proposed that Fe(I) could also play a role in the electrocat-
alytic process in the case of FePc and FeNc [394-396]. This was
based on electroreflectance experiments that indicated that Fe(I)
interacts with O, whereas Fe(II) does not. However, many authors
have shown experimental evidence that O, reduction commences
at potentials much more positive that those corresponding to the
Fe(1I)/Fe(1) [14,16-19,366]. On the contrary, the reduction currents
are observed at potentials close to the potential of the Fe(III)/Fe(II)
couple, soit seems unlikely that Fe(I) could be the active site. Worse,
as shown from rotating ring-disk experiments, Fe(I) only favors the
2 electron reduction in contrast to Fe(Il) [14,370,397] so catalytic
activity when scanning the potential in the negative direction with
electrodes containing FePcs decreases as Fe(I) is formed.

Another factor that affects the catalytic activity is the amount
of metal complex present on the electrode surface. In general, this
is evaluated from cyclic voltammograms, measuring the electrical
charge under reversible peaks. This carries the assumption that all
adsorbed catalyst gives an electrochemical signal. This might not
necessary be true and there could be a fraction of complexes present
on the surface that are electrochemically silent. It is assumed that
the “electroactive” adsorbed species are also active for the reduc-
tion of 0,. O, reduction currents are directly proportional to the
amount of catalyst [398,399], when the catalysts is adsorbed on
the electrode surface indicating that the reaction is first order in
the surface concentration of catalyst. This was not true for cases
where the catalyst is incorporated to the surface by vapor depo-
sition or when the catalyst is deposited from solutions and the
solvent is completely evaporated [399]. This can be explained by
the formation of multilayers where the metal active centers are
not all completely accessible to O,. This is also the case for poly-
merized multilayers of 4B(NH;)CoPc, where it has been shown
that only the outermost layer was active for the reduction of O,
[367,368]. Scherson and co-workers have also reported that when
(4Ph(OCHj3)FeP)),0 is deposited on a porous support, 30% of the
amount deposited is electrochemically active [400] and Anson and
co-workers [401] have found that for 16(CN)CoPc and 16(F)CoPc
complexes that were deposited from solutions where the solvent

was completely evaporated, only 30% of the amount deposited
was electrochemically active. Finally, van der Putten et al. [402]
have observed catalytic activity with vacuum deposited layers in
spite of the fact that these layers are electrochemically silent. As
pointed out before when multilayers of metal phthalocyanines are
deposited on an electrode surface, only the outermost layer is active
for the reduction of O, [402] and this is also true for other electro-
chemical reactions. This shows that multilayers of phthalocyanines
or polymerized multilayers of phthalocyanines are rather compact
and the inner layers are not accessible to O, molecules [368].

4.3. One-electron reduction catalysts for the reduction of
molecular oxygen

Practically all reports on the catalytic reduction of O, on
metallomacrocyclics in aqueous media have shown that the over-
all reaction involves two or four electron pathways or mixtures,
depending on the nature of the central metal ion but to best of
our knowledge there is only one report that shows evidence for
the one-electron reduction of O, in alkaline media. A reversible
one-electron reduction of O, to produce the stable superoxide ion
was observed in an aqueous solution of 1M NaOH. This process
was catalyzed by 16(F)CoPc adsorbed on a graphite electrode [403].
The OH~ concentration has a very strong effect on the reduction
process. Higher OH~ concentration could stabilize the superoxide
ion [24]. What is curious is that 16(F)Co''Pc is the most active
catalyst for the two-electron reduction of O, in the correlations
in Figs. 14, 16 and 17 so it is surprising that this catalyst is also
active for the one-electron reduction of O, which is though to be
an outer-sphere reaction.

4.4. Two to four-electron reduction catalysts for the reduction of
molecular oxygen

Most mono-nuclear Co phthalocyanines catalyze the
reduction of dioxygen via two electrons to give peroxide
[13,14,16-19,23,361,397]. The activity of iron phthalocyanines in
general is higher than those of cobalt phthalocyanines and the
opposite is true for porphyrins, which reveals the importance
of the nature of the ligand in determining the catalytic activity
[27,404]. Theoretical calculations by Shi and Zhang corroborate
this [379]. The opposite is observed for heat-treated materials
[364,404]. Cobalt complexes are more stable than iron complexes
and this trend is maintained after heat-treatment [405]. However,
iron complexes tend to promote the four-electron reduction of
dioxygen and this will be discussed further on.

Spectroscopic investigations of polymer-modified electrodes
containing 43(SO3~)CoPc using UV-visible differential reflectance
spectroscopy allowed identifying Co(IlI)/Co(Il) transition when
varying the electrode potential [406,407]. Electron spin resonance
on the Ppy (polypyrrole) and Ppy-43(SO3; ~)CoPc coated electrodes
in deoxygenated and oxygen saturated solutions showed that the
4[3(SO3~)Co(IlI)Pc species is effective in the electroreduction of
oxygen and that this species is more stable in oxygen saturated
medium than in deoxygenated medium because of its stabiliza-
tion under Co(III)(O, form. In the case of Ppy-4(SO3~)CoPc film,
the polypyrrole matrix undergoes strong interactions with oxygen
species, and most likely, with hydrogen peroxide.

Phosphoric acid is one of the electrolytes used in fuel cells and
very few reports have focused their attention on the activity of
metallo macrocyclics in this electrolyte (without heat treatment).
Phougat and Vasudevan [408] investigated the electrocatalytic
activity of cobalt monophthalocyanines and polymers with imido
and carboxylic group ends. The complexes were mixed with carbon
powder and polyethylene powder. The activity of the monomeric
compounds was higher than that of polymeric compounds.
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Fig. 20. Hydrogen peroxide yield as a function of surface composition of electrode
with mixtures of 43(SO3~)CoPc and 4[3(SO;~ )FePc coadsorbed on graphite.
From reference [14] reproduced with permission of Elsevier.

Elzing et al. have proposed [409] that the presence of a basic
axial ligand will lessen the charge transfer from the Fe(II) center to
dioxygen:

L-FePc + O, = L-Fe(Il)Pc-0, (27)

In order to verify if 43(SO37)CoPc is active for the electrore-
duction of hydrogen peroxide a study was conducted on adsorbed
mixtures of 4[3(SO3~)CoPc and 4[3(SO3~)FePc on graphite in dif-
ferent proportions. As 4[3(SO3~)CoPc catalyzes the reduction of
0, only to hydrogen peroxide, if 43(SO3~)FePc had any catalytic
activity it would reduce the hydrogen peroxide generated on the
43(SO3~)CoPc sites. However this was not observed and both
catalysts behave independently [410]. The amount of hydrogen
peroxide generated was inversely proportional to the fraction of
4[3(SO3~)FePc present on the surface (see Fig. 20). In spite of these
results, it is possible for the Fe centers to form hydrogen peroxide
and promote its decomposition since Fe(II) sites are known for their
catalase activity [411].Indeed for some metal chelates van Veen and
van Baar have shown that their catalytic activity for hydrogen per-
oxide decomposition is directly proportional to their activity for O,
reduction [412].

It was suggested for FePc and 43(SO3~ )FePc that dioxygen can
bind to the Fe center and to a highly electronegative nitrogens in the
ring, which will avoid the desorption of hydrogen peroxide before it
is reduced [241,369,410,413]. This dual site mechanism would aid
charge injection via back-bonding from the macrocycle into anti-
bonding orbitals of O, or bound hydrogen peroxide, causing the
destabilization and further rupture of the O-0 bond [414]. At more
negative potentials at which reduction of the ligand takes place, this
mechanism becomes inoperative; the O, molecule only binds to the
Fe center and hydrogen peroxide can desorb into the solution. In a
study involving heat treated 4(Ph)FeP [415] and deposited by thick
layers on glassy carbon, the amount of hydrogen peroxide decom-
posed, compared to the amount of oxygen and hydrogen peroxide
reduced, was so small that chemical decomposition was ruled out.

van den Brink et al. [413] have found that for vacuum deposited
layers of FePc the first reduction wave scan was very different
from subsequent scans, indicating that some reorganization of the
deposited layers took place (this phenomenon is not observed on
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Fig. 21. Polarization curves for the oxygen reduction on a a-FePc/C (a) and a 3-FePc
(@) disk electrode recorded at 2500 rpm in O,-saturated 0.5M H,SO4 electrolyte
(T=20°C,v=5mVs').

