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INRS-Énergie
Matériaux et
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Québec, Canada J3X 1S2.

Library of Congress Control Number: 2005938667

ISBN 10: 0-387-28429-X
ISBN 13: 978-0387-28429-3

Printed on acid-free paper.

© 2006 Springer Science + Business Media, LLC
All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science + Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use
in connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.

Printed in the United States of America.

9 8 7 6 5 4 3 2 1

springer.com



Contents

Preface xv

Contributors xvii

1. Billion-Year-Old Oxygen Cathode that Actually Works:
Respiratory Oxygen Reduction and Its Biomimetic
Analogs
Roman Boulatov

1. The Basic Concepts of Energy Metabolism . . . . . . . . . . . . . . . . . . . . . . . 1
2. Biological Catalysis of Respiratory Oxygen Reduction . . . . . . . . . . . . . . 5

2.1. Heme/Cu Terminal Oxidases (HCOs) . . . . . . . . . . . . . . . . . . . . . . . 5
2.2. Cytochromes bd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3. Biomimetic Catalysis of O2 Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1. Simple Fe Porphyrins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2. Functional Analogs of the Heme/Cu Site . . . . . . . . . . . . . . . . . . . . 19
3.3. Possible Physiological Role of CuB from Biomimetic

Electrocatalytic Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4. Summary and Conclusions: Lessons of Biomimetic O2 Reduction for

the Design of Fuel Cell Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2. Fundamental Aspects on the Catalytic Activity of
Metallomacrocyclics for the Electrochemical
Reduction of O2
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Preface

Metal complexes of N4-ligands, such as porphyrins and phthalocyanines, are
widely studied due to their numerous physico-chemical properties and the great
variety of their applications in many fields. For example, metalloporphyrins are
used as biomimetic models for studying several biological redox processes, in par-
ticular for molecular oxygen transport and catalytic activation to mimic monooxy-
genase enzymes of the cytochrome P450. They are also well known as efficient
catalysts for oxidative degradation of various types of pollutants (organohalides,
for example) and residual wastes. The high stability of metallophthalocyanines
makes them suitable for applications in various fields such as catalysis (for ex-
ample, the MEROX process for the sweetening of oils), electrocatalysis (air
batteries and fuel cells), dye stuffs, coloring for plastics and metal surfaces, sensor
applications, chromatographic detectors, photoconducting agents, etc. Both these
families of complexes are now also used for photobiology and photodynamic
cancer therapy, electrochemical removal of organic wastes, display devices, elec-
trochromism, electroluminescence, molecular metals, and nonlinear optical ap-
plications. Additionally, the intrinsic diversity and selectivity of axial ligation
of these macrocycles confer to them formidable challenging potential uses as
electrochemical-sensing devices for several fields of application in analytical,
electro-, and spectrophotochemistry.

The rich and reversible redox chemistry of metalloporphyrins and metal-
lophthalocyanines is the key factor that allows them to serve as mediators in many
electron transfer reactions. Since the 1970s and more importantly in recent years,
numerous reports have demonstrated that these complexes can be successfully
used as electrocatalysts for a great variety of electrochemical reactions. One can
cite some examples such as the oxidation of dopamine, thiols, H2S, HS−, reduced
glutathione, L-cysteine, coenzyme A, penicillin, oxalic acid, NADH, hydroxy-
lamine, hydrazine, nitrite, nitric oxide, cyanide, organic peroxides, hydrogen per-
oxide, propylgallate, ascorbic acid, hydroquinone, catechol, phenols, chlorophe-
nols, sulfite, etc. and the reduction of molecular oxygen, hydrogen peroxide,
carbon dioxide, L-cystine, disulfides, thionylchloride, etc. It is remarkable that
a large number of the studied reactions involve significantly relevant biological
compounds and the list keeps increasing as more publications appear in the lit-
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erature reporting on new reactions and electrocatalytic processes. Concerning the
fields of photoelectrochemistry and photocatalysis, although the list of the stud-
ied reactions and processes involving photoassistance is less abundant and fewer
systems have been studied, this area of investigation is experiencing intense devel-
opment due to the implication of these compounds in photobiology and nanosized
semiconductor materials.

Nowadays, the double desire to mimic enzymatic or natural systems and to
develop new complex structures that do combine a well-defined topology and a
marked chemical flexibility allowing both the finetuning of the properties of the
electron transfer reactions and the expansion of the supramolecular architectures,
is incontestably leading to an active area of research devoted to the concept of
“design of intelligent molecular material electrodes” with predetermined reactiv-
ity. To do so, highly elaborate synthesis routes are developed to design chem-
ically modified metalloporphyrins and metallophthalocyanines that can then be
simply strongly adsorbed on conventional materials, electropolymerized on con-
ducting substrates, incorporated into hybrid organic/inorganic gel or solid matrix
to produce catalytic electrodes with long-term stabilities, for expanded practical
analytical applications.

Thus, it is clear that the numerous and varied possibilities of uses and of
applications ensure that porphyrin and phthalocyanine compounds will remain of
vital importance for many years to come and that the related fields of investigation
are expected to have significant ramifications. The publication since 1997 of The
Journal of Porphyrins and Phthalocyanines, an international journal of significant
impact factor entirely devoted to these molecular materials, is a significant indi-
cator. Also the Society of Porphyrins and Phthalocyanines provides a forum for
interaction among researchers around the world.

The main objective of this monograph is to provide a general updated view
of the vast applications of these materials in electrochemistry by focusing on a
few significant topics and examples. It is also aimed at offering future projections
and opening new fields of research and investigations.

J.H. Zagal
F. Bedioui

J.P. Dodelet
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1
Billion-Year-Old Oxygen Cathode that
Actually Works: Respiratory Oxygen
Reduction and its Biomimetic
Analogs

Roman Boulatov

1. The Basic Concepts of Energy Metabolism

Life exists only through a constant dissipation of energy. This energy is
extracted from the environment, either as sunlight (photosynthesis) or as food (re-
duced organic matter, such as glucose or H2). Two nonphotosynthetic forms of
energy metabolism are fermentation and respiration1. In fermentation complex
organic molecules, such as glucose, are broken down exergonically to simpler
products (reactions 1.1), such as lactate (in muscle cells) or ethanol (in baker’s
yeast). Although fermentation proceeds by a series of electron transfer steps, it
does not consume any external oxidants. The organic compounds of the food un-
dergo disproportionation. In contrast, respiration involves the oxidation of food by
an environmental oxidant (reaction 1.2). Mechanistically, food is converted into
reduced respiratory electron carriers, such as NADH and FADH2 (reaction 1.3),
which enter the respiration cycle (reaction 1.4). Respiration proceeds by enzyme-
catalyzed electron transfer between respiratory electron carriers, starting with the
strongest reductants, NADH and FADH2 and ending with the weakest reductants,
quinols and cytochrome c2. Oxidation of the latter carriers in the final redox step
of respiration requires an environmental (or terminal) oxidant.

C6H12O6 � 2CH3CH(OH)CO2H �G = −6 kcal mol−1 (1.1a)

C6H12O6 � 2CO2 + 2CH3CH2OH �G = −54 kcal mol−1 (1.1b)

}
fermentation

Roman Boulatov • Department of Chemistry, University of Illinois, 600 South Mathews Ave.,
Urbana, IL.
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C6H12O6 + 6O2 � 6CO2 + 6H2O

�G = −600 kcal mol−1 (1.2) aerobic respiration

C6H12O6 + 6H2O + 10NAD+2FAD

−→ 6CO2 + 10H+ + 10NADH + 2FADH2 (1.3) glycolysis

2NADH + 2H+ + O2 −→ 2NAD+ + 2H2O (1.4) respiration

The free energy available from photosynthesis, fermentation, or respiration
is captured in the form of transmembrane electrochemical gradients, generally
of protons3. The gradient-generating system is embedded in a closed, relatively
proton-impermeable membrane. The membrane-enclosed space (such as mito-
chondrial matrix, chloroplast’s thylakoid space, or prokaryotic cytoplasm) is
maintained at a pH and electrostatic potential different from that of the outside
environment by membrane-embedded enzymes of the respiratory (or photosyn-
thetic) cycle. Some of these enzymes use the free energy of exergonic chemical
reactions they catalyze to actively translocate protons from the less acidic com-
partment to the more acidic one (proton pumps). Others create the transmembrane
gradient by carrying out proton-consuming and proton-releasing reactions at the
opposite sites of the membrane because of the appropriate location of the corre-
sponding catalytic domains. The membrane-embedded ATP synthase converts the
exergonic movement of protons down this electrochemical gradient into the free
energy of the pyrophosphate bond in ATP (Figure 1.1)2–5.

Depending on the environmental niche occupied by an organism, its respira-
tion can be based on molecular oxygen, nitrate, fumarate, sulfate, carbon dioxide,
etc. as the terminal oxidant6. Among these bioavailable oxidants, O2 is by far
the strongest, enabling an aerobe to extract the largest amount of energy from
a given amount of food (Figure 1.2). Other advantages of O2 as the terminal
oxidant include its high abundance on the modern Earth, high permeation rate
across biological membranes,∗ and the nontoxic reduction product, H2O†. As a
result, all multicellular organisms are obligatory aerobes, whereas fermentation
and anaerobic respiration are limited to prokaryotes‡ and certain single-celled
eukaryotes1, 6.

Although O2 is a powerful four-electron/four-proton (4e/4H+) oxidant, it
is kinetically inert under ambient conditions. The inertness of O2 arises from it

∗ A lipid membrane provides no barrier for O2 diffusion, its permeability coefficient being
∼40 cm s−1, which is ∼20% higher than the O2 permeability coefficient of an H2O layer of
the same thickness7. Inside cells, most of O2 flux occurs not by passive diffusion of O2, which
is insufficiently soluble in H2O to provide required fluxes, but by diffusion of oxymyoglobin8,
which unloads O2 at the point of O2 consumption (e.g., at the outer mitochondrial membrane).

† However, partially reduced oxygen species, such as O−
2 , HO2, H2O2, and •OH, are toxic.

‡ Prokaryotes are single-celled organisms whose cell lacks a well-defined, membrane-enclosed
nucleus and other organelles. Eukaryotes are cells with a distinct nucleus and cytoplasm.
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Figure 1.1. (A) A cross-sectional view of the mitochondrion indicating its four distinct
components. (B) A schematic view of the mammalian respiratory electron transfer chain
embedded in the inner mitochondrial membrane. Exergonic electron flow (narrow arrows)
from NADH to quinone (Q), from quinol to ferricytochrome c, and finally, from ferro-
cytochrome c to O2 are catalyzed by NADH dehydrogenase, cytochrome bc1, and
cytochrome c oxidase, respectively. Although thermodynamically favorable, electron
transfer between the electron carriers bypassing the respiratory enzymes is too slow. The
respiratory enzymes utilize a fraction of the free energy of these redox processes for ender-
gonic translocation of H+ from the basic, negatively charged matrix, to the more acidic,
positively charged intermembrane space (gray block arrows)2, 3. Protons spontaneously
flow from the intermembrane space to the matrix, down the electrochemical H+ gradient,
through ATP synthase, powering the synthesis of ATP from ADP and inorganic phosphate
(Pi). White and gray arrows depict exergonic and endergonic processes, respectively.

having a low affinity for H+ (reaction 1.5), other electrophiles and H atoms10

(reaction 1.6), being a poor 1e oxidant particularly in neutral aqueous media
(reaction 1.7)§, and having a triplet electronic ground state. The latter precludes

§ Superoxide is a moderately strong base (pKa of the conjugate acid, HO2, is ∼4.2) so that at pH
< 4.5 the formal potential of 1e− reduction of O2 to O−

2 depends on the concentration of H+ as:
Eo′ = Eo + RT/F ln(1+[H+]/K (HO2)).
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Figure 1.2. Comparison of the free energy available in three common forms of respiration:
aerobic, based on nitrate, and on fumarate.

direct reaction between O2 and most organic matter, which is in a singlet ground
state. This inertness of O2 allows for the existence of reduced organic matter in
the highly oxidizing atmosphere of the modern Earth. However, this inertness also
means that reduction of O2 to H2O at a rate and electrochemical potentials that
are useful for energy metabolism requires catalysis.

O2 + H+ � HO+
2 �G0 ∼ 95 kcal mol−1, K ∼ 10−70(est.)∗∗ (1.5)

O2 + 1/2H2 � HO2 �G0 = 3 kcal mol−1, K = 6 × 10−3 (1.6)

O2 + e− � O−
2 �G0 = 8 kcal mol−1, K = 3 × 10−6,

�E0′ = −0.33 V(vs.NHE)†† (1.7)

The appearance of photosynthesis and the subsequent increase in the con-
centration of O2 in the Earth’s atmosphere ∼2 billion years ago11 provided the
environmental pressure for the evolution of enzymes to catalyze the 4e/4H+
reduction of O2 to H2O as an energy source. All known enzymes that per-
form this task, called terminal oxidases12–22, are membrane-bound proteins.
Two distinct classes of terminal oxidases are known. The better-studied super-
family of heme/Cu terminal oxidases12–21 are distributed throughout all three
domains of life (Bacteria, Archaea, and Eukarya) and contain a binuclear por-
phyrinatoiron(heme)–Cu site at which O2 is reduced. The much less studied
and smaller group of cytochrome bd terminal oxidases22 is widely distributed in
Gram-negative heterotrophs only‡‡. Cytochromes bd contain a binuclear heme–

∗∗ The thermodynamic values are referenced to the standard states of 1 atm partial pressure or 1 M
aqueous solution at 298 K for gases, and H+, HO+

2 , and HO2, respectively.
†† The values are for neutral (pH 7) solution in equilibrium with 1 atm partial pressure of O2.
‡‡ Gram-negative bacteria (e.g., E. coli) are microorganisms that have two cell membranes, separated

by a periplasmic space; Gram-positive bacteria (e.g., Streptococci) have only one membrane. Het-
erotrophic organisms require complex organic compounds for metabolism as opposed to being
able to utilize CO2 as the only source of carbon.
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Figure 1.3. Chemical structures of some common hemes.

heme O2 reduction site. Chemical structures of biologically significant hemes are
illustrated in Figure 1.3.

2. Biological Catalysis of Respiratory Oxygen
Reduction

2.1. Heme/Cu Terminal Oxidases (HCOs)

The superfamily comprises three classes: cytochrome c oxidases
(CcOs)12–20, quinol oxidases, and cytochrome cbb3 oxidases20, 21. CcOs are the
only HCOs present in eukaryotes. Enzymes of all classes contain a binuclear
heme–Cu catalytic site and all act as proton pumps. The water-soluble elec-
tron carrier, ferrocytochrome c, is the physiological electron donor for CcOs and
cytochrome cbb3 oxidases. Certain CcOs can also oxidize specific high-potential
iron–sulfur proteins (HiPIPs)23. Quinol oxidases catalyze a 2e/2H+ oxidation of
various quinols to quinones as the source of electrons for O2 reduction.

There is substantial structural and functional homology among CcOs from
different organisms and between CcOs and quinol oxidases (Figure 1.4)24, 25. The
vast majority of HCOs have at least two subunits: subunit I, containing the cat-
alytic domain, and subunit II. These are the only subunits required for O2 re-
duction and proton pumping. Mammalian CcOs contain as many as 11 additional
subunits, of uncertain function15, 18. HCOs reduce O2 at a bimetallic heme/Cu site
(Figure 1.5)26, whose Fe–Cu distance varies around ∼5 Å, depending on the ex-
ogenous ligation of the metal ions. The ∼5-Å distance is appropriate for a bridg-
ing peroxide ligand, but whether such an intermediate ever forms at the heme/Cu
site is uncertain. Most known CcOs and quinol oxidases appear to undergo a
post-translational modification, linking one of the Cu-ligating imidazoles to a phe-
nol residue of a tyrosine (Figure 1.5). The existence of this link is often taken to
indicate that a phenoxyl radical is formed during initial enzyme turnovers27.

All HCOs also have a six-coordinate heme in the same subunit as the
catalytic site. In addition all cytochrome c oxidases have a binuclear CuA site
and some also have a six-coordinate heme in the noncatalytic subunit (subunit
II)20. These centers are absent in quinol oxidases. The six-coordinate heme(s)
and CuA sites are responsible for electron-relay between the external electron
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proximal side

Distal side

Tyr244

His240
His291

His290

~5 Å

CuB

His376

Heme a3

Figure 1.5. The catalytic O2 reduction site of CcO26. The numbering of the residues is
from the crystal structure of bovine heart CcO.

Ferrocytochrome c
Intermembrane spac

(neutral)

Matrix
(basic, negatively charged)

O2-reduction
site

CuB

CuA

Mg

Heme a3

Heme a

Alternative
ET path

e−

e−

e−

Figure 1.6. Electron transfer paths in mammalian CcO26. The six-coordinate heme a
and the catalytic heme–Cu site are located at approximately the same depth within the
dielectric.

donors (ferrocytochrome c, reduced HiPIP, or quinols) and the catalytic heme/Cu
site (Figure 1.6)26. They may also be involved in the storage of external reduc-
ing equivalents during enzymatic turnover and/or controlling the redox poten-
tials of the heme/Cu site (see below). The presence of additional electron-relay
sites in CcOs relative to quinol oxidases is due to the different physicochemical
properties of the electron donors utilized by these two classes of HCOs. CcOs ac-
cept electrons from water-soluble ferrocytochrome c. The corresponding docking
site is located outside of the membrane and relatively far from the six-coordinate
heme a (or the heme/Cu site). Hence, the need for an additional electron-relay
site. In contrast, quinols are localized in the lipid bilayer and dock much closer to
the six-coordinate heme b site28.

With its four redox centers (CuA, heme a, heme a3 and CuB) mammalian
CcO can exist in one of four redox states: fully oxidized and singly reduced,
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which are aerobically stable; and mixed-valence (2e-reduced), 3e−, and fully re-
duced, all of which reduce O2 to the redox level of water within <200 µs of O2
binding13, 18, 19. This rate is substantially faster than the average rate of electron
transfer within the mammalian respiratory chain under normal physiological con-
ditions, which is 1 electron per 5–20 ms1. A comparison of these two numbers
suggests that: (a) the major redox state of CcO that binds O2 in vivo is mixed
valence, whereas the 3e− and fully reduced enzymes may be relevant only under
hypoxic (low O2) conditions; and (b) mixed-valence CcO reduces O2 by four elec-
trons without receiving any additional reducing equivalents from ferrocytochrome
c. Thus, in the catalytic cycle of CcO, oxidation of four ferrocytochromes and the
4e reduction of O2 are efficiently decoupled, allowing for complete reduction of
O2 to occur much faster than the rate of electron flow within the respiratory chain.
Conceivably, this minimizes the chance of CcO “getting stuck” with a partially
reduced dioxygen species (such as peroxide). This cytotoxic species could be re-
leased into the medium while the enzyme waits for an arrival of an electron from
ferrocytochrome c.

The decoupling is accomplished by at least two routes. First, the redox po-
tentials of the catalytic heme/Cu site are strongly dependent on the redox states
of heme a and the CuA cofactor12. Whereas the heme/Cu site in 1e-reduced CcO
(compound E19, Figure 1.7) is in the aerobically stable FeIII/CuII state, it becomes
fully reduced (FeII/CuI) in mixed-valence (2e-reduced) CcO and thus binds O2.
Second, temporary oxidation of CcO by two equivalents above its resting, fully-
oxidized, state, provides all four electrons for rapid reduction of O2 to “oxides”
(1e− each comes from CuI

B →CuII
B and TyrOH→TyrO•19, 27, 29 and 2e− come

from FeII
a3 →FeIV

a3, Figure 1.7). The resulting PM intermediate (Figure 1.7) is
stable on the timescale of the electron flow between the components of the respi-
ratory chain19.

Thus, the heme/Cu site of HCOs appears to be optimized to reduce O2 un-
der kinetically limiting electron flux by converting bound O2 to oxides 20–100
times faster than oxidizing a single molecule of ferrocytochrome c (Table 1.1).
This rapid reduction minimizes the lifetime of intermediates containing partially
reduced oxygen (such as peroxide), whose accidental release from the catalytic
site would be cytotoxic. However, such rapid reduction of the O–O bond also
results in the heme a3/O2 adduct (compound A) being the only spectroscopically
observed intermediates of CcO containing an O–O bond.

The lack of spectroscopically observable intermediates between compounds
A and PM severely complicates attempts to understand the atomic mechanism of
O–O bond reduction by studying the catalytic cycle spectroscopically. From com-
putational studies the conversion of compound A to compound PM was proposed
to proceed via a ferric-hydroperoxo intermediate (Figure 1.7). This intermedi-
ate is generated by H atom transfer from CuB-bound H2O to the distal atom of
oxyheme30, 31. The hydroperoxide, which may or may not interact strongly with
CuII

B, is reduced to PM by another H atom transfer, from Tyr244 (Figure 1.5), via
a two-molecule H2O bridge. The calculations indicate that the hydroperoxo in-
termediate is generated slower than it is consumed, making it spectroscopically
unobservable.
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Figure 1.7. A plausible sequence of steps for O2 reduction by mixed-valence CcO based
on single-turnover spectroscopic studies of CcO and DFT calculations. Structures in the
square frame depict the catalytic site (Figure 1.5); imidazole ligation of CuB is omitted for
clarity; exogenous ligation of CuB is uncertain and is not shown. The rectangular dashed
frame signifies the other redox-cofactors. FeII

c and FeIII
c are ferro- and ferricytochrome c,

respectively. Compound H is an “activated” analog of the resting-state CcO (compound
O)19. The external reducing equivalent in singly reduced CcO (compound E) may be
localized mainly on CuB

19 The heme a3/O2 adduct (oxyheme or compound A) is often
considered as ferriheme/superoxide, FeIII

a3–(O−
2 ), complex.

The dual physiological role of HCOs determines the energetics of O2 reduc-
tion by these enzymes (reactions 1.8–1.13, Figure 1.8). By clearing the respira-
tory electron transfer chain from low-potential (weakly reducing) electron CcOs
allow a continuous electron flow from NADH to quinones to ferricytochrome
c. The redox potential of the last electron carrier, cytochrome c (∼250 mV at
pH 7), determines the overall potential drop (∼550 mV) available for the NADH
dehydrogenase and cytochrome bc components of the respiratory chain. The dif-
ference between the redox potentials of ferri-/ferrocytochrome c (∼250 mV, re-
action 1.8) and O2/H2O (∼800 mV at pH 7, reaction 1.12, Figure 1.8) is utilized
by CcO to increase the electrochemical potential gradient across the inner mito-
chondrial membrane (the protonmotive force, Figure 1.1).

This increase is brought about by two mechanisms. First, the enzyme draws
four protons for the reduction of O2 from the basic, negatively charged site of the
membrane (N-side or matrix). Four electrons come from the opposite site (P-side
or intermembrane space, Figure 1.1). The annihilation of these opposite charges
at the O2 reduction site (reactions 1.9 and 1.10) is equivalent to the transloca-
tion of four charges across the membrane against the electrostatic potential. This
consumes ∼220 mV (the value of the transmembrane gradient) of the free en-
ergy of reaction 1.1219. CcO expends another ∼220 mV by physically moving
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Table 1.1. Summary of Properties of Mammalian CcO

Catalyzed reactiona O2 + 4(FeIIc)IMS + 8H+
matrix

� 2H2O + 4(FeIIIc)IMS + 4H+
IMS

Driving force 100 mV
Turnover frequencyb 10–100 s−1 19

Power output 0.4–4 MW mol−1 or 2–20 W g−1 c

Energy-tranducing efficiency 80%
Lifetime Days13

Selectivityd >99%
Potential of the reductant 250 mV
Potential of the catalytic site > 350 mV12, 19

in compound Re

Rates of intramolecular 2 × 104 s−1 (CuA/heme a); > 3 × 104 s−1

redox equilibration (heme a/heme a3)f 12, 18, 70

O2 affinity, Kd 0.3 mM (ferroheme a3); 8 mM (CuI
B)18

Inhibitors Strong: CN−, N−
3 ; weak: CO12,83

a IMS: intermembrane space (Figure 1.1), Fec: cytochrome c.
b At physiologically relevant potentials; with Ru(NH3)2+

6 in air-saturated buffers,

turnover frequency of up to 500 s−1 was observed13.
c Molecular weight of CcOs is up to 200 kDa.
d Fraction of the O2 flux converted to H2O (vis-à-vis partially reduced oxygen
species).
e The heme/Cu potential depends both on the site’s protonation state70 and on the
redox states of heme a and CuA

12; cited is “the best guess” potential in the mixed-
valence intermediate ready to bind O2.
f During turnover, the reduction rate of the heme/Cu site is limited by H+ flow70.

four protons from the N-side (matrix) to the P-side (intermembrane space) of the
mitochondrion, by an unknown mechanism14, 16–19. As a result, out of ∼550 mV
of the potential difference between the electron donor (ferrocytochrome c) and
the electron acceptor (O2), CcO captures ∼450 mV (>80%) in a form that can
be directly utilized by the cell to satisfy its energy-dissipating requirements.
Quinol oxidases utilize a stronger reductant (e.g., ubiquinol, ∼50 mV vs. ferro-
cytochrome c, ∼250 mV)13 and operate against a lower electrochemical gradient
(∼180 mV)1 than CcOs do, so that their energy-transducing efficiency is corre-
spondingly lower (∼45%).

Cytochrome cbb3 oxidases comprise the third class of enzymes belong-
ing to the HCO superfamily20, 21. Like other HCOs, cytochromes cbb3 catalyze
reduction of O2 at a bimetallic heme/Cu site, contain an additional six-coordinate
heme in the catalytic subunit, and act as proton pumps. Although both CcOs and
cytochromes cbb3 utilize cytochrome c as the physiological reductant, structurally
and functionally they differ more than CcOs and quinol oxidases do. Unlike
CcOs, which are distributed throughout all three domains of life, cytochromes
cbb3 are found almost exclusively in Proteobacteria (a group of Gram-negative
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Figure 1.8. Energetics of O2 reduction by mammalian CcO. Subscripts signify the loca-
tion of charged species in the transmembrane electrochemical gradient: the intermembrane
space (IMS); the heme/Cu site or the matrix (Figure 1.1). The potentials are approximate
and referenced to the normal hydrogen electrode at pH 7.

bacteria, see footnote ‡‡ on page 4)21. Cytochromes cbb3 appear to have evolved
for respiration under microaerobic conditions. This is suggested by the very high
O2 affinity of their heme/Cu site (KM ∼ 7 nM20 vs. 0.1–1 µM for CcOs and
ubiquinol oxidases18; compare to the O2 affinity of mammalian O2 carrier, myo-
globin: Kd ∼ 0.5–2 µM32). In the absence of crystallographic data, the struc-
tural origin of this high affinity remains unknown. Analysis of the primary amino
acid sequences suggests the absence of the histidine–tyrosine21 linkage observed
in catalytic sites of most CcOs and quinol oxidases (Figure 1.5). What moiety
provides the fourth electron for O2 reduction by the mixed-valence (2e-reduced)
state of cytochromes cbb3 is not known. Other data, such as gas binding and
recombination studies, also suggest a unique organization of the heme/Cu site in
cytochromes cbb3. Cytochromes cbb3 also lack the electron-relay CuA site, which
is replaced by 3 six-coordinate hemes. The enzymes’ energy-transducing effi-
ciency is lower than that of CcOs. There is evidence suggesting that physiological
roles of cytochromes cbb3 may also include signal transduction and O2 scaveng-
ing21. Cytochrome cbb3 oxidases are the only type of terminal oxidases expressed
in a number of pathogenic organisms, including H. pylori, N. gonorrhoeae, and
N. meningitidis. Expression of cytochrome cbb3 oxidases was suggested to be re-
quired for colonization of anoxic tissues and may be an important determinant of
pathogenicity21.

2.2. Cytochromes bd

Cytochrome bd oxidases are aerobic terminal oxidases unrelated to HCOs.
They function as quinol oxidases and are widely distributed in Gram-negative
bacteria (see footnote ‡‡ on page 4) and possibly some Archaea§§ 22. Like cy-
tochromes cbb3, cytochromes bd are also suggested to be essential for microaer-
obiosis and may protect anaerobic processes from O2. Cytochromes bd are not
known to operate as proton pumps. The enzymes generate a transmembrane elec-
trochemical potential of ∼180 mV relying solely on substrate protons, e.g., by

§§ Archaea comprise one of the two major divisions of prokaryotes.
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releasing 4H+ in quinol oxidation at the acidic P-side of the membrane and up-
taking 4H+ from the N-side of the membrane for O2 reduction. It was reported,
however, that cytochromes cd may translocate Na+ 22.

Cytochromes bd are two-subunit enzymes, containing one heme d and two
heme b groups, but not Cu or nonheme Fe. Whereas one heme b is six-coordinate
and is thought to be the initial site of electron uptake from quinol, the other heme b
and the heme d center are five-coordinate, although the nature of the axial ligands
is not known. The two hemes share a binding pocket. In this pocket, however, only
heme d is a high-affinity ligand binding site, which is also the O2 reduction site.
The Feheme b–Feheme d distance within this pocket is too long for diatomic mole-
cules to bridge the two metals and there is little if any bimetallic cooperativity in
ligand binding (unlike that in CcOs, where O2 first binds to CuB and is subse-
quently transferred to heme a3

18). As expected for a terminal oxidase optimized
for microaerobiosis, O2 affinity of heme d is high (Kd ∼ 25 nM).

The redox potentials of the hemes in cytochrome bd oxidases are ∼100 mV
more reducing than the potentials of the redox cofactors in HCOs. Up to three ex-
ternal reducing equivalents can be stored in these hemes. The primary O2-binding
redox form in vivo was hypothesized to be a complex between singly reduced cy-
tochromes cd and the quinol, or the fully reduced enzyme, both of which would
have a total of three external reducing equivalents. Only two oxygen-containing
intermediates have been observed spectroscopically in the enzyme under turnover:
a heme d/O2 adduct, where O2 does not appear to interact strongly with any other
moieties in the binding pocket, and heme d oxoferryl. As in HCOs, no peroxo-
level intermediates have convincingly been detected in cytochromes bd.

Cytochromes cbb3 and particularly cytochromes bd catalyze O2 reduction
by mechanism(s) that are likely quite different from that observed in CcOs and
quinol oxidases. Obtaining crystallographic structures of these enzymes would
significantly contribute to our understanding of the diversity of the biochemical
strategies of aerobic respiration.

3. Biomimetic Catalysis of O2 Reduction

The significance of 4e/4H+ reduction of O2 for the existence of the ter-
restrial biosphere and the importance of heme centers in catalyzing this reaction
stimulated a significant effort aimed at replicating this reactivity in artificial sys-
tems containing a heme/Cu unit. No biomimetic studies of cytochromes bd have
been carried out due to the narrower distribution of these enzymes in the biosphere
and the lack of crystallographic data on their catalytic site. Biomimetic studies of
HCOs currently develop along two major directions. First includes work on elec-
trocatalytic O2 reduction using electrode-confined Fe porphyrins (one so-called
“functional” heme/Cu analogs). Second, O2 reactivity of synthetic heme/Cu
analogs is studied under stoichiometric conditions. A clever and promising ap-
proach, which is yet to be fully recognized, involves engineering the heme/Cu
site into a simpler enzyme, such as myoglobin33. Synthetic systems designed to
reproduce only the spectroscopic properties of the heme/Cu site, mainly of CcO,
are of historic interest28, 34. This review deals only with heme/Cu analogs whose
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electrocatalytic behavior has been characterized. Studies of the stoichiometric O2
reactivity of biomimetic analogs and spectroscopic heme/Cu mimics have been
extensively reviewed elsewhere28, 34, 35. The recent developments are described in
refs [36–38].

Biomimetic studies usually have one of three objectives: (a) to reproduce in
a synthetic system the reactivity pattern theretofore observed only in an enzyme,
(b) to design useful synthetic catalysts based on the principles learned from study-
ing the corresponding enzyme(s), and (c) to better understand the mechanism and
structure/activity relationship of an enzymatic catalytic site by studying a properly
designed biomimetic analog.

Initial work in biomimetic O2 reduction was aimed almost exclusively at
designing Fe porphyrin-based compounds that, when immobilized on an elec-
trode, would catalyze electrochemical O2 reduction mainly to H2O (as opposed
to H2O2) regardless of the electrochemical potential or the lifetime of the cat-
alyst28, 32. Such an objective is problematic in several aspects, as discussed be-
low. It has evolved into studying the catalysts under conditions that would more
closely resemble those under which HCOs operate in vivo (potentials, electron
flow vs. O2 flux, hydrophobicity of the microenvironment). More biologically
relevant conclusions, particularly regarding the structure/activity relationship at
the enzymatic catalytic site (objective (c) above) can be drawn from such experi-
ments. It remains to be seen if a useful catalyst (e.g., for O2 reduction in fuel cells)
can be designed based on the knowledge acquired in biomimetic studies of HCOs.

Biomimetic electrocatalytic O2 reduction is studied almost exclusively by
rotating disk or rotating ring–disk voltammetry39 (Figure 1.9). Usually, a water-
insoluble catalyst is deposited on the graphite disk as a film of poorly defined
morphology either by spontaneous adsorption from a solution of the catalyst in
an organic solvent or by evaporation of an aliquot of such a solution onto the
electrode. It is impossible to know the amount of catalyst immobilized on the
electrode by spontaneous adsorption (although the amount of electroactive cata-
lyst can be determined coulommetrically). Nor is it generally possible to vary the
amount of the deposited catalyst. Spin casting is free of such limitations but it may
produce more morphologically heterogeneous catalytic films due to nonuniform
precipitation of the catalyst during the rapid evaporation of the solvent.

The modified electrode is immersed in a buffered air- (or O−
2 ) saturated

aqueous solution and the electrode potential is scanned. The selectivity of the
catalysis, often represented as nav , the average number of electrons delivered to
an O2 molecule (reaction 1.14), is determined either from the ratio of the ring
and disk currents or from Koutecky–Levich plots (plots of inverse catalytic cur-
rents vs. inverse square–root of the rotational frequency of the electrode). The
ring–disk ratio quantifies selectivity at both the potential-dependent and plateau
parts of a linear-sweep voltammogram (Figure 1.9). However, for practical rea-
sons only limiting currents can be acquired with adequate reproducibility to be
used in Koutecky–Levich plots. Koutecky–Levich plots also afford information
about catalytic turnover frequency at potentials corresponding to the plateau of
the catalytic waves, provided that substrate and/or charge transfer within the cat-
alytic film are not turnover limiting.
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Figure 1.9. A. Rotating ring-disk electrode (RRDE). The RRDE employed in biomimetic
O2 reduction studies usually contains a graphite disk and Pt ring electrodes. A water-
insoluble catalyst is deposited on the graphite disk as a film, the electrode is immersed
in an aqueous medium and is rotated. This rotation causes a flow of the electrolyte to the
electrode (B), bringing the reactants to the catalyst. The products of the catalysis (H2O
and, if the catalyst is not 100% selective, H2O2 and/or O−

2 -HO2) are transported to the
ring electrode where H2O2 and/or O−

2 HO2 are oxidized generating the ring current. A set
of voltammograms at different rotational frequencies of the RRDE is obtained (C). From
the ring-disk current ratio, the average redox stoichiometry of catalysis (nav, reaction 1.14)
can be determined if the collection efficiency of the ring towards H2O2 is known. When
the catalytic currents are proportional to both the bulk concentration of O2, [O2]bulk and
the surface coverage of the catalyst, �cat, the value of nav and the apparent second order
rate constant can also be determined from a linear Koutecky-Levich plot39 (D). Koutecky-
Levich plots are plots of the inverse disk current vs. inverse square root of the rotational
frequency.
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O2 + navH+ + nave− + catalyst
kcat−→ H2O(n=4) + H2O(n=2)

2 + catalyst (1.14)

The approach of characterizing catalytic properties of heme/Cu analogs us-
ing electrode-adsorbed films is quite useful but has several limitations that must
be kept in mind when analyzing the literature data or designing new experi-
ments. First, ring–disk voltammetry characterizes the catalytic properties of a
film, which may differ significantly from those of individual, isolated molecules
of the catalyst. For example, the fraction of O2 reduced to H2O2 by films of Fe
tetraphenylporphyrin, Fe(TPP) (Figure 1.10), decreases as the amount of the de-
posited catalyst increases28. One explanation for this is that individual molecules
of Fe(TPP) reduce O2 mainly to H2O2, but a significant residence time of H2O2
in the catalytic film increases the probability of its further reduction to H2O by
other molecules of the catalyst40. The residence time and hence the probability
of H2O2 being reduced before escaping the film increases as more catalyst is de-
posited on the electrode. Second, neither RRDE nor Koutecky–Levich plots allow
one to identify whether O–O bond homolysis is an important side reaction dur-
ing catalytic turnover. Many simple Fe porphyrins induce O–O bond homolysis
in H2O2

41 generating highly reactive •OH.9 Hydroperoxyl radical reacts rapidly
with components of the film so that it never escapes from the catalytic film and
hence never reaches the ring electrode. A product of a reaction between •OH
and a component of the catalytic film will become reduced by the electrode, thus
contributing to the disk current. Third, as is the case of any chemically mod-
ified electrode42, charge and/or substrate propagation in the catalytic film may
affect the turnover frequency and this possibility must be taken into account when
kinetic data are being sought. For a more detailed discussion of the limitations
of RRDE as currently practiced in biomimetic O2 reduction, see refs [28, 32].
Many of these limitations are addressed only in the latest studies of biomimetic O2
reduction43.

3.1. Simple Fe Porphyrins

The knowledge of the catalytic properties of simple Fe porphyrins toward
electroreduction of O2 and H2O2 is essential for understanding the structure/
function relationship in electrocatalytic reduction of O2 by structurally more elab-
orate synthetic analogs of the heme/Cu site. Electroreduction of O2 and occasion-
ally of H2O2 by simple Fe porphyrins (Figure 1.10) immobilized on a graphite
electrode has been studied fairly extensively over the past 25 years28. Although
there is substantial disagreement in the literature regarding the quantitative as-
pects of this reactivity a few generalizations can be made:

1. Electrocatalytic reduction of both O2 and H2O2 starts at potentials close
to the FeIII/II potential in the absence of a substrate (which for most
porphyrins is ∼0.2–0 V vs. NHE at pH ≤ 6; the exception being
Fe(TMPyP), E ∼ 0.5 V). Catalytic reduction of H2O2 by simple ferric
porphyrins is too slow to be detectable in typical electrocatalytic experi-
ments.

2. Depending on pH, increasing the acidity of the solution either makes the
potential required to yield a fixed turnover frequency more oxidizing by
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Figure 1.10. Chemical structures and abbreviated names of simple Fe porphyrins whose
catalytic properties toward electrochemical reduction of O2 and in some cases of H2O2
have been studied.

60 mV/pH or does not affect it. This pH dependence is in most cases the
same as that of the FeIII/II couple in the absence of a substrate. These
identical pH dependencies suggest a pre-equilibrium between the ferric
and ferrous forms of the catalyst followed by a kinetically irreversible
step that does not involve proton or electron transfer, e.g., O2 binding.

3. The apparent redox stoichiometry of O2 reduction catalysis (nav, reaction
1.14) is pH independent but for many catalysts depends strongly on the
applied potential (Figure 1.11)40. The apparent selectivity increases with
the amount of deposited catalyst.

4. Usually simple Fe porphyrins degrade rapidly during catalytic O2 reduc-
tion.



Respiratory Oxygen Reduction and Its Biomimetic Analogs 17

0.3 0.1

Disk potential, V Disk potential, V Disk potential, V

Disk
current

2e reduction 4e reduction <4e reduction <4e reduction4e reduction

A B C

Ring
current

0.3 0.1 0.3 0.1

Figure 1.11. Typical current-potential curves for O2 reduction by simple Fe porphyrins
immobilized on a graphite electrode. The simulated traces are based on data in ref. [40] for
(A) Fe(TPP); (B) Fe(PPIX); (C) Fe(TPyP) (see Figure 1.10 for chemical structures) in a
pH 0 electrolyte. Qualitatively similar voltammograms are observed at other pH.

Most of these results can be understood within a generic mechanistic
scheme (Figure 1.12)44, based on numerous studies of reactions between O2
or H2O2 and Fe porphyrins under stoichiometric conditions (see for exam-
ple ref. [41]), and heme enzymes in single-turnover experiments44. Only five-
coordinate ferrous centers have any measurable affinity for O2. Ferric porphyrins
are aerobically stable; four- and six-coordinate ferrous porphyrins do not bind O2
but may reduce it to O−

2 by an outer-sphere mechanism, depending on the FeIII/II

potential45. Anaerobic cyclic voltammetry suggests that simple Fe porphyrins de-
posited on an electrode in contact with an aqueous buffer are present mainly in the
bis-aqua ligation state28, 40. This coordinatively saturated complex must lose one
water molecule to bind O2. It is, however, also possible that a minority species, for
example Fe(por) axially ligated by a carboxylate or quinol residue of the graphite
electrode, is the catalytically active form.

Upon O2 binding, the catalyst-O2 adduct is probably reduced to the ferric-
hydroperoxo complex, whose subsequent reactions determine the product
distribution. In hemoproteins evolved for O–O bond reduction, such as peroxi-
dase, this transient intermediate undergoes rapid O–O bond heterolysis yielding
a high-valence oxoferryl-cation radical intermediate (Compound I)44. This re-
action is facilitated both by the proximal ligand (such as imidazole, thiolate, or
phenoxide) and the distal environment (see Figure 1.5 for the definition of prox-
imal and distal sides). Since Fe porphyrins in Figure 1.10 lack appropriate dis-
tal/proximal structures it seems highly probable that O–O bond heterolysis in the
ferric-hydroperoxo intermediate is inhibited relative to the competing reactions,
which include O–O bond homolysis (reaction rxn10, Figure 1.12), hydrolysis of
intact H2O2 (reaction rxn8) and reduction to a ferrous-hydroperoxo intermediate
(reaction rxn4b). The propensity of simple FeIII porphyrins to induce O–O bond
homolysis in H2O2 is well established from studies of stoichiometric reactions
between H2O2 and such porphyrins41. Predominance of this homolytic reduction
pathway (reaction rxn10, Figure 1.12) during catalytic O2 reduction by electrode-
confined Fe porphyrins would explain the low stability of these catalysts. Indeed,
simple Co porphyrins, which catalyze reduction of O2 only to H2O2, retain their
activity over a substantially larger number of turnovers than structurally analo-
gous Fe porphyrins whose films reduce a substantial fraction of O2 to H2O. This
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Figure 1.12. A plausible mechanism for electrochemical reduction of O2 catalyzed by Fe
porphyrins. For X = imidazole or a similar nitrogenous heterocycle the catalysis probably
proceeds through steps rxn4a–rxn5a as it does in hemoproteins, such as peroxidase, cata-
lase, and cytochromes P45044, possibly with a minor contribution from side reaction rxn8.
For simple Fe porphyrins lacking the suitable distal and proximal environments (X = H2O
or a residue of the graphite surface), the ferric-hydroperoxo intermediate decomposes via
reactions rxn8 and rxn10, and at sufficiently reducing potentials it probably undergoes 1e
reduction to the ferrous-hydroperoxo intermediate (reaction rxn4b), which is more suscep-
tible to O–O bond heterolysis than the ferric analog.

is consistent with the primary role of hydroxyl radicals, not H2O2 as sometimes
suggested40, in rapid degradation of Fe porphyrin catalysts.

An increase in the fraction of the 4e reduction pathway at more reducing
potentials (Figure 1.11a,b) is consistent with the kinetic competition between the
release of H2O2 from the ferric-hydroperoxo intermediate and O–O bond hetero-
lysis via a ferrous-hydroperoxo species. Because H2O2 and particularly HO−

2 are
more basic ligands than H2O, reduction of [X(por)FeIII(O2H−)] would require
more reducing potentials than reduction of [X(por)FeIII(OH2)]+ (the latter corre-
sponds to the onset of catalytic O2 reduction28, 32). Since O–O bond heterolysis
in the ferrous-hydroperoxo intermediate does not require oxidation of the por-
phyrin it is more facile than O–O bond heterolysis in the ferric analog. Hence, at
potentials more oxidizing than that of the [X(por)FeIII/II(O2Hx−2

x )]x−1/x−2 cou-
ple, simple Fe porphyrins catalyze mainly 2e reduction of O2 to H2O2, with
possibly an important side reaction of O–O bond homolysis (reaction rxn10).
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This reaction pathway dominates because the kinetics of O–O bond heterolysis
is unfavorable relative to the other two competing pathways (reactions rxn8 and
rxn10). At potentials comparable to, or more reducing than, that of [X(por)FeIII/II

(O2Hx−2
x )]x−1/x−2 (x = 1, 2) the ferric-hydroperoxo intermediate is consumed

in a 1e reduction, followed by irreversible O–O bond heterolysis to yield the
oxoferryl (FeIV) intermediate. The flux of H2O2 decreases.

If this explanation is correct, Fe porphyrins in Figure 1.10 catalyze the 4e
reduction of O2 to H2O by an abiological mechanism and the large overpotentials
of the reduction (up to 1 V at pH 0) are due to the fairly reducing potential re-
quired for rapid 1e reduction of the ferric-hydroperoxo intermediate. One of the
objectives of reproducing the stereoelectronics of the heme/Cu site of HCOs in a
synthetic system is to design catalysts that would be free from these limitations.

3.2. Functional Analogs of the Heme/Cu Site

The stereoelectronic properties of the heme/Cu site of HCOs (Figure 1.5)
are extraordinarily difficult to replicate in a small molecule. The difficult synthetic
chemistry of imidazoles is compounded by the chelating nature of imidazole lig-
ation to both CuB and Fea3 (Figure 1.5). This chelating coordination, enforced by
the conformation of the protein, rather than direct chemical bonds between metal-
bound moieties, increases the dissociative stability of the metal–imidazole bonds.
Synthetic analogs also need to be sufficiently flexible to accommodate the dif-
ferent stereoelectronic requirements of CuI (which prefers a tetrahedral coordina-
tion on steric grounds) and CuII (with its electronic preference for square–planar
and square–pyramidal coordination) and the increasing steric bulk of O2-derived
intermediates during the catalytic cycle. The synthetic methodology for replicat-
ing the majority of the stereoelectronic features of the heme/Cu site (such as the
proximal and distal imidazole environment and the imidazole–phenol moiety)
has been developed only recently38, 46–48 (Figure 1.13, upper reaction scheme).
Consequently, most of the work on biomimetic O2 reduction was carried out on
simplified heme/Cu analogs (Figure 1.14), which are also easier to synthesize
(Figure 1.13).

All reported “functional” heme/Cu analogs (Figure 1.14) are designed on
the tetraaminophenylporphyrin platform because convenient methods for selec-
tive derivatization of the two faces of the porphin exist (Figure 1.13). The steric
repulsion between the ortho- substituents on the phenyl groups and β-pyrrolic hy-
drogens favors perpendicular orientation of the phenyl rings relative to the porphin
plane in meso-aryl porphyrins. Free rotation around Cmeso–Car yl bonds occurs at
any appreciable rate only at temperatures above ∼80◦C. Thus, heating is used
to facilitate the enrichment of the sample in the desired atropomer∗ ∗ ∗. Modern
synthetic schemes utilize an α3β atropomer and orthogonal protecting groups to
attach different proximal and distal groups. Due to reversible metalation of the
distal superstructure, but not of the porphin, Fe is introduced first (in the por-
phin), followed by metalation of the superstructure. The mono- and bimetallic

∗∗∗ Atropomer, also called atropisomer, is a conformational isomer that converts to its other conform-
ers slow on the NMR scale at room temperature; α and β refer to the top and bottom faces of
porphin, with an arbitrarily chosen reference face.
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Figure 1.13. Synthetic schemes for all reported “functional” heme/Cu analogs. Fe metala-
tion, [FeII], usually requires excess anhydrous FeBr2 in glacial acetic acid in the presence
of 2,6-lutidine as base under anaerobic conditions; Cu metalation, [CuI], is usually carried
out with 1 equiv. Cu(AcN)4PF6 in acetonitrile at room temperature. � signifies heating.
Experimental conditions: a) basic alumina, toluene, reflux (enrichment of the mixture in the
α4 atropomer). b) (i) trityl bromide, base; (ii) basic alumina, toluene, reflux (enrichment
of the monotritylated porphyrin in the α3β atropomer). c) (i) trifluoroacetic anhydride,
base (protection of the α3 amines); (ii) acid (deprotection of the β amine); (iii) appropriate
acyl chloride; (iv) ammonia (deprotection of the α3 amines). d) (i) 1eq acetyl chloride;
(ii) excess of chloroacetyl chloride; (iii) Fe metalation; (iv) tris(2-aminoethyl)amine
(TRENH6), 50 ◦C; (v) CuBr. (e) (i) excess of acryloyl chloride, base; (ii) TRENH6 or
TACNH3 (f), 50 ◦C; (iii) metalation with Fe followed by metalation with Cu. f) (i) excess
of acryloyl chloride, base; (ii) (N -Ph)3TREN or TACNH3, 50 ◦C. g) (i) heating to facili-
tate the β-atropomerization of the imidazole-derivatized o-aniline driven by coordination
of the imidazole to Fe; note that the imidazole cannot coordinate to Fe on the distal site
because of the TREN or TACN superstructure (see Figure 1.5 for the definition of the distal
site); (ii) Cu metalation with CuBr.
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Figure 1.14. “Functional” analogs of the heme/Cu site reported to date.

products are analyzed as diamagnetic CO adducts. An important innovation in-
volves the incorporation of a 19F marker into porphyrins, which allows the use
of 19F NMR to monitor reactions and determine the ligand/Cu stoichiometry of
FeCu derivatives using a fluorinated counterion, such as PF−

6 or BF−
4 . Methods

to introduce F markers into distal imidazoles have also been developed49. For a
detailed discussion of the synthetic methodologies, see reviews [28, 32, 50].

Complexes 2FeCu are the best known biomimetic catalysts for electrore-
duction of O2 and are the best studied43, 46, 50–56. They reproduce important
kinetic and mechanistic aspects of O2 and H2O2 reduction by HCOs and are
discussed in detail in the subsequent section. Electrocatalytic properties of 3FeCu
have not been thoroughly studied in part due to the low dissociation stability
of Cu57.

Also poorly studied is the electrocatalytic behavior of complexes 5 and 8,
which both contain a proximal imidazole (pyridine) ligand and a distal chelate
comprising aliphatic N donors. Complexes 5a–bFeCu and 8FeCu were reported to
catalyze mainly 4e reduction of O3 (although at unspecified and probably abiologi-
cally reducing potentials)58, 59. In contrast, a structurally related complex 5cFeCu



22 Roman Boulatov

releases a substantial fraction of reduced oxygen as H2O2 (Table 1.2) and is an
inferior catalyst than most simple Fe porphyrins59, 60. The origin of such a dra-
matic difference is unknown. Compounds 5a–bFeCu adsorbed on the electrode
demonstrate a single peak by cyclic voltammetry under N2

58. The presence of
a single redox peak may result either from indistinguishable FeIII/II and CuII/I

potentials or loss of Cu from the electrode-confined catalysts. The latter possi-
bility, that has not yet been addressed by the authors, may account for the ob-
served differences in the electrocatalytic behavior of stereoelectronically similar
5a–b and 5c. Under anhydrous conditions, stoichiometric O2 binding to the fully
reduced FeII/CuI complexes 5FeCu yields a bridging peroxo adduct, FeIII–O–O–
CuII, not the ferric-superoxide/CuI form of oxygenated heme/Cu site (compound
A, Figure 1.7)18 or of 2FeCuO2 adduct (Figure 1.15)18, 53, 61. Compounds 5FeCu
and 8FeCu, which are relatively easy to synthesize, may play an important role in
understanding the basic dioxygen chemistry of FeII and CuI ions, but they have
not proved to be particularly suitable for understanding the structure/activity rela-
tionship at the heme/Cu site of HCO.

Related compounds with the tris-quinoline superstructure with and with-
out Cu (4bFeCu and 4bFe-only) manifest electrocatalytic properties (Table 1.2)
comparable to those of simple Fe porphyrins62.

Although the elimination of the proximal nitrogenous axial ligand in 4aFe
and 4aFeCu has little apparent effect on the fraction of the 4e reduction pathway,
the catalytic behavior of Fe and FeCu derivatives of 6 and 7 is quite unusual63.
Whereas electrocatalytic properties of Fe-only complexes (Table 1.2) appear to
be comparable to those of some simple Fe porphyrins, the introduction of Cu into
the distal superstructure results in substantially lower selectivities toward the 4e
pathway (Table 1.2) as well as decreased stability of the catalysts. No adequate
explanation for this unexpected result was offered by the authors63. It may origi-
nate from Cu-mediated homolysis of the O-O bond in H2O2, which is generated
during O2 reduction at the Fe porphyrin moiety. Cu, being an efficient Fenton
reagent, generates •OH in the presence of H2O2. A substantial flux of hydroxyl
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Figure 1.15. O2 adducts of (A) the heme/Cu site of HCOs (compound A) and (B and C)
two heme/Cu analogs53, 61. Structure A is derived from resonance Raman spectroscopy18.
structure B (derived from 2cFeCu, Figure 1.14, Table 1.2) is based on resonance Raman
and 1H NMR spectroscopic data53 and structure C is determined by single-crystal X-ray
analysis; counterion (BPh−

4 ) is omitted for clarity61. Replication of both the distal and
proximal environment in 2cFeCu was required to obtain the biologically relevant ferric-
superoxide/CuI isomer of the O2 adduct, not the more common ferric-peroxo-CuII isomer.
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Table 1.2. Electrocatalytic Properties Toward O2 Reduction of the Functional Heme/Cu
Site Analogs. See Figure 1.14 for the Relevant Chemical Structures. All Potentials are vs.

the Normal Hydrogen Electrode (NHE)

Catalust Ecat, Va E1/2O2, Selectivity (nav) References
(Figure 1.14) V at pH 7 At E1/2 At plateau

2FeCud 0.1 0.2 ∼4 4 [43]
2Fe-onlyd 0.1 0.2 >3.7–3.8 4 [43]
3aFeCu n.r. 0.2e n.r. 4f [57]
3bFeCu ∼0.25 0.15 n.r. 4f [57]
4aFeCu n.r. 0 2.5–3.5 3.4 ilim (3.8 ir/id) [62]
4aFe-only n.r. 0 2.2–3.4 3.5 ilim (3.9 ir/id) [62]
4bFeCu n.r. 0.1 <3.1 3.5 ilim [62]
4bFe-only n.r. n.m. 3.6 ilim [62]
5aFeCu n.r. 0.15 n.r. 3.9, KL [58]
5bFeCu n.r. 0.2 n.r. 3.9, KL [58]
5cFeCu ∼0.1 (Fe); 0.15 n.r. 2-3.1h [59, 60]

∼0.5 (Cu)g

8FeCu ∼0.15 (Fe); 0.15f n.r. 4-3.6h, KL [59, 60]
∼ −0.2 (Cu)g

6FeCu n.r. 0 <2.6 2.7 ir/id [63]
6Fe-only n.r. 0 <3.8 4 ir/id [63]
7FeCu n.r. 0.05 2.5–3 2.8, ilim (3.2 ir/id) [63]
7Fe-only n.r. 0 3.7–3.8 4 ir/id [63]

a The redox couple (FeIII/II/CuII/I or FeIIICuII/FeIICuI) for the graphite-adsorbed catalyst
in the absence of a substrate; n.r. – not reported.
b The half-wave potential of the catalytic wave for O2 reduction by rotating disk voltam-
metry. This value depends on the electrode rotation rate, bulk O2 concentration, pH, and
in many cases on the scan rate, the amount of the adsorbed catalyst, and the nature of the
supporting electrolyte; n.m. – not meaningful (no defined wave).
c The apparent redox stoichiometry of O2 reduction. We have calculated the nav values at
E1/2 from the linear-sweep voltammograms presented by the authors using the collection
efficiencies reported by the authors or estimated from rotating ring–disk voltammogram
of O2 reduction on a bare graphite electrode. The method whereby nav was estimated:
KL—the Koutecky–Levich plot (Figure 1.9B); ir/ id—the ring-to-disk current ratio when
the collection efficiency is reported or could be estimated; ilim—comparison of the limiting
current yielded by the catalyst with that given by the standard with a known nav under the
identical experimental conditions. The higher nav estimated from the ir/ id ratio for several
entries probably indicates that the reported collection efficiencies are significantly overes-
timated.
d The imidazole substitution pattern of the distal superstructure has only a minor effect on
the electrochemical behavior.
e The numbers were extracted from the voltammograms given in the supplementary infor-
mation.
f “No detectable peroxide leakage”; neither rotating ring–disk voltammograms nor ir/ id
values are presented and the experimental collection efficiency is not specified.
g The peaks labeled as CuII/I are poorly defined and only quasireversible, these peaks may
not correspond to the CuII/I couple.
h The first number refers to the originally reported selectivity; the second n value was re-
ported later.
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radicals would lead to a rapid degradation of the catalyst. Since partially degraded
forms of 6FeCu and 7FeCu are likely less selective 4e catalysts than intact 6FeCu
and 7FeCu, at the beginning of the degradation process the decrease in the cat-
alytic currents may originate from lower average stoichiometry of O2 reduction
(nav < 4). Only subsequently, the lower current may reflect the complete loss of
the catalytic activity of a fraction of the catalytic film. Under anhydrous condi-
tions, some FeII/CuI analogs of the heme/Cu site lacking the proximal imidazole
bind O2 in an unusual, biologically unprecedented mode (Figure 1.15). Other
FeCu complexes form linear FeIII–(O2−

2 )–CuII units, based on their O–O bond
frequencies28, 34. With the exception of 2cFeCu, no biomimetic analogs of the
heme/Cu site reproduce the O2 binding mode seen in compound A (Figure 1.7).

The literature data on synthetic Fe porphyrins convincingly suggest the im-
portance of axial imidazole ligation in determining the reactivity of Fe porphyrins
with O2

43, ROOH (R = H, alkyl, aryl),43, 64 peroxysulfate and XO−
n species

(X = Cl, n = 2; X = Br, n = 3)56. Although addition of 1- or 1,2-substituted
imidazoles to heme/Cu analogs lacking a chelating proximal imidazole in organic
solvents yields five-coordinate Fe centers65, there is no evidence that this strategy
generates imidazole-ligated Fe porphyrins when they are adsorbed on an elec-
trode28. Therefore, an efficient Fe-porphyrin based catalyst for electroreduction of
O2 would probably have to incorporate a proximal imidazole- or pyridine-derived
ligand covalently attached to the porphin.

All reported synthetic heme/Cu analogs have FeII and CuI potentials (≤150
mV at pH 7) that are substantially more reducing than the ferri-/ferroheme a3

and CuII/I
B potentials (∼350 mV at pH 7)12, 19. Increasing the FeIII/II potentials of

heme/Cu analogs is important for at least two reasons. First, because ferric por-
phyrins do not bind O2, the FeIII/II potential determines the onset potential of O2
reduction catalysis and, thus, the overpotential of O2 reduction. Second, O2 catal-
ysis at potentials more oxidizing than that of the O2/H2O2 couple (∼0.25 V at pH
7) is of particular interest, because thermodynamics limits the amount of H2O2
that can be generated as a byproduct under such conditions. The origin of the low
FeIII/II potentials of synthetic heme/Cu analogs is not known. It may be related
to the stabilization of the charged ferric state in the more polar environment ex-
perienced by an electrode-confined catalyst vis-à-vis the heme/Cu site buried in a
nonpolar protein matrix51.

3.3. Possible Physiological Role of CuB from Biomimetic
Electrocatalytic Studies

Elucidating the function of distal CuB in O2 reduction by HCOs has recently
been the major focus of biomimetic studies of HCOs32, 34. CuB has long been as-
sumed to facilitate O–O bond heterolysis, or stabilize peroxo-level intermediates
against dissociation, by forming a bridged Fea3 –(O2−

2 )–CuII
B unit upon O2 bind-

ing66, 67. Such a situation would imply that a bimetallic catalytic site is required
for efficient O2 reduction. This would be comparable to the “dual site” mecha-
nism of O2 reduction at Pt68, which is supported by some recent results69. How-
ever, no peroxo-level intermediates of any kind have ever been observed during
O2 reduction by HCOs and it remains uncertain whether an intermediate where
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Figure 1.16. Cyclic voltammograms under N2 (A,C) and rotating ring–disk current–
potential curves in aqueous air-saturated pH 7 buffers (B,D) of 2FeCu and 2Fe-only
directly adsorbed on a graphite electrode (A,B) and as a 0.7% (mol) suspension in a ∼1-
µm-thick phosphadytilcholine film on the electrode surface (C,D). The rapid charge trans-
fer within the films of adsorbed catalysts is supported by the linear dependence of the peak
currents on the scan rate. The non-ideal shape of the peaks is due to cooperative behavior
of the catalytic films as a whole51. The FeIII/II and CuII/I potentials are the same in the
adsorbed catalysts (A) but separate when the catalysts are in the lipid film (C). Autooxi-
dation of the catalyst–O2 complex is the major source of ring-detectable byproducts (see
below) and accounts for the potential-dependent selectivity of electrode-adsorbed catalysts
(B). The measured collection efficiency of the ring electrode toward H2O2 in these exper-
iments was 15%.

Fe and Cu are bridged forms even transiently18. Indeed, O2 binding to the 2e
reduced heme/Cu site yields a ferriheme-superoxide/CuI

B adduct (compound A,
Figure 1.7) with little or no interaction between bound O2 and CuI

B despite the
suitable Fe–Cu distance (∼5 Å) and CuII/I potential.

To understand what role, if any, distal Cu plays in O2 reduction at the
heme/Cu site, electrochemical reduction of O2 at physiologically relevant poten-
tials (>50 mV) in pH 7 buffers was studied using a series of synthetic heme/Cu
complexes 2 (Figure 1.14) in the bimetallic FeCu and monometallic Fe-only
form43, 51, 54, 55.

The catalysts directly adsorbed on the electrode surface (up to an appar-
ent surface coverage† † † of ∼2.5 nmol cm−2) produced films within which both

††† Since the roughness of pyrolytic graphite is high, in the absence of the experimentally determined
roughness factor, only geometric surface coverage can be calculated.
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Table 1.3. Reactivity of Biomimetic Analogs 2FeCu Toward O2 and H2 O2 and the
Relevant Data for Mammalian CcO

FeCua Mammalian CcOb

Eo, mV (no substrate) 120 ≥ 250c

% of the 4e O2 reduction pathway >96 − 98 >99 (?)
Turnover frequency of O2 reduction at
250 mV, s−1

>2 >50

Intermediate generated in the first kinet-
ically irreversible step after O2 binding

(por)FeIII–OOH (por)FeIII–OOH (?) d

(kcat)max of O2 reduction, M−1s−1 e 1 × 105 1.5–2.5 × 105

kO2 , M−1s−1 e >2 × 107 1–3 × 108

Redox state of the O2 adduct FeIII(O−
2 )/CuI 53 FeIII(O−

2 )/CuI

Power output in O2 reduction, W g−1 100 <20
kapp of H2O2 reduction at 450 mV,
M−1s−1 e

800 700 14

(kapp)max of H2O2 reduction,
M−1s−1 e

2 × 104 2 × 104 f

a Data from ref. 43 unless indicated otherwise.
b Data from ref. 13 unless indicated otherwise.
c The heme/CuB potential depends both on the site’s protonation state70 and on the redox
states of heme a and CuA

12. It may be higher or lower than indicated.
d Based on DFT calculations30, 31.
e kcat is the apparent second-order catalytic rate constant for reduction of O2 (reaction
1.14 page 14) or H2O2 at a specified potential; (kcat)max is the maximum (potential-
independent) rate constant; kO2 , second-order rate constant for binding of O2 to the five-
coordinate, ferrous catalyst (see below).
f Single-turnover experiment14.

the charge transfer and the substrate transfer were more rapid than the catalytic
reaction. By studying O2 reduction under such conditions (Figure 1.16a,b)51 it
was established that these catalysts reproduce certain key kinetic (Table 1.3) and
mechanistic aspects of O2 reduction at the heme/Cu site. Using •OH scavengers
the catalysts were shown to generate undetectable amount of hydroxyl radicals
(which results from homolysis of the O–O bond, Figure 1.12). Lack of O–O bond
homolysis may explain why the catalysts retain their catalytic performance for
over >105 turnovers. Based on the significantly greater turnover numbers of the
catalysts in reduction of O2 than of H2O2 (under N2), the sequential mechanism
of 4e O2 reduction via the intermediacy of free H2O2 was estimated to contribute
no more than 2–4% of the overall current consumption. The kinetic mecha-
nism of O2 electroreduction (Figure 1.17)43, 46 by these catalysts was derived
from:

1. The pH dependence of catalytic currents under conditions of nonturnover-
limiting substrate delivery.
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2. The potentials for the (por)FeIV=O/(por)FeIIIOH and (por)FeIII/II(OH2)
couples and the pKa of the coordinated H2O determined by cyclic voltam-
metry in the absence of a substrate (Figures 1.16a and 1.17a).

3. The position of the equilibrium between aqua-ligated six-coordinate
(por)FeII(OH2) and catalytically active five-coordinate ferrous catalysts
(por)FeII, from inhibition of the O2 reduction currents by CN−54.

4. The lower limit on the rate of the O–O bond heterolysis in the putative
ferric-hydroperoxo intermediate from the rate of H2O2 reduction by the
ferric catalyst (at potentials >400 mV at pH 7).

The mechanism most consistent with these data and the known dioxygen
chemistry of Fe porphyrins (Figure 1.17) postulates that the product-determining
intermediate, the ferric-hydroperoxo adduct, is generated slower than it is con-
sumed by O–O bond heterolysis (i.e., the ferric-hydroperoxo intermediate is gen-
erated in the turnover-determining step). Such kinetics minimizes the steady-state
concentration of the ferric-hydroperoxo intermediate and hence the amount of
H2O2 that can be released during catalysis. Dioxygen reduction by CcO was also
proposed to proceed by a slow generation of the ferric-hydroperoxo intermediate,
followed by its rapid reduction30, 31.

To explain the potential-dependent redox stoichiometry of the catalysis
(Figure 1.18) under rapid electron flow, the nature of the primary partially re-
duced oxygen species released by the catalyst was determined43. Because ring
current itself does not allow the differentiation between H2O2 and O−

2 , selec-
tive superoxide scavengers (Figure 1.19) were incorporated into catalytic films.
These compounds react rapidly with O−

2 (or its protonated form, hydroperoxyl
radical, HO2), reducing it to H2O2 without consuming current from the disk elec-
trode. Subsequent oxidation of H2O2 to O2 at the ring electrode generates twice
as much current as oxidation of O−

2 would if superoxide were not reduced by the
scavenger. As a result, if free O−

2 is generated within the film, with some proba-
bility, it will get reduced nonelectrochemically by a scavenger to H2O2 before
escaping the film. An increase in the ring current due to oxidation of the product
(H2O2) at the ring will be observed. The magnitude of the increase depends on
the molar fraction of O−

2 in the primary flux of partially-reduced oxygen species
released by the catalyst and the kinetic competition between O−

2 reduction by the
scavenger and all other secondary sinks of O−

2 . The latter include recapture by the
catalyst, escape from the film, electrochemical reduction or oxidation (depending
on its protonation state), etc.

Catalytic films of 2aCu-free (Fe-only) catalysts containing 25% (mol) of
one of the scavengers in Figure 1.19 were found to generate higher ir/id ratios in
O2 reduction than similar films containing no additives, or additives structurally
similar to the scavengers but inert to O−

2 (HO2)
43. The magnitude of the increase

correlated with the reported rate constants for O−
2 reduction by these scavengers

(Figure 1.19). No effect was observed with 2aFeCu films. From these data it was
concluded43 that the primary side reaction at least for the 2aFe-only complex is
superoxide-releasing hydrolysis of the catalyst-O2 adduct (autooxidation— reac-
tion 7 in Figure 1.12). Autooxidation is common for all FeII-porphyrin complexes
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Figure 1.17. A plausible mechanism of O2 reduction by catalysts 2FeCu (Figure 1.14) in
the physical contact with a graphite electrode. (A) The pH dependence of the formal po-
tentials in the absence of O2, Eo′

(♦, the FeIIICuII/FeIICuI potential of the FeCu complex;
+, the FeIII/II potential of the Cu-free analog), and of the catalytic half-wave potentials,
Ecat

1/2 (�, the FeCu catalyst; ×, the Cu-free catalyst). Note that the dependencies are iden-
tical for both the Cu-free and FeCu catalysts. The least-squares fit (LSF) of the Eo′

vs.
pH data (A, broken line) indicates a water molecule (pKa ∼ 8.4) as an exogenous sixth
ligand at the FeIII. The Ecat

1/2 vs. pH data reveals two reversible electron transfer steps and
a protonation as components of the turnover-determining part of the catalytic cycle. The
mechanism in (B) is most consistent with these data (analogs of compounds O (H), R,
and A of the CcO cycle, Figure 1.7, are indicated). Based on these data a rate law was
derived (C) which fits well the experimental data (A, solid line), using a single adjustable
parameter, k−O2/e f E◦

2 kH+ The reaction steps depicted with broken arrows are kinetically
invisible at pH 7. Only the composition and the redox states (but not the structures) of inter-
mediates in B indicated with asterisks are known. The other intermediates were prepared
independently and characterized spectroscopically43, 46, 53.
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Figure 1.18. The potential-dependent selectivity of O2 reduction by the 2bFeCu and 2bFe-
only catalysts under rapid electron flux represented as the ring-to-disk current ratio cor-
rected for the collection efficiency of the ring.
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Figure 1.19. Superoxide vs. H2O2 as the primary partially reduced oxygen species re-
leased within the catalytic film can be differentiated by observing the effect of superoxide
scavengers incorporated in the catalytic film on the ring-to-disk current ratio (ir/ id). At
a sufficient concentration in the film, the scavengers will reduce O−

2 (or HO2) nonelec-
trochemically to H2O2, whose oxidation at the ring generates twice as much current as
oxidation of O−

2 would. The apparent rate constants, kapp, are those reported in the litera-
ture for homogeneous reactions; pcp—percentage points.

(including hemoproteins) exposed to O2, particularly in protic medium. Apparent
autooxidation rate constants at pH 7 vary between 10−6 and 0.03 s−1 for hemo-
proteins and are even faster for certain synthetic macrocyclic Fe complexes45.
Free O−

2 is also a possible intermediate in electrochemical O2 reduction at sur-
faces68.

The autooxidation rate constant for 2aFe-only was estimated to be
∼0.03 s−1, which is comparable to that of indoleamine dioxygenase45 and the
corresponding constant for the FeCu analog is probably ∼5 times lower. A qual-
itatively similar difference in stabilities of the O2 adducts of 2cFe-only and
2cFeCu was observed in an anhydrous medium53. How distal Cu stabilizes the O2
adduct is not known. Within this mechanism, the potential-dependent selectivity
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of the catalytic films (Figure 1.18) reflects the potential-dependent fraction of the
catalyst-O2 adduct (oxyheme or ferric-superoxide intermediate). The amount of
the oxygenated catalyst increases as potentials decrease to ∼200 mV, because
a higher fraction of the catalytic film becomes reduced to the O2-binding FeII

state. As potentials become more reducing than ∼200 mV, the fraction of the
oxygenated catalyst decreases because: (a) the concentration of O2 at the elec-
trode/solution interface decreases due to its faster reduction by the modified elec-
trode and (b) the redox equilibrium between the oxygenated catalyst and the
ferric-peroxo intermediate (Figure 1.17) shifts toward the latter. At the plateau
of catalytic waves, these two processes account for such a low steady-state con-
centration of the oxygenated catalyst that no detectable amount of O−

2 is released.
Although catalysts 2 successfully reproduce a number of stereoelectronic

and catalytic properties of the heme/Cu site (Figure 1.5), their FeIIICuII/FeIICuI

potential are lower than those of the heme a3 and CuB (Figure 1.16a and Table 1.3)
and their turnover frequency at potentials of cytochrome c are also likely lower
(only the lower limit of the turnover frequency was established)43. It was argued
that a very polar environment within the catalytic film efficiently stabilized the
charged ferric state, thereby making the FeIII/II and CuII/I potentials too reducing.
In an environment whose dielectric constant is similar to that in the vicinity of the
heme/Cu site, these synthetic catalysts were estimated to have potentials >250
mV51. The presumably lower turnover frequency of the catalysts at 250–50 mV
was attributed43 to: (a) the lower FeIII/II potentials as discussed above and (b) the
very high population of the six-coordinate ferrous-aqua form of the catalyst (only
<0.1% of the ferrous catalyst is present in the catalytically active five-coordinate
state). The latter was also related to the high concentration of H2O in the catalytic
environment compared to that in CcO.

The major finding of this study was that despite the lower autooxidation
rate of oxygenated 2aFeCu, both the mechanism and the kinetics of O2 reduction
by electrode-adsorbed catalysts are comparable for the FeCu and Cu-free (Fe-
only) forms. It was thus concluded that the distal Cu has no significant effect on
catalysis when the electron flow to the catalytic sites is not kinetically limited
(which is achieved by placing the catalysts in physical contact with an electrode).

However, as previously discussed, in vivo HCOs operate under kinetically
limiting electron flux. To reproduce the physiologically relevant conditions of
electron flux, the complexes were embedded at a low molar fraction in a lipid
matrix on the electrode surface55. The kinetically limiting electron flux in such
systems was established by: (a) the square root dependence of the FeIII/II peak
currents (Figure 1.16c) under anaerobic conditions on the CV scan rate and (b)
the independence of the catalytic currents (Figure 1.16d) on the electrode rotation
frequency for air-saturated solutions. Under the conditions of kinetically limiting
electron flow the Fe-only catalyst demonstrated much poorer catalytic activity
than the FeCu analog (Figure 1.16d). This was explained by a substantially faster
degradation of the Fe-only complex due to oxidation of the organic ligand, instead
of CuI, during reductive O–O bond cleavage (Figure 1.20).

Although this degradation pathway may be important for a molecule in
contact with an aqueous medium, many enzymatic redox reactions proceed by
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Figure 1.20. A plausible sequence of steps accounting for faster decomposition of 2Fe
vs. 2FeCu in O2 reduction under kinetically limiting electron flow, based on the kinetic
mechanism in Figure 1.17.

oxidation of organic prosthetic groups and/or amino acid residues (see for exam-
ple the postulated mechanism of CcO, Figure 1.7). In these enzymes the protein
matrix protects these organic radicals from nucleophilic attack by H2O and thus
degradation. While it seems plausible that CuB (and Tyr244) in HCOs prevent ox-
idation of the heme to the cation radical, the function of such prevention is proba-
bly not to protect the heme against degradation. It would be very interesting to see
how the replacement of Cu with phenol (the Fe-only derivative of 1, Figure 1.14)
would affect the catalytic behavior given that the phenol/phenoxyl-radical redox
potential is more oxidizing that CuII/I one.

The fact that only 2aFeCu, but not 2aFe-only (Figure 1.14), has catalytic ac-
tivity under kinetically limiting electron flux (whatever the origin of this might be)
convincingly indicates that Cu in 2 can participate in O2 reduction. On the other
hand, Cu does not significantly affect the kinetics or the mechanism of O2 reduc-
tion in the regime of rapid electron flow. This lack of an effect cannot be ascribed
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to the loss of Cu during electrocatalysis, because under identical conditions the
FeCu catalyst manifests a significantly lower autooxidation rate and lower sus-
ceptibility to inhibition by CN−, N−

3 , and CO (all biologically relevant poisons of
HCOs, see Table 1.1)54. These observations suggest that distal Cu in 2 does not
provide an O2 reduction pathway that has a substantially lower activation barrier
than that available to the Cu-free complex. However, under a biologically relevant
kinetically limiting electron flux, when electrons for the reduction are not readily
available from the environment (such as the electrode), Cu serves as an efficient
intramolecular reductant. These heme/Cu analogs reproduce several major kinetic
and mechanistic aspects of the O2 reactivity of HCOs. Because of this functional
fidelity, the effects of Cu on O2 reduction seen in these biomimetic analogs may
be reasonably expected to be present in CcOs as well. Consequently, CuB’s func-
tion in the enzymatic O2 reduction may be to store an electron in the immediate
proximity of the catalytic center (heme a3) rather than to provide a unique, low-
activation reaction pathway (e.g., involving a bridged-peroxo intermediate) that
would be inaccessible for the heme alone. Although HCOs have multiple electron
storing sites besides CuB, the rate of electron transfer between heme a and heme
a3 is limited by the proton flow70. Hence, storing the fourth electron as ferroheme
a instead of CuI

B may slow the 4e reduction of bound O2 (compound A→P, Fig-
ure 1.7) enough for the release of H2O2 by hydrolysis of the ferric-hydroperoxo
intermediate to become important. Certain biochemical experiments33 indepen-
dently suggest that the function of CuB in the O2 reduction cycle of HCOs may
be primarily electron storage. On the other hand, experiments with CuB-free mu-
tants HCOs have not been conclusive71–73. CuB is well known to be the first site
of O2 binding to the heme/Cu center18, although the physiological importance of
this phenomenon is not known. CuB may also be involved in the proton pumping.
This possibility presently cannot be addressed in biomimetic studies.

4. Summary and Conclusions: Lessons of Biomimetic
O2 Reduction for the Design of Fuel Cell Catalysts

Aerobic metabolism, based on molecular oxygen as the final acceptor of
electrons of the respiratory electron transfer chain, is the most efficient form of
energy metabolism known. Reduction of O2 to H2O is catalyzed by two dis-
tinct classes of enzymes: heme/Cu terminal oxidases (HCOs) and cytochrome
bd oxidases, which span either mitochondrial or bacterial membranes. The major
physiological functions of these enzymes are: (a) to clear the respiratory electron
transfer chain from low-energy electrons and (b) to contribute to the build-up of
transmembrane electrochemical proton gradients—the form of energy directly us-
able by cells. The terminal oxidases clear the respiratory electron transfer chain by
oxidizing the least-reducing electron carriers, ferrocytochrome c (by cytochrome
c oxidases (CcOs) and cytochromes cbb3) or various quinols (by quinol oxidases
and cytochromes bd). The lower the redox potentials of the least-reducing elec-
tron carriers are, the more energy is available for the build-up of transmembrane
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electrochemical gradients by the components of the respiratory electron transfer
chain other than the terminal oxidase.