From ref. [414] with permission from Elsevier.

adsorbed layers of FePc). The effect of irreversible changes of FePc
when treated under potential load with oxygen is only observed
using vacuum deposited multilayers [394]. Léger and co-workers
[414] have shown that the structure of FePc films affects their
electrocatalytic activity. XRD studies have suggested that non-heat
treated FePc is under the a-phase whereas heat-treated FePc is
under the -phase. Surprisingly, the a-phase shows higher activity
than the B-phase (see Fig. 21). These authors have also shown using
electrochemical quartz crystal microbalance (EQCM) technique
that the a-phase FePc probably forms p.-oxo dimers at potentials
higher than 700 mV versus RHE. These p-oxo dimers are reduced
at the same potential as the monomer of a-phase FePc [414].
Carbon supported iridium porphyrins are the only known
mono-metal chelates that catalyze the direct four-electron reduc-
tion of O, in acid [415-418]. van Veen and co-workers [417] have
report that the support affects the O, reduction selectivity. They
used in situ Raman spectroscopy at adsorbed layers of iridium-
octaethylporphyrin (4(CyHs)IrP), iridium-tetraphenylporphyrin
(4(Ph)IrP) and iridium phthalocyanine (IrPc). Raman spectra sug-
gested that on both substrates, the molecules lie flat on the
electrode surface. For 4(C;Hs)IrP and 4(Ph)IrP adsorbed on gold,
reduction of O, gives only peroxide. However, for the same por-
phyrins adsorbed on pyrolytic graphite a four-electron reduction
is observed. On both supports a peculiar, reversible deactivation
is observed at low overpotentials. In contrast IrPc gives peroxide
on both substrates and no deactivation. The oxygen reduction on
iridium sites can be explained with a single site mechanism, taking
into account redox transitions. Ir is thought to be active only in its II
and Il valence states, but inactive in its IV and I valence states. This
is similar to the O, reduction mechanism on FePc and derivatives
where the active site seems to be Fe in its Il valence state. The III
and I states in Fe phthalocyanines are inactive. The position of the
iridium affects whether oxygen-oxygen bond cleavage is possible.
For the out-of-plane iridium in porphyrins side on adsorption of
oxygen occurs and its reduction gives water as the reduction prod-
uct. In contrast, for the in-plane iridium in phthalocyanines (D4,
symmetry shown by Raman spectroscopy) only end-on adsorption
of oxygen occurs, which leads to the peroxide reduction route. The
Raman studies carried out by van Veen and co-workers [417] are
consistent with the above observations but not necessarily conclu-
sive. Since the nature of the adsorption of oxygen (side on, four
electrons, water final product versus end-on two electrons, perox-
ide final product) seems to be extremely important in dictating the
reduction mechanism, which, once again, is of crucial importance
in fuel cells applications, some theoretical studies have been carried
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out by several authors in an effort to predict the type of interaction
of the dioxygen molecule with an active site in a macrocyclic.

Anderson and Sidik [419] have carried out theoretical studies
using spin-unrestricted hybrid gradient-corrected density func-
tional calculations that have predicted that Fe(II) is the active site
for four-electron reduction of oxygen by iron in the FeN4 sys-
tems. The calculations have suggested that Fe(Il) is favored over
Fe(Ill) because H,0 bonds strongly to the Fe(Ill) site, preventing
0, adsorption and water does not bond strongly to Fe(Il). On the
first step, -OOH binds more strongly to Fe(II) than to Fe(IIl), which
results in a more reversible potential for its formation over Fe(II).
Calculations indicate that subsequent reduction steps have very
reversible potentials over both centers (Fe(Il) or Fe(Ill)). Calcula-
tions also show a hydrogen bonding interaction between -(OHOH)
bonded to Fe(Il) and to a nitrogen lone-pair orbital in the N4
chelate. This interaction prevents peroxide from desorbing as a
two-electron reduction product. So essentially these studies show
that adsorbed hydrogen peroxide is an intermediate formed from
FeN4-0OOH on Fe(ll) sites and can be released into the solution at
more negative potentials as found experimentally [366,413].

Phthalocyanines containing Fe and Co as metal centers are
the most studied complexes. However, complexes of other met-
als have also been investigated. For example 43(SO3~)CrPc and
4[3(SO3~)MnPc were investigated [366] and they resemble some-
how the behavior of Fe complexes, mainly 43(SO3~)MnPc in the
sense that it shows a pre-wave where O, reduction proceeds
entirely via four electrons to give water. Hydrogen peroxide was
formed only at higher polarizations. The low activity of Cr and Mn
can be attributed to their low redox potential, i.e. they are easily oxi-
dized [14,385]. Most macrocyclic metal complexes increase their
activity after heat treatment [361]. However, for manganese com-
plexes heat treatment decreases their activity probably because the
metal is lost from the N4 structure.

Complexes of Mo can only be used in alkaline solution since they
are not stable in acid. MoNc shows less catalytic activity than FeNc
[420].

In spite of the significant amount of work carried with met-
allophthalocyanines on the oxygen reduction reaction, the effect
of temperature on the catalytic process has only been studied by
very few authors [421]. Studies at temperatures well above room
temperature in an acidic electrolyte are important in order to sim-
ulate the environment of an operating PEM fuel cell. Wilkinson
and co-workers [421] have conducted experiments in the temper-
ature range of 20-80 °C and using unsubstituted and substituted Fe
phthalocyanines. The surface electrochemical responses of the FePc
species were characterized with respect to their surface concentra-
tions and adsorbed surface orientations. Depending on the type of
substituent, the adsorption mode could be flat, edge-on, as a dimer,
or as agglomerate, suggesting that the substituent has a strong
effect on the FePc species’ adsorption mode. Substitution also has a
significant effect on stability. Of the four iron phthalocynine species
tested, 16(F)FePc was the most stable in an acidic environment.
With respect to their electrocatalytic activity, temperature, substi-
tution and possibly mode of adsorption can significantly affect the
mechanism. For example, the overall electron transfer number “n”
observed can change from 1 to 3 depending on the type of sub-
stituent and the reaction temperature. Further research is required
to determine if this change in n reflects a change in the reduction
pathway, and/or a decrease in the stability of the adsorbed interme-
diates. Based on their experimental results, the various approaches
found in the literature, and the current understanding, a mecha-
nism was suggested as follows:

Fe"Pc + e~ < FellPc (28)

Fe''lPc + 0, = 0,-Fe''Pc (29)

0,-Fel'Pc + e~ +HT < [HO,-Fel'Pc](r.d.s.) (30)

[HO,-Fe''Pc] — HO,*~ + Fe"Pc (hydroperoxyl radical formation)
(31)

[HO,-Fe'lPc] + e~ + H*
— H,0, + Fel'Pc (hydrogen peroxide formation) (32)

[HO-Fel'Pc] + 3e~ +3H* — 2H,0 + Fel'Pc(water formation)
(33)

Wilkinson and co-workers [422] have also conducted studies at
different temperatures using a Fe fluoroporphyrin and essentially
found results similar to those obtained with FePc.

In conclusion, it can be said that in spite of the considerable
amount of work published in the literature, there are still many
questions that remain unsolved about the electrocatalytic reduc-
tion of O, mediated by metallo macrocyclics confined on electrode
surfaces. However some clear trends do exist. It is now well
established that Fe and Co macrocyclic complexes are by far the
best catalysts for oxygen reduction even though recent studies
suggested that co-facial Ir complexes are also very active. These
complexes are characterized by exhibiting a reversible redox
transition involving the M(III)/M(II) couple. Some authors have
reported volcano-shaped correlations between activity (measured
as current at constant potential or potential at constant current)
versus M(III)/M(II) formal potential of the catalyst suggesting that
an optimal M(III)/M(II) redox potential does exist for maximum
activity. However other authors have shown only linear corre-
lations between activity and M(III)/M(Il) redox potential, which
indicates that the more positive the redox potential the higher
the activity. In the latter correlations the activity decreases with
increasing the driving force of the catalyst. This finding is impor-
tant since a priori one would expect that the more negative the
M(IIT)/M(II) formal potential the higher the activity, since this could
favor the partial reduction of O, upon interacting with the metal
center, i.e. M(III)-0, ~. It is also possible that the linear correlations
found are part of an “incomplete volcano”. However, in these cor-
relations Cr, Mn, Fe and Co complexes, which exhibit a M(IIT)/M(II)
transition give rise to two separated correlations or families of com-
pounds. This is a reflection of the fact that the wave for O, reduction
on for example Mn and Fe complexes starts at a potential very close
to the M(III)/M(II) formal potential of the catalyst. In contrast, for
Co-macrocyclics, the reduction wave starts at potentials far more
negative that the Co(IlI)/Co(Il) formal potentials. The proximity of
the O, reduction wave to the M(III)/M(II) for some complexes is also
reflected in the observation that a direct four-electron reduction
process operates, as observed for Fe and Mn complexes. For most
monomeric or monolayers of Co complexes the onset for O, reduc-
tion is far removed from the Co(III)/Co(II) transition and only the
hydrogen peroxide pathway is observed. Ir porphyrins promote the
four-electron reduction of O, in acid whereas Ir phthalocyanines
only promote the two-electron reduction pathway.

Finally some of the advantages of MN4 macrocyclics over Pt
catalysts is their tolerance to methanol cross over [16], which is
a very critical problem in methanol-air fuel cells [361]. When
methanol crossover from the anode through the electrolytic mem-
brane to the cathode occurs, electroreduction of dioxygen and
electrooxidation of methanol occur simultaneously and this is
detrimental to the overall performance of the fuel cell. FePc
and CoPc are highly tolerant to methanol [423,424] and in gen-
eral MN4 macrocyclics are poor catalysts for the oxidation of
methanol.
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Table 9

2777

A selection of peak potentials for the detection of nitrogen compounds on MPc modified electrodes versus Standard Calomel Electrode (SCE). Potentials reported versus

Ag|AgCl have been corrected to versus SCE using —0.045 V conversion factor.