On the other hand, the overpotential of O2 reduction (the difference in the
standard redox potentials of the electron donor and the O2/H2O couple) provides
the free energy that the HCO can transduce into the transmembrane potential
gradient. All terminal oxidases contribute to the build-up of the transmembrane
gradients by taking protons and electrons for 4e/4H+ reduction of O2 from the op-
posite sites of the membrane, which expends 180–220 mV of the overpotential. In
addition, all HCOs (but not cytochromes bd from prokaryotes) are proton pumps,
i.e., they mechanically move protons (up to four per molecule of O2) from the
basic, negatively charged side of the membrane, to the acidic, positively charged
side (another 180–220 mV, Figure 1.8). As a result, mammalian CcO reduces
O2 at an overpotential of ∼550 mV; it converts >80% of the free energy of this
overpotential into protonmotive force at a power output of 4 MW mol−1, while
operating in a nearly neutral aqueous environment, at room temperature, and the
O2 pressure of <40 mmHg.

The catalytic O2-reducing site of HCOs comprises a five-coordinate heme
(Fe porphyrin) and a trisimidazole-ligated Cu. O2 binds to and is reduced at the
ferroheme of the 2e reduced (FeII/CuI) heme/Cu site. Reduction of O2 to the redox
level of H2O is so rapid that no intermediates containing partially reduced oxygen
species (e.g., various peroxo-type derivatives) have been observed during enzy-
matic turnover. Consequently, the exact mechanism of the O–O bond reduction is
unknown. Likewise, CuI is oxidized during this step but whether Cu functions to
form a transient, unobservable, bridged-peroxo intermediate, FeIII–(O2−

2 )–CuII,
or serves simply as an electron storage site is also not known. Much less is es-
tablished about the mechanism of O2 reduction at the heme/heme catalytic site of
cytochromes bd, whose crystal structure has not yet been determined. No peroxo-
level intermediates have ever been observed during O2 reduction by cytochromes
bd either.

Studies of biomimetic respiratory O2 reduction aim at: (a) designing small
synthetic catalysts for electrochemical reduction of O2 at biologically relevant
electrochemical potentials (>50 mV vs. NHE) and in a neutral aqueous medium
with the turnover frequency and the selectivity of HCOs and (b) using these cata-
lysts to clarify the structure/activity relationship at the O2-reducing heme/Cu site
of HCOs. The best biomimetic catalysts reproduce key kinetic and mechanistic
aspects of O2 reduction by HCOs, but fall short of HCOs in their turnover fre-
quencies at potentials >50 mV. Nor do any heme/Cu analogs operate as proton
pumps. As a result the energy-tranducing efficiency and the power output of the
best biomimetic electrocatalysts for O2 reduction (using H2 as the reductant) are
∼20% and <100 kW mol−1 (∼100 W g−1), respectively, at pH 7. The over-
potentials are greater and the transducing efficiencies are lower in a more acidic
medium. The degradation of the catalytic properties of these complexes during
turnover is also fairly quick for industrial applications.

The main conclusion from the work on biomimetic O2 reduction has been
the sufficiency of a monometallic catalytic site for fairly selective reduction of
the O–O or X–O bonds (be it in O2, H2O2, peracids, or ClO−

2 ) at potentials >50
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mV (at pH 7) using Fe porphyrin complexes in physical contact with an elec-
trode. Arguably, a monometallic catalyst is easier to design and synthesize than
a bimetallic one. The only structural feature of the heme/Cu site that appears to
be critical is an axial ligation of Fe by imidazole or possibly pyridine. For this
ligand to effectively compete with H2O for Fe coordination, it must be covalently
attached to the porphyrin in the appropriate (chelating) conformation. The na-
ture of the distal environment has a smaller but still noticeable effect: replacing
the “acetyl pickets” in 9 (Scheme 1.1) with imidazoles decreases the production
of partially reduced oxygen species at 150 mV by a factor of ∼3 (from ∼7.5 to
∼2.5%); an additional ∼3-fold decrease (to ∼0.5%, Figure 1.18) can be achieved
by introducing the Cu ion. It is unclear if the improvements of this magnitude jus-
tify the synthetic effort required to create a tris-imidazole superstructure. We lack
sufficient understanding of Fe-porphyrin-based reduction of O2 to predict what,
if any, groups can replace imidazoles to yield easier-to-synthesize and oxidatively
more stable catalysts without diminishing their catalytic properties. Aryl sub-
stituents in the meso positions of the porphin increase the stability of the porphyrin
toward oxidative degradation which probably makes meso-substituted porphyrins
best suited for O2-reduction electrocatalysts.

A strategic question is whether Fe-porphyrin-based systems represent the
best candidates for the development of practical cathode catalysts for fuel cells.
Although the catalytic sites for O2 reduction in all known aerobic respiratory
chains are exclusively hemes, the stereoelectronic properties of these enzymes
have evolved in response to conditions that are irrelevant to those present at a
fuel cell cathode, namely a turnover-limiting electron flux and the conversion of
the free energy of O2 reduction into a transmembrane electrochemical gradient of
protons. For example, these enzymes utilize fairly reducing electron donors (no
more than 250 mV vs. NHE at pH 7) and hence reduce O2 at large overpotentials
(at least 550 mV at pH 7). Indeed, it remains to be seen whether practically fast O2
reduction at overpotentials <500 mV can be achieved with any metalloporphyrin
site. As far as I am aware, knowledge to allow rational design of such catalysts is
yet to be gathered.
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Figure 1.21. The catalytic O2 reduction site of laccase (from M. albomyces)76. The unla-
beled ligands are imidazoles of histidines. The amino acid chains are omitted for clarity.

A biomimetic catalyst based on the catalytic site of high-potential laccases
may ultimately prove to be superior to any porphyrin-based complex. Laccases
are widely distributed in fungi and plants and possibly in prokaryotic organisms,
and are the simplest members of the family of multicopper oxidases74, 75. The
physiological function of laccases is 1e oxidation of various phenols, their deriva-
tives (such as ethers), aromatic amines, and other nonphenolic substrates to highly
reactive radicals using O2 as the terminal oxidant. The latter is reduced to H2O
with small overpotentials at a tri-Cu catalytic site (Figure 1.21)76. The CuII/I po-
tentials of the pair of Cu ions that bind O2 are ∼800 mV at pH 5 (the optimal
pH for these enzymes), compared to ∼900 mV for the reversible potential of the
O2/H2O couple at this pH. The catalytic mechanism is fairly well understood77.
Electrode-immobilized laccases have been investigated for electrochemical oxy-
gen reduction since at least 198478 and promising recent developments have been
reported79–82. However, the narrow window of conditions (pH, ionic strength,
temperature) under which the enzymes are active limits the suitability of such
electrodes to niche applications. Arguably, a biomimetic analog might retain its
activity over a wider spectrum of conditions. To the best of my knowledge, how-
ever, no biomimetic analogs of laccases exist. The trinuclear nature of the catalytic
site undoubtedly makes it an exceptionally challenging synthetic target. Yet it ap-
pears that the challenge may be worth the effort not only for helping to clarify the
enzymatic mechanism but also potentially for developing a practical catalyst for
fuel cell cathode.
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2
Fundamental Aspects on the
Catalytic Activity of
Metallomacrocyclics for the
Electrochemical Reduction of O2

José H. Zagal, Maritza A. Páez, and J. Francisco Silva

1. Introduction

Molecular oxygen is certainly the most abundant oxidant on earth. Practi-
cally all of it is generated by living organisms, and without life it would not be
present in the atmosphere. Molecular oxygen is generated by photosynthesis on
earth and in the sea, so it can be considered a by-product of some living organisms
and other living organisms profit from the free energy available from this mole-
cule to sustain aerobic life. So molecular oxygen is a thermodynamically unstable
molecule and will decay via reduction to form more stable species. So the reduc-
tion of molecular oxygen is favorable on thermodynamic grounds. However, at
room temperature it reacts very slowly with reductants in the absence of catalysts.
Indeed this is good, otherwise many things will burn rapidly at room temperature
and life would not be possible as we know it.

In this chapter we discuss the catalytic properties of metallomacrocyclics
for the electrochemical reduction of molecular oxygen in aqueous media. The dif-
ferent factors that affect their catalytic activity are discussed such as the nature of
the central metal and the ligand, and the spatial conformation of some bimetallic
molecules that possess special catalytic activity due to the binding of O2 simulta-
neously to two metal centers. Catalytic activity of different metallomacrocyclics
is discussed in terms of the different reduction pathways of O2 that they promote,
i.e., 2 vs. 4-electron reduction pathways.
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2. Reaction Pathways for the Reduction of
Molecular Oxygen

In spite of the considerable effort expended in trying to unravel the funda-
mental aspects of the O2 electroreduction reaction, many details about the mech-
anism are not fully understood. The electrochemical reduction of oxygen is a
multielectron reaction that occurs via two main pathways: one involving the trans-
fer of two electrons to give peroxide, and the so-called direct four-electron path-
way to give water. The latter involves the rupture of the O–O bond. The nature of
the electrode strongly influences the preferred pathway. Most electrode materials
catalyze the reaction via two electrons to give peroxide: Peroxide pathway

in acid
O2 + 2H+ + 2e− → 2H2O2 Eo = 0.67V vs. NHE (2.1)

in basic media

O2 + H2O + 2e− → HO−
2 + OH− Eo = −0.065V (2.2)

Peroxide formation during O2 reduction can be followed by its reduction

H2O2 + 2H+ + 2e− → 2H2O Eo = 1.77V (2.3)

HO−
2 + H2O + 2e− → 3OH− Eo = 0.867V (2.4)

or by its chemical decomposition

2H2O2 → 2H2O + O2 (2.5)

direct four-electron reduction pathway

in acid
O2 + 4H+ + 4e− → 2H2O Eo = 1.229V (2.6)

in alkali
O2 + 2H2O + 4e− → 4OH− Eo = 0.401V (2.7)

In strongly alkaline solutions or in organic solvents, O2is reduced via the transfer
of a single electron to give superoxide ion

O2 + e− → O−
2 Eo = −0.33V (2.8)

An important tool employed in the study of the reduction of dioxygen is the
rotating ring–disk electrode technique7. The working electrode is the disk elec-
trode, which is surrounded by a ring set to a constant potential acting as an amper-
ometric sensor of peroxide (see Figure 1.9 of Chapter 1). The ring–disk set-up can
be calibrated with well-known reactions in order to know the amount of reactant
that is detected on the ring (this is called collection efficiency). When studying the
reduction of O2 on a ring–disk electrode it is possible to determine the amount of
peroxide generated in the reaction. For example zero ring currents mean no perox-
ide is generated in the reaction and this is an indication of a four-electron reduc-
tion mechanism. The amount of peroxide is quantified as follows: n = 4ID/(ID +
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(IR/N )), where ID, IR and N are the faradaic current at the disk, the faradaic
current at the ring, and the collection efficiency, respectively, and the percentage
of hydrogen peroxide released in the reaction is then: %H2O2 = 100(4 − n)/2.

In order to obtain the maximum free energy or the highest oxidant capacity
of O2 when this molecule reacts on the cathode of a fuel cell, it is necessary to
reduce O2 via four electrons as in Equations (2.6) and (2.7). So catalysts need
to be developed that promote the four-electron reduction pathway. In practice,
most electrode materials only promote the two-electron pathway, which releases
almost one half of the free energy of the four-electron pathway. This can be at-
tributed in part to the relatively high dissociation energy of the O–O bond (118
kcal/mol). Reduction of dioxygen to give water involves the rupture of the O–O
bond and can involve the interaction of dioxygen with one site (single site) or
with two active sites simultaneously (dual site) on the electrode surface. In this
way, the energy of the O–O bond decreases, favoring bond rupture since elec-
trons accepted by the oxygen molecule will occupy an antibonding π∗ orbital (see
Figure 2.1). Further, dioxygen is a triplet molecule in the fundamental state, with
two unpaired electrons located in the double degenerate π∗ antibonding orbital,
so its interaction with singlet molecules is unfavorable. A priori one would expect
that a catalyst whose fundamental state is not singlet could favor the reduction
of O2. On platinum, O2 reduction occurs almost entirely via four electrons7. It is
possible that on this metal a “bridge cis” type of interaction is favorable, which
involves two metal active sites (see Figure 2.2) since the Pt–Pt separation in cer-
tain crystallographic orientations is optimal for this type of interaction. It is then
very important to develop low-cost catalysts that decrease the overpotential of the
reduction of oxygen and that can also promote the four-electron reduction.

Noble metals (e.g., platinum, gold, and silver), metal oxides, mixed oxides
such as spinels, perovskites, and pyrochlores have been investigated, but by
far the best catalytic material is highly dispersed platinum. The high cost of
this metal stimulated research to look for less expensive alternative materials

Figure 2.1. Molecular orbital diagram of molecular oxygen in the ground state. From
ref. [6], reproduced with permission of Elsevier.
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End-on Side-on

Bridge-cis Bridge-trans

Figure 2.2. Different special configurations for molecular oxygen when it interacts with
metal sites.

(non-noble metal catalysts). Inspired by biological catalysts like cytochrome c
and hemoglobin, N4 macrocyclics have been investigated very intensively in the
last three decades, starting with the seminal work of Jasinski1, who reported for
the first time that cobalt phthalocyanine was catalytically active for the reduction
of O2, and several reviews have appeared in the literature in the last decades deal-
ing with the electrocatalytic activity of MN4 complexes for the reduction of dioxy-
gen2–9. N4 metal macrocyclic complexes are interesting because of the lower costs
compared to noble metals, and for their high tolerance to methanol, for the case
of methanol fuel-cell applications. They are also interesting because they provide
models where active centers can be identified. The catalytic activity can also be
modulated by changing the structure of the macrocyclic ligand. Figure 2.3 illus-
trates the chemical structures of some of the materials investigated.

Several authors have shown that the mechanism of the reaction is very sen-
sitive to the nature of the metal center in the complex. For iron and manganese
phthalocyanines, at low overpotentials a four-electron reduction is observed with
rupture of the O–O bond10. In contrast Co, Ni, and Cu phthalocyanines only
promote the reduction of O2 via two-electrons to give peroxide10. Polymerized
Co tetraamino phthalocyanines promote the four-electron11, 12 reduction whereas
polymerized Fe tetraaminophthalocyanines only promote the two-electron re-
duction13. Vitamin B12, which resembles the structure of cobalt porphyrin (see
Figure 2.4) also promotes the four-electron reduction of O2

14–16. All this indi-
cates that electronic factors around the metal center can dictate the course of the
reaction. Two-electron catalysts such as cobalt porphyrins can be converted to
four-electron catalysts by placing pendant groups on the periphery of the ligands
that increase electron back-bonding17. Cofacial bimetallic complexes (see Fig-
ure 2.5) can be synthesized18 to simultaneously bind both oxygen atoms in O2,
forming a bridge and promote the four-electron reduction. This is discussed in
detail further on. The net catalytic activity of metal macrocyclics is linked to the
redox potential of M(III)/(II) of the complexes, the more positive the redox po-
tential, the higher the activity. This trend is opposite to what is expected from
a simple redox catalysis mechanism, which is generally observed for the reduc-
tion of O2 catalyzed by immobilized enzymes. The metal–N4 chelates need to be
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Figure 2.3. Structures of different MN4 macrocycles. 1: metallophthalocyanine, 2: metal
tetraphenylporphyrin, 3: metal tetraazaanuulene, and 4: metal tetramethoxyphenyl
porphyrine.

supported on a conducting support, like carbon or graphite materials. Long-term
stability is a problem with N4-chelates. Heat treatment in an inert atmosphere
increases both the stability and catalytic activity19–23. Heat-treated materials are
discussed in detail in Chapter 3.

Even though a few studies have been carried out using the complexes in
solution24, most studies have been performed with the metal chelates confined
on an electrode surface, generally graphite or carbon supports. Since the sup-
port 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. In
this chapter we discuss the catalytic activity of transition metal–N4 chelates like
those illustrated in Figures 2.3–2.5 and attention is paid to possible intermediates
in the oxygen reduction reaction.
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Vitamin B12

Figure 2.4. Molecular structure of vitamin B12 (cyanocobalamine).

Figure 2.5. Molecular structure of some cofacial cobalt porphyrins.

3. Interaction of O2 with Active Sites and the
Redox Mechanism

O2 reduction involving more than one electron is an inner-sphere reaction
and involves a strong interaction of dioxygen with an active site. The outer sphere
reduction of dioxygen involves the transfer of one single electron to give peroxide
and probably occurs at the outer Helmholz plane. The kinetics of this outer-sphere
reaction is independent of the nature of the catalyst and does not involve an inter-
action of dioxygen with the electrode surface. Since we are interested in studying
the electrocatalysis of the reaction we focus our discussion on the inner-sphere
reduction mechanisms.
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Figure 2.6. End-on and side-on interactions of frontier orbitals of molecular oxygen with
orbitals of a metal site. From ref. [32], reproduced with permission of The Electrochemical
Society Inc.

The binding of molecular oxygen to the N4 catalyst involves binding to
the d-orbitals of the central metal in the macrocyclic structure and will be influ-
enced by the electronic density located on those orbitals. Figure 2.6 illustrates
some of the 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
and Figures 2.7 and 2.8 illustrate the molecular orbitals diagram for an end-on
and side interaction, respectively. For end-on M–O2 complexes (see Figures 2.6
and 2.7), the major interaction for both σ and π bonding occurs with the π∗
antibonding orbitals of the O2. The σ interaction is primarily between the metal
3dz2 and the in-plane antibonding π s

g orbital on the O2, where the superscript
“s” refers to whether or not the orbital is symmetric (or antisymmetric “a”) with
respect to the MO2 plane. This can be viewed as an electron transfer (ET) to
the O2 from the metal ion. The π interaction is primarily between the metal
3dyz and the 1π a

g (π antibonding antisymmetric orbital) on the O2 and can be
viewed as a back-bonding interaction. In both of these interactions the π s

u and π a
u

(bonding π orbitals symmetric and antisymmetric, respectively) play a lesser role
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Figure 2.7. Qualitative molecular orbital diagram for the end-on M(O2)PL dioxygen
adduct.(M = Fe,Co, P = porphyrin, L = NH3 or imidazole). From ref. [25], reproduced
with permission of the American Chemical Society.

MnP Mn(O2)P O2

Figure 2.8. Qualitative molecular orbital diagram for a side-on Mn(O2)PL dioxygen
adduct. From ref. [25], reproduced with permission of the American Chemical Society.
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in the composition of the bonding orbitals25. For the side-on interaction a 3dz2

orbital of the metal will interact with the 1π u
s bonding orbital (back-bonding in-

teraction) and a 3 dxz with a 1π g
s antibonding orbital of dioxygen as illustrated in

Figures 2.6 and 2.8.
The predominating interactions will weaken the O–O bond. The metal in

the complex should be in the M(II) state, so for example in alkaline solution a
step will require the reduction of M(III):

M(III)–OH + e � M(II) + OH− (2.9)

An adduct will be formed according to:

M(II) + O2 → M(III)–O−
2 or M(II)–O2 (2.10)

This adduct must be short lived. Otherwise it will prevent further O2 mole-
cules from interacting with the active site. The adduct will undergo reduction as
follows:

M(III)–O−
2 + e− → M(II) + intermediates (2.11)

where M(II) is the active site. Equation (2.11) shows the process for basic media
and could involve M(II)–O2 instead of M(III)–O−

2 especially when Co is the metal
center. In acid the process will involve a proton. The scheme above is applicable
to Mn and Fe complexes. In the case of Co complexes, Co(III) is not formed
upon its interaction with the dioxygen molecule but step 9 is still crucial since the
catalytically active site is Co(II)6.

When making comparisons between different catalysts it is important that
the redox potentials or formal potentials are measured in the same conditions
at which the oxygen reduction is investigated. This implies that the same elec-
trolyte and the same pH is used since M(III)/(II) redox couples are pH depen-
dent10, 26, 27. They should also be measured in the adsorbed state and not in
solution since redox potentials of species in the homogeneous phase could dif-
fer from those measured with adsorbed species. For example for CoTMPyP and
FeTMPyP (TMPyP = iron tetrakis(4-N -methylpyridyl)porphyrin) adsorbed on
the edge plane of pyrolytic graphite (0.1 M H2SO4) differences of +0.41 and
+0.3 V were found, respectively, for adsorbed and solution species28, 29.

According to the scheme above, the total driving force of the reaction will
be given by the applied potential and also by the M(III)/M(II) formal potential of
the catalyst, so the catalytic activity could be correlated with the formal potential
of the catalyst. 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−

2 adduct and not at the potential of the M(III)/(II) couple.
The latter should only be observed if the reaction were outer sphere. For the partic-
ular case of iron phthalocyanines and other iron macrocyclics, O2 reduction starts
at potentials very close to the Fe(III)/(II) couple2, 6. In contrast, for cobalt macro-
cyclics reduction of O2 begins at potentials much more negative than those corre-
sponding to the Co(III)/(II) couple10. Several authors have reported correlations
between activity (measured as potential at constant current) and the M(III)/(II)
formal potential and volcano-shaped curves have been obtained5, 10, 30–32, see for
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Figure 2.9. Volcano plot for the electroreduction of O2 on different metal phthalocyanines.
From ref. [6], reproduced with permission of Elsevier.
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Figure 2.10. Plot of log k (at constant potential vs. the M(III)/(II) formal potential of the
MN4 macrocyclic for the reduction of oxygen in 0.2 M NaOH. From ref. [33], reproduced
with permission of Elsevier.

example Figure 2.9. This could indicate that the redox potential needs to be
located in an appropriate window to achieve maximum activity. In other words
a M(III)/(II) formal potential that is too negative (easily oxidable metal center)
or a M(III)/(II) formal potential that is too positive (metal center that is more
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difficult to oxidize) does not favor the catalysis. However more recent studies33, 34

have shown that when comparing families of metallophthalocyanines, linear cor-
relations are obtained when plotting log k (rate constant at fixed potential) vs.
the M(III)/(II) formal potential, as illustrated in Figure 2.10. (First-order rate con-
stants were calculated as k = I/n AFc where I is the current at a given potential;
n is the total number of electrons transferred, which is 2 for the peroxide pathway
and 4 for the reduction to H2O, A is the area of the electrode in cm2; F is the
Faraday constant; and c is the oxygen concentration in moles per cm3). What is
interesting in the data of Figure 2.10 is that one linear correlation is obtained for
Cr, Mn, and Fe complexes and these metals have configurations d4(Cr), d5(Mn),
and d6(Fe). Another linear correlation is obtained for Co complexes, which have a
configuration d7. The other interesting feature in the data of Figure 2.10 is that the
lines are parallel with a slope close to 0.15 V/decade. It is not clear yet what is the
meaning of this slope since there are no models available to explain these obser-
vations. However, one important conclusion for the data in Figure 2.10 is that the
redox potential of the catalysts needs to be as positive as possible, and for a given
complex this can be achieved by placing electron-withdrawing groups on the pe-
riphery of the macrocyclic ligand. The M(III)/(II) redox potential of some macro-
cyclics can be shifted in the positive direction with heat treatment. For example
when iron tetraphenyl porphyrin22, FeTPP, is heat treated the Fe(III)/(II) redox
transition is shifted from 0.2 V vs. RHE for fresh FeTPP to 0.4 V for FeTPP heat
treated at 700◦C. Intermediate redox potentials are obtained for heat treatments
at intermediate temperatures22 and the catalytic activity increases with heat treat-
ment, showing that a more positive redox potential of the catalyst favors the O2
reduction reaction rate.

The increase in activity as the M(III)/(II) redox potential of the catalysts is
more positive is in contrast to what was previously found in volcano correlations
where a maximum activity is observed for intermediate redox potentials. It is also
possible that the data in Figure 2.10 correspond to an incomplete volcano and
further studies are necessary to clarify this point. A possible explanation for the
results in Figure 2.10 (activity decreases as the driving force of the catalyst in-
creases) is that the electronic coupling between the donor (MPc) and the acceptor
(O2) decreases as the electron-donating capacity of the substituents increases, due
to a shift in the energy of the frontier orbitals of the metallophthalocyanine34–36.
The shift in the energy of the frontier orbital with substituents on cobalt phthalo-
cyanines has been estimated by Schlettwein37 and Cárdenas-Jirón38 using PM3
and ZINDO/S semiempirical theoretical calculations. There are several methods
to estimate the electronic coupling matrix elements between the donor and the
acceptor in ET reactions. One of them considers the energy difference between
the LUMO (lowest unoccupied molecular orbital) of the electron acceptor and
the HOMO (highest occupied molecular orbital) of the electron donor39 but this
requires a knowledge of the distance that separates the donor from the accep-
tor. This is not simple for an inner-sphere reaction where the M· · · O2 distance
could vary from complex to complex. To avoid this, another reactivity index can
be used to rationalize the data in Figure 2.10, and this is the concept of molec-
ular hardness which is a commonly used criterion of reactivity in organic reac-
tions and was proposed by Pearson40, 41. The hardness η of a single molecule is
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approximately one-half of 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 less its reactivity). The opposite would be a molecule
with a narrow HOMO–LUMO gap (soft molecule) and this will make it very re-
active. Now for a donor–acceptor pair it is more convenient to use the concept of
donor-acceptor hardness ηDA which is one-half of the difference between the en-
ergy of the LUMO of the acceptor (O2 molecule) and the energy of the HOMO
of the donor (metal complex).

ηDA = 1

2
(εLUMOAcceptor − εHOMODonor) (2.12)

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

ηDA = −1

2
(IDonor − AAcceptor) (2.13)

For a gas phase reaction involving the transfer of a single electron this will
be equivalent to ∆Go.

For the particular case of Co-phthalocyanine in its ground state, the highest
occupied molecular orbital is occupied with a single electron (doublet state), so
strictly speaking it corresponds to a single occupied molecular orbital (SOMO).
The same is valid for molecular oxygen, which in its ground state has two un-
paired electrons in two degenerate π∗ antibonding orbitals. So the formation of an
adduct CoPc...O2 involves the interaction of two SOMOs and ηD A is given by:

ηDA = 1

2
(εSOMO/Acceptor − εSOMO/Donor) (2.14)

Figure 2.11 illustrates the calculated energy levels of the SOMOs of the
different cobalt phthalocyanines with respect to the SOMO of dioxygen using
PM3. Electron-withdrawing substituents (sulfonate, 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 Figure 2.11 shows that log
k for O2 reduction increases as the chemical hardness of the system decreases, or
as the softness of the system increases (more reactivity). The trend in reactivity is
exactly the same as that illustrated in Figure 2.10. So in qualitative terms it can be
concluded that hardness could 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 O2 reduction in the series of
cobalt phthalocyanines examined.

Quantum theories of elementary heterogeneous ET reactions in polar me-
dia have been extended to reactions which proceed through active intermediate
electronic surface band states or bands. On the basis of this theoretical framework
Ulstrup42 has interpreted experimental data obtained for O2 reduction catalyzed
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Figure 2.11. (A) Relative energies of frontier orbitals of dioxygen and substituted Co ph-
thalocyanines. For simplicity, only one electron is shown on the SOMO of the CoPcs. (B)
Plot of log k (at constant potential) vs. the donor–acceptor intermolecular hardness for the
different O2–CoPc pairs. From ref. [33], reproduced with permission of Elsevier.

by metal phthalocyanines. When comparing activities of complexes by plotting
constant potential vs. redox potential of the catalyst, linear correlations are also
obtained (see Figure 2.12) and this was predicted theoretically by the work of
Ulstrup42. The slope of the lines in Figure 2.12 is less than 1 and this is also pre-
dicted by Ulstrup and is attributed to the excitation of intramolecular modes of
relatively low frequencies in the cathodic range. The data shown in Figure 2.12
are essentially similar to those shown in Figure 2.10 but the comparison is made
at constant current. So essentially, the graph of Figure 2.12 is a plot of driving
force vs. driving force. This carries the assumption that the M(III)/(II) redox po-
tential provides a 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 the M(III)/(II) processes,
so if one compares macrocyclics of different metals it is convenient to use an-
other parameter, for example the number of d electrons in the metal as shown
in Figure 2.13. In this figure since different Tafel slopes are obtained for the
different catalysts it is not simple to compare activities as current at constant
potential. So instead, as a criterion of activity, potential at constant currents is
used. It can be clearly seen from this figure that Fe derivatives exhibit the highest
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activity, followed by Mn and Co and also illustrates a common observation in
catalysis 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)/(II) transition. This is the case for Ni, Cu, and Zn phthalo-
cyanines. It is important to comment at this point that in order to obtain catalytic
activity, the frontier orbital of the M–N4 needs to have some d character. The most
active catalysts included in the data presented in Figure 2.13 (Cr, Mn, Fe, Co)
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Figure 2.14. Illustration of the frontier orbitals involved in the interaction of cobalt
phthalocyanine with O2. From ref. [34], reproduced with permission of Elsevier.
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Figure 2.15. STM surface plot image of CoPc and CuPc coadsorbed on the (111) plane of
Au. From ref. [44], reproduced with permission of the American Chemical Society.

have frontier orbitals with d character whereas Ni and Cu phthalocyanines, the
frontier orbitals, have more ligand character43. This is graphically illustrated in
Figure 2.1434 that compares the frontier orbitals of CoPc and CuPc, and it is quite
clear that CoPc shows a well, defined dz2 orbital sticking out of the plane of
the phthalocyanine whereas CuPc does not and the latter shows very low activity
for O2 reduction. There is experimental evidence to support this using tunneling
electron microscopy. By this technique a strong d-orbital dependence on the im-
ages of metal phthalocyanines has been shown (see Figure 2.15) Unlike copper
phthalocyanine where the metal appears as a hole in the molecular image, cobalt



56 José H. Zagal et al.

phthalocyanine shows the highest point in the molecular image44. The benzene
regions of CoPc and CuPc show the same height. So essentially the data are in
agreement with the theoretical calculations.

As discussed above, a redox type of mechanism would require that both the
M(II) and M(III) oxidation states of the metal exist or are close to the potential
region where oxygen reduction occurs. Fe and Co porphyrins are active as long
as the M(III) state exists at a given potential45. FeTSPc (iron tetrasulfonated ph-
thalocyanine) loses activity when the iron center is reduced from Fe(II) to Fe(I)10

couple, and the complex goes from a four-electron reduction to a two-electron
reduction catalyst, decreasing in this fashion the currents and increasing the
amount of hydrogen peroxide formed.

Even though most authors agree that the M(II) state is the active site for
O2 reduction2, 4–6, 10, 26, 30 for FePc (iron phthalocyanine) and FeNPc (iron naph-
thalocyanine)46–48 it has been proposed that Fe(I) could also play a role in the
electrocatalytic process. This was based on electroreflectance experiments that
indicated that Fe(I) interacts with O2 whereas Fe(II) does not. However, many
authors have shown experimental evidence that O2 reduction commences at po-
tentials much more positive that those corresponding to the Fe(II)/(I) couple10.
On the contrary, the reduction currents are observed at potentials close to the po-
tential of the Fe(III)/(II) couple, so it 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(II).4, 10

Another factor that affects the catalytic activity is the amount of metal com-
plex present on the electrode surface. In general, the amount of catalyst present
on the surface is evaluated from cyclic voltammograms, measuring the electrical
charge under reversible peaks. This carries the assumption that all adsorbed cata-
lyst gives an electrochemical signal. This might not necessarily 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 reduction of O2.

It has been found that the O2 reduction currents are directly proportional to
the amount of catalyst present 49, 50, when the catalyst is adsorbed on the elec-
trode surface indicating that the reaction is first order in the surface concentration
of catalyst. This is not true for cases where the catalyst is incorporated to the
surface by vapor deposition or when the catalyst is deposited from solutions and
the solvent is completely evaporated50. An explanation for this observation is that
when the catalyst is deposited by vapor deposition or from complete evapora-
tion of solutions, multilayers are formed, and the metal active centers are not all
completely accessible to O2. This is also the case for polymerized multilayers of
cobalt tetraamino phthalocyanines, where it has been shown that only the outer-
most layer was active for the reduction of O2

11, 12. Scherson et al. have reported
that when (FeTMPP)2O is deposited on a porous support, 30% of the amount
deposited is found to be electrochemically active51. Anson et al.52 have found
that for the case of CoPc(CN)16 and CoPcF16 that were deposited from solu-
tions where the solvent was completely evaporated, again it was found that only
30% of the amount deposited was electrochemically active. It was concluded that
only those molecules that are attached to the surface of the electrode are active
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for the reduction of O2. These results are not surprising since when multilay-
ers are deposited, not all catalyst molecules are necessarily in electrical contact
with the electrode, which is not the case for adsorbed layers, where molecules
are probably lying flat on the electrode surface, interacting with the π system of
the graphitic planes. Van der Putten et al.53 have observed catalytic activity with
vacuum-deposited layers in spite of the fact that these layers are electrochemically
silent. Sometimes the redox response seems to be dependent on the electrolyte54.
For example for adsorbed layers of CoTPyP on pyrolytic graphite in a solution of
0.5 M NH4PF6 in 0.5 M HClO4no redox peaks were observed. However, when
the same electrode is immersed in 0.5 M NH4PF6 in DMF, well-defined redox
peaks are observed and this can be attributed to axial coordination of a DMF
molecule, which improves the homogeneity of the adsorbed Co species, resulting
in the well-defined redox transition.

With Co-facial cobalt porphyrins (Figure 2.5) adsorbed on pyrolytic graphite
both cobalt centers are electrochemically active18. However if one of the cobalt
centers is replaced by iron, this metal shows no redox activity . This cofacial por-
phyrin with two different metal centers shows catalytic activity for the reduction
of O2 and the foot of the reduction is observed at a potential where presumably the
Fe(III)/(II) should appear. The fact that the Fe center is electrochemically silent is
not clear18.

As pointed out before when multilayers of metal phthalocyanines are
deposited on an electrodic surface, only the outermost layer is active for the re-
duction of O2

53 and this is also true for other electrochemical reactions. This
shows that multilayers of phthalocyanines or polymerized multilayers of ph-
thalocyanines are rather compact and the inner layers are not accessible to O2
molecules12.

4. Two-Electron Reduction Catalysts for the
Reduction of Molecular Oxygen

The majority of mononuclear Co macrocyclics catalyze the reduction of
dioxygen via two electrons to give peroxide55. The activity of iron phthalocya-
nines 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 30, 56. The opposite is true for heat-treated ma-
terials57 and this is discussed in detail in Chapter 3. Cobalt complexes are more
stable than iron complexes and this trend is maintained after heat treatment58.
However, iron complexes tend to promote the four-electron reduction of dioxygen
and this is discussed further on. Cobaloxime complexes have catalytic activity for
the two-electron reduction to give peroxide and modified electrodes using these
complexes were obtained by preanodizing vitreous carbon in order to improve the
adherence of these molecules to the electrode surface59, 60.

Surface groups present on the electrode seem to increase the catalytic ac-
tivity30, 61–63. These surface groups might axially coordinate to the cobalt center.
The explanation given is that a basic group will enhance the electron density on
the metal ion and lower the Co(III)/(II) redox potential. However, this statement
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disagrees with the fact that a more negative redox Co(III)/(II) redox potential does
not favor the reaction as seen in the data of Figures 2.10 and 2.1233 and by the
results reported by Bouwkamp-Wijnoltz for heat-treated FeTPP and CoTPP22.
However these surface groups seem to increase the stability of the electrode con-
taining the Co complex64, 65. O2 reduction is not affected by the presence of
cyanide ions which is surprising since electrochemical measurements in the ab-
sence of dioxygen have revealed that the Co(III)/(II) formal potential is shifted by
almost 0.3 V in the negative direction in the presence of cyanide66.

Even though most of the work reported has involved planar cobalt com-
plexes nonplanar macrocylics also catalyze the reaction. For example, nonplanar
cobalt tetrakis-(4-sulfonatophenyl)β-octabromoporphyrin catalyzed the reduction
of O2 via two electrons to give peroxide67. Vitamin B12, which is also nonplanar,
and its structure resembles that of a porphyrin (see Figure 2.4.), catalyzes the re-
duction of O2 via two electrons to give peroxide at low potentials and via four
electrons to give water at higher overpotentials14–16.

Lamy et al.68 and van der Putten et al.69 conducted spectroscopic inves-
tigations of polymer-modified electrodes containing CoTSPc using UV–visible
differential reflectance spectroscopy and were able to identify Co(III)→Co(II)
transition when varying the electrode potential. They used electron spin reso-
nance on the Ppy (polypyrrol) and Ppy-CoTSPc electrodes in deoxygenated and
oxygen-saturated solutions. It was shown that the Co(III)TSPc 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 stabilization under
the following form: Co(III)..O2. In the case of Ppy-CoTSPc 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 metallomacrocyclics in this
electrolyte (without heat treatment). Vasudevan et al.70 investigated the electro-
catalytic activity of cobalt phthalocyanine monomers 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 found to be
higher than that of polymeric compounds.

With the aim of finding applications in polymer electrolyte fuel cells (PEFC)
Co tetramethoxyphenylporphyrin (CoTMPP) and cobalt tetraazaannulene (Co-
TAA) were tested for O2 reduction in acid media (1M H2SO4) with the catalysts
bound with Nafion and deposited on a glassy carbon disk71 and rotating-disk
measurements revealed high peroxide yields, as expected for cobalt complexes.

The catalytic activity for O2 reduction of CoTPP (cobalt 5, 10, 15, 20-tetra-
phenylporphyrin) was examined by Chung and Anson72 by using the complex dis-
solved in a thin layer of acidified benzonitrile attached to a graphite electrode and
equilibrated with an aqueous solution of HClO4 saturated with air. It was found
that the presence of benzonitrile enhanced the rate of the reduction of molecular
oxygen compared to the case where CoTPP is simply adsorbed on graphite. With
the aim of observing a Co(II)–O2adduct directly Steiger and Anson73 examined
the catalytic activity of a “picket fence porphyrin,” namely cobalt 5, 10, 15, 20-
tetrakis(α, α, α, α-2-pivalamido-phenyl)porphyrin (CoTpivPP) since it forms O2



Catalytic Activity of Metallomacrocyclics 59

adducts in organic solvents at room temperature. They found that the O2 adduct
is formed in benzonitrile and axial coordination occurs with 1-methylimidazole
(MeIm) present in the electrolyte. The coordination of molecular oxygen to
(1-MeIm)CoIITpivPP induces small changes in the electrochemical response of
the complex. The coordination of O2 seems to add to the delay in the rate of addi-
tion of a second 1-MeIm ligand to the oxidized Co(III) complex. In benzonitrile
O2 is reduced to O−

2 , and it is a non-catalytic diffusion-controlled process. CoT-
pivPP shows some catalytic activity for the reduction of O2 in acid but it is less
effective than CoTPP either when present in thin layers of benzonitrile attached
to a graphite electrode or adsorbed on the electrode surface.

Murray et al.74 prepared a tetraphenylporphyrin derivative with four
thiol moieties, 5,10,15,20-tetrakis(o-(2-mercaptoethoxy)phenyl)porphyrin, Co(o-
TMEPP) and was shown to form molecular films via irreversible chemisorption
on a variety of gold substrates (see Figure 2.16). The presence of the adsorbed
layers was verified by X-ray photoelectron spectroscopy which confirmed that,
on average, about three of four thiolates per porphyrin become bound to the gold
surface. Surface coverage determinations suggested that the molecules lie flat on
the gold surface and that the adsorbed layers are far more stable than adsorbed
layers of CoTPP (Co-tetraphenylporphyrin without thiols groups on the periph-
ery of the ligand). This result is not surprising since molecules with thiol func-
tionalities are known to adsorb strongly on gold substrates. Molecular films of
Co(o-TMEPP) were found to reduce oxygen via two electrons to give hydrogen
peroxide in both acid and alkaline media. The films retained their catalytic activ-
ity for more than 105 turnovers. The amount of peroxide formed during the O2
reduction reaction was estimated using gold/platinum interdigitated array elec-
trodes where the collection efficiency was as high as 90%. Murray et al.75 also
carried out visible spectroscopy together with electrochemical measurements of
Co(o-TMEPP) monolayer films chemisorbed onto transparent gold electrodes and

Gold film

Figure 2.16. Co(o-TMEPP) adsorbed on a gold surface. From ref. [75], reproduced with
permission of the American Chemical Society.
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found that transmission spectra of these films indicate approximately monolayer
coverage and edge–edge porphyrin–porphyrin interactions within the monolayer,
as evidenced by red shifts and broadening in the Soret bands, compared to the
spectra in solution. By the use of spectroelectrochemical measurements of Co(o-
TMEPP) adsorbed on transparent gold it was possible to monitor the redox state
of the porphyrin. It was found that the onset of O2 reduction coincides with the
Co(III) −→ Co(II) transition in the adsorbed porphyrin, indicating that the active
state is Co(II)(o-TMEPP).

If one moves in the periodic table or in the volcano plot of Figure 2.13
in the direction of metals that have more electrons in the d-orbitals, the activity
decreases5, 10, 30, 31. Ni, Cu, and Zn macrocyclics have low activity and catalyze
the reduction of O2 only to peroxide. The lowest activity is shown by CuPc and
CuTSPc. Ni, Cu, and Zn complexes do not exhibit the M(III/(II) transition be-
cause between the energy levels of the HOMO and the LUMO of the ligand, they
have no energy levels with d-character like for example Cr, Mn, Fe, and Co com-
plexes76, 77. So the low activity is associated to the fact that for these complexes
the frontier orbitals have no d-character, so O2 cannot bind to the metal center or
the interaction is not favorable. This is clearly illustrated for CuPc in Figures 2.14
and 2.15. Their catalytic activity is then always lower than that found for iron and
cobalt chelates5, 10, 17, 19. Pt, Rh, and Os macrocyclics56 show some activity but
they give peroxide as the main product of the reaction78.

5. Four-Electron Reduction Catalysts

As discussed before, a generally accepted thought in the electrocatalysis
of the four-electron reduction, involving the rupture of the O–O bond is that the
dioxygen molecule requires a simultaneous interaction with two active sites (dual-
site mechanism). With this in mind, cobalt macrocyclic complexes having two
Co centers have been designed, and having a Co–Co separation that would fa-
vor the simultaneous interaction of dioxygen with both active sites. Some typ-
ical complexes are shown in Figure 2.5. Anson and Collman were pioneers on
this subject17, 79, 80 and were the first to report a four-electron reduction process
using cofacial cobalt porphyrins like the one illustrated in Figure 2.5 (left). It
was found that the optimal Co–Co separation for achieving a four-electron re-
duction mechanism was 4 Å which seems to indicate that a Co–O–O–Co bridge
is formed within the cavity of the cofacial complex. This was observed in acid
media. In alkaline media only a two-electron reduction was observed17. Pillared
dicobalt cofacial porphyrins complexes81 (Figure 2.5, right), planar dinuclear82,
and polynuclear cobalt phthalocyanines83 also promote the reduction of O2 via
4 electrons65. However the four-electron pathway is favored in alkaline media
whereas with cofacial porphyrins the four-electron pathway is favored in acid.
This difference in reactivity was explained by considering several effects64. The
formation of an O–O bridge in the cavity of the dinuclear complexes is a pre-
requisite for the splitting of the O–O bond and the electron density on the cobalt
center determines the extent of weakening of the O–O bond. For planar dicobalt
complexes82 the opposite is observed since a two-electron reduction to peroxide
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is observed in acid media whereas in alkaline media a four-electron reduction to
water is observed. A possible explanation for the differences in reactivities of co-
facial and planar dicobalt complexes comes from the fact that O2 could interact
with the cobalt center in different fashions. For example for the cofacial complex
it is likely that O2 adopts a “bridge trans” configuration whereas for the planar
dicobalt complexes, the configuration is “cis” (see Figure 2.2). A scheme for the
reaction with cofacial porphyrins is shown in Figure 2.17. It can be seen in this
scheme that protonation of the trans O2 adduct leads to the rupture of the O–O
bond.

Following the line of thought that cofacial structures would promote the
four-electron reduction of O2 some authors have suggested that it is possible that
when depositing cobalt complexes, they could adopt configurations where two
cobalt centers are separated by an optimal distance to promote the splitting of the
O–O bond. An example of this is the work of Biloul et al.84, 85 using heat-treated
CoNPc-deposited carbon black. These authors found evidence for a four-electron
reduction process as they determined the number of electrons to be ca. 3.5.

Anson et al.86 found evidence for a four-electron reduction mechanism
on adsorbed multilayers of cobalt tetra-4-pyridylporphyrin on a graphite elec-
trode but considerable amounts of peroxide were produced in the reaction. In
a series of articles Anson and coworkers17, 54, 65, 87–93 have shown that by plac-
ing Ru(II)pentaamino complexes on the periphery of the ring in Co porphyrins
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it is possible to transform two-electron catalysts into four-electron catalysts.
This is the case for Co(meso-tetrakis) (4-pyridyl) that contained 4 pentaamino
Ru groups87. In this work it was found that the reaction between the Co por-
phyrin and the Ru complex, in Nafion films attached to graphite, generates a
CoP(pyRu(NH3)5)4complex. The pyRu(NH3)4 groups on each molecule interact
amongst themselves very weakly and show practically the same formal poten-
tial. So the whole molecular structure catalyzes the four-electron reduction of
O2. It was found that the rate-determining step is the formation of the adduct
and the transfer of electron from the Ru centers to the Co(II)-O2 adduct is
fast. It is concluded that the four Ru centers transfer their electrons simulta-
neously to the O2 coordinated to Co(II). The ruthenated complex without Co
is not catalytically active for the reduction of O2. The catalytic reduction oc-
curs at potentials at which the reduction of the Ru occurs, so this is consis-
tent with the fact that electronic effects occur on the Co center, which are
transmitted via π-back-bonding to the reduced Ru centers. This hypothesis is
supported by studies of the catalytic activity of Co porphyrins which contain
three Ru(NH3)

+2
5 groups coordinated to cyanophenyl ligands65 (see Figure 2.18).

When a porphyrin bearing 3 cyanophenyl groups is tested for oxygen reduc-
tion it only promotes the two-electron reduction whereas if RuNH3)

+2
5 groups

are bound to the cyanophenyl groups, a four-electron reduction process is ob-
served. The same authors65 conclude that the back-bonding of d-electrons from
Ru(II) centers to pyridine ligands onto the porphyrin ring, and ultimately to
the Co(II)–O2 adduct in the transition state, is believed to be the essential fac-
tor for achieving the four-electron reduction. None of the ruthenated cobalt
porphyrins is active for peroxide reduction, which shows that a direct four-
electron reduction is operative on this complex. In order to check even further
the hypothesis that π-back-bonding interactions between Ru(II) centers and the
porphyrin are responsible for the four-electron reduction mechanism, Steiger
and Anson17 prepared (5,10,15-tris(3-cyanophenyl)-20-(1-methylpyridinium-4-
yl)porphyrinato Co(II) and its triply ruthenated derivative and compared its
electrocatalytic activity with that of the corresponding triply ruthenated 4-cyano-
phenyl derivative since it is known17 that back-bonding for the 4-cyano deriv-
ative is much greater than for the 3-cyano derivative. Indeed, they found much
greater activity for the 4-cyanophenyl derivative, which reduced O2 via 4 elec-
trons compared to the 3-cyanophenyl derivative, which promoted the reduction
of O2 predominantly via 2 electrons. In order to check once more that the π-
back-bonding interactions are responsible for the promotion of the four-electron
reduction in tetraruthenated Co porphyrins, Anson et al.91 prepared the (5,10,15,
20-tetrakis(4-((pentaamineruthenio)-cyano)phenyl)porphyrinato)cobalt(II) and its
ruthenated derivative and compared the activity with the nonmethylated deriva-
tives. The introduction of methyl groups at the 3 and 3′-positions of the
4,4′-bipyridine ligand prevented the pyridine rings from adopting a coplanar con-
figuration, therefore interrupting π-conjugation between both rings. This decrease
in coplanarity decreased the transmission of electronic effects between the coor-
dinated acceptor and donor complexes. However, the ET rates changed very little
by the presence of methyl groups. With this in mind Anson et al. thought that
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Figure 2.18. Structures of substituted and ruthenated tetraphenyl porphyrins and polariza-
tion curves rotating ring–disk curves for the reduction of O2. From ref. [89], reproduced
with permission of the American Chemical Society.

introducing methyl groups at the 2- and 6-positions of the 4-cyanophenyl ligands
pendant to the porphyrin ring would lower π-conjugation between the porphyrin
ring and the ligand and decrease the transmission to the porphyrin of the elec-
tron density that results from π-back-bonding of the Ru(II) complexes into the
cyanophenyl rings, without an effect on the ET rates from the Ru(II) groups to
reducible sites in the porphyrin. The authors concluded that back bonding is more
important than intramolecular ET. Additional support to the idea that back bond-
ing is a key factor in converting cobalt porphyrins into four-electron catalysts is
the coordination of Os(NH3)

3+/2+
5 to the ring of cobalt porphyrin92. This com-

plex becomes a four-electron reduction catalyst when Os is converted to Os(II)
on the periphery of the porphyrin ligand. The same authors92 show that four
(edta)Ru(II) groups coordinated to Co porphyrin are ineffective in promoting the
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four-electron reduction of O2 despite their greater reducing strength, compared to
Os(NH3)

3+/2+
5 . So when comparing porphyrins substituted with Os(NH3)

3+/2+
5

and with (edta)Ru(II), the large differences in catalytic activity are attributed to
differences in back-bonding strengths of the peripheral coordinated metal com-
plexes and not to their relative reducing strengths. Anson et al.93 conducted fem-
tosecond dynamics of ruthenated and nonruthenated cobalt porphyrins and were
able to elucidate the elementary steps involved in intramolecular relaxation and
charge transfer in cobalt tetraphenylporphyrin from the porphyrin ligand π(a2u)
system to the Co(dz2) center. They found that the differences in the charge trans-
fer state dynamics of the series of porphyrin molecules parallel the differences
in their catalytic properties for the reduction of O2. For example, when molecule
I (a two-electron catalyst) is converted into molecule II by ruthenation (see Fig-
ure 2.19) it becomes a four-electron catalyst. In contrast, similar conversion of III
into IV does change significantly the catalytic activity. The difference in activity
of II and IV is attributed to the decrease of π-back-bonding by the Ru(II) center
from the phenyl to the porphyrin ligand of IV compared to II due to the decrease
in the ring-to-ring dihedral angle caused by the methyl groups in IV. The charge
transfer from the porphyrin to Co(II) generates the porphyrin cation radical and
Co(I). The charge transfer dynamics map the extent of the electronic coupling
between the π system and the Co center that is the active site for O2 reduction.
From femtosecond transient absorbance of the different porphyrins depicted in
Figure 2.19 it is observed that the recombination time of II almost doubles that of
I whereas III and IV exhibit similar recombination times. All this indicates that
back-transfer from Co(I) to the π-system is strongly affected by the presence of
the Ru(II)(NH3)

+2
5 groups only when the phenyl rings containing the Ru complex

and the porphyrin ligand are in conjugation. All this agrees with the effect that the
Ru complex has on the catalytic activity of the Co porphyrin since it back-bonds
into the π-system, helping the Co center weaken the O–O bond via d–π charge
transfer.

Anson et al.65 have proposed the following mechanism for the four-electron
reduction reaction catalyzed by ruthenated Co porphyrins:

[Co(III)P(pyRu(III)(NH3)5)]13+ + e− � [Co(II)P(pyRu(III)(NH3)5)]12+
(2.15)

[Co(II)P(pyRu(III)(NH3)5)]12+ + O2 � [O2CoP(pyRu(III)(NH3)5)]12+ (2.16)

[O2CoP(pyRu(III)(NH3)5)]12+ + 4e− � [O2CoP(pyRu(II)(NH3)5)]8+ (2.17)

[O2CoP(pyRu(II)(NH3)5)]8+ + 4e + 4H+

−→ [Co(II)P(pyRu(III)(NH3)5)]8+ + 4H2O (2.18)

[Co(II)P(pyRu(III)(NH3)5)]8+ + O2 � [O2CoP(pyRu(II)(NH3)5)]8+ (2.19)

This reaction scheme involves the cobalt porphyrin confined on a graphite
surface. The active Co(II) species is generated in step (2.15) at potentials more
positive than those where Ru(III) and coordinated O2 are reduced. The O2 adduct
is formed in step (2.16) that is reduced more easily than unbound O2. The equi-
librium constant of step (2.16) is small but the reaction rate for adduct formation
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Figure 2.19. Structures of substituted cobalt(II) porphyrins and O2 reduction waves at a
rotating graphite disk electrode coated with the respective porphyrin (∼2 × 10−9 mol
cm−2). The four-electron reduction of O2 produces a significantly larger plateau current
for II than for IV where only a two-electron reduction proceeds. From ref. [93], reproduced
with permission of the American Chemical Society.

is probably high enough to sustain substantial overall reduction rates. The back-
bonding Ru(II) cocatalyst is formed in step (2.17) and this co-catalyst facilitates
the four-electron reduction of the coordinated dioxygen molecule in step (2.18).
Reaction (2.19) regenerates the Co(II)O2 adduct. The overall catalytic cycle is
then sustained by steps (2.18) and (2.19). According to these authors65 reactions
(2.17) and (2.18) occur at the same electrode potential indicating that the potential
at which the back-bonding Ru(II) proceeds is near to, or more negative than, the
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potential required for the reduction of the Co(II)–O2 adduct which is affected by
the back-bonding interactions.

Imaoka and Yamamoto94 reported that porphyrins possessing four ionic
substituents of (meso-tetrakis(N -methyl-4-pyridiniumyl)porphyrinatoRu(II)
(RuTMPyP) and (meso-tetrakis(4-sulfonatophenyl)porphyrinato)cobalt(II)
(CoTPPS) associate spontaneously to form a dinuclear complex. Formation of
CoTPPS-RuTMPyP was confirmed by UV–vis titration and TOF-mass spec-
tra. The dinuclear complex exhibits an acceleration of intrinsic ET when it is
present in a Nafion film deposited on glassy carbon. The CoTPPS–RuTMPyP–
Nafion system catalyzes the four-electron reduction of O2 with an efficiency
of 95%.

Bettelheim et al.95 developed bilayers of electropolymerized cobalt and
manganese tetrakis(o-aminophenyl) porphyrins , i.e., polyCo(o-NH2)TPP, and
polyMn(o-NH2)TPP, and have found that these polymeric bilayers are more effi-
cient for the reduction of O2 than polymeric Co(o-NH2)TPP alone. These bilay-
ers are not purely four-electron reduction catalysts but they substantially decrease
the yields of peroxide (30%) compared to the polyCo(o-NH2)TPP (75%). It is ob-
served that the reduction of O2 occurs at a potential close to the formal potential of
Co(III)/(II) of Co(o-NH2)TPP in both the polymeric bilayer or on the electrodes
coated only with polyCo(o-NH2)TPP. The lower yields in peroxide in the case of
the polymeric bilayer films are attributed to the catalase activity of the manganese
porphyrins that promotes the dismutation of H2O2. These authors also found95

that the addition of 3×10−3 M imidazole decreases the H2O2 yield obtained at the
polyCo(o-NH2)TPP and polyMn(o-NH2)TPP bilayers. This is attributed to a dis-
mutation process of peroxide by the action of the imidazole-ligated Mn porphyrin.
It is suggested that peroxide dismutation involves a µ-oxo-manganese (IV) or (V)
adduct that is reduced by excess of H2O2 giving the original Mn(III)porphyrin. It
was also found that the Co/Mn porphyrin bilayer exhibited much better long-term
stability compared to polyCo(o-NH2)TPP.

By using a Co-porphyrin–polyaniline complex deposited on glassy carbon
Yamamoto and Taneichi96 were able to observe a four-electron reduction of oxy-
gen to water. It was proposed that the reduction reaction obeys a mechanism in
which the four-electron reduction occurs through a multiple electron injection
from the polyaniline to the cobalt complex after ET from Co to dioxygen. They
propose that poly(2,3-dicarboxyaniline) acts as an excellent electron mediator
from the electrode to the Co-porphyrin matrix, which shows stable redox activity
in a wide pH range due to the self-dopable carboxy substituents in the polymeric
chain. Yamamoto et al.97 studied dinuclear Co porphyrin–polyaniline complexes.
They found that poly(2,3-dicarboxyaniline) with CoTPPS–CoTMPyP show high
catalytic for the four-electron reduction of oxygen. Several polymer complexes
were prepared using synthesized electroresponsive polymers. It was found that
the selectivity of the four-electron reduction decreases with an increase in the po-
tential gap between the polymer and the porphyrin. This suggests that a sequential
ET occurs from the polymer to the porphyrin with a potential similar to that of
the cobalt porphyrin.

With the aim of modifying the catalytic properties of CoPcs and FePcs, in
order to promote the four-electron reduction of O2, Kobayashi, Sudo, and Osa98
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prepared ligand-substituted phthalocyanines with two dicarboximide groups on
the four benzene groups of the indole unit (metal–1,2:3,4:8,9:10,11:15,16:22,
23:24,25-octakis(N -decyldicarboximide) phthalocyanine). Co and Fe phthalo-
cyanines substituted with these groups exhibited visible spectra that are very
different from those of nonsubstituted parent compounds, indicating that the
substituents substantially change the electronic properties of the complexes and
strongly affect the catalytic activity. Rotating ring–disk electrode studies indi-
cated that dioxygen is reduced to water in both neutral and alkaline solutions for
substituted FePc and in the whole pH range for substituted CoPc. The last result
is remarkable since unsubstituted CoPc is a two-electron catalyst in the whole
pH range.

An interesting strategy for achieving a four-electron reduction of O2 and
proposed by Tsuchida et al.99–101 is by preparing µ-oxo metallomacrocyclics.
For example µ-oxo-dimanganese(III)octaethylporphyrin99 is a four-electron re-
duction catalyst in acid media. They also investigated the corresponding mononu-
clear complexes Mn(III)(OEP)Cl, Mn(III)(OEP)ClO4, and Mn(III)(OEP)OH but
they exhibited much less selectivity for the four-electron reduction. It is proposed
that µ-oxo dimanganese complex has a cofacial configuration that allows the ac-
commodation of molecular oxygen between the two Mn centers. A similar strat-
egy was employed by Tsuchida et al.100 using iron phthalocyanine (FePc). Mono
nuclear iron phthalocyanine is a four-electron catalyst4–8 but its selectivity for the
reaction can be increased by using peroxo-bridged pyFe(III)Pc–O2–PcFe(III)py
where py is pyridine. When the dimer is reduced on the surface of a glassy car-
bon electrode, in acid media, a cofacially fixed Fe(II) phthalocyanine is produced,
which can accommodate the dioxygen molecule between the two Fe(II) centers
and then promote the rupture of the O–O bond.

Tsuchida et al.101 used oxo-bridged (5,10,15,20)-tetraphenylporphyrinato
iron(III) dimers adsorbed on carbon as electrocatalysts for the reduction of oxy-
gen. They found that the electroreduction of the dimer adsorbed on carbon and
immersed in an acid solution produced a cofacially fixed iron(II) porphyrin mole-
cule, according to:

[PFe(III)OFe(III)P]ad + 2H+ + 2e− −→ [PFe(II)Fe(II)P]ad + H2O (2.20)

where P is porphyrin dianion.
Coordination of O2 to the adjacent Fe(II) sites in acid, allows the formation

of O2-bridged Fe(II) porphyrin [PFe(III)O2Fe(III)P]ad on the electrode surface.
The following four-electron reduction catalytic cycle is proposed:

[PFe(II)Fe(II)P]ad + O2 −→ [PFe(III)O2Fe(III)P]ad (2.21)

[PFe(III)O2Fe(III)P]ad +4H+ +4e− −→ [PFe(II)OH2 H2OFe(II)P]ad (2.22)

[PFe(II)OH2 H2OFe(II)P]ad −→ [PFe(II)Fe(II)P]ad + 2H2O (2.23)

From this work it is concluded that the electroreduction of the oxo-bridged
dimer provides a cofacial geometry for Fe(II)P on the electrode surface which
facilitates the binding and subsequent rupture of the dioxygen molecule upon
reduction.
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Anson et al. have reported102 an interesting finding: the simplest cobalt
porphyrin, cobalt porphine, when adsorbed at monolayer levels on a edge plane
pyrolytic graphite, is capable of catalyzing the four-electron reduction of O2. This
is very unusual since most mononuclear porphyrins (except the ruthenated or os-
mium substituted) are two-electron catalysts. It also exhibited unusually positive
Co(III)/(II) formal potential. Similar results were obtained by the same authors
using (5, 10, 15, 20-tetramethylporphyrinato)cobalt(II)103 These phenomena are
probably the result of the high tendency of these molecules to form dimeric, co-
facially oriented rings via van der Waall’s interactions. The cofacial configura-
tion could then accommodate the dioxygen molecule that would interact with two
Co(II) centers.

Electrodes modified with films obtained from polymerization of CoTAPc
(cobalt tetraamino phthalocyanine) show two waves for the reduction of O2. At
low polarizations two-electron reduction waves are observed with the formation
of peroxide and a four-electron reduction to form water is observed at higher
polarizations11, 12. It is not clear why these polymeric films can promote the four-
electron pathway. It can be argued that within the polymeric films Co atoms be-
longing to different MN4 units become separated by the ideal distance for O2 to
bind to two cobalt centers forming a bridge. However there are no detailed studies
of the structures of these polymeric films to clarify this point. A similar behavior
has been observed with adsorbed layers of vitamin B12 where a four-electron re-
duction mechanism is observed at high polarizations14, 16. In all these cases, it is
likely that O2 interacts with one single site at the time and vitamin B12 is still able
to promote four-electron reduction process.

Iron macrocyclics catalyze the reduction of O2 directly to water mainly in
alkaline solution by providing only one site of adsorption6–8, 10, 48, 55, 104–107, 109, 112.
It is not yet clear how these complexes promote the splitting of the O2 bond in
spite of providing one single site for O2 adsorption. Many authors have suggested
that the rupture of the O–O bond is possible when a peroxo dimer is formed
which involves two active sites49, 53, 69 (dual-site mechanism). Other authors have
suggested that with a single site type of mechanism the rupture of the O–O bond is
also possible55, 58. It is also possible that Fe complexes catalyzed the reduction of
peroxide, giving them an apparent direct four-electron reduction mechanism but
this does not seem to be a good explanation because experiments conducted with
only peroxide in the solution have shown that Fe phthalocyanines do not catalyze
the reduction of peroxide55. Yeager et al. have suggested a dual-site mechanism
where O2 would coordinate to the Fe center and to a N atom on the macrocyclic
ligand105.

Uchida et al.106 have prepared electrostatic aggregates of FeT(p-SO3)PP
(anionic) and FeTMPyP (cationic) porphyrins deposited on glassy carbon elec-
trodes, where FeT(p-SO3)PP = iron meso-tetrakis(p-sulfophenyl)porphyrin and
FeTMPyP = iron meso-tetrakis(N -methyl-4-pyridyl)porphyrin. The authors con-
clude that a face-to-face configuration is obtained with these two complexes of
opposite electrical charges. They promote the two-electron reduction of O2 at
low overpotentials but at high overpotentials a four-electron pathway is observed.
They claim that the reduced form of the iron porphyrin ion complex is capable of
reducing hydrogen peroxide to water at high polarizations.
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Figure 2.20. Polarization curves for the rotating ring–disk electrode for the reduction of
O2 on FeTPc adsorbed on graphite. From ref. [55], reproduced with permission of the
Electrochemical Society Inc.

Elzing et al.107 have observed that when FeTSPc (iron tetrasulfonateph-
thalocyanine) is incorporated into a polypyrrole film, the 4-electron reduction
pathway is enhanced, especially when the films are thick. It was suggested that
peroxo dimeric species could be formed within the film that could not only in-
crease the catalytic activity but also shift the on-set potential for the reduction
of O2.

Interesting results have been obtained with monolayers of FeTSPc adsorbed
on pyrolytic graphite and basal plane of graphite. The reduction of O2 on these
electrodes in alkaline solution gives two waves as illustrated in Figure 2.20 which
shows rotating ring–disk data for several rotation rates. For the Fe-TSPc modi-
fied surface the first wave or prewave corresponds to the four-electron reduction
of O2 entirely to water without detectable amounts of peroxide since the ring
currents, which are proportional to the peroxide generated on the rotating-disk
electrode, are practically 0 (potentials more positive than −0.4 V vs. SCE). The
ring electrode exhibits a small wave which tracks the shape of the second O2
reduction wave, showing a maximum at ca. −0.6 vs. SCE. So the second wave
corresponds to the reduction of O2 via a mixed mechanism, i.e., four- and two-
electron reduction pathways and some peroxide is formed. At more negative po-
tentials the two-electron reduction predominates (potentials more negative than
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−0.7 V vs. SCE, (see Figure 2.20) and this is concomitant with the reduction of
Fe(II) to Fe(I). So in general this is opposite to what is observed with some Co
complexes where four-electron reduction mechanisms are observed at high po-
larizations11, 12. It could be possible that the four-electron reduction mechanism
could be attributed to the formation of dimeric Fe species, but this can be ruled
out on the light in situ spectroreflectance measurements conducted with FeTSPc
adsorbed on the basal plane of graphite69. Elzing et al.49 studied the effect of
FeTSPc surface concentration on the O2 reduction currents. They found that both
waves for the reduction of O2 are dependent on the FeTSPc surface concentration.
However the dependence of the second wave is less pronounced. A mechanism
has been proposed for the reaction based on these observations. The first step
would involve the reduction of Fe(III) to Fe(II):

TSPcFe(III)–OH + e− → TSPcFe(II) + OH− (2.24)

The Fe(II) interacts with oxygen and is oxidized to Fe(III)

TSPcFe(II)Pc + O2 → TSPcFe(III) Pc–O−
2 (2.25)

With porphyrins an adduct involving Fe(IV) has also been proposed25.
Elzing et al. have proposed108 that the presence of a basic axial ligand will

lessen the charge transfer from the Fe(II) center to dioxygen:

L–FePc + O2 → L–Fe(II)Pc–O2 (2.26)

This was supported by Mulliken population analysis but it showed that some
net negative is transferred to dioxygen.

In order to check if FeTSPc could be active in the electroreduction of per-
oxide a study was conducted using a mixture of CoTSPc and FeTSPc in different
proportions and adsorbed on graphite. As CoTSPc catalyzes the reduction of O2
only to peroxide, if FeTSPs had any catalytic activity it would reduce the perox-
ide generated on the CoTSPc sites. However this was not observed. Both catalysts
behave independently. Peroxide generated on Co sites was not reduced or decom-
posed on Fe sites109. These authors found that the amount of peroxide generated
was inversely proportional to the fraction of FeTSPc present on the surface (see
Figure 2.21). In spite of these results, the possibility for the Fe centers to form hy-
drogen peroxide and promote its decomposition cannot be ruled out completely
since Fe(II) sites are known for their catalase activity110. Indeed for some metal
chelates it has been found that their catalytic activity for peroxide decomposition
is directly proportional to its activity for O2 reduction111.

It has been shown for complexes of the same metal (Fe), that the nature of
the ligand can also influence the pathways for O2 reduction. For example when
studying FeTPP (iron tetraphenyl porphyrin) and FeT-PyP (iron tetrapyridino por-
phyrin)112 peroxide reduction did not occur with Fe-T-PyP.

Tanaka et al.105 when studying adsorbed layers of FeTPyPz (Fe-tetrapyrid-
inoporphyrazine), at low polarizations, observed no peroxide formation. Perox-
ide was only formed at high polarizations. Again, as observed with FeTSPc and
FePc10, 107, 113 a prewave is observed for the reduction currents and corresponding
to the direct four-electron reduction. In contrast to FeTSPc or FePc, production
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Figure 2.21. Peroxide yield as a function of surface composition of electrode with mix-
tures of Co-TSPc and FeTSPc coadsorbed on graphite. From ref. [6], reproduced with
permission of Elsevier.

of peroxide was attributed to reduction of the ligand and not to reduction of the
metal (Fe(I) formation). For this particular catalyst it was suggested that dioxy-
gen can bind to the Fe center and to a highly electronegative nitrogen in the ring,
which will avoid the desorption of peroxide before it is reduced. This dual-site
mechanism would aid charge injection via backbonding from the macrocycle into
antibonding orbitals of O2 or bound peroxide causing the destabilization and fur-
ther rupture of the O–O bond105. At more negative potentials at which reduction
of the ligand takes place this mechanism becomes inoperative, the O2 molecule
only binds to the Fe center and peroxide can desorb into the solution. In a study
involving heat-treated FeTPP56 and deposited by thick layers on glassy carbon it
was found that the amount of hydrogen peroxide decomposed, compared to the
amount of oxygen and hydrogen peroxide reduced, was so small that chemical
decomposition was ruled out.

Van den Brink et al.113 when using vacuum-deposited layers of FePc have
found that when examining the catalytic activity of these layers the first reduc-
tion wave scan was very different from subsequent scans, indicating that some
reorganization of the deposited layers took place since this phenomenon is not
observed on adsorbed layers of FePc. The effect of irreversible changes of FePc
when treated under potential load with oxygen is only observed using vacuum-
deposited multilayers46.
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Recent theoretical studies conducted by Anderson et al.115 using spin-
unrestricted hybrid gradient-corrected density functional calculations have pre-
dicted that Fe(II) is the active site for four-electron reduction of oxygen by iron
in the N4Fe systems employed in the calculation and it may be suggested that
the same should be expected for heat-treated iron macrocyclics. The calculations
have shown that Fe(II) is favored over Fe(III) because H2O bonds strongly to the
Fe(III) site, preventing O2 adsorption and water does not bond strongly to Fe(II).
In the first step, –OOH bonds more strongly to Fe(II) than to Fe(III), which re-
sults in a calculated more reversible potential for its formation over Fe(II). Cal-
culations show that subsequent reduction steps have very reversible potentials
over both centers (Fe(II) and Fe(III)). Calculations also show a hydrogen bond-
ing interaction between –(OHOH) bonded to Fe(II) 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 in an intermediate formed from N4Fe–OOH on Fe(II) sites
and can be released into the solution at more negative potentials as found experi-
mentally10, 55, 94, 113.

As illustrated in Figures 2.7 and 2.11, by far the best catalysts are those
macrocyclic containing Co and Fe as metal centers. However, complexes of other
metals have been investigated. For example CrTSPc and MnTSPc were studied10

and they resemble somehow the behavior of Fe complexes, mainly MnTSPc in
the sense that it shows a prewave where O2 reduction proceeds entirely via four
electrons to give water. Peroxide is produced at higher polarizations. Even though
it is still not clear whether linear or volcano correlations are valid when compar-
ing activities, the low activity of Cr and Mn can be attributed to their low redox
potential, i.e., they are easily oxidized5, 31. Most macrocyclic metal complexes in-
crease their activity after heat treatment57. However, for manganese complexes
heat treatment decreases their activity probably because the metal is lost from the
N4 structure32, 116.

Collman et al.117 investigated IrOEP adsorbed on a pyrolytic graphite elec-
trode and found that it catalyzed the direct four-electron reduction to water in acid
media. This is the only single site catalyst known that promotes the four-electron
pathway in acid media. IsTPP was also investigated but showed no activity. The
direct four-electron reduction is likely to occur since this complex does not cat-
alyze the reduction of peroxide. The authors interpret these observations on the
basis of a dual-site mechanism where dioxygen interacts with two Ir centers with
an intermediate N4Ir–O–O–IrN4 and N4Ir–IrN4 being the configuration that ac-
cepts the oxygen molecule. N4Ir–IrN4 is supposed to be formed by oxidation of
monomeric IrN4–H. Since IrOEP is flat, these dimeric species can be formed. In
contrast, IrTPP is sterically hindered by the peripheral phenyl groups so it is more
difficult for these species to form dimers.

Complexes of Mo can only be used in alkaline solution since they are not
stable in acid. MoNPc shows less catalytic activity than FeNPc118. Ru complexes
are active in both acid and alkaline solutions30, 31, but in acid the direct four-
electron reduction was observed whereas in basic solution hydrogen peroxide was
the main product of the reaction119.
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6. Conclusions

As a final conclusion of the work performed on this subject 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 reduction
of O2 mediated by metallomacrocyclics 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 demonstrate that cofacial Ir complexes are also very active. These com-
plexes are characterized by exhibiting a reversible redox transition involving the
M(III)/(II) couple. Some authors have found volcano-shaped correlations between
activity (measured as current at constant potential or potential at constant cur-
rent) vs. M(III)/(II) formal potential of the catalyst suggesting that an optimal
M(III)/(II) redox potential does exist for maximum activity. However other au-
thors have found only linear correlations between activity and M(III)/(II) 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 important since a priori one would
expect that the more negative the M(III)/(II) formal potential the higher the ac-
tivity, since this could favor the partial reduction of O2 upon interacting with the
metal center, i.e., M(III)–O−

2 . It is also possible that the linear correlations found
are part of an incomplete volcano. However, in these correlations it was found that
Cr, Mn, Fe, and Co complexes, which exhibit a M(III)/(II) transition give rise to
two separate correlations or families of compounds. This is a reflection of the fact
that the reduction wave for O2 reduction on for example Mn and Fe complexes
starts at a potential very close to the M(III)/(II) formal potential of the catalyst.
In contrast, for Co macrocyclics, the reduction wave starts at potentials far more
negative than the Co(III)/(II) formal potentials. The proximity of the O2 reduction
wave to the M(III)/(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
O2 reduction is far removed from the Co(III/(II) transition and only the perox-
ide pathway is observed. Dual-site mechanisms for O2 reduction are observed for
cofacial Cu complexes or dimetallic planar Co complexes, so two Co sites are re-
quired for a four-electron reduction mechanism. Polymeric Co complexes exhibit
four-electron reduction waves at high polarizations only. Vitamin B12 seems to be
very special in the sense that in spite of providing one single site for the reaction,
it can catalyze the four-electron reduction at high polarizations. Anson et al.in a
series of papers have demonstrated that two-electron reduction catalysts can be
turned into four-electron reduction catalysts, using cobalt porphyrins by placing
pyRu(II)(NH3)5groups on the periphery of the ligand. Placing Os(II)(NH3)5has
similar effects on promoting four-electron reduction mechanisms and the effect of
this groups is attributed to back-bonding from the Ru or Os centers to the bound
O2 molecule, so substitution of the periphery of the ligand with the appropri-
ate redox groups can have dramatic effects on the selectivity of the macrocyclic
catalysts.
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In spite of the good results obtained with iridium complexes since they cat-
alyze the direct four-electron reduction of O2 to water rather few studies have fo-
cused their attention on these promising catalysts. Most of the catalysts discussed
in this chapter provide good models for O2 reduction in aqueous media. However
many of them lack the necessary long-term stability for fuel cell applications. As
discussed in great detail in a separate chapter, heat treatment of these catalysts
mixed with or without mixtures with carbon support increases both activity and
stability. Nonheat-treated materials like the ones discussed in this chapter are still
very interesting due to their potentialities for making O2 sensors and sensors of a
great variety of other molecules. This is discussed in great detail in other chapters
of the book.

Finally it is worth mentioning that one of the advantages of MN4 macro-
cyclics over Pt catalysts is their tolerance to methanol cross over, which is a se-
rious problem in methanol–air fuel cells7. When methanol crossover from the
anode through the electrolytic membrane to the cathode occurs, electroreduction
of dioxygen and electrooxidation of methanol occur simultaneously. If this hap-
pens, it is detrimental to the overall performance of the fuel cell since the fuel
efficiency decreases as does the output power. In general MN4 macrocyclics are
poor catalysts for the oxidation of methanol, so this reaction should not occur
and this would avoid the problems mentioned above. As an example, Lamy et al.
have studied the catalytic activity of Co-tetraazaannulene (CoTAA) deposited on
graphite powder embedded in a cast Nafion film120 and found that the activity of
this catalyst for the reduction of O2 is not affected by the presence of methanol
in the electrolyte. Jiang and Chu121 found excellent methanol tolerance for heat-
treated CoTPP/FeTPP mixtures and high catalytic activity for O2 reduction, with
an onset potential of 0.9 V vs. RHE, comparable with platinum black (onset po-
tential of 1.0 V vs. RHE). Savinell et al.122, 123 studied heat-treated µ-oxo-iron(III)
tetramethoxyphenyl porphyrin (FeTMPP)2), iron(III) tetramethoxyphenyl por-
phyrin (FeTMPP–Cl) and iron(III) octamethoxyphenylporphyrin (FeFeOEP–Cl)
adsorbed on high-area carbons finding high stability in their catalytic activity
for the reduction of O2and insensitivity to the presence of methanol. Bettelheim
et al.124 have found that tetra(ortho-aminophenyl)porphyrin (o-NH2)TPP can be
used as a methanol barrier when electropolymerized on a direct methanol fuel cell
cathode. The polymeric films were found to be nonporous, 0.55 µm thick, of high
density (0.94 g/cm3), and of high porphyrin site concentration (1.4 M). Experi-
ments in a two-electrode configuration showed that it is possible to operate a direct
methanol fuel cell with low current output using an electrolytic membrane sep-
arating the anode from the cathode, when the cathodic electrode is covered with
a bilayer of polyaniline sulfonic acid/poly(o-NH2)TPP. Besides these properties
of metallomacrocyclics, in particular, tetraphenylporphyrinCo(II), CoTPP, has
been shown to possess O2-binding capabilities when complexed with poly(3,4-
azopyridylene) (PAP)125, 126. In this fashion CoTPP can act as an oxygen carrier
at the surface of the electrode and can enhance the rate of O2 reduction. The
complexed CoTPP combined with a conventional Pt/carbon catalyst increases
substantially the steady-state four-electron reduction currents, especially at low
overpotentials, which are common for fuel-cell operation. So CoTPP facilitates
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O2 transport from the atmosphere to the surface of the catalyst present on the
electrode surface. All these findings indicate that metallomacrocyclics are still in-
teresting for O2 electroreduction and for possible applications in fuel cells. Long-
term stability, which is one of the limiting factors, can be improved dramatically
by heat treatment and this is discussed in detail in Chapter 3.
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Electrocatálise da reaçao de reduçao de oxigenio sobre eletrodos de grafite modifi-
cados com ftalocianina tetracarboxilada de ferro. Ecl. Quı́m., Sao Paulo 28, 9–20.

105. Tanaka, A.A., C. Fierro, D.A. Scherson, and E. Yeager (1989). Oxygen reduction on
adsorbed iron tetrapyridinoporphyrazine. Mat. Chem. Phys. 22, 431–456.

106. Sawaguchi, T., T. Matsue, K. Itaya, and I. Uchida (1991). Electrochemical catalytic
reduction of molecular oxygen by iron porphyrin ion-complex modified electrode.
Electrochim. Acta 36, 703–708.

107. Elzing, A., A. van der Putten, W. Visscher, and E. Barendrecht (1987). The mech-
anism of oxygen reduction at iron tetrasulfonato-phthalocyanine incorporated in
polypyrrole. J. Electroanal. Chem. 233, 113–123.

108. Elzing, A., A van der Putten, W. Visscher, and E. Barendrecht (1990). Models for
adsorption of dioxygen on metal-chelates. Recl. Trav. Chim. Pays-Bas 109, 31–39.
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3
Oxygen Reduction in PEM Fuel Cell
Conditions: Heat-Treated
Non-Precious Metal-N4 Macrocycles
and Beyond

Jean-Pol Dodelet

1. Why Search for a Non-Pt Based Catalyst
for the Reduction of O2 in PEM Fuel Cells?

Traditionally, fossil fuels (coal, oil, gas) have been used to satisfy the
world’s energy needs. However, these resources are not endless. For instance,
at the present 2% growth in demand, the peak of world petroleum production
is estimated to occur between 2004 and 20251, 2. This will be followed a few
decades later by the peak of natural gas production. Furthermore, fossil fuels ac-
count for most of the 23–25 Gt of CO2 that people around the world vent into the
atmosphere every year3, 4.

CO2, along with nitrous oxide, methane, chlorofluorocarbons, tropospheric
ozone, and water vapor is a greenhouse gas5. With the exception of water
vapor, the concentration of all these gases is controlled more or less directly by
human activities. CO2 is the most important greenhouse gas because it has an at-
mospheric life of about 100 years and therefore builds up in the atmosphere over
long periods5. While the preindustrial CO2 concentration was about 280 ppmv,
its present concentration has increased 32% since preindustrial times to reach 370
ppmv today. Half of the increase has been since 19656.

The energy produced by human activity cannot alter global climate directly
because it represents only 1/10,000 of the total energy (120 × 1015 J)6 absorbed
in 1 s by the earth and its atmosphere. On the other hand, human activity is able to
alter global climate indirectly by interfering with natural flows of energy through
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changes in the atmospheric composition. Indeed, the greenhouse gases trap out-
going radiation from earth to space, creating a warming of the planet. Even small
changes in the concentration of a gas like CO2, which is a minor component of the
atmosphere, may have a very large effect when the total energy (175 × 1015 J)6

received per second at the top of the earth atmosphere is considered. Unless huge
reductions are made in fossil fuel use, the atmospheric CO2 concentration is ex-
pected to reach 560–1,000 ppmv by the end of this century, increasing the global
temperature a further 1.4–5.8◦C5. Consequences of global heating on the tro-
posphere are accelerated land-surface drying and more atmospheric water vapor.
Accelerated drying increases the frequency and severity of droughts, whereas
additional water vapor increases the risk of heavy precipitation events6. A per-
fect demonstration of the correlation between world temperature change and CO2
concentrations over 420,000 years has been given by measuring the content of
these gases in the Vostok Antarctica ice core7. Accordingly, an energy economy
based on hydrogen seems like the perfect alternative8. When burned or oxidized in
a fuel cell, it emits no pollution, including no greenhouse gases, except of course
for water vapor. Furthermore, gram for gram, hydrogen releases more energy than
any other fuel.

In the developed world, the most important sector of energy consumption
is transportation. It represents 56.5 GJ per capita and per year, which is 36% of
the total energy consumption9. Replacing fossil fuel by H2 in that sector alone
would already have a big impact on CO2 release, provided that H2 is not pro-
duced from fossil fuels. Following that line, General Motors has announced plans
to be the first company to sell one million hydrogen fuel cell cars by the middle
of the next decade. The development of fuel cell cars is a worldwide priority.
Indeed, in 2003, the Bush Administration made a commitment to the develop-
ment by 2020 of hydrogen economy, pledging US $1.7 billion over 5 years for
its Hydrogen Fuel Initiative and Freedom CAR partnership to develop hydrogen
fuel cell-powered vehicles. European Commission followed by launching the first
phase of an expected 10-year, ¤2.8 billion public–private partnership to develop
hydrogen fuel cells. In 2003, the Japanese government nearly doubled its fuel cell
R&D budget to US $268 million. Other countries, including Canada, also have
fuel cell programs8.

Fuel cells have a long history. Since their invention in 1839 by William R.
Grove, many fuel cell types have appeared. However, in technical terms, polymer
electrolyte membrane (PEM) fuel cells dominate in transport. In 2002, 97% of the
total fuel cell development for transport was focused on PEM fuel cells10. They
have the high power density required to meet the space constraints in light-duty
vehicles. Their low operating temperature should also lead to quick start up and
shut down. The tolerance of PEM fuel cells to the presence of CO2 is attractive
in comparison with alkaline fuel cells, which can also exhibit high power density
and fast start up. PEM fuel cells may also become important in other sectors of
energy consumption, such as residential as well as commercial and public ser-
vices, which together represent another 31% of the total energy consumption per
capita in developed countries9.
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Figure 3.1. Schematic representation of a PEM fuel cell single membrane electrode as-
sembly (MEA) with electrochemical reactions occurring at catalyst particles (dark circles).

PEM fuel cells are electrical power generators that involve the oxidation
of hydrogen at the anode and the reduction of oxygen at the cathode. The elec-
trodes are separated by an ionomer material, an H+- (or proton-) conducting poly-
mer electrolyte. Different companies produce PEMs . The dominant membranes
have, however, a common theme, which is the use of sulfonated fluoropolymers.
The best known of these is Nafion�, an ionomer from Dupont. Besides being
chemically highly resistant and rather mechanically strong, even in very thin films
(down to 50µm), well-hydrated Nafion� is a good proton conductor. In the H+
form, it is an acid medium characterized by a pH between 0 and 111.

The simplest PEM fuel cell is made of a single membrane electrode assem-
bly (MEA) presented schematically in Figure 3.1. Work is extracted from this fuel
cell by adding a load on the external circuit of electrons. PEM fuel cells are usu-
ally run at about 80◦C. Higher temperatures in the neighborhood of 100◦C and
above dry the membrane, which becomes much more resistive, thereby impeding
the flow of protons from the anode to the cathode. Since PEM fuel cells are low-
temperature fuel cells, electrocatalysts are necessary to perform both H2 oxidation
and O2 reduction at a useful rate. Today, the only catalyst used in PEM fuel cell
commercial prototypes is essentially Pt, a noble metal that is chemically stable in
the acid environment of the cell, at 80◦C and under the operating potentials of the
anode and cathode. In the early days12, Pt was used unsupported at the loading
of up to 28 mg/cm2, but its usage has been drastically reduced to around 0.6–0.8
mg/cm2 today13. Pt catalysts for fuel cells are now made of Pt nanoparticles (from
2 to 5 nm) loaded on high surface area carbon blacks with a high mesoporous area
and a degree of graphitic character14. A common support is, for instance, aggre-
gates of the ∼30 nm diameter spheres of Vulcan XC72R carbon black from Cabot
Corporation.

Pt is a precious metal with low abundance. Two problems may be associ-
ated with the use of this metal in PEM fuel cells. They are: (i) aspects related to Pt
cost and reserves and (ii) aspects related to Pt supply. Figure 3.2 presents a chart
of Pt cost since 1992. The source of this information is the web site of Platinum
Today from Johnson Matthey15. Figure 3.2 shows that the price of one troy ounce
(31.1 g) of Pt remained quite stable at around US $400 for several years but has
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Figure 3.2. Chart of Pt cost since 1992 (according to ref. [15]).

been rising since 2000. At the end of 2004, one troy ounce of Pt costs more than
US $800. A first solution to Pt cost in electrocatalysts is to use as little of it as pos-
sible. In 2003, DOE released technical targets on precious metal loadings in PEM
fuel cells for transportation16. On a basis of 50 kWe fuel cell systems, the targets
were < 2.0 gPt/kW in 2003 0.6 gPt/kW in 2005, and will be 0.2 gPt/kW in 2010.

The total Pt mined in 2002 and 2003 was 185.7 and 194.1 metric tons, res-
pectively, while the total Pt demand during the same years was 201.2 and 202.8
metric tons, respectively. The production of 10 millions vehicles per year (about
1/5 of the global auto market17), using 75 kWe PEM fuel cells with a loading of
0.2 gPt/kW would create a demand of 150 metric tons of Pt per year. This would
practically double the present demand for Pt. However, even against the most
optimistic of fuel cell vehicle projections, there are substantial Pt reserves at cur-
rent extraction depths (the South Africa’s Bushveld Complex, which represents
∼75% of the world’s platinum resources, alone has 30,000 metric tons reserve17).
To avoid price volatility, an important issue will be to closely match mining and
demand. Operations in South Africa typically require 3–4 years to make substan-
tial mining expansions. Furthermore, it is also anticipated that Pt recovery, which
is about 20% today for autocatalysts18, will drastically improve for PEM fuel cell
stacks. At US $800 per troy ounce and at a loading of 0.2 gPt/kW, the cost of Pt
in a 75 kW fuel cell is US $386. If neither the cost of Pt (considering its reco-
very) nor its reserves are restricting the use of Pt in PEM fuel cells, are there other
aspects that would restrict its availability?

In 2003, only two countries supplied most of the Pt used in the world. They
are South Africa (74.8%) and Russia (16.8%). The amount of Pt mined in North
America represents only 4.7%, while 3.7% are supplied by the rest of the world19.
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Figure 3.3. Typical polarization curve for a H2/O2 PEM fuel cell single membrane elec-
trode assembly with individual electrical efficiency losses (according to Figure 3 in ref.
[14]; reproduced with permission of JOhnson Matthey PLC).

It is clear that, in a hydrogen economy, if PEM fuel cells are to generate electricity
for the complete transport and the other sectors previously mentioned, the depen-
dence of Pt availability on a limited number of countries will be worse than the
present dependence on oil, which is better distributed worldwide than the pre-
cious metal. An alternative to Pt as catalyst in PEM fuel cells therefore becomes
attractive. This novel catalyst needs, however, to be of comparable activity with
Pt, besides being cheap and available everywhere.

Pt is used as electrocatalyst at the anode and the cathode of PEM fuel cells.
The electrical efficiency losses in a typical PEM fuel cell are shown in Figure 3.3.
Among them are the efficiency losses related to the kinetics of electron transfer
at both electrodes. It is clear that cathode activation is much larger than its anode
counterpart. On the one hand, at the anode, the small efficiency loss reflects the
large activity of Pt toward H2 oxidation20 and, on the other hand, the much larger
efficiency loss at the cathode reflects its poor activity for the electrochemical re-
duction of oxygen21. The reduction of Pt anode loading from 0.2 to 0.4 mgPt/cm2

down to 0.05mgPt/cm2 is straightforward22, while lowering today’s cathode load-
ing of ∼0.4 mgPt/cm2 is limited by the poor activity of Pt for the oxygen reduc-
tion reaction (ORR)21. It is therefore more productive to seek to replace Pt at the
cathode than at the anode.

In the acid medium of PEM fuel cells that may also contain some levels
of fluoride derived from membrane degradation, Pt cannot be replaced with a
non-noble metal or a metallic oxide, as both will corrode in such environment.
This chapter describes some of the efforts that have been made over 40 years to
obtain other non-precious metal electrocatalysts for ORR in acidic medium. They
all started with the discovery in 1964 that CoN4 phthalocyanine was capable of
oxygen reduction in an alkaline solution23.
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2. Activity of Electrocatalysts based on Fe–N4 and
Co–N4 Macrocycles and Beyond

2.1. The Early Days: 1964–1989

The discovery of N4-metal chelate capacity to reduce oxygen electrochemi-
cally was reported in 1964 by Jasinsky23. He showed that cobalt phthalocyanine
(CoPc; see Figure 3.4) mixed with Ni powder could be used as a cathode electro-
catalyst for O2 reduction at room temperature and in 25% KOH electrolyte. The
same author also used CoPc impregnated in a Ni plaque from a CoPc-pyridine
slurry. Cu-, Ni-, and PtPc’s were also measured, but their performance was infe-
rior to that of CoPc. This discovery created a large interest in molecular-based
catalysts for ORR, and the work performed during the following 10 years was
reviewed by Jahnke et al.24. During these years, it was demonstrated that several
unsupported metallic phthalocyanines, in which the metal is surrounded by four
nitrogen ligands, are also active in sulfuric acid-containing media with an acti-
vity increasing in the order Cu ∼ Ni < Co < Fe. The interaction essential for the
catalysis takes place between the oxygen and the central metal ion.

At the beginning of the 1970s, Beck and coworkers discovered the electro-
catalytic activity of metal-dibenzo-tetra-aza-annulene (MeTAA) and Sandstede
and coworkers that of metal tetraphenyl porphyrin (MeTPP) and its tetramethoxy
derivative (MeTMPP)24. The molecular structures of CoTAA and CoTMPP are
also presented in Figure 3.4. All Me–N4 chelates were also active on a carbon
substrate. For the Pcs, which are insoluble in conventional solvents and water, the
catalysts were prepared by dissolving the chelate in concentrated sulfuric acid,
then precipitating it onto a carbon substrate by addition of water. TPPs and TAAs
on carbon were prepared by impregnation from an appropriate organic solvent. It
was shown24 that the nature of the oxygen-containing groups on the carbon sur-
face is important; alkaline surface groups must be present if the Me–N4 chelate
is to have a catalytic effect. The carbons with alkaline surface groups that were
used were acetylene black, Norit BRX, or Vulcan 3H. It was demonstrated24 by
Mössbauer spectroscopy that there is an intimate interaction between FePc and
alkaline surface groups at the surface of the carbon support.

Figure 3.4. Molecular structure of cobalt phthalocyanine (CoPc), cobalt tetramethoxy
phenylporphyrin (CoTMPP), and cobalt tetraazaannulene (CoTTAA).
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There was, however, a rapid decline in the activity of both unsupported and
carbon supported Me–N4 chelate electrocatalysts. Their lifetime was restricted by
direct chemical attack of the catalyst molecule by H2O2 released during oxygen
reduction. An important discovery during the first 10 years was to show that the
catalyst stability as well as its activity toward ORR could be improved by sub-
jecting the Me–N4 chelate/carbon sample to thermal pretreatment in an inert gas
(N2 or Ar). The best heat-treating temperatures depend on the particular Me–N4
chelate, but 500–600◦C was recommended. At higher temperatures, the catalyst
activity decreased but its stability increased up to 900◦C. A good example of im-
proved stability after heat treatment was reported in 1977 by Bagotzky et al.25.
They loaded by impregnation 5 wt% of CoTMPP (0.37 wt% Co) on Norit BRX
and heated this material in inert atmosphere at various temperatures from 400 to
1,000◦C. After a heat treatment at 400◦C, the time of operation without loss of ac-
tivity at 10 mA/cm2 in 4.5N H2SO4 and 20◦C was 150 h, while the catalyst func-
tioned for more than 10,000 h (417 days) after a heat treatment at 800◦C. They
also reported that the heterogeneous decomposition of H2O2 was much higher on
a heat-treated powder catalyst than on untreated ones.

If the heat treatment of Co- or Fe–N4 chelates adsorbed on carbon improves
not only the stability, but also the activity, of the resulting catalyst, the question is:
what happens to the chelate molecule during that heat treatment and what is the
structure of the resulting catalytic site? This topic has been strongly debated dur-
ing the 1980s and still remains incompletely resolved. Seven reviews26–32, which
appeared between 1986 and 1990, summarize the structures of the catalytic site
that have been proposed during that decade. Essentially, there were three schools
of thoughts led by van Veen, Yeager, Wiesener, and their respective collaborators.

1. Based on X-ray photoelectron spectroscopy (XPS), Fourier transform in-
frared (FTIR), electron spin resonance (ESR), Mössbauer, and extended
X-ray absorption fine structure spectroscopy (EXAFS)26, 28, 33, 34, van
Veen and collaborators concluded that the thermal treatment at tempera-
tures where catalytic activity is maximum (∼500–600◦C) does not lead to
complete destruction of the macrocycles, but rather to a ligand modifica-
tion which preserves the Me–N4 moiety intact. Furthermore, the stability
of this catalytic site is improved because the reactive parts of the lig-
ands are bound to the carbon support and thus are no longer susceptible
to an oxidative attack. Thermal treatments at higher temperatures (up to
850◦C) led to some decomposition of the Me–N4 moiety, and thus to a
decrease of the catalytic activity, and to the reduction of some of the ions
to their metallic state.

2. On the other hand, based on pyrolysis mass spectrometry, pyrolysis gas
chromatography, microanalysis and mainly Mössbauer spectroscopy35–37,
Yeager and his collaborators who were mainly working at high pyroly-
sis temperatures (800–850◦C) disagreed with the previous school. They
concluded that the decomposition of Me–N4 macrocycles starts at about
400–500◦C. At 800◦C, despite the fact that heat-treated samples retain
more than 80% of the nitrogen atom content measured for the untreated
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samples, a significant fraction of the iron or cobalt ions does not seem
to remain coordinated to the original ligating atoms. Most of the metal
appears as a mixture of oxides and metal, the latter spontaneously oxi-
dizing when exposed to air at room temperature. Upon contact with an
electrolyte solution, oxide species may undergo partial or total dissolu-
tion. Metallic ions subsequently adsorb or coordinate to thermally formed
sites on the carbon surface, most likely involving nitrogen. The resulting
structure is believed to be the true catalytic site for oxygen reduction.
Here, it is important to notice that, according to Yeager and his collabo-
rators, the catalytic site is obtained not during, but after, the heat treatment
at high temperature of Me–N4 chelates adsorbed on the carbon support.

3. A third school, led by Wiesener29, proposed that the Co or Fe ions of
the adsorbed N4 chelates promote the decomposition of the chelate upon
thermal treatment followed by the formation, at high temperature, of a
special form of carbon that would be the true catalyst. In this scenario the
metal is only an intermediate and has no active role in the electroreduc-
tion of oxygen. In a later publication38, they concluded that nitrogen is
involved in the electrocatalytic active group on carbon.

An important discovery for non-noble metal PEM fuel cell catalysts for oxy-
gen reduction was reported in 1989. During that year, Yeager and collaborators
published a paper about the preparation and characterization of a novel catalyst
active for oxygen reduction that was not made by the adsorption on a carbon sup-
port and subsequent heat treatment of a Me–N4 macrocycleprecursor, but rather
was prepared by the adsorption of polyacrylonitrile (PAN) mixed with CoI I or
FeI I salts dissolved in dimethylformamide39. After pyrolysis of that material in
argon at high temperature (800◦C), these catalysts were studied in 85% H3PO4
at 100◦C in porous gas-fed electrodes. The activity of one of the novel catalysts
containing 1.18 wt% Co was shown to be equivalent to that of a catalyst prepared
at the same heat-treatment temperature with 5% CoTMPP (0.37 wt% Co). The
retention of cobalt ions in these catalysts was explained in terms of a possible
coordination interaction of cobalt with the nitrogen of the pyrido-rings resulting
from the pyrolysis of adsorbed PAN.

This report followed a seminal work from the same group using heat-treated
pyrrole-black polymer mixed with CoII or FeII salts40. The catalytic activity of
those materials was also interpreted by the retention during pyrolysis of nitrogens
of the pyrrole groups as binding sites for the transition metal ions, which then
provided the catalytic activity. Both reports from Yeager’s group clearly showed
that catalytic activity for O2 reduction in acid medium requires the presence of
three components: (i) a nitrogen precursor, (ii) a transition metal (Fe or Co) pre-
cursor, and (iii) a carbon support, plus a heat treatment at relatively high tem-
perature of the material resulting from the adsorption of the nitrogen and metal
precursors on the carbon support. According to Yeager, the last step is necessary
to obtain nitrogen functionalities on the carbon support and to reduce the metal
ions. The catalytic site is not, however, produced during that heat treatment but is
self-assembled afterward during contact with the electrolyte that dissolves metal
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particles, which had been generated during pyrolysis. This novel preparation pro-
cedure represented a crossing point from which two different roads were followed
to prepare nonprecious metal-based catalysts for the electroreduction of oxygen:
the first one pursued the work on Me–N4 chelates for which metal and nitrogen
are part of the same molecular precursor. This work is reviewed in Section 2.2.1.
The second road explored another research direction in which metal and nitrogen
belonged to two different molecular precursors. Besides giving more flexibility in
the preparation of the catalysts, this latter avenue also led to the use of much
cheaper molecular precursors than Me–N4 chelates. This work is reviewed in
Section 2.2.2.

2.2. Molecular Structure of the Catalytic Site(s)

2.2.1. Fe- and Co Macrocycles After the 1980s

In Sect. 2.1 it was shown that three molecular structures were proposed dur-
ing the 1980s by van Veen, Yeager, Wiesener, and their respective collaborators,
as potential catalytic sites for the reduction of oxygen in acid medium. In this sec-
tion, how these three molecular models for the catalytic site evolved since their
first appearances in the literature is described.

During the 1990s, van Veen and collaborators mainly studied the electro-
chemical kinetics of oxygen reduction. Their results are presented in Sect. 3.
These mechanistic studies were, however, always based on the model in which
the Co–N4 or Fe–N4 moieties of the respective macrocycles were retained intact
at all pyrolysis temperatures. Their last contribution to the molecular structure
of the catalytic site was a study in 2002 of catalysts obtained by adsorption of
iron tetramethoxyphenyl porphyrin chloride (ClFeTMPP) on Vulcan XC-72, heat
treated between 325 and 800◦C in inert atmosphere, and characterized by EXAFS
and Mössbauer spectroscopy, as well as by cyclic voltammetry41. The loading of
these catalysts was 7 wt% chelate (∼0.5 wt% Fe).

EXAFS confirmed that unpyrolyzed ClFeTMPP adsorbed intact on Vulcan
and was still intact up to 325◦C. After pyrolysis at 700◦C (the optimum temper-
ature for catalytic activity) the first shell of atoms around the Fe ion was still
Fe–N4, but the interatomic distance contracted and the Fe ion was now in the
N4 plane (Fe ion was above that plane for the intact molecule). The Mössbauer
spectrum of samples heat treated at 800◦C revealed the formation of magnetic
iron oxides that could be chemically leached out. The leached material yielded a
spectrum similar to that recorded at 700◦C and attributed to the Fe–N4 moiety.
Van Veen and collaborators proposed a reaction scheme of what they believed
happened to the ClFeTMPP chelates upon pyrolysis. This scheme is illustrated in
Figure 3.5. However, they warned the reader that, in Figure 3.5, while the overall
structure of the iron catalytic site remained close to the original Fe–N4 moiety,
there must be substantial local variation in how this unit is attached to the subja-
cent carbon support. This study is in agreement with an earlier study by McBreen
and collaborators42, who analyzed 9 wt% CoTMPP and FeTMPP chelates (about
0.7 wt% metal) adsorbed on Vulcan XC-72 and heat treated in inert atmosphere
between 600 and 1,000◦C. They found that the heat treatment of the macrocycles
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Figure 3.5. Visualization of the reaction of a porphyrin with the carbon support during heat
treatment (according to Figure 9 in ref. [41]; reproduced with permission of the American
Chemical Society).

also provided a mixture of several compounds, including metal and metal oxides.
Chemical leaching removed metal and oxides revealing the electrocatalyst, which
was an isolated ion in both cases. Its first coordination shell was apparently four
nitrogen atoms at a distance similar to that in the original macrocycle. With a fur-
ther increase of the temperature, formation of the catalyst and its decomposition
to metal occurred simultaneously. In the case of FeTMPP, there were some Fe–N4
moieties even after pyrolysis temperatures up to 1,000◦C, while the Co chelates
were reduced to metal at 900◦C.

The last two publications of Yeager and his collaborators appeared in 1992
and 1994. In the first one43, FeTMPP or CoTMPP (4.8 wt% chelate, ∼0.4 wt%
Co or Fe) was adsorbed on Vulcan XC-72 and heat treated in inert atmosphere at
800◦C. The Mössbauer spectra indicated that FeTMPP was adsorbed on carbon
black as PPTMFe–O–FeTMPP after facile and irreversible oxidation. At 800◦C,
the doublet characteristic of the Fe–N4 coordination was transformed into a sin-
glet indicative of a pronounced change in the coordination, which was no longer
consistent with the Fe–N4 structure of the catalytic site. This new moiety corres-
ponded either to metallic iron or oxide in highly divided form. Furthermore, it was
shown by cyclic voltammetry in de-oxygenated 0.05 M H2 SO4 that the initial ma-
terial displayed oxidation and reduction peaks at 0.50 V vs. SCE assigned to the
CoII/CoIII couple or peaks at –0.1 V vs. SCE assigned to the FeII/FeIII couple.
Cyclic voltammograms after heat treatment at 800◦C were featureless, provid-
ing evidence that the initial materials underwent profound changes in their struc-
ture — an observation in favor of Yeager’s model for the catalytic site.

In their second publication44, yeager and his collaborators used the same
CoTMPP and FeTMPP chelates adsorbed on de-ashed RB carbon (20 wt%
chelate; ∼1.5 wt% Fe or Co) and heat treated these materials at 800◦C in in-
ert atmosphere to show that the resulting catalysts were inactive for the oxida-
tion of methanol. This demonstration was performed in a mini-fuel cell using
a Nafion 117 membrane equilibrated with H3PO4 and running at 105◦C. The
methanol tolerance of these catalysts as well as the use of H3PO4 equilibration
of the membranes to enable higher operating temperatures were investigated fur-
ther by other researchers, in particular by Savinell and his collaborators. Methanol
tolerance is an important factor for direct methanol fuel cells, which are plagued
with the problem of methanol cross-over through the polymeric membrane from
the anodic compartment to the cathodic one. Mixed potentials and decreased net
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current densities result from the simultaneous reduction of O2 and the oxidation
of methanol at the cathode, greatly affecting the power output of the cell.

It is clear from the analysis of the recent results presented by van Veen
and Yeager that neither van Veen, Yeager, nor their respective collaborators,
changed their opinion about the molecular structure of their respective catalytic
site. According to van Veen the catalytic site is the Me–N4 moiety at all pyrolysis
temperatures, while Yeager maintains that it is a C–Nx –Me complex of unknown
structure. The complex is formed not during, but after, pyrolysis at high (800◦C
and above) temperatures by the dissolution of metal oxide when the catalyst is
brought in contact with an electrolyte, and the subsequent readsorption of metal
ions on the C–Nx functionalities of the carbon support.

An important element of support for Yeager’s model of the catalytic site
for O2 reduction came from Scherson and his collaborators45, who ran in situ
EXAFS and XANES (X-ray absorption near edge structure) as well as cyclic
voltammetry experiments in 1.0 M H3PO4 on ClFeTMPP adsorbed on Black
Pearls carbon (22 wt% chelate; ∼1.7 wt% Fe; 1/4 monolayer Black Pearls cover-
age based on a 4 nm2 coverage per ClFeTMPP) and heat treated at 800◦C in an
inert atmosphere. Figure 3.6 presents their voltammetry results in a deaerated so-
lution. They showed that the intact adsorbed macrocycle (A) was characterized
by the FeII/FeIII couple in the Fe–N4 complex with E◦ = −0.1 V vs. DHE,
while after heat treatment at 800◦C, the same FeII/FeIII couple was character-
ized by an ill-defined broad structure shifted toward more positive potentials (B).
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Figure 3.6. Cyclic voltammograms of Teflon-bonded electrodes (2 mg active material,
0.15 cm2 projected area) containing intact (panel A) and heat treated ClFeTMPP/BP (panel
B) in 1 M H3PO4 (according to Figure 1 in ref. [45]; reproduced with permission of the
American Chemical Society).



94 Jean-Pol Dodelet

FeII began to appear at about 0.8V vs. DHE, a potential consistent with the rela-
tively positive potentials at which O2 is reduced at significant current density
in H3PO4-equilibrated Nafion at 125◦C. XANES experiments indicated that the
dry heat-treated ClFeTMPP/Black Pearls catalyst contained elemental iron and
possibly also iron carbide. The same spectroscopy also ascertained a sharp en-
ergy transition between FeII and FeIII oxidation states for the intact macrocycle,
while after heat treatment at 800◦C, the same energy transition between FeII and
FeIII still occurred but was no longer so sharp. This indicated the presence of
many different catalytic sites that were no longer in the original Fe–N4 environ-
ment of the chelate, which was consistent with the cyclic voltammetry data and
the ill-defined molecular structure of the catalytic site (C–Nx –Fe). The latter is not
obtained during the heat treatment at high temperature, but results, as proposed by
Yeager, from coordination, in acid solution, of Fe ions to the C–Nx groups formed
during pyrolysis. Furthermore, CO had no effect on the pyrolyzed catalyst, while
a strong effect of CO was observed for the intact chelate.

Publications from several new groups, including ours, appeared during the
1990s and the idea of two catalytic sites, one at low pyrolysis temperatures and
another one at high pyrolysis temperatures, was put forward. The most important
players during these years (at least by the number of their publications) were Savy,
Savinell, and their respective collaborators, as well as our group.

Savy and his collaborators published 14 papers on heat-treated metal
chelates during the period spanning from 1990 to 2000. The earliest papers from
this group46–51 reported results obtained with catalysts made by the adsorption
on Norit BrX, Printex, and Black Pearls of Fe or Co naphtophthalocyanines (Fe
or CoNPc) at various loadings (between 10 and 40 wt% chelate; ∼0.7–3.0 wt%
metal). These materials were pyrolyzed at 500◦C in inert atmosphere. The cat-
alysts (mainly those based on CoNPc) were studied by IR spectroscopy, XPS,
and rotating disk electrode in 0.25M H2SO4. It was concluded that the heat treat-
ment at 500◦C preserved the Me–N4 unit. A face-to-face, stacked phthalocyanine
dimer configuration was proposed as an active site on the basis of: (i) an opti-
mal activity observed for the loading of two monolayers of phthalocyanines, the
molecular structure being retained on the carbon support as evidenced by car-
boxylic and quinonic groups detected in FTIR; (ii) an apparent number of 3.8
electrons exchanged during electroreduction of oxygen (unpyrolyzed covalent
face-to-face dimeric cobalt porphyrin structures have been synthesized by An-
son and his group; they are known to reduce O2 to H2O by 4 electrons52); and
(iii) mixed valences of CoII/CoIII (50%; 50%) detected by XPS indicating that
one Co ion of the dimer may be found as CoII, while the other one was found as
CoIII. A schematic representation of this dimer is given in Figure 3.7. Figure 3.8
presents the mechanism proposed by Savy for the 4 electron reduction of oxygen
catalyzed by the face to face Co–N4 dimer proposed as a catalytic site obtained
after pyrolysis at 500◦C.

Further studies by the same group involved mainly CoTAA and also
CoTMPP. These molecules were adsorbed on Norit SX Ultra and were usually
pyrolyzed between 600 and 800◦C. The optimum CoTAA loading was 13 wt%
chelate (∼2.3 wt% Co). At the lowest heat-treatment temperature (600◦C), the
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Figure 3.7. Schematic representation of an active Co-based dimer proposed by Savy
and collaborators and obtained after heat treatment at 500◦C, in inert atmosphere, of
Co naphthophthalocyanine adsorbed on a carbon support. The remaining portions of the
macrocycle structures lie in the planes represented by the two lines parallel to the support.
(according to Figure 8b in ref. [50]; reproduced with permission of Elsevier).

Figure 3.8. Mechanism of the 4-electron reduction of oxygen catalyzed by the Co-dimer
whose detailed sructure is illustrated in Figure 3.7 (according to Figure 8 in ref. [49];
reproduced with permission of Elsevier).
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catalytic activity was attributed to Co in the Co–N4 moiety preserved from de-
struction (a face-to-face Co–N4 dimeric structure was again mentioned here53–55).
The ESR signal disappeared after heat treatment at 800◦C56. In other papers56–59

no Co was detected by XPS for the 800◦C heat-treated catalyst after a longevity
test in 0.25M H2SO4 solution, while before the test Co was detected as CoO.
A metal-less site based on nitrogen–oxygen, and carbon atoms and on various
oxidation states of the nitrogen atom, was invoked as the origin of the catalytic
activity in samples pyrolyzed at high temperatures. This metal-less catalytic site
would be involved in the following sequence of reactions during the reduction of
oxygen:57

1. Lower nitrogen oxidation states such as NH3OH+ or N2H5
+ are highly

favorable to a protonation reaction such as:

R–NH2 OH+ + H+ + e− ==>> R–NH+
2 + H2O (fast)

2. To yield a catalytic cycle, this protonation should be followed by reoxi-
dation of RNH+

2 by oxygen via a chemical step which should not be rate
limiting :

2R–NH+
2 + (x + 1/2)O2 ==>> 2R–NOx + 2H+ + H2O

3. The rate-limiting step would consist of an electrochemical reduction of
R–NOx (stable) into R–NH2OH+ (unstable) according to:

R–NOx + (2x + 1) H+ + 2xe− ==>> R–NH2OH+ + (x − 1)H2 O

It is clear that, according to Savy and his collaborators, there are two types
of catalytic sites: (i) the low temperature (LT) one occurring at 500–600◦C and the
high temperature (HT) one occurring at 800◦C. The structure of the LT catalytic
site proposed by Savy was inspired by the structure proposed by van Veen (a face-
to-face Me–N4 dimeric structure has, however, never been proposed by van Veen).
The HT catalytic site proposed by Savy is metal-less. This type of molecular
structure is therefore related to the catalytic structure proposed by Wiesener.

Face-to-face dimeric structures were expected when Co or Fe cationic and
anionic porphyrins were adsorbed together on a carbon support60, 61. It was sug-
gested by Sawagushi, Okada, and their respective collaborators that the Fe–N4 or
Co–N4 dimeric complexes remained associated at low pyrolysis temperatures; but
the face-to-face structures would not be preserved after a heat treatment at 800◦C.
The idea of an unexpected formation of a face-to-face Me–N4 dimeric struc-
ture obtained by pyrolysis of nonionic porphyrins in the 600◦C range reappeared
later on in 2000 and 2002 in publications of Chu and Jiang62, 63, who reported
results obtained after the pyrolysis of unsupported CoTPP and FeTPP. Again, on
the basis of an apparent 4-electron transfer measured for the mixed Co-Fe-based
catalyst, a face-to-face dimeric structure containing one Co–N4 and one Fe–N4
complex was proposed as the catalytic site. The latter nanostructure was thought
to have the typical 0.4 nm52 distance between the two metal centers to accommo-
date O2 in a bridged configuration. These catalysts showed methanol tolerance.

The group that did most work on methanol tolerance of non-precious metal
cathode catalysts in PEM fuel cells was certainly that of Savinell. Out of the
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six papers64–69 that were published by that group on non-precious metal cath-
ode catalysts between 1998 and 2001, four64–66, 68 mentioned that these catalysts
prepared with various Fe porphyrins were not active for methanol oxidation. Fur-
thermore, some of these studies reported results obtained with gas diffusion elec-
trodes (GDEs) in fuel cells at high temperatures, using either H3PO4-equilibrated
Nafion 11764 or H3PO4-doped polybenzimidazole membrane at 150◦C65, 66. The
highest fuel cell performances reported to date with non-precious metal catalysts
were obtained under these conditions. For the sake of comparison with the results
obtained in fuel cells by other groups, the performance with hydrated Nafion was
also reported by Savinell et al. for two cathode catalysts made by adsorption of
ClFeTMPP on RB carbon (12.3 and 24.2 wt% chelate; ∼0.8 and 1.6 wt% Fe),
followed by heat treating at 800◦C. Their polarization curves are presented in
Figure 3.9 and compared to that of Pt.

Savinell and collaborators also characterized their catalysts. They found
that: (i) the resistivity of the catalysts decreased as the heat-treatment temperature
increased; (ii) most of the typical chelate structure of their FTIR spectra disap-
peared at pyrolysis temperatures > 400◦C; (iii) XPS indicated the presence of
the Fe–N4 structure below 800◦C, but metallic and/or iron carbide clusters sur-
rounded with a carbon envelope were detected above 800◦C. As they attributed
no catalytic activity to those particles, they concluded68 that a plausible explana-
tion for the remaining catalytic activity after pyrolysis at these high temperatures
might be active sites containing nitrogen and oxygen. Therefore, for Savinell’s
group, there are also two catalytic sites, an Fe–N4 structure at a low pyroly-
sis temperature (∼600◦C), which follows van Veen’s suggestion, and possibly
a metal-less catalytic site of the type discussed earlier by Wiesener and Savy.
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Figure 3.9. Steady-state polarization curve for oxygen reduction (1 atm.) on ClFeTMPP/
RB electrode of different loadings with a Pt/C (E-Tek) electrode for comparison in
an H2/O2 minifuel cell with hydrated Nafion 117 at 60◦C: (A, dark squares) 12.3%
ClFeTMPP (0.17 mgF/cm2) on RB (800◦C H.T.); (B, dark circles) 24.2% ClFeTMPP
(0.34 mgFe/cm2) on RB (800◦C H.T.); and (C, open triangles) Pt/Xc-72 (E-Tek,
2 mg Pt/cm2) (according to Figure 9 in ref. [64]; reproduced with permission of Springer
Science and Busines Media).
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Figure 3.10. Co K edge XANES for CoPc on Vulcan XC-72: (a) Pure CoPc; (b) CoPc
adsorbed on Vulcan XC-72; heat treated CoPc adsorbed on Vulcan XC-72 at (c) 700◦C;
(d) 800◦C; (e) 1,000◦C; (f) Co metal. The zero energy reference corresponds to 7,709 eV
(according to Figure 3 in ref. [70]; reproduced with permission of the Amercian Chemical
Society).

Our group began to publish on non-precious metal catalysts for oxygen
reduction in acid medium in 1992. Our first article70 reported mainly XANES
and EXAFS characterizations of catalysts obtained by the adsorption of CoPc
(10.7 wt% chelate; 1.1 wt% Co) on Vulcan XC-72. That material was heat treated
in inert atmosphere at temperatures ranging from 250 to 1,100◦C. A XANES char-
acterization of heat treated CoPc/Vulcan clearly revealed that the Co–N4 structure
was retained up to a pyrolysis temperature of 700◦C. This is shown in Figure 3.10.
Cobalt phthalocyanine has a D4h symmetry where the metallic center atom is in
a square planar environment. The CoPc spectrum exhibited several transitions la-
beled 1, 2, 3, 4, and 5 in Figure 3.10. The first peak was assigned to a dipole
forbidden 1s → 3d transition. The second transition was assigned to a shake
down satellite involving the 1s → 4pz transition with simultaneous ligand to
metal charge transfer. The third transition was pure 1s → 4pz . The fourth and
fifth features were due to 1s → 4px,y transitions. The relative energies of the
px , py, pz orbitals depend on the coordination of the metallic center. In a D4h

symmetry, the absence of axial ligands stabilize the pz orbital relative to the py

or pz ones and the 1s → 4pz transition appears at lower energy than the 1s →
4px,y ones. The transition labeled 2, which was observed for all compounds in a



Oxygen Reduction in PEM Fuel Cell Conditions 99

square-planar environment, is a fingerprint of the Co–N4 structure. Any modifi-
cation of the coordination greatly affected this transition.

For temperatures above 700◦C, important changes in the XANES pre-edge
region occurred. The Co–N4 configuration was destroyed (loss of transition 2) and
the formation of Co particles became more and more important as pyrolysis tem-
perature increased. The evolution of the coordination number of metallic cobalt
suggested that very small (about 2 nm diameter) Co clusters were obtained at
900◦C. Etching the samples did not change the XANES spectra. High-resolution
TEM studies on similar samples (2.0 wt% Co)71 indicated that the characteri-
zation by X-ray absorption spectroscopy underestimated the size (4 ± 1 nm) of
the βCo metallic particles which were found in the catalytic material pyrolyzed
at 700◦C, while an average diameter of 13 nm was observed for material pyro-
lyzed at 900◦C. Most particles at 900◦C were also surrounded by an outer shell
of graphite, as shown in Figure 3.11.

Following this first study, we prepared a series of catalysts with the follow-
ing chelates: CoPc72–75, FePc76, tetracarboxylic CoPc (CoPcTc)76, 77, tetracar-
boxylic FePc (FePcTc)76, CoTMPP78, 79, and FeTMPP79. Their nitrogen and
metal concentrations were determined in the bulk and at the surface of these mate-
rials. The same catalysts were also characterized by XRD analysis, time-of-flight
secondary ion mass spectrometry (ToF SIMS), and TEM microscopy, as well as
by cyclic voltammetry in H2SO4 solution at pH 0.5 and GDE tests in fuel cells.
The results obtained with various chelates followed always the same pattern: (i)
The bulk metal concentration remained practically constant in all these catalysts
over the entire pyrolysis temperature range, while the bulk N concentration de-
creased with increasing temperature to reach the detection limit around 1,000◦C.
(ii) At the same time, the metal and N surface concentrations measured by XPS
first increased for CoPc and FePc to reach a maximum at about 500–600◦C, then
decreased at higher temperatures. This is shown in the left part of Figure 3.12 for
FePc/C. It was interpreted as a sublimation and subsequent readsorption on the
carbon support of the chelate molecules or molecular fragments still containing
the intact metal–N4 complex up to ∼500–600◦C, followed by decomposition of
the metal–N4 site at higher temperatures and the formation of metal aggregates,

5 nm

Figure 3.11. High-resolution transmission electron microscopy image of a Co particle after
pyrolysis of CoPc/C at 900◦C. A graphitic layered structure (Gr) is present on the surface
of the particle (according to Figure 5 ref. [71]; reproduced with permission of the Materials
Research Society).
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Figure 3.12. Left panel: Change of the Fe and N surface concentrations (relative to C) for
FePc/C and FePcTc/C with the heat treatment temperature. Right panel: Change of the cat-
alytic activity for O2 reduction as a function of the heat treatment temperature for FePc/C
and FePcTc/C. The catalytic activity was determined by taking the difference between the
current measured at 0.7 V vs. NHE when the electrode was rotating at 1,500 rpm and when
it was stationary (according to Figures 1 and 7 in ref. [76]; reproduced with permission of
Elsevier).

whose diameter increased with the pyrolysis temperature. Tetracarboxylic FePcTc
and CoPcTc do not sublime. They polymerize on the surface of the carbon sup-
port. The N and metal surface concentrations do not go through a maximum but
simply decline when the pyrolysis temperature increases. The change with heat-
treatment temperature of N and Fe surface concentration measured by XPS for all
these catalysts evolves in parallel with the catalytic activity measured by cyclic
voltammetry in an H2SO4 solution. Catalyst activity is shown in the right part of
Figure 3.12. (iii) Although the polarization curves in fuel cell tests initially fol-
low the same order of performance than the catalyst activity measured by cyclic
voltammetry, short stability tests (10 h) in fuel cell drastically perturb that initial
order as shown in Figure 3.13 for tetracarboxylic FePc/C. Catalysts containing the
highest concentration of Fe–N4 sites at the surface of the support are much less
stable than catalysts obtained at high pyrolysis temperatures. (iv) For the same cat-
alysts, the relative abundance of metal–Nx –Cy ions detected by ToF SIMS, which
were believed to be the typical ions released by the Me–N4 complex assigned to
the low-temperature catalytic site, decreased upon increasing the pyrolysis tem-
perature to become undetectable at and above 800◦C.

The fuel cell behavior, which is illustrated in Figure 3.13, combined with
the disappearance of metal–Nx –Cy ions at and above 800◦C convinced us of the
existence of LT and HT catalytic sites, the LT one, on the one hand, being char-
acterized by a structure in agreement with van Veen’s model. On the other hand,
we assigned the HT catalytic site to either metallic Co or metallic Fe/iron carbide
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Figure 3.13. H2/O2 PEM fuel cell short-term stability test performed at 0.5 V on various
MEAs using non-noble metal cathode catalysts obtained by heat treating FePc/C at various
temperatures. The curve for 2 wt% Pt is given for comparsion (according to Figure 4 in
ref. [76]; reproduced with permission of Elsevier).

particles surrounded by a graphitic envelope. Being more stable than the LT cata-
lytic site, the HT catalytic site was the one most interesting for fuel cell applica-
tions. The graphitic envelope around the metallic particles was due to the strong
graphitization capabilities of Co and/or Fe (these metals are indeed among the best
catalysts to prepare carbon nanotubes80). In identifying the HT catalytic site as a
metal aggregate surrounded by a graphite envelope, we were, however, confronted
by a serious problem! How does this site interact with oxygen? The unprotected
metal was not catalytic since 25% of the total metal content of these catalysts
could be leached in acid solution without changing the catalytic activity79. The
metal and its carbide found in the aggregates by XRD and by Mössbauer81 would
not survive unprotected in acid solution82. If these particles were at the origin of
the catalytic activity, the catalytic sites had to be at the surface of the graphitic en-
velopes. Were these envelopes a special carbon like the one proposed by Wiesener
or some kind of graphite-intercalated metal that could not be seen by TEM?

To verify this hypothesis, we first synthesized Fe– and Co-intercalated
graphites83. These intercalates had very little catalytic activity for O2 reduction
(the results of the electrochemical reduction of oxygen by Fe and Co graphite
intercalates were never published). After those experiments, it occurred to us that
the entire metal particle surrounded with a graphitic envelope might not be the
HT catalytic site that we were trying to identify. In pursuing this possibility, we
used two different precursors to obtain the catalysts, one for the metal and another
one for nitrogen84. In doing so, we were able to test the role and importance of
each component: the metal, the nitrogen atoms, and the carbon support, in pro-
ducing the HT catalytic site. Catalysts were, therefore, prepared with ferrocene
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as Fe precursor (a vinyl ferrocene was polymerized on the carbon black (Vulcan
XC-72)). The N atom precursor was acetonitrile, which was introduced in the py-
rolysis oven by an inert carrier gas (Ar). The synthesis was performed at 1,000◦C
in order to be unambiguously in the HT catalytic site regime. It was found that
active catalysts were obtained only when both Fe and N precursors were in the
reactor at the same time. No catalytic activity was found by pyrolyzing just the N
precursor adsorbed on carbon and no catalytic activity was found from pyrolyz-
ing just the adsorbed Fe precursor under the same conditions. In the latter case,
only metallic Fe and iron carbide particles surrounded by carbon were obtained,
thereby demonstrating clearly that these species were not the HT catalytic site.

At this point a question remained unanswered. Could the model proposed
by Yeager and collaborators be the HT catalytic site? To test this hypothesis
we first loaded H2TPP on Vulcan XC-72 and then pyrolyzed that material at
1,000◦C79. The nitrogen atom concentration at the surface of the resulting pow-
der was 1.29%. Then the powder was placed in contact with a solution containing
an excess of FeII ions (as FeSO4). The resulting material, which corresponded
exactly to the catalytic site described by Yeager, was tested by voltammetry. Its
activity was found to be very poor as may be seen in Figure 3.14B. A strong
improvement of this activity, as shown by the shift to positive potentials of the
oxygen reduction peak in Figure 3.14C could, however, be obtained by heat treat-
ing this poor catalyst at high temperature (1,000◦C). This experiment revealed the
importance of the temperature step in obtaining catalytic sites. In other words,
the C–Nx –Me structure proposed as catalytic site by Yeager and collaborators is
only the precursor of the catalytic site. This C–Nx –Me complex has to be ther-
mally activated at high temperature to become an actual catalytic site that will be
labeled Me–Nx /C to differentiate it from Me–N4/C, the catalytic site proposed by
van Veen and his collaborators. Section 2.2.2 reviews the catalysts prepared that
way, i.e., without the adsorption on the carbon support of either Co– or Fe–N4
macrocycles.

2.2.2. Beyond Fe– and Co–N4 Macrocycles After 1989

At the end of the previous section, we came to the conclusion that, except
for van Veen, several authors proposed the existence of two catalytic sites (a low
temperature one, and a high temperature one) that are obtained after pyrolysis
of Co– or Fe–N4 chelates adsorbed on carbon. The LT catalytic site would be
Me–N4/C, a Me–N4 structure bound to the carbon support, such as the one pro-
posed by van Veen (Figure 3.5). However, contrary to the ideas defended by
van Veen that the same structure is also responsible for catalysis after high-
temperature pyrolysis, there have been several propositions to define the nature
of the HT catalytic site. The only proposition that appears consistent with all the
data discussed to this point is a modified Yeager structure, Me–Nx /C, i.e., the
molecular C–Nx –Me structure proposed by Yeager and obtained after adsorption
of metal ions on nitrogen functionalities of the carbon, that is rendered catalyti-
cally active after a heat treatment at high temperature. Me–Nx /C is exactly what
Yeager and collaborators obtained in 1989 when they heat treated at 800◦C, in an
inert atmosphere, PAN and iron acetate adsorbed on Vulcan.
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Figure 3.14. Cyclic voltammograms at 0 and 1,500 rpm, in O2 saturated H2SO4 of
H3TPP/XC-72 after various successive treatments: (A) H2TPP/XC-72 heat treated at
1,000◦C; (B) after soaking sample (A) in an aqueous solution containing Fe2+ ions; (C)
after heat treatment of sample (B) at 1,000◦C in inert atmosphere. Cathodic currents are
above the (+) sign indicating the position of 0 mV and 0 mA for figures A, B, and C
(according to Figure 5 in ref. [79]; reproduced with permission of Elsevier).

Let us go back now to 1989 and see how the idea to use two precursors,
one for nitrogen and the other one for the metal, was utilized in the preparation of
non-precious metal catalysts for oxygen reduction. The first ones to follow up on
the work of Yeager and his team with PAN were Wiesener and his collaborators85,
who used PAN as nitrogen precursor with a variety of transition metal salts of the
first row (Mn, Fe, Co, Ni, Cu, Zn). The best catalytic activities were obtained
by the adsorption of CoSO4 or FeSO4 (12.3 wt% metal) as metal precursors on
carbon P33. Monitoring the metal, they showed that a large fraction of this metal
dissolved from the catalyst: after 2,000 h, only 11% of the initial Co loading
and 20% of the initial Fe loading were still present in the catalysts. This result
indicated that only a small fraction of the metal was activated by PAN to become
a catalyst, the activity of which remained, however, smaller than that of a catalyst
made with Co–N4 or Fe–N4 chelate precursors. Catalysts obtained with PAN as
nitrogen precursor were also studied later on by Ye and Vijh86, who used a PAN
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aerogel as carbon support for the adsorption of Fe (10.4 wt%) and Co (6.3 wt%)
from iron nitrate, cobalt chloride, or cobalt acetylacetonate as metal precursors. A
catalytic activity for ORR was reported for both PAN–Fe and PAN–Co catalysts
obtained after a pyrolysis step at 900◦C in inert atmosphere.

Besides PAN, various pyrrole derivatives were also adsorbed as nitrogen
precursors on carbon. Fabjan et al.87 reported the use of polypyrrole impregnated
on graphite with Co and Fe salts. The resulting material was then heat treated in
inert atmosphere at 820◦C, the optimum temperature, to obtain a catalyst. These
catalysts showed methanol tolerance. Their catalytic activity was attributed to the
Me–N4 structure that would be formed during pyrolysis. These authors were fol-
lowed by Seeliger and Hamnett88, who used pyrrole oxidatively polymerized in
the presence of anionic complexes like Co(CN)3−

6 and anionic CoTPP. The re-
sulting material was then heat treated at 820◦C to obtain a catalyst. The best
documented work using several pyrrole derivatives was that of van Veen and col-
laborators89. These nitrogen precursors were used in conjunction with cobalt ac-
etate loaded on Vulcan (1.5 wt% Co) and on Norit BRX (4.5 wt% Co), then heat
treated at 700◦C in inert atmosphere. Vulcan was used as received or was pre-
oxidized first with HNO3 to add carboxyl and lactone functionalities. The best
catalysts were obtained for a Co:N ratio of 1:10 with 2,5-dimethylpyrrole ad-
sorbed on Vulcan. This catalyst was found to be equivalent to that obtained with
CoTMPP loaded at 7 wt% chelate (0.6 wt% Co) on Vulcan and also heat treated
at 700◦C. The presence of surface groups on Vulcan lowered the catalytic activ-
ity. The catalysts prepared with the pyrrole precursors and those prepared with
CoTMPP were analyzed by EXAFS. Heat-treated CoTMPP/Vulcan displayed a
first shell of four nitrogen atoms at 0.190 nm around the Co ion and a second
shell of carbon atoms at 0.284 nm, while heat-treated 2,5-dimethylpyrrole and
cobalt acetate/Vulcan displayed a first shell of four nitrogen atoms at 0.190 nm
around the Co ion and a second shell of carbon atoms at 0.280 nm. Residual Co
metal that could not be removed and could not be seen by TEM was also de-
tected by EXAFS. These authors concluded that Co–N4 was the catalytic site in
their two catalysts and noticed that the nitrogen precursor (2,5-dimethylpyrrole)
has a structure corresponding to one-fourth of that of their proposed catalytic site
illustrated in Figure 3.5.

Sawaı̈ and Suzuki90 used complexes related to Prussian blue as nitrogen
and metal precursors. These were adsorbed on acetylene black from a M′SO4
and a K3M′′(CN)6 solution, where M′ and M′′ are either Co and/or Fe ions. This
material was heat treated at 800◦C in inert atmosphere. Its metal loading was
not specified but it was very high (∼50 wt%, based on the loading of the initial
Prussian blue derivative). The catalysts prepared with the Fe/Fe derivative dis-
played the lowest activity, while that prepared with the Co/Fe derivative was the
most active. From these results, the importance of having Co catalytic sites in the
neighborhood of Fe catalytic sites was stressed. No activity was found for heat
treatments < 500◦C, but the authors claimed that their catalysts, after pyrolysis
at 800◦C, displayed an activity similar to that of Pt measured in the same condi-
tions (floating electrode in 0.25M H2SO4 at room temperature). These catalysts
showed methanol tolerance.
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Various Co complexes with 3, 4, and 6 coordinating atoms, including Co
salen (N , N ′-bis(salicylidene)ethylenediamino cobalt) and Co anten (o-amino-
benzaldehydeethylenediamino cobalt, for which the two complexing oxygen atoms
found in Co salen are replaced with two NH groups) were also used by Okada and
his collaborators as Co and nitrogen precursors91. They were mixed with graphite
and heat treated at 600◦C in inert atmosphere to obtain catalysts having a nomi-
nal Co loading of 12 wt%. These authors concluded that the best catalysts were
obtained with complexes with the initial number of four coordinating atoms as,
for instance, salen and anten complexes of Co. They suggested that the catalytic
site was always the Co–N4 unit (even for the salen Co precursor for which Co is
initially coordinated by two nitrogen and two oxygen atoms).

Our group published many studies on the use of two different precursors for
nitrogen and metal to obtain active catalysts for ORR in acid medium. The first
paper84 has already been introduced at the end of Section 2.2.1. It reported the use
of ferrocene and acetonitrile that allowed us to demonstrate: (i) that aggregates
containing iron metal and carbide, surrounded by a graphitic envelope, were not
catalytic and (ii) that a metal precursor adsorbed on carbon had to be heat treated
in the presence of a nitrogen precursor (acetonitrile) to obtain a catalyst, while
(iii) a material containing only C and N was found to be inert toward ORR. The
inactivity of similar aggregates containing Co, which were also surrounded with a
carbon envelope, was also confirmed92. In this case, metal particles were obtained
by the Kratschmer–Hoffman carbon arc discharge. A fraction of the cobalt could
again be activated toward oxygen reduction by a heat treatment at 1,000◦C in
acetonitrile.

In four other publications93–96, catalysts were prepared by first adsorbing
iron hydroxide onto Vulcan. This iron precursor was then reduced to Fe metal in
a stream of H2 at 600◦C before being activated at 1,000◦C in a stream of Ar +
acetonitrile. The iron loading was as high as 10 wt%. Other procedures93, such as
the chemical reduction in non-aqueous solution of FeCl2 adsorbed on Vulcan or
the reduction of an FeCl3 Vulcan intercalate, were also used to obtain Fe metal
that was then activated for oxygen reduction by a heat treatment in acetonitrile
at 1, 000◦C. The best catalyst was obtained by activation of the iron intercalate.
In this case, iron was progressively released, during the heat treatment, from the
intercalate and reacted with the nitrogen precursor to produce the catalytic sites.
The Fe loading of this catalyst was 1.5 wt%.

The ability of several nitrogen precursors to activate Fe(OH)2 adsorbed
on Vulcan was also evaluated94. Solid nitrogen precursors such as PAN, tetra-
cyanoquinodimethane (TCNQ), or H2Pc were coadsorbed with Fe(OH)2. The
resulting materials were then heat treated in Ar at 1,000◦C, while Fe(OH)2 alone
adsorbed on Vulcan was also heat treated at the same temperature but, this time, in
a stream of a gaseous nitrogen precursors such as CH3–CN or NH3. All these cat-
alysts obtained using the same Fe loading (10 wt%) were not equivalent. For the
solid N precursors, the activity increased as PAN < TCNQ < H2Pc, while for the
gaseous precursors, the activity of catalysts obtained by activation of Fe(OH)2
with acetonitrile or ammonia was similar, but lower than when solid H2Pc was
used as nitrogen precursor.
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The catalyst preparation procedure starting with the adsorption of a metal
hydroxide followed by its reduction in a stream of H2 at 600◦C and a further
activation step in acetonitrile at 1,000◦C was expanded to all transition metals of
the first row95. Catalysts for O2 reduction were obtained only with Cr, Fe, and
Co. Cr2O3/C, Fe/C, and Co/C were detected after the reduction step in H2, while
Co, Fe3C, and a chromium carbide–nitride (Cr6.2 C3.5 N0.3/C) were detected in
the catalyst. The nominal loading of all metals was 10 wt%. Catalytic activity
decreased as Cr > Fe > Co. Tests in fuel cells indicated that the Cr-based catalyst
was not stable, while Fe and Co-based catalysts were stable (see Section 4 for
details).

After completing these experiments, we came to one important conclusion:
although it was possible, when two different precursors were used for metal and
nitrogen, to increase the metal content well above that of the catalysts obtained
by the pyrolysis of Me–N4 chelates adsorbed on carbon, the resulting activity was
not proportional to the metal content. On the contrary, using high metal contents
generated a lot of inactive material that dominated catalyst characterization and
did not allow conclusions to be drawn about the identification of the catalytic site.
In a first attempt to remedy this situation, a catalyst starting from the adsorption
of Fe(OH)2 on Vulcan (10 wt% Fe) was prepared. The metal precursor was first
reduced to metallic Fe at 600◦C in a stream of H2, then activated to 1,000◦C in
a stream of acetonitrile96. It was then leached in H2SO4 (pH 0.5) for 12 h. The
leached catalyst, which still contained 6.2 wt% Fe, was then exposed to a stream
of Cl2 at 650◦C for 2 h in order to remove all extractable Fe as volatile FeCl3.
The Fe content after the second leaching step could not be reduced below 3.3
wt%. The fully extracted catalyst was stable for 200 h in fuel cell tests.

When it became clear that it was impossible to leach all inactive metal from
the catalysts, we completely changed our approach to their synthesis and tried
to find out what minimum metal loading would produce a maximum catalytic
activity. Following the findings that a C–Nx –Me structure was the precursor of
the HT catalytic site, Vulcan XC-72 was first refluxed in concentrated HNO3,
then reacted in NH3 in order to maximize the number of C–Nx functionalities97.
A nitrogen atom surface concentration of 7.3 at% could be reached under these
conditions. Various amounts of Fe were then loaded as FeSO4 on the nitrogen
enriched carbon support. These materials were heat treated under Ar at 900◦C to
obtain catalysts. It was found that the catalytic activity increased steadily with Fe
loading up to an Fe/C ratio of about 0.1 wt%, which is much less than the 3.3 wt%
Fe loading previously reached, even after leaching in hot Cl2! After a heat treat-
ment of the C–Nx –Me precursor at 900◦C, the nitrogen surface concentration of
the catalyst was 3.6 at%. Another increase in the Fe loading by one order of mag-
nitude did not further improve the catalytic activity. This result was interpreted as
a saturation of Fe ion coordination to the nitrogen existing on the carbon surface.
Once all coordination sites were used up, a further increase in the Fe loading pro-
duced only inactive material upon pyrolysis, yielding iron-containing aggregates
that became covered with a graphitic layer if the heat treatment was done at high
enough temperature. A similar experiment was also performed by Savinell and
his group98 with cobalt sulfate and acetonitrile as metal and nitrogen precursors,
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respectively. The best catalytic activities were obtained when the carbon support
(Vulcan) was pyrolyzed first with CH3CN at 1,000◦C before loading the cobalt.
This material was then pyrolyzed a second time in CH3CN at 1,000◦C. It was
also found that the surface concentration of Co was directly related to the concen-
tration of nitrogen atoms on the carbon. These authors also recognized that the
C–Nx –Me structure that was proposed as the HT catalytic site by Yeager was not
the HT site itself, but rather its precursor. A high-temperature pyrolysis step is
required after adsorption of Co ions to obtain a catalyst with good performance.

At the end of the 1990s, our group therefore concluded that, in order to ob-
tain more information about the catalytic sites, it was imperative to keep the Fe
loading below the saturation level (full occupation of coordinating C–N function-
alities). Doing so, XPS spectra became meaningful, while XRD diffractograms
of the catalysts became quite similar to that of the carbon support alone99. ToF
SIMS spectra of catalysts could not yet be fully exploited because the background
signal of Vulcan, the usual carbon support, was quite high and would hide impor-
tant peaks coming from ions released by the catalytic sites. This is the reason
we sought a substitute for Vulcan and found pyrolyzed perylene tetracarboxylic
dianhydride (PTCDA) to be suitable100. PTCDA is a dye that loses its carboxylic
moiety upon heat treatment above 520◦C, a temperature at which it begins to
polymerize into carbon fibers101. Information about the duality of catalytic sites,
obtained by ToF SIMS measurements using PTCDA as carbon precursor, is pre-
sented in the next section.

2.2.3. Simultaneous Presence of Two Catalytic Sites
in all Fe-Based Catalysts

At the end of the 1990s, our group believed, on the one hand, that pyrolyz-
ing Me–N4 chelates adsorbed on carbon produced, depending on the pyrolysis
temperature, either an LT active site of the type Me–N4/C or an HT active site of
the type Me–Nx /C. On the other hand, we also believed that pyrolyzing metal and
nitrogen precursors simultaneously adsorbed on carbon produced only the HT ac-
tive site Me–Nx /C. The nitrogen precursor could be either an N-bearing molecule
adsorbed on the carbon support or a gas that needed to be present with the metal
precursor in the reactor during the pyrolysis step. The dividing line between low
and high temperatures was believed to be around 800◦C.

PTCDA was introduced as a precursor of the carbon support at the end of
the previous section. Besides its low background in ToF SIMS spectra, the use
of pyrolyzed PTCDA as carbon support had another advantage: the possibility to
be practically devoid of metallic impurities102. This was obtained by purifying
PTCDA in an acid medium before pyrolyzing this precursor at 900◦C in a stream
of H2:Ar:NH3. H2 was added to the pyrolysis gas in order to help remove oxygen
as H2O while PTCDA was losing its tetracarboxylic moiety above 520◦C; NH3
was added to the gas stream to dope the resulting carbon with N-bearing functiona-
lities that would help the adsorption of metallic ions on the new carbon support.

Figure 3.15 shows that a saturation of the catalytic activity for ORR with
Fe loading already happened above ∼0.5 wt% Fe when iron acetate was used as
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Figure 3.15. Changes in the catalytic activity for O2 reduction, expressed as Vpr (poten-
tial at peak reduction for 0 rpm) with the Fe content for materials prepared by adsorb-
ing either iron acetate or ClFeTMPP on PTCDA and pyrolyzing the material at 900◦C in
H2:Ar:NH3(1:1:2) (according to Figure 2 in ref. [100]; reproduced with permission of the
American Chemical Society).

Fe precursor, while larger Fe loadings (up to about 2 wt%) could still increase
the ORR activity when the Fe precursor was a porphyrin (ClFeTMPP)100. All
catalysts in Figure 3.15 were prepared by the adsorption of the Fe precursor on
PTCDA. The resulting material was then pyrolyzed at 900◦C in H2:Ar:NH3. The
difference between iron acetate and porphyrin precursors was interpreted in terms
of a better interaction of the PTCDA with the Fe-porphyrin than with iron acetate,
leading to a better dispersion of the iron ions on the carbon precursor.

The XPS spectra of the catalysts prepared with iron acetate as Fe precursor
were quite instructive99. Narrow-scan spectra of Fe 2p3/2 and 2p1/2 (Figure 3.16)
revealed that Fe was always found in the ionic form for all Fe loadings but that
a reduced form of Fe (either Fe0 or an iron carbide) was also detected above
8,100 pm (0.81 wt%) Fe, in agreement with the saturation effect of the catalytic
activity observed in Figure 3.15. Narrow-scan spectra of N1s of the same cata-
lysts (Figure 3.17) revealed that only the low binding energy peak was shifting
toward higher binding energy upon increasing the Fe loading. A saturation of this
effect also appeared above 4,660 ppm Fe, again in agreement with saturation of
the catalytic activity observed in Figure 3.15. the N1s XPS narrow-scan spec-
tra were deconvoluted into four components, which were assigned to pyridinic,
nitrile, pyrrolic, and graphitic types of nitrogen atoms103, 104 (Figure 3.18). The
shift in energy with increasing Fe loading of the peak assigned to pyridinic nitro-
gen was interpreted in terms of a preferential interaction of Fe ion with pyridinic
nitrogen atoms in the HT catalytic site. These nitrogen atoms are located at the
edge of a graphene layer and contribute one electron to the π band (Figure 3.18).
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Figure 3.16. XPS Fe 2p3/2 and 2p1/2 narrow scan spectra of catalysts having various Fe
contents: Panel (a) from 47 to 4,660 ppm Fe; panel (b) from 4,660 to 25,160 ppm Fe.
The catalyst were prepared by adsorbing iron acetate on PTCDA and pyrolyzing the mate-
rial at 900◦C in H2:Ar:NH3 (1:1:2) (according to Figure 9 in ref. [99]; reproduced with
permission of Elsevier).
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Figure 3.17. XPS N 1s narrow scan spectra of catalysts having various Fe contents: Panel
(a) from 47 to 4,660 ppm Fe; panel (b) from 4,660 to 25,160 ppm Fe. The catalysts
were prepared by adsorbing iron acetate on PTCDA and pyrolyzing the material at 900◦C
in H2:Ar:NH3 (1:1:2). Right panel: graphene sheet with pyridinic, pyrrolic, nitrile, and
graphitic types of nitrogen atoms (according to Figure 10 in ref. [99]; reproduced with
permission of Elsevier).
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Figure 3.18. Left panel: Deconvolution of a typical XPS N1s narrow scan spectrum of a
catalyst containing 2,030 ppm Fe. The catalyst was prepared by adsorbing iron acetate on
PTCDA and pyrolyzing the material at 900◦C in H2:Ar:NH3 (1:1:2). Right panel: graphene
sheet with pyridinic, pyrrolic, nitrile, and graphitic types of nitrogen atoms (according to
Figure 11 in ref. [99]; reproduced with permission of Elsevier).

They have also an orbital in the plane of the graphene layer containing two non-
bonding electrons, which are available to coordinate a metal ion such as iron.
Similar experiments were also performed with metal precursors other than Fe. Cr,
Mn, Co, Ni, or Cu were loaded on PTCDA at various contents up to about 2 wt%
metal. Among the materials obtained after pyrolysis at 900◦C in H2:Ar:NH3, only
Mn < Cr < Co displayed catalytic activity102. XPS 2p narrow scan spectra of the
metal for all the catalysts loaded below 5,000 ppm metal indicated that metals in
the catalysts were in the ionic form. Similarly, N1s XPS narrow scan spectra of
all the catalysts showed a shift of the binding energy of the pyridinic-type nitro-
gen peak similar to the shift already observed for various Fe metal loadings as
depicted in Figire 3.17. A smaller but definite shift of the binding energy was also
observed for the nitrile type of nitrogen when the metal content was increased. No
such shift was observed for Cu and Ni, which both gave quite inactive materials
for ORR.

If the N1s XPS spectra of Fe-based catalysts revealed a specific interaction
in the high-temperature catalytic site between pyridinic-type nitrogen atoms and
the Fe ion, ToF SIMS experiments performed on similar catalysts revealed that:

Figure 3.19. Proposed moiety of the high-temperature catalytic site labeled Fe–N2/C. The
complete structure of this site is still undetermined (according to Figure 1 in ref. [105];
reproduced with permission of the American Chemical Society).
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(i) the high-temperature catalytic site contained at least two pyridinic nitrogens
and (ii) these nitrogen atoms were in a 1,10-phenanthrolinic type structure like
the one reproduced in Figure 3.19105. In order to reach this conclusion, a series of
catalysts were prepared with iron acetate. The Fe precursor was loaded at 2,000
ppm (0.2 wt%) Fe on pre-pyrolyzed PTCDA (900◦C in H2:Ar:NH3). The result-
ing material was again heat-treated, but this time, at various temperatures ranging
from 400 to 1,000◦C in an inert atmosphere in order to obtain catalysts of various
activities for ORR. By doing so, we hoped to find one or several ToF SIMS ions
whose pattern of relative abundance would follow the pattern of catalytic acti-
vities. One ion came to the fore out of all ions detected by ToF SIMS for these
materials. It was ion FeN2C4

+. The change of the relative intensity (abundance)
of that ion is compared in Figure 3.20 with the evolution with the pyrolysis tem-
perature of the catalytic activity for the same Fe-based catalysts with the pyrolysis
temperature. The coincidence of the two patterns indicated that FeN2C4

+ was a
ToF SIMS signature of the HT catalytic site. This ion was assigned to a structure
where an Fe ion is coordinated to two nitrogen atoms, each nitrogen atom be-
ing itself bound to two carbon atoms like in a 1,10-phenanthroline. The proposed
structure is presented in Figure 3.19. The full coordination of the catalytic site is
not complete and is still unknown. Other coordinating atoms are expected to be
either nitrogen or oxygen because, except for carbon and iron, nitrogen and oxy-
gen are the only other atoms detected by XPS in these catalysts (XPS is unable to
detect hydrogen).

Besides FeN2C4
+, other ions of the type FeNx Cy

+ were also detected in
the ToF SIMS spectra of these catalysts. They were of much lower relative abun-
dance than FeN2C4

+. A refined analysis of the ToF SIMS spectra took them into

V

Figure 3.20. Comparison between changes with the pyrolysis temperature, of the cata-
lyst activity (top panel) and the relative intensity of FeN2Cy

+ (bottom panel), measured
in cataysts obtained by adsorbing iron acetate (0.2 wt% Fe) on prepyrolyzed PTCDA
and heat treating that material in inert atmosphere at various temperatures, ranging from
400 to 1,000◦C. Prepyrolyzed PTCDA is obtained by heat treating PTCDA at 900◦C in
H2:Ar:NH3 (1:1:2) (according to Figure 8 in ref. [100]; reproduced with permission of the
American Chemical Society).
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Table 3.1. Relative Abundance in % of FeNx Cy
+ Ions as a Function of the

Pyrolysis Temperature for Catalysts Using Iron Acetate (0.2 wt% Fe) as Fe
precursor (Reproduced from ref. [105] with Permission of the American

Chemical Society)

Ions 400◦C 500◦C 600◦C 700◦C 800◦C 900◦C 1,000◦C

FeNC+ 28.27 23.82 17.08 0.76 5.76 1.77 2.50
FeNC2

+ 0.78 0.00 1.61 2.63 0.00 0.40 2.50
FeNC3

+ 0.78 1.41 2.06 1.82 0.63 1.33 7.50
FeN2C+ 14.94 7.78 4.80 2.38 1.56 2.56 3.75
FeN2C2

+ 1.78 4.70 1.44 0.53 0.63 0.83 0.00
FeN2C3

+ 0.40 1.26 0.53 1.85 0.00 0.93 12.50
FeN2C4

+ 23.92 26.93 46.95 64.89 78.38 76.38 49.86
FeN2C5

+ 1.10 0.00 0.35 2.08 0.00 0.93 0.00
FeN2C6

+ 1.47 0.00 0.64 0.53 1.32 0.40 0.00

FeN3C+ 1.75 4.97 5.68 1.32 0.00 0.00 2.78
FeN3C2

+ 0.00 1.36 0.00 0.00 1.32 0.42 0.00
FeN3C3

+ 1.78 2.98 1.91 1.82 0.00 0.81 2.78
FeN3C4

+ 0.00 1.10 0.00 1.06 0.00 0.00 0.00
FeN3C5

+ 2.33 0.37 0.29 0.53 1.56 0.85 0.00
FeN3C6

+ 2.64 0.47 0.35 0.76 1.56 0.00 2.78
FeN3C7

+ 0.00 0.00 0.00 0.00 0.00 0.42 0.00
FeN3C8

+ 0.81 3.98 3.36 2.89 0.00 1.67 1.25
FeN3C9

+ 7.33 3.29 1.16 0.76 0.63 3.06 4.03

FeN4C+ 3.01 0.68 1.12 1.32 0.00 0.42 0.00
FeN4C2

+ 0.34 1.31 1.67 2.38 0.00 0.93 0.00
FeN4C3

+ 0.34 1.89 0.00 0.76 1.56 0.42 0.00
FeN4C4

+ 0.72 0.52 1.08 0.00 0.00 0.42 2.50
FeN4C5

+ 0.40 0.37 2.18 1.32 1.56 0.00 0.00
FeN4C6

+ 0.00 0.00 0.00 0.53 0.00 0.40 1.25
FeN4C7

+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeN4C8

+ 5.08 8.05 5.45 4.17 1.88 4.64 4.03
FeN4C9

+ 0.00 1.72 0.29 1.60 0.00 0.00 0.00
FeN4C10

+ 0.00 0.68 0.00 0.00 0.00 0.00 0.00
FeN4C11

+ 0.00 0.00 0.00 1.32 0.00 0.00 0.00
FeN4C12

+ 0.00 0.37 0.00 0.00 1.67 0.00 0.00

account as well. Their relative abundances as a function of pyrolysis temperature
are reported in Table 3.1105. In the refined analysis, it was assumed that all these
ions originated from the catalytic site(s), either being extracted as such from the
surface of the catalyst or being the result of fragmentation of a larger ion on its
way to the detector. A glance at Table 3.1 shows that these ions may be divided
into four families, each one having a different number of nitrogen atoms bound to
a variable number of carbon atoms. Surprisingly, some of the ions contained up to
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four nitrogen atoms. In particular, FeN4C8
+ was of relatively high abundance. It

was assigned to an Fe ion coordinated to four nitrogen atoms, each nitrogen atom
being itself bound to two carbon atoms. This ion is typical of the fragmentation
of ClFeTMPP+ and is characteristic of the Fe–N4 moiety of the porphyrins105.
FeN4C8

+ is also reminiscent of the structure of the catalytic site proposed by van
Veen and collaborators, which is illustrated in Figure 3.5, and would appear with
a maximum probability at 500◦C in Fe-based catalysts obtained from iron acetate
as the Fe precursor.

In order to extract more information from all the ions of Table 3.1, we
made the following assumption: the ions with the same number of nitrogen atoms
should all originate from the same type of catalytic site. By doing so, one is able
to reduce each column of the table into four numbers, one number per nitrogen
ion families. Figure 3.21 is obtained when those combined relative abundances
are plotted against the pyrolysis temperature. It is obvious that Figure 3.21 dis-
plays two different behaviors. On the one hand, the family of ions of the type
FeN2Cy

+ increases in relative abundance with the pyrolysis temperature, goes
through a maximum at 800–900◦C, then decreases at 1,000◦C. On the other
hand, the relative intensity of the three other families behave similarly, but with
a maximum abundance at a low pyrolysis temperature. From this behavior, one
may conclude that the ions belonging to the N1, N3, and N4 families have the
same origin, a catalytic site of the Fe–N4 type bound to the carbon support (N1
and N3 ions would all originate from the fragmentation of N4-containing ions).
This site was labeled Fe–N4/C. On the other hand, the origin of the ions of the
N2 family is a different catalytic site of the type Fe–N2 bound to the carbon

Figure 3.21. Relative intensity of 
FeN2Cy
+ (open circles), 
FeN1Cy

+ (dark squares),

FeN3Cy

+ (dark triangles), and 
FeN4Cy
+ (dark circles) as a function of the pyrolysis

temperature for catalysts analysed by ToF SIMs. The catalysts were obtained by adsorbing
iron acetate (0.2 wt% Fe) on prepyrolyzed PTCDA and heat treating this material in inert
atmosphere at various temperatures, ranging from 400 to 1,000◦C. Prepyrolyzed PTCDA
was obtained by heat treating PTCDA at 900◦C in H2:Ar:NH3 (1:1:2) (according to Figure
4 in ref. [105]; reproduced with permission of the American Chemical Society).
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Figure 3.22. Relative abundance, according to ToF SIMS results, of the two catalytic sites
(Fe–N2/C and Fe–N4/C) as a function of the heat treatment temperature of the catalysts
obtained with iron acetate (panel A) and with ClFeTMPP (panel B) as Fe precursors. The
catalysts were obtained by adsorbing either iron acetate (0.2 wt% Fe) or ClFeTMPP (0.2
wt% Fe) on prepyrolyzed PTCDA and heat treating that material in inert atmosphere at
various temperatures, ranging from 400 to 1,000◦C. Prepyrolyzed PTCDA was obtained by
heat treating PTCDA at 900◦C in H2:Ar:NH3 (1:1:2) (according to Figure 5 in ref. [105];
reproduced with permission of the American Chemical Society).

support. It was labeled Fe–N2/C. By grouping all relative abundances related
to the N1, N3, and N4 families of ions one ends up with Figure 3.22A that
shows the evolution of the two catalytic sites that were found simultaneously,
but in various proportions according to the pyrolysis temperature, in catalysts
obtained with iron acetate as Fe precursor! One of the catalytic sites is the ex-
pected Fe–N2/C identified previously as the HT catalytic site (Figure 3.19). The
other one is Fe–N4/C identified previously as the LT catalytic site (Figure 3.5).
Similar conclusions were obtained when ToF SIMS experiments were performed
on catalysts made by adsorbing an Fe porphyrin (ClFeTMPP) at the same Fe load-
ing than iron acetate (0.2 wt% Fe) on prepyrolyzed PTCDA (900◦C; H2:Ar:NH3)
followed by the heat treatment of this material at various temperatures between
400 and 1,000◦C. Four families of N-containing ions were again found, the N2
family again behaving differently from the N1, N3, and N4 families of ions. Two
catalytic sites emerged again from this analysis and their relative abundances for
the porphyrin precursor are reported in Figure 3.22B. One of the catalytic sites
is the expected Fe–N4/C site, identified previously as the LT catalytic site (Fig-
ure 3.5). The other one is Fe–N2/C identified previously as the HT catalytic site
(Figure 3.19). As a general conclusion from these experiments, it looks like, irre-
spective of the iron or nitrogen precursor used to obtain a catalyst for ORR, this
material always contains two kinds of catalytic sites identified as Fe–N2/C and
Fe–N4/C, the relative proportions of which depend upon the pyrolysis temperature
and also upon the particular iron and nitrogen precursors used.