MPc? Elecrode® Modification method Ep (V versus SCEY) Medium® Reference
Nitric oxide oxidation
43(SO3~)NiPc/o-PD CF Electrodeposition +0.75 Aerobic PBS [113]
43(SO3~)NiPc GCE Homogeneous +1.16 pH9 [115]
NiPc/CoPc CoPc CF Electrodeposition +0.75 pH7.4 [116]
GCE Adsorption +0.90 pH 4 [118]
43(SO3~)CoPc GCE Electrodeposition +1.04 pH4 117]
4(3(NH;)CoPc GCE polymerization +0.66 pH4.3 [119]
Nitric oxide reduction
43(SO3~)CoPc GCE Electrodeposition -1.01 pH4 [117]
-1.25 pH7 [117]
CoPc GCE Adsorption -0.98 pH 4 [118]
43(SO3~)CoPc/DDA GCE Adsorption -0.77 pH6 [275]
4{3(SO3~)CoPc/DTA -0.51
Nitrite
CoTPy2,3-Pz GCE Electrodeposition -1.4(R) 0.5M NaOH [276]
CoPc VCE Adsorption +0.87 pH7.3 [277]
4(3(SCH,Ph)NiPc Au Polymer +0.75/ pH7.4 [278]
4B(SC12H25)NiPC +0.81
43(SCH,Ph)CoPc Au Electrodeposition +0.62 to +0.75 pH7.4 [279]
43(SCq2Hz5)CoPc
4f3(SCH;Ph)FePc
4B(SC12H25 )FCPC
4(3(SCH,Ph)FePc Au SAM +0.51, +0.63 pH7.4 [280]
43(SCH2Ph)CoPc
4[3(NH;)OTiPc Au Polymerization +0.63 pH7.4 [281]
43(C(CH3)3Ph)OTiPc GCE Adsorption +0.66 to 0.73 pH7.4 [281]
43(0Ph)OTiPc
43(NH, )OHMnPc GCE Polymer 0.65 pH7.4 [89]
43(NH;)OTiPc GCE Polymer 0.63 pH7.4 [89]
4(3(NH;)CrPc GCE Polymer 0.6 pH7.4 [119]
(RuPc), RDE Adsorption -0.9(R) pH 5.8 [11]
43(NH3)NiPc GCE Polymer 0.86 0.1 M H,S04 [282]
2 0-PD: o-phenylenediamine; DDA: dodecyldimethylammonium; DTA: dodecyltrimethylammonium.
b GCE: glassy carbon electrode; CF: carbon fiber; RDE: rotating disk electrode; VCE: vitreous carbon electrode.
¢ PBS: phosphate buffer solution.
d

R: reduction.

5. Catalytic properties of MPcs in electrochemical oxidation
of nitric oxide NO

The design of modified electrode surfaces using metal com-
plexes is very attractive for the electrochemical activation and
measurement of nitric oxide NO in biological systems and/or mod-
els. Indeed, this is very difficult because of the low concentration
and fleeting existence of NO, and the need to monitor in situ its
release (in the submicromolar concentration range) has stimulated
researchin this area [425]. Surface electrode modification is needed
to make it sensitive and selective for NO. Among the widely used
catalysts, planar macrocyclic metal complexes such as porphyrin
[426-430], phthalocyanine [113,116,431-436], vitamin Bq [437]
and related complexes [438] have been reported in the last few
years. Table 9 recapitulates some significant examples of MPcs used
for the electro-activation of NO.

In a recent work [436] using surface bound non-substituted
MPcs, the reactivity for NO oxidation follows the trend:

NiPc > ZnPc > FePc > MnPc > CrPc > CoPc > CuPc

The trend was found by studying the evolution of the kinetic
current intensity versus NO concentration [436]. Fig. 22 illustrates
the dependence of the kinetic currents I, calculated at E=0.82V
versus SCE, versus the redox potential of the catalyst. Two rather
linear correlations are established: the first one is by using the
potential values of the redox process that appears closer to the
potential range where the oxidation of NO takes place (and noted
as Eq) and the second one by using the potential value of the redox
process that appears at far more negative potentials compared
to that where the oxidation of NO takes place (and noted as E;).

E; could involve Cr(II)-Pc(-2)/Cr(I)-Pc(-2), Mn(II)Pc(-2)/Mn(I)Pc(-
2), Fe(Il)Pc(-2)/Fe(I)Pc(-2), Co(II)Pc(-2)/Co(I)Pc(-2), and probably
Ni(II)Pc(-2)/Ni(I1)Pc(-3), Cu(Il)Pc(-2)/Cu(Il)Pc(-3) and Zn(II)Pc(-
2)[Zn(I1)Pc(-3) redox processes [21,433,434]. To a certain degree,
these results agree with the previously reported trend observed
by Vilakasi and Nyokong [116] using MPcs deposited on carbon
microfibers (Fe > Ni>= Co>Mn>Zn>Cu).

The effects of substituents on the periphery of the macrocycle
ligand were also explored and discussed in terms of electron
density located on the metal center and correlated with the formal
potential of the corresponding involved redox couples. Tafel plots
(with currents corrected for mass-transport) for the oxidation of NO
on vitreous carbon modified electrode with adsorbed different sub-
stituted NiPcs showed that the activity of the considered complexes
is affected by the presence of different groups on the periphery
of the phthalocyanine ring. It decreases as follows: 43(SO3~)NiPc
>NiPc>43(NH;)NiPc > 43(0OPhC(CH3 ), Ph)NiPc > 43(OPh)NiPc > 43
(NO2)NiPc>NiNc. In other words, electron-withdrawing groups
like —-SO3~ (in 4[3(SO3~)NiPc) increase the rate of the reaction
compared to electron-donating groups, such as the butoxy moiety
in 8a(OBu)NiPc. It was also noticed that the plot of log of the
kinetic current, at constant potential, versus the redox potential
of Ni phthalocyanines is linear, with a negative slope indicating
that the activity of the adsorbed complex decreases as the redox
potential becomes more positive.

The way the NO molecule interacts with the NiPcs is not fully
established. It is plausible that NO interacts with the metal cen-
ter as suggested by Bettelheim and co-workers [439] in the case of
4[3(SO3~)NiPc dissolved in aqueous solution, or with other macro-
cyclic Ni complexes [440]. So electron-withdrawing groups could
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Adapted from ref. [436].

decrease the electron density on the Ni center and this will favor
the oxidation of NO in the first step. From the kinetic analysis and
from evidence provided in the literature, the following reaction
scheme for NO electrocatalytic oxidation by adsorbed NiPcs can
be proposed (R, represents the n substituents on the phthalocya-
nine ligand). The symbol 6~ denotes a partial increase in electron
density on the complex not necessarily located on the metal center:

Ni(IDR,Pc(-2) + NO = [Ni(IRyPc(-2)]" — NO?"] (34)

[N(IR,Pc(-2)°~ — (N0)5+]—d>Ni([I)RnPc(—2) +NO* + e~ (35)
ras

NO* + H,0 — HNO, +H* (36)

HNO, = NO,~ + H* (37)

NO,~ +H0 — NO3~ +2H* +2e~ (38)

From experiments conducted by Bettelheim and co-workers
[439] in 0.05M Na,HPO4 aqueous solutions (pH 9) containing
43(S037)NiPc, these authors suggested the formation of an adduct
involving the Ni(Ill) state, i.e. [Ni(IlI)R,Pc(-2)-(NO~)] with an equi-
librium constant of ca. 2.7 x 10° M~1. However, one should be
reluctant to write a mechanism involving this adduct since it seems
unlikely that aNO~ species could be formed at the high potentials at
which oxidation currents are observed. Step 35 would be rate con-
trolling and this agrees with the Tafel slopes of ca. 0.11V/decade
reported for the oxidation of NO on the NiPcs.

Different adducts could be formed between NO and MPcs
depending on the nature of the central metal. For example, in the
case of CrPc, MnPc, CoPc and Fe-Pc, a step involving the M(III) metal

center should be considered since the NO oxidation waves for these
particular complexes occur at potentials more positive than the
[M(IINR, Pc(-2)]* [[M(I1)R,Pc(-2)] redox process. So the following
reaction scheme can be proposed:

M(IDR,Pc(-2) S [M(IIDRPC(-2)]" + e~ (39)
[M(IIDR,Pc(-2)]* + NO = [M(IIR,Pc(-2)]* +NO* + e~ (40)

followed by the rate determining step 41 where NO* is liberated,
after the transfer of a single electron:

[M(IIR,Pe(-2)°~ — (NO)‘H]+T[M(III)RHPC(—2)]+ +NO* +e-
(41)

In these cases, one might argue that a low Tafel slope should be
observed (0.040 V/decade for a symmetry factor equal to 0.5) since
the rate determining step 41 is preceded by the fast one-electron
transfer step 39. However, the potentials at which the NO oxidation
currents are observed are more positive than the formal poten-
tial of the corresponding [M(III)R,Pc(-2)]*/[M(II)R,Pc(-2)] couple.
So the electrode surface is practically covered by [M(III)R,Pc(-2)]*
species at a concentration, for a given potential, that can be written
according to the Nernst equation (applied to adsorbed species). If
[MR,Pc],qs is the total initial surface concentration of the complex,
then:

[M(IIRAPc(-2)]%4, = [MRyPclg8 0 <6 <1 (42)
[M(IIR,Pc(-2)M] 45 = [MRnPcl,gs(1 — 6). (43)

Applying the Nernst equation and assuming ideal behavior of the
adsorbed species give:

. RT @
E=E°+ T In -0 (44)
(E — E°)F/RT

[1 + exp(E — E°)F/RT]
where E is the applied potential and E° is the formal poten-
tial of the [M(I)R,Pc(-2)]"/[M(II)R,Pc(-2)] couple. So, it
can be easily demonstrated that as (E—E°>»RTJ/F, 6—1, i.e.
[M(IIR,Pc(-2)54s = [MRyPc(-2)],0s and [M(II)R,Pc(-2)],45 — O.
The rate of the reaction expressed as a current would be:

0 = exp (45)

h = nFAKa1 [MOIDR,PC(-2)"~ — (NOY** [ygsexp S (46)

where ky4; is the rate constant of step 41, n is the overpotential
of step 41, n the total number of electrons transferred and A the
area of the electrode. All other terms have the usual meaning. The
adduct surface concentration is then:

[M(IDRPe(-2)°~ — (NOY™* 145 = Ka[MUIDRAPC(-2)]4sCro~ (47)

where Ks4 is the equilibrium constant for step 34 and Cyg is the
concentration of NO. Finally, the rate expression can be written as:

anF
I = nFAKs1 K3 [MUIDR,Pe(-2)] 45 CroeXp e (48)

and then, for o~0.5, the Tafel slope is ~2.303 x 2RT/F or
0.12V/decade.