These results influenced the choice of the iron precursor and also the struc-
tures for the catalytic site proposed later by other groups. Indeed, Bron and his
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colleagues published three articles reporting activity for ORR from catalysts pre-
pared by adsorption of an iron 1,10-phenanthroline complex (FeIII Phen3) on Vul-
can, Printex, and Black Pearls106–108, and heat treated at 800◦C in inert or NH3
atmosphere. Their current density for O2 reduction improved by one order of
magnitude when a Black Pearls’ carbon support was used instead of Vulcan. This
effect was attributed to the much larger specific area of the former (1,500 m2/g
for Black Pearls) compared to the latter (250 m2/g for Vulcan). Under these con-
ditions, the Fe phenanthroline-based catalyst became as active as ClFeTMPP on
Black Pearls pyrolyzed at the same temperature and for similar Fe loadings (1.14
wt% Fe for FeIIIPhen3 and 1.5 wt% Fe for ClFeTMPP). They proposed an ac-
tive center of the Fe–N2+2 type that would be made by bringing together, around
the Fe ion, two graphene platelets, each one bearing the 1,10- phenanthroline
type structure like the one shown in Figure 3.19 for Fe–N2/C. Such an Fe–N2+2
structure was suggested earlier by our group to complete the coordination of the
Fe–N2/C catalytic site100. The same authors also performed EXAFS experiments
on their catalysts and found that approximately four nitrogen atoms coordinate
around the central iron atom, at an Fe-N distance of 0.196 nm, in agreement with
their model. A very similar model of Fe–N2+2/C was also proposed by Schulen-
burg and collaborators109 on the basis of Mössbauer measurements of catalysts
made by adsorption of ClFeTMPP on Black Pearls and heat treated at 900◦C in
inert atmosphere. The initial Fe loading of these catalysts was 2.05 wt%, but it
was lowered to 0.47 wt% after leaching the excess Fe. Three Mössbauer subspec-
tra were reported for the catalyst before acid leaching. They were assigned to
small (< 1.5 nm) Fe particles, Fe3C, and α-Fe2O3. After acid leaching, the Fe3C
disappeared as well as the Fe metal particles. α-Fe2O3, which is poorly soluble in
acid solution, was still observed.

Two new subspectra, labeled A and B, were also detected in the leached ma-
terial. Subspectrum A was assigned to tetracoordinate FeIII, while subspectrum B
was assigned to hexacoordinate FeIII. Longevity tests and H2O2 attack experi-
ments were also performed on these leached catalysts. Mössbauer measurements
indicated that α-Fe2O3 still survived but subspectrum A was now absent, while
the catalyst remained still active. The catalytic activity was therefore assigned
to sites giving rise to subspectrum B. A model of the catalytic site responsible
for subspectrum B was given by these authors. This model is illustrated in Fig-
ure 3.23. At first glance, the FeN2+2/C structure proposed by Schulenburgh and
collaborators as model for the catalytic site looks like van Veen’s model repro-
duced in Figure 3.5, but it is not. Here the two upper nitrogen atoms belong to a
1,10-phenanthrolinic type structure, and the two lower nitrogen atoms to another
such structure (a total of four pyridinic type nitrogens), while in Figure 3.5, the
coordination around the metal atom is of pyrrolic type. Since, in Figure 3.23, the
four nitrogen atoms coordinate to Fe by lone pair donation, it implies that Fe is
being oxidized by other ligands. Figure 3.23 might be a possible fully coordinated
representation of what was previously labeled as the Fe–N2/C catalytic site (pre-
sented in Figure 3.19), while Figure 3.5 is a representation of what was previously
labeled as the Fe–N4/C catalytic site. Further work is still needed to ascertain the
exact structure of fully coordinated FeN2+2/C.
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Figure 3.23. Proposed complete molecular structure for the catalytic active site Fe–N2/C
presented in Figure 3.19. This structure is labeled Fe–N2+2/C in the text (according to
Figure 12 in ref. [109]; reproduced with permission of the American Chemical Society).

2.2.4. Influence of the Carbon Support on the Surface Density
of Catalytic Sites

Research in non-noble metal electrocatalysts for oxygen reduction in the
acidic environment of PEM fuel cell has mainly dealt with improving the activity
of these catalysts by exploring a large range of metal precursors of the catalytic
sites. It was also recognized that nitrogen atoms were an essential part of the cat-
alytic sites, allowing the coordination of the metal ion to the carbon support. Very
few studies, however, focused on the role of the carbon support and its influence
on the activity of the electrocatalysts. Among these studies, the following publi-
cations are particularly worth mentioning.

In 2001, Tarasevich and his collaborators reported a comparison between
electrocatalysts for oxygen reduction prepared using a disperse synthetic diamond
powder promoted with CoTMPP and its pyropolymers110. Two types of diamond
powders with specific area of 5.8 and 170 m2/g were used as catalyst supports and
the activity of the catalysts obtained with the diamond supports was compared to
that obtained with the same CoTMPP precursor loaded on acetylene black. In all
cases, the loading was one monolayer of CoTMPP. These authors found a much
lower activity for the electrocatalysts prepared on synthetic diamonds than for
that catalyst prepared on acetylene black. The kinetic mechanisms of ORR was,
however, the same for both supports.

In 2002, Bron and his colleagues compared the activity of catalysts made
by the adsorption of Fe phenanthroline on three different supports: Vulcan (254
m2/g), Printex (900 m2/g), and Black Pearls (1,500 m2/g)107. The Fe loading was
1.14 wt% for the three carbon supports, and all catalysts were obtained after
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Figure 3.24. Tafel plots for the oxygen reduction at various iron-based catalysts, as ob-
tained from RDE measurements. All catalysts were heat treated in Ar at 900◦C (according
to Figure 2 in ref. [107]; reproduced with permission of Elsevier).

pyrolysis at 900◦C in Ar. As depicted in Figure 3.24, there is a difference of
about one order of magnitude in the current densities measured at the same po-
tentials for these catalysts on different carbon supports, with the catalyst on Black
Pearls providing the highest activity for ORR. This difference was attributed to the
larger specific area of Black Pearls compared with that of Vulcan, which provided
the possibility of a larger density of catalytic sites on the former support than
on the latter.

Our group also performed some studies on catalysts made with various
carbon supports111, 112. In the first study published in 2003, we used: (i) six com-
mercial carbon supports (Printex XE-2, Norit SX Ultra, Ketjenblack EC-600JD,
acetylene black, Vulcan XC-72R, and Black Pearls 2000); (ii) three developmen-
tal carbon supports (HS 300 from Lonza , RC1 and RC2 from Sid Richardson
Carbon Corporation; RC1 was enriched in nitrogen, while RC2 was not); (iii) the
same nine previous supports prepyrolyzed at 900◦C in an atmosphere containing
NH3 to increase their N content; and (iv) a synthetic carbon made by pyrolyzing
PTCDA at 900◦C in an atmosphere containing NH3. The same Fe precursor, iron
acetate, with a loading of 0.2 wt% Fe, was adsorbed on all these carbon supports,
and the resulting materials were heat treated at 900◦C in an atmosphere containing
NH3.

The variation of activity for these catalysts, all made under the same expe-
rimental conditions, except for the carbon support, was stunning and is presented
as fuel cell polarization curves in Figure 3.25. On the one hand, the specific area
of all these catalysts was measured and no correlation with the catalytic acti-
vity was found. On the other hand, there was a definite correlation between the
catalytic activity and the surface nitrogen concentration measured by XPS. This
correlation is illustrated in Figure 3.26. It is obvious that the catalytic activity
for ORR increases when the surface of the catalyst is richer in nitrogen atoms.
This is a logical result, since the precursor of the Fe–N2/C catalytic site (the most
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Figure 3.25. PEM fuel cell polarization curves at 80◦C of several MEAs made with non-
noble metal cathode catalysts. The cathode catalysts were prepared by adsorption of iron
acetate (0.2 wt% Fe) on various untreated (NT) (panel a) or heat treated (T) carbon supports
(panel b). The (T) carbon supports were obtained by heat treatment of (NT) carbon supports
at 900◦C in H2:Ar:NH3 (1:1:2). The polarization curve for 5 wt% Pt/C at the cathode is
given for comparison (according to Figure 3 in ref. [111]; reproduced with permission of
the American Chemical Society).
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Figure 3.26. Change in the catalytic activity (expressed as Vpr: potential at peak reduc-
tion at 0 rpm) with te total N surface concentration of the catalysts derived from XPS
results. The catalysts are the same as the ones used in Figure 3.25 (according to Figure 8
in ref. [111]; reproduced with permission of the American Chemical Society).

favorable site in the present experimental conditions) is C–Nx –Me. Therefore, it
is expected that the carbon support that is able to accumulate the largest density of
C–Nx functionalities will also be able to accommodate the largest density of the
catalytic site’s precursor: C–Nx –Me, and finally of catalytic sites after pyrolysis.
It also explains why better catalysts were obtained when the carbon support was
prepyrolyzed first in NH3 atmosphere before loading iron acetate and heat treated
again at 900◦C in the same NH3 atmosphere (Figure 3.25B). For the catalysts
that contain N at concentrations below the detection limit of XPS (≤ 0.1 at%), a
correlation was found between their activity and the surface oxygen content. It is
possible that an iron oxide or hydroxide is responsible for the low, but non-zero,
catalytic activity of these materials.

After demonstrating that the density of nitrogen-containing functionalities
on the carbon support seemed to be the key to catalytic activity, the next logi-
cal step was to enhance this nitrogen atom concentration of the carbon support.
Based on the premise that ammonia reacts with oxygen-containing functionalities
existing at the surface of some carbons leading to a carbon surface with an im-
proved nitrogen content112, four selected carbons were oxidized in air, oxygen, or
HNO3 before being treated in NH3

113. Catalysts were obtained by pyrolyzing (at
900◦C in ammonia) iron acetate (loaded at 0.2 wt% Fe) adsorbed on these modi-
fied carbon supports. The selected carbons were Vulcan XC-72R, Black Pearls
2000, Norit SX Ultra, and a developmental carbon, RC2, from Sid Richardson
Carbon Corporation. The best results were obtained by refluxing Norit in HNO3,
then loading the iron acetate and heat treating that material in an NH3 atmosphere
at 900◦C. Figure 3.27 presents the Tafel plot of the polarization curve obtained
at 80◦C with that catalyst when the GDE current is expressed in A/mg metal.
It is compared with the polarization curve obtained for 10 wt% Pt/C under the
same experimental conditions, and with the state-of-the-art activity obtained at
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Figure 3.27. Tafel plots of the polarization curve for the best non-noble metal catalyst
obtained on Norit compared to a catalyst from E-Tek loaded with Pt at 10 wt%. The GDE
currents are expressed in A/mg metal. Dark circle: reported state-of-the-art activity at 900
mV for H2/saturated O2 at 65◦C, 100 kPa, for a cathode with 0.4 mg Pt/cm2. The non-
noble metal catalyst was made by adsorbing iron acetate (0.2 wt% Fe) on pretreated Norit.
This material was heat treated at 900◦C in H2:Ar:NH3 (1:1:2). The pretreated Norit was
obtained by refluxing Norit in HNO3 (according to Figure 10 in ref. [113]; reproduced with
permission of The Electrochemical Society).

65◦C for Pt. The latter result, which has been measured by Kocha, is shown as
a black circle in Figure 3.27. It should also be mentioned that the Tafel slopes at
low current densities for the Fe-based and Pt catalysts are practically identical:
∼70 mV/decade. These results indicate that the mass activity of these non-noble
metal catalysts is quite good and practically at the level of the mass activity of Pt.
Better activity for non-noble metal catalysts would be expected if it were possible
to increase the density of C–Nx functionalities on the carbon support.

Before ending this section, it is worth mentioning two particular cases for
which the carbon support was made from a carbon precursor during the pyrolysis
step that also generated the catalyst. The first case was that of PTCDA, which
was introduced in Section 2.2.3. Active catalysts were produced by adsorbing a
metal precursor on that carbon precursor, then heat treating the resulting material,
usually at 900◦C in NH3 atmosphere. Our best results in fuel cells were obtained
with catalysts made by this procedure, either with iron acetate (0.2 wt% Fe)99, or
with ClFeTMPP (2 wt% Fe) as an Fe precursor114.

Recently, another procedure had appeared in the literature using a mixture
of CoTMPP/iron-oxalate (< 3 wt% Co/Fe loading) as carbon, nitrogen, and metal
precursors115. The oxalate was used as a foaming agent to improve the specific
area of the pyrolyzed catalyst. The latter was prepared by first mixing CoTMPP
and iron oxalate. The mixture was then heat treated, initially at 450◦C, then at
750◦C. The resulting material was quenched at room temperature before being ex-
posed to air. Finally, HCl was conditioned in order to remove inactive byproducts.
It was assumed that molten CoTMPP encapsulated the oxalate crystals at about
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400◦C before pyrolysis started. During decomposition of the oxalate at higher
temperatures, cavities were formed by the release of CO2. These cavities were
then filled up with molten CoTMPP. Due to the successive pyrolysis of CoTMPP
within the cavities, carbon was formed and partially covered the reaction prod-
ucts of the oxalate decomposition. The surface area of leached samples was de-
termined. It ranged from 400 to 700 m2/g. This new preparation method led to
an enhanced activity in terms of current densities. The catalyst was more active
than that made at the same pyrolysis temperature by impregnation of CoTMPP on
Vulcan. Pyrolysis of pure CoTMPP led only to dense particles with low catalytic
activity.

3. Kinetic and Mechanistic Aspects of Electrochemical
Oxygen Reduction

3.1. Kinetic Aspects of Electrochemical Oxygen Reduction

Oxygen reduction in an acid medium may occur according to the following
reactions:

O2 + 4 H+ + 4e− � 2H2O E1
o = 1.23 V (3.1)

O2 + 2H+ + 2e− � H2O2 E2
o = 0.68 V (3.2)

H2O2 + 2 H+ + 2e− � 2 H2O E3
o = 1.77 V (3.3)

The standard potentials of reactions (3.1) – (3.3) are given for a temperature of
25◦C.

H2O2 may also decompose into O2 and H2O.
The apparent number of electrons transferred during ORR, n, has been mea-

sured for several Fe-based catalysts obtained by the pyrolysis of various Fe precur-
sors, including Fe–N4 chelates, iron phenanthroline or salts such as iron acetate.
Values of n and the associated yields of hydrogen peroxide, %H2O2, are reported
in Table 3.2 for Fe precursors and in Table 3.3 for Co precursors. %H2O2 is ob-
tained from the following equation114: %H2O2 = 100 (4 − n)/2.

According to these tables, reduction of O2 on Fe-based catalysts occurs
mainly to water (n = 4), except for cationic and anionic FeTMPP, while the
lower value of n obtained for Co-based precursors indicates a larger release of
peroxide (n = 2) by these catalysts. The reduction of O2 to water may either
occur directly with the transfer of 4 electrons (4e−) or O2 may be first reduced
to H2O2 with the transfer of two electrons, followed by the transfer of another
two electrons during a subsequent reduction of H2O2 (2×2e−). The rate constant
for reaction (3.1) in the 4e− transfer mechanism is k1 in the following scheme,
while two rate constants k2 and k3 for the consecutive reactions (3.2) and (3.3) are
involved in the 2 × 2e− transfer mechanism for ORR to water.

Wroblowa proposed an analysis to discriminate between k1 and k2 using the
ring and disk currents, IR and ID , respectively measured at various angular rates,
ω, and at a fixed potential value with a rotating-ring disk electrode (RRDE)117.
The following relation has been demonstrated:

ID N/IR = 1 + 2k1/k2 + (1/ZH2O2)[k3 + (k3 + k4)(1 + 2k1/k2)]ω−0.5 (3.1)
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Table 3.2. Apparent Number of Electrons Transferred, n, and Percentage Yield of
Peroxide, %H2O2, for Fe-Based Catalysts

Precursor Carbon support Heat-treatment
temperature (◦C)

n %H2O2 References

1,2 FeNPc Printex XE2 500 3.5 25 [48]
ClFeTMPP Black Pearls 200–1,000 3.45–4.0a 28–0 [69]
FeTMPP RB Carbon 800 3.5 25 [44]
c- and a-FeTMPPb Vulcan XC-72 800 2.7 65 [60]
c-FeTMPP Vulcan XC-72 800 2.2 90 [60]
a-FeTMPP Vulcan XC-72 800 2.0 100 [60]
FeTMPP RB Carbon 800 3.96 2 [40]
ClFeTMPP p-PTCDAc 900 > 3.9 < 5 [114]
Fe-acetate Pyrrole Black 800 3.90 5 [40]
Fe-phenanthroline Vulcan XC-72 800 3.7 15 [106]
Fe-acetate p-PTCDAc 900 > 3.9 < 5 114
CoTMPP+ No carbon 600 4.0 0 [62]

FeTMPP support

a n changes with applied potential but not with heat-treatment temperature.
b c- and a-FeTMPP indicate cationic and anionic FeTMPP.
c p-PTCDA stands for prepyrolyzed PTCDA at 900◦C in ammonia atmosphere.

Table 3.3. Apparent Number of Electrons Transferred, n, and Percentage Yield of
Peroxide, %H2O2, for Co-Based Catalysts

Precursor Carbon support Heat-treatment
temperature
(◦C)

n %H2O2 References

1,2 CoNPc Printex XE2 500 2.33–3.55 83.5–22.5 [49]
1,2 CoNPc Printex XE2/

Black Pearls 2000
500 3.8/3.8 10/10 [50]

1,2 CoNPc Printex XE2/
Black Pearls 2000

500 3.8/3.8 10/10 [51]

2,3 CoNPc Printex XE2/
Black Pearls 2000

500 3.63/3.63 18.5/18.5 [51]

CoTMPP Norit SX Ultra 600–800 3.8 10 [56]
CoTMFPP Norit SX Ultra 600–800 3.7–3.0 15–50 [56]
CoTFPP Norit SX Ultra 600–800 3.3–3.0 35–50 [56]
CoTAA Norit SX Ultra 600 3.3–2.8 35–60 [57]
CoTAA Norit SX Ultra 600/800 3.3/3.0 35/50 [116]
CoTAA Norit SX Ultra 600/800 2.8–3.8/

2.5–3.6
60–10/
75–20

[59]

CoTMPP Printex XE2 600 > 3.8 < 10 [55]
c- and Graphite powder 600/800 3.72/3.50 14/25 [61]
a-CoTPPa

a-CoTPP Graphite powder 600/800 3.08/3.08 46/46 [61]
c-CoTPP Graphite powder 600/800 2.74/2.88 63/56 [61]
Co Salen Graphite powder 600 2.96 52 [91]
Co-Anten Graphite powder 600 3.04 48 [91]

a c- and a-CoTPP stand for cationic and anionic CoTPP.
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Scheme 3.1. Overall scheme for parallel and successive reactions involved in ORR
(according to ref. [117]; reproduced with permission of Springer Science and Business
Media).

where N is the collection efficiency of the RRDE, ZH2O2 = 0.62 D2/3
H2O2 ν−1/6,

with D being the diffusion coefficient of oxygen in the solution of viscosity ν.
Using ID N/IR and ω−0.5 as y and x coordinates, respectively, Equation (3.1) is a
straight line with an intercept A described by A = 1 + 2 k1/k2 and with a slope
B described by B = (1/ZH2O2) [k3 + (k3 + k4) (1 + 2k1/k2)]. The magnitude
of intercept A characterizes the ratio k1/k2 , or the relative occurrence of the 4e−
transfer vs. 2 × 2e− transfers for ORR, while slope B reflects the subsequent
behavior of H2O2 formed during reaction 3.2. Measurements are performed at
various applied potentials yielding a straight line and the possibility to evaluate
k1/k2 for each potential.

This Wroblowa analysis has been performed on non-noble metal electrocat-
alysts by three different research groups. The first study was that of van Veen and
his colleagues118 on a 7 wt% ClFeTMPP (∼0.5 wt% Fe)/Vulcan heat treated at
700◦C in inert atmosphere and analyzed in 0.5M H2SO4 as a function of rotation
frequency, f , between 2 and 64 Hz. A correction was applied to N that decreased
with increasing f , due to the destruction of laminar flow by the rough surface of
the electrode. It was concluded that the desired 4e− reduction plays a dominant
role only at high potentials, where the current densities are low. At lower po-
tentials, the production of hydrogen peroxide dominates. The direct formation of
water was related to the possibility of forming an Fe(IV)=O intermediate adduct
(this point will be discussed in more detail later on). In their work on 24 wt%
ClFeTMPP (1.6 wt% Fe)/Black Pearls heat treated at 800◦C in inert atmosphere
and analyzed in 0.5M H2SO4 as a function of rotation frequency between 250 and
1,500 rpm (4.2–25 Hz), Savinell and his colleagues reported that the rate constant
for the direct ORR path was about 2.5 times higher than the rate constant for the
series path69. Finally, a recent work has also been performed by Tarasevich and
his colleagues117 on 25 wt% CoTMPP (1.9 wt% Co)/acetylene black heat treated
at 800◦C in inert atmosphere and analyzed in 0.5M H2SO4 between 610 and 1,960
rpm (10.2 to 32.7 Hz). Their dependence of ID N/IR on ω−0.5 is presented in Fig-
ure 3.28, and the potential dependence of the ratio k1/k2 for ORR as a function
of applied potential is presented in Figure 3.29. From these three analyses, it is
concluded that the direct 4e− reduction of O2 to H2O is, indeed, occurring on
these electrodes; and it may represent an important fraction of the two possible
paths for the ORR.
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Figure 3.28. Dependence of ID N/IR on ω−0.5 for (4–10) AD-100 promoted with a pyro-
porphyrin (CoTMPP adsorbed on activated AD-1000 and heat treated at 800◦C in inert
atmosphere). ID and IR were obtained from polarization curves in H2SO4 at : (4) 0.40, (5)
0.50, (6) 0.65, (7) 0.75, (8) 0.10, (9) 0.0, and (10) −0.10V (RHE) (according to Figure 9
in ref. [117]; reproduced with permission of Springer Science and Business Media).

2
1

Figure 3.29. Potential dependence of the ratio k1/k2 for ORR on polarization curves with
pure activated AD-100 carbon support promoted with pyroporphyrin (CoTMPP adsorbed
on activated AD-1000 and head treated at 800◦C in inert atmosphere) for the following
amounts of active mass deposited onto the electrode (1) 20 and (2) 40 µg (according to
Figure 10 in ref. [117]; reproduced with permission of Springer Science and Business
Media.)
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In the previous section, we came to the conclusion that two catalytic sites
were always obtained simultaneously, but not in the same proportions, when
an Fe precursor and an N precursor were present at the same time in the py-
rolysis reactor. This demonstration was performed with the help of ToF SIMS
analysis of either heat-treated iron acetate or ClFeTMPP adsorbed on N-enriched
prepyrolyzed PTCDA105. The two catalytic sites were labeled Fe–N4/C and Fe–
N2/C, according to the relative abundance of their typical ions detected by ToF
SIMS. While Fe–N4/C corresponds to the catalytic site proposed by van Veen
and illustrated in Figure 3.5, the full coordination of Fe–N2/C, illustrated in Fig-
ure 3.19, is not completely known. Possible Fe–N2+2/C catalytic structures have
been proposed by various authors100, 107, 109 but have not yet been confirmed. In
the following discussion we will continue to use the Fe–N4/C and Fe–N2/C labels
to identify these catalytic sites.

The same catalysts as those used in ToF SIMS experiments were analyzed
for their capacity to reduce oxygen electrochemically. Their apparent number of
electrons transferred, as well as the percentage of H2O2 released by these catalysts
during ORR, was determined. The results are presented in Figures 3.30 and 3.31
for iron acetate (0.2 wt%Fe) and for ClFeTMPP (0.2 wt% Fe), respectively. Panel
A of both figures represents the relative abundance vs. heat-treatment temperature
of either Fe–N2/C (full line) or Fe–N4/C (broken line), as deduced by ToF SIMS
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Figure 3.30. Correlation between the relative abundance of Fe–N2/C in non-noble metal
catalysts (A: open circles), the catalytic activity for O2 reduction (B), the value of n (C),
and the value of %H2O2 (D) for catalysts made with iron acetate (0.2 wt% Fe) as Fe
precursor. The catalysts were the same as those used in Figures 3.20, 3.21, and 3.22A. The
relative abundance of Fe–N4/C in the catalysts is given by stars in panel A (according to
Figure 6 in ref. [114]; reproduced with permission of Elsevier).
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Figure 3.31. Correlation between the relative abundance of Fe–N2/C in non-noble metal
catalysts (A: open circles), the catalytic activity for O2 reduction (B), the value of n (C),
and the value of %H2O2 (D) for catalysts made with ClFeTMPP (0.2 wt% Fe) as Fe pre-
cursor. The catalysts were the same as those used in Figures 3.22B. The relative abundance
of Fe–N4/C in the catalysts is given by stars in panel A (according to Figure 7 in ref. [114];
reproduced with permission of Elsevier).

in these materials. Panel B represents the ORR activity of these catalysts as a
function of heat-treatment temperature as well. In both Figures 3.30 and 3.31, we
see that the shape of the activity curve of panel B follows that of the relative abun-
dance of the Fe–N2/C catalytic sites of panel A. A corollary of that observation is
that the Fe–N2/C catalytic sites are therefore more electrochemically active than
the Fe–N4/C ones for both Fe precursors. Panels C and D of Figures 3.30 and
3.31 present the change with heat-treatment temperature of the apparent number
of electrons transferred during ORR for both catalysts and the percentage of H2O2
released by these catalysts. Again, we see that the shape of the curve for n follows
that of Fe–N2/C and not that of Fe–N4/C for both Fe precursors. Of course, the
value of %H2O2 and n have the opposite trend. A corollary of that observation
is that the Fe–N2/C catalytic sites have the property to reduce O2 mainly to wa-
ter. It has not been determined so far whether ORR on Fe–N2/C involves a direct
4-electron transfer to H2O or a series of 2 × 2-electron transfers with H2O2 as an
intermediate.

Another observation worth mentioning is that the carbon support also has an
effect on the apparent number of electrons transferred during ORR. These results
have been reported for cobalt acetate (0.2 wt% Co) as Co precursor, adsorbed on
various carbon supports and heat treated at 900◦C in an atmosphere containing
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NH3
119. In that work, it was shown that n increased toward 4 as the nitrogen

concentration detected by XPS at the surface of the catalyst increased.

3.2. Mechanistic Aspects of Electrochemical Oxygen Reduction

The dioxygen molecule, in its ground state, has two unpaired electrons
located in a doubly degenerate π* antibonding orbital. This corresponds to a
triplet state. When O2 undergoes reduction, the added electrons occupy anti-
bonding orbitals, thereby increasing the O–O distance. The plausible 1:1 and 2:1
metal–dioxygen complex structures are illustrated in Figure 3.32120. Geometries
(1) and (2) are labeled Griffiths and Pauling models, respectively. The Griffiths
model (1) involves a lateral interaction of the π orbitals of O2 (+ and − rectangle-
shaped orbitals in Figure 3.32) with the empty dz

2 orbitals of a transition element,
ion or metal atom with back bonding from at least partially filled dxz or dyz orbitals
of the transition element (four leaf clover-shaped orbitals centered on M in Fig-
ure 3.32) to the π* orbital of O2

121. This type of interaction leads to a weakening
of the O–O bond with a corresponding lengthening of this bond. With most tran-
sition metal catalysts, the most probable structure for O2 adsorption is the Pauling
model, i.e., adsorption through single O and metal atoms121. The bridge interac-
tion (3) was proposed by Yeager and it is likely to occur on noble metal such as
Pt, where O2 is reduced to water with little or no peroxide formed. A trans confi-
guration has been proposed to occur with dimeric cobalt dioxygen complexes120.

Figure 3.32. Top panel: Possible configurations of dioxygen interaction with a metal in a
catalytic complex; bottom panel: Molecular orbitals involved in different interactions of O2
with a metal center (according to Figures 3 and 4 in ref. [120]; reproduced with permission
of Elsevier.
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Figure 3.33. Top panel: FeII catalytic site modeled by Fe(NH2)2(NH3)2 on the left and
FeIII site modeled by Fe(NH2)2(NH3)2OH on the right. Bottom panel: strucutre of L4
Fe–(OH–OH), i.e., H2O2 bound to the FeII catalytic site (according to Figures 1 and 3 in
ref. [122]; reproduced with permission of the American Chemical Society).

A quantum theoretical approach predicting the activation energies and re-
versible potentials for forming surface intermediates during the course of electro-
catalytic reactions was developed by Anderson and Sidik122. This approach was
applied to O2 reduction on transition metal macrocycles that had undergone py-
rolysis. In that article, quantum theory was used to study O2 reduction on FeII and
FeIII centers. The 2- and 4-electron reductions in acid electrolyte were applied to
the iron centers. In their analysis, FeII is coordinated to two NH−

2 and two NH3
ligands placed in a square, diagonally from each other, making it an approximate
model for Fe in the center of a porphyrin. The actual porphyrin site has all four
Fe–N bonds essentially identical. However, if the result of heat treatment is to
break off some of the conjugated ring systems, then the active FeII site might well
have different types of coordinated nitrogen groups, similar to this model. The
theme of that study was the dependence of the electrochemistry on the oxidation
state of the metal site.

A representation of the two possible starting sites, one for FeII(L4FeII) and
the other one for FeIII (HO–L4FeIII) is depicted in the top of Figure 3.33. Each
NH−

2 ligand carries a lone pair of electrons. In the absence of oxygen, a water
molecule is coordinated to these starting sites. The complexes are represented
either by L4FeII−OH2 or by HO−L4FeIII−OH2. A water molecule would, ac-
cording to the calculations, form relatively strong hydrogen bonding interactions
with the nitrogen lone pairs of these complexes. The calculations show that O2 is
capable of displacing H2O from L4FeII−OH2, but not from HO−L4FeIII−OH2.
Therefore, L4FeII−OH2 is the only possible starting point of the electrocatalytic
reduction of O2 on these catalytic sites. The electrocatalytic reduction of O2
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involves four successive reaction steps for which reversible potentials (Uo) were
calculated. These reaction steps are:

L4FeII − OH2 + O2 + H+(aq) + e− → L4FeIII − O − OH + H2O (3.4) U ◦ = 0.91 V

L4FeIII − O − OH + H+(aq) + e− → L4FeII − (OH − OH) (3.5) U ◦ = 0.96 V

L4FeII − (OH − OH) + H+(aq) + e− → L4FeIII − OH + H2O (3.6) U◦ = 2.43 V

L4FeIII − OH + H+(aq) + e− → L4FeII − OH2 (3.7) U◦ = 0.64 V

An alternative reaction path involving FeIV would be possible after (3.4).
This path is described by the following reaction steps:

L4FeIII − O − OH + H+(aq) + e− → L4FeIV − O + H2O (3.8) U◦ = 0.44 V

L4FeIV − O + H+(aq) + e− → L4FeIII − OH (3.9) U◦ = 2.96 V

The succession of reaction steps (3.4), (3.8), (3.9), and (3.7), involving FeIV

was found to not be favored. Therefore this path is not followed and ORR on such
pyrolyzed materials involves only the FeII/FeIII couple. An important difference
compared to O2 reduction on Pt is the H-bonding interaction between –(OH–
OH) bonded to FeII after reaction (3.5) and the nitrogen lone pair orbitals in the
N4 structure. The structure of H2O2 bound to FeII is illustrated at the bottom of
Figure 3.33. This particular structure prevents H2O2 from leaving the catalytic
site and provides a path for direct reduction to water on Fe-based catalysts.

A reaction mechanism for oxygen reduction in acid media was also pro-
posed by van Veen and his collaborators118. However, these authors proposed the
alternative reaction path (involving reactions (3.8) and (3.9)) as the main path fol-
lowed during ORR at high applied potential. For them, the ability for the transition
metal center to stabilize the FeIV = O adduct, gives these catalysts the possibility,
at a high applied potential, to reduce oxygen to water by a direct 4-electron trans-
fer. This could explain why, for most Co–N4 chelates, no direct water formation
was observed, other than the apparent formation caused by H2O2 decomposition.
Anderson and Sidik122 mentioned this contradiction in their work, where they
found that adsorbed H2O2 was the favored intermediate formed from L4FeIII–O–
OH in the 0.44–0.96 V range. This H2O2 can be released into solution only at
potentials less than the reversible potential for H2O2(aq) formation, which has
the standard value of 0.695 V. At potential higher than 0.695 V, i.e., in the po-
tential region where van Veen proposes the involvement of FeIV = O, Anderson
and Sidik argue that the (H2O2) adsorbed intermediate can only be reduced to
L4FeIII–OH without the participation of FeIV.

Although there is some disagreement between these two groups about the
exact reaction path to be followed during ORR, they agree on the starting oxida-
tion state of iron, i.e., FeII, in the catalytic site, and on the fact that the first electron
transfer is the rate-limiting step98, 122, 123. The activation energies for steps in oxy-
gen reduction over FeII and FeIII sites might be anticipated to behave similarly to
those on Pt122. If so, the first reduction step on FeII sites will be responsible for
the observed effective activation energy, just as it is generally believed to be on
Pt. This would explain the 60 mV/decade (at 25◦C) and 70 mV/decade (at 80◦C)
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Table 3.4. Tafel Slope, b, Reported for Fe- and Co-Based Electrocatalysts for the
Reduction of Oxygen in Acid Medium at Room Temperature

Precursor Carbon support Heat-treatment
temperature
(◦C)

b (mV/
decade)

Electrolyte References

1,2 CoNPc Printex XE2 500 53 0.25 MH2SO4 [49]
1,2 CoNPc Printex XE2 and

Black Pearls
500 42 0.25 MH2SO4 [50]

1,2 CoNPc and
2,3 CoNPc

Printex XE2 and
Black Pearls

500 42 and 40 0.25 MH2SO4 [51]

CoTAA Norit SX Ultra 600 and 800 60 0.25 MH2SO4 [57]
CoTAA Norit SX Ultra 600 50–70 0.25 MH2SO4 [59]
CoTAA Norit SX Ultra 600 59 0.25 MH2SO4 [54]

0.5 MHClO4
CoTMPP Acetylene black 800 60 0.5 MH2SO4 [124]
CoTMPP Acetylene black

and diamond
800 60 0.5 MH2SO4 [110]

ClFeTMPP Black Pearls 800 60–68 0.1 MH2SO4, [68]
HClO4, H3PO4

Various Co and Fe
porphyrins

Norit BRX 500–900 60 8 NH2SO4 [123]

ClFeTMPP Black Pearls 900 61 0.5 MH2SO4 [109]
Co and Fe salts
and polypyrrole

Graphite powder 820 75 1 NHClO4 [87]

Fe phenanthroline Vulcan XC-72 900 64–74 0.5 MH2SO4 [106]
Fe acetate RC2 900 67a Nafion/80◦C [111]
Fe acetate RC2 and

Norit SX Ultra
900 67a Nafion/80◦C [113]

a Experiments done in fuel cells at 80◦C (theoretical b value at 80◦C; 70 mV/decade).

Tafel slopes which are usually found for O2 reduction on Fe- and Co-based cata-
lysts and on Pt. A list of Tafel slopes experimentally found for these catalysts is
given in Table 3.4.

4. Important Factors for the Use of Non-Noble Metal
Electrocatalysts in PEM Fuel Cells for Automotive
Applications

In their article on activity benchmarks and requirements for Pt, Pt alloys,
and non-Pt oxygen reduction catalysts for PEM fuel cells, Gasteiger, Kocha,
Sompalli, and Wagner13 came to the conclusion that, while the technology de-
velopment shows that the DOE target of < 0.2 gPt/kWe (at ≥ 0.65 V) can be ac-
complished using Pt-alloy catalysts, there is always a strong interest to search for
Pt-free cathode catalysts as they would potentially reduce the cost of membrane–
electrode-assemblies to even lower levels. Two essential points remain, however,
to be considered when a low-cost or, even a costless catalyst, is considered. The
first one is the performance of the catalyst, the second one is its stability. These
two points are now considered.
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If a costless non-Pt catalyst were available, a significant larger amount of
such catalyst might be used in MEAs. This would compensate for an eventual
lower catalytic activity compared with Pt. However, a rigorous comparison be-
tween precious metal and nonprecious metal-based catalysts implies a compari-
son between the respective turn-over frequencies (TOF, defined as the number of
electrons transferred per active site and per second at a given potential and experi-
mental conditions) and the volumetric site densities (SD, defined as the number of
active site per cm3 of supported catalyst) of the different catalysts. The compar-
ison of these materials is, therefore, made in terms of current per unit volume of
supported catalyst (A/cm3), which equals (1.6×10−19[C/e−]×TOF[e−/site.s]×
SD[sites/cm3]) with a limit of a 100-µm thick catalytic layer, a thickness above
which mass transport limitation is expected to become too large. The current per
unit volume of supported non-precious metal catalyst was compared to Pt at the
same cell resistance-corrected potential of 800 mV RHE, where mass transport
effects should be small. Considering all these factors, the activity of a costless
cathode catalyst for automotive applications needs to be no less than ∼ 1/10th of
the current industrial Pt activity at equivalent conditions. This value is referred to
in Table 3.5 as costless catalyst target.

Table 3.5 compares TOF, SD, and A/cm3 for selected Pt and non-noble
metal catalysts reported in the literature. All these data have been corrected by
Gasteiger and his collaborators13 to allow comparison at 80◦C with Pt catalysts
at the same temperature and experimental conditions as in Figure 4 of their article
(fully humidified [80◦C dew point] reactants at 150 kPaabs [H2/O2 stoichiometric
flow of s = 2/9.5]). From Table 3.5, it can be seen, on the one hand, that the TOF
of actual non-noble metal catalysts is of the same magnitude as that of the costless
catalyst target, at least for the best performing catalysts. On the other hand, the

Table 3.5. Turnover frequencies (TOFs) for O2 Reduction [e−/site.s], Site Densities (SD; in
[sites/cm3]), and Their Product × 1.6 × 10−19[C/e−] = A/cm3 of Supported Catalyst, at

800mViR−free for 47 wt% Pt Compared to Activity Requirements for a Costless Catalyst and
the Experimental Absolute Activities of Non-Pt Catalysts from Selected References. TOFs are
Shown Both at the Conditions of Measurement and Corrected for the Pt Reference Industrial

Conditions, Assuming pO2 to the First Order and Ea = 54.7 kJ/mol O2, i.e., Corrected Using
Parameters for Pt (Reproduced from Ref.13, with the Permission of Elsevier)

T pO2 TOF(e−/sites) TOF(e−/sites) SD (×1020 A/cm3 at Pt
(◦C) (kPaabs) at reported at Pt reference (sites/cm3) reference

conditions conditions conditions

47 wt% Pt/C 80 100 25 25 3.2 1,300
reference

Costless catalyst 80 100 2.5 2.5 3.2 130
targets

Fe/PTCDA99 50 498 1.45 1.7 0.09 2.4
Fe-phenanthroline108 21 100 0.023 1.0 0.49 7.8
Fe/PTCDA111 80 498 0.11 0.023 0.09 0.03
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Figure 3.34. Galvanostatic potential–time curves (i = 5 mA/cm2) of oxygen electrodes
with an active material from active carbon P33 + 15% CoTAA. Temperature 25◦C, elec-
trolyte 4.5 N H2SO4 . (1) Without thermal treatment of the active material, (2) without
thermal treatment of the active material adding H2O2 up to 1% in concentration in the
electrolyte every 100 h, (3) with thermal treatment of the active material in Ar at 630◦C
adding H2O2 up to 1% in concentration in the electrolyte every 100 h (according to Fig-
ure 6 in ref. [29]; reproduced with permission of Elsevier).

site density of actual catalysts needs to be significantly increased in order to reach
the costless catalyst target. In Sections 2.2, and, in particular, 2.2.4, we argued
that an increase in the site density of these catalysts is possible if the amount
of nitrogen atoms at the surface of the carbon support is increased, since these
atoms are used in the coordination of the non-precious metal ions in the two types
of catalytic sites: Me–N4/C and Me–N2/C.

The second factor to consider for a costless catalyst is its stability under
PEM fuel cell conditions. This is an important point that is not often addressed
by authors working on non-noble metal-based catalysts. The origin of catalyst
instability in acid medium has been attributed to the release of peroxide during
oxygen reduction when ORR does not occur directly to water in a 4-electron
transfer. Figure 3.34 illustrates this point for a 15 wt% CoTAA (∼ 2.7 wt% Co) on
P33. Curves 1 and 3 display the unstable and stable catalytic activity behavior for
the adsorbed complex before and after heat treatment at 630◦C, respectively, while
curves 2 and 4 display the catalytic activity of the same catalysts, but this time,
with addition of H2O2 to the 4.5NH2SO4 electrolyte every 100 h. Although H2O2
may be directly responsible for some of the observed instabilities among non-
noble metal catalysts, there may be also another source of instability: the HO•
radical, a much more ferociously oxidizing species than H2O2! The occurrence
of HO• release is especially expected when Fe is the active ion in the catalytic
site. Any trace of free Fe2+ in the presence of H2O2 will, indeed, generate HO
radicals according to:

H2O2 + Fe2+ → Fe3+ + HO− + HO• (3.10)
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The combination of H2O2 and Fe2+ is known as Fenton’s reagent125. Re-
action (3.10) will be followed by:

HO• + RH → H2O + R• (3.11)

where RH is either the catalytic site or the carbon support.
R• will then yield reaction degradation products or regenerate Fe2+ accord-

ing to:
R• + Fe3+ → Fe2+ + degradation reaction products (3.12)

Unprotected Fe aggregates may be a source of Fe ions in Fe-based catalysts,
especially when they are made with high Fe loadings. Fe ions are also quite com-
mon in the corrosion products of steel, a metal frequently used in PEM fuel cells.
The only way to avoid the occurrence of Fenton’s reaction is either by completely
avoiding the release of H2O2 or by drastically reducing the free Fe2+ concen-
tration. The latter is easily obtained by increasing pH and precipitating Fe2+ as
Fe(OH)2. This is probably the main reason why the same non-precious metal cat-
alysts are stable in alkaline media. In PEM fuel cells, where Fenton’s reagent is
also a troubling issue for the membrane, the only alternative left is to design cata-
lysts that will electrochemically reduce oxygen to water by a direct 4e− transfer.

Details on the stability of non-noble catalysts have been collected in the
literature and are presented in Table 3.6 for catalysts in thin films, mainly from
RDE-type electrodes in solution; in Table 3.7 for catalysts in single layer of the
GDE type; and in Table 3.8 for catalysts used in single membrane electrode as-
semblies. In these tables stability means that current density and applied potential
(after stabilization, if any) remained constant during the test. Longevity tests as
short as 40 h and as long as 10,000 h were reported for catalysts prepared by sev-
eral groups with a large variety of metal and nitrogen precursors as well as with
a rather large range of heat-treatment temperatures. It is not easy to rationalize
these results, but some conclusions may be drawn from the longevity tests that
lasted at least 1 week (168 h) and during which at least 5,000 C were delivered
by the electrode. The catalysts that were stable under those conditions are high-
lighted in bold in Tables 3.7 and 3.8. It is clear that a single GDE-type electrode in
contact with an electrolyte was found to be the most stable structure. Five out of
seven catalysts tested under these conditions were stable for extended periods of
time (Table 3.7). The activities of the two catalysts that were found unstable did
not decrease dramatically either. As seen in Ref. [126], the potential at a constant
current of 20 mA/cm2 changed from 0.73 to only 0.71 V after 2000 h, while in
Ref. [127], the potential at 10 mA/cm2 changed from 0.75 to 0.64 V, after 800
h. Any peroxide released by the ORR probably found its way to the acid solution
before reacting with the catalyst. The same was also true for unprotected metal
which simply dissolved out of the catalyst without causing any harm. Wiesener
and collaborators85 even used leaching of Fe and Co into the electrolyte during the
longevity test to measure what percentage of the initial metal loading of the cata-
lyst remained in the electrode. This occurred without affecting the electrode per-
formance or stability. A common factor among all catalysts performing in single
layer GDE was also the low imposed current densities (low rates of H2O2 and
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metal ion release, if any) that probably favors catalyst stability. The story is, how-
ever, different for catalysts tested in fuel cells (Table 3.8). Here current densities
were larger (at least the starting current densities were larger: up to 0.25A/cm2 for
Ref. [114]) and there is no solution to carry away the released metal ions or per-
oxide. Curiously, the catalysts that were not made with metal–N4 chelates and for
which the metal loading (even after chemical leaching of the catalyst, if any) was
quite high (2 wt% Fe for ferrocene, 3.3 and 8.5 wt% Fe for Fe(OH)2 and 6.2 wt%
Co for Co(OH)2) were found to be the most stable. However, FeTMPP-based
catalysts were also found to be stable at 125◦C in fuel cell tests using H3PO4-
equilibrated Nafion64 but, in that case, their stable behavior was estimated by
running several consecutive polarization curves and comparing the potential of
these curves at 100 mA/cm2.

5. Conclusions

The electrochemical reduction of oxygen to water is a difficult reaction
which requires a large overpotential, especially in acid media. The reaction path-
way that involves a direct transfer of 4 electrons to oxygen (as opposed to a
sequence of 2 × 2-electron transfer steps with the release of an undesirable inter-
mediate: H2O2) is the preferred cathodic reaction for PEM fuel cells, which are
low temperature and low-pH fuel cells using an acid polymeric ionomer as elec-
trolyte. In order to deliver the practical current densities required in automotive
applications, electrocatalysts are needed at the cathode (as well as at the anode)
of these fuel cells. Today, only Pt and its alloys are used in PEM fuel cells, but the
replacement of Pt and Pt-based catalysts would be highly desirable due to the high
cost and potential availability problems of that metal. A possible solution is the
development of Fe and/or Co-based electrocatalysts for ORR, especially catalysts
prepared with low-cost metal and nitrogen precursors.

It has been reported in the course of this review that a recent study of the tar-
gets of a costless electrocatalyst to replace Pt in automotive applications requires
that such non-noble metal catalysts have an activity no less than 1/10th of the
current industrial Pt activity under equivalent conditions13. This requires mainly
a sizeable increase in the site density (defined as catalytic sites/cm3 in the electro-
catalytic layer) of the non-noble metal catalysts. A knowledge of the molecular
structure of the catalytic site for the electrochemical reduction of oxygen in acid
medium is, therefore, essential in order to increase the site density on the carbon
support for those catalysts. The long-term stabilities of the same catalysts under
current industrial conditions are yet to be demonstrated, as well.

Today, we know that it is possible to produce these Fe- and/or Co-based
electrocatalysts by adsorbing related metal–N4 macrocycles on a carbon sup-
port and heat-treating this material at about 600◦C, the optimum temperature in
terms of activity. More stable, but less active catalysts are, however, obtained
for heat-treatment temperatures ≥ 800◦C. Similar catalysts may also be obtained
with cheaper metal and nitrogen precursors (like metal salts and ammonia, for
instance). For all these catalysts, it is generally now believed that two types
of catalytic sites are obtained simultaneously, but not in the same proportions,
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irrespective of the preparation procedure used. These catalytic sites have been la-
beled Fe–N4/C and Fe–N2/C when Fe is used as metal precursor. The structure
of the Fe–N4/C catalytic site, which is favored when Fe–N4 chelates are used as
Fe and N precursors, was shown by van Veen and his collaborators to be an iron
ion coordinated to four nitrogen atoms of the pyrrolic type, which are themselves
bound to the carbon support (Figure 3.5). The complete molecular structure of
the Fe-N2/C catalytic site is still undetermined, but it is known that it is par-
tially made of an iron ion coordinated to at least two pyridinic nitrogen atoms in
a 1,10-phenanthrolinic structure bound to the carbon support (Figure 3.19). Two
complete molecular structures have been proposed so far for the Fe–N2/C cat-
alytic site. They have been labeled Fe–N2+2/C and are not yet fully confirmed.
In one of these structures, the iron ion would be coordinated to four pyridinic
nitrogen atoms in the same graphene plane, with each pair of nitrogen atoms be-
ing organized in a 1,10-phenanthroline structure (Figure 3.23). A juxtaposition of
two graphene sheets around the Fe ion, with each graphene sheet carrying two
pyridinic nitrogens in a 1,10-phenanthrolinic structure has been proposed in the
second Fe–N2+2/C structure (not shown). Other complete molecular structures
for Fe–N2/C are also plausible. They all have the common point of requiring
high temperature (optimally ≥ 800◦C) to be assembled and bound to the struc-
ture of the carbon support. So does also Fe–N4/C, but in that case, bonding to the
carbon support occurs at a lower temperature (optimally ≤ 800◦C).

Whatever preparation procedure is used to produce these non-noble metal
catalysts, any excess metal ions, which cannot be coordinated to the carbon sup-
port, will aggregate and form metal and/or metal carbide particles that will even-
tually be surrounded with a carbonaceous envelope during the heat treatment at
high temperature. These surrounded particles have no catalytic activity for ORR
and do not seem to contaminate with metal ions the membrane and the ionomer
in the catalyst layer during fuel cell stability tests.

Since N are involved as coordinating atoms in both catalytic sites, it is clear
that an increase of the catalytic site density, as required by the analysis previously
done for a costless electrocatalyst to replace Pt in automotive applications, will be
obtained by increasing the density of nitrogen atoms at the surface of the carbon
supports prior to the adsorption of the metal precursor.

As far as the kinetics and mechanistic aspects of oxygen reduction on these
non-noble metal electrocatalysts are concerned, it has been shown that these cat-
alysts may reduce O2 to water with an apparent number of electrons transferred,
n, that may reach values very close to 4. This is especially true for Fe-based
electrocatalysts made either from Fe–N4 chelates or from cheaper Fe salt precur-
sors. It seems also that the Fe–N2/C catalytic site, which is the most active site
in catalysts obtained after a pyrolysis temperature ≥ 800◦C, is characterized by
a low release of peroxide. Co-based catalysts release, on average, more perox-
ide than the corresponding Fe-based materials. Studies that were undertaken to
decouple the direct 4-electron reduction of oxygen to water from the successive
2 × 2-electron reduction indicate that the direct 4-electron reduction path may
be important for these catalysts. This result is in agreement with the quantum
theoretical approach of Anderson and Sidik122 about a model of the pyrolyzed
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Fe-based catalytic site, which concluded that, in the absence of oxygen, a water
molecule forms a complex with the catalytic site with relatively strong binding
interactions to the nitrogen lone pairs of that site. As O2 is capable of displac-
ing H2O from FeII, but not from FeIII, L4FeII–OH2 is therefore the starting point
of the electrocatalytic reduction of oxygen on these catalytic sites. An important
point to notice is that the peroxide in the L4FeII–(OH–OH) intermediate remains
bonded to one nitrogen lone pair of the catalytic site, preventing H2O2 from leav-
ing and thereby providing a path for direct reaction to water on these Fe-based
catalysts.

The stability of the non-noble metal-based catalysts remains the most elu-
sive point, especially when Fe precursors are used. It was shown that the release
of H2O2 is detrimental to the longevity of the catalytic sites, but there is a strong
possibility in acid media that H2O2 would only be an intermediate to another
much more oxidizing species: the HO• radical. This species may result from the
reaction of free Fe2+ with H2O2 (Fenton’s reagent). It is possible that long-term
stability will remain the last challenge after the site density of these catalysts has
been dramatically increased.
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24. Jahnke, H., M. Schönborn, G. Zimmermann (1976). Organic dyestuffs as catalysts

for fuel cells. Top. Cur. Chem. 61, 133–181.
25. Bagotzky, V.S., M.R. Tarasevich, K.A. Radyushkina, O.E. Levina, and S.I. Andrusy-

ova (1977). Electrocatalysis of the oxygen reduction process on metal chelates in
acid electrolyte. J. Power Sources 2, 233–240.

26. Van der Putten, A., A. Elzing, W. Visscher, E. Barendrecht (1986). Oxygen reduction
on pyrolyzed carbon supported transition metal chelates. J. Electroanal. Chem. 205,
233–244.

27. Radyushkina, K.A. and M.R. Tarasevich (1986). Electrocatalytic properties of py-
rolytic polymers produced from N4-complexes (Review), Translated from Elec-
trokhimiyia 22, 1155–1170.

28. van Veen, J.A.R., H.A. Colijn, and J.F. Van Baar (1988). On the effect of heat treat-
ment on the structure of carbon-supported metalloporphyrins and phthalocyanines.
Electrochim. Acta 33, 801–804.



Oxygen Reduction in PEM Fuel Cell Conditions 141

29. Wiesener, K. N4-chelates as electrocatalysts for cathodic oxygen reduction (1986).
Electrochim. Acta 31, 1073–1078.

30. Tarasevich, M.R. and K.A. Radyuskina, Pyropolymers of N4-complexes: structure
and electrocatalytic properties (1989). Mater. Chem. Phys. 22, 477–502.

31. Wiesener, K., D. Ohms, V. Neumann, and R. Franke (1989). N4-Macrocycles as
electrocatalysts for the reduction of oxygen, Mater. Chem. Phys. 22, 457–475.

32. Vasudevan, P., S.N. Mann, and S. Tyagy (1990). Transition metal complexes of por-
phyrins and phthalocyanines as electrocatalysts for dioxygen reduction. Transit. Met.
Chem. 15, 81–90.

33. van Wingerden, B., J.A.R. Van Veen, and C.T.J. Mensch (1984). An extended X-ray
absorption fine structure study of heat-treated cobalt porphyrin catalysts supported
on active carbon. J. Chem. Soc. Faraday Trans. 1, 84, 65–74.

34. van Veen, J.A.R., J.F. van Baar, and K.J. Kroese (1981). Effect of heat treatment on
the performance of carbon-supported transition metal chelates in the electrochemical
reduction of oxygen. J. Chem. Soc. Faraday Trans. 1, 77, 2827–2843.

35. Scherson, D.A., S.L. Gupta, C. Fierro, E.B. Yeager, M.E. Kordesch, J. Eldridge,
R.W. Hoffman, and J. Blue (1983). Cobalt tetramethoxyphenyl porphyrin emis-
sion Mössbauer spectroscopy and O2 reduction electrochemical studies. Electrochim.
Acta 28, 1205–1209.

36. Yeager, E. (1984). Electrocatalysis for O2 reduction. Electrochim. Acta 29, 1527-
1537.

37. Scherson, D. A.A. Tanaka, S.L. Gupta, D. Tryk, C. Fierro, R. Holze, and E.B. Yeager
(1986). Transition metal macrocycles supported on high area carbon : Pyrolysis-mass
spectrometry studies. Electrochim. Acta 31, 1247–1258.

38. Franke, R., D. Ohms, and K. Wiesener (1989). Investigation of the influence of ther-
mal treatment on the properties of carbon materials modified by N4-chelates for the
reduction of oxygen in acidic media. J. Electroanal. Chem. 260, 63–73.

39. Gupta, S., D. Tryk, I. Bae, W. Aldred, and E. Yeager (1989). Heat-treated
polyacrylonitrile-based catalysts for oxygen electroreduction. J. Appl. Electrochem.
19, 19–27.

40. Gupta, S.L., D. Tryk, M. Daroux, W. Aldred, and E. Yeager (1986). Heat-treated
pyrrole black-based electrocatalysts for oxygen reduction. In: D. Chin (ed), Pro-
ceedings of the Symposium on “Load levelling and energy conservation in industrial
processes”. The Electrochemical Society, Pennington, N.J. 207–218 (1986).

41. Bouwkamp-Wijnoltz, A.L., W. Visscher, J.A.R. Van Veen, E. Boellaard, A.M. Van
der Kraan, and S.C. Tang (2002). On active-site heterogeneity in pyrolyzed carbon
supported iron porphyrin catalysts for the electrochemical reduction of oxygen: An
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metalloporphyrins, Part 2—A Mössbauer study of pyrolyzed FeIII tetraphenylpor-
phyrin chloride. J. Chem. Soc. Faraday Trans. 88, 2007–2011.

82. Pierson, H.O. (1996) Handbook of Refractory Carbides and Nitrides, Properties,
Characteristics, Processing and Applications. Noyes Publications, Westwood, New
Jersey, U.S.A. p. 15.

83. Tilquin, J.Y., J. Fournier, D. Guay, J.P. Dodelet, and G. Dénès (1997). Intercalation
of CoCl2 into graphite: Mixing method vs. molten salt method. Carbon 35, 299–306.
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4
Biomimetic NOx Reductions by Heme
Models and Proteins
Emek Blair, Filip Sulc, and Patrick J. Farmer

1. Introduction

Heme cofactors are widely used in nature to catalyze multielectron reduc-
tions. As illustrated in Scheme 4.1, these include the two-electron activ-
ation of O2 by the cytochrome P450s1, the four-electron reduction of O2 to H2O
by cytochrome oxidase2, the six-electron reductions of NO−

2 and SO2−
3 by the

nitrite and sulfite reductases3. All of these processes involve reductive cleavage of
substrate-oxygen bonds from Fe-bound intermediates, a reactivity that is inherent
to a heme or metalloporphyrin. The protein matrix controls access of substrates
and electrons to the active site, and influences reaction pathways by altering the
stability of transient intermediates. Most often, in these enzymatic systems, the
required electrons are delivered to the active site from single-electron donors
or associated redox cofactors. In the last two decades, electrochemical research
has provided significant insights into these enzymatic transformations using sim-
ple N4-chelates such as porphyrins, phthalocyanines, heme protein substitutes as
well as the enzymes themselves. Electrochemistry allows a way to directly test

NO2
−+ 6e − + 8H+

SO3
2−+ 6e − + 8H+

NH4
++ 2H2O

H2S + 3H2O

NO2
− NO N2O N2
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O2 + 4e − + 4H+ 2H2O Cytochrome oxidase
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Nitrite reductase

Sulfite reductase
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Scheme 4.1.
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the stepwise sequences of these transformations, by linking current and potential
to the generation of intermediates or products, or by coupling structural changes
with catalytic abilities.

Our focus in this review is on the reactivity associated with the NOx re-
ductases, which perform several steps in the biochemical cycling of nitrogen,
Figure 4.14–9. These enzymes play key roles in the uptake and loss of agricultural
fertilizers as well as the generation of atmospheric N2O, a potent greenhouse
gas10–13. Two distinct reactivities are observed: assimilatory nitrite reductases
(aNiR) convert nitrite to ammonia for incorporation into biomass; while dissimila-
tory denitrifying nitrite reductases (dNiR) take part in multienzyme denitrification
processes yielding the N–N coupled gases N2O and N2, functioning as impor-
tant terminal electron acceptors during anaerobic respiration3, 14. Three different
porphyrinoid structures are known in NiRs: isobacteriochlorin (siroheme), diox-
oisobacteriochlorin (heme d1), and the more common protoporphyrin (hemin),
Scheme 4.27. All these reductases have associated redox sites such as Fe4S4 clus-
ters or other Fe–heme sites which aid in the reduction of NOx substrates.

The complicated redox chemistry of NOx species is both a blessing and a
curse in this endeavor, as is illustrated in Figure 4.1. Unlike SOx chemistry, many
NOx species are stable and may be used directly as substrates or analyzed for
as products; these include nitrate, nitrite, hydroxylamine, and ammonia and the
gases nitric oxide, nitrous oxide, and dinitrogen. Still, there remains much confu-
sion about NOx chemistry, for example the potential of the simple one-electron
reduction of nitric oxide (NO) to the nitroxyl (NO−) state has been widely mis-
represented, a recent re-evaluation has set it at ca. −800 mV NHE, a revision
of more than one volt from previously cited values15. Likewise, the pKa of the

Most
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oxidized
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reduced product, HNO, was previously reported as 4.7, but has now been revised
to above 11.5.

Several different approaches to protein voltammetry have been developed,
and there are a number of reviews on the subject16–23. One widely applied method
is protein film voltammetry (PFV), as developed by Armstrong, in which the
protein is adsorbed as a monolayer at low temperatures, allowing direct electro-
chemical measurements17. This is a powerful method, with which the kinetics of
intraprotein electron transfers can be analyzed, but the signal response is low and
protein concentrations are often limiting. An alternative methodology developed
by Rusling allows the direct electrochemistry of proteins contained in fluid sur-
factant films23. An advantage is that the current response is greatly enhanced over
that of a monolayer and a minimum of protein may be used to greatest effect.
As these methods are sometimes incompatible with the enzymes of interest, a
more traditional methodology using redox mediators to drive the catalytic activity
in bulk solutions can be applied; these mediators may be small molecules (e.g.
methyl viologen) or small redox proteins (e.g. ferredoxins) that undergo facile
electron exchange with both the electrode surface and the enzyme itself24.

As our intent in this review is to address questions of NOx reductions at
heme active sites from a mechanistic inorganic perspective, the use of simple
heme model compounds is quite useful and will be thoroughly described. Here
similar issues of solubility and reactivity come into play, as biomimetic NOx

catalysis requires either water-soluble porphyrins or surface-adsorbed catalysts.
As might be expected, questions of intersite reactivity come into play both in the
reactivity of transient intermediate species such as nitroxyl-adducts, and in multi-
electron reactivity required for assimilatory reductase activity. We will begin with
brief descriptions of the known families of heme-based NOx reductases and the
all-too-few electrochemical investigations of these native enzymes.

2. Native Enzymes for NOx Reductions

2.1. Assimilatory Nitrite Reductases

The siroheme aNiR, a crucial component of plant metabolism, contains
an isobacteriochlorin cofactor3, 25, 26, Scheme 4.3, which is tightly coupled to a
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4Fe–4S cluster. An identical active site is found in the siroheme sulfite reductases
(SiR) that catalyze the six-electron reduction of SO2−

3 to H2S27. The similarity
of the enzymes extends to their activity, SiR will catalyze nitrite reduction and
NiR will catalyze sulfite reduction; the main difference being a greater affinity
(by several orders of magnitude) for each enzyme’s specific substrate28.

It has been shown that NOx substrates bind to the Fe(siroheme), and sug-
gested that the 4Fe–4S cluster serves as a reservoir of reducing equivalents29, but
the pathway of the overall six electron reduction remains unclear. The required
electrons are delivered from the single-electron donor ferredoxin, leading to the
necessity of long-lived, nonlabile intermediates during catalysis. Both the siro-
heme and the 4Fe–4S cluster are redox active, and the electronic coupling of these
two redox active cofactors in both NiR and SiR is well established by EPR and
Mossbauer studies28, 30–32. Cowan has reported voltammetric measurements on
ferredoxidin:siroheme enzymes, but none as of yet has followed the electrochem-
istry during turnover33, 34; nevertheless, steady-state measurements have shown
that the siroheme cofactor itself is as competent and fast a catalyst as the holoen-
zyme35.

In a study of the reduction of nitrite by the SiR from Desulfovibrio vulgaris,
Cowan and coworkers proposed sequential two electron cleavages of the N–O
bonds, Figure 4.234, 36, 37. One reducing equivalent is envisioned to come from the
FeIII/II couple of the Fe–heme itself, and one from the Fe4SII/I

4 cluster, Scheme
4.3. Thus the active site is “primed” in the reduced state to perform two-electron
reductions of substrates37. As described, the ferric-nitrosyl intermediate (FeIII–
NO) obtained from dehydration of the ferrous nitrite adduct is further reduced by
the Fe4S+

4 cluster to a ferric-nitroxyl, FeIII–NO−, which may more reasonably be
formulated as a ferrous-nitrosyl, FeII–NO. A second proton-coupled two-electron
reduction generates a nitrosyl hydride intermediate, FeII–HNO, with an oxidized
Fe4S2+

4 cluster. Subsequent protonation of this species engenders an electronic
reorganization, yielding a ferric complex of a hydroxylamine anion, formally the
product of a two-electron reduction of HNO.
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A very similar catalytic cycle has been proposed for the cytochrome c nitrite
reductases, ccNiR, which serve in some anaerobes as terminal electron accep-
tors38. The ccNiR has five type c hemes per monomer and a lysine-coordinated
heme at the active site. Potentiometric titrations showed enzyme’s unique lysine-
coordinated heme, labeled heme 1, has an FeIII/II reduction potential at −107 mV.
The other hemes with bis-histidine coordination, termed hemes 2 through 5, have
reduction potentials between −37 and −323 mV. Tentative assignments of each
heme’s potentials have been proposed using EPR titration data correlated with a
recently determined structure39.

Butt and coworkers have reported electroanalytical experiments on the
cytochrome c nitrite reductase (ccNiR) from Escherichia coli, NrfA39. The catal-
ysis of nitrite and hydroxylamine reduction was investigated using PFV, in which
the enzyme is directly deposited as a monolayer on freshly cleaned pyrolytic
graphite edge (PGE) electrode. This technique allows for observation of the enzy-
matic catalytic currents, but could not observe the noncatalytic reduction couples
of individual hemes. Therefore, the absolute turnover could only be estimated by
assuming partial monolayer enzyme coverage. Assigning specific sequence and
roles for the different heme sites is problematic because of their overlapping pot-
entials, as well as the likelihood that these will change upon substrate binding,
but some strong correlations were observed. Rotating disc voltammetry showed
substrate-limited current for catalytic nitrite reduction; during Nerstian titrations
the two substrates, nitrite and hydroxylamine, displayed different voltammetric
fingerprints, seen in Figure 4.3. The first derivative graphs of catalytic current
vs. potential were used to analyze catalytic potentials and number of electrons
involved. The onset of catalytic currents and the slope of the current peaks were
then interpreted in terms of rate-limiting steps under specific conditions.

Under nitrite-limited conditions, an increased catalytic activity occurred at
−105 mV, close to the reduction potentials of heme 1 and 3 (ca. −107 mV) and
decreased ca. −320 mV, possibly due to a conformational change caused by re-
duction of hemes 4 and/or 5 (ca. −323 mV), or inhibition due to ferrous nitrosyl
formation40. As the concentration of nitrite increased, the catalytic peak broad-
ened and moved toward a lower potential; under these enzyme-limited conditions,
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activity increased at ca. −320 mV with the appearance of a second catalytic peak.
These voltammetric currents describe an initial rate-limiting two electron reduc-
tion, generating the ferrous nitrosyl, and a subsequent potential-limited single
electron reduction, which would then generate a nitroxyl substrate state. Hydrox-
ylamine reductions showed much lower activity, and were not substrate limited.
Voltammetric current analysis suggests that upon reduction of heme 1 and 3, the
hydroxylamine is bound and reduced by two electrons. This two-electron reduc-
tion also likely occurs during nitrite reduction, but only after four initial electron
equivalents. As the concentration is increased, there is no observed decrease in ac-
tivity and no loss of activity is seen if the film is kept at negative potentials, which
was seen for nitrite reductions. The kinetics of nitrite and hydroxylamine reduc-
tion by enzyme film were also compared to parallel solution studies. The overall
rate of electrochemical nitrite reduction showed good agreement with rates found
in spectrophotometric assays, but hydroxylamine reduction proved to be faster
electrochemically than in solution assays39.

Recently, several substrate-bound intermediates for ccNiR from Wolinella
succinogenes, including the nitrite and hydroxylamine adducts, have been struc-
turally characterized by Kronek and coworkers41–43. Their proposed mechanism
points out an inherent problem associated with generating a ferrous nitroxyl in-
termediate, FeII–NO−, by sequential electron transfers, Scheme 4.4. If transiently
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formed, the thermostable ferrous nitrosyl, FeII–NO, may likely act as a kinetic
dead end, inhibiting catalytic turnover. The authors suggest that the FeII–NO−
state may be attained by two rapid single electron reductions of the linear FeIII–
NO, such that both occur before the nuclear rearrangement to the stable bent
form of FeII–NO. A more reasonable alternative was suggested in a computa-
tional study which found that the amino ligation in ccNiR destabilizes the nitric
oxide adduct relative to the nitroxyl, making the second reduction more kineti-
cally feasible44.

2.2. Dissimilatory Nitrite Reductases

Similar questions of the thermostability of the ferrous nitrosyl have arisen in
mechanistic studies of the cytochrome cd1 NiR from denitrifying bacteria, which
catalyze the single-electron reduction of nitrite to nitric oxide3, 45. These bacte-
rial proteins contain a Fe-dioxoisobacteriochlorin, heme d1, as shown in Figure
4.1, as well as a covalently bound heme c group that acts as an electron reser-
voir46. The electrons that are shuttled to NiR come from physiological electron
donor Pseudomonas aeruginosa, with a heme c site, or from azurin during cellu-
lar stress, with type I copper active site. Recent structural studies of the enzyme in
different oxidation and ligation states have divulged apparent ligation switching
during the catalytic cycle at both the heme c and d1 centers47, 48.

In the 1990s, Averill described the putative intermediate of the initial steps
in nitrite reduction, a ferric nitrosyl, as characterized by FTIR49. Recent work has
identified this ferric species, using time-resolved stop-flow experiments, that is in
apparent equilibrium with a ferrous nitrosyl, previously thought to be a catalytic
“dead end”50. Both the ferric and ferrous nitrosyl adducts are relatively long-lived,
and no study has thus far demonstrated catalytically competent NO release from
cytochrome cd1. Therefore, certain mechanistic aspects remain obscure.

Lojou and coworkers have investigated catalytic nitrite reduction by
cytochrome cd1 NiR using cyclic voltammetry51. For this enzyme, direct
electrochemistry was not possible and superimposition of absorption spectra
made spectroelectrochemical analysis difficult; but catalysis could be driven
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using electrochemical mediators such as cytochrome c551 or azurin, Figure 4.4.
Direct electrochemistry of both cytochrome c551 and azurin, at pH 6.3 in 50 mM
HEPES buffer, showed quasireversible behavior with midpoint potentials of 305
and 343 mV (SHE), respectively. When nitrite was added to a solution of cd1 NiR
with cytochrome c551, a catalytic current appeared.

NO−
2 + H+ + e− → NO + H2O (4.1)

Cyt c551ox + e− � Cyt c551red (4.2)

Cytc551red + NiRox � Cytc551ox + NiRred (4.3)

NiRred + NO−
2 + 2H+ → NiRox + NO + H2O (4.4)

The obtained catalytic currents under varied conditions of substrate, en-
zyme and mediator were then modeled using the reaction sequence described
by Equation (4.1)–(4.4). Based on the Nicholson and Shain analysis, a second
order rate constant of 2 × 106 M−1 s−1 was determined for reduction of cd1
NiR by its physiological electron donor cytochrome c551, and a smaller constant,
1.4 × 105 M−1 s−1, for azurin which is its electron donor under stress. Nitrite
reductase activity was independent of ionic strength but highly pH dependent,
with maximum activity occurred at pH 6.5. The lowered activity at more acidic
pH was attributed to an acid form of cytochrome c551, which had a less efficient
intermolecular electron transfer with cd1 NiR. At higher pH, it was suggested that
the formation of the highly stable NO-ferrous heme adduct inhibits catalysis, as
was previously suggested for the ccNiR51.
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2.3. Nitric Oxide Reductases

A number of conflicting mechanisms have been proposed for heme-based
nitric oxide reduction, the main argument being as to how the N–N coupling
between substrates occurs to form N2O and N2 gases. From initial studies on
the cytochrome cd1 NiR, Averill and Teidje proposed that the dehydration of
the ferrous nitrite complex produces an electrophilic FeII–(NO+) intermediate,
Figure 4.5, which can be attacked by a incoming nitrite to form a trioxodinitrate,
N2O2−

3 , as a precursor to N2O49, 52, 53, 53, 55. Only subsequently, it has been estab-
lished that free NO is an obligate intermediate in many denitrifying organisms,
i.e., there are separate enzymes that reduce NO−

2 to NO and NO to N2O.
In the heme bc nitric oxide reductase (NoR), Hollocher proposed that N2O

is formed after reduction of a nitrosyl to nitroxyl (NO−), and its subsequent free
coupling in solution, Figure 4.556–59. The bacterial NorBC are integral membrane
proteins that catalyze the reduction of nitric oxide to nitrous oxide and water,
within a larger denitrification complex containing both nitrite and nitrous oxide
reductases. The possibility of a nitroxyl intermediate came as a result of N
labeling experiments in denitrifying bacterial cell cultures59, 60; a nitroxyl adduct
was suggested as a branching point in these N-oxide reductases between path-
ways leading to N2O by N–N coupling and NH3 by further reduction and pro-
tonation61, 62. Another alternative was proposed by Caughey, who found that
cytochrome c oxidase is capable of NoR activity, reducing NO to N2O63. He
proposed that the reductive dehydration of Fe-bound NO to an Fe-nitrido inter-
mediate, analogous to the Fe-oxo intermediates important to peroxidase and P450
chemistry, as the precursor to N2O production, Figure 4.5.
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Recent work has shown NorBC to contain an Fe heme b/nonheme Fe binu-
clear center, termed NorB64, which is both structurally and genomically quite sim-
ilar to the Fe–Cu center of cytochrome c oxidases65. A number of spectroscopic
experiments suggest that the diferrous form is required for NO reduction64, 66, 67.
However, the reactivity of a model binuclear heme/nonheme Fe complex suggests
that a simple coupling of FeII–NO species at the two active site metals can yield
N2O and an FeIII–O–FeIII bridging species68, and a similar bridging oxo species
has been observed in the inactive enzyme69.

The best studied N–N coupling system is cytochrome P450nor, a fungal en-
zyme which does not exhibit the usual mono-oxygenation activity of other P450
enzymes. In its catalytic cycle, the ferric-nitrosyl complex of P450nor is reduced
by NADH to generate an identifiable intermediate (λmax bat 444 nm) that re-
acts rapidly with nitric oxide to give nitrous oxide, Scheme 4.570–72. Resonance
Raman of isotopically labeled samples identified the Fe–NO stretch for the inter-
mediate at 596 cm−1, significantly higher than that for the FeIII–NO at 550 cm−1.
It was reasoned that the addition of two electrons to π∗ orbitals of FeIII–NO
increases metal–ligand back-donation, thus strengthening the Fe–NO bond and
shifting the νFe–NO to a higher frequency. It was also demonstrated that the in-
termediate does not undergo deuterium exchange with D2O, which was used as
evidence against an FeII–HNO adduct (vide supra).

Subsequent kinetic and spectroscopic experiments show that the 444 nm
intermediate may be formed from reaction of NaBH4 with the ferric nitrosyl
adduct of P450nor at −10◦C and also by reaction of the ferric P450nor with hy-
droxylamine radicals generated by pulse radiolysis oxidation of hydroxylamine73.
Thus the intermediate was formulated as a ferric hydroxylamine radical adduct,
FeIII–NHOH, which would then react with NO directly to generate N2O and the
FeIII–OH2 resting state. The sequential mechanism proposed, as adapted in
Figure 4.6, includes rather unusual formulations of Fe-based oxidation states and
it’s coupling with the proximal cysteine ligand. The direct addition of a hydride
to the FeIII–NO avoids the thermodynamically stable FeII–NO and its potentially
unfavorable reduction. The authors failed to note that the proposed FeIII–NHOH
intermediate is inconsistent with the lack of deuterium exchange. But the forma-
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tion of long-lived nitroxyl adducts and their coupling reactions with free NO have
been recently confirmed in both heme protein74 and small molecule75 models.

3. Electrochemical Investigations of NOX Reduction

3.1. Nitrite

The capability of nitrite to oxidize hemeproteins has been recognized for
more than 100 years76. Nitrite is known to be causitive agent in the develop-
ment of methemoglobinemia, a serious medical condition which results from fer-
ric hemoglobin’s inability to bind oxygen77, 78. As a result, significant effort has
been made in understanding the interactions of hemoglobin, Mb, P450s, and Cyt
c with nitrite and alkyl nitrites79, 80. These reactivity are related to those involved
in the electrocatalytic reduction of nitrite by hemes and heme model compounds,
and will be used to help interpret mechanistic aspects of the observed electro-
chemical behavior.

3.1.1. Small Molecule Models

Early investigations of electrocatalytic nitrite reductions by heme models
were reported by the group of Meyer81, 82, using water-soluble Fe-porphyrins
(e.g., FeII-tetra(4-sulfonatophenyl)-porphyrin (TPPS) in acidic solutions,
Eq. (4.5). An important observation was the direct formation of FeII–NO from
dehydration of nitrite by the ferrous catalyst Eq. (4.6). Cyclic voltammograms
of the Fe-porphyrins in nitrite solutions showed a greatly diminished anodic cur-
rent at the FeIII/II couple, a result of the depletion of FeII(TPPS) by Eq. (4.6),
and also a growth of waves corresponding to the nitrosyl. They estimated the
equilibrium constant K at > 2 × 1014 M−1 for Eq. (4.6), corresponding to a
potential of 350 mV SCE for the NO–FeIII/II couple. Differential pulse polarog-
raphy showed a large current at 0.0 V that suggested that at open circuit the ferric
nitrosyl is indeed reduced. Hence, the first reduction is assigned to a one-electron
reduction of nitrosyl to form the nitrosyl radical followed by another one-electron
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reduction to form a negatively charged nitroxyl, Eq. (4.7). At more negative poten-
tials, a greater catalytic response is observed which was suggested to go through
an iron(I) intermediate, Eq. (4.8)

FeII(NO−
2 ) + 2H+ → FeIII(NO) + H2O (4.5)

FeII(P)(NO+) + e− � FeII(P)(NO•) (4.6)

FeII(P)(NO•) + e− � FeII(P)(NO−) (4.7)

FeII(P)(NO−) + e− � FeI(P)(NO−) (4.8)

The products of the aqueous catalytic reduction, as determined by tandem
bulk electrolysis and mass spectrometry, were mainly NH2OH, NH3, and N2O
with very minor amounts of N2. Meyer attributed the N2O formation as evidence
of a bimolecular dimerization between reduced nitroxyl adducts(FeII–NO−) as
shown in Eqs. (4.9)–(4.10) and Figure 4.7. Su and coworkers utilized Co tetra(N -
methyl-4-pyridyl)porphyrin (TMPyP) as an electrocatalyst to examine the pH
dependence for nitrite reduction in aqueous solution83. At low pH, both hydroxy-
lamine and ammonia are formed; at high pH only hydroxylamine is detected with
no observable N–N coupled products.

2FeII(P)(NO−) → (P)FeII(N2O2)FeII(P) (4.9)

(P)FeII(N2O2)FeII(P) + 2H+ + H2O → N2O + 2FeII(P)(H2O) (4.10)

A subsequent report by Meyer’s group, using films of polymerized Fe
protoporphyrin IX dimethyl ester to reduce aqueous solutions of nitrite, con-
firmed the importance of bimolecular reactivity, Scheme 4.684. The same com-
plex mixture of products was found, but N2 became the second most dominant
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Figure 4.7. Proposed mechanism for electrocatalytic reduction of nitrite, adapted from
Meyer84.
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product and a sharp increase in N2O was also seen. The increase in N–N cou-
pled products apparently resulted from the close proximity of the catalytic sites.
Bettelheim’s group have also investigated polymeric films of iron ortho amino-
phenyltetraphenylporphyrin85. In the enzymatic NoR systems, such coupling
should be precluded by protein-isolated active sites.

The issue of intersite interactions during catalysis has also been seen for
phthalocyanin catalysts. Lever showed that monomeric or binuclear species Co-
phthalocyanine derivatives, when adsorbed onto PG electrodes, were unable to
reduce nitrite as efficiently as tetranuclear species86. They hypothesized that the
tetra-nuclear complex was required to carry out a concerted multielectron reduc-
tion. Using a variety of electrochemical techniques and product analysis, they
analyzed the mechanism of nitrite reduction by a dinuclear Ru-phthalocyanine ad-
sorbed onto a PG electrode (RuPc)2

87. At low nitrite concentrations, the number
of electrons in the Ru-dimer catalyzed reduction of nitrite was 6, corresponding
to the production of ammonia, as determined by Koutecky–Levich (K–L) plots
of rotating disc voltammetric data; at higher nitrite concentrations ( > 2 mM) the
number decreased, approaching two electrons which suggests formation of N2O
as the main pathway. Catalytic voltammetric waves for the reduction of nitric ox-
ide and hydroxylamine occurred at more positive reduction potentials than nitrite
for this system, therefore it was reasoned that they could not be the final product
of nitrite reduction. By the same method, the reductions of NH2OH and N2O were
also found to be two electron processes, suggesting that they are reduced to NH3
and N2, respectively. Bulk electrolysis and product analysis confirmed the pro-
duction of N2O and NH3. Rotating ring disc experiments (RRDE) demonstrated
production of NH2OH, but no N2H2 was observed.

Characterization of nitrite adducts of FeII porphyrins has proven difficult,
as isolation often engenders O-atom transfer reactivity88. Only recently have the
structures of sterically protected adducts been crystallographically determined89.
However, nitrite–heme complexes have been electrochemically characterized in
both the ferric and ferrous forms in aprotic solvents90, 91. Ryan et al. have shown
that ferric and ferrous tetraphenylporphyrin (TPP) and octaethylporphyrin (OEP)
readily form apparent bis complexes in the presence of excess nitrite; in DMF
the TPP and OEP complexes had FeIII/II couples at −450 and −830 mV vs. SCE,
respectively90. The structure of these complexes is still unknown, as the nitrite
may bind through N or O atoms, or bridge two metal centers. However, once
formed the observed nitro complexes decompose to new products, with mono
reacting more rapidly than the bis-nitro complex92.

Ryan’s group analyzed this reactivity by electrochemical and solution-based
reaction studies. Cyclic voltammetry of Fe(OEP) showed that upon the addition
of nitrite, the FeIII/II couple shifts negatively; at higher nitrite concentrations, the
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potential vs. log [NO−
2 ] changes greater than 59 mV, consistent with more than

one nitrite ion lost upon reduction. Overall, three distinct reduction currents were
observed; the first wave correlates to the FeIII/II couple and the last wave to the
FeII/I couple, but at high scan rates the last reduction wave splits, indicative of
the generation of two products. This may be accounted for by the interconversion
of bis and mono complexes, which also correlates with the observed changes in
UV–Vis spectra. The addition of Fe(TPP)NO to the Fe(TPP) in nitrite solution
induced the second wave to become more predominant and reversible, suggesting
that nitrosyl adduct is indeed formed during the reduction.

Spectroelectrochemical absorbance and IR measurements were used to
study the reduction of Fe(OEP)Cl in the presence of stoichiometric nitrite. Spec-
tral analysis of bulk reduction at the observed potential of the nitrosyl adduct
showed that the dimeric µ-oxo and nitrosyl complexes are produced in a 1:1 ra-
tio with respect to Fe(OEP), while a significant amount of ferrous Fe(OEP) is
unreacted. Thus, both ferrous and ferric oxidation states are required for the gen-
eration of the nitrosyl adduct, hypothesized to occur during a mixed oxidation
state bridged intermediate, Eqs. (4.11)–(4.13).

FeII(OEP) + FeIII(OEP)(NO−
2 )2 → (OEP)FeII–NO2–

FeIII(OEP) + NO−
2 (4.11)

(OEP)FeII–NO2–FeIII(OEP) → FeII(OEP)(NO) + O=FeIV(OEP) (4.12)

O=FeIV(OEP) + FeII(OEP) → [FeIII(OEP)]2O (4.13)

When the potential of the bulk reduction was shifted to that of the third re-
duction wave, FeII(OEP) generation increased with a corresponding loss of the
µ-oxo complex, in addition to a new FeII(OEP)NO− band at 538 nm. The forma-
tion of the nitrosyl adduct by reduction of Fe(OEP)Cl in the presence of nitrite
was also characterized by spectroelectrochemical IR measurements. The inter-
mediacy of µ-oxo dimer reduction was also observed by Ikeda et al. during the
reduction of NO by Fe(TMPyP)93.

Other researchers have reported electrochemical nitrite reduction using
aquocobalamin94 and water-insoluble metallo-phthalocyanines absorbed onto
electrodes95. Nyokong and coworkers found that the potential for catalytic nitrite
reduction varied with metal in a series of metallo-phthalocyanine complexes ad-
sorbed onto a glassy carbon electrode (GCE) in basic solutions, Cu(Pc) > Fe(Pc)
> Ni(Pc) > Co(Pc) > Mn(Pc) > Zn(Pc)96.

3.1.2. Heme Protein Models

Several important model systems for the reactivity of NOx have been devel-
oped using simple heme proteins such as myoglobin and hemoglobin in surfactant
film modified electrodes. Rusling first reported that myoglobin contained within
a dimethyldidodecylammonium bromide (DDAB) films on an electrode showed
greatly enhanced electrochemical response, indicative of diffusion controlled cur-
rents within the thin film97. Such a prepared electrode, termed Mb/DDAB, is
stable to repeated cycling, can be moved from solution to solution, and will re-
main active for several weeks with proper storage. Coulometry of Mb/DDAB
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modified electrodes consistently shows that a large percentage of the deposited
Mb remain electrochemically active. The temperature dependence for the FeIII/II

current-response follows that for the solid-to-liquid-crystal phase transition for
DDAB films98. Importantly, these Mb/DDAB films allow access to a wide poten-
tial range, with both the FeIII/II (−0.22 V vs. SCE) and FeII/I (−1.09 V vs. SCE)
couples observable at pH 7, in Figure 4.8 and Eqs. (4.14)–(4.15).

Mb–FeIII + e− � Mb–FeII (4.14)

Mb–FeII + e− � Mb–FeI (4.15)

NO−
2 + ne− + mH+ → NH+

4 + NH3OH+ + N2O + NO + N2 (4.16)

Lin first showed that when nitrite is introduced to the solution above, two
new catalytic reduction waves appeared close to the FeII/I couple, Figure 4.8, both
of which displayed complex pH dependence indicative of multiple reaction path-
ways99. A small negative shift is also observed in the FeIII/II wave, attributable
to the effect of nitrite binding at the Fe center. The pH dependence of the sec-
ond wave (ca. −800 mV NHE) suggested a multielectron (ca. 3e−/H+) limiting
step associated with the production of NH3. Bulk electrolysis at this wave yielded
both NH3 and NH2OH as aqueous products, but their yield accounted for less than
25% of the consumed nitrite. On-line mass spectral analysis of the head gas over
electrolyzed solutions of 15NO−

2 demonstrated production of 15N2O,15 NO, and
15N2. By varying the potential during electrolysis, it was shown that the produc-
tion of N2O initiated at the first catalytic wave, ca. −600 mV NHE, which was
tentatively assigned to the reduction of the ferrous NO adduct62. The catalysis
followed saturation kinetics, with an apparent Km of ca. 3.3 mM, close to that of
nitrite binding to the ferric protein.

Mb +
nitrite

Mb

A

B

0.0 −0.42 −0.78 −.1.10

Potential (V vs. SCE)

I II

20 mA

Figure 4.8. Voltammograms of Mb/DDAB at 100 mV s−1 demonstrating catalytic activity
(bottom) pH 7.5 buffer, FeIII/II couple and FeII/I labeled I and II, respectively (top) in
presence of 5 mM NaNO2, catalytic current waves labeled A and B99.
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A subsequent comparison of the electrocatalytic activity of Mb/DDAB
with similar film-modified electrodes using a thermophilic cytochrome P450,
CYP119/DDAB, was performed in order to investigate the effect of the axial lig-
and on biomimetic NOx reductions100. The enzyme CYP119 has the characteris-
tic heme of P450s with axial thiolate ligation, while the Fe heme in Mb is ligated
by histidine. Voltammograms of nitrite reduction by CYP119/DDAB electrodes
were quite similar to that of Mb/DDAB: two catalytic waves at analogous poten-
tials are observed, the first corresponding to the formation of N2O, the second
to that of NH3. CYP119 is the much more selective catalyst, producing NH3 al-
most exclusively during the initial half hour of reductive electrolysis of nitrite, as
compared with less than 20% conversion by Mb under the same conditions. This
was attributed to rigidity of the thermophilic protein, which traps the substrate
within the active site and facilitates multielectron reductions of single substrate.
As cytochrome P450 CYP119 is a thermophilic protein, its activity when immo-
bilized in dimethyldidodecylammonium poly(p-styrene sulfonate) on pyrolytic
graphite was examined for temperature ranging between 25 and 75◦C. Increasing
temperature dramatically enhances the nitrite reduction rate over twofold while
decreasing the reduction potential over 150 mV.101

Further insight was provided by comparing the effect of nitrite concentra-
tion on the catalytic current for CYP119. Steady state current analysis of the nitrite
concentration dependence gave an apparent Km of 34 mM, which should corre-
late somewhat to the binding affinity of the substrate for the enzyme. However, no
binding of nitrite to the ferric CYP119 was observable in solution studies at even
much higher concentrations. Likewise, no shift of the FeIII/II wave of CYP119
was observed with increasing nitrite up to 100 mM, suggesting that nitrite did not
bind to the enzyme. As above, the formation of the FeII–NO could be observed
indirectly by the loss of the FeIII/II redox couple during successive voltammetric
scans in nitrite solution. Plotting the loss of the FeIII/II couple with time gave a
rate of dehydration for CYP119 (9.0 × 10−3 s−1) virtually identical to that of Mb
under identical conditions. This implies both systems have similar rate-limiting
step that is independent of the distal ligation, as modeled by Eqs. (4.17)–(4.22).

FeIII + NO−
2 � FeIII–NO−

2 (4.17)

FeIII–NO−
2 + e− � FeII–NO−

2 (4.18)

FeII–NO−
2 + 2H+ → FeIII–NO + H2O (4.19)

FeII + NO−
2 + H+ → FeIII–NO + OH− (4.20)

FeIII–NO + e− � FeII–NO (4.21)

All native NiR enzymes are believed to undergo a ferric nitrite-to-nitrosyl
transformation, as in Eqs. (4.17)–(4.19)49, 50, but this may not be the case with
other heme proteins. Doyle first reported that the reaction of ferrous hemoglobin
(Hb) with nitrite was zero order in protein79, 80, but first order in nitrite and pro-
tons; a similar dependence has been reported for the reaction of ferrous Mb with
nitrite102. This implies that the reductive dehydration is dependent on the reaction
of FeII with HONO, or its equivalent as NO+, as in Equation (4.22)–(4.24), and
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that this reaction may generate free NO by dissociation of the ferric nitrosyl, as
suggested by the mechanism of Doyle.

NO−
2 + H+ � HONO (4.22)

FeII + HONO � FeII−HONO (4.23)

FeII–HONO → FeIII–NO + OH− (4.24)

FeIII–NO � FeIII + NO (4.25)

Equations (4.22)–(4.25) suggest that nitrite reduction by Mb at the FeIII/II

potential may be catalytic, as in the heme cd1 NiR enzymes. Bedioui and cowork-
ers were the first to demonstrate such catalysis at the FeIII/II couple in a compari-
son of nitrite reduction by Mb to that by hemoglobin (Hb) and hemin (Hm) itself
in DDAB-modified electrodes103. They first examined the effect of scan rate on
catalytic current of nitrite reduction, which was relatively unchanged between the
various DDAB-modified catalysts. At slow scan rates two irreversible cathodic
peaks are present near FeII/I couple while the FeIII/II couple shifts more nega-
tively, indicative of the binding of nitrite. At faster scan rates (1 V−1s) the slow
kinetics of nitrite binding diminishes the reduction of nitrite and both of the orig-
inal couples are largely conserved, except for a new cathodic peak at −0.85 V.

Rotating disc electrode (RDE) voltammetry for Hm/DDAB showed two
steady state waves at −0.1 and −1.1 V, with larger limiting current at the sec-
ond wave due to apparent multielectron reduction; in agreement with this analy-
sis, strong nitrite dependence was found only for the second wave. Analogous
experiments with Mb/DDAB and Hb/DDAB show similar behavior, but much
greater nitrite dependence was observed for the first wave, suggestive of catalytic
reduction at the FeIII/II couple, as in Eqs. (4.19)–(4.21) or Eqs. (4.22)–(4.25). The
initial catalytic wave was assigned to both the reductive dehydration of the FeIII-
bound nitrite and also the subsequent reduction of the resulting FeIII–NO, the
latter not observable by cyclic voltammetry because of slow charge-transfer ki-
netics. This interpretation was supported by analysis of the nitrite reaction order,
as determined by the slopes of linear plots of log Ik vs. log[NO−

2 ]; RDE voltam-
mograms of Mb/DDAB at varying nitrite concentrations is shown in Figure 4.9.
At the FeIII/II wave, for Hm/DDAB the reaction order is low, ca. 0.19, but for
Mb/DDAB the order is close to unity. Tafel plots of the FeIII/II wave were in-
dicative of a one-electron process, implying that reduction of the FeIII–NO (or
equivalently, the FeII–NO+) is kinetically slow step and mass transport limited.
Thus, for the reduction of nitrite by Mb or Hb in DDAB, a reaction sequence
was proposed invoking first the binding of nitrite, reductive dehydration forming
FeIII–NO, rate-limiting reduction to FeII–NO, and subsequent multielectron re-
ductions at potentials close to the FeII/I couple. For this second reduction, which
forms ammonia, the steady state substrate nitrite concentration limits were iden-
tical for Hm, Mb and Hb, at 6 mM; this would correspond to a Km ca. 3 mM, as
had previously been reported for Mb.

Liu and coworkers utilized Hb adsorbed on colloidal gold nanoparticles in
carbon paste electrode (CPE) to investigate the reduction of nitrite at pH 4104.
(One criticism of this work is that, at this low pH, aqueous Hb is denatured,
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Figure 4.9. RDE voltammograms response of Mb/DDAB film modified GCE around the
FeIII/II redox couple in the presence of various nitrite concentrations. Curve (a) 2.0 mM;
(b) 4.0 mM; (c) 6.0 mM; (d) 8.0 mM. Electrolyte:phosphate buffer solution, 50 mM NaBr
(pH = 7.4). Rotation rate 500 rpm;scan rate: 0.02 Vs−1103.

therefore raising the question of whether holoprotein (Hb) or the free cofactor
(Hm) is the electroactive species investigated.) A plot of the cathodic peak po-
tentials vs. the logarithm of the scan rates, obtained a slope of 35.4, close to the
expected value for the formation of FeII–NO as in Eqs. (4.26)–(4.28). When the
scan range is limited to −0.6 V in the presence of nitrite the FeIII/FeII couple
starts losing reversibility, again indicative of the formation of the stable FeII–NO
during the FeIII/FeII reduction process.

Hb–FeIII + H+ + e− � HbH–FeII (4.26)

NO−
2 + 2H+ + e− → NO + H2O (4.27)

HbH–FeII + NO � HbH–FeIINO (4.28)

Similar results were reported by Fan et al. in their voltammetric studies
of nitrite reduction by Hb contained in DNA film electrodes at pH 4105. These
films showed well-defined FeIII/FeII couple at −0.36 V SCE, Eq. (4.26), and
upon addition of nitrite two new cathodic peaks were observed. Also, when the
lower scan potential was limited to −0.5 V, the FeIII/II peak current decreased
linearly due to formation of stable Hb–FeII NO complex, as previously seen for
Mb. Pre-electrolysis followed by linear scan voltammetric sweeps showed that at
+0.3 V the predominant species is met-Hb, at −0.5 V the Hb–NO complex is the
predominates species, and at −0.9 V the Hb–FeII predominates, apparently due
to NO depletion in the electroactive layer.
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Many additional reports have mentioned nitrite reduction by Mb99, 103, 106–111,
Hb103, 104, 106–109, 111–115, and horse radish peroxidase (HRP)106, 108, 109, 111, 116, 117,
modified electrodes, but their primarily focus is on film methodology or biosen-
sor application. The NOx reactivity of heme proteins is apparently widely ap-
plicable, and the reported potentials for both the FeIII/II couples and catalytic
nitrite reductions are quite similar regardless of the mode of deposition or pro-
tein. The results are summarized in Table 4.1, which include deposited films
made of water-insoluble surfactants (DDAB)99, 103, 115, amphiphilic polyacry-
lamide (PAM)116, carboxymethyl cellulose (CMC)107, chitosan (CS)108, ionomer
poly(estersulfonic acid) or Eastman AQ29 (AQ)116; proteins trapped within sol–
gel film derived from tetraethylorthosilicate (TEOS)110, 114 or layer by layer

Table 4.1. Film Methodologies Used in Examinations of Nitrite Reduction by Heme
Proteins

Methodology Protein pH FeII/FeIII pH NO−
2 Detection Detection References

(V) red. (V) range limit
(mM) (mM)

HRP-PAM HRP 7 −0.33a −0.84b [116]
on PG
Clay on PG Mb 5.5 −0.28a −0.8b 0.05–0.82 0.03 [106]

Hb −0.28a 0.05–0.82 0.03
HRP −0.28a 5

PS on PG Hb 7 −0.36a 5.5 −0.75c 6–16 1 [112]
CMC on PG Mb 7 −0.34a 5.5 −0.8d 0.6–8 0.32 [107]

Hb 7 −0.34a 0.6–9 1.32
CS on PG Mb 7 −0.33a 5.5 −0.77d 0.1–3 0.017 [108]

Hb 7 −0.33a 0.037
HRP 7 −0.33a 0.87

AQ on PG HRP 7 −0.33a 7 −0.84d [116]
Fe3O4 on PG Mb 7 −0.34a 2.6–16.3 0.2 [109]

Hb 7 −0.34a 5.5 −0.8c 0.4–11.9 0.18
HRP 7 −0.32a 3.1–18.2 0.44

PVS on PG Hb 5.5 −0.28a 5.5 −0.8d [113]
Sol–gel on CPE Mb 7 −0.298e 7 −0.774c [110]
TEOS on CPE Hb 7 −0.312e 5.5 −0.6d [114]
PAMAM on PG Mb 7 −0.34a [111]

Hb 7 −0.34a 5.5 −0.7c

HRP 7 −0.34a

Au on CPE Hb 5.5 −0.42f 4 −0.72d [104]
DDAB on PG Mb 7e −0.221a 7.0 −0.895g [99]

Mb 7.4 −0.24a 7.4 −0.85b [103]
Hb 7.4 −0.25a

Hm 7.4 −0.22a

a SCE.
b 200 mV−1 s.
c 100 mV−1 s.
d 150 mV−1 s.
e Ag/AgCl.
f NHE.
g 500 mV−1 s.
h pH dependence was analyzed.
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in polyanionic poly(vinyl sulfonate) (Hb-PVS)113; and protein films applied to
nanosized particles of polystyrene latex beads (PS)112, Fe3O4

109, clay films106,
polyamidoamine dendrimers (PAMAM)111, or colloidal gold (Au)104, and then
subsequently deposited on an electrode.

3.2. Nitric Oxide, NO

The growing understanding of the ubiquitous involvement of hemes in NO
physiology has resulted in widespread interest in the possible chemical reactivity
of NO. The formation of NO in our bodies is directly attributable to the heme co-
factor in nitric oxide synthase118; furthermore, NO binding to other heme proteins
has been linked to important physiological processes such as vasodilation119, neu-
rotransmission120, and the immune response121. The reduced form of nitric oxide,
termed a nitroxyl or nitrosyl hydride (NO− or HNO), has attracted much interest
in recent medical studies, for HNO precursor compounds have unusual cardiovas-
cular effects, and may be useful as protective drugs for heart disease122–124. Al-
though we restrict ourselves here to reduction of NO by hemes and heme model
compounds as applicable towards an understanding of bacterial and plant en-
zymes, these discussions may likewise apply to the physiological biochemistry
of humans as well.

3.2.1. Small Molecule Catalysts

Important early electrochemical characterizations of nitrosyl adducts of por-
phyrin complexes were performed by the Kadish group125. Voltammetric studies
of the nitrosyl adduct of FeII(TPP) demonstrated an electrochemically reversible
reduction which was substantially positive to that of the parent FeII(TPP). The
product of the reduction, a nitroxyl adduct formulated as FeII(TPP)(NO)−, could
be generated in situ and its absorbance spectra observed; reduction of the dinitro-
syl, FeII(TPP)(NO)2, who’s formation is characterized by a positive E1/2 shift,
Table 4.2126, also forms the same product. Nevertheless, attempts to prepare the
reduced nitrosyl product via bulk electrolysis were unsuccessful. Up to ten reduc-
ing equivalents were passed through a sample solution electrolytically, but the ma-
jor species in solution remained the ferrous nitrosyl, i.e., the nitroxyl apparently
decomposed via some unspecified reaction to regenerate the more stable nitrosyl.

Kadish and others have examined the effects of a variety of parameters on
the E1/2 of nitrosyl metalloporphyrins. Because of the high covalency of metal–
nitrosyl bonding, it is often difficult to distinguish between metal-, nitrosyl-, or
even porphyrin-based reductions; we here try to limit discussion to systems where
nitrosyl-reductions are invoked. For an analogous series of metal–nitrosyl com-
pounds, the solvent effect on the E1/2 potential is most closely correlated to the
solvent property as measured by the Dimroth–Reichardt parameter, a measure
of the ionizing power or polarity of the solvent127. The porphyrin structure also
plays a significant role in the redox potential of the nitrosyl complex, Table 4.2.
As may be expected, electron-withdrawing substituents shift the E1/2 positively
while electron-donating groups do the opposite128, as has been demonstrated for
substituted-TPP complexes in FeII–NO129 and CoII–NO reductions130, Tables 4.3



NOx Reductions by Heme Models and Proteins 169

Table 4.2. Reduction Potentials for Fe(por)NOa

Macrocycle Solvent E1/2 R1 References

TPPS H2O −0.63 [81]
OEC PhCN −0.41 [131]
OEP PhCN −1.08 [135, 128]
OEPb PhCN −0.88 [128]
TPP PhCN −0.88 [135]
OEP CH2Cl2 −1.02 [129]
MOEC CH2Cl2 −1.02 [129]
OEiBC BuCN −1.11 [129]
2,4-DMOEiBC CH2Cl2 −1.17 [129]
OEPone CH2Cl2 −0.81 [129]
2,4-OEPdione CH2Cl2 −0.69 [129]
2,3-OEPdione THF −0.66 [129]

a vs. SCE.
b bis–NO complex.

and 4.4. Kadish also compared Fe porphyrins to corroles131. Other substituent
effects have also been examined by various groups: nitration of the porphyrin
ring causes a ca. + 0.4 V shift132; fluorine to chlorine substitution in polyhalo-
genated corroles causes a ca. + 0.08 V shift133. Increasing the bonding strength
of the counter ion in nonpolar solvents is found to shift the potential negatively
(ClO−

4 < Br− < Cl− < N−
3 < F−); however, the opposite is true for coordinating

solvents. But the potential shift due to metal-substitution is much less than might
be expected: between Cr134, Fe135, Mn126, Co and Ru136 TPP nitrosyl adducts,
the potentials vary less than 400 mV, Table 4.5. Of the various properties includ-
ing solvent, metal ion, counter ion, and axial ligand, the macrocyclic structure
itself appears the main determinant of the potential for this apparent ligand-based
reduction.

Electrocatalytic nitric oxide reductions were noted in the previously de-
scribed studies by Meyer’s group on nitrite reduction by water-soluble por-
phyrins81. As NO is a proposed intermediate, it was used independently as a
substrate to verify the assigned potential for the ferrous nitrosyl to nitroxyl trans-
formation. Bettelheim et al. also investigated NO reduction by Fe(TMPyP) im-
mobilized onto a GCE with a Nafion coating that repelled anions like nitrite from
the electrode surface137. Differential pulse voltammetry of this system obtained
three distinct reduction waves at potentials ca. 0.5, −0.6, and −0.8 V, assigned
using the mechanistic scheme of Meyer84 to sequential reductions of FeII(NO+),
FeII(NO), and FeII (NO−).

Similarly, Bedioui et al. used Fe(TPPS) immobilized in poly(pyrrole-
alkylammonium) films to investigate the reversible reduction of [FeII(NO)] to
[FeII (NO−)]−138. They also examined similar reactivity with electropolymer-
ized hemin, hematin, Fe(TMPyP), and Fe(TSPP). They found that a polymeric
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Table 4.3. Reduction Potentials for Substituted Fe(x-TPP)NOa

x-TPPb 4σ c E1/2

p-OMe −1.08 −1.45
m-Me −0.28 −1.44
H 0.00 −1.44
p-F 0.24 −1.34
p-Cl 0.92 −1.35
m-Cl 1.48 −1.33
p-CF3 2.20 −1.32

a In THF, as E1/2 vs. SCE.
b x is the meta- or para-substituent on each phenyl.
c The Hammet parameter for the phenyl substituent129.

Table 4.4. Reduction Potentials for Substituted Co(x-TPP)NO Reductiona

xb 4σ c E1/2

p-OMe −1.08 −1.20
p-Me −0.68 −1.20
m-Me −0.28 −1.18
H 0.00 −1.16
m-OMe 0.48 −1.15
p-OCF3 1.40 −1.10
p-F3 2.20 −1.06
p-CN 2.52 −1.05

a In CH2Cl2, as E1/2 vs. SCE.
b x is the meta- or para-substituent on each phenyl.
c The Hammet parameter for the phenyl substituent129.

Table 4.5. Reduction potentials of M II(TPP)NOa

Metal E1/2 References

Rub −1.46 [136]
Ru −1.06 [136]
Co −1.18 [126]
Mn −0.92 [126]
Cr −1.24 [134]
Fe −0.93 [135]

a In CH2Cl2, E1/2 vs. SCE.
b Nitrite as axial ligand.
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film of hemin, coated with Nafion, loses its FeIII/II couple during voltammetric
cycling in the presence of NO (formed by low pH disproportion of HONO), and a
new cathodic peak appears at ca. −600 mV, Figure 4.10139. If such a treated elec-
trode is subsequently transferred to a solution without nitrite, the same features
are seen during the initial cycle, but regain its FeIII/II couple during the second
cycle through apparent loss of NO. The peak at −600 mV (−800 mV at neutral
pH) was attributed to the reduction of FeIII(NO) was suggested to occur at the
irreversible current at −600 mV, although this is far from the potential assigned
by Meyer for the (NO)FeIII(TPPS) couple at ca. + 300 mV81.

In an important series of papers, Ryan and coworkers performed exten-
sive investigations into the effect of the porphyrin structure on the electrochem-
ical reduction of the iron–nitrosyl complex129, 140–143 Several different types of
porphyrins were examined, including tetrahydroporphins that model the siro-
heme NiR (e.g., 2,4-dimethyloctaethylisobacteriochlorin (2,4-DMOEiBC) and
oxochlorins which model heme cd1 NiR (e.g., 2,4-octaethylporphinedione (2,4-
OEPdione), Scheme 4.5.

Further investigation concentrated upon the reduction mechanism of the
iron nitrosyl. Ryan et al. found that the electrochemical reduction of Fe(TPP)(NO)
was highly reversible and, in the absence of excess NO, leads to a diamagnetic
product (Fe(TPP)(NO)−) that they characterized by NMR, UV–Vis, and reso-
nance Raman spectroscopy140. The porphyrin vibrations for both Fe(TPP)(NO)
and Fe(TPP)(NO)− were consistent with low-spin ferrous complexes, thus the
reduction is suggested to be ligand-based. Once generated, Fe(TPP)(NO)− reacts
slowly with proton sources such as phenols to ultimately regenerate Fe(TPP)(NO);
in contrast, the two electron reduced product, Fe(TPP)(NO)2−, reacts rapidly with

[Fe(III)]+

[Fe(III)(NO)]+

[Fe(II)(NO)]

[Fe(II)]

NO at
pH 2 and 7 +e −

+e −

Ep= −0.6V

+e −

NO2
− at pH = 7

[Fe(III)(NO−)]−

[Fe(III)] and further reduction of NO−

[Fe(II)(NO+)]+ + H2O

NO at
pH 2 and 7

Figure 4.10. Proposed mechanism for electrocatalytic reduction of NO−
2 or NO, as per

Bedioui139.
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phenols to yield ammonia143. The proton-dependences of these reductions were
studied using para-substituted phenols as a proton source in nonaqueous sol-
vents143. As shown in Figure 4.11, both the potential and limiting current of the
second current wave (IIa and IIb), corresponding to the proton-limited formation
of hydroxylamine, were dramatically affected by the presence of proton donors.
In contrast, the first current wave (I ), which corresponds to the one-electron re-
duction of Fe(TPP)(NO), shifted positively only at much higher phenol concen-
trations, and its limiting current was unaffected. The resulting mechanistic in-
terpretation included the initial reversible reduction of Fe(TPP)(NO), followed
by two reversible protonations before an irreversible three-electron reduction and
protonation forms hydroxylamine, Eqs. (4.29)–(4.32).

Fe(TPP)(NO) + e− � Fe(TPP)(NO)− (4.29)

Fe(TPP)(NO)− + H+ � Fe(TPP)(HNO) (4.30)

Fe(TPP)(HNO) + H+ � Fe(TPP)(H2NO)+ (4.31)

Fe(TPP)(H2NO)+ + H+ + 3e− → Fe(TPP)− + NH2OH (4.32)

This reactivity was used to directly compare porphyrin derivatives that
model siroheme and heme d1, Scheme 4.5. The activities of the porphyrin deriva-
tives were correlated to the apparent pKa of their reduced Fe-nitroxyl, Eq. (4.30).
Iron-isobacteriochlorins, which model the assimilatory siroheme enzymes, were
the most basic while the oxo-derivatives, which model the cytochrome d1 of the
denitrifying enzymes, were the least. These results mirror their enzymatic activity,

−1.0 −2.0 −2.5
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Potential (V vs. Ag /AgNO3)
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Figure 4.11. Normal pulse polarographs of the reduction of Fe(TPP)(NO) in the
presence (dotted) and absence (solid) of 4.0 mM2,3-dicholrophenol. Current wave I
corresponds to one reversible one-electron reduction, wave IIa and IIb correspond to a
proton-limited multielectron eduction forming hydroxylamine. Data adapted from refer-
ence (Ryan EAC1994).
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in that the former produces NH3 and the latter NO and N2O. Thus the macrocyclic
structure plays an important role in tuning the reactivity and ultimately the reduc-
tion products.

Su and coworkers examined the effect of different metals like Mn144 and
Co83 as well as Fe145 on this reactivity. For Fe porphyrins, e.g., Fe(TMPyP), an
EC mechanism, encompassing Fe reduction preceding NO coordination, is pro-
posed145. Water soluble Mn(TMPyP), Mn(2-TMPyP), Mn(TSS), and Mn(TSPP)
illustrate that porphyrins with electron withdrawing groups exhibit higher rates in
electrocatalytic NO reduction activity. While the reduction products are similar,
the mechanism for Mn is proposed to be via a ECE mechanism, i.e., initial re-
duction of the MnIII to MnII precedes NO coordination and reduction. The Co(2-
TMPyP) illustrated that a two electron couple, CoIII/I, is more efficient than a one
electron couple, FeIII/II, in yielding the N–N coupled product N2O.

Bettelheim et al. investigated nitrosyl adducts of cobalt tetrasulfonated ph-
thalocyanine, Co(TSPc)4−, dissolved in aqueous solution or incorporated into
a DDAB surfactant film where Co(TSPc)4− acts as the counterion for four
DDA+ forming Co(TSPc)(DDA)4 (this was also done with dodecyltrimethylam-
monium)146. Using FTIR and electrochemical experiments the conformational
orientation of the NO adduct was determined to be bent, Eq. (4.33). When ex-
posing the phthalocyanin to NO in solution, a sharp band at 1,646 cm−1 ap-
pears but is quickly replaced by a broader band at about 1,700 cm−1 implicit
of the N–Co bond shortening, this also occurs for the solid form of Co(TSPc) and
Co(TSPc)(DDA)4, Eq. (4.34). A plot of E v. 1/[NO], using CV, yielded a slope of
65 mV, ruling out the possibility of a Co(TSPc)(NO)4−

2 , complex.

CoII(TSPc) + NO � CoII(TSPc)(NO)bent (4.33)

CoII(TSPc)(NO)bent � CoII(TSPc)(NO)linear

� CoI(TSPc)(NO+) (4.34)

Nykong et al. have also studied a variety of cobalt containing macrocycles.
The electrocatalytic properties of cyanocobalamin adsorbed onto GCEs in aque-
ous solution was examined147. Along with adsorbed cobalt(II) tetrasulfonated ph-
thalocyanine (Co(TSPc))148, adsorbed cobalt phthalocyanine is examined (CoPc)
in DMSO149. The proposed mechanism invokes both a ring- and metal-centered
reduction during NO catalysis, Eqs. (4.35)–(4.39).

CoIIPc(−2) + NO → (NO)CoIIIPc(−2) (4.35)

(NO)CoIIIPc(−2) + e− → (NO)CoIIPc(−2) (4.36)

(NO)CoIIPc(−2) + e− → (NO)CoIPc(−2) (4.37)

(NO)CoIPc(−2) + e− → (NO)CoIPc(−3) (4.38)

(NO)CoIPc(−3) + ne− → NH3 and other products. (4.39)

Cyanocobalamin adsorbed onto GCEs also readily reduces NO (nitrite as
well), giving sequential reduction peaks associated with the effect of NO ligation
onto the CoIII/II and NO reduction CoII/I couples147.
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3.2.2. Heme Protein Models

The ability of Mb to catalyze the reduction of NO was first demonstrated by
Bayachou in our group150. Voltammograms of Mb/DDAB under an NO solution,
C in Figure 4.12, show the loss of the FeIII/II couple and an introduction of a
large cathodic current at ca. −600 mV NHE due to the catalytic reduction of NO.
The reduction of NO by Mb/DDAB is distinct from the reduction of NO−

2 , the
catalytic current occurred at more positive potentials and remained catalytic at
all pH tested. Bulk electrolysis of saturated 15NO solutions produced 15N2O, as
identified by mass spectroscopy, with no 15NH3 formation observed. Thus, the
N–N coupling reaction, analogous to that of P450nor, dominates in the presence
of excess NO.

Significantly, voltammetry at fast scan rates (>1 V−1 s) under NO gas
yielded anodic currents attributed to the re-oxidation of the FeII nitroxyl com-
plex, which implied that a nitroxyl adduct had a measurable lifetime during the
catalytic reaction. A similar voltammetric fingerprint was apparent after succes-

−1.10−0.70−0.300.10

30 mA

I
II

C

Mb 

+ NO

Mb

Potential (V vs. SCE)

Figure 4.12. Voltammograms of Mb/DDAB at 100 mV−1 s demonstrating catalytic NoR
activity (bottom) pH 7.5 buffer, FeIII/II couple and FeII/I labeled I and II, respectively (top)
in presence of sat. NO, catalytic current wave labeled C150.
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sive reductive scans under nitrite solution, consistent with a common intermediate
in both catalytic reductions. The apparent reversibility decreased with increas-
ing concentrations of H+ or NO, implying that both these species react with the
Fe-bound nitroxyl, as in Eqs. (4.40)–(4.43).

Mb–FeII–NO + e− � Mb–FeII–NO− (4.40)

Mb–FeII–NO− + H+ → Mb–FeII–HNO (4.41)

Mb–FeII–HNO → Mb–FeII + HNO (4.42)

Mb–FeII–NO
− + NO + H+ → Mb–FeIII + N2O + HO− (4.43)

In order to determine the lifetime of the nitroxyl intermediate, modified
electrodes were fabricated directly from preformed Mb–NO with hopes to ob-
serve a single-turnover reduction in the absence of excess NO. A reversible single-
electron reduction was in fact observed; the reduction potential of this couple, Eq.
(4.40), was pH independent but its reversibility highly pH dependent. The singly
reduced product was long-lived at pH 10, as demonstrated by the reversibility at
slow scan rate in Figure 4.13, but the lifetime diminished at lower pH. At pH 7
the lifetime was determined by digital simulation as on the order of a tenth of a
second.

These results were interpreted in terms of two possible mechanisms for
N2O formation62; by coupling of free HNO as was proposed by Hollocher61 and

−0.6 −1.0

pH 10

20 mV/s 

V vs. SCE

−0.8

pH 7

3 V/s 

Figure 4.13. Reversibility of Mb–NO reduction in pH 10 and 7 solutions. Circles in top
represent simulation used to derive lifetime of Mb–NO−150.
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others140, or by the coupling of heme-bound nitroxyl with exogenous NO has
been proposed for the P450nor mechanism70. Digital simulations of the catalytic
voltammograms gave estimates for the N–N coupling reaction, Eq. (4.43), as 108

M−1 s−1150. Subsequently, it was found that the protonation of Mb–NO− does
not induce the release of free HNO but gives the stable nitrosyl hydride adduct,
FeII–HNO in Eq. (4.42)74.

As a better model for the native P450nor, the ability of CYP119 as an elec-
trocatalyst for NO was investigated and compared to that of Mb100. In contrast to
Mb, CYP119 does not form a thermostable nitrosyl adduct that would allow for its
formation and purification before film deposition. A simple method was described
to generate the NO adduct in situ via the reductive dehydration of nitrite. Holding
the electrode at negative potentials for 20 s prior to rapidly scanning to negative
potentials resulted in a reversible redox couple at −850 mV vs. Ag/AgCl, cor-
responding to the reduction of the ferrous nitrosyl to nitroxyl, Eq. (4.40). Under
similar conditions and scan rates, Mb/DDAB also exhibits a redox couple cor-
responding to nitrosyl/nitroxyl reduction, at potential identical to that previously
reported, Figure 4.14.

The generation of the ferrous nitrosyl adduct in the presence of nitrite was
first observed using small molecule porphyrins81 and in polymerized films by
Bedioui138, 139; here it shown to be a widely applicable method to characteriza-
tion the nitrosyl/nitroxyl redox couple. As was seen for the preformed Mb–NO
adduct17, the reversibility of this redox couple for CYP119 is strongly dependent
on the scan rate, becoming more reversible as the scan rate is increased. A fully
reversible signal, where ipa/ ipc ∼ 1, is only observed at scan rates greater than
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Figure 4.14. Comparison the reversibility of the single electron reduction of NO adducts
generated in situ by prereduction of protein films nitrite solutions at pH 7. Solid line:
Mb/DDAB; dashed line; CYP/DDAB100.
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1 V−1 s, Figure 4.14. At slower scan rates, the reduction is irreversible and the
FeIII/II redox couple reappears. Although almost identical potentials and lifetimes
for ferrous nitroxyl intermediate (FeII–NO−) were found for both CYP119 and
Mb, the catalytic efficiency the N2O formation is much reduced for CYP119.
This was attributed to both a lower affinity of the protein for NO, as well as a
decreased rate of N–N coupling as determined by digital simulations. Thus, the
thiolate ligation of CYP119 does not increase its effectiveness in N–N coupling
reaction central to the P450NoR reactivity.

3.3. Hydroxylamine, NH2OH

The next isolable intermediate in NOx reduction is hydroxylamine, and in
this area Ryan’s group has provided insight151, 152. Cyclic voltammograms of
Fe(TPP) in a hydroxylamine solution show a one-electron reduction wave sim-
ilar to the nitrosyl adduct, with complete conversion to a new species observable
by both electrochemistry and visible absorbance measurements. Solution stud-
ies show that at low temperatures (−4◦C), a stable [Fe(TPP)(NH2OH)2]+ com-
plex is formed, while at room temperature (E1/2 of -1.22 V vs. Ag/AgNO3 in
methylene chloride) hydroxylamine reacts with ferric and ferrous Fe(TPP) to form
Fe(TPP)NO and ammonia, Eq. (4.44).

[Fe(TPP)(NH2OH)2]+ → Fe(TPP)(NO) + NH4
+ + H2O (4.44)

Such a metal-assisted disproportionation of hydroxylamine may be initiated
by a bimolecular reaction with uncoordinated hydroxylamine or by intramolecu-
lar electron transfer152. The presence of a reducible metal allows a concurrent
three electron oxidation of hydroxylamine to nitric oxide with the two electron
reduction of hydroxylamine to ammonia, Eqs. (4.45) and (4.46). Ultimately, the
reaction proved to be an efficient synthetic route to the ferrous nitrosyl adduct,
which rapidly precipitates from solution in high yield.

Similar reactions of hydroxylamine with Mn(TPP)Cl, Cr(TPP)Cl, and
Co(TPP)Cl were also attempted: Mn(TPP)Cl reacts readily to form the nitrosyl
complex, but Cr(TPP)Cl remained unreactive. Anaerobic CoII(TPP) or CoIII(TPP)
Cl showed no reactivity with hydroxylamine, while aerobic addition to CoII(TPP)
yielded a stable CoIII adduct, [Co(TPP)(NH2OH)2]+; attempts to electro-
chemically reduce this species only led to degradation152. Thus reaction with hy-
droxylamine is dependent on both the binding affinity and reduction potential of
the metal; it was concluded that the metal-based reduction potentials are most
predictive of this reductive nitrosylation.

NH2OH → NO + 3H+ + 3e− (4.45)

NH2OH + 2e− + 2H+ → NH3 + H2O (4.46)

3.4. Co-Denitrification

Certain denitrifying bacteria (Pseudomoras stutzeri) and fungi (Fusarium
oxysporum) can incorporate nitrogen atoms into N2O from sources besides nitrite
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or nitric oxide, a process that has been termed “co-denitrification”153, 154. Most
typically, these utilize other nitrogen sources, like ammonia or azide, which can-
not by themselves serve as N2O precursors, but their incorporation into the gas
during nitrite turnover is proven by 15N labeling studies155. Immoos and cowork-
ers from our lab have shown that co-dentrification of ammonia occurred during
nitrite reduction by Mb/DDAB and CYP119/DDAB100, and tested possible N–N
coupled species as potential precursors for solution-based uptake of 15N-labeled
ammonia into N2O. Still, the mechanism and chemical species responsible for
these phenomena are not readily identifiable.

3.5. Nonbiomimetic substrates

3.5.1. Nitrate, NO−
3

The biological reduction of nitrate is not heme-related; a well-known family
of Mo-oxo pterin enzymes facilitate O-atom transfers between nitrite and nitrate,
sulfite and sulfate, and other substrates156, 157. Still, the electrochemical reduction
of nitrate on bare metal electrodes is well known, and can also be facilitated by
addition of N4 chelates. For instance, Hobbs et al. have examined the electro-
chemical reduction of nitrate in basic solutions using iron and nickel electrodes
coated with phthalocyanin yielding nitrite, hydroxylamine, and ammonia158. The
iron electrodes efficiency increased when coated with phthalocyanin while the
nickel’s activity decreased. A related study has been done by Shibata et al. to de-
termine the synthetic applications of simultaneous reduction of nitrate and carbon
dioxide using phthalocyanin complexes of most of the first-row transition metals
and other metals with mixed success159.

In a similar study, Cu, Ni, and unmetallated tetrakis (ortho or para-
aminophenyl) porphyrin were polymerized onto SnO2:F on glass electrodes to
study the reduction of nitrate160. After 6 hr of bulk electrolysis the Cu and Ni
ortho polymer produced nitrite and nitrous oxide while the other four polymers
only produced nitrite. Nyokong and coworkers also studied nitrate reduction
on Cu, Fe, Ni, Co, Mn, and Zn phthalocyanin adsorbed onto a GCE in basic
solutions96. The main product was ammonia without any detectable nitrite; how-
ever,the current efficiency is lower than the GCE alone with only the Ni and
Cophthalocyanin curbing the overpotential required to reduce nitrate.

3.5.2. Nitrous Oxide, N2O; Azide, N−
3 , and Nitromethane, CH3NO2

The reduction of N2O to N2, carried by nitrous oxide reductases, N2ORs,
is the last step of denitrification, and is also used as an independent respiratory
process by certain anaerobic bacteria65, 161. But the catalytic centers of native
N2ORs known to date are almost exclusively copper-based. The Cu-containing
N2OR from Wolinella contains an Fe–heme suggested to be a part of a dinuclear
Cu-heme catalytic center162, 163. Though its role in the catalysis is controversial,
the heme does seem to be obligatory for the activity of this enzyme164.
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The ability of simple N4 metal complexes and heme proteins to electrocat-
alytically reduce N2O was first described for (tetraamino-phthalocyaninato)cobalt
(Co(TAP)) adsorbed on graphite electrodes165. The reduction current plateaus ob-
served during voltammetric N2O reduction were essentially pH independent, sug-
gesting that protons may not be involved in the rate-determining step. However,
RDE measurements show that the catalytic halfwave potential shifts −56 mV/pH
unit, indicative of a 1:1 electron to proton ratio. The kf of the cobalt system was
determined to be 7.5 × 104 M−1 s−1, and analysis of the L–K plots show that two
electrons are involved, as expected for reduction of N2O to N2, with two protons
included to form water in proposed reaction, Eq. (4.47). Other work by Lever,
using a dinuclear ruthenium phthalocyanine, demonstrated that N2O has the most
negative reduction potential among NO, NH2OH, and NO−

2
87.

N2O + 2H+ + 2e− → N2 + H2O (4.47)

The reduction of N2O to N2 was also examined using Mb/DDAB elec-
trodes166. The addition of N2O to electrochemical cell shows no change in the
FeIII/FeII redox couple but a catalytic current appears at potentials close to the
FeII/FeI couple. The catalytic current diminishes to the noncatalytic, reversible
FeII/FeI couple as the scan rate is increased above 1 V−1 s. The head gas after
bulk electrolysis at 1.1 V/SCE of doubly-labeled 15N2O showed 15N2 as a prod-
uct, without detected 15NH3. The reactivity was attributed to the reaction of FeI

with N2O, and a catalytic cycle proposed as in Scheme 4.5.
When the isoelectronic anion azide (N−

3 ) was used instead of N2O, a similar
catalytic current was also observed at the formal FeII/I couple. But unlike voltam-
mograms under N2O, the presence of azide also produces a negative shift of the
FeIII/II couple, ca. 100 mV, due to its binding at the FeIII/II centers. Bulk electrol-
ysis confirmed production of ammonia, as expected for the overall two electron
reduction in Eq. (4.48).

N−
3 + 2e− + 3H+ → N2 + NH3 (4.48)

The ability of the FeI state as a catalyst was also demonstrated in the reduc-
tion of nitromethane, CH3NO2

167. Voltammetry of Mb/DDAB under solutions
of nitromethane at pH 5.5, obtained a catalytic current at the formal FeII/I cou-
ple, without an observable shift at the FeIII/II couple. Mass spectrometry analysis
of aqueous products from bulk electrolysis confirmed production of methylhy-
droxylamine, CH3NHOH. The catalytic efficiency, Ic/Id current ratio, decreased
significantly with increased pH or scan rate, indicative of a strongly proton de-
pendant process. The slope of the catalytic potential was ca. 30 mV/pH unit, in
agreement with the proposed 1e−/2 H+ limiting step, Eqs. (4.49)–(4.51).

Mb–FeIII + 2e− → Mb–FeI (4.49)

Mb–FeI + CH3NO2 + 1e− + 2H+ → [CH3N(O)–Mb–FeII] + H2O (4.50)

[CH3N(O)–Mb–FeII] + 2e− + 2H+ → Mb–FeII + CH3NHOH (4.51)

In this reaction sequence a ferrous-bound nitrosomethane intermediate
(MbFeII–CH3NO) is suggested, and an absorbance change characteristic of such
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a species was observed in Mb/DDAB films on ITO after addition methylhydrox-
ylamine. When the voltammetric window was expanded to −1.5 V an additional
reduction wave, at a potential ∼ −1.39 V SCE was observed with nitrosomethane
substrate, the only catalytic wave with methylhydroxylamine substrate. This
observation served as indirect proof of methylhydroxylamine as the catalytic
product167.

4. Conclusions

The recent advances in protein voltammetry hold much promise for the fu-
ture as they now allow direct electrochemical investigations of the native enzymes.
The NOx enzymes, as multielectron reductases with sequential products isolable,
can provide a clear target for demonstration of these methods. Still, there are many
complicating factors with multicofactor enzymes and there remains a significant
role for investigations using simpler small molecule catalysts. Below, we have
listed several remaining questions which may be addressed by electrochemical
investigations in both the native system and electrochemical models.

Is FeI I –NO a kinetic trap? A common mechanistic quandary in both NiR
and NoR chemistries is the possible inhibition of catalysis due to formation of a
stable ferrous nitrosyl. Electrochemical studies of heme model systems suggest
that the potential needed to reduce these species are well out of the normal range
of biological reductants. Is the FeII–NO state truly a kinetic trap, and if so, how
is it avoided during biological catalysis? There is most obviously a correlation
between macrocyclic structure and the potential of the ferrous NO adduct, and
therefore structural even for the isobacteriochlorin model complex would require
a powerful reductant to generate a nitroxyl adduct.

What is the reactivity of the nitroxyladduct? As suggested above, the ni-
troxyl adduct plays a central role in the several NOx reduction pathways. Recent
results have shown that the N–N coupling reaction in P450nor enzymes proceeds
through a nitroxyl intermediate, and that this species is formed by a hydride trans-
fer to the coordinated ferric nitrosyl. Is this species protonated, as is the stable
adduct of Mb? And, following the work of Ryan, how does the pKa of this species
control its subsequent reactions, N–N coupling or further reduction?

What is the sequence of multielectron reductions in the NiR? There is as yet
no consensus on the sequence of multielectron transformations between NO and
NH3 in the aNiR, and likewise no identifiable Fe-bound species past the nitroxyl
adduct. The two electron priming of the siroheme/FeS site as proposed by Cowan
remains difficult to rationalize with the observed one and three electron reduction
steps seen by Ryan for the simple model Fe(TPP)(NO).

Which are the roles played by the distal pocket residues? What are the re-
quirements for specific active-site residues that may facilitate binding and proto-
nation of nitrite to initiate the dehydration reaction, stabilize certain reduced inter-
mediates, and perhaps serve as redox-active participants (e.g. hydride sources)?
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5
Electroreduction of CO2 Catalyzed
By Metallomacrocycles

Juan A. Costamagna, Mauricio A. Isaacs, Marı́a J. Aguirre,
Galo Ramı́rez and Ignacio Azocar

1. Introduction

The use of fossil fuels in the past century has generated a continuous in-
crease in the carbon dioxide atmospheric concentration, creating the “greenhouse
effect”, which produces undesirable changes in the global climate1. Carbon dio-
xide is a small molecule of utmost importance for the production and/or energy
storage in nonconventional resources. Its reduction is a process of applicability
in environmental chemistry related issues, such as the synthesis of ecologic fuels
or the control of the greenhouse effect, responsible for the natural environment
disruption. Carbon dioxide fixation is an important area of research, oriented to
overcome problems related to the global environment and to the depletion of
fossil fuels2. The conversion of CO2 to organic compounds, principally formic
acid, for using as fuel and for industrial applications has been studied since the
beginning of this century3, 4. During the last decades several methods of reducing
CO2 to CO, formaldehyde, formate, methanol, methane, oxalate and others, using
electrochemical methods which consume less energy, have been developed5–11.
However, a large scale method of reducing CO2, equivalent to photosynthesis in
green plants, has not yet been developed. If this is to be achieved, technologies
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for the removal and reduction of CO2 will need to become more sophisticated.
Since atmospheric CO2 is one the gases contributing to the green house effect,
and is produced by technologically oriented societies, this aim is interesting also
in other areas of science12. The chemical fixation involves conversion of recov-
ered or separated CO2 into useful chemicals and fuels. Economical fixation of
CO2 is only feasible when solar or hydraulic energy are converted to chemical
energy.

Several procedures have been reported that allow the use of solar energy for
CO2 fixation13. During the last years many studies of matters such as reduction at
metallic electrodes, solvent effects on mechanisms, reduction in the presence of
coordination compounds with open and closed macrocycles ligands, identification
and characterization of products and mechanisms, photoelectroactivation and cat-
alytic activity in homogeneous and heterogeneous media and modified electrodes
have been reported14–25.

However, the reduction (chemical, electrochemical or photochemical) of
CO2 is difficult. Carbon dioxide is the ultimate product of oxidation of carbon
and its compounds and is thermodynamically stable. To convert CO2 in carbon
monoxide, high energy (�G0 = −394 kJ mol−1., cf = −137 kJ mol−1) is
required18, 26, 27. The bond strength of C–O for carbon monoxide is the largest
known (1,076 kJ mol−1)18. For carbon dioxide, that bond strength is lesser
(532 kJ mol−1).

The redox potentials for the reduction of carbon dioxide have been deter-
mined:

CO2 + e− −→ CO·−
2 Eo = −1.9V vs. NHE (5.1)

CO·−
2 + e− −→ CO2−

2 Eo = −1.2V vs. NHE (5.2)

For the first reduction, there is a change in geometry from the linear CO2
to a bent CO·−

2 . This structural change gives rise to a very slow self-exchange
rate for the CO2/CO·−

2 couple28 and to a significant overpotential in the reduc-
tion of CO2

28. As noted previously the nature of CO·−
2 may be significant in the

consideration of aspects of the activation of CO2
28, 29.

Coordination compounds, in particular, have shown catalytic activity to-
ward the above-mentioned reactions, and have become very promising because
they allow their rational optimization by means of properly designed modifica-
tions of either the ligand or the central metal atom. Coordination compounds,
according to electrochemical reduction of CO2 studies, can be separate in several
structural groups. In general these groups include:

I. Phosphine complexes.
II. Complexes containing 2,2′-bypiridine and other related.
III. Metallic clusters and other polymetallic complexes.
IV. Cyclams, porphyrins, phthalocyanines and other N-macrocyles ligands.

In the group IV, macrocyclic complexes containing transition metals have
been tested for the electrocatalytic reduction of carbon dioxide. [Ni(cyclam)]2+
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being one of the complexes most extensively studied16. Moreover, other macro-
cycles like porphyrins, phthalocyanines and other poly-aza-macrocycles also
show electrocatalytic activity toward this reaction21–24. The aim of this chapter
is to summarize recent research studies on electroinduced activation of CO2 by
using azamacrocyclic ligands. Detailed reviews of these matters appeared some
years ago15–25. Additionally, some emphasis will be placed on the use of macro-
cyclic chemistry in the formation of supramolecular structures and modified
electrodes as electrocatalysts for this reaction.

2. Electroreduction of CO2 on Metallic Cathodes

The reduction of CO2 at metallic cathodes has been studied with almost
every element in the periodic table30. This reaction can be driven electrochemi-
cally or photochemically5, 30–46 and semiconductors have been used as cathodic
materials in electrochemical or photoelectrochemical cells30, 44, 45. The aim of
these studies has been to find cathodes that discriminate against the reduction
of H2O to H2 and favor the reduction of CO2 and also to find a cathode selec-
tive for one product in the reduction of CO2. A fundamental requirement is that
the latter process occurs at a lower overpotential on such electrodes. However the
purposes mentioned before in metallic cathodes depends on a series of factors
such a solvent, support electrolyte, temperature, pressure, applied overpotential,
current density, etc. (we will see the same factors again in macrocyclic electro-
catalysis). For instance when protons are not readily available from the solvent
(e.g., N ,N ’-dimethylformamide), the electrochemical reduction involves three
competing pathways–oxalate association through self-coupling of CO·−

2 anion
radicals, production of CO via O–C coupling between and CO·−

2 and CO2, and
formate generation by interaction of CO·−

2 with residual or added water46.
Copper electrodes have shown interesting electrocatalytic properties to-

wards the reduction of CO2 because they produce hydrocarbons such as CH4 and
C-2 compounds and considering the high accessibility of this metal comparing
with noble metals its use as a electrode material is an important topic of research.
For this reason we include some of the current literature in this chapter5, 31, 32.

The low temperature (0–60◦C) reduction of CO2 to CH4
30 on Cu foils near

room temperature was first reported by Hory and coworkers31. Hori and cowork-
ers 31 used neutral bicarbonate, and low temperature down 0◦C but, for the reduc-
tion of CO2, high overpotentials (>1 V) were needed. Methane formation at Cu
was investigated30 under much different conditions with observed low CH4 pro-
duction. High efficiencies for the generation of other hydrocarbon products were
found, when copper foil electrodes were used during short electrolysis times. At
longer times, the reaction efficiency decreases with a simultaneous increase in hy-
drogen evolution and the electrodes become almost completely inactive36. Elec-
trode poisoning has been attributed to the formation of an adsorbed intermediate
which accelerates hydrogen evolution47. This is caused by the deposition of com-
pounds such as graphitic carbon originated from the adsorption of CO. In the last
years many efforts have been focused to settle this problem.
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Yano and coworkers48 have developed an electrolysis system in which CO2
is reduced at three phases (gas/liquid/solid) interface on a Cu-mesh electrode. In
these studies a Cu-mesh electrode is modified beforehand by copper(I) halides,
and CO2 is reduced at constant potential with the modified electrode in an acidic
solution of potassium halide. The faradaic efficiency for C2H4 is increased and for
H2 is decreased by the presence of the copper(I) halide. In the case of CuBr, the
conversion of CO2 to C2H4 and the hydrogen evolution are observed with faradaic
efficiencies of about 80 and 90%, respectively. Such a contribution of copper(I)
halide to the CO2 reduction is related to its reversible combination with CO and
C2H4. At the three-phase interface, CO2(g) is first reduced to CO (g). This gas
is readily adsorbed on the copper(I) halide with its π -bond perpendicular to the
surface, and the CO is subjected to electron injection from the electrode to be
reduced to the methylene radical. The coupling of methylene radicals results in
the formation of C2H4 and this product is stabilized by adsorbing on copper(I)
halide48. However one of the drawbacks of this method is the high overpotential
needed to perform the reaction.

Also high selective reduction of CO2 to C-2 compounds such as CH3CHO,
C2H5OH, and C2H4 has been achieved using CuAg alloy electrodes by pulsed
electroreduction49. The faradaic efficiencies of C-2 compounds produced on
CuAg alloy electrodes were varied with the atomic ratio of Cu to Ag. The total
value of faradaic efficiencies for these compounds was 53.2% for the pulsed elec-
troreduction on CuAg alloy electrode (Cu/Ag= 28/72) with an anodic bias of
V–a = −0.4 V and cathodic bias of V–c = −2.0 V vs. Ag/AgCl. In this work
it was found that the formation of an oxide layer on Cu and the desorption of
intermediates on the alloy electrode under anodic bias were the key factors for the
selective reduction of CO2 to C-2 compounds49.

Another example using alloys was presented by Schrebler and coworkers50

where the electrocatalytic reduction of CO2 was studied in CuRe alloy highly
dispersed in polypirrole films at Au electrodes (Au/PpyCuRe). These electrodes
were stable over 30 hr of electrolysis and the applied overpotential was less than
−1.5 V. The faradaic efficiency for methane formation was 31% on Au/PpyCuRe
and the intermediate CH2 was detected50.

It has also been suggested that the loss of catalytic activity of copper elec-
trodes depends on the crystallographic properties of the electrode, the surface
characteristics and the morphology36, 39, 51. The rate of methanol synthesis from a
1:1 mixture of CO2 and H2 at a Cu(100) single crystal has been measured and a
kinetic model has been proposed52, 53. This model correctly predicts the rates of
methanol production in catalysts under industrial conditions.

When the electrochemical reduction of CO2 was studied using single-
crystal Cu electrode, Cu(111), Cu(100), Cu(s)-[n(100) × (111)] and Cu(s)-
[n(100)×(110)] at constant current density of 5 mA cm−2 in bicarbonate aqueous
solutions, the Cu(111) electrode yielded mainly CH4 and Cu(100) gave C2H4.
Introduction of (111) steps to Cu(100) basal plane leading to Cu(s)-[n(100) ×
(111)] orientations promoted C2H4 formation and inhibited CH4 formation20, 52, 53.

On the other hand, efforts to obtain more complicated products have been
reported. The simultaneous reduction of CO2 and NO−

2 anion was examined at
gas-diffusion electrodes with various catalysts (Cr, Mo, Mn, Ru, Co, Ir, Pd, Pt, Cu,
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Ag, Au, Zn, Cd, In, Tl, Sn and Pb)54. The formation of urea, CO, formic acid, and
ammonia at gas diffusion electrodes with catalysts from groups 11–14 was found
on the simultaneous reduction. The maximum current efficiency (c.e.) of urea
formation at Cd catalyst is approximately 55% at −1.0 V. The formation of urea
at the gas diffusion electrodes with catalysts from groups 6–10, except Pd, was
not found for the simultaneous reduction of CO2 and nitrite. Relationship of the
ability of urea formation to the ability of CO and NH3 formation was investigated
at various catalysts. The c.e. of urea increases when there is an increasing on the
c.e. of CO and NH3 on the reduction of CO2 alone and NO−

2 alone, respectively.
The authors54 conclude that the ability of urea formation depends on the ability
of CO and NH3 formation. The catalyst with the high ability for CO and NH3
formation could form large amounts of CO-like and ammonia-like precursors.
Urea would be formed from both the ammonia-like precursor formed from nitrite
ions and the CO-like precursor formed from CO2 catalyzed by elements from the
11–14 groups54.

When using nitrate, the formation of urea, CO, formic acid, nitrite ions and
ammonia55, 56 at the gas diffusion electrodes with elements from groups 11–14
as catalysts was found in the simultaneous reduction, except for Au. The maxi-
mum faradaic efficiency of urea formation on Zn catalyst is approximately 35%
at −1.75 V. The formation of urea at gas diffusion electrodes with catalysts from
groups 6–10 was not found in the simultaneous reduction of CO2 and nitrate.

Electroreduction mechanism has been studied by adsorption/desorption
behavior of reacting species by using an in situ electrochemical quartz crystal
microbalance57. The surface changes were measured by ex situ SEM, AES, and
XRD analysis. During the cathodic reduction of CO2 on Cu, the adsorption
of amorphous carbon was observed. After electrolysis time of 1 hr at constant
potential, the poisoning of amorphous carbon resulted in the decrease of faradaic
efficiency for the formation of hydrocarbons such as CH4 and C2H4. On the other
hand, the potential modulation method caused the change of the surface structure
of copper, i.e., the formation of oxide (Cu2O). This structural change prevented
the adsorption of amorphous graphite and the constant production rate of methane
was obtained in long terms electrolysis57.

The brief description mentioned above shows the advance in the devel-
opment of new kinds of metallic cathodes modified as new materials for the
reduction of CO2. There is an important improvement in the amount of obtained
hydrocarbons and better selectivity in the highly sophisticated new electrodes.
Among the series of metallic cathodes shown here, the copper electrodes were
the most studied although some problems still remains associated with the poten-
tial where the reaction takes place. However, the use of copper electrodes seems
to be the cheapest and feasible catalysts for this reaction.

3. Biphenantroline and Bypiridine Hexaazacyclophane
Systems

There are few studies about other systems containing extended π -electron
orbitals differing from phthalocyanines and porphyrins. Since hexaazacyclophanes
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Structure 5.1. Molecular structures of cobalt(II), nickel(II) and copper(II) complexes with
hexaaza-macrocyclic ligands derived from the condensation of bipyridines. Reprinted from
Figure 1A: M. Isaacs, J.C. Canales, M.J. Aguirre, G. Estiú, F. Caruso, G. Ferraudi and
J. Costamagna, Electrocatalytic reduction of CO2 by aza-macrocyclic complexes of Ni(II),
Co(II) and Cu(II). Theoretical contribution to probable mechanism, Inorganica Chimica
Acta, 339 (2002) 224–232. Copyright 2002, with permission of Elsevier.

can be considered as relatives of the phthalocyanines and porphyrins, they may
also be catalysts in several reactions. Preparative procedures for some azacy-
clophanes have been reported58–64. Recent studies of the chemical properties
of azacyclophanes (5.1) and (5.2), where (5.2) is a hexaazacyclophane macro-
cyclic complex derived from 1,10-phenantroline, demonstrated that they are
promising catalysts for CO2 reduction. Large yields in the preparations of this
hexaaza-macrocyclic ligands and its Cu(II), Ni(II), Co(II) complexes, have been
reported65. Pulse radiolysis studies65, 66 suggest that CO2 adducts could be formed
during the reduction observed in the Cu(II) complex. Semi-empirical self-
consistent field and CI calculations of INDO type have been recently applied on
the analysis of the electronic transitions of azacyclophanes67–69. The obtained
results confirm the activity of the structures toward electrochemical reduction
processes involving the metal center.

Also a related family of complexes bis-bipyrine hexaaza-macrocycles (5.1)
azacyclophanes69 present electrocatalytic activity toward the electroreduction of
CO2

70 (see Figure 5.1). Canales and coworkers70 compare the activity of the
Ni(II) complex with the Zn(II) complex the role of the metal center is evident.

Electrochemical results of the bis-aza bpy ligand and its Ni(II) complex in
N2 and CO2 atmosphere show the presence of a low-intensity redox process in the
free ligand (in CO2) suggesting that the CO2 reduction process in the Ni(II) com-
plex is probably occurring on the metal center70. The Zn azabipy complex shows
a redox behavior similar to the free ligand, i.e., a significant catalytic process was
not observed. Also depicted in Figure 5.170 it is clear the modification of the cyclic
voltammogram for the Ni(II) complex, measured in CO2 atmosphere compared to
its behavior in N2 atmosphere. The cathodic peak at −1.5 V is three times larger
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Structure 5.2. Molecular structures of cobalt(II), nickel(II) and copper(II) complexes with
hexaaza-macrocyclic ligands derived from the condensation of phenanthrolines. Reprinted
from Figure 1B: M. Isaacs, J.C. Canales, M.J. Aguirre, G. Estiú, F. Caruso, G. Ferraudi and
J. Costamagna, Electrocatalytic reduction of CO2 by aza-macrocyclic complexes of Ni(II),
Co(II) and Cu(II). Theoretical contribution to probable mechanism, Inorganica Chimica
Acta, 339 (2002) 224–232. Copyright 2002, with permission of Elsevier.
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Figure 5.1. Cyclic voltammograms, in N ,N ’-dimethylformamide, under N2 (—) and
CO2 (- - -) for : (A) bisazabipy; (B) Ni-bis-azabipy; approximately 0.1 mM; scan rate
0.2 V s−1. Reprinted from Figure 3: J. Canales, J. Ramı́rez, G. Estiú and J. Costamagna,
Bis-bipyridine hezaaza-macrocyle complexes of Zinc(II) and Nickel(II) and the catalytic
reduction of carbon dioxide, Polyhedron 19(22–23), 2373–2381 (2000). copyright 2000,
with permission of Elsevier.

than in N2. The electrocatalytic character of the Ni(II) complex was demonstrated
by coulometric measurements (controlled potential electrolysis at −1.6 V) where,
in CO2 atmosphere shows a constant current, but in N2 atmosphere the current
was diminishing and shows one electron reduction process70.
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Quantum chemical calculations70 were used to understand the origin of the
properties of both the ligands and the metal complexes. They show in this case
the importance of delocalized π interactions, which are responsible for their dif-
ferent structural and electronic characteristics in protic and nonprotic media. As
an example, the π interactions favored molecular stacking for the complexes in
aprotic solvents. This behavior in solution is important in the catalytic process but
it is not yet well understood.

On another hand, several techniques have been applied in the elucidation
of the mechanism for the electroreduction of CO2 mediated by biphenantro-
lines69–71. Voltammetric studies for the Co complex are shown in the Figure 5.269.
The voltammogram recorded in N2 presents two peaks at −0.94 and −1.48 V,
respectively (see the insert in Figure 5.2). The peak observed at −0.94 V is qua-
sireversible and could be assigned to the [Co(II)L]/[Co(I)L] redox process be-
cause of its reversibility and because related macrocycles complexes present the
Co(II)/Co(I) couple close to the potential observed in this case72.

The peak located at −1.48 V is completely irreversible and could be
assigned to a redox process of the ligand. Drastic changes are observed when

0.0
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−2.0 −1.5 −1.0 −0.5

−1.5

E (V) vs. Ag/Agcl

−1.0 −0.5

Figure 5.2. Cyclic voltammogram for the complex of structure 1(b) for M = cobalt.
[CoL] ≈ 5 × 10−4 M, in N,N′-dimethylformamide. Scan rate: 200 mV s−1. (—) in
nitrogen; (- - -) in CO2. Insert is for the voltammogram registered in nitrogen atmosphere.
Reprinted from Figure 3: M. Isaacs, J.C. Canales, M.J. Aguirre, G. Estiú, F. Caruso,
G. Ferraudi and J. Costamagana, “Electrocatalytic reduction of CO2 by aza-macrocylic
complexes of Ni(II), Co(II) and Cu(II). Theoretical contribution to probable mecha-
nism, Inorganica Chimica Acta, 339 (2002) 224–232. Copyright 2002, with permission
of Elsevier.
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N2 is replaced by CO2 as can be seen in Figure 5.2. Around −0.94 V, a broad
signal appears which could be assigned to a first reduction that involves the metal
center and the CO2 molecule. At this potential, only a peak appears and there
is not a discharge of current69. This behavior does not correspond to a “true”
reduction of CO2 but probably to an adduct or intermediate formation. After the
redox signal attributed to the ligand (not simultaneous), a discharge of current
is observed. This phenomena could indicate that in the first electronic transfer, a
species [M(II)L–CO2]−1 is formed. When the ligand is reduced, a second elec-
tronic transfer takes place from the ligand to the adduct species promoting the
reduction of CO2

69. This explains the apparition of the current discharge after the
second reduction peak at approximately −1.50 V. These facts indicate that not
only the reduced cobalt is needed to promote the electroreduction of CO2, but
also a second electron transfer process is required. This second electron transfer
process must involve the ligand because there is no metal redox couple at those
negative potentials69.

Although the structure of the macrocycle used in this study is similar to
that of porphyrins or phthalocyanines, it is not possible to apply the Gouterman’s
assignments of the bands that appear in the UV–Vis spectrum69–71. The
assignments have been discussed previously in the literature67, 68. Figure 5.369

shows the UV–Vis. spectra registered in N2 or CO2 atmosphere for the complex
(5.2) (where M = Co). These spectra correspond to the species generated at open
circuit and at high cathodic potentials (ca. −1.65 V). At can be seen in Figure 5.3,
when cathodic potentials are applied, drastic differences appear compared to the
spectrum at open circuit potentials under N2 atmosphere69. Under N2 (at cathodic
potentials) a broad band appears between 350 and 400 nm with a maximum at
380 nm and the band with a maximum at 423 nm decreases its intensity.

A similar behavior has been observed when cobalt phthalocyanines are
electrolyzed at potentials close to the Co(II)/Co(I) redox couple72, 73. At those
potentials, the metal center Co(II) is reduced to Co(I); then the appearance of
bands in the zone of 400 nm can be attributed to a metal-to-ligand charge transfer
bands74, 75, i.e., Co(I)·L where L = macrocyclic ligand. Figure 5.369 depicts the
spectrum of (5.2) at −1.65 V in the presence of CO2. It is observed that the charge
transfer band located at 385 nm (that appears under N2 at the same potential) does
not appear. The applied potential corresponds to the 2-electron reduction of the
complex (5.2), and the disappearance of this band should be explained by the re-
generation of the catalyst with the metal center in a state of oxidation (II) after the
reduction of CO2

69–76. When spectroelectrochemical experiments are performed
with the free ligand, there are not significant changes (see Figure 5.471) when the
potential is changed to negative values or if the spectrum is recorded in N2 or CO2
atmosphere.

Controlled potential electrolysis at approximately −1.4 V for these metalled
complexes (5.2) produces CO as the main reaction product69–71. A very small
amount of water needs to be added because the process without water is very
slow. Minor amounts of formic acid were also detected for this complex69–71. For
the free ligand H2 was the only product detected.
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Figure 5.3. UV–Vis spectra for the complex of structure 1(b) for M = cobalt. [CoL]:
5×10−4 M, in N,N′-dimethylformamide, [PTEA] = 0.01 M. (a) (· · · · · · · · · ): under N2 at
open circuit; (b) (——): under N2 at ca.−1.65 V; (c) (- - - - - -): under CO2 at ca.−1.65 V.
Spectrum at open circuit in CO2 remains unchanged compared to the spectrum in N2.
Reprinted from Figure 4 : M. Isaacs, J.C. Canales, M.J. Aguirre, G. Estiú, F. Caruso, G.
Ferraudi and J. Costamagana, “Electrocatalytic reduction of CO2 by aza-macrocylic com-
plexes of Ni(II), Co(II) and Cu(III). Theoretical contribution to probable mechanism, In-
organic Chimica Acta, 339 (2002) 224–232. Copyright 2002, with permission of Elsevier.

The interaction of CO2 with the metal complexes has been analyzed by
means of semiempirical PM3 calculations, for Ni(II)-bis-aza-phenanthroline
as model complex69. According to the previous discussion, coordination to
[M(II)L]2− has been evaluated. Optimization of the geometry gives planar struc-
tures for both the neutral and the negatively charged species, with Ni–N distances
of 1.852 and 1.847Å, respectively. The optimized structural parameters have been
compared with those derived from density functional calculations, which renders
Ni–N bond lengths of 1.815Å. PM3 calculations do not show structural differ-
ences for the Cu(II) complex69. On the other hand, structural characteristics are
not modified, in the −2 charged species69. The theoretical study of CO2 coordi-
nation has considered its interaction as either monodentate or bidentate ligand.
As a monodentate ligand, CO2 can interact through the C atom, leading to a η1-C
complex, or through an oxygen atom, resulting in a η1-O species. As a bidentate
ligand, CO2 can form η2-C,O complexes, when the metal interacts with the CO
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Figure 5.4. Electronic spectra of the hexaaza-macrocyle-H2 (free ligand) in DMF,
(a) under N2. (b) under CO2. [HAM-H2] ≈ 5 × 10−5 M. [PTBA] = 0.01 M. regi-
stered at OPC. Reprinted from Figure 4: M. Isaacs, J.C. Canales, A. Riquelme, M.
Lucero, M.J. Aguirre and J. Costamagna, Contribution of the ligand to the electro-
reduction of CO2 catalyzed by a cobalt(II) macrocylic complex, Journal of Coordi-
nation Chemistry 56(14), 1193–1201 (2003). With permission of Taylor and Francis
(http://www.tandf.co.uk/journals)

bond, or η2-O,O complexes, when the bond occurs with the two oxygen atoms69.
On the negatively charged [Ni(II)L]2− structures, η2 coordinations are not stabi-
lized, but evolve to η1 adducts. Monodentate coordination results from σ and π
CO–Ni contributions, and stabilizes the system in 31.3 and 23.4 kcal mol−1 for
the η1-O and the η1-C geometries, respectively (see Figures 5.5 and 5.669). Due to
the small energy difference, both coordination geometries have been considered
as capable of occurring. η1-C coordination slightly shifts the Ni atom out of the
macrocycle plane, defining a torsion angle NiNCN of 2.6◦, for a C–Ni distance of
2.005Å. Adsorbed CO2 is also bent, with an angle of 149◦. Coordination polarizes
the CO2 molecule, which develops negative charges of −0.452 on the O atoms
according to a Mulliken population partitioning scheme. η1-O coordination, with
an O–Ni distance of 1.996Å, also distorts the macrocycle structure, leading to a
NiNCN torsion angle of 2.3◦69. A calculated negative charge (−0.36) character-
izes the terminal O atom69.
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In the experimental conditions previously described, protonation of the
negatively charged centers will certainly occur. The process is energetically
favored, according to the calculations, by more than 900 kcal mol−1. In the η1-O
structure, the sp hybridization of CO2 goes to sp2 after protonation of the terminal
O (see Figure 5.569). Both the C and O atoms, not directly involved in Ni inter-
action, bear negative density charges, a fact that justifies further protonation. The
η1-C structure evolves to a η1-O one after O-proton coordination (see Figure 5.6),
with negative charges on the remaining C and O atoms. Distances and angles are
depicted in the above-mentioned figure.