It is interesting to note from Eq. (48) that the rates of NO oxi-
dation for each particular catalyst would be controlled by both the
rate constant k47 of the rate determining step and the equilibrium
constant K34 for adduct formation. Electron-withdrawing groups
will favor K (since they will stabilize a more negatively charged
complex) and electron-donating groups will favor k (since they will
stabilize a more positively charged complex). This should be valid if
adduct formation implies partial transfer of electron density from
the NO molecule to the metallophthalocyanine.
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So the role of the metal complexes is simply to bind the NO with
probably partial charge transfer from NO to the MPc. This facilitates
the electron transfer from the electrode to the bound NO molecule
to form NO* which undergoes further oxidation steps to finally give
nitrate ions. In fact metal-free phthalocyanine (H,Pc) adsorbed on
vitreous carbon exhibits very little catalytic activity for NO oxi-
dation. Finally, one can notice that Eq. (48) would also apply for
phthalocyanines with no redox activity centered on the metal, but
replacing [M(III)R,Pc(-2)]* by [M(II)RpPc(-2)].

In the case of CuPcs, the trend in activity increases as follows:
43(NH; )CuPc > 43(NO3 )CuPc > 8a(OBu)CuPc > TPyr3,4CuPz > 43
(SO37)CuPc>16(F)CuPc. Contrary to what is observed for the
nickel derivatives, the activity decreases with an increase of
the electron-withdrawing power of the substituents. In this case
electron-withdrawing groups like -SO3~ and -F have a detrimental
effect in the activity of the Cu based phthalocyanines. This may
be explained by the fact that the effect of substituents has a more
profound effect on the rate constant k of the rate determining
step than on the equilibrium constant K for adduct formation, as
discussed above. So for Cu phthalocyanines, electron-donating
substituents would favor the value of k more than their detrimental
effect on the value of K in the rate expression (48).

Apart from the explanations given above, no other interpreta-
tion for the observation that the Cu complexes follow a trend that is
opposite to what is observed for the Ni chelates is suggested in the
literature. One could speculate that with the most active Ni com-
plexes, the nature of the binding of the NO molecule with the Ni
center is different to that with Cu. The participation of the ligand in
the binding process for each group of complexes (NiPcs or CuPcs)
cannot be ruled out.

6. Catalytic properties of MPcs in electrochemical oxidation
of nitrite

The electrochemical activation of nitrite is frequently limited
by slow electron transfer at conventional electrodes and compli-
cated by irreversible passivation of the electrode surface. In order
to avoid such limitations, several studies have reported on the
use of chemically modified electrodes with phthalocyanines, por-
phyrins, hemoglobin, and myoglobin for the reduction of nitrite
[150,276,441-447]. In spite of the fact that the anodic electrochem-
ical determination of this anion offers several advantages, such as
no interference from nitrate and from molecular oxygen, there are
very few reports related to the oxidation of nitrite [277,448]. Table 9
recapitulates some significant examples of the several approaches
described in the literature.

Regarding previous studies devoted to the study of the electro-
catalytic activity of MPcs based molecular materials of potential
interest for the activation of various species, a large variety of met-
allophthalocyanines (Co, Cr, Fe, Ni, Mn, Cu and Zn) were explored
in order to get further insights into the catalytic electrooxidation
process of nitrite [448]. The study was aimed at establishing the
role of the metal center and that of the nature of the ligand on
the electrocatalytic activity of the obtained modified electrodes
and a short theoretical approach was achieved to provide a pos-
sible structure/reactivity correlation. Indeed, reactivity descriptors
defined in the framework of the Density Functional Theory (DFT)
such as the Fukui function [449] have been reported in the liter-
ature to characterize the activity of sites within transition metal
MPcs [450-453]. These descriptors discriminate between reactiv-
ity of the metal center from that located on the ligand, in terms of
the soft and hard local character in agreement with the global and
local HSAB (hard soft acid base) principle [450-453].

Tafel plots obtained from polarization curves measured on a
rotating disk electrode modified with the various examined MPcs
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Adapted from ref. [451].

give almost parallel lines with slopes close to 0.059 V/decade [448]
so it is possible to compare activities as currents at a constant
potential. This comparison gives the following trend in reactivities:

FePc > MnPc > CrPc > CoPc ~ NiPc ~ ZnPc > CuPc.

In general, it appears that MPcs with redox active metal centers
are catalytically more active than those having a redox inactive
metal center. More precisely, FePc is the most active catalyst, while
CuPc is the less active complex. The similarity in the Tafel slopes
indicates a common rate-determining step for the reaction acti-
vated by different complexes regardless of the nature of the metal.

Fig. 23 illustrates the dependence of the kinetic currents I,
measured at 0.65 and 0.68V versus SCE, versus the M(III)/M(II)
redox potential for the complexes that exhibit this pro-
cess, namely Cr(III)Pc(-2)/Cr(II)Pc(-2), Mn(III)Pc(-2)/Mn(II)Pc(-2),
Fe(III)Pc(-2)/Fe(II)Pc(-2) and Co(IlI)Pc(-2)/Co(II)Pc(-2) processes.
The correlation is not linear. Indeed, a volcano plot is obtained as
observed for other reactions discussed in this review. The data were
plotted in such a way that the driving force or oxidizing power
of the MPcs increases from left to right. Thus, it appears that log
(I) increases with driving force, then it reaches a maximum and
decreases as the oxidizing power of MPcs increases. This illustrates
once more the concept that the redox potential of the catalyst needs
to be located in a certain potential window to obtain maximum
activity as discussed before for other reactions.

The theoretical calculations for the Fukui function f* showed the
fi values calculated for Cr and Mn, and fS+OMO,x values obtained for
Fe and Co illustrate dramatic change when comparing the corre-
sponding atoms of the ligand (C,N,H) with that of the metal center.
For all these metals, it was observed that the metal center presents
the highest value of the Fukui function. In contrast, the ligand
atoms have the lowest f* values. These results indicate that the pre-
ferred site along the [M(III)Pc]* molecule to receive one electron is
the metallic center. Although the CrPc molecule is open shell, the
fSJE)MO,x index is not used because the calculated symmetry for the
SOMO molecular orbital indicates that the SOMO will not be able
to interact with the HOMO molecular orbital of nitrite. With the
exception to NiPc, the f;" values obtained for atoms belonging to
the ligand in the M(II)Pc set are much higher that the one calcu-
lated for the metal atom. Thus, one can conclude that for the CuPc
and ZnPc molecules, the preferred sites to attract one electron are
located on the ligand. In the case of NiPc, the calculation shows
that both ligand atoms (C, N) and the metal atom center present
similar f values suggesting that one electron can be captured by
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parameters of the substituents.
Adapted from ref. [448].

both sites. This reveals that for the M(II)Pc complexes, there is no
unique preferred site, as it is the case for the [M(III)Pc]* complexes,
with each site having a minor probability of attack. These theo-
retical predictions are in agreement with the experimental results
discussed above. Indeed, on the basis of the electronic structure
calculated in the gas phase, for FePc there is one preferred site for a
nucleophilic attack which corresponds to the iron center. However,
in CuPc there are several sites for this kind of attack, mainly located
on the ligand and therefore present a less electrophilic power than
the metal center in FePc.

In order to get further insights on this behavior, the activ-
ity of various phthalocyanines bearing electron-donating and
electron-withdrawing substituents on the ligand were explored.
Particularly Fe and Cu derivatives since these metal-based
complexes showed the highest and the lowest activity, respec-
tively. For iron complexes, the reactivity decreases as follows:
4[3(NO, )FePc > 43(COOH)FePc > FePc > Fe(Py)Pc > 8[3(OCH3 )FePc >
16(Cl)FePc>4p3(SO3~)FePc and the most active complexes
(4B(NO3)FePc and 4P(COOH)FePc) show slightly higher Tafel
slopes. For the copper complexes, the activity decreases as:
43(NO5 )CuPc > 43(NH;)CuPc > 4a(N(CHs3 );)4((CH3)3)CuPc > CuNc
>8a(OBu)CuPc > 43(0Bu)CuPc > 8(OBu)CuNc > 4[3(SO3 ~ )CuPc >
CuPc > 16(F)CuPc > TPyr3,4CuPz. In both cases, Fe and Cu, the most
active complexes are those bearing four nitro substituents on the
periphery of the phthalocyanine ligand.