A calculated energy difference of 2.5 kcal mol−1 favors the structure be-
longing to the η1-C coordination. On the η1-O adduct, a second proton can coor-
dinate to either the C atom or the terminal oxygen. Coordination to the C atom
results in an energy lowering of 330 kcal mol−1, and formic acid bonded to the
Ni atom through the carbonyl oxygen. Coordination to the terminal oxygen re-
sults in free water, and a residual CO bonded to the Ni atom. The first process is
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Figure 5.5. [NiL]−2 (bypiridine complex) + CO2+2H + system. Optimized stable species
originally oxygen coordinated. Reprinted from Figure 7.6: M. Isaacs, J.C. Canales, M.J.
Aguirre, G. Estiú, F. Caruso, G. Ferraudi and J. Costamagana, “Electrocatalytic reduction
of CO2 by aza-macrocyclic complexes of Ni(II), Co(II) and Cu(II). Theoretical contribu-
tion to probable mechanism, Inorganica Chimica Acta, 339 (2002) 224–232. Copyright
2002, with permission of Elsevier.
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Figure 5.6. [NiL]−2 (bypiridine complex) + CO2+2H + system. Optimized stable species
originally oxygen coordinated. Reprinted from Figure 7: M. Isaacs, J.C. Canales, M.J.
Aguirre, G. Estiú, F. Caruso, G. Ferraudi and J. Costamagana, “Electrocatalytic reduction
of CO2 by aza-macrocyclic complexes of Ni(II), Co(II) and Cu(II). Theoretical contribu-
tion to probable mechanism, Inorganica Chimica Acta, 339 (2002) 224–232. Copyright
2002, with permission of Elsevier.

favored by 10 kcal mol−1. Proton coordination to the C-atom of the structure that
originally belongs to the η1-C adduct also results in formic acid, this time bonded
by the hydroxy O. This coordination geometry is isoenergetic to the previously
described for formic acid coordination69.

To the date, the studies reviewed here about hexaaza-cyclophane systems
have been focused in mechanistic aspects. These studies demonstrate that the
nature of the interaction between the CO2 molecule and the complexes depends
on the metal and on the ligand contrarily to that observed for cyclam systems (see
the next section). However, all this information is still not enough to fully under-
stand the relevant steps in the formation or in the kinds of intermediates in order
to design a more catalytic and selective complex based on these systems. Also,
it is necessary to improve the synthetic approach of these systems with different
substituents in order to gain systematic knowledge about the new structures and
the understanding of its chemical nature and kind of products obtained in each
case. In this way, a feedback between the experimental and theoretical data will
be possible and therefore a more efficient system for the target molecule.
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4. Cyclam and Derivative Systems

4.1. Studies in Solution for Ni Cyclam Systems and Electrochemical
Reduction of CO2

The complex of Ni(II) and Co(II) with macrocyclic ligand cyclam (1,4,8,11-
tetraazacyclotetradecane) (5.3)20 has been shown to be particularly effective and
selective catalysts for the electrochemical reduction of CO2 to CO at mercury
electrodes in water at potentials much less negative than those required for the
uncatalyzed reduction77–84. The ability of [Ni(cyclam)]2+ to serve as a catalyst
precursor for the electroreduction of CO2 has prompted many studies. These stu-
dies have established the following16, 20:

The active catalyst is a form of Ni(cyclam)+ adsorbed on the surface of
mercury electrodes77–80, 82, 83.

Ni(cyclam)+ is adsorbed on mercury over an unusually wide range, includ-
ing potentials that are much more positive than those where Ni(cyclam)+2 is
reduced to unadsorbed Ni(cyclam)+83, 84.

CO is the product of the catalyzed reduction of CO2
77, 78, 82–84.

A reasonable explanation for the fact that the adsorbed Ni(I) complex
Ni(cyclam)+ads, but not the same complex in solution, is catalytically active to-
wards the reduction of CO2 has been provided on the basis of theoretical calcu-
lations85. The catalytic activity is severely diminished in the presence of CO on
unstirred mercury electrodes and as CO is the primary product of the reduction.
This behavior limits the long term effectiveness of the catalyst. It is proposed
that the decrease in activity is due to Ni(cyclam)CO, an insoluble complex of
Ni(0), which is formed during the reduction of CO2

20. Unfavorable shifts in the

HNNH

HN

(3)

NH

Structure 5.3. Macrocyclic ligand: (1,4,8,11-tetraazacyclotetradecane = cyclam). Re-
printed from Structure 4: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon
dioxide activation by aza-macrocyclic complexes, Coordination Chemistry Reviews 148
(1996) 221–248.Copyright 1996, with permission of Elsevier.
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Figure 5.7. Cyclic voltammograms of cyclotetradecand derivative complexes in N2
(· · · · · · · · · ) and CO2 (——); (a) glassy carbon electrode; 0.1 M NaClO4 (pH 6.2),
0.1 V s−1, (b) hanging mercury drop electrode; acetonitrile water, 0.1 M NaClO4,
0.02 V s−1; (c) hanging mercyry drop electrode; acetonitrile water, 0.1 M NaClO4, 0.1
V s−1; (d) glassy carbon electrode; 0.5 M Na2SO4, 0.2 V s−1. Reprinted from Figure 1:
J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-
macrocylic complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright
1996, with permission of Elsevier.

potential and decreased catalytic activity were observed when carbon rather than
mercury was used as working electrode with Ni(cyclam)2+ as catalysts20. This
electrochemical behavior is shown in the cyclic voltammograms (see Figure 5.7)
for various Ni(II) complexes20, 80.
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Mechanisms for the electrochemical processes at mercury electrodes in
solutions of [Ni(cyclam)]2+ and CO2 have been proposed (see Seheme 5.120).
Scheme 5.1 shows the formation of a carbon-bonded Ni(II) complex by reaction
of CO2 with Ni(cyclam)+. The formation of such a complex is considered to be
a fundamental step in the mechanism of the [Ni(cyclam)]2+-catalyzed electro-
chemical reaction16. The overall process for the transformation of CO2 into CO
also involves inner-sphere reorganization20. Scheme 5.1 includes the formation
of sparingly soluble complex containing Ni(0), cyclam and CO which is a pro-
duct of the reduction of [Ni(cyclam)]2+ under CO. Depositation of a precipitate
of the Ni(0) complex on the mercury electrodes inhibits catalysis and removes the
catalyst from the cycle. The potential at which the [NiIL–CO2H]2+ intermediate
(see lower left hand of Scheme 5.1) accepts electrons from the electrode. This
potential is not affected by substitution on the cyclam ring, as shown by com-
parison of [Ni(cyclam)]2+ and [Ni(TMC)]2+ (TMC = tetra-N-methylcyclam)

O

ca. −1.4 V

 −1.6V

 −0.6

C

Ni(l)L
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O

CO, CO2
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OH−

e−

e−, CO
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Scheme 5.1. This scheme shows the formation of a carbon-bonded Ni(II) complex by re-
action of CO2 with [Ni(cyclam)]+. Reprinted from Scheme 3: J. Costamagna, G. Ferraudi,
J. Canales and J. Vargas, Carbon dioxide activation by aza-macrocyclic complexes, Coor-
dination Chemistry Reviews 148 (1996) 221–248. Copyright 1996, with permission of
Elsevier.
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(5.4) as catalysts20, 83. However, in some cases the catalytic activity of [NiL]
(L = 5, 7, 7, 12, 14, 14 hexamethyl-1,4,8,11-tetraaza-cyclotetradecane) (5.5) can
be strongly decreased (see Figure 5.7b)20.

Rotating-copper-disk electrode techniques have been used to evaluate the
efficiency of the nickel macrocycle catalyst for the reduction of CO2 to CO16, 86.
Studies have been performed using Ni(diazacyclam)2+ (diazacyclam = 3,10-
dimethyl-1,3,5,8,10,12-hexaazacyclophane) (5.6), a complex derived from cy-
clam, which appears to be more active than [Ni(cyclam)2]2+ under the same
conditions (see Figure 5.7c)16, 20, 86. These results are consistent with a mecha-
nism proposed by other authors16, 77, 78.

Also, interesting ab initio MO-SDCI studies of model complexes of the in-
termediates in the electrochemical reduction of CO2 catalyzed by NiCl2(cyclam)
have been performed87. The calculations of several NiI– and NiI–CO complexes
indicate that CO2 can coordinate to NiIF(NH3)

+
4 , yielding a stable Ni–CO2 com-

plex (5.7), but not to [NiIIF(NH3)4]+, [NiIIF(NH3)4]+ or [NiI(NH3)5]+85. The
HOMO of NiIF(NH3)4(η

1-CO2) is largely the oxygen pπ orbital at a higher
energies than the HOMO (nonbonding π orbital) of the uncomplexed CO2. In
addition, the electron density increases around the oxygen atom upon CO2 co-
ordination. As result, the coordinated CO2 in NiIF(NH3)4(η

1-CO2) is activated
with regard to electrophilic attack and is expected to undergo a facile proto-
nation20, 87. MO calculations also show that the second one-electron reduction
can easily occur in the protonated species [NiF(NH3)4(CO2H)]+ yielding the
triplet state [NiF(NH3)4(CO2H)], but cannot occur in the unprotonated species
[NiF(NH3)4(CO2) (5.7). The second reduction significantly weakens the C–OH

NN

N

(4)

N

Structure 5.4. Macrocyclic ligand: (TMC = tetra-N-methylcyclam). Reprinted from
Structure 5: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide
activation by aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996)
221–248. Copyright 1996, with permission of Elsevier.
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Structure 5.5. Macrocyclic ligand: (L = 5, 7, 7, 12, 14, 14 hexamethyl-1,4,8,11-tetraaza-
cyclotetradecane). Reprinted from Structure 6: J. Costamagna, G. Ferraudi, J. Canales
and J. Vargas, Carbon dioxide activation by aza-macrocyclic complexes, Coordination
Chemistry Reviews 148 (1996) 221–248. Copyright 1996, with permission of Elsevier.
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Structure 5.6. Macrocyclic ligand: (diazacyclam = 3,10-dimethyl-1,3,5,8,10,12-
hexaazacyclophane). Reprinted from Structure 5.7: J. Costamagna, G. Ferraudi, J. Canales
and J. Vargas, Carbon dioxide activation by aza-macrocyclic complexes, Coordination
Chemistry Reviews 148 (1996) 221–248. Copyright 1996, with permission of Elsevier.
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Structure 5.7. Complex: [NiF(NH3)4(X)+. Reprinted from Structure 5.8: J. Costamagna,
G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-macrocyclic
complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright 1996, with
permission of Elsevier.
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Structure 5.8. Macrocyclic ligand: (monofluorinated cyclam). Reprinted from Structure
5.9: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-
macrocyclic complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright
1996, with permission of Elsevier.

bond, which suggests that OH− easily dissociates from [NiF(NH3)4(CO2H)],
yielding the triplet state of [NiF(NH3)4(CO]+. The CO bond to Ni(II) is calcu-
lated to be weak, which suggests that CO easily dissociates from Ni(II). All these
results support a reaction mechanism proposed previously16 for the reduction of
CO electrocatalyzed by NiCl2(cyclam).

On the other hand, a series of mono-, di- and tetrafluorinated cyclams
(5.8), (5.9) and (5.10) have been prepared. The electrocatalytic reduction of CO2
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Structure 5.9. N Macrocyclic ligand: (difluorinated cyclam). Reprinted from Structure 5.9:
J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-
macrocyclic complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright
1996, with permission of Elsevier.

showed that the efficiency of (CO + H2) product yields and the H2/CO selectiv-
ity depending on the number of fluorine atoms available20. The tetrafluorinated
complexes shows more efficiency and selectivity at potentials lower than those
measured for some nonfluorinated cyclam complexes20, 88. Figure 5.7d shows
the results obtained for the 3,3,10,10,-tetrafluoro-cyclam complex. The CO yield
decreases as the number of fluorine atoms increases20, 88. However, at a poten-
tial of −1.10 V, [NiII(3,3,10,10-tetrafluoro-cyclam)](ClO4)2 (5.10) showed more
efficient selective catalytic activity than the nonfluorinated [Ni(cyclam)]Cl2 com-
plex. On the other hand, perchlorate complexes have higher catalytic activity than
chloride complexes at higher overpotentials.

Recent studies89 of the of the stereochemical effect of substituents on the
electrocatalytic reduction of CO2 have shown that the complexes RSSR-Ni(2,3,
9,10-tetramethyl-cyclam)2+ (5.11), RRSS-Ni(2,3,9,10–tetramethyl-cyclam)2+
(5.12) in aqueous KCl solution show increase in the catalytic current by a factor
of 50–100, with the current densities of the RRSS-Ni(2,3,9,10-tetra-methyl-
cyclam)2+ and Ni(5,12-dimethyl-cyclam)2+ complexes being higher than that
observed for Ni(cyclam)2+. Thus, these complexes appear to be better catalysts
than Ni(cyclam)2+ in terms of their larger catalytic currents and more posi-
tive potentials. Hydrogen and formate production is less than 1.5% of CO for
each mole of complex20. However, the geometric isomer RSSR-Ni(2,3,9,10-tetra-
methyl-cyclam)2+ (5.11) shows a lower catalytic activity because the axial methyl
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Structure 5.10. Macrocyclic ligand: (tetrafluorinated cyclam). Reprinted from Structure
5.11: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation
by aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996) 221–248.
Copyright 1996, with permission of Elsevier.

group may sterically hinder CO2 coordination20. Catalytic activity has not been
observed in aprotic solvents because the mechanism (Scheme 5.1) requires a
proton source. Experimental observations have been reported for Ni(cyclam)2+
(5.3) in DMSO and for RSSR-Ni(2,3,9,10-tetra-methyl-cyclam)2+ (5.11), RRSS-
Ni(2,3,9,10-tetra-methyl-cyclam)2+ (5.12) and Ni(5,12-dimethyl-cyclam)2+
(5.13) in ACN20. Other examples with substituents effect in the Ni(cyclam)2+
type complexes are illustrated in Scheme 5.290.

Studies performed with [NiL]+2 and CO·−
2 as a reducing agent allow to pre-

dict the behavior of the complexes in the electrochemical reduction of CO2. The
rate constant obtained are close to rate of diffusion, except in the cases where the
complex present steric effect to the inner sphere reaction22, 90. The following pro-
posed mechanism that adjusts with the rate constants and the potential (pH range
where the potential of the redox couple corresponds to an exothermic reaction) is
presented:22, 90

NiL+ · CO2 + 2H3O+ + e− −→ NiL2+ + CO + 3H2O (5.3)

Alternatively

NiL+ · CO2 + NiLi+ + 2H3O+ −→ 2NiL+2 + CO + 3H2O (5.4)
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Structure 5.11. Macrocyclic ligand: RSSR-(2,3,9,10-tetramethyl-cyclam). Reprinted from
Structure 5.12: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide
activation by aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996)
221–248. Copyright 1996, with permission of Elsevier.
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Structure 5.12. Macrocyclic ligand: RRSS-(2,3,9,10-tetramethyl-cyclam). Reprinted from
Structure 5.13: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide
activation by aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996)
221–248. Copyright 1996, with permission of Elsevier.
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Structure 5.13. Macrocyclic ligand: (5,12-dimethyl-cyclam). Reprinted from Structure
5.14: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by
aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copy-
right 1996, with permission of Elsevier.

On the other hand, clear differences are expected between the electrochem-
ical reaction and those obtained by pulse radiolysis techniques22, 91. In the last
case, the complex is reduced without regard of its more stable conformation. On
the other hand, in an electrochemical activation, the conformation of the complex,
either in a monovalent or divalent oxidation state, should be similar to allow the
charge transfer and this is precisely that it happens22, 91.

Electrochemical experiments show that the redox couples Ni(III)/Ni(II) and
Ni(II)/Ni(I) of the complexes showed in Scheme 5.2 are strongly affected by
the nature of the substituents90. This effect could be interpreted as an interac-
tion between the metal center and the fifth N in the azacyclam macrocycle. The
soluble complexes in water are catalytic towards the electrochemical reduction
of CO2, and their efficiencies are comparable to the Ni(cyclam)2+ complexes.
The efficiency is related with the structural characteristics of the macrocycle cy-
clam and the azacyclam: a 14-member ring forming a sequence 5,6,5,6 of quelate
rings. Any variation of this geometrical order changes or decreases the electrocat-
alytic activity. The macrocyclic effect in the Ni2+ metal center (14 ring members
tetraamino cyclam), allows for stabilizing oxidation states Ni(I) and Ni(III) that
will not be stable in another type of coordination. The azacyclam, with a ring
of five N atoms, kept a cyclam structure but the fifth N atom does not coordi-
nate to the Ni2+ metal center. The complexes show catalytic activity comparable
to the Ni(cyclam)2+ complex, suggesting that the replacement of a CH2 for an
amide group does not produce a decrease in the electrocatalytic activity22. The
results show that electron withdrawing effect shifts the potential of the redox cou-
ple Ni(II)/Ni(I) and the reduction of CO2 to CO takes place at a more positive
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Scheme 5.2. Structures of Ni-azacyclams complexes obtained by template synthesis.
Reprinted from Scheme 5.1: F. Abba, G. De Santis, L. Fabrizzi, M. Licchelli, A.M. Manotti
Lanfredi, P. Pallavicini, A. Poggi and F. Ugozzoli, Nickel (II) complexes of azacyclams:
Oxidation and reduction behavior and catalytic effects in the elctroreduction of carbon
dioxide, Inorganic Chemistry 33 (1994) 1366–1375. Copyright 1994, with permission of
American Chemical Society.

potential compared with the Ni(cyclam)2+ complex22. The substituents effect in
the potential is not a fact related with the coordination to the metallic center but to
a variation in the electronic density in the central ion22. The half wave potentials
data demonstrate that the replacement of a CH2 group in the middle of the cyclam
ring (six member quelate ring) for a R fragment notoriously affect the half wave
potential of the Ni(III)/Ni(II) redox couple in the azacyclam systems. In partic-
ular, the replacement for an N–CH3 does not change the potential of the redox
couple, but the introduction of carboxamide group increases the potential from
100 to 130 mV22. A bigger increment is observed with a sulfamide group. This
effect could be explained by π interaction between the metallic center and the
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amide group in the azacyclam ligand22. In the other hand, the potential is related
with the stability of the oxidation states involved. It has been shown that Ni(II)
(d8) is able to transfer its charge by a d–π mechanism to a π∗ molecular orbital of
the amide group, which is especially favorable for short distances between Ni(II)–
N22. In the oxidation, the electronic density in the metallic center decreases and
the magnitude of the donation π to R also decreases. This fact makes that the
average stability of the trivalent complex decreases and the potential becomes
more positive22. The destabilization of the trivalent state and the shift of the poten-
tial in the Ni(III)/Ni(II) redox–couple are greater when the substituent is a sulfon-
amide group, where the donation πg M–N is more important22. The steric effects
could also be important in the shift of the potential. For example, in derivatives of
cyclam C-substituted the Ni(III)/Ni(II) redox couple22, 92 is shifted to more pos-
itive potentials than the cyclam original complex. This fact has been attributed
to nonbonding interactions between CH3 groups in the C skeleton and axial lig-
ands (i.e., solvent molecules22, 92). A similar effect also has been described for
14 members-Ni(II) complexes where one or two cyclohexanes have been fused
in a cyclam ring93. For the studied complexes, in this case, the steric effect is
difficult to predict. Whereas the substituents in the amide group, R′ o R′′ can be
large, the long distance to the metallic center and the relative rigidity of the amide
group avoids interactions with coordinated axial groups (solvent molecules), and
apparently the influence is neglected. The Ni(II)/Ni(I) redox couple also is influ-
enced for the insertion of the amide group, but in less magnitude that Ni(III)/(II)
redox couple22. The half wave potential values are shifted 50–90 mV to less neg-
ative values compared with the cyclam parent. In this case there is a variation in
the strength of the π interaction M–L associated with the change in the oxida-
tion state. The π contribution should stabilize the oxidation state I more than the
oxidation state II and thus the reduction requires a less negative potential22.

4.2. Studies in Supramolecular Systems

Advances in the design of structures which show combinations of sim-
ple complexes and complicated free ligands have appeared in the literature94, 95.
These assemblies, in which several subunits are linked together through nonco-
valent interactions, have been defined as supramolecular systems. The behavior
observed for these superstructures can be described in terms of basic concepts
of supramolecular chemistry94–96, i.e., they act in molecular recognition, have
supramolecular reactivity and transport, and show self-organizing tendencies with
a positive cooperative display20, 94–97. In this sense, coordinatively linked mul-
ticenter systems can be classified as supramolecular coordination compounds.
During the last 100 years coordination chemists have produced hundreds of metal-
centered systems, many with redox activity, whose electrode potential can be con-
veniently modulated by synthetic modification of the coordination framework.
More sophisticated systems, which are able to exchange a specified number of
electrons, according to a predetermined sequence, at desired potential values, can
now be prepared according to the principles of supramolecular chemistry. More-
over, the use of metal centers as structural elements allows the topology of the
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Structure 5.14. Bifunctional supermolecule. Reprinted from Structure 5.18: J. Costa-
magna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-
macrocyclic complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright
1996, with permission of Elsevier.

multielectron redox systems to be controlled easily so that redox sites can be
placed in chosen positions at predetermined distances20, 98.

A bifunctional supramolecule (5.1420) has been synthesized and its redox
and CO2 catalytic properties have been investigated99. Although this process in-
duced reductive photocleavage of the supramolecule, catalytic studies show twice
the amount of CO is produced compared with the multimolecular system com-
posed of Ru(bpy)3, pyridinium salt and Ni(Cyclam)2+20. This example shows
how the Ru(II) unit can be used as an antenna and allows the charge transfer
reaction and to obtain the cooperative effects.

On the other hand multimetallic cyclam systems have been prepared in the
last 10 years100–104. Its preparation includes different numbers of cyclam units
and also different bridge molecules affecting in multiple ways the electroreduc-
tion of CO2. The electrocatalytic abilities of Ni(cyclam)2+ and Ni(biscyclam)4+
were compared for CO2 and H2 reduction98. The bimetallic complex was a bet-
ter catalyst than its monomer analogue for the H2 evolution from water, however
for the electroreduction of CO2 both complexes present similar properties leading
only to C1 products. Also the electrochemical characteristics did not change from
the monomer to the dimer, the Ni(II)/Ni(I) redox process only change by 30 mV
in ACN/HME (HME, hanging mercury electrode) although it was clear for the
authors98 that in each voltammetric process two electron were involved.
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Another interesting work103 shows a series of binuclear cyclam systems
with varying chain linking the two macrocyclic rings. These dimers were cha-
racterized by cyclic voltammetry under Ar or CO2. The first series consisted of
binuclear complexes [NiL2–6]4+ with (CH2)n bridges (n = 2, 3, 4, 6) or p-xylyl
linkage (L6). In general the two nickel sites in the binuclear complexes behave
independently with the currents corresponding to the simultaneous transfer of two
electrons. The redox potentials are remarkably constant along this series, but the
peak separations increase, reflecting slower electron transfer due to more effective
adsorption on the electrode HME103.

Electrochemical data for the electrochemical reduction of CO2 in ACN/10%
H2O revealed catalytic waves for CO2 reduction with Ec

p close to −1.7 V and
catalytic currents (ic

p) which are about half those of the mononuclear complex,
proposed to be due to steric constraints allowing strong interaction of only one
nickel center of the binuclear one the surface103. The catalytic currents increased
slightly as the linking chain length increased as the stereochemical constrains
were relaxed somewhat. There was also a splitting in the catalytic peaks of bis-
macrocyclic complexes which could reflect two types of adsorbed catalyst sites.
In the more sterically crowded series of complex, [Ni2L7]4+ along with the series
of linked heptaaza macrocyclic complexes [Ni2L9–11]4+ much more positive
redox potentials were observed due to both alkylation of the coordinated nitro-
gen atoms, which decreases the ligand field, and the introduction of steric barriers
to axial coordination103. These steric barriers prevented strong electrode interac-
tion and led to a lower catalytic activity. Indeed, the complex [Ni2L7]4+ did not
show any interaction with CO2 in ACN. The authors103 proposed a less effective
absorption on the electrode arising from ligand steric interactions places far fewer
stereochemical constraints on the absorption of both nickel centers to the same
extent as the binuclear complex, and hence the catalytic currents for binuclear
complex and mononuclear complex are comparable.

Trimetallic nickel compounds also have been prepared104. The complex
[Ni3(X)](ClO4)6 where X = 8, 8′, 8′′-{2, 2′, 2′′(-nitrilotriethyl) -tris(1,3,6,8,10,
13,15-heptaazatricyclo(11.3.1.1) octadecane} prepared by template condensation
has showed to have a poor axial ability. The cyclic voltammetry experiments
revealed that the complex suffer three electron reversible processes at negative
potential and one electron reversible process at positive potential pulse tech-
nique (ousteryang square wave voltammetry and differential pulse voltammetry)
demonstrated that these processes are electrochemically independent and when
[Ni3(X)](ClO4)6 was tested in CO2 atmosphere the complex showed electrocat-
alytic activity for the electrochemical reduction of CO2 to CO as a main pro-
duct104. However the catalytic efficiency of [Ni3(X)](ClO4)6 is lower than that of
[Ni(cyclam)]2+. The relationship Ip (CO2)/Ip (N2) is greater in [Ni3(X)](ClO4)6
than [Ni(cyclam)]2+ but the first one produces less CO per nickel center com-
pared with the monomer relative. From the results showed above, it is clear that
if there are interactions between the metal centers, the catalytic behavior could be
enhanced, but the degree of interactions is strongly dependent on the characteris-
tics of the bridge between metals.
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4.3. Modified Electrodes with [Ni (cyclam)]2+

Many applications of modified electrodes with [Ni (cyclam)]2+ or deriva-
tives have been reported in the past years either on mercury or glassy carbon elec-
trodes105–107. Modifications include cubic phases105, Langmuir-blodget films106,
Nafion inclusion106, supramolecular assemblies106 and adsorption in thin mercury
films107. Several works have focused in the determination of SCN− or electrocat-
alytic reduction of aldehydes and ketones108, 109, but the most important goal is
towards the determination of CO2 in aqueous or gas phase.

Jacquinot and Hauser107 reported preparation of an amalgamated Pb, Tl,
Au-poly(tetrafluoroethylene) gas diffusion electrode and an internal electrolyte
containing [Ni (cyclam)]2+. This preparation involves the formation of various
metal films by electrolytic deposition or in the case of Hg by dipping the Au disk
electrode into elemental Hg. For concentrations between 0.1 and 1% the elec-
trochemical cell showed a sensitivity of 3.58 mA%−1 and the detection limit is
500 ppm. The optimum pH range was determined between 3.5 and 6 and a se-
lectivity ratio of the catalyst for CO2/ H+ of 5:1 was found. The electrochemical
process is limited by diffusion of CO2 demonstrated by rotating disk experiments;
it means that the relationship between reduction current and the square root of the
angular speed was linear107. Figure 5.8107 presents the response of a thin mercury
film electrode (TMFE) when exposed to solutions equilibrated with CO2. As can
be seen a well established reduction wave for CO2 is only obtained in presence of
the [Ni (cyclam)]2+ catalysts.
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Figure 5.8. Cyclic voltammogram of a Hg-film electrode in contact with 100 mM NaClO4
(pH 4) equilibrated with 20% CO2 (A, C) or N2 (B). B and C were recorded with the
electrolyte solution also containing 0.2 mM Ni(cyclam)2+. (1) Reductive adsorption of
Ni(cyclam)2+; (2) Electrocatalytic reduction of CO2; (3) H2-evolution; (4) electrocatalytic
reduction of H+; (5) anodic dissolution of precipitated Ni(cyclam)-CO. Hg-film on rotating
Au-disk electrode (diameter 1.5 mm), f = 3000 min−1, v = 100 mV s−1. Reprinted from
Figure 1: P. Jacquinot and P.C. Hauser, Ni(II) cyclam Catalyzed Reduction of CO2 Towards
a Voltammetric Sensor for in Gas Phase, Electronalysis 15(8), 1437–1444 (2003). With
permission of Wiley-VCH, Germany.
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Figure 5.9. Pn 3 m cubic phase matrix containing the catalyst. Reprinted from Scheme
5.1: P. Rowinski, R. Bilewicz, M.J. Stebe and E. Rogalska, A concept for immobilizing
catalytic complexes on electrodes: cubic phase layers for carbon dioxide sensing, Analy-
tical Chemistry, 74(7), 1554–1559 (2002). Copyright 2002, with permission of American
Chemical Society.

Another novel system is presented in Figure 5.9110. This is a crystalline
cubic phase formed with monoolein and Myverol105, 110. This structure was
used to host [Ni (cyclam)]2+ or the derivative 1-hexadecyl-1,4,8,111 tetraaza-
cyclotetradecane. After obtaining a mixture of the lipids and the catalyst, the
mixture was spread over a glassy carbon electrode or a thin mercury silver
film. The best catalyst for the reaction was the substituted complex because the
hydrophilic [Ni(cyclam)]2+ is easily removed from the cubic phase. The voltam-
metric results110 indicate that the best response is obtained on the thin mercury
film with formation of CO and regeneration of the catalyst. A further reaction of
[Ni(cyclam)]2+ in the presence of CO generates [Ni(cyclam)CO].

Figure 5.10110 shows the response of the TMFE electrode for increasing
concentration of CO2, and the catalytic peak current–concentration plot is shown
in the inset. The detection limit for CO2 determination was 0.0001 mol dm3. The
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Figure 5.10. Cyclic voltammograms recorded on TMFE modified with a monoolein cubic
phase layer containing NiLC16, in 0.1 M NaClO4, pH 4.8, for increasing concentrations
of CO2: (1) 0, (2) 0.0066, (3) 0.0132, (4) 0.0198, (5) 0.025, and (6) 0.033 M. Scan rate,
0.05 V s−1. Inset: catalytic peak current vs. concentration of CO2 in the solution. Reprinted
from: Figure 3, P. Rowinski, R. Bilowicz, M.J. Stebe and E. Rogalska. A concept for
immobilizing catalytic complexes on electrodes: cubic phase layers for carbon dioxide
sensing, Analytical Chemistry, 74(7), 1544–1559 (2002). Copyright 2002, with permis-
sion of American Chemical Soceity.

results are sufficiently reproducible to assume that changes of the cubic phase
structure do not affect the measured electrochemical signal.

In this section the electrocatalytic properties of the Ni(cyclam)2+ com-
plex and its derivatives toward the electrochemical reduction of CO2 have been
revised. This complex shows high selectivity and high electrocatalytic activity at
Hg electrodes and in the last years the complex and supramolecular derivatives
structures have been used as modified electrodes on the road to the design of sen-
sor electrodes for CO2. These new applications are in direct proportion with the
knowledge generated in the past two decades. Probably many new applications
will be found for the Ni(cyclam)2+ family of complexes in the future, all of them
closely related with the carbon dioxide reduction.

5. Phthalocyanines and Porphyrins Complexes

5.1. Phthalocyanines Complexes in Solution

Metallophthalocyanines have been reported to be active toward the elec-
troreduction of CO2

111–114. Most of them modified electrodes115, and not many
examples have been presented for the electrocatalytic activity in solution in con-
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trast with other tetrazamacrocycles (cyclams, etc.). In consequence this part of the
chapter will have emphasis on the modified electrodes.

Nevertheless the voltammetry of mixed solutions of CO2 and sulfoph-
thalocyanines was informed in 1998116 1998116 and the results indicate that
an observed at potentials more negative than the second reduction process for
both, Ni and Cu tetrasulfophthalocyanine under CO2 atmosphere, and this wave
depends on the concentration of carbon dioxide. This behavior can be connected
with the formation of an adduct since Gangi and Durand117 demonstrated by
pulse differential voltammetry the formation of adducts with similar macrocycles.
On the other hand Co tetrasulphophthalocyanine did not present any other addi-
tional wave indicating different mechanism for different metals116. The reduction
products of mixed solutions of CO2 and sulfonatedphthalocyanines were mostly
oxalate and CO116.

For Co and Fe phthalocyanines, Grodowski and coworkers118 studied the
electrochemical and photochemical reduction of CO2. The combined results of
flash photolysis, chemical reduction, cyclic voltammetry and IR and UV–Vis
spectroscopy allowed the authors to conclude that the cation radical [Co(I)Pc·−]2−
is the species responsible of the catalysis. However for Fe phthalocyanine118 the
results are not very clear. Other contributions to the reduction mechanism with
Co phthalocyanine have been report recently119, 122. The authors found a depen-
dence of the substituents in the periphery of the ring with the mechanism of
the reaction. The reaction studied by in situ potential-step chronoamperospec-
troscopy (PSCAS) inferred the formation of different radical species119–122. For
Co-phthalocyanine and Co-octacyano-phthalocyanine the anion radical species is
[Co(I)Pc(-3)X]2− (where X is the peripheric substituents of the phthalocyanine
ring)122, for Co-octabutoxy-phthalocyanine the responsible species is [Co(I)Pc
(-3)X(H)]−121. The formation of the hydride intermediate is explained in terms
of the electron donor properties of the butoxy substituents. This fact could af-
fect the stability of the dianion species and for stabilization purposes the dianion
formed needs atomic H before its coordinates to the CO2 molecule121, 122.

From the results shown here, it is clear that depending on the metal, the
formation of an adduct is feasible. However, in the majority of the cases, the
species responsible for the catalysis is an anion radical complex instead the double
reduced complex. For that reason in some cases oxalate is obtained as product.

5.2. Porphyrins Complexes in Solution

Cobalt porphyrins have been used for several studies and exhibit cat-
alytic activity123, 124. For example when Co-tetraphenylporphyrin (5.15) and Co-
octamethylporphyrin complexes are used, CO is obtained catalytically whereas
palladium and silver porphyrins in DCL produced oxalate. However, demetal-
lation of the complexes rapidly deactivates the catalyst20, 123, 124. In these cases,
the catalytic process was interpreted in terms of the anion radical species of the
reduced state of Pd (II) and Ag (II) porphyrins rather than the Pd(I) and Ag(I)
states125.

Also Co porphyrins have been studied by photophysical126, 127, photoche-
mical126, 127 and electrochemical techniques128, 129. The authors126, 127 found that
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Structure 5.15. Co-tetraphenylporphyrin. Reprinted from Structure 5.15: J. Costamagna,
G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide activation by aza-macrocyclic
complexes, Coordination Chemistry Reviews 148 (1996) 221–248. Copyright 1996, with
permission of Elsevier.

a CoIP species is highly stable at basic pH but is short-lived in neutral or acidic
solutions. Also, the species CoIP is unreactive towards CO2 at high pH, but this
is probably due to the formation of stable CO2−

3 that does not coordinate with the
Co center126, 127. On the other hand, the existence of an intermediate Co0P more
stable than the π -radical anion that reacts with CO2 and the catalytic formation
of CO and HCO−

2 was demonstrated in an organic solvent126, 127. The results of
cyclic voltammetry also confirmed that the catalytic specie is Co0P. The fluori-
nated derivatives were more active since they require less potential to carry out
the catalysis126–129.

It has been reported that the macrocycle known as “Corrole” is an effective
catalyst toward CO2 reduction130, 132, (5.16)132. The Co (II) corrole [Ph3PCoIII

(tpfc)] (tpfc = 5, 10, 15-tris(pentafluorophenyl) corrole) exhibit catalytic activity
in ACN. Stepwise reduction to the [CoII(tpfc)]− and [CoI(tpfc)]2− states was
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Structure 5.16. Corrole structures of different metals. Reprinted from Figure in the Ex-
perimental Section: J. Grodkowski, P. Neta, E. Fujita, A. Mahammed, L. Simkhovich and
Z. Gross, Reduction of cobalt and iron corroles and catalyzed reduction of CO2, Journal
of Physical Chemistry A 106(18), 4772–4778 (2002). Copyright 2002, with permission of
American Chemical Society.

observed in all cases132. Cyclic voltammetry in CO2 saturated solutions indi-
cated that CoI complex react with CO2

132. Photochemical reduction in CO2-
saturated acetonitrile solutions containing p-terphenyl (TP) as a sensitizer and
triethylamine (TEA) as the reductant led to the production of CO and H2

132.
This finding is very interesting from a macrocycle-coordination chemistry point
of view because there is a contrast with the other macrocyclic relatives (phthalo-
cyanines and porphyrins) where the macrocycle should be reduced beyond the MI

sate in order to react with CO2.
Porphyrin Iron(III) chloride, in general catalyzes electrochemical reduction

of CO2 to CO. Tetraphenylporphyrin Iron(III) chloride, with basket-handle of the
picket-fence type with secondary amide groups in close vicinity to the porphyrin
ring (5.17) belongs to the group mentioned before20, 125. The activity of this com-
plex decays after a few cycles of work. Degradation of the porphyrin appears to
be the result of progressive saturation of the ring through carboxylation and/or
hydrogenation. However the addition of Mg2+ ion dramatically improves the rate
of the reaction and the stability of the catalyst125. The reaction mechanism, stu-
died by UV–Vis spectroelectrochemistry, preparative electrolysis and one of the
finest studies in cyclic voltammetry published until now, involves the introduc-
tion of one molecule of CO2 into the iron coordination sphere20, 125. The addition
of a second molecule of CO2 acts as a Lewis acid and then allows the breaking
of one C–O bond of the first CO2 molecule thus leading to CO. This process is
accelerated by Mg2+ ions in a way that depends upon the temperature. At low
temperatures (−40◦C), the Mg2+ ions facilitate the decomposition of the com-
plex containing two molecules of CO2, whereas, at room temperature, Mg2+ ions
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Structure 5.17. Tetraphenylporphyrin Iron(III) chloride, with basket-handle of the picket-
fence type with secondary amide groups in close vicinity to the porphyrin ring. Reprinted
from Structure 16: J. Costamagna, G. Ferraudi, J. Canales and J. Vargas, Carbon dioxide
activation by aza-macrocyclic complexes, Coordination Chemistry Reviews 148 (1996)
221–248. Copyright 1996, with permission of Elsevier.

triggers the breaking of the bond at the level of the complex containing a single
molecule of CO2 in its coordination sphere. The combined action of iron(“0”) por-
phyrins and of Mg2+ ions offers a remarkable example of a bimetallic catalysis
where an electron-rich center starts the reduction process and an electron-deficient
center assists the transformation of the bond system20, 125.

The same stabilization effect was corroborated with another cations
(Brønsted and Lewis acids)20, 133, 134. The authors demonstrated that the addi-
tion of weak Brønsted acids such as 1-propanol, 2-pyrolidone, and CF3CH2OH
or Lewis acid such as Mg2+, Ca2+, Ba2+, Li+, and Na+ resulted in a consid-
erable improvement of the catalysis of CO2 by Fe(0) tetraphenylporphyrins20.
Both the catalytic currents and the lifetime of the catalysts increase without sig-
nificant formation of hydrogen. The authors133, 134 have also shown that typi-
cal cyclic voltammogram for Fe(III)(tetraphenylporphyrin)Cl in the absence of
CO2exhibits three successive waves corresponding to the reversible formation of
the Fe(II), Fe(I) and Fe(0) species. The authors133, 134 find typical enhancements
and changes of the Fe(I):Fe(0) wave in nitrogen and CO2 in the presence of the
Brønsted acids. The voltammograms and results from the preparative electrolysis
suggest the mechanism depicted in Scheme 5.321.

Other added cations also change the catalytic activity as shown in the mec-
hanism corresponding to Scheme 5.421. The order of reactivity Mg2+ = Ca2+
and Ba+ > Li+ > Na was deduced from the enhancement of the Fe(I):Fe(0)
wave. These cations accelerate the catalytic process by creating ion-pairing with
the negatively charged oxygen atoms of CO2 after it coordinates to the iron
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atom. This mechanism, proposed by Saveant and coworkers, is shown in Scheme
5.421, 133, 134. The nature of the synergetic effect is, therefore, similar to the action
of a weak Brønsted acid, i.e., where hydrogen binding in Scheme 5.3 has been
replaced by ion-paring in Scheme 5.4.

From the results showed here, it is clear that in the case of porphyrins, a
wide variety of mechanisms are operating depending on the metal. As examples,
Co-porphyrins produce Co while Ag and Pd porphyrins give oxalate. It is notice-
able that Co0P in organic media is the reactive species and not, the double reduced
complex (metal and ligand). In the case of corroles (related species), Co(I) reacts
with CO2. Also, the corrole complexes show a different behavior compared with
other azamacrocyclic complexes whereas the ligand must be reduced in order to
catalyze the reaction. In the case of Fe-porphyrins, it is necessary to add Mg2+
to improve the reaction. It was postulated that after one CO2 molecule is coordi-
nated to the ion; a second is required to act as a Lewis acid allowing the breaking
of the C–O bond of the first CO2. This kind of stabilization was demonstrated
for Brønsted and Lewis acids. This few examples depicts the complexity of the
reduction of CO2 proceess and the great importance of the kind of coordination
of the carbon dioxide on the metal in order to transfer the electrons.

5.3. Studies in Supramolecular Systems

In the last years135–140 there has been an increase interest for the stud-
ies of supramolecular properties of tetra-ruthenated porphyrins (M-TRP), es-
pecially after the discovery of the exceptional electrocatalytic efficiency of the
penta-aminoruthenium-cobalt porphyrin species in the four electron reduction of
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molecular oxygen135. Also this kind of compounds could present particular appli-
cations in catalysis, artificial photosynthesis and molecular devices136. However,
few examples of electrochemical reduction of CO2 have been published.

Toma and coworkers136 studied the electrochemistry in solution of [Ni-
TRP] (5.18)136. The cyclic voltammograms corresponding to the structure (5.18)
are shown in Figure 5.11136.

Contrasting behavior has been observed for the Ni-TRP first and second
reduction waves at −0.8V and −0.97, which differ appreciably from those of
the typical species e.g., [Ni-TMPyP]4+ at −0.37 and −0.73, reflecting the in-
fluence of the π -back bonding interactions from the attached RuII groups. The
existence of Ni(I) character in the reduced complex generated at −0.8 V has been
investigated by adding methyl iodide136. Ni(I) species, exhibiting d9 configura-
tion, and CH3 are isolobal species and should react readily, in contrast to the
Ni(II) species. Methyl iodide enhanced by a factor of 2, the cathodic current at
−0.8 V. No such effect has been observed when the porphyrin anion presents es-
sentially a π -radical character136, 141, 142. Therefore, the results indicate a signif-
icant Ni(I) character for the reduced tetraruthenated nickel porphyrin species. In
the presence of CO2, there is a small increase in the reduction wave at −0.8 V, but
a great intensification at −1.3 V. In this case the authors136 assigned this incre-
ment in the cathodic current to the CO formation. The peripheral [Ru(bpy)2Cl]+
groups enhance the catalytic activity of the Ni porphyrin center, by increasing
the Ni(I) character of the reduced species136, 141. The results showed above in-
dicate that the electronic communication between two metallic centers coud en-
hance the electrocatalytic activity of a system stabilizing the reactive oxidation
state.
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5.4. Studies in Modified Electrodes

In the case of metallophthalocyanines and metalloporphyrins different
ways to modified electrodes have been reported: deposited onto electrodic sur-
faces112–114, 122, 143, complexes immobilized or incorporated in polymeric mem-
branes as Nafion�119–121, 144, 145, electropolymerized complexes146, 147, gas
diffusion electrodes111, 148–152 and complexes chemically attached to carbon
electrodes153–157.

The intermittent plasma-assisted vacuum deposition technique has been
found to introduce the effective electrocatalytic activity and stability for CO2
reduction into metal phthalocyanine thin films formed on a glassy carbon114.
The films properties are significantly influenced by the chemical state of the
film. It has been suggested that the electrode process is determined by the sur-
face chemical reaction involving adsorbed H· and/or H+ and a carbon containing
intermediate114.
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Figure 5.11. Cyclic voltammograms (50 m V s−1) of: (A) [Ni-TRP](TFMS)4
(1.1 mmol dm−3) in DMF, TEA ClO4 0.10 mol dm−3, under an argon atmosphere;
(B) in the presence of 16.2 mmol dm−3 of CH3I; (C) of an electroltye solution saturated
with CO2; and (D) of the complex solution saturated with CO2. Insert: Voltammogram of
a 1.1 mmol dm−3 solution of the complex in acetonitrile, TEA ClO4 0.10 mmol dm−3,
Reprinted from Figure 10: H.E. Toma and K. Araki, Supramolecular assemblies of
ruthenium complexes and porphyrins, Coordination Chemical Reviews, 196 (2000)
307–329. Copyright 2000, with permission o Elsevier.

In 1974, Meshituka and coworkers143 described the electrochemical
reduction of CO2 with modified electrodes containing transition metal phthalo-
cyanine on graphite electrodes where the method for modification was the ad-
sorption of a monolayer. The authors used as supporting electrolytes organic salts
such Net4CLO4, NetCl and Nbu4ClO4. In the Co case the height of the reduc-
tion peak was linear with the square root of the sweep rate suggesting that the
diffusion of CO2 is the rate-determining step. Also the peak height was propor-
tional with the concentration of CO2

143. CoPc and NiPc were very active in these
media when quaternary ammonium salts were used for the supporting electrolyte,
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oxalic acid and glycolic acid were detected instead of CO or HCOO−143. Then,
the hydrophobic nature of the quaternary salts played a very important role and
probably produces a suitable environment to obtain products with more than one
carbon atom. MnPc, PdPc, were not active and CuPc, FePc were just slightly ac-
tive in these conditions143. But when the same method of modification is used,
with similar complexes but using inorganic salts such KCl, as supporting elec-
trolytes the results of the reaction are very different.

Kapusta and Hackerman in 1984113, reported that working at pH (3–7) the
main reaction product was formic acid when the catalysts were CoPc and NiPc.
Formate ion was also produced at pH > 5. Methanol is also produced at lower pH
values. And the phthalocyanines become inactive when the medium is less acid.
The order in activity was found to be Co2+ > Ni2+ >> Fe2+ = Cu2+ >
Cr3+, Sn113.

In the cases described113, 143 the order of activity was similar and also a very
important dependence with negative limit of the potential and the stability of the
macrocycles was found. Indeed, if the modified electrode is swept at more nega-
tive potentials, they become less active with the time. This fact is probably asso-
ciated with the deactivation of the macrocycle. Also the poor selectivity of these
modified electrodes has been noted.113, 143. With these factors in mind another
kind of modification has been developed, the incorporation of the macrocycles
either phthalocyanines or porphyrins in polymeric membranes.

In 1995 Zhang and coworkers144 studied the electrochemical detection
of CO2 in rotating ring (Pt)-disk graphite electrode coated with the macrocyle
Co N, N′, N′′, N′′′′-tetramethyl-3,4-pyridoporphyrazine and protected by a Nafion
film. In this work it was informed that the CO detection on the Pt ring is propor-
tional to the CO2 concentration. CO2 reduction was analyzed in the concentration
range 1.0 × 10−4–3.2 × 10−2 by the rotating ring disk method. The method pro-
vided a selective way of identifying and quantifying CO2 in a mixture which
contained other gases which could only interfere if they or their redox products
reacted on the ring at potentials near that of the CO oxidation. The role played
by the Nafion film was to improve the selectivity to one product (CO) and an en-
hancement of the stability of the catalyst since it was proved that if the protection
is omitted, there is a gradual reduction in the current, with a scanning from 0 to
−1.0 V vs. SCE, due to gradual loss of surface catalyst144.

Another selective electrocatalyst Co phthalocyanines-poly-4-vinylpiridine
(PVP) has been used to modified electrodes119–121; in this case the method of
modification involves the casting on the surface of basal plane graphite electrode
(BPG) of a mixture of CoPc/PVP. The mixture composed by 1 wt% PVP + DMF
solution containing 10 µM of CoPc or another related macrocycles and letting
the solvent (2 µL) evaporate under air at room temperature. Enhanced catalysis
and selectivity was observed with the CoPc/PVP/BPG electrode comparing with
the CoPc/ BPG but both factors were very dependent on the pH of the solution
and the potential where the reaction takes place. For instance the selectivity ratio
at the same potential (−1.3 V) CO/ H2 at pH 2.3 was 0.16 for CoPc/ BPG and
0.54 for CoPc/PVP/BPG while at pH 6.8 CO/H2 was 2.28 for CoPc/BPG and
4.65 for CoPc/PVP/BPG. The selectivity toward CO was explained in terms of
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electron donation of the pyridine group to the central cobalt by an axial coordi-
nation, a proton-exchanging property of the PVP and the increased local concen-
tration of CO2 in the PVP layer owing to their hydrophobic and/ or acid–base
interaction119–121. The first factor is explained by the well established, axial coor-
dination of an electron-donating ligand such as pyridine or imidazole to the cobalt
ion of macrocyclic cobalt complexes greatly stabilizes the trans coordination of
O2

120, 158–160 as well as CO2
120, 161–163. It has also been reported that the presence

of such ligands enhances the catalytic activity of macrocyclic cobalt complexes
for the reduction of O2

164 or CO2
120, 161. The coordination of the pyridine residue

of PVP probably stabilizes the electronegativity of the oxygen atom of the coor-
dinated CO2, thus favoring coordination of the CO2 molecule to the central cobalt
of CoPc, (see Scheme 5.5120). When Co octabutoxy-phthalocyanine is used with
the same method of modification the catalytic activity is lower compared with the
parent complex (CoPc), however the activity of Co octabutoxy-phthalocyanine
is higher than CoPc if the modification is by the “casting” method119–121. The
low catalytic activity is explained by the authors119–121 in terms of to the elec-
trochemical inertness due to some specific interactions between the hydrophobic
substituents and the PVP macromolecule.

Another attempt to obtain stable and selective modified electrodes with tran-
sition metal phthalocyanines or porphyrins is the design of carbon gas diffusion
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electrodes. Mahmood and coworkers111 reported the use of polytetrafluorethylene-
bonded, carbon gas diffusion impregnated with metal phthalocyanines. The
authors111 designed a method to obtain this kind of electrodes and it is briefly de-
scribed here: Carbon black is added to a stirred solution of the appropriate metal
phthalocyanine dissolved in concentrated sulfuric acid. The resulting mixture is
quickly poured into water, to precipitate the metal phthalocyanine onto the car-
bon substrate. The impregnated carbon is filtered, washed and dried. A sample of
the impregnated carbon is micronized for 10 min in water to form uniform slurry.
Then PTFE dispersion was added with gentle stirring to the slurry to give a thick
paste. A small quantity of this paste was spread onto a lead-plated nickel gauze,
dried and compacted onto the gauze until the carbon layer was firmly embedded
onto the current collector. This procedure was repeated until the required loading
had been achieved. The electrodes were then cured in a tube furnace in a nitrogen
atmosphere at 300◦C for 3 hr before being given a final compression at a pressure
approximately 105 kPa.

The results obtained in this work111 are related mainly with the high rates
for the reduction process achieved with this kind of electrodes. With Co phthalo-
cyanine electrodes the only significant products were CO and H2 and the results
are highly dependent on the potential used for the electrolysis experiments. Other
important factor described by the authors was the amounts of carbon monoxide
and hydrogen produced from sample to sample, reflecting probably variations in
the exact composition of different Co phthalocyanines electrodes. For Mn, Cu,
and Zn impregnated electrodes both formic acid and hydrogen were produced.

Also Furuya and Matsui148 reported electrocatalytic activity with gas-
diffusion carbon electrodes with 17 kinds of different phthalocyanines. When
cobalt and nickel phthalocyanines are used as electrocatalysts high yields of CO
are obtained, in these cases a current efficiency of ca. 100% was observed. When
tin, lead and indium phthalocyanines are used, the main products are formic acid
and H2, while for copper, gallium and titanium phthalocyanines the main prod-
ucts are CO and H2. Methane is also produced with a good yield (about 30%).
Iron, zinc and palladium also give CO as the leading reduction product, but in
a lower yield compared with those obtained with cobalt and nickel phthalocya-
nines. Hydrogen is exclusively obtained with magnesium, vanadium, manganese,
and platinum derivatives and with the free base.

Then, it is evident from this work148 and the others mentioned above that
the selectivity in this case is driven by the metal in the carbon hydrophobic envi-
ronment. These distributions of products and current efficiencies depend strongly
on the chemical properties of the metal more than the ligand148 and suggest that
the mechanism for producing a particular product may be determined by the inter-
action between the phthalocyanine ring, the central ion and CO2 or CO molecules.

On the other hand, phthalocyanines and porphyrins transition metal com-
plexes have been adsorbed on activated carbon fiber nanopouros support in the
form of gas diffusion electrodes152. The loading of the complexes in the support
involve the dissolution of the macrocycles in the proper solvent and then the addi-
tion of the (activated carbon fibers ACF). The mixtures were stirred on a magnetic
stirrer for 3–4 days at room temperature and then vacuum filtered. The ACF with
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the catalyst adsorbed was dried in a vacuum oven at 100◦C for 1 hr. Gas dif-
fusion electrodes were prepared according to the following procedure: for each
electrode, a 25 mg portion of ACF loaded with the catalyst, 25 mg of acetylene
black and 100 µL of polytetrafluorethylene (PTFE) aqueous solution were mixed
on a PTFE sheet with a spatula to obtain a homogeneous paste, suitable for the
preparation of the active catalyst layers. This paste and gas diffusion layer, which
was cut in the shape of a disk with 13 mm diameter, were pressed together under
vacuum, with steadily increasing pressure up to 4.5 tons for 15 min. The gas dif-
fusion electrode thus obtained was then heat treated in Ar at 350◦C for 1 hr. All
the complexes used in this work, (Co(II) 5,10,15,20-tetrakis-(4-methoxyphenyl)-
porphyrin, CoPc, CuPc, and Cu(II)2,9,16,23-tetra-tertbutylphthalocyanine, Co(II)
2,9,16,23-tetra-tertbutylphthalocyanine) demonstrated catalytic activity for CO2
electroreduction yielding CO and H2 as the main products152. In this case it is
surprising that the selectivity of the modified electrode is not dependent on the
metal as was mentioned above. It is noticeable because CuPc gives some CH4
production148. For the complex with bulky substituents152, the performance for
CO production is poor compared with the unsubstitued complexes, due to size
restrictions of the narrow ACF pores and for the complexes that are less bulky,
the CO production appears to be very similar for all the compounds, irrespective
of the metal or ring type. This result shows a lack of sensitivity for the detailed
characteristics of the macrocycle complexes. In all cases152 a current increased
was observed when the loaded catalyst in the ACF support was higher, but the
increase is limited by the adsorption limit of the catalyst on the ACF in a flat ori-
entation. In the case of bulky compounds, the opposite situation was observed.
Smaller amounts of the complex can be absorbed on ACF, and the increase in
the catalyst amount results in a small decrease of catalytic efficiency152. This is
probably due to the molecular dimensions, which are the largest among all of the
investigated compounds and, hence, the adsorption limits are expected to be sig-
nificantly lower, as already suggested. In addition the authors152 mentioned that
when the pores are filled with these bulky molecules, it may be more difficult for
CO2 molecules to penetrate, thus resulting in a decreased current efficiency for
CO production.

Another very interesting approach with diffusion gas electrodes modified
with transition metal phthalocyanines deals with the simultaneous reduction of
CO2 and NO−

3 or NO−
2 ions150, 151 toward the production of urea or other C–N

bonded compounds. The simultaneous reduction was investigated at gas diffusion
electrodes with phthalocyanines containing the following metal centers: Cr, Mo,
Mn, Ru, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd, In, Tl, Sn and Pb150, 151. The
formation of urea, CO, formic acid, and ammonia was confirmed for all the metals
except for Al and Ge. The best catalyst in this case was NiPc with a maximum cur-
rent efficiency of 40% at −1.5 V. Again the selectivity is dependent on the metal
center and the electrochemical potential used in the experiments, but the forma-
tion of urea specifically depends on the ability of the metal center to form CO
alone and ammonia alone150, 151. The mechanistic study150, 151 showed that CO
obtained from the electroreduction of CO2 cannot be combined with ammonia in
the electrolyte to form urea and the ammonia formed in the reduction of nitrite ion
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cannot be combined neither CO nor CO2 dissolved in the solution to form urea.
Also the urea formation cannot be obtained with in the simultaneous reduction of
the following pairs of reagents: CO–ammonia, formic acid–nitrite, formic acid–
ammonia. Thus the authors151 established that formation of urea only is possible
when precursor like CO and ammonia are formed at the same electrodic surface.
Although this kind of precursor was not found, authors propose the following
mechanism for the different reactions:

(I) CO2 reduction:

CO2(g) −→ CO2(ad) (5.5)

CO2(ad) + e− −→ CO.−
2 (5.6)

CO.−
2 + 2H+ + e− −→ CO(pre) + H2O (5.7)

CO(pre) −→ CO (g) (5.8)

where CO(pre) = CO like precursor.
(II) NO−

2 reduction:

NO−
2 + 6H+ + 5e−−→NH2(pre) + 2H2O (5.9)

where NH2(pre) = ammonia-like precursor

NH2(pre) + H+ + e−−→NH3 (5.10)

(III) Urea formation:

CO(pre) + 2NH2(pre) −→(NH2)2CO (5.11)

From kinetic considerations, the authors150, 151 find a linear relationship be-
tween the current efficiency (CE) of the urea formation and the square root of the
current efficiency of the product concentrations: CO and NH3. It means:

CEurea formation vs. (CECO · CENH3)
1/2. In other words the relationship sug-

gests that ammonia-like precursor and a CO-like precursor would coexist and
react with each other. Thus the authors present the following new mechanism151:

NH2(pre) + CO(pre) −→ (NH2)CO (ad) (5.12)

(NH2)CO (ad) + NO−
2 + 6H+ + 5e− −→ (NH2)2CO + 2H2O. (5.13)

Here a nitrite ion would be reduced on an adsorbed (NH2)CO(ad) and urea
would be formed. However, this mechanism it still very speculative and it needs
to be strictly confirmed. Also the same reaction was studied but with NO−

3 instead
of NO−

2 .
The complexes used in the case of the nitrate151 nitrate151 were the same

described before but that phthalocyanines are unable to reduce NO−
3 to ammonia

and the reaction just produces NO−
2 . Thus the production of urea was not possible

in this kind of electrodes151.
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Another method for the modification of carbon electrodes with macrocy-
cles towards the electroreduction of CO2 is to form chemical bonds between the
electrode and the macrocycle. Several studies have shown that it is possible to
attach small organic molecules, to the polished gassy carbon surface and then
this attached molecule could be an anchor for another molecule, in this case Co-
porphyrins or Co-phthalocyanine153–157

The general procedure to obtain this kind of modified electrode is described
as follows:155

After being polished to a mirror finish, the GC electrode was subjected to
potential sweeps from 0 to 1.4 V (SCE) in 0.1 M LiClO4 ethanol solution. At
1.4 V, the amine containing molecule was added to make a 0.1 mM solution, and
the potential of the GC was kept there for 5 s and then swept to 0 V, where the
GC was taken from the solution. The amine containing molecules should posses a
group which can coordinate as a fifth ligand of porphyrin. After the above bridg-
ing species were bonded on GC’s the modified electrode was rinsed with ethanol,
water and sonicated for 15 min in pH 6.8 phosphate buffer for removal of any
physically adsorbed materials. To attach the porphyrin ligand, the modified elec-
trode (GC-amino molecule) was subjected to 2 hr reflux in a proper concentration
of CoTTP in benzene + dichloromethane mixture (4:1) and bonded to Co(II)TPP
as a fifth ligand through the nitrogen of pyridyl group to GC. The electrodes ob-
tained can be characterized by several spectroscopic techniques, the analysis in-
volve diffuse reflectance FT-IR, diffuse reflectance UV–Vis, XPS, AFM, among
others155.

Then when CoTTP-py-NHCO-GC modified electrode is obtained155, the
catalytic activity towards the electrochemical reduction of CO2 showed a current
efficiency of 92% for CO production and also an overall turnover number of 107

at −1.1 V vs. SCE. As mentioned before the CoTTP in CoTTP-py-NHCO-GC
electrode is in the form of a five coordinate complex with a pyridine ligand, with
a vacant site at the trans position to pyridine. It is expected that CO2 reduction
occurs at vacant site to which pyridine gives specific reactivity through the called
trans effect. The axial pyridine ligand could favor an electron transfer from CoI

of the complex to CO2, since it increases the electron transfer ability of Co, as in
the case of an O2 carrier, and facilitates the reduction of CO2

155.
The modified electrode with the attached CoTPP can reduce CO2 to CO155

whereas the electrode modified with adsorbed CoTPP cannot. The cyclic voltam-
mogram of the modified porphyrin-amine-GC electrode in pH 6.8 phosphate
buffer shows the appearance of the anodic hump after the electrode is polarized to
potentials where the evolution of hydrogen takes place; under N2 atmosphere see
Figure 5.12155. The ligand bonded to the glassy carbon does not show this hump,
and then the authors associate it with the cobalt center. The hump would corre-
spond to the oxidation of the formed hydride. Over the first-bonded porphyrin
there are more than 100 layers of stacked porphyrins. Stacked Co(II)TPP could
accept a hydrogen atom from CoTPP bonded GC to form HCo(II)TAPP155.

However, when the stacked electrode is cycled under CO2 the hump disap-
pears indicating that here is not a formation of hydride in the stacked porphyrins.
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Figure 5.12. Cyclic voltammograms at 50 mV s−1 on “CoTPP bonded GC” in N2 and
Co2 atmospheres. Bridging compound is 4-aminopyridine. The solution was pH 6.8 phos-
phate buffer solution. Reprinted from Figure 5: H. Tanaka, A. Aramata, Aminopyridyl
cation radical method for bridging between metal complex and glassy carbon: Cobalt(II)
tetraphenylporphyrin bonded on glassy carbon for enhancement of CO2 electroreduction,
Journal of Electroanalytical Chemistry, 437 (1997) 29–35. Copyright 1997, with permis-
sion of Elsevier.

Only, the porphyrin directly bonded can undergo the reaction forming the hydride
according the following mechanism155:

Co(II)TPP + e− −→ Co(I)TPP (5.14)
Co(I)TPP + H+ −→ HCo(II)TPP (5.15)

The HCo(II)TPP bonded on GC reacts with CO2 giving CO. On the other
hand if the electrode is heavily rinsed, the packed structure disappears. In this
case, the electrolysis measurements show higher current efficiencies for the non-
stacked structure. In fact, according these results the stacked porphyrins promote
the evolution of hydrogen instead the reduction of CO2

155.
Contrarily to the above results157, using a similar method to modified the

electrode but in this case with Co(II) benzoporphyrin shows a very interesting
activity of the stacked system in the reduction of CO2 . The obtained current
for the evolution of hydrogen in the case of the packed system compared to
the aminopyridine-glassy carbon or the physically adsorbed layer of porphyrin
is more than one order of magnitude higher. This fact indicates the difference in
the amount of porphyrin (or active sites, in the case of the amine-GC) in each case
(see Figure 5.13157). On the other hand, the current obtained for the reduction of
CO2 in the case of the packed system is very similar to that obtained in the case
of the reduction of hydrogen for the same system (see Figure 5.14157). These re-
sults indicate that in this case, the entire packed system reacts with the CO2 in
the reduction process. In this study the appearance of the anodic hump was not
reported157). On the other hand, as in the case of Tanaka and Aramata155, the
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Figure 5.13. Voltammetric response of a glassy carbon (A), 4-aminopyridine-electrode
(B), and the supramolecular electrode (formed by packed Co(II) benzoporphyrins) (C)
under N2 (continuous line) and CO2 (dashed line). Scan rate 0.05 V s−1. Electrolyte:
phosphate/biphosphate (pH 6.8 under N2, pH 5.2 under Co2) buffered aqueous solu-
tion. Reprinted from Figure 4A (A), Figure 4B (B) and Figure 5(C): G. Ramı́rez, M.
Lucero, A. Riquelme, M. Villagrán, J. Costamagna, E. Trollund and M.J. Aguirre, A
supramolecular Cobaltporphyrin-modified electrode toward the electroreduction of CO2,
Journal Coordination Chemistry, 57 (2004) 249–255. With permission of Taylor and Fran-
cis (http://www.tandf.co.uk/journal).

Co(II) benzoporphyrin physically adsorbed on the glassy carbon does not reduce
CO2

157.
In the same way, various Co macrocycles were chemically bonded to

the glassy carbon electrodes by the same method156. A 4-aminopyridine was
the bridging molecule, the attached macrocycles were: Co(II) naphthalocyanine,
Co(II) phthalocyanine,dibromo (11-hydroxyimino-4,10-dipropyl-5,9-diazatri-
deca-5,9-dien-3one oximate) Co(III), (denoted as CoDO), two kinds of hydropho-
bic B12 vitamins (heptamethyl cobyrinate perchlorate and heptapropyl
cobyrinate perchlorate), Co(II) tetraphenyl porphyrin and Co(II) 5,10,15,20-
tetrakis-(4-methoxyphenyl) porphyrin. Not all of the macrocycles were active
toward the electroreduction of CO2. In fact, Co naphthalocyanine and Co phthalo-
cyanine (CoPc) produce larger amounts of H2; even CoPc was the macrocycle
with the most positive potential to give H2. CoDO was unable to produce CO at
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Figure 5.14. Voltammetric response of all the systems toward the reduction of CO2. The
dashed line shows the response of the supramolecular electrode. In the continuous line,
the response of other systems (GC, GC-4-aminopyridine, GC-absorbed layer and GC-4-
aminopyridine-adsorbed layer) (adsorbed layer and supramolecular assembly formed by
Co(II) benzoporphyrin). Scan rate: 0.05 V s−. Electrolyte: phosphate/biphosphate (pH 6.8
under N2, pH 5.2 under CO2) buffered aqueous solution. Reprinted from Figure 6: G.
Ramı́rez, M. Lucero, A. Riquelme, M. Villagrán, J. Costamagna, E. Trollund and M.J.
Aguirre, A supramolecular Cobalt-porphyrin-modified electrode toward the electroreduc-
tion of CO2, Journal of Coordination Chemistry, 57 (2004) 249–255. With permission of
Taylor and Francis (http://www.tandf.co.uk/journal.).

any potential studied. The highest current efficiency was observed in the case of
Co-porphyrins. In all the cases, during a voltammetry where the lower potential
is less than the required to the evolution of hydrogen, during the reverse scan
an anodic hump current appears. This hump disappears when CO2 is introduced
into the solution. The authors155, 156 propose that the appearing of this hump is
due to the formation of a cobalt hydride (see Figure 5.12). This species would be
the responsible for the catalysis. However, the authors do not explain why in the
case of CoDO, where the hump appears, there is not reduction of CO2 . However,
the results are very interesting and the best catalyst is tetraphenyl-porphyrinato
cobalt(II) chemically modified.

On the other hand, there are few studies about polymerized systems used as
catalysts in the reduction of CO2 . For example, there is a study from Riquelme
and coworkers147 where a glassy carbon electrode was modified with an elec-
tropolymerized Co-tetra(3-aminophenyl)porphyrin. In this work, authors made a
comparison between the electrode modified with a physically adsorbed layer of
porphyrin by deposition of a drop of solution (DMF containing the porphyrin)
and an electrode modified with the same porphyrin electropolymerized by cyclic
voltammetry. The response of the polymeric-modified electrode in NaOH under
N2 atmosphere shows a voltammetric reversible couple at ca.−1.0V vs. Ag/AgCl
corresponding to the couple Co(II)/Co(I) and at potentials more negative than
−1.2 V (ca. close to −1.6 V) a current discharge corresponding to the evolution
of hydrogen reaction. In the presence of CO2 , the redox signal corresponding
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to the couple diminishes in intensity but is broader and the current discharge ap-
pears at potential slightly negative than in the case of N2. It is possible that under
CO2 atmosphere two reduction processes take place simultaneously: evolution of
hydrogen and reduction of CO2

147. On the other hand, the open circuit poten-
tial (OPC) of the modified electrode changes when the system is submerged in
a solution saturated with N2 or CO2. In the first case, the value is −0.13 V and
in the second, −0.278 V. The change indicates the possible possible formation
of an adduct between CO2 and the metal center because, if the system is main-
tained under N2 and pH varies in the same sense of the variation produced by
CO2, there is a practically no change in the OCP147. The formation of a kind of
adduct could explain the change in the voltammetric couple of the Co(II)/Co(I)
when the solution is saturated with N2 or CO2. The monomeric-modified elec-
trode does not catalyze the reduction of CO2, probably due to its low stability.
Electrolysis of the polymeric system at −1.25 V gives CO, formic acid and H2.
The main products are CO and H2. From the polarization curves it is possible to
obtain kinetic data. The Tafel plots have a slope of −0.12 V/decade indicating that
the rate-determining step of the reaction is the first electron transfer:

[Co(II) · · · CO2] + e− −→ [Co(I) · · · · · · CO2]. (5.16)

The polymeric electrode is very stable and products were detected 4 hr of elec-
trolysis147.

In an interesting study, Magdesieva and coworkers146 compared the cat-
alytic behavior of mono, di, and electropolymerized phthalocyanine complexes
in methanol, toward the electroreduction of CO2. In the case of mono- and di-
phthalocyanines, they were used in impregnating the electrode (graphite) from
a solution of CH2Cl2 or DMF. The electropolymerized complexes were ob-
tained by cyclic voltammetry. The reason for using methanol instead of water
is the enhanced solubility of CO2 in methanol and the diminishing of the hydro-
gen evolution reaction. In this work Cu 2,9,16,23-tetra-tert-butylphthalocyanine
(Bu1PcCu), Cu 2,9,16,23-tetraaminophthalocyanine (NH

2 PcCu), Lu monophthalo-
cyanine (PcLuOAc), Lu (Pc2Lu) and Dy diphthalocyanine (Pc2Dy), Lu 2,3,9,10,
16, 17, 23, 24, 2′, 3′, 9′, 10′, 16′, 17′, 23′, 24′-hexadecapentoxydiphthalocyanine

(C
5

H
11

O
Pc2Lu), and electropolymerized tetraamino Cu monophthalocyanine

(poly −NH
2 PcCu) as electrocatalysts were studied. All the complexes catalyze

the electroreduction of CO2. The products depend on the complexes and the ap-
plied potential. For example, the quantity of methane changes from 20 to 30%
when the potential was varied from −1.8 to −2.5 V vs. Ag/AgCl in the case of
NH
2 PcCu. In the case of Pc2Lu, there are a decrease in the amount of CO and an
increase in the production of methylformate. The polymer is destroyed at poten-
tials beyond −1.5 V. In all the cases, the current efficiencies for the products vary
depending on the time of electrolysis. During the first 30 min there is no methane.
CO appears between 60 and 90 min of electrolysis. However, this variation can
be an artifact of the higher solubility of these products in the solvent (products
were measured in the aqueous fraction). The average of the current efficiencies
measured in the gas phase show noticeable variation depending on the different
kinds of complexes. The higher current efficiencies for methane were obtained
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for Bu1PcCu at two different potentials146. All complexes showed more than one
product indicating that the selectivity in these cases is poor. Based on these results
and published data, authors146 proposed the mechanism in Scheme 5.6146 for the
CuPc.

According to the mechanism, the extent of CO2 reduction (and the conse-
quent kind of products) is determined by the reduction ability of the anionic form
of the complex and the stability of the intermediate products146. On the other
hand, the difference in the ability to produce methane between the amino and
the butyl Cu phthalocyanine indicates the strong dependence of the reduction on
the substituents in the phthalocyanine ring. Then the mechanism is based on the
strong reducing behavior of the reduced form of CuPc. Then in the first stage, the
reduced complex can transform CO2 in the radical cation and some amount of this
radical becomes HCOOH whereas another coordinates with the Cu center (para-
magnetic). After various steps, the coordinated radical anion terms into CO. If the
adduct is sufficiently stable, the consecutive reduction steps permits the transfor-
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Scheme 5.6. Catalytic cycle for cooper phthalocyanine. Reprinted from Scheme 1: T.V.
Magdesieva, I.V. Zhukov, D.N. Kravchuk, O.A. Semenikhin, L.G. Tomilova, and K.P.
Butina, Electrocatalytic CO2 reduction in methanol catalyzed by mono-, di- and elec-
tropolymerized phthalocyanine complexes, Russian Chemical Bulletin 41 (2002) 805–812.
With permission of Springer, Kluwer Academic/Plenum Publishers.
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mation of the coordinated radical anion into methane146. In the case of the amino
substituents, its electron donating character enhances the electronic density of the
metal center and the ring. The energy of the d orbital that interacts with CO2 in-
creases diminishing the overlapping with the CO orbitals. The formation of CO
as the main product in the case of the electropolymerized Cu phthalocyanine was
not explained. In order to understand the obtained results, a theoretical approach
can be used, based in literature146. In fact, the catalytic activity of a neutral ph-
thalocyanine can be related to the energy of the frontier orbitals of the complex.
Also the catalytic activity of monophthalocyanines correlates with their ability to
coordinate a fifth axial ligand, and hence with the differences in energy of the d
orbitals of the metal and the frontier orbitals of the coordinating ligand146, 166. The
reduced phthalocyanine complex has a high-energy HOMO formed from of the
neutral complex165 mainly located at the N atoms of the ring. Then, the complex
is a strong reducing agent and the main product of the reaction will be CO, in the
case of a weak bound between the CO and the metal. This situation appears when
the metal is bond to the CO by dxz(dyz) orbitals, but not d2

z . It can occur if it is
doubly occupied. In this case, the back donation with the π*-orbital of CO should
involve the d2

z -orbital and will be weak. But, if the CO is bound to the metal by a
σ M–C bond (involving the dz2 and (n +1)pz and (n +1)s orbitals), methane can
be produced. In the case of low-lying d-levels (Sn, Pb, In, Zn, and others), they
are not involved in the ligand binding. The binding occurs only through the s and
p orbitals. The LUMO of the neutral molecule is less localized and then, higher
in energy compared to the first case. The complex in this case will be a weakly
reducing agent. It is possible that in this case the formation of the radical anion
does not generate CO but only formic acid146, 165. In the case of rare-earth por-
phyrins, d and f-orbitals are very low in energy and do not participate in bonding.
The reaction only involves the orbitals of the ring and will produce formic acid as
the main product. In the case of diphthalocyanines of rare-earths, the orbitals of
the metal and the ring are highly separated in energy, and there is a negligible in-
teraction between them146, 167. Then the reduced form of the complex is a weaker
reducing agent compared to monophthalocyanines.

Semi-empirical calculation168 shows that in the case of diphthalocyanines,
the coordination of CO2 or CO molecule to the metal atom is sterically impeded.
Probably, the peripheral N atom is involved enabling the formation of methyl for-
mate and CO. When the diphthalocyanine has bulky substituents, only H2 is the
product of the reaction due to steric factors. In order to confirm those conclusions
authors performed quantum-chemical calculations using porphyrins as models:
Co, Ni, Cu and Zn tetraaza porphyrins. In all the cases except the Ni, the monore-
duced or double reduced complex, in the LM–CO molecule, where L represents
the ligand, the axial C–O group is perpendicular to the plane of the ligand, and
the metal center is shifted from the plane toward C–O. In the case of the Ni com-
plexes, the angle is 94◦ for the mono and dianion (see Figure 5.15)146. On the
other hand, when the charge of the complex varies from −1 to −2, the M–C bond
shortens in the Co and Ni complexes but in the case of Cu and Zn, elongates.
The reduction of CO elongates the bond C–O much more that in the case of M–
CO complexes. These results can be explained because in the case of Co and Ni
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complexes, the back donation π∗(CO)–dxz(yz)(M) interaction (see Figure 5.16)
plays the main role, whereas in the case of the Cu and Zn complexes, the nor-
mal binding of CO as a Lewis acid, n(CO)-dz2(pz−s)(M) interaction is the main
interaction. This assumption was confirmed by the data of adsorption on metal
surfaces from UPS, EEIS and IRAS169.
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Figure 5.15. For the neutral complexes and their anions (monoreduced forms) and dianions
(doubly reduced forms) the axial C–O group is perpendicular to the ligand plane and the
atom is slightly shifted from this plane (except for Ni). In the case of L–Ni–CO, the angle is
94◦ and this arrangement of the C–O ligand is retained in the mono and dianion. Reprinted
from Figure in the page 810: T.V. Magdesieva, I.V. Zhukov, D.N. Kravchuk, O.A. Seme-
nikhin, L.G. Tomilova, and K.P. Butina, Electrocatalytic CO2 reduction in methanol cat-
alyzed by mono, di- and electropolymerized phthalocyanine complexes, Russian Chemical
Bulletin, 41 (2002) 805–812. With permission of Springer, Kluwer Academic/Plenum Pub-
lishers.

Ab initio calculations of the coordination of the CO2 molecule to several
metals have recently been reported165. The relative stability of different modes
of CO2 coordination was calculated. One factor in the bonding between metal
atoms and CO2 is that the ground state has the maximum spin electron confi-
guration20, 165. Other high-spin states, which only differ from the ground state
by electronic permutations within the nonbonding d subshell, must be very close
to the ground state. The spin populations show a transfer of one metal valence
electron to the CO2 group, i.e., into a MO largely localized at the sp-hybridized
atomic orbital of the carbon atom. Differences in the products of electrocatalysis
(CO or CH4 with some metallic phthalocyanines and HCOOH with others) are
rationalized on the basis of the electronic configuration of the metal atom. The
reduction of CO2 to CO is attributed to the strongly electron-donating HOMO
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C = O O = C

BA

MM

Figure 5.16. In the case of the Co and Ni complexes the back donation (π∗(CO))–
dxz(yz)(M) interaction (A) plays the main role. In the case of the Cu and Zn com-
plexes, the normal binding of CO an a Lewis acid; n(CO)–dz2(pzs)(M) interaction
(B) is the most important. Reprinted from Figure in the page 810: T.V. Magdesieva,
I.V. Zhukov, D.N. Kravchuk, O.A. Semenikhin, L.G. Tomilova, and K.P. Butina, Elec-
trocatalytic CO2 reduction in methanol catalyzed by mono, di- and electropolymerized
phthalocyanine complexes, Russian Chemical Bulletin, 41 (2002) 805–812. With permis-
sion of Springer, Kluwer Academic/Plenum Publishers.

of [MPc]n−. This orbital, which derives from the electron-accepting LUMO of
neutral MPc, spreads over the nitrogen atoms surrounding the metal atom M. The
final step in the generation of CO takes place when it is rapidly separated from
the metal if this metal has a doubly occupied 2a1g(dz2) orbital20, 165.

However if CO molecule is bound to the metallic atom by σ -bonding, the
reduction may proceed up to the CH4 product20, 165. Electron occupation of the
LUMO by ionization does not take place in metals with outermost s or p electrons
and extensive reduction to CO may not be possible. Electron transfer from MPc
to CO2 will end in CO−

2 , followed by separation of HCOOH instead of CO. In
the “carbon dioxide complex” the anion is bent with an angle O–C–O equal to
134◦ and C is probably σ -bonded using the dz2 or pz orbitals of M165. Figure
5.17 depicts the interaction between orbitals of the CO2 molecule and the metal-
lophthalocyanine.

The studies shown here depict a wide variety of modified electrodes. In
all the cases, the aim was to enhance the selectivity and the catalytic activity of
differents systems toward the electroreduction of CO2. In fact, the modification
of electrodic surfaces with metalled phthalocyanines or porphyrins, as adsorbed
layers, electropolymerized films or supramolecular assemblies show very differ-
ent behavior depending on the kind of modification. In the case of adsorption of
phthalocyanines, the products are strongly dependent on the electrolyte, pH and
negative limit of potential used. When the same complexes are protected with
membranes as Nafion or PVP, there is an improvement in the selectivity and sta-
bility of the electrocatalyst. However, as in the other cases, each complex has a dif-
ferent behavior that depends on the experimental conditions. Also, the behavior of
carbon gas diffusion electrodes where the electrode is modified with phthalocya-
nines was investigated. For this kind of systems, an enhancement in the rate of the
process is obtained. The selectivity depends on the metal in the carbon (electrode)
hydrophobic environment. It was also studied, with diffusion gas electrodes, the
simultaneous reduction of CO2 and nitrates or nitrites, using metallophthalocya-
nines, obtaining urea as the main product. On the other hand, supramolecular
assemblies of porphyrins anchored to the electrodic surface through a covalently
bonded molecule that acts as a fifth ligand of the first porphyrin show an
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Figure 5.17. Relevant part of Pc’s and the antibonding MO and CO2. Reprinted from
Figure 5.2: N. Furuya and S. Koide, Electroreduction of carbon dioxide by metal phthalo-
cyanines, Electrochimica Acta, 36(8), 1309–1313 (1991). Copyright 1991, with permission
of Elsevier.

interesting catalytic behavior toward the reduction of CO2 in spite of the noncat-
alytic behavior of the same porphyrin physically adsorbed on the same surface. In
the case of electropolymerized azamacrocycles, the stability and catalytic activity
increases compared to the adsorbed layers of monomers.

6. Conclusions

The global warming is probably one of the most important environmental
issues for this century. Every day there is new evidence of the climate change,
but perhaps all this evidence is still not totally verified. However it is evident that
the problem is real and the electrochemical reduction of carbon dioxide is one
of the ways to solve the problem. In this chapter we discuss three families of
compounds that catalyze the reduction of carbon dioxide. The general property
of these macrocyclic complexes is that they reduce the overpotential required for
this reaction to a more positive potential than metallic cathodes.

On the other hand the selectivity is not very high with few exceptions,
but the general drawback is that always the most frequent product and in larger
amounts is carbon monoxide. Therefore, the design of new macrocycles that al-
low multielectronic transfer reactions that lead to more reduced products is one of
the possibilities in the next steps of this field. All these examples depict the great
interest on the reduction of CO2 catalyzed by azamacrocyclic complexes of tran-
sition metals. Progress in the obtention of better systems is an interesting goal.
However, there is a long way to walk in order to reach economical systems that
permit the conversion of CO2 in combustible using the solar light as the energy
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required for the reaction. However any contribution is valuable, because the topic
involve the future of the next generations.
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6
Supramolecular Porphyrins
as Electrocatalysts

Koiti Araki and Henrique E. Toma

1. Build-up of Supramolecular Porphyrins Based
on Metal–Ligand Coordination

Diverse approaches are being employed to build up supramolecular sys-
tems, including covalent and coordination bonds, electrostatic assembly, hy-
drogen bond, and even weaker interactions like π -stacking and dipole–dipole
interactions. The use of weak bonds has been majoritary in supramolecular che-
mistry, but the metal–ligand coordination approach is becoming popular because
well-defined tridimensional structures can be assembled using this strategy. In
addition, the properties of the inserted metal complexes can be varied almost at
will, thanks to the large number of metallic elements associated with a plethora of
available oxidation states and ligands. Consequently, the electronic, catalytic and
electrocatalytic, photochemical, magnetic, electron- and energy-transfer proper-
ties can be conveniently controlled, in order to assemble functional systems and
materials. However, this is not an easy task because it implies a fine tuning on the
structural, electronic, kinetic, thermodynamic, and even entropic factors. Nature
performs such a complicated task to perfection in biological systems using only a
small number of molecules from an infinitely large library of possible molecular
systems.

Among the various systems that have been subject of research, we will
focus on the catalytic, electrocatalytic, and photoelectrochemical properties of
supramolecular systems containing porphyrins, more specifically pyridyl-
porphyrins linked to transition metal complexes. The advances on the field of
supramolecular poly- and oligometalloporphyrin arrays were reviewed until the
year 2000 by the excellent articles of Wojaczynski et al.1, Imamura et al.2,
Sanders3, and Chambron et al.4; while we have reviewed the properties of TPyP
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coordinated to [Ru(bpy)2Cl] and [µ3 −ORu3(OAc)6(py)2] in the same period5, 6.
More recently, the chemistry of porphyrin arrays obtained by axial coordination
and the energy transfer in some side-to-face pyridylporphyrin adducts were re-
viewed, respectively, by Baldini and Hunter7 and Prodi et al.8 In this article we
intend to update and extend the existing view, covering also other systems con-
taining pyridylporphyrins directly linked to transition metal ions.

Porphyrins are aromatic tetraazamacrocyles capable to bind most of the
transition metal ions, generating complexes with four fold symmetry. The por-
phyrin ring is somewhat flexible, as attested by the saddle conformation generally
assumed by the free-base and the corresponding di-acid. The porphyrins possess
three possible sites for metal–ligand coordination: (a) the axial positions at the
central metal ion in metalloporphyrins, (b) the ligands attached to the meso- or (c)
pyrrole β-carbon positions. The coordination geometry at the central metal ion is
generally fixed, giving rise to a pentacoordinate square pyramidal geometry, like
in zinc porphyrins, or hexacoordinate complexes with more or less tetragonal dis-
tortion. The structures of the most commonly used pyridylporphyrins MPyP (1),
trans-DPyP (2), cis-DPyP (3), TriPyP (4), and TPyP (5) building blocks are shown
in Scheme 6.1. The spheres indicate the peripheral coordination points and M rep-
resents 2H+ or a transition metal ion bond to the porphyrin macrocycle. In gen-
eral, only the most relevant structural characteristics will be shown in the schemes,
such that the readers are invited to look at the original papers for the details.

1.1. Supramolecular Porphyrin Assemblies by Axial Coordination

Many molecular architectures can be designed by axial coordination app-
roach, which is suitable for obtaining photochemically active supramolecular
systems, exhibiting intramolecular energy- and electron-transfer (ET) processes.
Fleischer et al.9 pioneered the assembly of side-to-face arrays of pyridylpor-
phyrins exploring the coordination properties of meso-(phenylpyridyl)porphynato
zinc to get dimers, trimers, and polymers, depending on the number of pyridyl-
substituents and the relative position of the N-atoms in the ring. A dimer was
obtained simply by mixing ZnTPP and ZnMPyP, and a trimer resulted from the
mixture of two equivalents of ZnTPP with DPyP in CHCl3, by axial coordination
of the pyridyl N-atom to the zinc ion. Spectroscopic studies of more concentrated
ZnMPyP solutions (> 10−4 M) revealed the presence of oligomers and polymers
(Scheme 6.2). This approach is certainly the most widely used one to obtain dis-
crete porphyrin oligomers and polymers (6–8), by self-assembly. Also, a strategy
for the preparation of supramolecular systems containing cavities with molecular
recognition properties (9), was demonstrated by Sanders et al.3, 10–15

Interesting results were also obtained by self-assembly of phenyl-bridged
Zn-diporphyrins with pyridylporphyrins, in which energy transfer was observed
from the ZnP to the free-base moiety (10, 11 without the quinone, Q and 12, in
Scheme 6.3)16–19. A series of triads were obtained by linking para-benzoquinone,
pyromellitimide, or anthraquinone, as electron-acceptor (Q), to the 5-position of
a Zn-diporphyrin and self-assembly with cis- or trans-dipyridylporphyrins, trans-
dipyridylchlorin, and tetrahydroporphyrin (10, 11)20–25. A strong quenching of
the dimer fluorescence was observed in toluene due to energy and sequential ET
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to the free-base moiety (0.9 and 1.7 ps, respectively; 293 K), which are faster than
the ET (34 and 135 ps) from the dimer to the covalently linked electron-acceptor
Q. The photophysical processes are strongly influenced by the spacer in between
the dimer and the quinone, as well as the position of the pyridyl N-atoms in the
free-base.

One of the most impressive recent examples using this approach was given
by Michelsen et al.26 and extended by Kobuke et al.27–29, using meso-bis-
(N -methyl-3-imidazolyl)-bis-porphyrinato zinc and analogous species. The lin-
ear bis-imidazolylporphyrins afforded the giant staircase arrays 13, 14 shown in
Scheme 6.4, by successive complementary coordination of the imidazolyl moi-
ety to the axial positions of Zn2+, Mg2+, or Co3+ ions of two adjacent porphyrin
rings, in a slipped conformation29–35. Highly stabilized structures were obtained
when the central metal ion was hexacoordinating and allowed the formation of
an extra bond, such that very long arrays could be obtained. For example, chains
with an average length of 110 nm and MW = 105 were characterized for 13
and up to 500 nm long nanostructures were found by AFM for 14. In contrast,
a well-defined macroring 15 (Scheme 6.4) was spontaneously assembled when a
canted bis-porphyrin, forming an angle of 120◦, was used instead27, 36. Further-
more, it was demonstrated that the nanostructures formed with zinc porphyrins
can be reversibly dismounted and mounted, simply by controlling the amount of



258 Koiti Araki and Henrique E. Toma

NN

Zn

N

NN

Zn

N N

N
N N

N N

NN

ZN

N N

N

N
N

N

NN

N

Zn N Zn
N

N

Zn

N N
N N

N

N

(6)

(8)

(9)(7)

Zn

N

N N
N Zn

N

NN

Zn N N
H
N HN

N
N M N

N

N

NH

N

NN

NN
M

N HN

N
N M N

N

N
N

N N

M
NN

N
N

N

Zn

N

N NNN

N

Scheme 6.2.

NN

N N

N N

N N

N

N

N N

N

N

N N

N

N

H

H

N

N

N

N N

NNNN

N

N

N

N
N HN

NH N

Q

Q

(11)

(12)

N

N

N

N

N

H
N

N
H

N N

N

N

N
Zn

Zn Zn

Zn
N

N N

N

N

Zn

ZnZn

Zn

(10)

Scheme 6.3.

CH3OH added to the CHCl3 solution, thanks to the relatively high formation con-
stant (K ∼ 1010 in CHCl3) and labile methylimidazole–ZnP bonds. Accordingly,
molecular wires and circular structures, that mimic the light-harvesting center of
the photosynthetic bacteria, could be obtained in a controlled way. Self-assembled
monolayers (SAM) of porphyrin arrays were also obtained on Au surfaces, using
a three-step procedure. First, an imidazolyl-appended zincporphyrin bearing a
ω-mercaptohexylphenyl substituent in trans-position was attached forming a
monolayer. A solution of monomeric 13 in a 1:1 mixture of nitrobenzene and
pyridine was then transferred onto it and the subsequent evaporation of the pyri-
dine ligand (50◦C for 10 min) lead to films of standing porphyrin arrays30, 37.
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Photocurrent efficiencies of about 0.1% and consistent photoaction spectra were
measured, when the modified Au plates were immersed in a 5 mM MV2+ solution
and irradiated with visible light.

The variety of this face-to-edge assemblies can be extended further by us-
ing more inert hexacoordinating transition metal ions, such as Ru(II), Os(II),
Rh(III), etc., in association with Zn(II) and free-base porphyrins. In this way,
supramolecular species with structures analogous to 6–8 (Scheme 6.2) and 16–18
(Scheme 6.5) or even more complex arrangements were obtained, by exploring
the available axial coordination sites. Supramolecular porphyrins like 16 and its
analogues were obtained by using 1–5 and M-OEP or M-TPP (M = Ru(II) or
Os(II)), in which the sixth axial position was blocked by CO8, 38–49. The singlet
state of these complexes is strongly perturbed by the heavy-atom effect, which en-
hanced the intersystem crossing and quenching processes. The singlet and triplet
states of the RuP were generally at higher energies than the free-base and ZnP
excited states, such that efficient energy-transfer processes from the ruthenium
porphyrin moieties were observed. Interestingly, the photophysical properties of
the para- and meta-pyridyl derivatives were similar8, 45, 48. Zig-zag and cyclic
structures like 6 and 7 were also prepared using Ru(II) and Os(II) porphyrins.
On the other hand, slipped dimers 17 (Scheme 6.5) were obtained by assem-
bling Ru-2MPyP having one of the axial positions protected by pyridine or CO.
Then, more complex supramolecular architectures 19, 20 (Scheme 6.5) were ob-
tained by extending those structures through such coordination sites. Wires and
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macrorings50–52 with phosphine-substituted porphyrins were also obtained, as
well as porphyrin arrays containing ruthenium and osmium polypyridine com-
plexes53.

1.2. Supramolecular Assembly Using Peripheral
Pyridyl-Substituents

Coordinating substituents can be used to assemble supramolecular systems
without blocking the metalloporphyrin center. This is the most interesting app-
roach when the catalytic and electrocatalytic properties are considered, since
these processes generally involve the coordination of the substrate to the central
metal ion.

The assembly of supramolecular structures by peripheral coordination of
transition metal complexes is a very versatile approach, as will be shown below
using essentially the same pyridylporphyrins presented in the previous section.
Many intrincate new architectures can be built-up generating exquisite nanosized
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structures and even polymers, by controlling the geometry and bonding charac-
teristics of the molecularly engineered components. The research on the use of
Pd(II), Pt(II), Re(I), Ru(II), etc. complexes as linear and angular molecular joints
was developed by many groups. From those studies it becomes clear that cyclic
structures, generated by coordinative self-assembly, can be thermodynamically
stable and exhibit molecular recognition properties54–67. This same approach
is useful for building-up many supramolecular species1, 2, 5, 6, 8, 64, 68–70, that can
be hierarchically self-assembled further to generate highly organized molecular
materials, by exploring increasingly weaker interactions66, 71, 72.

Many supramolecular systems can be devised according to the number,
position, and nature of the coordinating groups. For example Pt(II) and Pd(II)
form well-defined square planar complexes that can be used to build-up supra-
molecular architectures in a controlled way, by judicious selection of the ligands
and geometry of the starting reagents. One, two, and four 1 can be coordinated
to such complexes forming stable compounds, where the bis-porphyrins can be
selectively obtained in the cis- (21, Scheme 6.6) or trans-conformations. Asym-
metric substitution was also demonstrated in Pt(II) and Ru(II) derivatives. For
example, Yuan et al. showed the controlled bonding of one, two (21), and four
1 to [M(dmso)2Cl2], where M=Pd or Pt; and the preparation of the asymmet-
ric species 22 (Scheme 6.6) containing 1 and 4′-methylpyridinium-4-pyridine co-
ordinated to MCl273. However, the formation of the metal–ligand bond can be
used to assemble more sophisticated supramolecular systems by the coordina-
tive self-assembly strategy. In this case, the structure of the porphyrin ligands
and the metal complexes used as building blocks should be complementary. For
example, the reaction of cis-DPyP (3) with cis-metal complexes leads to cyclic
dimers 23 (Scheme 6.6)8, 48, 65, 74. A more complex structure 24 (Scheme 6.6)
was obtained by using TPyP, with two vicinal pyridyl substituents capped with
[RuCl2CO(dmso)2] units, to assemble a dimer with a Pd(II) complex75, 76. How-
ever, the reaction of cis-DPyP with trans-Pt(II) or Pd(II) complexes generate
tetrameric cyclic species (25, Scheme 6.7) where the corners are the porphyrins. A
similar approach can be used to obtain cyclic tetramers (26, Scheme 6.7), whose
corners are the transition metal complexes62, 65, 66, 72, 77–82.

Drain et al. have shown that this strategy can be used to self-assemble
a spectacular π -stacking grid-like nonameric porphyrin 27 (Scheme 6.8), by
employing porphyrins and transition metal components with adequate structures
and stoichiometry8, 83. The molecular-grid was obtained by reacting TPyP, TriPyP,
cis-DPyP and trans-[PdCl2(benzonitrile)2] in 1:4:4:12 ratio, in CHCl3. The yield
was as high as 90%, demonstrating the specificity of this multicomponent
self-assembly process. Interestingly, tape or linear porphyrin arrays were obtained
by reacting TPyP and cis-DPyP with cis-Pd(II) or Pt(II) complexes, or trans-
DPyP and MPyP with trans-complexes, respectively. Grid and square porphyrins
can be used to obtain interesting nanomaterials, such as films with very well-
defined channels useful in molecular sieving or recognition72, 80, 85. More in-
teresting porphyrin materials and properties will be found as the diversity of
building-blocks and systems are augmented. The ruthenium dimethylsulphoxide
complexes studied by Alessio et al. are one of the most versatile building-blocks
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found to date, allowing the assembly of elaborate supramolecular systems in a
stepwise manner44, 69, 70, 74–76.

A related class of compounds has been derived by using porphyrins con-
nected to polypyridines such as 2, 2′-bipyridine, 1,10-phenantholine and 2, 2′:6′,
2′′-terpyridine. These chelating ligands form thermodynamically more stable
and inert transition metal complexes than the pyridine ligand, and such por-
phyrins have been extensively explored for the assembly of photochemically
active supramolecular systems, especially by Sauvage et al.86–97 The oblique
bis-porphyrins (Scheme 6.9) obtained by covalent bonding to the 2,9- (28) or
4,7-phen, or 3, 3′- or 5, 5′-bpy (29) positions can be used to form catenanes
and rotaxanes or dimers and trimers by coordination to appropriate metal ions.
[Ru(bpy)3]2+ like complexes can be generated as redox and photoactive com-
ponents of the supramolecular systems98–100. Linear bis-porphyrins connected
through 4, 4′-bpy100 and a cross-shaped species have been synthesized by the
reaction of Cu(I) with a cofacial dimer101.

A series of linear supramolecular porphyrins have been assembled by us-
ing terpy complexes as connectors or end-groups and varying the bridge and the
ring substituents (Scheme 6.10)102–111. The photochemical properties of those
supramolecular porphyrins, as well as of oblique bis-porphyrins and related
compounds, have been extensively explored particularly by Flamigni, Hambright,
Sauvage, and Balzani. Multistep energy and electron-transfer processes have been
observed in the diads 30 and triads 31, 32, assembled by combining Ru(II), Rh(II),
Os(II) and more recently Ir(III) terpy complexes with free base, zinc and Au(III)
porphyrins. When [Ru(terpy)2] is used in combination with porphyrins, the
energy transfer to that complex is the predominant decay pathway103, 105–107, 109.
Nevertheless, relatively long lasting (450 ns) charge-separated species has been
observed for a ZnP–Ir–AuP triad108 in contrast with the analogous H2P–Ir–AuP
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complex, in which a fast decay to the H2P∗ triplet state was found. Large nonlin-
ear optical properties for this kind of donor–acceptor complexes have also been
reported111.

2. Synthesis and Characterization of Tetrametallated
Pyridyl Porphyrins

A variety of supramolecular species containing porphyrins and transition
metal complexes (many have been omitted), with increasingly higher complexity,
have been synthesized and characterized, promoting an extraordinary advance-
ment of the chemistry of such compounds. Consistent efforts directed to the study
of the molecular sieving and photoinduced charge separation, have been carried
out by many groups. These points were rapidly reviewed in the previous para-
graphs, in order to show the current status and the yet unexplored potentiality of
the supramolecular chemistry based on the metal–ligand coordination approach.
Now we will focus on a more specific series of porphyrins bond to transition
metal complexes, with particular emphasis on their catalytic and electrocatalytic
properties which have been subject of systematic studies by ourselves and other
researchers. The prototype porphyrin is M-TPyP coordinated to a variety of termi-
nal complexes as shown in Figure 6.1, where M = first series transition metal ions.
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The study of this series of compounds was begun with the intention of
preparing multielectronic redox catalysts based on the coordination of redox
active transition metal complexes such as [Ru(NH3)5]2+ and [Ru(edta)]− to the
pyridyl N-atoms of M-TPyP (33, 34)112–115. The basic idea was that the binding
of peripheral ruthenium complexes could help delivering electrons to the catalytic
active metalloporphyrin center, activating it for multielectronic processes; for
example, the tetraelectronic reduction of O2 to water. This was an alternative mec-
hanism to the bis-coordination insight proposed by Collman and Anson, based on
the study of a face-to-face cobalt diporphyrin116–118. In fact such hypothesis was
demonstrated by Anson et al., who started an exhaustive work on the electro-
catalytic, properties of the Co-33 complex in 1991119. Soon after, we started
a systematic study on the catalytic, electrocatalytic, and photochemical proper-
ties of the M-TRP series (35)120. The coordination of [Ru(bipy)2Cl]+ groups to
M-TPyPs showed to be very convenient and opened a wide range of interesting
possibilities, particularly due to the tendency of 35 to stack, forming homoge-
neous films121–123. This was followed by the work of Alessio et al.69 that showed
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the potentiality of [RuCl2(CO)(dmso)2] (36) and similar complexes for coordi-
native assembly of supramolecular porphyrins. After that we have extended the
series including the [Ru(phen)2Cl]124, [µ-ORu3(OAc)6(py)2]+ (37)125, [Ru(5-
Clphen)2Cl] (38)126, [Ru(bpy)3]2+ (41)127, [Fe(CN)5]3− (39)128, and [Ru(bpy)2
(OH2)]2+ derivatives129. A 3,4-pyridylporphyrazine (TPyPz) derivative (42) has
been also presented130. Recently, dirhodium [Rh2(form)2(TFA)2] porphyrin deri-
vatives (40) were explored as photoactive multiredox systems by Lo Schiavo
et al.131 where form = N , N -9-di-p-tolylformamidinate and TFA = trifluoro-
acetate. The porphyrin fluorescence was significantly quenched by the electron-
transfer from the dirhodium moieties. Hereafter, the synthesis, spectroscopic, and
spectroelectrochemical properties of such supramolecular porphyrins in solution
will be described, followed by a section about the conduction, catalytic, electro-
catalytic, and photochemical properties of the molecular films in a more integrated
way.

2.1. Syntheses

The peripherally polymetallated porphyrins have been obtained by the reac-
tion of the corresponding pyridylporphyrins with [Ru(edta)(OH2)]−, [Ru(NH3)5
(OH2)]2+, [Ru(bpy)2Cl2], [Ru(bpy)2Cl(OH2)]+, [Ru(phen)2Cl2], [Ru(5-
Clphen)2Cl2], [Ru(bpy)2(OH2)2]2+, [µ3-ORu3(OAC)6(py)2(MeOH)]+,
[RuCl2(CO)(dmso)3], [FeII(CNH)3(CN)2(NH3)] or [Rh2(form)2(TFA)2(OH2)]
complexes. Typically, the M-35 complexes have been obtained by reacting the
corresponding metallated porphyrin with [Ru(bpy)2Cl2] in 1:4.1 molar stoi-
chiometry, in refluxing acetic acid. The yields are generally high (about 90%),
but the corresponding peripherally ruthenated derivatives of MPyP, cis- and trans-
DPyP and TriPyP cannot be obtained by this method. In these cases, the more rea-
ctive [RuII(bpy)2Cl(OH2)]+ species should be used instead132. The insertion of
Zn(II), Cu(II), Ni(II) into H2-TRP can be readily performed in CH3OH, and used
as an alternative preparation method of the corresponding metallated derivatives.

The preparation of [Ru(NH3)5], [Ru(edta)], [µ3 − ORu3(OAc)6(py)2] and
[Fe(CN)5] derivatives (33, 34, 37, 39) is usually complicated by the low solu-
bility of the porphyrin or the transition metal complexes in a same solvent. For
example, the [Ru(edta)(OH2)]− and [Fe(CN)5(NH3)]3− complexes are soluble
only in water, while the M-TPyPs are only soluble in organic solvents such as
CHCl3. Protonation can help dissolving the M-TPyPs in water, however, H+
competes with the metal complexes, hindering the reaction. An exception is
[Ru(edta)(OH2)]− which reacts rapidly enough with the pyridyl N-atoms to avoid
the precipitation of the porphyrin during the neutralization reaction, leading to the
formation of 34. This strategy was also used to obtain its Co and Fe derivatives
in high yield11, 113, 133, but was not successful for the remaining complexes. In
the case of the [Fe(CN)5(NH3)]3− complex three of the five CN− ligands can
be protonated in concentrated HCl solution, generating a neutral species which is
soluble enough in trifluoroethanol to allow the formation of 39128. Only spec-
troscopic evidence of 39 was obtained when a large excess of a concentrated
[Fe(CN)5(NH3)]3− solution was added into an acidified MeOH solution of 5.
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All attempts to prepare the M-33 derivatives, where M= Fe(III) and Co(III),
starting from the protonated porphyrins and [Ru(NH3)5(OH2)]2+ have failed,
always leading to an insoluble material. Anson et al. suggested a possible ex-
planation based on a polymerization process, involving the dissociation of an am-
mine ligand and formation of bridging ruthenium sites134. For this reason, the
majority of their work has been carried out with samples generated “in situ”
inside Nafion films, previously prepared on carbon electrodes and loaded with
Co-TPyP109, 134–138. It should be noticed that, the reaction of meso-pyridyl-
tritolylporphyrin with [Ru(NH3)5(OH2)](PF6)2, yielding a binuclear complex,
was successfully carried out by McLendon et al. in acetone139, at room tempera-
ture. In this case, a 40% decrease in the fluorescence was reported for the Ru(III)
derivative and assigned to a redox quenching mechanism.

Similar solubility problems hindered the preparation of the [µ3 − ORu3
(OAc)6(py)2] derivatives in our laboratory for quite a long time. Acidified sol-
vents could not be used because H+ competes for the pyridyl sites, the coordina-
tion reaction is slow and the product 37 has relatively low solubility in the ma-
jority of the solvents. Accordingly, only a solvent that truly dissolves the reagents
and intermediates would enable the preparation of this series of supermolecular
porphyrins. An important finding was that 2,2,2-trifluoroethanol satisfy such re-
quirements. In this way it was used for the preparation of the free-base, Zn(II),
Co(III), and Mn(III) porphyrin derivatives125, 140–142. That solvent also dissolves
tetrapyridylporphyrazine, allowing the coordination of [Ru(bpy)2Cl] complexes
to the ring fused pyridyl N-atoms (42, Scheme 6.11)130. Zn-41 (Scheme 6.11) was
also synthesized in this way from a meso-tetra(2, 2′-bipyridyl)porphyrin, allow-
ing the investigation of vectorial energy transfer under the influence of the axial
ligand coordinated to the zinc porphyrin127.

Cis-[RuCl2(dmso)4] complex possesses S-bonded dmso ligands in trans-
position to the Cl−, being stabilized by strong donor–acceptor trans-influence.
One of the remaining dmso is O-bonded and labile, being easily exchanged
by ligands such as CO to generate [cis, f ac-RuCl2(dmso)3CO]. This species
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was combined with TPyP to give 36 in CHCl3. The Zn and Co porphyrin
derivatives were obtained by reacting further with the corresponding acetates.
Analogous tetrarutenated porphyrins were obtained by coordinating four [cis,fac-
RuCl2(CO)3], [trans-RuCl4(dmso)] or [trans-RuCl4(CO)] to TPyP69, 70.

The dirhodium carboxylate formamidinate complexes can be used as lin-
ear bridging and ending groups, by exploring the classical axial coordination
chemistry of this type of dinuclear complexes. Only one of the axial positions
is used for coordination to the meso-pyridylporphyrin when it is employed as
ending group (reaction with an excess of the dirhodium complex), but both axial
sites can be used for the assembly of linear structures and squares131, in the same
way as the trans-PtCl2 complex. However, functionalized carboxylates such as
meso-tetra(p-carboxyphenyl)porphyrins are bonded to the equatorial positions of
that dirhodium complex forming a canted diporphyrin and a square131, 143. The
combination of such chemistry is expected to give rise to more complex multipor-
phyrinic architectures.

2.2. Characterization

All tetrametallated porphyrins dealt with in this section have been exten-
sively characterized by electrochemical and various spectroscopic techniques
such as NMR, IR, luminescence, and UV-Vis, among others. But, the follow-
ing discussion will be focused mainly on the electrochemistry, spectroelectroche-
mistry, and electronic spectroscopy, and the evaluation of the electronic coupling
between the components of the peripherally metallated porphyrins. This is an im-
portant parameter for the discussion of the catalytic and electrocatalytic properties
as shown below.

2.2.1. Spectroscopic Characterization

The peripherally metallated porphyrins are soluble in water and conven-
tional organic solvents such as dmf, CHCl3, acetonitrile, and ethanol, in contrast
with M-TPyP which are usually soluble only in acidic solvents and 2,2,
2-trifluoroethanol. The coordination of the peripheral complexes perturbs the por-
phyrin π -system and this effect was shown to be strong enough to influence sig-
nificantly the electronic spectra. However, the general pattern is given by the sum
of the spectra of the chromophores constituting those supramolecular porphyrins
(Figure 6.2A). Also, when the peripheral complexes are asymmetric all the di-
asteroisomers seem to have the same spectroscopic, electrochemical and photo-
physical properties. Accordingly, the nonresolved samples actually behave as pure
compounds. Spectral characterization of [H2TRP (35) will be described in the fol-
lowing paragraphs, but the data for the remaining derivatives were summarized in
Table 6.1. The other peripherally metallated porphyrins exhibit similar behavior,
as can be inferred from spectral data of the M-TCP derivatives listed in Table 6.2.
However, the absorption bands can be slightly shifted depending on the solvent.

H2-TRP exhibits the porphyrin Soret and the four Q bands at 414, 518,
560, 584, and 642 nm, respectively; and the bands of peripheral complexes at 292
(bipy π → π∗), 356 (MLCT2 RuII(dπ) → bipy(π∗

2 )) and ∼ 470 nm (MLCT1
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RuII(dπ) → bipy(π∗
1 )). The protonation of the porphyrin ring (pKa ∼= 2.0),

by addition of HCl, shifts the Soret band to 440 nm. Nevertheless, the rise of a
new broad and strong band at 690 nm has also been observed (Figure 6.2B)120,
contrasting with the conventional two-peaked Q bands at 590 and 640 nm for
the 3TPyP derivative128. The fact that it disappeared when the ruthenium com-
plexes were oxidized or the porphyrin ring reduced (Figure 6.2C), supported
a RuII(dπ) → H4-4TPyP(π∗

1 ) charge-transfer transition, providing a direct
evidence of the existence of electronic coupling between those components. Such
interaction is also reflected in the observed shift (by 6 nm) and enhancement of the
Soret band (∼30%) when the peripheral complexes are oxidized to Ru(III). The
presence of a nodal plane in the π -system of the pyridyl bridges of the 3TPyP
derivative would lead to much smaller interactions, as confirmed by the absence
of that MLCT band.

The vibronic coupling between the chromophores of ZnTRP has been
studied by resonance Raman spectroscopy using six laser lines in the 450–
515 nm range144, in which there is a superposition of the Soret, RuII(dπ) →
(pπ∗)bipy and RuII(dπ) → (pπ∗)pyP charge-transfer transitions. Intense peaks
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Table 6.1. Absorption Bands of M-35 in dmf Solution, Where
M = 2H+, Zn2+, Cu2+, Ni2+, Co3+ or Fe3+. The Logarithm of the Molar Absorptivity

is Shown in Between Parenthesis

Complex bpy(π − π∗) MLCT2 MLCT Soret Q1−0 Q0−0

Cu-35 298 (5.3) 356 (3.9) 490 (4.7) 415 (5.3) 544 (4.2) 582 (3.7)
Fe-35 298 (5.0) 362 (3.9) 490 (4.5) 416 (4.9) 568 (3.9) 616 (2.3)
Co-35 298 (5.2) 356 (4.1) 490 (4.6) 434 (5.2) 546 (4.0) 594 (3.0)
Ni-35 298 (5.2) 354 (4.2) 490 (4.7) 414 (5.2) 530 (4.1) 580 (3.7)
Zn-35 298 (5.3) 358 (4.1) 490 (4.7) 430 (5.5) 562 (4.4) 606 (3.9)
H2-35 298 (5.2) 368 (4.7) 490 (4.7) 418 (5.3) Qy = 514(4.7) Qy = 558(4.3)

Qx = 594(4.2) Qx = 650(3.8)
H2Ru3 296 (5.1) 368 (4.6) 480 (4.6) 418 (5.3) Qy = 513(4.6) Qy = 556(4.3)

Qx = 591(4.1) Qx = 649(3.8)
t-H2Ru2 297 (5.0) 368 (4.6) 480 (4.5) 418 (5.4) Qy = 513(4.5) Qy = 555(4.2)

Qx = 647(3.8) Qx = 589(3.9)
c-H2Ru2 297 (5.0) 369 (4.6) 480 (4.4) 418 (5.4) Qy = 514(4.5) Qy = 554(4.2)

Qx = 590(3.9) Qx = 647(3.7)
H2Ru 297 (4.8) 369 (4.5) 480 (4.2) 418 (5.5) Qy = 514(4.4) Qy = 551(4.1)

Qx = 591(3.9) Qx = 647(3.7)

H2Ru = [MPyP{Ru(bpy)2Cl}], H2Ru2 = [DPyP{Ru(bpy)2Cl}2], H2Ru3 = [TriPyP
{Ru(bpy)2Cl}3]. Lowering of the symmetry from D4h (metallated) to D2d (free-base)
splits the Q0–0 and Q1–0 bands into their x and y polarized components, Qx and Qy .

Table 6.2. UV-Vis Absorption Bands of M-TCP in Acetonitrile Solution

Porphyrin Soret Q1−0 Q0−0 ORu3 (MLCT) Intracluster

H2TCP 414 (5.42) 518, 579 552, 645 314, 351 707
ZnTCP 436 (5.59) 572 (4.55) 619 (4.56) 324 (4.81) 685 (4.52)
CoTCP 435 (5.01) 557 (4.22) 611 (4.23) 318 (4.61) 693 (4.28)
MnTCP 475 (5.01), 584 (4.30) 621 (4.36) ∼ 320 694 (4.34)

370 (4.86)a

a Band VI.

characteristic of the totally symmetric modes of ZnTPyP and bpy-ligands have
been found and classified in four groups according to the excitation pattern.
The characteristic ZnTPyP modes are intensified by excitation at the Soret band
while the bpy modes at 1491, 1321, and 669 cm−1 followed the contour of the
MLCT band with a maximum at 495 nm. However, some of them were intensi-
fied both at the Soret and a band at 466 nm. The last one has been assigned to a
RuII(dπ) → (pπ∗)pyP charge-transfer transition and constitutes direct evidence
of the vibronic coupling between the ZnTPyP and [Ru(bpy)2Cl] moieties102, 121.
Accidentally degenerate porphyrin and bpy modes have also been identified.
A similar behavior has been observed for other analogous compounds.
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2.2.2. Electrochemical Characterization

The peripherally metallated porphyrins exhibit two electrochemically active
sites: the central metalloporphyrin and the peripheral transition metal complexes.
Because of the presence of multiple (up to four) peripheral redox sites, the voltam-
metric behavior is dependent on the electronic coupling proportionated by the
pyridylporphyrin bridge. Each site is oxidized or reduced at a different potential
in the strong coupling limit, as observed in the [µ3-ORu3(OAc)6(py)3] and analo-
gous complexes6, in which the monoelectronic processes involving the ruthenium
ions are separated by ∼1V. As the electronic coupling decreases, �E becomes
smaller and finally the sites behave independently of each other in the weak cou-
pling limit. In this case, only a single couple of waves exhibiting intensity propor-
tional to the number of equivalent active sites, is observed in the CVs. However,
the change of oxidation state dramatically alters their donor–acceptor character,
influencing the redox potential of the site to which they are bond, in the same
way as the effect induced by the ligand substituents. This means that one can get
a system equivalent to a “whole series of compounds” from a single supermole-
cule, just by modifying the oxidation state of its components. In fact, more or less
strong donor or acceptor groups can be generated by adding or withdrawing elec-
trons from any molecular species, including organic compounds, but the transition
metal complexes exhibit a comparativelly rich electrochemistry. The question that
remains is, how good are the pyridylporphyrins as electronic connectors (for a dis-
cussion on the current status on charge-transfer see ref145. and refs. therein). The
electrochemistry data for all the supramolecular porphyrins shown in Figure 6.1,
including the [µ3-ORu3(OAc)6(py)2] (37) and the dirhodium derivatives (40),
indicate that the pyridylporphyrins are moderate or weakly coupling bridges, in
contrast to pyrazine and analogous ligands. In fact, the peripheral redox sites be-
have essentially as a single species, giving rise to only one voltammetric wave
with intensity proportional to the number of equivalent sites.

The electrochemistry of [Ru(edta)], [Ru(NH3)5] and [Fe(CN)5] derivatives
(33, 34, 39) has been performed exclusively in aqueous solution (−1 to + 1
V range), including the M(III/II) process of the peripheral complexes, as well
as the Fe(III/II)P, Co(III/II)P and Mn(III/II)P processes. The potential of the
[RuIII/II(edta)(pyP)] process in Fe-34 and Co-34 differs by 30 mV, reflecting
the change in the redox state of the central metal ion, i.e., the peripheral sites
are reduced before the iron porphyrin center in the Fe(III)P derivative113, 133,
while Co(II)P is formed before the reduction of those sites114. The same effect
was expected for the [Ru(NH3)5] derivatives (Table 6.3), but the corresponding
Co(III/II)P wave has not been observed by CV138. The [FeIII/II(CN)5pyP] po-
tential is similar to that of analogous complexes, however, the oxidation of the
porphyrin ring occurs at comparatively low potentials (∼ 0.7 V). This suggests
a significant stabilization of the oxidized porphyrin probably by electrostatic ef-
fects, since the complex is present as a Fe(III) complex and is unable to induce
such kind of effect by electronic means128.

The electrochemistry of M-TRP ([Ru(bpy)2Cl] derivatives) has been car-
ried out in dmf or acetonitrile solutions and a typical set of voltammograms for
the Cu(II) derivative is shown in Figure 6.3146. The Ru(III/II) redox processes
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Table 6.3. Redox Potentials (E vs. SHE) of Some
Peripherally Metallated Porphyrins

Porphyrin Peripheral
M(III/II)

M′(III/II)P

Fe-34 −0.02 0.11
Co-34 0.30 0.08
H2-33 0.33 —
Co-33 0.38∗ not obs.
[CoTriPyP{Ru(NH3)5}3] 0.38∗ not obs.
[CoDPyP{Ru(NH3)5}2] 0.38∗ not obs.
[CoMPyP{Ru(NH3)5}] 0.36∗ not obs.
[MPyTTP{Ru(NH3)5}] 0.4139 —
[3TPyP{Fe(CN5)}4] 0.45 —

KCl 0.5 M or ∗in Nafion film, 0.5 M HClO4 + 0.5 M NH4PF6
aqueous solution138.

associated with peripheral ruthenium complexes are responsible for a reversible
wave around 0.9 V, invariably exhibiting an intensity four times bigger than that
centered at the metalloporphyrin moiety120, 122, 124, 132, 147. This process is fol-
lowed by an EC process (>1.2 V) assigned to the oxidation of the metallopor-
phyrin (Table 6.4). At negative potentials, two successive monoelectronic ring
reduction waves to the radical anion (−0.7 V) and the dianion (−1.1 V) can be
observed, followed by the reduction of the bpy-ligands. This process occurs in
steps, such that one of the rings is reduced around −1.4 V and the second at
−1.6 V. Also, the Co(III), Fe(III), and Mn(III) porphyrins can be reduced to the
respective M(II)P species. Normally, the Co(III/II)P wave is not observed in the
CVs because of its slow kinetics, but is expected around 0.1 V, by analogy with
other meso-substituted CoPs. On the other hand, the Fe(III)P derivative can form
the highly stabilized µ-oxo dimer, µ-O(FeIIIP)2, which rapidly dissociates after
the reduction at −0.76 V148. In addition, the porphyrin ring reduction potential
is sensitive to the coordinated metal ion and its oxidation state. For example, the
reduction of the [CoIITPyP{RuII(bpy)2Cl}4] species is cathodically shifted due to
the prior formation of Co(I)P, while the ring oxidation potentials remain almost
invariant at 1.5 V. Although M(I)P state has been reported for Ni, Co, and Fe por-
phyrins, the only example in the case of supramolecular porphyrins is CoITRP.
This species was detected around −1.1 V by spectroelectrochemistry142, and is
characterized by a double Soret band. Its formation usually shifts the porphyrin
and bpy reduction to more negative potentials (Table 6.4). In all cases, the spec-
troelectrochemistry technique has proven essential for the proper assignment of
the redox processes (a typical set is shown in Figure 6.3)5, 114, 122, 133. Considering
the currently available information, the changes at −0.5 V, previously assigned to
the formation of a Co0P species, would better be ascribed to a change in the axial
coordination, as found out for the ZnTCP (37) and ZnTRP complexes140. This
revision was considered in the redox potentials listed in Table 6.4.
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Table 6.4. Redox Potentials (E vs. SHE) of Supramolecular Porphyrins Obtained by
Coordination of [Ru(bpy)2Cl]+ and Analogous Complexes in dmf Solution

Porphyrin bpy−/2− bpy0/− P−/2− P0/− MIII/IIP Ru3+/2+ P+/0

Cu-35 — −1.34 −1.11 −0.79 — 0.93 1.5∗,a

Co-35 ∼ −1.9c ∼ −1.6c — ∼ −1.8c ∼ 0.1 0.93 —
Mn-35 — −1.35c −1.16c −0.90 −0.04 0.94 1.8∗,a

Fe-35 — −1.34c not obs. ∼ −1.15c 0.16 0.91 1.5∗,a

µ-O(Fe-35)2 — −1.34c −1.23c −1.05c ∼ −0.8c 0.91 —
Ni-35 −1.67c −1.37c −0.97 −0.80 — 0.92 1.5∗,a

Zn-35 −1.67c −1.39c −1.18c −0.97c — 0.92 1.5∗,a

H2-35 −1.52 −1.42c −0.93 −0.68 — 0.92 1.6,a

H2Ru∗∗
4 −1.5c −1.3 −1.01 −0.69 — 0.91 —

H2-38 — −1.11c −1.04c −0.65 — 1.00 > 1.5
H2Ru3 — −1.39c −1.02c −0.76c — 0.86 1.4a

c-H2Ru2 — −1.39 −1.19 −0.86 — 0.86 1.43a

t-H2Ru2 — −1.43 −1.14 −0.84 — 0.85 1.42a

H2Ru — −1.56c −1.22 −0.90 — 0.85 1.26a

c = cathodic peak, a = anodic peak, ∗ = in CH3CN solution. ∗∗[TPyP{Ru(phen)2Cl}4]
complex.

The replacement of bpy by phen in the peripheral complexes does not seem
to influence significantly the Ru(III/II) process124, however, in the case of 5-
Clphen that wave is shifted to 1.0 V126. Although those changes were not ex-
pected to modify the porphyrin ring localized processes, the reduction potentials
were significantly shifted, as shown in Table 6.4. Analogously, the substitution of
the pyridyl by phenyl-substituents affected the porphyrin localized redox poten-
tials as well as the ruthenium complexes132. However, the effect on the Ru(III/II)
potential was pronounced only for the insertion of the first phenyl ring; and a gen-
eral tendency for a cathodic shift was observed for the other reduction processes,
as expected for a successive substitution by a weaker electron withdrawing group.
Unfortunately, the electrochemistry of the [RuCl2(dmso)2CO] and other similar
derivatives has not been published yet.

The voltammetric behavior of the [µ3-ORu3(OAc)6(py)2] and [Rh2(form)2
(COO)2] derivatives is similar to that described above, but with some peculiar-
ities. Those complexes are different from the previous ones not just because
of the higher nuclearity, but also due to the strong metal–metal interactions,
responsible for the splitting of the redox potentials involving those sites. Accord-
ingly, the two waves at 0.60 and 1.50 V vs. SCE found for 40 were assigned to
the RhIIIRhII/RhIIRhII and RhIIIRhIII/RhIIIRhII processes, while an irreversible
wave at −1.02 V was attributed to the monoelectronic reduction of the porphyrin
ring, in 1,2-dichloroethane131. In the case of M-TCP, the RuIIIRuIIIRuII/RuIIIRuII

RuII, RuIIIRuIIIRuIII/RuIIIRuIIIRuII, RuIIIRuIIIRuIV/RuIIIRuIIIRuIII and RuIII

RuIVRuIV/RuIIIRuIIIRuIV redox processes were easily discernible in the CVs,
being assigned accordingly125, 140–142. In contrast, the porphyrin waves are gener-
ally hidden, but can be found by spectroelectrochemistry (Table 6.5, Figure 6.4).
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Table 6.5. Redox Potentials (E vs. SHE) of M-TCP

Porphyrin RuIV,IV,III
3 / RuIV,III,III

3 / RuIII,III,III
3 / RuIII,III,II

3 / P0/+ P0/− P−/2− M3+/2+P

RuIV,III,III
3 RuIII,III,III

3 RuIII,III,II
3 RuIII,II,II

3

H2TCP 2.3a 1.23 0.16 −1.14 − −0.72 −1.05c −
ZnTCP 2.18a 1.19 0.15 −1.13 ∼ 1.35 ∼ −1.1 ∼ −1.27 −
CoTCP 2.33a 1.25 0.16 −1.05 > 2.0 − − 31,

−0.65∗
MnTCP ∼ 2 1.17 0.16, −1.17 − −0.94 − 05,

0.01# 0.20 #

0.1 M TEAClO4 CH3CN solution. c = cathodic peak; a = anodic peak; ∗CoII/I TCP
process; #in 1,2-dichloroethane.

In fact, four regions can be distinguished in the voltammograms and subtle
changes in the intensity or shape are indicative of additional redox processes in-
volving the metalloporphyrin moiety. In the case of ZnTCP, the reversible wave
around 0.2 V was attributed to the RuIII,III,III

3 /RuIII,III,II
3 process. Nevertheless,

the spectroelectrochemistry at the distorted wave around −1.1 V revealed the
occurrence of both, the ZnP0/− and RuIII,III,II

3 /RuIII,II,II
3 reactions in a very nar-

row range, followed by the second reduction of the porphyrin ring to the dian-
ion species. In fact, all three processes were hidden under a single voltammetric
wave. The almost reversible wave at 1.2 V was also found to be composed by the
RuIV,III,III

3 /RuIII,III,III
3 and ZnP0/+ processes, and was followed by an irreversible

wave at 2.1 V (RuIV,IV,III
3 /RuIV,III,III

3 ) exhibiting a characteristic EC profile.
The electrochemistry of CoTCP is apparently similar (Figure 6.4A), but the

hidden CoP behavior can be misleading. In this case, the waves at 1.2 and 2.1
V were assigned to the consecutive monoelectronic oxidations of the peripheral
ruthenium clusters (Figure 6.4B), and no evidence of CoIIIP moiety oxidation
could be found up to 2.0 V. Although the wave at 0.2 V looks like a conventional
cluster wave, the spectroelectrochemistry in the 0.7 to 0.0 V revealed the presence
of the CoIII/IIP process. As the potential was shifted from 0.7 to 0.20 V, the Soret
and Q bands shifted from 435 and 537 nm to 412 and 533 nm, respectively, while
the ruthenium cluster bands remained almost unchanged (Figure 6.4C). In con-
trast, the broad Ru-cluster band at 700 nm were shifted to 913 nm in the 0.25 to
0.0 V range, but the porphyrin bands were only slightly affected (Figure 6.4D). It
is practically impossible to analyze those processes by CV, however, the redox po-
tential of the RuIII,III,III

3 /RuIII,III,II
3 couple (0.16 V) can be determined straightfor-

wardly by the linear coefficient of the Nernst plot of the spectroelectrochemistry
data at 913 nm. The CoIII/IIP potential (0.31 V) was determined in a similar way,
after some considerations about the effect of the reduction of the peripheral com-
plexes on the Soret band at 412 nm142.

Going to a more negative region, weak waves can be seen at 0.65 V. The
spectroelectrochemistry in this region showed an enhancement of the 913 nm
band and of the absorbance below 550 nm, as the potential was stepped from
−0.5 to −0.8 V. In addition, new bands appeared at 366 and 300 nm and the
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Soret band was broadened and shifted from 412 to 421 nm (Figure 6.4E). This
behavior is completely different from that expected for the reduction of the por-
phyrin ring or the peripheral ruthenium clusters and was assigned to the CoII/IP
process. The double Soret band of the CoIP species becomes more evident when
the ruthenium clusters are further reduced to the RuIII,II,II

3 species (−0.8 to −1.2
V range), shifting the MLCT band from 400 to 502 nm and the intracluster band
from 913 to 938 nm (Figure 6.4F).

Changes in the oxidation state at the metalloporphyrin center can modify
the absorption spectra of the peripheral complexes and vice versa, as shown in the
spectroelectrochemical behavior of CoTCP. Significant shifts of the redox poten-
tials can be observed, also. For example, the ring oxidation of the CoIIIP species
was shifted to potentials above 2.0 V (generally found at 1.5 V), as a consequence
of the four electron withdrawing RuIV,III,III

3 species bond to the peripheral pyridyl
sites. Similar behavior has been observed for MnTCP and the dirhodium deriva-
tive 40, in which the porphyrin oxidation is anodically shifted from ∼1.2 to >1.6
V due to the presence of four RhIIIRhII complexes coordinated to TPyP131, 143.
Furthermore, the reduction of the porphyrin ring to the radical anion seems to
perturb more intensely the RuIII,III,II

3 /RuIII,II,II
3 than a reduction centered on the

porphyrin metal ion, as can be inferred from the 100 mV difference between
CoTCP and the other metalloporphyrin derivatives (Table 6.5). In summary, the
electrochemically active components of a supramolecular system are not simply
electron-transfer relays, electron sources or drains, but active components that
can be used to alter the electronic properties of the components to which they are
bond. Further evidences will be shown in the following sections.

3. Catalytic and Electrocatalytic Properties

The catalytic and electrocatalytic properties of the metalloporphyrins are
strongly influenced by the metal-ion, because the activation of a catalytic process
generally depends on the coordination of the substrate to an active metal site.
Consequently, its electronic and redox properties control the activity. On the other
hand, these characteristics are more or less influenced by the nature of the transi-
tion metal complex bond to the peripheral pyridyl-substituents and its oxidation
state. In this section, the catalytic properties of the peripherally metallated por-
phyrins will be presented starting with their behavior in solution and then as thin
films.

Among the metalloporphyrins, the nickel derivative exhibited electrocat-
alytic activity for the reduction of CO2 and should have some Ni(I)P character
in the active form. Such species constains a d9 metal ion which is isolobal with
the methyl-radical, being able to interact with substrates with similar orbital sym-
metry and configuration. Accordingly, the ability to reduce CH3I can be used
as an activity test. NiTRP presents two reversible waves assigned to the succes-
sive monoelectronic reductions of the NiP at –0.87 and –0.97 V, followed by the
bpy0/− process at –1.37 V, in dmf solution (Figure 6.5). The first cathodic wave
is intensified when CH3I is added, but only minor changes could be observed in
the presence of CO2. In fact, a stronger effect has been noted only at the onset
of the bpy0/− process and assigned to two effects: (1) the increase of the number
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of electrons available for multielectronic processes and (2) to electronic effects
induced by the formation of the bpy− radicals, which possibly is increasing the
Ni(I)P character of the metalloporphyrin. This last effect probably is the most im-
portant one for the activation of the catalytic site. The electrocatalytic properties
of the other M-TRPs will be discussed in the section devoted to the porphyrin
films.

3.1. Hydrocarbon Oxidation

The M-TCP series (where, M = H2, Zn2+, Mn2+ and Co3+) have been
prepared aiming their use as multielectronic redox catalysts. The axial ligand is
known to influence the spectroscopic and electrochemical properties, such that
the association equilibria of CH3CN(K = 4.5), py (4.8 × 104) and imidazole
(1.7 × 107) were investigated by monitoring the Soret band140. The constants
found in CH2Cl2 were significantly higher than for ZnTPP (py = 6.7 × 103

and im = 1.9 × 105) and tended to increase as a function of the basicity of
the ligand L, suggesting that the bond is predominantly electrostatic. Hence, the
comparatively higher equilibrium constants found for ZnTCP were assigned to the
more pronounced acidity of ZnP, induced by the electron withdrawing character
of the four coordinated [Ru3O(OAc)6(py2)]+ groups.

Manganese and iron porphyrins have been extensively investigated as cyto-
chrome P450 model, because they catalyze the oxidation of organic substrates by
oxygen donors like iodosylbenzene, persulphate, and H2O2, among others151–156.
This subject has been extensively discussed by many authors151, 157–162 including
a series of articles in The Porphyrin Handbook163–168, and is out of our scope.
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Hence, only the aspects strictly necessary for our discussion will be presented
here.

Porphyrins such as MnTPP and FeTPP are relatively susceptible to ring oxi-
dation and are rapidly decomposed during the catalytic reaction. Consequently,
electron-withdrawing substituents such as halogens and nitro groups were intro-
duced in the phenyl rings (second generation catalysts) and subsequently at the
β-pyrrole positions, in order to shift that reaction to more positive potentials and
increase their durability and reactivity. In fact, some of them were significantly
more stable and active than the first generation porphyrins for the epoxidation
and hydroxylation of organic substrates such as cyclohexane. In addition, bulky
substituents can preclude the catalyst autodegradation by steric effects, because it
involves the collision of activated metalloporphyrin molecules. Accordingly, the
peripherally metallated porphyrins are potentially interesting as cytochrome oxi-
dase models, particularly MnTCP141. In this series of compounds, the peripheral
µ3-ORu3 complexes are electron withdrawing groups even in the RuIIIRuIII, RuIII

oxidation state140. Hence, RuIVRuIIIRuIII is a strong and the RuIVRuIVRuIII

species an even stronger electron-acceptor. Consequently, the electronic density
on the porphyrin ring should decrease significantly as the peripheral complexes
are oxidized, in the same way as the covalent binding of chloro or nitro groups,
shifting the MnIIIP ring oxidation to more positive potentials (> +1.5 V). Inter-
estingly, MnTCP and MnTPyP presented similar catalytic activity for the epoxida-
tion of cyclooctene by iodosylbenzene, in acetonitrile solution. However, MnTCP
is a much more active and selective catalyst for the less reactive cyclohexane, pro-
ducing cyclohexanol as the sole oxidation product in 45% yield, while MnTPyP
gave a mixture of cyclohexanol (27%) and cyclohexanone (13%).

From this reaction pattern we can suppose that the high valent O = MnVP
species is the catalytic active species, but it would be difficult to detect this
intermediate due to its high reactivity and short lifetime. Nevertheless, Groves
et al.169, 170 succeeded in monitoring the formation of O = MnVTMPyP 30 ms
after the reaction of MnIIITMPyP with chlorobenzoic acid in aqueous solution.
That intermediate decayed slowly (k = 5.7 s−1) to the less reactive O =
MnIVTMPyP species, such that both were characterized spectroscopically. Ac-
cordingly, the reaction of MnIIITCP with a suspension of iodosylbenzene in
CH2Cl2 was carried out in a flow-cell and monitored by UV-Vis spectroscopy.
The shift of the Soret band (band V) from 473 to 427 nm is consistent with the
rapid formation of the O = MnIVTCP species (Figure 6.6)141. However, no spec-
tral change could be observed when cyclohexane was added to the reaction mix-
ture. Those apparently contradictory results do make sense if one conceives that a
very reactive intermediate O = MnVTCP is being initially formed by the reaction
of MnTCP and iodosylbenzene. Subsequently, it is rapidly reacting with cyclo-
hexane regenerating the starting MnIIITCP or being converted to O = MnIVTCP.
Considering that O = MnIVTCP was found to be a very poor catalyst, the oxy-
gen transfer from that active species should be highly efficiency and quantitative,
otherwise O = MnIVTCP should build-up in solution. The high reactivity also
explains why O = MnVTCP does not accumulate, remaining below the detection
limit of the spectrophotometric technique (< 0.1 µM). A more detailed analysis
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of Figure 6.6, suggests the presence of some oxidized RuIVRuIIIRuIII in equilib-
rium with O = MnIVP. Hence, a large amount of oxidized peripheral complexes
should be in equilibrium with O = MnVTCP, enhancing the stability and catalytic
activity in a synergistic way.

Interesting results have been obtained by Hupp et al.171 when Mn-2 was
used as catalyst for the epoxidation of styrene by iodosylbenzene in CHCl3, in
the presence and absence of Zn- or MgTPP. The presence of these Lewis acids
enhanced significantly the durability and the turnover number of the catalyst and
such effects were assigned to the formation of supramolecular assemblies like 8.
Hence, the M-TPP rings should be providing steric protection against bimolecular
decomposition and inducing some supramolecular effects. In fact, the addition
of those metalloporphyrins led to the full activity recovery of some deactivated
catalysts. On the other hand, Belvedere and Breslow172 showed that Cu(II) ions
bond to a meso-tetra(bipyridyl)porphyrin can be used to orient steroids containing
an adequate auxiliary coordinating group, leading to selective hydroxylation of a
particular carbon atom.

3.2. Tetraelectronic O2 Reduction

The efficient tetraelectronic reduction of O2 to H2O remains as a challenge
for the development of efficient and durable fuel cells operating at room temper-
ature. This reaction is routinely performed with almost 100% yield during the
respiration of cells and is responsible for the conversion of food stuffs chemical
energy into the cellular currency ATP, from ADP and phosphate. This does not
mean that the reaction is trivial, as can be inferred from the involvement of four
electrons and four protons, evidencing the necessity to control a multielectronic
process coupled with mass transport. Furthermore, O2 can be reduced by one and
two electron processes leading to the superoxide and peroxide (Figure 6.7A), re-
spectively; the last one being the most prevalent pathway in reactions catalyzed by
metalloporphyrins. These are not desirable because they decrease the efficiency
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and generate highly reactive species that may damage the devices. Many cells are
operating at high temperatures and pH’s in order to overcome such drawbacks.

The mitochondrial power plants work at mild conditions and the energy
is released in a stepwise manner (�E ∼ 0.2 V) as the electron hops between
the redox sites in the respiratory chain, finally reaching an enzyme known as cy-
tochrome oxidase. This is responsible for the last process, the transfer of four elec-
trons to O2 generating water and more energy. It contains heme-a and bis-copper
centers as electron donors, and a couple of heme/Cu active sites (Figure 6.8A).
Dioxygen was previously believed to be activated by simultaneous coordination
to a heme-a3 and a Cu(I) complex (CuB), generating an activated state with per-
oxide character. Then, two more electrons and protons would be pumped in to
produce water before dissociation takes place (Figure 6.8C). Any HO2 and H2O2
generated are rapidly converted to H2O and O2 by the action of superoxide dis-
mutase and catalase, respectively, to avoid damaging the cell.

Collman et al. prepared many FeP/Cu model compounds modeling the
enzyme active site. The most recently obtained supramolecular systems are
remarkably similar to the natural reaction center, reproducing the Fe to Cu dis-
tance and their first coordination sphere (Figure 6.8B)173–177. A series of studies
were carefully performed tailoring the model compound in order to give insights
on the mechanism and the role of the CuB center, which may provide an unique
reaction pathway. The compound was immobilized on an edge-plane graphite
electrode surface and investigated by rotating ring-disk electrode (RRDE) voltam-
metry. The potentials of both Fe(III/II)P and Cu(II/I) redox processes were about
100 mV shifted anodically compared to cytochrome-c oxidase, probably because
of the more hydrophobic environment provided by the apoprotein. H2O and OH−
are expected to be the axial and fourth ligands of the FeIIIP and CuII sites, because
the redox potentials remained unchanged in the pH 4–9 range. The Cu(II) ion dis-
sociates below pH = 4. The studies by RRDE voltammetry indicated that the
catalyst is highly efficient, as attested by the linear Levich and Koutecky–Levich
plots with slopes similar to that found for the well-known tetraelectronic reac-
tion at Pt electrode. Furthermore, the ring current was negligible and the limiting
current independent of the pH in that range.
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The amount of peroxide and superoxide produced in that reaction was esti-
mated using scavengers. The comparison with the Cu-free complexes suggested
that the copper site does not influence the activity, mechanism, or stability at
mass transport limited conditions, but is essential under diffusion-limited elec-
tron flux. In conclusion, the CuB site seems to behave simply as an electron
storage site in the first case and may not provide any special O2 reduction
pathway. However, it seems to influence the activity by nonredox mechanisms
suppressing the superoxide-release at steady-state conditions, accelerating the
substrate binding and minimizing homolytic O–O bond cleavage in the reduction
of H2O2

173–175, 177. Studies were also carried out with the model compound
incorporated in lipid membranes and as multilayer films176, 178.

At the beginning of the 1980s, Collman et al. also reported that a cofacial
bis-porphyrinato cobalt complex (CoFTF4) adsorbed in pyrolitic graphite elec-
trodes was able to promote the reduction of O2 to H2O116–118, 179. This finding
was followed by a series of investigations that led to the conclusion that the bis-
coordination to the cobalt porphyrin sites is essential for the activation of CoPs
to the tetraelectronic process (Figure 6.7B). Note that the catalytic active species
is the reduced CoIICoII porphyrin, which transfers two electrons to O2 generat-
ing a µ-peroxo intermediate, which is subsequently protonated. Then, two more
electrons and three protons are transferred generating two molecules of water and
regenerating the starting CoIIICoIII species.

However, electronic factors and/or the lack of sufficient number of electrons
could be limiting the tetraelectronic process, and the study of some peripherally
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metallated pyridylporphyrins was started. The first goals were the Co-33 and Fe-
33 complexes. Unfortunately the formation of an insoluble polymeric by-product
hindered their preparation, but the properties of the free-base was reported112, 121.
Subsequently, the [Ru(edta)]derivatives (34) were obtained and the catalytic prop-
erties evaluated in acetate buffer113, 114, 133. The Fe and Co derivatives were shown
to be more efficient than the corresponding M-TMPyP species, because the four
ruthenium complexes act as reservoirs and charge-transfer relays for electron ex-
change with the electrode surface114. This was confirmed by reacting the totally
reduced [CoIITPyP{RuII(edta)}4] complex and air or O2 saturated solutions in a
stopped-flow apparatus. Both metal sites were shown to be oxidized to M(III)
within the mixing time-scale, while the reaction of [RuII(edta)py] complex was
much slower. The rapid ET from the peripheral complexes did not change the
reduction mechanism which remained essentially bi-electronic, in solution or ad-
sorbed on pyrolitic graphite electrodes119. This clearly indicated that factors other
than electron availability are responsible for the activation of CoPs toward the
tetraelectronic process.

New insights came from the work of Shi and Anson, who succeeded in
the preparation of Co-33 directly in Nafion films adsorbed on graphite electrodes
and explored its electrocatalytic properties119. The CoTPyP was incorporated in
the Nafion film by ion-exchange in acidic solution and then reacted with electro-
chemically generated [RuII(NH3)5(H2O)]. The formation of the desired complex
was followed by the shift of the [RuIII/II(NH3)5L] redox potential from about
–0.25 to 0.1 V, due to the substitution of the water ligand for the pyridyl group
of CoTPyP. In contrast with Co-34, a very strong catalytic peak was observed
at 0.0 V vs. SCE and assigned to the reduction of O2 to H2O. The mechanism
was confirmed by RRDE voltammetry and the slope of the Koutecky–Levich
plot. The influence of the number of coordinated ruthenium complexes (1–4) on
the catalytic properties was then investigated, using Nafion films loaded with the
meso-phenylpyridylporphyrin derivatives instead of Co-33. As a conclusion, they
found out that at least three peripheral complexes were necessary to activate the
CoP center138. Analogous results were obtained when a series of cobalt meso-(4-
cyanophenyl)porphyrins were used instead of the pyridylporphyrins (Figure 6.9A
and B)180. Interestingly, when the phenyl rings were forced to be almost orthog-
onal to the porphyrin ring, due to steric effects induced by two methyl groups at
the 2,6-positions, the O2 reduction changed back to the bi-electronic mechanism
(Figure 6.9C and D)181. A similar result was obtained for the cobalt meso-(tetra-
3-cyanophenyl)porphyrin derivative. Consequently, electronic effects induced by
the peripheral complexes are playing a major role and a strong contribution of
back-bonding interactions to the activation of CoTPyP was proposed181, 182.

The electrocatalytic activity of CoTCP films was evaluated by RDE and
RRDE voltammetry and eqs. 6.1 and 6.2,

IL = 0.620 n F A D2/3
0 ω1/2ν−1/6C0 (6.1)

I −1
KL = (nF A kf�C0)

−1 + (0.620nF AD2/3
0 ω1/2ν−1/6C0)

−1 = I −1
k + I −1

L
(6.2)

where n = 4, F = 96, 484.6 C mol−1, A = 0.196 cm2, D0 = 2.0×10−5 cm2 s−1,
ω = angular frequency (2π× rotation rate in Hz), ν = 0.01 cm2 s−1, � = surface
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concentration of active sites, kf = heterogeneous charge-transfer rate constant
and C0 = 2.4 × 10−4 M for an air saturated aqueous solution; Ik and IL are
the kinetic and mass-transfer limited currents, respectively. The linear plots vir-
tually passing through the origin (Figure 6.10D, 100–4,000 rpm) indicated that
there are no charge or mass-transport limitations for the reaction, and that the
heterogeneous rate constant should be quite high. Furthermore, the slopes of the
Levich and Koutecky–Levich plots were consistent with a tetraelectronic process,
while the peripheral ruthenium clusters were found to be inactive, since ZnTCP
modified electrodes showed no catalytic current at all142. Hence, the high cat-
alytic activity of CoTCP was ascribed to the electronically induced activation of
the cobalt porphyrin center by the µ3-ORu3 complexes. However, there was no
clear evidence to rule out the bis-coordination mechanism (Figure 6.7B), because
porphyrins tend to aggregate forming π -stacks. In order to shed some more light
on this question, the properties of electrostatic assembled films of CoTCP and M-
TPPS (where M = 2H+ or Zn2+) were evaluated varying the pH and the electrode
material183.

The electrostatic assembled porphyrin films were obtained by piling-up
alternating layers of ion-paired CoTCP and M-TPPS (scheme in Figure 6.12),
where M = 2H+ or Zn2+, as described in the following section. The M-TPPS
species is tetra-anionic and has a suitable structure to stack face-to-face with
CoTCP, sterically hindering the bis-coordination mechanism. Sigmoidal RRDE
curves, with well-defined limiting currents and CVs with intense reduction waves



286 Koiti Araki and Henrique E. Toma

0

100 rpm

200

400

800

1,200

c

O2+ 4H+

2H2O

4eµ

C
ur

re
nt

/m
A

2,000

3000

CoTCP

-100

-200

0 100

80

60

40

20

0

-20

-40

-60

-0.2 0.2 0.0

0.0
Ring

EDisk

0.1

0.2

0.3

-0.25 0.25 0.75

0.1 0.2

Potential/V vs. SHE

0.6

-300

-400

2

1

0
0

D

Co

20 40 60-0.2 0.0 0.2
Potential/V

C
ur

re
nt

/m
A

C
ur

re
nt

/m
A

I L
/m

A
/c

m
-2

C
ur

re
nt

/m
A

0.4 0.6

A

B

n = 4

n = 4

n = 2

n = 2

(Scan rate)1/2/V1/2 s-1/2

w1/2/(rpm)1/2
Potential/V vs. SHE

Figure 6.10. (A) CVs at v = 20 mV s−1 in Ar and air saturated solutions; (B) icat vs. v1/2

plot and linear fitting for the experimental data (circles and solid line) compared with the
calculated curves considering for ne− = 2 and 4 (dashed lines); (C) RDE voltammograms
of a CoTCP modified glassy carbon electrode in air saturated solution; (D) Levich plot of
the calculated and experimental data; (E) RRDE curves using a glassy carbon disk and Pt
ring electrode at ω = 1, 000 rpm (Ering = 1.22 V, v = 10 mV s−1). Electrolyte: 0.50 M
KNO3 solution, acetate buffer 0.05 M, pH = 4.7, T = 25◦C.

at 0.2 V, were obtained for the CoTCP/ZnTPPS and CoTCP/H2TPPS electrosta-
tic assembled films, in O2(sat.) and air(sat.) solutions. Once again, linear Levich
and Koutecky–Levich plots were obtained and the slopes almost matched the one
expected for a four-electron process. However, the curvature at higher rotation
rates (above 1,000 rpm) suggests that the CoTCP/H2TPPS catalyzed process may
be limited by charge diffusion. The four-electron reduction mechanism was ob-
served in the 3 < pH < 5.5 range, but the two-electron process became increas-
ingly important up to pH = 7. At this pH, the limiting catalytic current became
independent of the rotation rate, indicating that the catalytic reaction is not con-
trolled by mass transfer anymore. Rate constants in the 106 M−1 s−1 and turnover
frequencies in the 9 × 103 s−1 range, higher than for cytochrome-c oxidase, were
determined. The tetraelectronic pathway remained as the predominant process
even when a gold electrode was used, in contrast with the face-to-face cobalt
porphyrin184, 185. A change in the reduction mechanism to bi-electronic was also
observed for Co-33 when [RuII(NH3)6] was used as reductant and assigned to the
relatively slow delivery of multiple electrons by a diffusion-controlled process182.
Similar tendency was reported by Collman et at for the biomimetic FeP/Cu cata-
lyst173, 177.
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In conclusion, FeP/Cu and peripherally metallated CoTPyPs such as CoTCP
were found to be excellent catalysts for the four-electron reduction of O2 to H2O
in slightly acidic or neutral aqueous solutions. The first one was conceived as a
truly biomimetic compound while the second are functional models. It is impres-
sive how closely Collman et al.177, 186 were able to reproduce the structure and
activity of the natural enzyme, making fundamental contributions for the under-
standing of the reduction mechanism and role of CuB site. On the other hand, the
activation of Co porphyrins by coordination of peripheral transition-metal com-
plexes depends on induced electronic effects in addition to their ability to function
as electron reservoirs and relays, rapidly delivering multiple electrons to the cat-
alytic active sites.

4. Electrochemical and Photoelectrochemical
Properties of Porphyrin Films

The properties of molecular species can be transferred to electrodes by im-
mobilizing them on the surface using chemical or physical interactions, as shown
in the previous section187–190. Such modified electrodes can be used as convenient
photoelectrochemical interfaces for the preparation of molecular devices such as
chemical sensors, photoelectrochemical cells, light emitting, and electrochromic
devices, etc. Accordingly, a detailed knowledge of their catalytic, conduction, and
photochemical properties is demanded.

Many techniques can be employed to obtain films, but only those using low-
energy conditions are adequate for molecular materials. Among them, the self-
assembly191, 192 and the Langmuir–Blodget193 methods are commonly employed
to obtain molecular films constituted by mono- or multiple layers with excellent
homogeneity, thickness, and composition control. The self-assembly method is
generally used for the preparation of monolayers, for example by covalently bond-
ing thiols on gold surface. But, other interactions such as electrostatic, hydrogen
bonding, and transition metal coordination oriented assembly have been devel-
oped, for the preparation of multilayered films. Other broadly used techniques are
spin-coating, dip-coating, and electropolymerization157, 194–202, all allowing good
control on the thickness and the amount of deposited material but at expense of
a lower homogeneity. Nevertheless, they are less time demanding and simpler,
being suitable for the preparation of modified electrodes.

The above discussion reminds us of the importance of molecular interac-
tions on the preparation and properties of molecular materials. In fact, this process
should be addressed in a much broader way considering the principles of hierar-
chical self-assembly71, which states that the matter is organized according to the
rules defined by the interaction strengths. Strong covalent bonds hold the atoms
together generating molecular building-blocks, which can be assembled into dis-
crete supramolecular entities by using relatively strong interactions, such as co-
valent, coordination or electrostatic, hydrogen bond, etc. Of course, such species
can be assembled further generating higher order aggregates, since such assembly
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processes involve noncovalent interactions and take place at multiple distinct lev-
els with specific interaction strengths.

4.1. Electrochemical Properties of M-TRP Films

4.1.1. Dip-Coated Films

Homogeneous films of [M-TRP](CF3SO−
3 ) can be easily deposited on

glassy carbon or ITO substrates, by dip-coating from a methanolic solution. The
transmission UV-Vis spectra generally exhibit a broadened and less intense Soret
band, probably due to exciton coupling with neighboring porphyrin rings. This
hypothesis is supported by the fact that such effect is virtually absent in the less
intense Q bands.

The modified electrodes are electrochemically active and present a pair
of sine-shaped waves at Epc = 0.92 and Epa = 0.99 V (20 mV s−1), whose
intensities are directly proportional to the scan rate, as expected for redox species
immobilized on the electrode surface203. A linear Cottrell plot has been obtained
for the chronoamperometry data but with a negative deviation at longer times,
where the charge propagation is not diffusion controlled. The estimated charge-
diffusion constant D1/2

CT C = 1.0 × 10−8 mol cm−2 s−1/2 is similar to that found
for poly-[Ru(vbipy)3] films in acetonitrile, confirming the high conductivity of
the porphyrin material. The conduction mechanism has been probed registering
the CVs of the modified electrodes in the presence of ferrocyanide203. In both
cases, no wave associated with the dissolved species has been found at its normal
potential; but a sharp oxidation peak has appeared at the onset of the Ru(III/II)
wave (Figure 6.11A), indicating that the conduction is taking place by electron-
hopping mechanism. In addition, those results are consistent with the absence of
holes, cracks, and other types of imperfections that would allow the diffusion of
ferrocyanide and the direct electron exchange with the electrode surface. Simi-
lar behavior was also observed for [RuII(edta)(H2O)], ascorbic acid and NADH
indicating that the size of the channels is relatively small122, 204.

Considering the electrochemical properties mentioned above, it was pro-
posed the application of those modified electrodes as amperometric detectors.
Two situations are possible: (a) the metalloporphyrin is the electrocatalytic active
site or (b) the peripheral complexes act as redox catalyst by outer sphere mech-
anism. The possibility of having two independently accessible active sites was
explored using O2 (previous section) and reducing substrates such as ascorbic
acid, NADH, dopamine, acetaminophen205, phenol, nitrite, and sulfite. However,
only in the first case the metalloporphyrin center was the active site, because of
the good matching between the redox processes involving the peripheral and CoP
sites, in addition to synergistic induced electronic effects.

All species mentioned above are substrates of biological and environmen-
tal interest. For example, nitrite is usually employed for color enhancement
and preservation of industrialized meat, but can promote the production of ni-
trosamines, which are carcinogenic substances. Sulfite is also commonly used
as food preservative to prevent browning. However about 1% of the popula-
tion is sensitive and its concentration should be controlled at few ppm level. It
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is also used in large amounts in the pulp and cellulose industry as delignify-
ing agent which has cause serious environmental concerns. Various analytical
methods can be employed but the electrochemical detection can be faster, sen-
sitive, and convenient. Nevertheless, the direct electrochemical detection using
bare electrodes is hampered by adsorption problems and slow electrode reactions.
The [M-TRP](CF3SO3)4 modified electrodes were shown to be much more resis-
tant to surface poisoning and enhanced electron-transfer rates to those substrates.
Such was the case for NADH, which presents a broad oxidation wave at 0.74 V
in a bare GC electrode, but a sharp and catodically shifted (100 mV) wave at the
modified one (Figure 6.11C and D)204. A more striking evidence of the catalytic
activity of M-TRP films was obtained for sulfite, a species which shows almost
no signal in a bare GC electrode but yields a relatively sharp peak around 1.0 V
in a modified one122. CV has a low sensibility (∼ 0.1 mM) and flow-injection
analysis (FIA) was considered for analytical applications. In this case, the limit of
detection is ∼ 0.1 µM; however, mechanically stable and less soluble materials
are required in this case, because of the more stringent hydrodynamic conditions.