Fig. 24 shows a linear correlation between the Fe(III)/Fe(Il) redox
potential and the sum of the Hammett parameters o [367,454].
Even though FePc and 43(NO, )FePc exhibit similar formal poten-
tials, their o values are far apart. This could be an indication
that the measured formal potential for 43(NO, )FePc might not be
indicative of only the metal center redox activity but also that of
another redox active group. The plot of log(I}), at 0.65 and 0.68V
versus SCE, versus the redox potential of the Fe(Ill)/Fe(Il) process
of the examined FePcs is linear, with a negative slope (see Fig. 25a).
The same happens with the plot of log(l;), at 0.65 and 0.68V ver-
sus SCE, versus the Hammett parameters o (Fig. 25b). Such linear
correlation is not surprising since the redox potentials of phthalo-
cyanines are themselves linearly correlated with the sum of the
Hammett parameters of the groups located on the periphery of the
ligand (see Fig. 24). 43(NO,)FePc was not included as its activity
is very high (logl,=-3.8 at 0.68V versus SCE) and falls well off
the linear correlations. The nitro groups help in promoting a faster
reaction than the redox potential can predict. This is probably due
to some electronic effects of this group which are not well estab-
lished. In general, with the exception of 43(NO; )FePc, these results
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suggest that the activity of the adsorbed complex decreases as the
Fe(IlI)/Fe(Il) redox potential becomes more positive and this would
correspond to the descending portion of the volcano plot of Fig. 23.
From this kinetic analysis and from other evidences provided
in the literature, the following reaction scheme for nitrite electro-
catalytic oxidation mediated by adsorbed FePcs was suggested (R,
represents the n substituents on the phthalocyanine ligand):

[Fe(IMR,Pc]* +NO,~ = [Fe(IDR,Pc. - (NO5)] (49)
[Fe(INRyPc. - (NOy)] = [Fe(IlR,Pc-(NOy)|* + e~ (50)
[Fe(IIIR,Pc-(NO)]* = [Fe(IINR,Pc]* + NO, (51)

Step 51 can be rate controlling and this would agree with the Tafel
slopes close to 0.060 V/decade reported for the oxidation of nitrite
on the FePcs. However, for 43(NO;)FePc and 4[3(COOH)FePc the
slopes are 0.090 V/decade. This could be the value of slope if step
50 is rate controlling with an asymmetrical energy barrier (sym-
metry factor a=0.65). However it seems unlikely that for those
two catalysts the rate determining step is different from that for
the other complexes. There could be other factors that increase the
Tafel slope from 0.060 to 0.090V and this requires further investi-
gation. The decrease in activity with increasing driving force may
be due to a decrease in the electronic coupling between the donor
(nitrite) and the acceptor (metal center in the complex). Reaction
40 could explain the inverted correlations in Fig. 25. Indeed, the
electron withdrawing groups should facilitate adduct formation
through the pre-equilibrium of step 49 whereas electron-donating
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groups would facilitate the release of one electron from the adduct
in step 50. It is possible that the inverted correlation of Fig. 25 is
part of a volcano correlation, where the ascending portion is miss-
ing since the range of redox potentials examined is not wide enough
to show that region.

In the case of CuPcs there are also complexes that show
Tafel slopes higher than 0.060V/decade, namely 4(3(NO,)CuPc,
43(NH;)CuPc and 4B3(OPhC(CH3),Ph)CuPc that give slope in the
range 0.080-0.090V/decade. In a general manner, in the case of
NiPc, CuPc and ZnPc, the adduct that could be formed between
nitrite and these MPcs is probably different from that involving
the iron-based phthalocyanines since it does not involve the redox
activity at the metal center. The mechanism may be as follows:

[M(IDRyPc] + NO,~ S [M(IIR,Pc-(NO,)]~ (52)
[M(IDR,Pc-(NO,)]~ = [M(IDR,Pc-(NO,)] + e~ (53)
[M(IDR,Pc-(NO,)] — [M(IDRPc-M] + NO, (54)

So the role of the metal complexes is to bind the NO,~ molecule
and this facilitates the electron transfer from the electrode to
the bound nitrite to form intermediates or products. Finally, Tafel
slopes close to 0.060 V/decade indicate that the transfer of the first
electron is fast, followed by a slow chemical rate determining (step
54). Both mechanisms written above are hypothetical assuming
NO, is the final product of the reaction but it is likely that at high
potentials nitrate ions are also formed.

7. Catalytic properties of MPcs in electrochemical oxidation
of hydrazine and hydroxylamine

7.1. Electrooxidation of hydrazine

Hydrazine (NyH4) is a very important organic compound
because of its wide application in industrial, pharmaceutical, fuel
cell, and biological fields due to its high reactivity [455]. Thus,
the oxidation of hydrazine to molecular nitrogen has been exten-
sively studied over the past years [79,84,387,456-459], and the
mechanism and kinetics of hydrazine oxidation have been ana-
lyzed under a wide range of conditions, in solution and with several
electrodes [460]. Because of the large overpotential of hydrazine
at conventional electrodes, one promising approach to mini-
mize overvoltage effects is through the use of an electrocatalytic
process at chemically modified electrodes with phthalocyanines
[75,80,96,461-463]. As expected, as seen for other reactions dis-
cussed in this review, the catalytic activity of MPc is dependent on
the nature of central metal in the phthalocyanine [84]. Amongst
phthalocyanines, cobalt phthalocyanine (CoPc) and substituted
CoPc exhibit relatively high catalytic activity [387,456,460-463].
Any molecule or species that requires an interaction with an active
site to undergo an electron transfer process could react catalytically
in the presence of a metal phthalocyanine.

Hydrazine is a highly reactive molecule that can be oxidized via
four electrons to give molecular nitrogen (E° =1.16 V versus NHE). It
has been used in the anode of fuel cells [464]. Hydrazine is known
to interact with transition metal phthalocyanines [465] and this
has been confirmed by several spectroscopic studies including IR
[466] and EPR. [467]. Oxidation of hydrazine by air is also cat-
alyzed by MPc and 43(SO3;~)MPc [466,469]. Several studies have
shown that the electrooxidation of hydrazine to molecular nitro-
gen is catalyzed by phthalocyanines of several transition metals
[2,3,6-8,75,77,79,80,84,387,416,460,461,470,471].

The redox catalysis concept can also be applied to the oxida-
tion of hydrazine and the mechanisms proposed [70-75] take into
account the M(II)/M(I) reversible couple of the metal in the phthalo-
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Fig. 26. Electrocatalytic activity of different metallophthalocyanines for the oxida-
tion of hydrazine in 0.1 M NaOH as a function of the number of d electrons.
Adapted from ref. [75].

cyanine

LCo(1)~ = LCo(Il) + e~ (55)
LCo(II) + NyH4 < [LCo(1)"(NaHg)*] (56)
[LCo(I)"(N3H4)™] + OH™ — products (57)
where L=Pc,

Or in general,

LM(II) + NaHg s [LM(I)~(NaHg)t] (58)
[LM(II)-NH3] + OH™ — LM(II) + NyH, +H,0 + e~ (60)

where L=Pc, and M =Fe, Mn and Cr.

The hydrazine non-bonding orbitals responsible for the oxida-
tion of this molecule results from the m-0* and 7*-o orbital mixing
due to the pyramidalization at each N center. This hybridization
changes the original 7* character of the HOMO to a non-bonding
orbital similar to the 3,; lone-pair of ammonia [472], The result-
ing MO’s are ideally polarized for a ¢ interaction with a dz2-like
metal orbital. In contrast to the O, activation, in this case electron
donation is in one direction, from Ny Hy4 to the metal.

Cardenas-Jirén and co-workers [473,474] have proposed two
quantum chemistry theoretical models in the gas phase at the
density functional theory B3LYP/LACVP(d) level of calculation to
rationalize the hydrazine oxidation catalyzed by Co(II)Pc. These
theoretical models that are described in terms of energy profiles
include a through-space mechanism for the transfer of the first elec-
tron of the hydrazine and a through-bond mechanism proposed for
the transfer of the three electrons remaining. The main difference
between both models arises from a one-electron and one-proton
alternate transfer for model 1 and a two-electron and two-proton
alternate transfer for model 2. They conclude that model 1 is more
reasonable than model 2 because the whole oxidation process is
always exergonic.

Fig. 26 shows a volcano curve in which the activity is plotted
versus the number of d-electrons in the metallophthalocyanine.
Again, as observed for O, reduction, the iron complexes show the
highest activity. This strongly suggests that the best match of ener-
gies between the metal d orbitals and the hydrazine HOMO occurs
for iron phthalocyanines. This seems to indicate that the energies
of the O, and N,H4 HOMOs are not far from each other. In fact
if one plots overpotential for O, reduction versus overpotential for
N,H4 oxidation for each metallophthalocyanine a linear correlation
is obtained [14].



2782 J.H. Zagal et al. / Coordination Chemistry Reviews 254 (2010) 2755-2791

-0.8 -0.7 -0.6 -0.5 0.4 -0.3
" | |

-2.5 L 1 . ] )
O |Rising region Falling region
m .
o -3.0 .
; 8B(2-Et-CgH, 0)CoPc /TPyr3,4CoPz@,
8 35 BINO,CoPe
s CoPc
o' | ‘I

7 ]

w 0 4B(NH,)CoPc 16(F)CoPc #
© ] 8B(OCHyCoPc :
— 4.5 | 8B(OCgH,)GOPc ;
j= O o
8 ] 43(OPenPyr)CoPc

-5.0 1
8 55 ' 4B(NQ,)CoPc
- _ TPyr3acopz *®
2 g0  SR-Et-CdO)CoPe yr3ACoPz
> *
3 apiNHyCoPe “cope
¥ 5.5
OI a
[} 7 6
' 5.0 Jspocg,aC 16(F)CoPc @
= | @ 8B(0CH,)CoPC )
g % )
o 4.5 - 4p(OPenPyr)CoPc
b : .

T T T T T T g

-0.8 -0.7 -06 -0.5 -0.4 -0.3
0y

E” o,/ V VS SCE

Fig. 27. Variation of log(I/I" complex) (currents normalized for the surface concen-
tration of the catalyst) versus formal potential of the catalyst for the electrooxidation
of hydrazine on CoPcs with different substituents.

Adapted from ref. [83].

A correlation between electrocatalytic activity (as current nor-
malized by the number of Pcs molecules per unit of area) for the
oxidation of hydrazine in alkaline media gives non-linear corre-
lations (Figs. 27 and 28) when the activity is plotted versus the
M(II)/M(I) redox potential of CoPcs and FePcs. This illustrates again
the concept “tuning” the redox potential of the catalyst to a desired
value, using appropriate groups on the phthalocyanine ligand to
obtain the highest activity. It is important to point out here that
macrocyclic complexes that are not phthalocyanines do fit in this
volcano correlation indicating that the redox potential of the cata-
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Fig. 28. Variation of log(I/I" complex) (currents normalized for the surface con-
centration of the catalyst) versus the formal potential of the catalyst for the
electrooxidation of hydrazine on FePcs with different substituents.

Adapted from ref. [475].

lyst is a good reactivity index and seems to be independent of the
nature of the ligand in the complex [85,475].

As shown for otherreactions, the electrocatalytic activity of elec-
trodes modified with MPcs can be enhanced, sometimes by two
orders or magnitude or more if carbon nanotubes are incorporated
on the electrode surface [476]. Geraldo et al. have shown [86] that
single-walled carbon nanotubes (SWCNT) functionalized with CoPc
enhances the catalytic activity of the complex itself without any
change in the reaction mechanism. A synergistic effect, in terms of
reactivity when the new nanocomposite material is adsorbed on
the glassy carbon (GC) electrode, is observed. The obtained hybrid
electrodes were tested under hydrodynamic conditions, showing
two different oxidation processes, which suggest the presence of
two different types of active sites on the electrode surface catalyz-
ing the reaction. Atomic force microscopy (AFM) images (Fig. 29)
showed the clear differences in surface roughness for each film,
confirming the different compositions of the hybrid electrodes [86].

One important application of electrodes modified with phthalo-
cyanines in relation to hydrazine oxidation is the possibility to
make electrochemical sensors using this molecule. Kubota and
co-workers [477] have reported that 43(SO3~)NiPc immobilized
onto titanized silica gel shows high stability and catalytic activity
for hydrazine oxidation. The process is controlled by the elec-
tron transfer step and no diffusion limitation was observed. The
modified electrode was very sensitive for hydrazine, giving a detec-
tion limit of 1.0 x 10~> mol L1, for an applied potential of 450 mV
versus SCE. Ozoemena [478] has described the electrocatalytic
behavior of a GC modified with CoPc peripherally tetrasubsti-
tuted with cobalt(Il)tetraphenylporphyrin (4(Ph)CoP) complexes
via ether linkages (i.e., CoPc-(4(Ph)CoP)4, see Fig. 1). The viability
of this supramolecular complex as a redox mediator for the anodic
oxidation and sensitive amperometric determination of hydrazine
in alkaline conditions was tested. The proposed amperometric
sensor displays excellent characteristics for the determination of
hydrazine in 0.2 M NaOH; such as low overpotentials (+100 mV
versus Ag|AgCl), very fast amperometric response time (1 s), linear
concentration range of up to 230 wM, with micromolar detection
limit, high sensitivity and stability. Also Ozoemena and Nyokong
[82] have studied the electrocatalytic oxidation and detection of
hydrazine in pH 7.0 by using gold electrode modified with SAM
films of FePc axially ligated to a preformed 4-mercaptopyridine
SAMs. The mechanism for the interaction of hydrazine with
the FePc-SAM is proposed to involve the Fe(IlI)Pc/Fe(1l)Pc redox
process. Using cyclic voltammetry and Osteryoung square wave
voltammetry, hydrazine was detected over a linear concentration
range of 1.3 x 107> to 9.2 x 10~> molL~! with limits of detection
as low as 5 and 11 M, respectively. Finally, Li et al. have fabri-
cated covalently attached multilayer film electrode containing CoPc
which show electrocatalytic activity oxidation of hydrazine [455].

7.2. Electrooxidation of hydroxylamine

In connection with phthalocyanines, hydroxylamine has been
much less studied than hydrazine. Hydroxylamine, NH,OH, is a
strong reducing agent. It is used as an anti-oxidant in soaps and
fatty acids and as an intermediate in the production of pesticides
and pharmaceutical drugs. It induces highly specific mutations
and is very toxic for aquatic organisms. EPR spectroscopic studies
conducted at low temperature have indicated that hydroxylamine
forms stable adducts with Co and 4[3(SO3;~)FePcs [467]. It has also
been shown that hydroxylamine is catalytically oxidized by molec-
ular oxygen in the presence of 43(SO3~)MPcs in aqueous solutions
[467-469]. From these results, one would expect that phthalo-
cyanines, when adsorbed on a graphite electrodic surface would
catalyze the electrochemical oxidation of NH,OH. This is indeed
the case: 43(SO3;~)FePc possesses some catalytic activity for the
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(a) Mean rougness 2.3nm

(b) Mean rougness 12.09nm

Fig. 29. AFM images of the surface of: bare GC electrode (A); GC/CoPcads (B); GC/[SWCNT (C) and GC/SWCNT + CoPc (D).
From ref. [86] (Reproduced with permission of Elsevier.).

reaction [110] but the catalytic effects are not as pronounced as
those observed for other reactions like O, reduction and hydrazine
oxidation. This has been attributed to the formation of a “sta-
ble adduct” where NH,OH binds to the 4(3(SO3~)FePc preventing
new molecules of hydroxylamine to interact with Fe and react.
To have pronounced catalytic effects, the adducts or intermedi-
ates need to be labile and decompose fast to maintain the catalytic
cycle functioning. As discussed for other reactions, the interac-
tion of the reacting molecule needs to be not too weak, not too
strong, as indicated by the volcano correlations. For the particu-
lar case of hydroxylamine, its interaction with the Fe sites is too
strong. Electrochemical evidence was reported for the formation of
Fe—hydroxylamine adduct as the cyclic voltammogram of adsorbed
43(SO3~)FePc is modified in the presence of small amounts of
hydroxylamine [110]. The catalytic effects are small as the reaction
rates for the most active 4(3(SO3~)MPcs are only 7 times greater
than the least active ones. Evidence for the formation of these
adducts has also been found electrochemically for 4[3(SO3~)CoPc
[110]. From the kinetic parameters determined electrochemically,
the following mechanism has been proposed [14,110]:

LM + NH,0H s LM-NH,0H (61)
LM-NH,0H + OH™ — [LM-NHOH]~ +H,O0(r.d.s.) (62)

L=Pc, which agrees with a —1 order in protons.

The donor-acceptor intermolecular hardness concept (7pa)
associated with the interaction between substituted cobalt
phthalocyanines (Co(X)nPc) acceptor species such as hydrazine
and hydroxylamine has been used to explain the relative reactiv-
ity of the different Co phthalocyanines for the oxidation of these
molecules. Semiempirical (PM3) and ab initio (ROHF: CEP-31G and
ROHF: 6-31G) theoretical methods were used to determine 7pa
for the four charge transfer interactions. Theoretical results of npa
correlate well with rate constants for electrooxidation hydrazine
and hydroxylamine and for electroreduction of O, for processes
occurring on phthalocyanines confined on a graphite electrode.
The lower np, the higher is the reactivity. The molecular hardness

(n) was also calculated as defined in density functional theory, of
Co(X)nPc. Other macrocyclic compounds NNNNtetramethyltetra-
3,4-pyridoporphyrazinocobalt(Il) [88] and vitamin Bq, [479] also
show high activity for the oxidation of hydroxylamine.

8. Catalytic properties of MPcs in electrochemical reactions
involving other biologically and environmentally relevant
compounds

8.1. Phenols and organohalides

Phenols are widespread in nature. They are released into the
environment in a number of ways such as during the man-
ufacture of industrial products like plastics, pharmaceuticals,
dyes and pesticides (e.g. pentachlorophenol) and they accumu-
late in the environment as recalcitrant contaminants [480,481].
Organohalides are also recognized as important environmental pol-
lutants arising from industrial as well as biological sources. Indeed,
halogenated methanes and ethanes are often used as solvents.
Trichloroacetic acid is for example used as plaguicide in some coun-
tries, although it is known to be toxic.

Electrochemical methods are preferred in analysis of phenols
and halogenated organics since often traditional methods require
extensive separation. However, direct determination using noble
metal electrodes is not favored due to high overpotentials. Elec-
trochemical oxidation of phenols readily occurs on unmodified
electrodes, but oxidation results in the formation of dimers which
poison the electrodes, decreasing the oxidation currents [482]. In
order to improve the sensitivity and selectivity, chemically mod-
ified electrodes are employed. In this regard, MPcs have shown
catalytic activity towards the detection of phenols and other species
when they are employed as homogeneous catalysts or when they
are adsorbed to electrodes (Table 10).

Bedioui and co-workers have studied the electrocatalytic reduc-
tion of trichloroacetic acid (TCA) on electrodes modified with heme
proteins [483,484] or porphyrins [485], but very little work has
been done for the reduction of TCA using electrodes modified
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Table 10
A selection of peak potentials for the detection of neurotransmitters and phenols on MPc modified electrodes versus standard calomel electrode (SCE).
MPc? Electrode® Modification method® Analyte© E, (versus SCE) Medium References
Phenols
CoPc GCE Adsorption Phenol, 2-CP, 4-CP +1.01 to 0.05M H;,S04 [266,314]
+1.02
CoPc GCE Adsorption 0-, m-, p-cresol +0.87 to 0.94 0.05M H,S04 [266]
CoPc +Ictate dehydrogenase C Screen printed PCP +0.3 pH7.4 [267]
CoPc/polyphenol oxidase C CPE Phenol, catechol, dopamine +0.2 pH7.4 [265]
4{3(PhPy)Ni(OH)Pc VCE Polymer 4-CP, phenol, NP 0.33 1M NaOH [126]
Neurotransmitters
43(SO3~)FePc C CPE Dopamine +0.18 to0 0.28 pH4to7.4 [268,269]
43(SO3~)NiPc CF Polymer Serotonin, noradrenaline 0.35,0.28 pH74 [268,312]
dopamine adrenaline
0.15
0.17
0.16
4[3(NH;)Ni(OH)Pc GCE Polymer Dopamine 0.08 PBS [121]
43(NH3)NiPc GCE Polymer Dopamine -0.19 pH7.4 [270]
43(NH; )CoPc-SWCNT Au Preformed SAM Dopamine 0.13 pH74 [316]
4(3(SO3~)NiPc/gum ITO Adsorption Dopamine 0.68 0.1M HCl [272]
43(SO3~) FePc/PAH GCE Adsorption Dopamine 0.16 LiClO4 in acetonitrile [273]
CoPc/plyphenol oxidase C CPE Dopamine +0.2 pH74 [265]

Potentials reported versus Ag|AgCl have been corrected to versus SCE using —0.045V conversion factor.

2 PAH: poly(allylamine hydrochloride), SWCNT: single walled carbon nanotube.

b ITO: indium tin oxide. VCE: vitreous carbon electrode, SAM: self-assembled monolayer, CF: carbon fiber, GCE: glassy carbon electrode, CPE: carbon paste electrode.

¢ CP: chlorophenol, NP: nitrophenol, PCP: pentachlorophenol.

with MPc complexes. Jiang et al. [486] studied [3(SO3~)CoPc/DDAB
(DDAB =didodecylmethylammonium bromide) films for catalyz-
ing the reduction of TCA and other organohalides. The catalytic
reduction of TCA is more efficient in the acetonitrile/water solvent
mixture than in the microemulsions [486].

CoPc modified carbon paste electrodes show good catalytic
activity towards the measurement of triazolic herbicides such as
amitrole at low oxidation potentials in basic media, a detection
limit of 0.04 wg mL~! was obtained using a injection system [487].
4[3(SO3~)CuPc was used as component of the microemulsion and
lowered the overpotential for the reduction of o-chlorophenol by
1V, hence showing promise for the catalytic decomposition of 1,1-
bis(4-chlorophenyl)-2,2,2-trichloroethane [488].

Biosensors based on enzymes have been developed for many
electrochemical analyses. The use of MPc complexes as part of the
catalytic system improves the sensitivities of the biosensors. On
screen-printed CoPc electrodes containing lactate dehydrogenase,
oxidation of pentachlorophenol occurred at a low potential of 0.3V
[267].

The catalytic activity of NiPc complexes for the oxidation of phe-
nols has been studied by Ureta-Zafiartu and co-workers [125,489].
Electrooxidation of 2-chlorophenol takes place on electropolymer-
ized 4B(SO37)NiPc [125,489]. The electrochemical oxidation of
phenol, 4-chlorophenol and nitrophenol using electropolymerized
NiPc (nickel hydroxy tetraphenoxy pyrrole phthalocyanine (poly-
43(PhPy)Ni(OH)Pc)) modified vitreous carbon electrodes has also
beenreported [126]. The films were formed by electropolymerizing
pyrrole-substituted phenoxyphthalocyanine poly-43(PhPy)NiPc
in aqueous 0.1M NaOH solution. The poly-43(PhPy)Ni(OH)Pc
films show better stability and resistance to electrode fouling
compared to poly-4(3(PhPy)NiPc and unmodified electrodes. The
resistance to surface fouling and stability can be attributed to the
structure of the ring substituent on the phthalocyanine macro-
cycle and to the particular O-Ni-O bridged architecture of the
nickel phthalocyanine film [126]. Ureta-Zafiartu and co-workers
[490,491] have characterized films formed on glassy carbon elec-
trodes modified by electropolymerization of two water-soluble
compounds, Ni(Il)tetrasulfophthalocyanine (4(3(SOs~)NiPc) and
Ni(Il)tetrasulfophenylporphyrin (4(PhSO3~)NiP), and of two
water-insoluble compounds, Ni(ll)tetraaminophthalocyanine
(4B(NH;)NiPc) and Ni(Il)tetraaminophenylporphyrin

(4(PhNH)NiP), using impedance measurements. The Nyquist
plots of all these films shown in the potential range of the
Ni(II)/Ni(Ill) process showed the semicircle typical of a charge
transfer, the charge-transfer resistance decreasing very much
with increasing potential. The uncompensated resistance of the
GC electrode is barely affected by the films, showing that they
are very porous. This is in contrast to polymeric films formed
by 4[3(NH;)CoPc (Co tetraaminophthalocyanine) where only the
external layer is accessible to reacting molecules. The IR spec-
tra of the poly-4(PhSO3~)NiP and the poly-4[3(SO3~)NiPc films
shows bands at 3628cm~! and 3500cm™!, respectively, which
could be due to interstitial water molecules occluded during
the polymerization. The Ni 2p XP spectra indicate that the mag-
netic character of the Ni(II) ions in 4(PhSO3~)NiP is dramatically
changed by the polymerization, from diamagnetic in the monomer
to paramagnetic in the polymeric film, indicating the formation of
Ni-O-Ni bridges or of clusters of Ni(OH),. On the contrary, the Ni
2p XP spectra of the unactivated 4(PhNH,)NiP, film, in which the
Ni(II)/Ni(IlT) process was absent, showed only diamagnetic Ni(II).
Therefore, it is concluded that only paramagnetic Ni(Il) ions can be
electrooxidized to Ni(III) [491].

8.2. Catecholamines

Dopamine (DA), epinephrine (EP) and serotonin (5-
hydroxytryptamine, 5-HT) are important catecholamine
neurotransmitters in biological systems. Serotonin regulates
mood and sleep and is a target for pharmaceutical treatment of
depression. Dopamine is implicated in locomotion. Deficiencies in
DA can result in some neurological disorders such as Parkinson’s
disease.

Electrochemical techniques show promise for the analysis of
neurotransmitters in general because of the possibility of direct
measurement of the analytes in vivo [492-498] and phthalocya-
nines play an important role in the development of electrodes for
sensing purposes. Non-electrochemical techniques involve with-
drawing samples from the subject followed by rigorous separation,
conditioning and other forms of sample pretreatment methods
prior to analysis. Advantages of electrochemical methods include
high selectivity, good sensitivity and very low detection limits
[494,495]. Simultaneous detection of neurotransmitters (such as
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serotonin and dopamine) is important since they coexist in bio-
logical systems. The detection of the neurotransmitters on solid
electrodes often suffers from fouling due to the accumulation of
the oxidation products on the electrodes, resulting in poor selec-
tivity and sensitivity. Thus the development of electrode modifiers
which can improve the detection of neurotransmitters is of contin-
uing interest (Table 10). The catecholamines also show potentials
very close to one another, for example noradrenaline, dopamine
and adrenaline show peaks at0.15,0.17 and 0.16 V versus SCE [312]
and DA at 0.35 Vversus SCE. Thus simultaneous detection of the cat-
echolamines is difficult and the use of electrocatalysts to improve
potential separation is an active area of research.

The other challenge in the detection of these neurotransmit-
ters is the presence of a large excess of ascorbic acid that is always
present in extra-cellular fluid and frequently interferes with the
current signals obtained for the detection of neurotransmitters
due to the closeness of their oxidation potentials to that of ascor-
bic acid. There have been many approaches towards overcoming
this problem of interference posed by ascorbic acid. One of the
most frequently used approach is to pre-coat the electrode surface

(SWCNT

Acid treatment

2785

with a perm-selective layer of negatively charged polymer, such
as Nafion®, which repels all kinds of negatively charged species,
in particular ascorbate, away from the electrode surface thereby
preventing their oxido-reduction. In many other cases a modifier
(such as an MPc molecule) that exhibits electrocatalytic activity
towards the oxidation of the neurotransmitters is first applied to
the electrode surface before finally coating the electrode with the
negatively charged polymer. The use of Nafion® often results in
the loss of sensitivity. A carbon paste electrode containing the
negatively charged 43(SO3;~)MPc complexes (M = Co(II) and Ni(II))
eliminates the effects of ascorbic acid by acting in the same man-
ner as Nafion® without the loss of sensitivity observed for the
latter [268]. The oxidation peak for DA was obtained at 0.18V
on 43(SO3~)FePc modified electrode. The 43(SO3~ )FePc modified
electrode allowed for the determination of DA, nitric oxide and
5-HT in the presence of large concentrations of ascorbic acid.

The reduction of the oxidation product of dopamine (DAyx) by
ascorbic acid in solution (Eqgs. (63)-(65)), has been shown [269] to
induce a shift of the DA potential as a function of ratio of concentra-
tion of dopamine to ascorbic acid, making it possible to determine

\
\
\

(Bare Au)

AET (aminoethane thiol)
Ethanol / H,0

o OH O oH gNHz §H2 §H2
s s s
(SWCNT-COOH) (Au-AET)
‘ NH,
N E/N\E N
DCC / DMF HZN@:;N-@N;@NHZ
N<Nv-N
0. OH O oy NH O  oH
o
CoTAPc
DMF
o o o )
H
NH, gNH " <1H2 $NH2 SNH % gNHz
g S S s S S s

272772

(Au-AET-SWCNT)

Y,

(Au-AET-SWCNT-CoTAPc)

Scheme 1. Formation of preformed SAM using aminoethanethiol (AET), single walled carbon nanotubes (SWCNT) and 4(3(NH, )CoPc. Adapted from reference [499].
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both ascorbic acid (AA) and DA from the potential shift and the
experimental peak current, using Eqs. (66) and (67).

DAgeq 5 DAoy +2e~ +2H* (63)
DAOX + AARed S DARed + AAO (64)
AARed = AAOX +2e” + 2H* (65)

where DARgeq is reduced DA, DApy is oxidized DA and similarly for
AA, AAgeq is reduced AA, AAoy is oxidized AA.

~582(I — 2lg)

M = K(1.6E, , — 918) (66)

(Ip — kCAA — Ibg)
k
where Ips and Iaa are the currents of dopamine and ascorbic acid,
respectively, k and k’ are the slopes of calibration plots of ascorbic
acid and DA, respectively, Ijg is the background current, cas and
cpa are the concentrations of AA and DA, respectively. Using these
equations and an 4[3(SO3;~)FePc modified carbon paste electrode,
the detection limits 0f 4.5+ 0.2 x 10~7 and 7.5+ 0.5 x 107 mol L~!
were obtained respectively for dopamine and ascorbic acid for

cpa/caa >0.01 [269].
Finally, one can cite the following significant examples
(Table 10):

Cpa = (67)

(i) Carbon paste electrodes modified with nanosized CoPc par-
ticles with good catalytic behavior for the detection of DA
and AA [271]. The anodic peak potentials of DA and AA
appear well separated with good sensitivity in the presence of
cetyltrimethylammonium bromide (CTAB), thus allowing their
simultaneous detection.

(ii) Electropolymerized 4[3(SO3~)NiPc that improves the response
time towards serotonin [312]. The sensor can be used to deter-
mine serotonin in urine, requiring some pretreatment of the
sample before analysis. The detection limit is 0.8 wgL~1. The
43(NH; )Ni(OH)Pc (containing O-Ni-O bridges) shows high cat-
alytic activity for the detection of DA via its oxidation, which is
much better than for poly-43(NH;)NiPc without the O-Ni-O
oxo bridges [121].

(iii) Nanoparticles of 43(SOs~)NiPc and the Chicha gum [272] in
a tetralayer with poly(allylamine hydrochloride) interposed
between the layers allows the detection of DA with a detection
limit of 1 x 107> M.

(iv) Indium tin oxide coated glass substrates modified with layer
by layer films of polyaniline alternated with 43(SO3~)FePc
show catalytic activity for the oxidation of DA. The activity is
explained in terms of a coordination between the two and the
formation of a (DA*)4[3(SO3~)FePc species via internal electron
transfer [273].

(v) Single-walled carbon nanotube SWCNT co-ordinated
to 4B(NH)CoPc and assembled onto a preformed
aminoethanethiol SAM on gold electrode (Scheme 1) can
be used for the electrochemical detection of DA in pH 7.4 PBS
[499]. These studies prove that SWCNT greatly improves the
electronic communication between 4[3(NH;)CoPc and the Au
electrode surface.

9. Oxidation of glucose and other sugars at molecular
phthalocyanine electrodes

Future sensors, pacemakers, communication devices and other
microelectronics technology may be powered by bio fuel cells, i.e.
powered by sugars obtained from living systems that can include
human or plant living tissue. On the other hand, monitoring glucose
levels in human or animal fluids is important from the medical point

of view. So the electrocatalytic oxidation of glucose is a subject of
current interest. The electrochemical oxidation of glucose can also
be used for its detection using appropriate electrodes. MPcs show
catalytic activity for the oxidation of glucose. Santos and Baldwin
[500] were the first to report that chemically modified electrodes
containing CoPc are active for the electrooxidation several sug-
ars including glucose, galactose, maltose, lactose, ribose, fructose
and sucrose in alkaline media. Sun et al. [501] used self-assembled
molecular layer-based process on gold electrodes to allow the
fixation of cobalt tetrasulfonated phthalocyanine to detect glu-
cose. Several authors have proposed the use of Co phthalocyanine
derivatives [55,502-504] as mediators of glucose oxidation, in con-
junction with glucose oxidase (GOX). Along these lines Hart and
co-workers have developed screen-printed electrodes which are
fabricated using water-based carbon ink [505] containing GOX and
CoPc. With this last approach it is possible to obtain low-cost elec-
trodes for sensor applications.

Zagal and co-workers [59,60] have studied the role of the
Co(II)/Co(I) formal potential of the catalyst on the electrocatalytic
activity for glucose oxidation and have found volcano correla-
tions, as reported for other reactions discussed in this article. The
activity of the different modified electrodes was tested by linear
voltammetry under hydrodynamic conditions using the rotating
disk technique. Tafel plots constructed from mass-transport cor-
rected currents gave slopes ranging from 0.080 to 0.160 V/decade
for the different catalysts which suggests that the first-one electron
step is rate controlling with the symmetry of the energy barrier
depending on the nature of the ligand of the Co complex. A plot
of logI versus the Co(II)/(I) formal potential gives a volcano curve
(see Fig. 30) with a slope close to 0.118 V for the ascending portion
and —0.20V for the falling region. This is an “unsymmetrical” vol-
cano, which is a common observation for other reactions discussed
in this review. This illustrates once more the concept that the for-
mal potential of the catalyst needs to be tuned to a certain value for
achieving maximum activity not only for this reaction but probably
for most reactions catalyzed by phthalocyanines, porphyrins and
by macrocycyclic complexes in general. A theoretical interpreta-
tion of these results has been given in terms of Langmuir isotherms
[60] for the adsorption of glucose on the Co sites of the surface-
confined metal complexes, as discussed before for the oxidation of
thiols and for other reactions. These electrodes modified with metal
complexes and with any reactive species present a great advantage
over conventional electrodes in the sense that their reactivity can be

CoPc

1 4B(NH,CoPc 8p(2-Et-CgH; P)CoPc

4B3(OPenPyr)CoPc

8B(OCgH,)CoPc TPyr3,4CoPz

Log I / A (E=0.25V)

4B(sog)cm=c :B (NOyCoPc

16(F)CoPc.

5.2 — T T T T T T T T T T T T T T
-0.75 -070 -0.65 -0.60 -0.55 -0.50 -045 -0.40 -0.35 -0.30
E°“Co(ll/1)/V vs SCE

Fig. 30. Plot of logI versus redox potential of CoPcs for the electrooxidation of glu-
cose in deaereated 0.15 M NaOH on OPG modified with the different Co complexes.
From ref. [60] (Reproduced with permission of Elsevier.).
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controlled by manipulating the structure of the complex or reactive
molecule to be confined on the surface of the electrode.

10. Conclusion and perspectives

MPcs are active catalysts for a large variety of electrochemical
reactions. Electrodes containing these complexes confined on their
surfaces can be obtained by simple adsorption on graphite and car-
bon electrodes. However, more stable electrodes can be achieved by
coating their surfaces with electropolymerized complexes which
show similar activity than their monomer counterparts. Modified
electrodes can also be obtained on Au and Ag surfaces by using
self-assembled monolayers of thiols that can act as anchors of
macrocyclic complexes or by using complexes with thiol func-
tionalities located on the periphery of the ligand, also serving as
anchors. Electrodes modified by this method show catalytic activ-
ity for several electrochemical reactions so essentially, the activity
of MPcs is almost independent of the method employed for elec-
trode modification and seems to be independent of the orientation
of the macrocyclic molecule on the electrode.

Fundamental studies carried out at adsorbed layers of these
complexes on graphite and carbon surfaces have demonstrated that
the redox potential is a very good reactivity index for predicting
catalytic activities for many reactions. Volcano-shaped correlations
have been reported between the electrocatalytic activity (as logI at
constant E) versus the Co(II)/(I) formal potential of Co-macrocyclics
for the oxidation of several thiols, hydrazine and glucose. For the
electroreduction of O, only linear correlations between the elec-
trocatalytic activity versus M(IIT)/M(II) redox potential have been
found using Cr, Mn, Fe and Co phthalocyanines. It is very likely that
these linear correlations are part of “incomplete” volcano correla-
tions as found with earlier studies with thiol oxidation. The volcano
correlations strongly suggest that intermediate values of E/, the
formal potential of the complex, are optimum for achieving max-
imum activity, probably corresponding to surface coverages of an
M-molecule adduct equal to 0.5 and to standard free energies of
adsorption equal to zero. All these results indicate that the cat-
alytic activity of MPcs for the oxidation of several molecules can be
“tuned” by manipulating the E°’ formal potential, using the proper
groups on the ligand. “Tuning” the redox potential can be achieved
by knowing the Hammett parameters of substituents that can be
located on the ligand for families bearing the same ligand. These
results are probably valid for the different methods of modification
of the electrode and point out to the right direction in designing
better catalysts for many electrochemical reactions.

Finally, it is necessary to emphasize once more that MPcs are
extremely versatile materials with many applications in electro-
catalysis, and they provide very good models for testing their
catalytic activity for many reactions in terms of simple parameters,
such as the redox potential of these molecules. The redox potential
can be easily modulated by placing the appropriate substituents
on peripheral or non-peripheral positions of the phthalocyanine
ligand. This is obviously valid for other macrocyclics like por-
phyrins. Even though the earlier applications of these complexes
were focused on providing active materials for electroreduction of
0,, for making active cathodes for fuel cells, the main trend in the
literature nowadays is to use these complexes for making active
electrodes for electrochemical sensors.
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