4.1.2. Electrostatic Assembled Films (EAF)

The tetra-cationic species [M-TRP]4+ interacts strongly with the tetra-
anionic [M′-TPPS]4− molecules by electrostatic and π -interactions. This
ion-pairing process is directed by molecular recognition as can be inferred
from the structural and electric charge complementarity of those species
(Figure 6.12)123, 125, 130. A face-to-face dimer is initially formed when they are
mixed in dilute methanol solution, according to the titration and spectral data
shown in Figure 6.12A. Note that the Soret band is blue-shifted and remain very
sharp, as expected for a strong exciton coupling between parallel transition dipole
moments. The ion-pairs aggregate further generating an amorphous precipitate,
which is insoluble in water and many organic solvents. This material can be grown
layer-by-layer in a controlled way, generating molecularly organized materials on
substrates such as silicon wafers and ITO plates124, 148, 205, 206. The procedure is
very simple and based on the deposition of successive monolayers of the tetra-
cationic and tetra-anionic porphyrins, taking advantage of the strong interactions
between them, the low solubility of the ion-paired material and the solubility of
the starting components. Initially, a layer of [M-TRP](CF3SO3)4 is deposited by
dipping the substrate in a 0.1 mM methanol solution and allowing it to dry in air.
Next, it is dipped in an aqueous Na4[M′-TPPS] solution and washed with water
to obtain a monolayer of the ion-paired porphyrins. This process can be repeated
several times to get multilayered films in a reproducible way, as can be inferred
from the linear increase of the absorbance during the deposition process (Fig-
ure 6.12B). Surprisingly, the thickness of the film on a silicon wafer, measured by
AFM, also showed to be a linear function of the number of bilayers, and the thick-
ness of a single electrostatic assembled ZnTRP/TPPS bilayer was determined to
be 12.7 Å from the slope. This implies that the porphyrin molecules are laying
flat on the surface and the TPPS is ion-pairing face-to-face like in solution, such
that the thickness is being essentially defined by ZnTRP peripheral ruthenium
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Figure 6.12. (A) Spectra of Na4TPPS, [ZnTRP](CF3SO−
3 )4 and the respective ion-pair in

methanol; inset: absorbance vs. molar ratio. (B) Growth of an electrostatic assembled Zn-
TRP/TPPS film on ITO(4, 8, 16, 20, 25, and 30 bilayers) followed by UV-Vis spectroscopy;
inset: plots of absorbance at 424 nm and thickness vs. number of bilayers. The thickness
of films deposited on silicon wafer was measured by AFM. The computer simulated struc-
tures of TRP, TPPS, and corresponding ion-pair is shown at the top.

complexes. The formation of a 1:1 material was confirmed by XPS spectroscopy
of ZnTRP/CuTPPS samples123.

The electrochemical behavior of the electrostatic assembled films is essen-
tially identical to that of pure M-TRP, exhibiting a pair of sine-shaped waves at
Epc = 0.90 and Epa = 0.98 V. The surface concentration per bilayer was esti-
mated as 7.5 × 10−11 mol cm−2, being slightly superior to the value found for
TMPyP on Au(111) surface208, reflecting the roughness of the ITO surface. The
charge-transfer properties of a multibilayer EAF was studied by RDE voltamme-
try and electrochemical impedance spectroscopy207. The RDE experiments were
carried out using CoTRP/ZnTPPS films and solutions of K4[Fe(CN)6]. Linear
Levich plots with increasingly higher linear coefficients were obtained in the 0.1–
10 mM range, as expected from Equation (6.1). The charge diffusion through the
film was found to be fast by chronoamperometry (Dct = 3 × 10−11 cm2 s−1).
In fact, no Ru(III) complex reduction wave was superimposed to the typical sig-
moidal RDE voltammogram in 10 mM ferrocyanide solution, indicating that they
are being rapidly reduced. The oxidation of NO−

2 in the same modified electrode
is slower, showing a typical saturation behavior in the Levich plots. However,
the Koutecky–Levich plots were straight lines and the linear and angular coef-
ficients increased proportionally as a function of the substrate concentration in
solution. The limiting step was found to be the heterogeneous charge transfer in



292 Koiti Araki and Henrique E. Toma

Ru

4
2

3

Ru

Ru

Ru1

1

Ru

Ru

B

RS

Cdl

Clf

C
lf 

/m
F

Rct zd

A

Ru

Ru

Ru

Ru

Ru

Ru

M

M�

M�

M

M

−8

−6

0.92 V
0.72 V

0.1 Hz

10 Hz
C

−4

−2

0
0

4.0 ×10−3

3.0
D

30 ×103

20

10

0
0 100 200

Thickness/nm
300

2.0

1.0

0.0

1

0.5 0.6 0.7 0.8
Potential/V vs. SHE

0.9 1.0

2 3 4

Z�/ k Ω

R
ct

/k
Ω

Z
 �

/k
 Ω

5 6 7 8

W

Figure 6.13. (A) Conduction mechanisms in electrostatic assembled π-stacked materials:
(1) electron hopping involving the ruthenium and (2) M and M′ sites, (3) electronic
conduction through the porphyrin π-stacks, and (4) hole transfer to a Ru(II) complex
followed by electronic conduction through the porphyrin π-stack; (B) Randles type equiv-
alent circuit proposed for the films; (C) Nyquist diagrams of a modified electtrode
(Γ = 3.5 × 10−8 mol cm−2) at 0.72 and 0.92 V; and (D) low-frequency capacitance vs.
potential and charge-transfer resistance vs. thickness (inset), for electrostatic assembled
CoTRP/ZnTPPS films.

the film/solution interface (k = 2.7 × 103 M−1 s−1), since the conductivity of the
film itself is quite high as shown below.

The impedance spectra were analyzed considering that the material is con-
stituted by stacks of alternating ruthenated and sulfonated porphyrins207. In this
case, the following conduction mechanisms are possible: (1) hopping through the
peripheral ruthenium complexes; (2) or involving the transition metal ions co-
ordinated to the porphyrin ring; (3) electronic conduction through the porphyrin
π -stacks; and (4) hole transfer from the electrode to the ruthenium complex and
propagation through the porphyrin π -stacks (Figure 6.13A). The impedance ex-
periments carried out in the 0.72–1.12 V vs. SHE range indicated that the conduc-
tivity of the film is relatively high even at the lower limit, increasing as the poten-
tial approaches the E1/2 of the Ru(III/II) process (Figure 6.13C). In fact, the shape
of the voltammetric curve was reproduced by the low-frequency capacitance vs.
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potential plot (Figure 6.13D), confirming the predominance of a redox conduc-
tion mechanism. In addition, the charge-transfer resistance of the film increased
linearly as a function of the thickness, like in conventional conductors.

An interesting case is provided by the peripherally metallated tetra-3,4-
pyridylporphyrazine (TRPyPz) derivative (Figure 6.14), which exhibits an en-
hanced electronic coupling between the central and the peripherally bond
[Ru(bpy)2Cl] complexes. That species formed a face-to-face ion-pair but with
tetrasulfonated Cu(II)-phthalocyanine (CuTSPc), which formed a more stable
complex than M-TPPS209. Adherent films of TRPyPz/CuTSPc were obtained
by electrostatic assembly, showing a pair of bell-shaped waves at 0.95 V. How-
ever, the Ru(III/II) process was preceded by the oxidation of the porphyrazine
ring around 0.8 V. This means that a second conduction pathway is available for
charge transfer through this material. In fact, the CVs of [FeII(CN)5(Mepz)]2−
(E1/2 = 0.78 V, Mepz = N -methylpyrazinium) with the modified electrode was
very similar to that obtained with a bare electrode. Hence the film behaves as a
metallic conductor when the material is doped (Figure 6.14A).

The spectrum at 0.60 V exhibited the beginning of a semicircle in the high-
frequency region, followed by a diffusion controlled and saturation regions (inset
Fig. 6.14B). This behavior was interpreted based on a Randles type circuit mod-
ified with a low-frequency capacitor (Figure 6.13B). The conduction at that po-
tential is governed by the π -stacks and the moderate resistivity (∼ 500�) reflects
the low doping level of the material. But, two semicircles assigned to a capac-
itive and an inductive contribution, followed by saturation at low frequencies,
were observed at 0.95 V (Figure 6.14B). The inductive effect was represented by
a component in series and explained based on mechanism 4 (Figure 6.13A). This
is feasible since the porphyrazine π -stacks can be oxidized by the ruthenium com-
plexes, which is in contact with the electrode surface mediating the ET process.
An enhanced photoelectrochemical response was observed for the EAFs in O2
saturated solution, in contrast with the pure TRPyPz films (Figure 6.14C)209.

The electrocatalytic behavior of electrodes modified with porphyrin EAFs
was probed using NO−

2 , SO2−
3 , phenol, etc. as substrates by CV, RDE, and FIA.

The charge transport is very fast as shown above, hence the limiting step is the
heterogeneous ET to the substrate in solution, except in the case of thick films.
Generally, the electrocatalytic behavior was similar to that exhibited by pure M-
TRP modified electrodes, but the electrostatic assembled films were more stable
and durable, giving reproducible FIA peaks for more than a hundred of succes-
sive analysis (Figure 6.15A and B)206. In addition, they were less prone to surface
passivation even in the case of phenol that has a strong tendency to form a poly-
meric insulating material when oxidized. No significant change was observed in
the response for successive measurements with CoTRP/ZnTPPS modified elec-
trodes using a 1 × 10−5 M solution, while a steady decrease was evident for
the bare one. A higher current intensity would be expected for a 1 × 10−4 M
solution but a decrease of about 40% was observed instead, implying that the
surface of both electrodes was partially covered and inactivated when the first
sample reached the electrode surface. Although the passivation rate remained
fast for the bare electrode, the subsequent poisoning of the modified electrode
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Figure 6.15. (A) CVs at 100 mV s−1 of a CoTRP/ZnTPPS modified electrode before (a)
and after (b) a series of successive analysis of a 10 µM NO−

2 solution at 0.90 V, shown in
(B); (C) CVs of a bare (top) and modified electrodes in the absence (a) and presence of
SO2−

3 (b), and (D) a typical FIA response and respective i vs. [SO2−
3 ] plot.

was much slower. The above-mentioned characteristics are interesting for ana-
lytical purposes, such that FIA detectors were devised for analysis of sulfite and
nitrite/nitrate and tested for real samples.

For example, small amounts of sulfite are normally added to wine as preser-
vative. The Monier–Williams is the standard analytical method but was substi-
tuted by the iodometric method in the industry, because it is too laborious and
time consuming for practical purposes. However, colored samples impose seri-
ous problems in the visualization of the endpoint and the measurements become
highly dependent on the operator acuity. In order to minimize the effect of in-
terferants keeping the high sensitivity of FIA, the samples were injected into
a 2 M H2SO4 solution and the SO2 gas released in the reaction separated and
quantified in a cell based on CoTRP/ZnTPPS EAFs (Figure 6.15C and D). The
separation was carried out by diffusing the gas through a teflon membrane and
collecting with a 0.2 M NaClO4 solution (acetate buffer, pH = 4.7) flowing in
counter-current210. Reproducible and consistent results were obtained using this
gas-diffusion system in a fraction of the time necessary for the iodometric analy-
sis (∼ 30 samples/h, Table 6.6). The detector showed to be sensitive (µM range)
and reasonably durable, showing only ∼ 14% decrease in the signal after 5 days
of continuous use. A similar arrangement was used in the analysis of nitrite and
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Table 6.6. Comparitive Free and Total SO2 Content in Wine
Determined by Iodometric and FIA Method. Adapted with

Permission from Ref [210].

Sample Free SO2 (mg L−1) Total SO2 (mg L−1)
i Iodometric i Iodometric

Dry white wine 16.8 18.8 62.6 60.0
Sweet white wine 44.7 46.4 70.9 69.9
Dry read wine 12.0 12.9 83.7 82.1

Table 6.7. Comparative Nitrite and Nitrate Concentrations in
Saliva, Mineral water, and Cured Meat Determined by
Spectrophotometric and FIA Methods. Adapted with

Permission from Ref [211].

Sample Nitrite (µmol L−1) Nitrate (µmol L−1)
i hv i hv

Saliva 18.9 19.4 45.5 46.6
Min.water 1 – – 51.5 53.6
Min.water 2 – – 139.1 138.3
Min.water 3 – – 253.5 250.4
Min.water 4 – – 117.0 113.1
Min.water 5 – – 318.9 316.8
Cured meat

1.3∗ 1.4∗ 12.8∗ 12.2∗

* mmol kg−1.

nitrate in mineral water, saliva, and cured meat211. The nitrite was directly an-
alyzed but nitrate had to be reduced in a copperized cadmium column, inserted
before the gas-diffusion cell. Results in good agreement with the spectrophoto-
metric Griess method were obtained (Table 6.7).

Recently, a MnTPyP species with four [RuII(bpy)2(OH2)] complexes co-
ordinated to the pyridyl-substituents were synthesized and characterized129. The
oxidation of the peripheral aqua-complexes led to formation of [O = RuIV(bpy)2],
a known oxygen-atom transfer catalyst. The films of this peripherally metal-
lated porphyrin are too soluble, but can be stabilized by anion-exchange with
[Fe(CN)6] or M-TPPS. The oxidation of nitrite occurred at 1.0 V and was cat-
alyzed by that high-valent species.

4.1.3. Polymeric Films

The peripherally polymetallated porphyrins are interesting materials for the
preparation of amperometric detectors and an excellent control on the deposition
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process is possible by the electrostatic assembly technique, as shown above.
A further improvement in stability and deposition control can be obtained by
making them electropolymerizable. This can be done by introducing groups
such as pyrrol, thiophene, aniline, phenol, aldehyde, etc., in the molecular struc-
ture. In particular, 5-chlorophenanthroline has been chosen because it is a lig-
and similar to bpy and is polymerizable by a reductive mechanism, as reported
by Fussa-Rydel et al.212 The reduction of the 5-Clphen ligand is followed by
the elimination of a Cl− ion generating a phenanthroline radical, which cou-
ples forming a dimer through the 5-position (Figure 6.16). Accordingly, ETRP
(38) becomes electropolymerizable because each of the four peripheral [Ru(5-
Clphen)2Cl] complexes has two coupling sites, making possible the formation of
an extended tridimensional network.

A typical voltammogram with a Ru(III/II) and two monoelectronic reduc-
tion waves of the porphyrin ring has been observed in the −1.1 to 1.2 V range,
in dmf. However, a continuous increase of the voltammetric waves as a function
of the number of scans has been observed when the potential was scanned until
−1.35 V and the 5-Clphen ligand reduced, confirming the build-up of an electro-
chemically active film on the electrode surface126. The polymerization process
is effective but the modified electrodes exhibit high resistances, leading to CVs
with diffusion-controlled characteristics. This indicates that the charge transfer is
limited by the slow movement of the electrolyte in the material. Hence, a new
method has been employed for the preparation of ETRP films in order to improve
the conductivity by controlling the packing of the ruthenated porphyrins. The
monomer has been dip-coated from a methanolic solution, dried under vacuum,
and electropolymerized in an acetonitrile solution. The monomer film dissolves
slowly in this solvent and a couple of scans until −1.35 V is enough to perform
the polymerization reaction. This method is much more effective than the direct
deposition of the polymer from a solution, because it assures a very high local con-
centration of the reactive monomer facilitating the coupling of the phenanthroline
radicals. Furthermore, the molecules should form the polymer keeping more or
less the same structure of the dip-coated material, since their mobility is hindered
by steric and intermolecular interactions. In fact, a highly reversible voltammetric
behavior has been observed for this modified electrode (Figure 6.16)126, exhibit-
ing sine-shaped waves with average FWHM = 130 mV and �E = 50 mV for the
Ru(III/II) process (FWHM = Full Width at Half of the Maximum).

The electrochemistry of poly-ETRP in aqueous solution shows a reversible
process at 1.0 V, but a broadening and shift of this Ru(III/II) waves have been ob-
served when the surface concentration is higher than about 1 × 10−8 mol cm−2,
probably due to slow electrolyte diffusion in the film. The impedance spec-
troscopy is consistent with a redox conduction mechanism and the charge-transfer
impedance reached a minimum (∼ 30�) at 0.97 V, increasing sharply at lower
and higher potentials (Figure 6.17A). An intense anodic wave is observed in the
CVs, in the presence of nitrite, and the kinetics of this catalytic reaction was
probed by RDE voltammetry, as a function of the substrate concentration (Fig-
ure 6.17B). Sigmoidal shaped voltammograms typical of a reversible process have
been obtained, giving straight Levich plots with a small curvature at the highest
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Figure 6.17. (A) Nyquist plots for a GC modified with poly-ETRP film (Γ = 4 ×
10−9 mol cm−2) in 5 mM KNO3 solution; (B) RDE voltammograms in 3.85 × 10−4 M
NANO2 soltuion (inset CVs at increasing [NO−

2 ]); and C) kfΓ vs. Γ , where kfΓ
was obtained from the slope of the Koutecky–Levich plots as function of the substrate
concentration.

concentrations (0.01–1 mM) and rotation rates (200–8,0000 rpm). The Koutecky–
Levich plots are linear and kfΓ = 0.11 cm s−1 can be obtained from the slope of
the linear coefficient vs. [NO2−] graphic. The heterogeneous rate constant can
be estimated using the � values evaluated from the integrated charge under the
voltammetric wave. Nevertheless, this gives an estimate of the lower limiting
value since it considers that all the electrochemically active sites are effectively
participating in the catalytic reaction. To overcome this problem, similar RDE ex-
periments have been carried out varying the surface concentration of poly-ETRP.
The slope of kfΓ vs. Γ plot gave kf = 6.2 × 104 M−1s−1 (Figure 6.17C), a value
50% higher than that determined by the previous procedure. This is 30 times su-
perior to that found for CoTRP/ZnTPPS modified electrodes, suggesting that the
detection limit by FIA may possibly be lowered to the nanomolar range.

4.2. Photocatalytic Properties

The incidence of light on polymetallated porphyrin films, in the presence of
O2, leads to the flow of photocurrent (Figure 6.18). This behavior was observed
for the pure M-TRP and the electrostatic assembled M-TRP/M′-TPPS films de-
posited on ITO5, 122, 123, 147, 203, 206, 210. In both cases the photoaction spectrum was
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ZnTRP/TPPS film on ITO as a function of the thickness and illumination (front or back).
Electrolyte: O2 saturated LiCF3SO3 aqueous acetate buffer (pH = 4.7) solution.

very similar to the corresponding absorbance spectrum, suggesting that the por-
phyrin is the active species. The RuII(dπ) → bpy(pπ∗) MLCT band was also
present in the photoaction spectrum, indicating that both sites are photocatalytic
active. The mechanism involves the photoinduced reduction of dissolved O2 and
formation of the oxidized sensitizer, which is regenerated by the electrode. How-
ever, the photocurrent intensity is an inverse function of the thickness of the film,
indicating that only few layers next to the electrode surface is contributing to the
process. In fact, the remaining layers are absorbing the incoming light and dimin-
ishing the photoresponse.

Dip-coated TRPyPz films show a very low efficiency in comparison with
TRPyPz/CuTSPc EAFs (Figure 6.14C). In this case, the photoresponse is more
intense and a broad band at 700 nm and a shoulder at 500 nm, consistent with the
Q and MLCT transitions, were observed in the action spectrum209. The difference
has been assigned to the presence of an efficient conduction pathway involving the
porphyrazine π -stacks, which makes possible a fast hole transfer to the electrode
surface. A similar behavior is expected for the Prussian blue type films prepared
with 3-TPyP coordinated to four [Fe(CN)5]3− complexes128.

The polymetallated porphyrins have been explored as sensitizers in Grätzel-
type cells also, using I−3 /I− couple as redox electron-transport material to close
the circuit213, 214. In those compounds the peripheral ruthenium complexes act
as antenna and can contribute to improve their photostability. The porphyrin
radical-cation generated after injection of an electron to the TiO2 conduction band
(�G ∼ 0.7 V) is rapidly reduced back by ET from a ruthenium complex, which
retains the hole until being regenerated by the supersensitizer. Considering that
the electron injection from the excited sensitizer is much faster than the decay
rate to the ground state, the efficiency of the device should be limited basically
by the competition with the recombination reactions. However, many other factors
seems to be contributing to the overall efficiency, since the ZnTPyP coordinated to



Supramolecular Porphyrins as Electrocatalysts 301

[Ru(phen)2Cl] is more efficient than Zn-35 and a 13% IPCE has been measured at
the Soret band. Also, much lower efficiencies have been obtained for the free-base
derivatives and assigned to the lack of a coordination point to the nanocrystalline
TiO2 surface. Even the solvent used for the adsorption of the sensitizer has been
found to influence the IPCE (Incident Photon to Current Conversion Efficiency
= 1, 250(Jsc/λφ), where Jsc is the short-circuit photocurrent density, λ the wave-
length, and φ the photon flux).

5. Final Remarks

Both supramolecular chemistry and porphyrin chemistry have undergone a
dramatic evolution in the last two decades, making possible the preparation of
very sophisticated structures by exploiting covalent and noncovalent interactions.
The chemistry of supramolecular porphyrins based on coordinative-assembly has
also evolved rapidly, making possible the preparation of incredibly complex struc-
tures like the porphyrin macrorings, mimicking the light harvesting center of pho-
tosynthetic systems, and the porphyrin grids. All this has been accomplished by
exploiting the metalloporphyrin axial sites and the coordinating groups attached
to the periphery of that macrocycle. The bonding geometry, strengths, and lability/
inertness of the transition metal complexes can be controlled to a much wider ex-
tent than in conventional organic compounds. In addition, they have characteristic
redox, catalytic, electrocatalytic, and photochemical properties that can be used
to introduce new functionalities or to tune the electronic properties of the mate-
rials. These points have been illustrated by the enhanced activity of MnTCP and
CoTCP for the oxidation of organic compounds and reduction of O2, respectively.
In these cases, the peripheral µ3-ORu3 complexes activate the metalloporphyrin
center in several ways: (a) by inducing electronic effects, (b) by acting as elec-
tron sources or drains, and (c) by acting as ET relays. The peripherally bound
complexes seem to adjust automatically their redox state to the electrochemical
potential of the environment, acting in a synergistic way. For example, in reduc-
ing conditions, the peripheral complexes are reduced enhancing the activity of
the porphyrin and metalloporphyrin for reduction reactions and vice versa, tuning
the electronic properties of the active site and concomitantly acting as electron
sources or drains for multielectronic processes. Such unique characteristics are
transferred to the molecular films, where they also act as electron-transfer relays
for the rapid diffusion of electrons from the electrode surface to the electrocat-
alytic active sites. Nevertheless, the number of transition metal complexes that
has been used for the assembly of well-characterized supramolecular systems is
still insignificant, considering the variety and number of known compounds. The
number of systems whose electrochemical, catalytic, photochemical, and conduc-
tion properties have been characterized is even meager, inspite of the significant
potential uses of these materials. Hence, we foresee a surge of activity in a near
future, exploiting the recent advances in many fields of chemistry, supramolecular
chemistry, and nanoscience.
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7
Electrodes Modified with Monomeric
M–N4 Catalysts for the Detection of
Environmentally Important Molecules

Tebello Nyokong

1. Introduction

Macrocyclic M–N4 complexes such as metallophthalocyanines (MPc,
Figure 7.1a) and metalloporphyrins (MP, Figure 7.1b), have been extensively
studied as electrocatalysts for many reactions with the aim of developing sensi-
tive, selective, and stable sensors. A good electrocatalyst must lower the redox po-
tential, increase sensitivity and selectivity, and should show stability. MPc and MP
complexes readily form thin film coatings for transforming nonselective unmodi-
fied surfaces into sensitive and selective sensors. The choice of these complexes as
suitable electrocatalysts arises from their ability to change their oxidation states,
but retain their stability and molecular structure during electrocatalysis. Modifi-
cation of the ring by attaching different substituents and varying the nature of
the central metal ion, can result in dramatic changes in the redox properties of
the macrocyclic M–N4 complexes. The central metal coordinated to the N4 ring
plays the main role in the electrocatalytic process. The potential at which catalytic
currents are observed being closely related to the redox potentials of the central
metals in these complexes1–3. Catalytic activity has in the past been observed
mainly for those MP or MPc complexes containing electrochemically active cen-
tral metals such as Fe, Co, Mn, Cr1, 4. The generally accepted1, 3–7 mechanism
for catalytic oxidation using M–N4 complexes containing an electroactive central
metal may be represented by Equations (7.1) and (7.2) as follows:

Mn+–N4 −→ M(n−1)+–N4 + e− (7.1)

M(n−1)+–N4 + R −→ Mn+–N4 + O (7.2)

Tebello Nyokong • Department of Chemistry, Rhodes University, P.O. Box 94, Grahamstown,
South Africa.

N4-Macrocyclic Metal Complexes, edited by José H. Zagal, Fethi Bedioui and Jean-Pol Dodelet.
Springer Science+Business Media, Inc., New York, 2006.
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Figure 7.1. Molecular structures of (a) metallophthalocyanine (MPC), (b) metallopor-
phyrin (MP), and (c) ring substituted MPc where R = (CH2)2N+(R)x I−.

where R and O are the reduced and oxidized forms of the species catalyzed. The
catalyst is regenerated following the electron transfer. For reduction, catalysis
would be mediated by the reduced form of the catalyst (e.g., M(n+1)+–N4).

M–N4 complexes containing Ni(II) and Cu(II) also show catalytic activ-
ity8–10. In CuPc, ZnPc, and NiPc complexes the central metals are electrochem-
ically inactive. The involvement of NiIII/NiII couple in NiPc catalyzed reactions
has been suggested11, but solution electrochemistry of NiPc does not show the
presence of this couple12. However, in porphyrins, electropolymerized NiIIP film
is readily oxidized to the NiIII species7. The oxidation of NiIIP to NiIIIP occurs
with difficulty in nonaqueous solutions. For NiP modified electrodes, the role
played by the Ni porphyrin catalyst was described as being that of a simple organic
layer, modifying the electrode surface without any specific chemical interaction
with the analyte8, 9 since both the NiP and the unmetallated form H2P showed the
same catalytic behavior. This may suggest that catalytic activity in some cases
is mediated by ring-based processes. In fact electrocatalytic reactions mediated
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by ring-based MPc redox processes have been reported13, 14. The catalytic activi-
ties of the M–N4 complexes containing a central metal which is not electroactive
are sometimes much larger than for complexes containing electroactive central
metal ion.

Monomeric M–N4 complexes show catalytic activity either in solution or
when adsorbed onto electrodes. For heterogeneous catalysis, the complexes are
used to modify electrodes, resulting in chemically modified electrodes. Chemi-
cally modified electrodes (CMEs) are very useful in lowering the overpotential,
increasing the rate of electrochemical reactions, hence increasing sensitivity and
selectivity.

The M–N4 monomers are widely employed for electrocatalysis1, 7. The
monomers readily adsorb onto electrodes to form electroactive surfaces. The
methods employed for the adsorption are often fast. Carbon electrodes are popu-
lar for the fabrication of CME using M–N4 complexes. The following are some
of the methods which have been employed in electrode modification using M–N4
monomers:

(i) Dip-dry method15–22: where the electrode is immersed in a solution of the
monomer. The thin film of the monomer occurs by spontaneous adsorp-
tion.

(ii) Drop-dry method23–27: where a few drops of the monomer solution are
applied to the electrode surface and the solvent allowed to dry.

(iii) Spin-coating28: where a droplet of a solution of the monomer is applied
to the surface of a rotating electrode. Multiple layers may be applied in
this way until the desired thickness is obtained.

(iv) Electrodeposition29, 30: the monomer is adsorbed onto the electrode by
cyclic voltammetry without polymer formation. And the first scan is gen-
erally similar to the second and subsequent cyclic voltammetry scans, in
terms of potential values, but the current increases with scan number. The
amount of catalyst on the surface may be controlled by the number of
cyclic voltammetry scans.

(v) Modified carbon paste electrodes6, 31–38: These are prepared by thor-
oughly mixing paraffin oil, the solid monomer and graphite powder to
form a paste, which is then packed into Teflon or glass tubes.

(vi) Vacuum deposition39, and screen printing40.
(vii) M–N4 complexes have also been used to modify electrodes by incorpo-

ration into other polymers41–50, such as plasticized poly(vinyl chloride)
and polypyrrole.

(viii) Self-assembled monolayers (SAMs): M-N4 complexes substituted with
sulfur donors are self-assembled onto substrates such as gold51–59.

(ix) Langmuir–Blodgett films60, 61.

Most electrocatalytic reactions are based on a signal generated by heteroge-
neous electron exchange between the dissolved analyte and the electrode which
has been modified as described above. However, the use of M–N4 complexes as
homogeneous electrocatalysts where both the catalyst and the analyte are in solu-
tion has also received attention23.
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This review focuses on the use of monomers based on M–N4 complexes for
analysis of molecules which are of environmental importance. The inorganic pol-
lutants discussed include sulfur dioxide, carbon dioxide, nitrites, cyanides, etc.,
and organic pollutants include phenols and chlorinated organics. Where necessary
a comparison with analysis using polymeric M–N4 complexes will be included.

2. Phenols, Organohalides, and Pesticides

Phenols are widespread in nature. Phenol is also produced by normal human
metabolism from tyrosines. The bactericidal properties of phenol make it a useful
substance for natural defense mechanisms in biological systems. Phenolic com-
pounds are also released into the environment in a number of ways including
during the manufacture of industrial products such as plastics, pharmaceuticals,
dyes, and pesticides (e.g., pentachlorophenol). Insecticides containing toxic
nitrophenols are used in agriculture. Many phenols are toxic and tend to persist in
the environment. Organohalides are recognized as important environmental pollu-
tants arising from industrial as well as biological sources. Halogenated methanes
and ethanes are often used as solvents. Trichloroacetic acid is for example used
as plaguicide in some countries, but it is known to be toxic. Organohalides have
been a subject of government regulations in many countries.

Electrochemical methods are preferred in analysis of phenols and halo-
genated organics since often there is no need for extensive separation. However
direct determination on noble metal electrodes is not favored due to high over-
potentials. Electrochemical oxidation of phenols readily occurs on unmodified
electrodes, but oxidation results in the formation of dimers which poison the elec-
trodes, decreasing the oxidation currents62. In order to improve sensitivity and
selectivity, chemically modified electrodes are employed. In this regard M–N4
complexes have shown remarkable catalytic activity towards the detection of phe-
nols and other species when either employed as homogeneous catalysts or when
adsorbed to electrodes.

The term pesticides includes insecticides, fungicides, molluscicides, bac-
tericides, rodentcides, fumigants, and herbicides. Pesticides are highly toxic. A
number of methods have been employed in the determination of pesticides in the
environment, these include spectrophotometry and GC coupled with MS. The lat-
ter being the most common63. However, electrochemical methods are increasingly
been employed. The use M–N4 modified electrodes for the detection of organo
pollutants, including organochlorinated plaguicides has been reviewed64.

2.1. Porphyrin and Salen Complexes

2.1.1. Organohalides

In general, phthalocyanines, porphyrins and corrins catalyze the reduction
of organohalides and the overall reaction is shown by Equation (7.3)65.

RX + H+ + 2e− → RH + X− (7.3)
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Table 7.1 lists redox potentials for the catalysis of organohalides and phenols
using MPc and MP catalysts. The reduction of trans-1,2-dibromocyclohexanes
was catalyzed by Co(II) porphrin monomers at potentials ≥ 1 V positive of the
uncatalyzed case66. High catalytic currents were obtained when using siloxane
films on carbon electrodes containing specially designed diethylene glycol spaced
Co porphyrin66. FeIIITAPP monomers adsorbed onto carbon electrodes and fol-
lowing reduction of FeIII to FeI, showed catalytic activity towards the reduction
of alky halides such as benzyl bromide, Table 7.167. A decrease in overvoltage
of up to 1.0 V was obtained compared to unmodified carbon electrode. Catalytic
activity was also observed for the FeII species67.

Zheng et al. reported on the electrochemical reduction of the intermedi-
ates generated from the reaction of MTPP with benzyl chloride or butyl chloride
and showed that CoTPP (Table 7.1) and FeTPP have higher catalytic activities
than MnTPP, NiTPP, CuTPP, or ZnTPP68, 69. The latter two complexes are not
expected to show good catalytic activity since the central metals are electrochemi-
cally inactive. Electron-donating substituents on the porphyrin ring of these mole-
cules enhanced the catalytic activity while the electron-withdrawing substituents
led to a decrease in activity. Dobson and Saini reported on the catalytic activity
of CoTPP towards the reduction of organohalides under both homogeneous and
heterogeneous (drop dry method on graphite) catalysis65. The CoII/CoI couple
catalyzed the reduction. The ease of detection of the organochloride depended on
the chemical nature as follows: haloalkane > haloalkene > haloarene.

The reduction of benzyl bromide mediated by vitamin B12r, CoTSPc, and
Co(salem) in a microemulsion under homogeneous conditions, resulted in prod-
ucts derived from the resulting radicals and anions70. The reactions were mediated
by CoI species70. Priyantha and Tambalo employed GCE coated with CoIITPP or
FeIIITPP as electrocatalytic amperometric sensors for the detection of herbicides
including 2,3-dichlorophenoxyacetic acid71.

Salem derivatives have been employed (mainly under homogeneous con-
ditions) for the catalytic reduction of organohalides. Salen complexes contain-
ing Co and Ni metals have received considerable attention compared to other
metal(salen) derivatives. Co(salen) incapsulated into zeolyte was found to show
less deactivation than when in homogeneous solutions72. Catalytic activity of
CoIIsalen towards reduction of organohalides was studied in organic solvents and
ionic liquids73, 74, and was found to be simpler in the latter medium73. Electro-
generated CoI salen catalyzed the reduction of 2,6-bis(chloromethyl)pyridine75,
and 1,1,2-trichloro-1,2,2-trifluoroethane76. Electrocatalytic reduction of dihalo-
cyclopropanes (using various metal(salen) complexes) resulted mainly in the
formation of monohalocyclopropanes77. Reductive coupling of benzyl bromide
catalyzed by a cobalt complex containing two salen units resulted in the forma-
tion bibenzyl as the main product78. However when CoII contained only one salen
unit, the main product was toluene78, 79. Benzyl chloride is converted to a mix-
ture of cis- and trans- stilbene in the presence of electrogenerated CoI salen80.
When Co(salen) films were employed for the detection of organohalides (e.g.,
trichlophenol, TCA, dichloroacetic acid, etc.), a 1.0 V decrease in reduction po-
tential was achieved accompanied by a large increase in the reduction current81.
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Reduction of bromo hexene was achieved in the presence of Ni salen and cy-
clam complexes82. Electropolymerized Ni(II) salen catalyzed the reduction of
iodoethane and 2-iodopropane83, with efficient regeneration of the Ni(II)salen
catalyst. Under homogeneous conditions, electrogenerated NiI catalyses the re-
duction of dihaloalkanes84 and cyclohexanecarbonyl chloride85. Ni(salen) has
a high catalytic activity towards the electrochemical reduction of perfluoroalkyl
chlorides86.

2.1.2. Phenols

Reports on the use of monomeric or polymeric porphyrins as electrocata-
lysts for the detection of phenols are limited. Chen and Chen reported on the use of
FeTMPyP in solution, in the presence of DNA or electrodeposited on a GCE pre-
viously modified with DNA, for the catalysis of the reduction of p-nitrophenol87.

MPPIX (M = NiII, CoII, and CuII) complexes polymerized onto a GCE
showed good catalytic activity towards the detection of nitrophenol, aminophe-
nol, and chlorophenol, Table 7.188. For the NiPPIX complex, the potential for the
oxidation of aminophenol was much lower than for chlorophenol and nitrophenol,
with nitrophenol being oxidized at a much larger potential, Table 7.1. The cat-
alytic response depended on the nature of the central metal ion since the catalytic
activity was mediated by an interaction of the phenol (as an axial ligand) with
the central metal88. A review by Biesaga et al.89 summarized the results obtained
on using porphyrins as potentiometric and amperometric catalysts for analysis of
many species. The analysis of phenols and organohalides were included in the
review.

2.2. Phthalocyanine Complexes

2.2.1. Organohalides and Pesticides

MPc complexes have been employed as catalytic components in microemul-
sions and as composite films for the analysis of phenols and organohalides.
Rusling and coworkers reported on FePc/DDAB, CuPc/DDAB, CuTSPc/DDAB,
NiPc/DDAB, NiTSPc-DDAB, ZnPc/DDAB or ZnPc/CTAB surfactant films90–97,
and Jiang et al.98 on CoTSPc/DDAB for use in catalyzed reduction of trichloro-
acetic acid (TCA) and other organohalides. The catalytic reduction of TCA was
more efficient in the acetonitrile/water solvent mixture than in the microemul-
sions97. Table 7.1 shows that lower potentials were observed for catalysis of TCA
on surfactant films containing NiPc complexes than for the corresponding CuPc
species.

Rusling and coworkers also studied debromination and dechlorination of
organohalidess by MPc in microemulsions96, 99–101. Reductive dechlorination on
clay surfactant films containing MPc complexes was better on CoPc compared to
FePc, since the former remained intact in the film while the latter decomposed100.
The order of the catalytic activity was CoPc>FePc>ZnPc. CoIPc species was
implicated as an intermediate in the catalytic process99. The high activity of CoPc
was correlated with an inner sphere mechanism, while the low activity of ZnPc
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is consistent with outer sphere pathways for complexes which accept electrons
on the ring99. de la Fuente et al.102 reported that polypyrrole electrodes modified
with NiPc electrocatalyzed the determination of pollutants and drugs.

CoPc modified carbon paste electrodes were reported by Chicharo et al.
to show good catalytic activity towards the measurement of triazolic herbicides
such as amitrole at low oxidation potential (+0.4 V, Table 7.1) in basic media,
a detection limit of 0.04 µg mL−1 was obtained using a injection system103. A
screen-printed carbon electrode which was impregnated with CoPc electrocata-
lyst, was employed in conjunction with acetylcholinesterase by Hartley and Hart
for the reduction of organophosphate pesticides104. The detection limits were of
the order of 10−8 and 10−7 M104.

Using CuTSPc as component of the microemulsion lowered the overpoten-
tial for the reduction of o-chlorophenol by 1 V, hence showed promise for catalytic
decomposition of DDT105.

2.2.2. Phenols

Reports on the use of monomeric MPc complexes for the electrocatalysis
of phenols are rare, hence the use of some polymeric MPc complexes will be
included in this section. Biosensors based on enzymes have been developed for
many electrochemical analyses. The use of MPc complexes as part of the enzyme
improves the sensitivities of the biosensors. Ozsoz et al. used CoPc monomer
dispersed in mushroom tissue electrode as a catalyst for the analysis of pheno-
lic compounds106. The enzymatic reaction between mushroom and the phenolic
compounds was coupled with the catalytic activity of CoPc. The CoPc dispersed
electrodes gave shorter response times and lower potentials compared to conven-
tional tissue biosensors106.

The use of MPc complexes for the oxidation of phenols was explored by
Zagal and coworkers107 by employing Ni as the central metal in the catalytic oxi-
dation of phenols. Electro-oxidation of 2-chlorophenol occurred on polymerized
NiTSPc107. The use of CoPc monomer to modify GCE resulted in less fouling of
the GCE and improved sensitivity108.

3. Thiols

Thiols are impurities distributed among petroleum products. They cause
foul odor and deterioration of additives in finished products. Some thiol com-
pounds such as 6-mercaptopurine and 6-thioguanine are used in medicine (e.g.,
treatment of leukemia) while others form essentials components of biological sys-
tems (e.g., amino acids). Some thiols (e.g., cysteine) are not readily detected on
bare electrodes, hence the need for chemical modification of electrodes with elec-
troactive catalysts. The use of CME also enhances sensitivity for the detection of
thiols even for those that can be determined directly on bare electrodes. Phthalo-
cyanines1 and porphyrins have been studied extensively as electrocatalysts for the
detection of thiols. Electrocatalytic oxidations of cysteine and 2-mercaptoethanol
have received considerable attention over many years. The aim is to lower the
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oxidation potentials and to improve the detection limits to the values obtained in
biological systems.

3.1. Porphyrin Complexes

As expected, the potentials vary with the nature of the catalyst and with the
media. Chen reported on a series of porphyrins for the detection of thiols109, 110.
In aqueous solutions, electrochemically generated FeITSPP (from the reduction
of FeIIITSPP or the FeIIIµ oxo dimer) or CoITMPyP (from the reduction of
CoIITMPyP) electrocatalytically reduced L-cystine and the oxidized form of glu-
tathionine; whereas FeIIITSPP, CoIIITMPyP and MnIIITMPyP, electrocatalyzed
the oxidation of L-cysteine or the reduced form of glutathionine, Table 7.2109, 110.
Electrochemically generated MnIVTMPyP could also oxidize L-cysteine and the
reduced form of glutathionine. Table 7.2 shows that as expected, the potentials
for the oxidation or reduction of thiols depends on the catalyst and the medium
(e.g., pH). Bedioui and coworkers employed polypyrrole films (electrodeposited
on ITO or Pt) containing alkylammonium groups with tectracationic Co porphyrin
incorporated into the film to reach total saturation of the alkyammonium sites, for
the catalytic oxidation of N -acetyl-L-cysteine in aqueous solutions111.

Wang, Pang, and coworkers showed that water soluble porphyrins
(H2TTMAPP, CoTTMAPP, and CoTSPP, Table 7.2) catalyze the oxidation of
cysteine, 3-mercaptopropionic acid, mercaptoethanoic acid, thioacetamide, ascor-
bic acid, hydrazine, and hydroxylamine112, 113. There was spectroscopic evidence
for the formation of an adduct between the porphyrins and the analyte112. It was
demonstrated that the N4 internal ring of the porphyrin plays an important role in
the electrocatalytic reduction of cystine114. Water soluble CoTTMAPP was found
to be a good catalyst for the homogeneous reduction of dithiodipropionic acid115.
Rea et al.116 and Azevedo et al.117 reported on the use of mono-, di-, tri- and
tetra-ruthenated MTMPyP and trans di-ruthenated MOEP coated on carbon elec-
trodes as effective sensors for sulfide using the oxidation wave of RuIII/RuII cou-
ples116, 117. At least two peripheral Ru atoms are necessary to trigger the catalysis,
and no major influence of the central metal ion in the porphyrin was detected116.

3.2. Phthalocyanine Complexes

A large amount of data exists for the oxidation of thiols using monomeric
MPc catalysts compared to porphyrins, Table 7.2. As Table 7.2 shows the poten-
tial for the oxidation of cysteine is highly dependent on pH being lower in basic
media. The study of the oxidation of 2-ME has mainly been conducted in basic
media, and this species is readily oxidized on MPc modified electrodes, as judged
by the low oxidation potential, Table 7.2. In general the potentials for the oxida-
tion of thiols is dependent on the MPc catalysts and the electrolyte as was the case
with porphyrin catalysts.

Halbert and Baldwin6, 118 as well as Zagal and coworkers25, 119 were among
the first groups to report on the use of MPc complexes for the electrocatalytic
oxidation of thiols (especially cysteine). Halbert and Baldwin employed a CPE
modified with CoPc for the electrocatalytic oxidation of sulfhydryl containing
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Table 7.2. Electrochemical Data for the Electrocatalytic Detection of Thiols Using
M–N4 Complexesa

M–N4 complex Electrode Method of
modification

Analyte E(V)
(SCE)

Medium O/R References

H2TTMAPP GCE Solution Cysteine +0.60 0.05 M H2SO4 O [112]

Co(2-TMPyP) GCE Solution Cysteine +0.54 pH 4.5 O [109]
FeTSPP GCE Solution Cysteine +0.96 pH 2.0 O [109]
CoTCPP Pt/poly

Pyrrole
poly pyrrole Acetyl-L-

Cysteine
+0.2 0.01 M KNO3 O [111]

FeTSPP GCE Solution Cysteine +0.88 pH 2.0 O [110]
MnTMPyP GCE Solution Cysteine +0.21 pH 13.0 O [110]
Co(2-TMPyP) GCE Solution Cystine −0.64 pH 4.5 R [109]
FeTSPP GCE Solution Cystine −1.08 pH 5.5,11.5 R [110]
CoTTMAPP GCE Solution Cystine −0.77 0.2 M H2SO4 R [114]
CoTSPP GCE Solution Cystine −0.74 0.2 M H2SO4 R [114]
Co(2-TMPyP) GCE Solution GSSG −0.65 pH 4.5 R [109]
FeTSPP GCE Solution GSSH −1.08 pH 5.5,11.5 R [110]
FeTSPP GCE Solution GSH +0.88 pH 2.2 O [110]
FeTSPP GCE Solution GSH +0.96 pH 2.0 O [109]
Co(2-TMPyP) GCE Solution GSH +0.51 pH 4.5 O [109]
MnTMPyP GCE Solution GSH +0.30 pH 11.5 O [110]
H2TTMAPP GCE Solution Thioacet-

amide
+0.90 0.05 M H2SO4 O [112]

CoTCPc GCE Electrodep Cysteine +0.78 pH 3.5 O [3]
CoTSPc GCE Electrodep Cysteine +0.77 pH 3.5 O [3]
CoPc GCE Electrodep Cysteine +0.63 pH 3.5 O [3]
CoTBPc GCE Electrodep Cysteine +0.69 pH 3.5 O [3]
CoTNPc GCE Electrodep Cysteine +0.70 pH 3.5 O [3]
CoTCPc GCE Electrodep Cysteine +0.16 pH 9 O [3]
CoTSPc GCE Electrodep Cysteine +0.10 pH 9 O [3]
CoPc GCE Electrodep Cysteine −0.03 pH 9 O [3]
CoTBPc GCE Electrodep Cysteine +0.08 pH 9 O [3]
CoTNPc GCE Electrodep Cysteine −0.03 pH 9 O [3]
CoPc CPE Cysteine +0.32 pH 5.5 O [140]
CoTSPc OPGE Dip dry Cysteine +0.2 0.2 M NaOH O [25]
CoOBTPc Au SAM Cysteine +0.38 pH 4 O [51]
CoOHETPc Au SAM Cysteine +0.46 pH 4 O [150]
FeOBTPc Au SAM Cysteine +0.29 pH 4 O [150]
FeOHETPc Au SAM Cysteine +0.44 pH 4 O [150]
RhPc(Cl)(py) GCE Drop dry Cysteine +1.05 pH 7.2 O [13]
RhPc(Cl)(DMSO) GCE Drop dry Cysteine +0.90 pH 7.2 O [13]
[RhPc(CN)2]− GCE Drop dry Cycteine +0.81 pH 7.2 O [13]
OsPc(py)2 GCE Drop dry Cysteine +0.99 pH 7.2 O [13]
[OsPc(CN)2]2− GCE Drop dry Cycteine +1.05 pH 7.2 O [13]
OsPc(DMSO)2 GCE Drop dry Cysteine +1.01 pH 7.2 O [13]
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Table 7.2. Continued.

RuPc(py)2 GCE Drop dry Cysteine +1.15 pH 7.2 O [13]
[RuPc(CN)2]2− GCE Drop dry Cycteine +0.87 pH 7.2 O [13]
RuPc(DMSO)2 GCE Drop dry Cysteine +0.94 pH 7.2 O [13]
MnTSPc OPGE Dip dry Cysteine +0.15 0.2 M NaOH O [25]
OMoPc CPE Cysteine +0.29 0.05 M H2SO4 O [139]
OMoTSPc CPE Cysteine +0.25 0.05 M H2SO4 O [139]
FeTSPc OPGE Dip dry Cysteine +0.2 0.2 M NaOH O [25]
CoOBTPc Au SAM Homocysteine +0.48 pH 4 O [150]
CoOHETPc Au SAM Homocysteine +0.50 pH 4 O [150]
FeOBTPc Au SAM Homocysteine +0.40 pH 4 O [150]
FeOHETPc Au SAM Homocysteine +0.41 pH 4 O [150]
CoOBTPc Au SAM Penicillamine +0.54 pH 4 O [150]
CoOHETPc Au SAM Penicillamine +0.51 pH 4 O [150]
FeOBTPc Au SAM Penicillamine +0.41 pH 4 O [150]
FeOHETPc Au SAM Penicillamine +0.40 pH 4 O [150]
FePc OPGE Drop dry 2-ME −0.28 pH 10.5 O [121]
FeOMePc OPGE Drop dry 2-ME −0.33 pH 10.5 O [121]
CoTAPc VCE Polymer 2-ME −0.29 0.5 M NaOH O [120]
CoTAPc VCE Drop dry 2-ME −0.32 0.5 M NaOH O [120]
CoTSPc/Ppy GCE Addition to Ppy 2-ME −0.2 0.1 M NaOH O [151]
CoPc CPE 6-MP +0.23 pH 7 O [118]
CoPc CPE 6-MPR +0.29 pH 7 O [118]
CoPc CPE 6-TG +0.29 pH 7 O [118]
CoPc CPE 6-TGR +0.28 pH 7 O [118]
CoPc CPE 6-TX +0.41 pH 7 O [118]
CoPc CPE 6-TU +0.34 pH 7 O [118]
CoPc CPE 6-MTG +0.69 pH 7 O [118]
CoPc CPE 6-MMP +0.59 pH 7 O [118]
CoPc CPE glutathionine +0.78 pH 2.4 O [119]
CoPc CPE MBT +0.23 pH 10 O [35]
CoPc CPE MBI +0.41 pH 10 O [35]
CoTTMAPP GCE Solution MEA +0.7 0.05 M H2SO4 O [112]

O: oxidation; R: Reduction;
a To convert potential vs. Ag/AgCl to SCE, a correction factor of −0.045 V (ref. [12]) has
been applied. Electrodep: electrodeposition.

compounds (cysteine, homocysteine, N -acetylcysteine, glutathionine, 6-
mercaptopurine, 6-thioguanine and glutathionine)6, 118. The catalytic peaks were
obtained in a narrow range of 0.75–0.85 V.

Zagal, Bediuoi, and coworkers have continued to study monomeric MPc
complexes as electrocatalysts for the oxidation of thiols in recent years120–126.
From their study on the catalytic behavior of adsorbed or polymeric CoTAPc to-
wards the oxidation of 2-mercaptoethanol (2-ME), Griveau et al.120 derived the
mechanism given by Equations (7.4)–(7.7) for the electrocatalytic process.

CoIITAPc ↔ [CoIITAPc]+• + e− (7.4)

[CoIITAPc]+• + RS− → [RS–CoIITAPc]−• (7.5)
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[RS–CoIITAPc]−• → [RS–CoIITAPc]+• + RS• + e− (7.6)

RS• + RS• → RSSR (7.7)

The potential for the oxidation of 2-ME was almost similar for both the
monomer and polymer, Table 7.2.

3.2.1. Adsorbed Monomer: Effects of Ring Substituents

Zagal and coworkers studied the effect of ring substituents on the electro-
catalytic behavior of MPc complexes (FeTSPc, FeTCPc, FeOMePc, FePc(Cl)16
and FePc) adsorbed on OPGE, for the oxidation of 2-mercaptoethanol121.

Complexes containing electron-withdrawing groups (–CO−
2 , –SO−

3 , Cl−)
shifted the catalytic peak to more positive potentials, and the ones containing
electron-donating methoxy groups to more negative potentials121. The catalytic
activity was measured by the difference in peak potentials between the oxida-
tion peak of the RSH and the reduction peak of the product (RSSR). That is, the
higher the reversibility of the RSH/RSSR couple, the higher the catalytic activity.
Based on this definition, the catalytic activities of the MPc complexes towards the
oxidation of 2-mercaptoethanol was found to decrease as follows: FeOMePc >
FePc > FeTCPc > FeTSPc > FePc(Cl)16

121. The last species contains electron-
withdrawing substituents hence will be difficult to oxidize and will be a poor
catalyst for oxidation, whereas the electron-donating Me group will make the
complex more readily oxidized and hence a good electrocatalyst for oxidation.
CoOEHPc monomer adsorbed onto graphite electrodes shows a higher catalytic
activity towards oxidation of 2-ME than adsorbed CoTSPc or CoPc125. This was
attributed to the electron-donating ability of the ethylhexyloxy substituents in the
former125. Ring substituted CoPc(X)4 (where X = NH2, NO2, C(CH3)3, SO3H
and COOH, giving CoTAPc, CoTNPc, CoTBPc, CoTSPc(H)4, and CoTCPc,
respectively) showed catalytic activity towards the oxidation of cysteine, with
the catalytic activity increasing with the ring substituent as follows: COOH >
C(CH3)3 > SO3H > NH2 > NO2. The potential for the catalytic oxidation
of cysteine was closely related to the CoIII/CoII couple of the CoPc species in
acid media and to CoII/CoI couple in basic media, Table 7.23. The redox couple
CoII/CoI was also implicated for the oxidation of glutathionine1. The FeII/FeI

couple has also been implicated for electrocatalyzed oxidation of cysteine by FeT-
SPc126. Kimura et al. showed that the catalytic activity of the cationic complexes
shown in Figure 7.1c towards the oxidation of 2-mercaptoethanol depended on the
length of the alkyl chain, with those catalysts having a long chain showing lower
catalytic activity127. Perchlorinated FePc has also been employed in another study
for the catalytic oxidation of 2-ME128.

3.2.2. Adsorbed Monomer: Effects of Central Metals

Electrocatalytic oxidation of cysteine on graphite electrodes modified with
MTSPc complexes showed that the catalytic activity decreased with M as follows:
Co > Fe > Mn > Ni > Cu, whereas the electrocatalytic reduction of cystine
showed the following trend Mn > Fe > Co > Cu > Ni25, 129. In both cases,
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the MPc complexes containing electroactive central metal shows better catalytic
activity. The highest catalytic activity for the oxidation of 2-ME was observed for
CoTSPc1, 130 followed by FeTSPc130. FePc complexes were also found to be the
most active (compared to MnPc, NiPc, and CuPc) for the electrocatalytic oxida-
tion of cysteine131 and differential oxidation of thiols occurred on CPE modified
with CoPc132.

Oxidation of 2-mercaptoethanol and other thiols on CoTAPc electropoly-
merized on carbon electrodes, showed that the activity of the electrode remained
similar to that of the adsorbed monomer, with the polymer showing higher stabil-
ity than the monomer124. The mechanisms for the catalytic oxidation of 2-ME by
CoTAPc monomer or polymer were similar.

3.2.3. Adsorbed Monomer: Effects of Axial Ligands

Platinum group metal phthalocyanine monomers adsorbed on GCE auto-
catalyze the oxidation of cysteine depending on the nature of axial ligands13,
Table 7.2. When DMSO or cyanide were employed as axial ligands, autocatalytic
behavior was observed, Figure 7.2. These complexes also catalyzed the oxidation
of methionine, hydroxylamin, and hydrazine13. Ring based redox processes were
implicated in the catalytic process shown by the following mechanism (Equations
(7.8)–(7.10)):

MPc(−2) −→ [MPc(−1)]+ + e− (7.8)

2[MPc(−1)]+ −→ ([MPc(−1)]+)2 (7.9)

MPc(−1)]+ + RSH −→ MPc(−2) + RSSR (7.10)

where RSH and RSSR are cysteine and cystine, respectively.
The catalytic process was also dependent on the nature of the central metal,

with lower potentials being observed on RuPc and RhPc complexes compared to
OsPc complexes13, Table 7.2.

3.2.4. Other Methods of Electrode Modification

In addition to studies on adsorbed monomers, other methods of electrode
modifications for the detection of thiols have appeared in the literature. Zagal and
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Figure 7.2. The variation of peak currents with scan number for the electrocatalytic
oxidation of cysteine on a GCE modified with [(CN)2RhPc]−. Scan rate = 100 mV s−1.
Cysteine concentration = 0.03 mol dm−3. (Reproduced with permission from Ref. [13]
Figure 7.2).
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coworkers studied the supported CoPc (on poly(2-chloroaniline)) as catalysts for
the electrooxidation of 2-mercaptoethanol, glutathione, and hydrazine133. Wring
et al. reported on a graphite–epoxy resin composite electrode modified with CoPc
for the detection of glutathionine in whole blood134 using HPLC connected to
electrochemical detection system. The use of CoPc resulted in the lowering of
overpotential for glutathionine oxidation by 750 mV134. Wang et al. reported
on the use of graphite epoxy electrodes modified with CoPc, PVP and cation
exchange resin for the detection of hydrazine, L-cysteine, and penicillamine135.
Retamal et al. showed that the diffusion rate of the electroactive species (e.g.,
2-ME) was improved by using an electrode modified with CoPc together with
PANCl136.

Ballarin et al. used sonogel–carbon composite electrodes containing CoPc
for the oxidation of cysteine137, 138. The catalytic process is mediated by the gen-
eration of the CoIIIPc species. Oxidation of sulfide ion was catalyzed by mi-
crocrystals of CoPc immobilized at a surface of paraffin impregnated graphite
electrode2. Filanovsky reported the use of a carbon electrode prepared by hand
pressing carbon powder mixed with CoPc and a polymer solution (poly(methyl
methacrylate)) in dichloromethane, followed by evaporating the dichloro-
methane32, for the analysis of mercaptoethanol in petroleum and cysteine in
human urine with detection limits of 8 × 10−7 M for the former and 2 × 10−7 M
for the latter32.

MPc modified CPEs have been employed by several researchers for the
analysis of thiols. Carbon paste electrodes incorporating OMoV(OH)Pc cat-
alyzed the oxidation of cysteine with a considerable reduction in overpotential139,
Table 7.2. The oxidation of cysteine was mediated by MoVIPc species139. CoPc
modified CPME was used as a sensor for analysis of cysteine and glutathionine in
urine using electrophoresis140, with detection limits of 3.1×10−8 and 3.0×10−7

M, respectively. CoPc modified CPE was employed for the potentiometric oxi-
dation of 2-mercaptobenzimidazole and 2-mercaptobenzothiazole35. Low peak
potentials of 0.45 V for the former and 0.27 V for the latter were obtained35. A
detection limit of 5×10−7 M was obtained. CPEs modified with CoPc showed cat-
alytic activity for the determination of thiocarbonyl compounds (thiourea, thioac-
etamide, thiobenzamide, and dithiooxamide)141 and the oxidation of thioglyconic
acid142. The latter occurred via a two step process, which leads to the formation of
the dimer of the thiol142. A carbon paste electrode constructed from NiTSPc im-
mobilized on silica gel modified with TiO2 catalyzed the oxidation of cysteine143.
The immobilization caused the increase in the monomeric form of the catalysts.

The effect of light on the catalytic activities of MPc complexes was exam-
ined by Karmann et al.144 Thin films of ZnOCPc, CoOCPc, CuOCPc, TpaTAPz or
TpiTAPz on ITO substrates show higher catalytic activity towards the oxidation 2-
mercaptoethanol, in the presence of a light beam compared to when the electrodes
were not illuminated144. The cyclic voltammetry in the presence of light showed
larger currents than in the dark144. Hart and coworkers employed CoPc modified
screen printed electrode for the electrocatalyzed oxidation of propanethiol and
other sulfur containing compounds145–148.
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Figure 7.3. Cyclic voltammgrams for the oxidation of (a) cysteine (1 × 10−5 mol dm−3)
and (b) penicilamine (1 × 10−5 mol dm−3) on SAM of FeOHTPc. FeOHTPc-SAM in
(i) buffer (pH 4) alone and (ii) in the presence of the analyte. Scan rate = 25 mV−1 s.
(Reproduced with Permission from Ref. [150], Figures 5(A) and (C)).

The use of self–assembled monolayers (SAMs) for the analysis of species
has not been explored sufficiently. MPc complexes substituted with thiols may
be used to form SAMs. SAMs of CoOBTPc or FeOBTPc on gold were used to
detect L-cysteine in acid media51, 149. The electrodes were very stable and repro-
ducible. Detection limits for cysteine as low as 3.1 × 10−7 M were obtained51.
SAMs of FeOBTPc, FeOHETPc, CoOHETPc were used as electrocatalysts for
the detection of the thiols: L-cysteine (Figure 7.3a), homocysteine and penicil-
lamine (Figure 7.3b) with detection limits in the 10−7–10−6 M range150. Lower
oxidation potentials for these thiols were observed for the FePc derivatives when
compared to CoPc derivatives, Table 7.2.

Since pyrrole and its derivatives form very stable conducting surfaces, Za-
gal, Bedioui, and coworkers used ultramicro-carbon-fiber electrode modified with
polypyrrole-dopped cobalt-tetrasulfonated phthalocyanine for the electrocatalytic
oxidation of 2-ME151. The resulting electrode was stable and showed a detection
limit of 8 ∼ 10−5 M. Pyrolle substituted phthalocyanines have been used for
the analysis of cysteine152. Electrocatalytic behavior of MPc complexes has also
been examined under homogeneous conditions. Water soluble OMoV(OH)TSPc
catalyzed the oxidation of cysteine under homogeneous conditions139.

Sensors based on CoTM-3,4pyPz or CoTAPc coated HOPG electrode and
further coated with Nafion ion exchange membranes30, 153 or FePc modified car-
bon paste electrode154 were employed for potentiometric analysis of sulfide ion
and 2-mercaptoethanol30, 153, 154, and 2-pyridinethiol154. The sensors showed a
faster response time than commercial potentiometric sulfide indicators30, 153. The
overpotential of the analytes were lowered by more than 400 mV in the case of
FePc modified carbon paste electrodes154.

4. Sulfur Dioxide and Sulfur Oxoanions

The emission of SO2 by burning fuel is responsible for air pollution, hence
its monitoring is of great concern155, 156. Sulfides are used as preservatives in the
food industry due to their antioxidant and antiseptic properties. However high
levels of sulfite salts can produce harmful effects towards hypersensitive people
along with distortion of the flavor of food where these have been added.
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4.1. Porphyrin Complexes

4.1.1. Sulfur Oxoanions

Several researchers have reported on the use of porphyrin complexes as
electrocatalysts for the detection of sulfites. Table 7.3 lists potentials for the
oxidation and reduction of sulfites on porphyrin catalysts. Under homogeneous
conditions, Kline et al. employed FeIIITSPP to catalyze the reduction of sul-
fite157. The FeIII/FeII couple mediated the reduction process. Chen and coworkers
studied the electrocatalytic transformation of HS−, S2O3

2−, S4O6
2−, and SO3

2−
to SO4

2− by water-soluble Fe, Mn, and Co porphyrin complexes109, 158–160,
with lower reduction potentials (SO3

2− reduction) being observed for FeTSPP,
Table 7.3. Fe(2-TMPyP) catalyzes the oxidation of S2O3

2− to SO4
2− through the

FeIV species of the porphyrin. FeIV species also oxidizes SO3
2− to SO4

2− and

Table 7.3. Electrochemical Data for the Electrocatalytic Detection of Sulfur Dioxide
and Sulfur Oxoanions Using M–N4 complexesa

M–N4 complex Electrode Method of
modification

Analyte E (V)
(SCE)

Medium O/R Reference

Co(2-TMPyP) GCE Solution S2O3
2− +0.55 pH 5.5 O [109]

Co(2-TMPyP) GCE Solution SO3
2− +0.58 pH 2.2 O [109]

CoTPyP-
[Ru(bipy)2Cl]4

GCE Dip dry SO3
2− +0.91 pH 4.7, 0.25

LiTFMS
O [200]

CoTPyP-
[Ru(bipy)2Cl]+/

ZnTSTPP

GCE Drop dry SO3
2− +0.76 pH 4.7 O [117]

CoDPP[Rubipy)2] Dip dry SO3
2− +0.65 0.25 M

LiTFMS
O [116]

Fe(2-TMPyP) GCE Solution SO3
2− +0.82 pH 9.2 O [109]

FeTSPP GCE Solution SO3
2− +0.94 pH 2.0 O [109]

Mn(2-TMPyP) GCE Solution SO3
2− +0.30 pH 11.5 O [109]

FeTSPP GCE Solution SO3
2− −0.40 pH 2.2 R [109]

Co(2-TMPyP) GCE Solution SO3
2− −0.56 pH 2.2 R [109]

Fe(2-TMPyP) GCE Solution SO3
2− −0.58 pH 2.0 R [109]

Fe(3-TMPyP) GCE Solution S4O6
2− −0.78 pH 7.6 R [109]

Co(2-TMPyP) GCE Solution S4O6
2− −0.58 pH 5.5 R [109]

Fe(2-TMPyP) GCE Solution S4O6
2− −0.73 pH 7.6 R [109]

FeTSPP GCE Solution HSO3
− −0.64 pH 3.48 R [157]

CoTNPPc OPGE Drop dry HEDS −0.9 V 0.2 M NaOH R [169]
CoPc PIGE Abrasive HS− +0.13 pHa O [2]
FePc(Cl)16 BPG Dip dry HS− −0.33 0.1 M NaOH O [17]
FePc OPGE Dip dry SO2 −0.12 pH 1 R [168]

O: oxidation; R: reduction.
aTo convert potential vs. Ag/AgCl to SCE, a correction factor of −0.045 V (ref. [12])
has been applied.
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HS− can be oxidized to S2O3
2− in the presence of oxygen158. Co(2-TMPyP),

Mn(2-TMPyP), and FeTSPP catalyze the oxidation of SO3
2−109, the potential

being dependent on pH and the nature of the catalyst, Table 7.3. Biesaga et al.
included the use of carbon electrodes modified with CoTPyP for the detection of
SO3

2− in a review89. FeI porphyrin species reduces S4O6
2− to S2O3

2−158. Co(2-
TMPyP) and Fe(2-TMPyP) catalyzed the reduction of S4O6

2− to S2O3
2−, lower

potentials are observed for the former, Table 7.3109, 159, 160. Chen and coworkers
also compared the catalytic activities of FeII(2-TMPyP) and FeII(3-TMPyP) and
showed that electrocatalytic reduction of S4O6

2− by the latter occurred at more
negative potentials and that S4O6

2− coordinates to porphyrin molecule.

4.1.2. Sulfur Dioxide

The use of porphyrin complexes for the electrocatalytic detection of SO2
is limited. Iron and titanium porphyrin peroxo complexes (TPPFe-O-FeTPP or
TiP(O2)) interact with SO2 to give sulfato complexes of the porphyrins or to give
free sulfate161, 162. Carballo et al. showed that NiPPIX polymerized on GCE cat-
alyzed the oxidation of SO2, and the modified electrode was stable under hydro-
dynamic conditions of a flow cell163.

4.2. Phthalocyanine complexes

The use of phthalocyanine complexes towards the electrocatalytic detec-
tion of sulfites is limited. The use of these complexes for the electrocatalytic
oxidation of sulfur dioxide has however received considerable attention. When
adsorbed on GCE, FeTSPc catalyzes the oxidation of SO2 and depending on pH,
SO2 · xH2O, HSO3

− and/or SO3
2− are the main compounds in solution164. It

was found out that these products behaved differently at the electrode surface
and that the modified electrode surface was stable over the entire pH-range164.
Nikolov and coworkers have extensively studied the use of MPc complexes as
catalysts for the oxidation of sulfur dioxide165–167. In the presence of a combina-
tion catalyst “active carbon plus CoPc”, which has been subjected to pyrolysis,
electrochemical oxidation of SO2 was affected by the active centers produced fol-
lowing pyrolysis of the ring165. This combination catalyst resulted in significant
increase in the catalytic activity for SO2 oxidation165. Electrocatalytic oxidation
of SO2 by pyrolytic CoPc on activated carbon and in the presence of nitrogen
oxides, showed that the nitrogen oxides block the catalyst surface without them-
selves undergoing any electrochemical changes166. This led to a decrease in SO2
catalysis166. SO2 can be oxidized at room temperature, in the presence of air on
active carbon modified with CoPc without use of external current167.

Yu et al. showed that when FePc adsorbed on graphite electrodes using the
drip dry method was employed as a catalyst for the electroreduction of SO2 in
aqueous solution168, the highest activity is observed in strongly acidic media and
decreases with increase in pH due to limitation in H+. The reducible forms are
SO2 and HSO3

− only. SO2 reduction current was independent of surface coverage
and the detection limit was in the parts per billion range168. The electrocatalytic
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activities of MPc complexes adsorbed onto PGE towards the oxidation of SO2
increased as follows129:

FePc, MnPc > CoPc > VoPc > MoOPc � CuPc, CrPc.

This trend is common for electrocatalytic reactions involving MPc com-
plexes where CoPc, FePc, and MnPc show better catalytic activities than the other
MPc complexes.

Zhang et al. showed that a graphite electrode modified with FePc(Cl)16
catalyzes the oxidation of sulfide in basic media17. Zagal et al.169 reported on
the electrocatalytic activity for the reduction of 2-hydroxy-ethyldisulfide on CoPc
derivatives (CoOEHPc, CoTMePc, CoTNPPc, CoTAPc, CoTSPc, CoPcF16) ad-
sorbed onto OPGE169. The catalytic activity increased with the driving force of
the catalyst.

5. Carbon Dioxide/Carbon Monoxide

The increase of carbon dioxide in the atmosphere is of global environmental
interest due to the greenhouse effect. Thus accurate analysis of carbon dioxide is
of environmental importance. The distribution of products obtained on electrocat-
alyzed reduction of CO2 on M–N4 complexes, depend of factors such as applied
potential, pH, nature of macrocycle and the nature of the central metal.

5.1. Porphyrin Complexes

CO2 is reduced electrochemically in the presence of porphyrins and ph-
thalocyanines170, 171. The products of reduction of CO2 on electrodes modified
with porphyrins are mainly CO and hydrogen, see Table 7.4. The potentials for
CO2 reduction are affected drastically by changes on the ligands coordinated to
the porphyrin ring, Table 7.5.

5.1.1. CO2 Reduction: M“0” Porphyrin Catalysts

The use of gas diffusion electrodes modified with porphyrins or phthalocya-
nines for CO2 catalysis has been reported by several workers. The involvement of
M0 state of the metal porphyrin complex has been reported14, 172, 173. For CoTPP
and FeTPP, the CO2 reduction occurs at the potentials where MITPP is reduced to
M0TPP. For CuTPP and ZnTPP, reduction of CO2 proceeds via the electron trans-
fer from the reduced porphyrin ring since the metal centers are electrochemically
inactive in these complexes. In all cases, the increase in CO2 pressure enhanced
the electrocatalytic activity of the MTPP catalysts14. The products formed using
the MTPP complexes were mainly H2 or CO, and the efficiency of product forma-
tion for CoTPP or FeTPP were comparable to those of CuTPP or ZnTPP, Table
7.414. Table 7.4 shows that larger current efficiencies for CO2 reduction were ob-
served for MgTPP and MnTPP, compared to NiTPP, CuTPP, and under the same
electrolyte conditions.
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Table 7.4. Bulk Electrolysis Products Obtained Using M–N4 Complexesa

M–N4

complex
Electrode Method of

modification
Reactant Main

product
E .(V)b

vs.
(SCE)

Electrolyte Current
effi-
ciency
(%)

References

Carbon dioxide/carbon monoxide
CoTMPP ACF Dip dry CO2 CO −1.3 0.5 M KHCO3 70 [20]
CoTPP Pt Drop dry CO2 CH3OH −0.5 pH 3.5 15.1 [131]
CoOEP PGE Dip dry CO CO2

FeTPP
/Mg2+

Hg pool Solution CO2 CO −1.7 DMF/0.1 M
TEAP

60–70 [173, 176]

Fe(III)TPP Pt Drop dry CO2 CH3OH −0.5 pH 3.5 10.3 [181]
FeTPP
/Mg2+

GCE Solution CO2 CO −1.6 DMF 70 [172]

FeTPP Pt Drop dry CO2 CH3OH −0.5 pH 3.5 12.5 [181]
Cr(III)TPP Pt Drop dry CO2 CH3OH −0.5 pH 3.5 11.6 [181]
NiTPP Pt Drop dry CO2 CH3OH −0.5 pH 3.5 14.4 [181]
CoTPP GDE Dip dry CO2 CO 0.5 M KHCO3 75 [14]c

FeTPP GDE Dip dry CO2 H2 0.5 M KHCO3 53 [14]c

NiTPP GDE Dip dry CO2 H2 0.5 M KHCO3 63 [14]c

ZnTPP GDE Dip dry CO2 H2 0.5 M KHCO3 66 [14]c

CuTPP GDE Dip dry CO2 H2 0.5 M KHCO3 63 [14]c

MgTPP GDE Dip dry CO2 H2 0.5 M KHCO3 91 [14]c

MnTPP GDE Dip dry CO2 H2 0.5 M KHCO3 88 [14]c

AgOEP GCE or Pt Solution CO2 H2 −1.50 CH2Cl2/TB
AF

[183]

PdOEP GCE or Pt Solution CO2 H2 −1.65 CH2Cl2/TB
AF

[183]

H2TPP GDE Dip dry CO2 H2 0.5 M KHCO3 90 [14]c

GaPc GDE Dip dry CO2 Methane −2.6 0.5 M KHCO3 40 [191, 192]
TiPc GDE Dip dry CO2 Methane −2.0 0.5 M KHCO3 30 [191, 192]
FePc GDE Dip dry CO2 CO −1.2 0.5 M KHCO3 50 [191, 192]
PdPc GDE Dip dry CO2 CO −1.5 0.5 M KHCO3 80 [191, 192]
ZnPc GDE Dip dry CO2 CO −1.9 0.5 M KHCO3 15 [191, 192]
AlPc GDE Dip dry CO2 Formic

acid
−1.8 0.5 M KHCO3 15 [191, 192]

H2Pc GDE Dip dry CO2 H2 −1.6 0.5 M KHCO3 100 [191, 192]
MgPc GDE Dip dry CO2 H2 −1.6 0.5 M KHCO3 100 [191, 192]
VPc GDE Dip dry CO2 H2 −1.6 0.5 M KHCO3 100 [191, 192]
PtPc GDE Dip dry CO2 H2 −1.6 0.5 M KHCO3 100 [191, 192]
MnPc GDE Dip dry CO2 H2 −1.6 0.5 M KHCO3 100 [191, 192]
CoPc GCE Drop dry CO2 Formade

ion
−1.6 pH > 5 60 [27]

CoPc PGE or
carbon cloth

Drop dry/dip
dry

CO2 CO −1.15 pH 5 87 [15]

CoPc BPG/PVP Drop dry CO2 CO/H2 −1.25 pH 5 [41]
CoPc Graphite Membrane CO2 CO/H2 −1.25 pH 5 [41]
CoPc GCE Chemical

bonding (py)
CO2 CO −1.0 20 [179]
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Table 7.4. Continued

M–N4

complex
Electrode Method of

modification
Reactant Main

product
E .(V)b

vs.
(SCE)

Electrolyte Current
effi-
ciency
(%)

References

Nitrite
FeTSPP Hg pool Solution NO2

− NH3 −0.9 pH 6.7 97 [203]
FeTSPP GCE Solution NO2

− NH3 −0.9 pH 6.5–7.4 46–72 [204]

FePc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 6 [192]

TiPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 3 [192]

VOPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 7 [192]

CrPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 10 [192]

MoPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 15 [192]

RuPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 10 [192]

NiPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 17 [192]

PdPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 11 [192]

CuPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 14 [192]

ZnPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 16 [192]

CdPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 16 [192]

GaPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 4 [192]

InPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 14 [192]

GePc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 3 [192]

SnPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 14 [192]

PdPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 12 [192]

[CoTM −
2, 3pyPz]4+

C rod Drop dry NO2
− NH3 −1.65 0.5 M NaOH 97 [213]

[CoTM −
3, 4pyPz]4+

C rod Drop dry NO2
− NH3 −1.65 0.5 M NaOH 72 [213]

CoTpyPz C rod Drop dry NO2
− NH3 −1.65 0.5 M NaOH 70 [213]

CoPc C rod Drop dry NO2
− NH3 −1.65 0.5 M NaOH 63 [213]

CoPc GDE Dip dry NO2
− NH3 −1.5 0.2 M KHCO3 16 [192]

Sulfur oxides
Fe(2–
TMPyP)

GCE Solution S2O3
2− S4O6

2− +0.81 pH 9 56 [158]

Fe(3–
TMPyP)

GCE Solution S2O3
2− SO4

2− +1.06 pH 9 70 [158]

Fe(4–
TMPyP)

GCE Solution S2O3
2− SO4

2− +1.06 pH 9 90 [158]

O: oxidation; R: Reduction.
a To convert potential vs. Ag/AgCl to SCE, a correction factor of −0.045 V (ref. [12])
has been applied.
b Electrolysis potential.
c Pressure 1 atm., current density 100 mA cm2.
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Table 7.5. Electrochemical Data for the Electrocatalytic Detection of Carbon Dioxide
and Carbon Monoxide Using M–N4 Complexesa

MN4

complex

Electrode Method of

modification

Analyte E (V)

(SCE)

Medium O/R References

FeTPP/Mg2+ HMDE Solution CO2 −1.7 0.1 M

TEAP/DMF

R [173, 177]

CoTPP GCE Solution CO2 −1.96 0.1 M

TEAP/DMF

R [184]

CoTPP bridged

by AP

GCE Axial ligation

of bonded AP

CO2 −1.1 pH 6.3 R [180]

CoOEP PGE Dip dry CO +0.5 pH 0, 7, 8 O [188]

CoTSPc Pt Solution CO2 −1.2 pH 7 R [198]

NiTSPc Pt Solution CO2 −1.5 pH 7 R [198]

CoPc Graphite rod Dip dry CO2 −1.7 TEAP (aq.) R [19]

CoPc GCE IPAVD CO2 −1.6 pH 6.65 R [39]

CoPc GCE Drop dry CO2 −1.55 pH 3–7 R [27]

CoPc Graphite Membrane CO2 −1.20 pH 4.4 R [41]

CoPc Graphite Membrane CO2 −1.20 pH 4.4 R [41]

CoPc PGE or

carbon cloth

Dip dry/

drop dry

CO2 −0.95 pH 5 R [15]

CoPc/PVP membrane Dip dry CO2 −1.1 pH 4.4 R [194]

O: oxidation; R: reduction.
aTo convert potential vs. AG/AgCl to sCE, a correction factor of −0.045 V (ref. [12]) has
been applied.

The involvement of the M0P species in the mechanism was also confirmed
by van Behar et al.174. CoIP species formed from reduction of Co porphyrin by
electrochemical, photochemical, and radiation methods was found to be unreac-
tive towards reduction of CO2

174. But one electron reduction of the CoIP resulted
in a species which bound CO2 and reduced it with the formation of CO and formic
acid as products174. However, Riqelme et al. reported that the CoII/CoI couple
(rather than the M0/MI couple) was responsible for the catalytic reduction of CO2
to CO and formic acid by polymeric CoTAPP (on GCE)175. The monomeric form
of the catalyst did not catalyze the reduction175. Grodkowski et al. found the CoI

and FeI complexes to be the active species when Co and Fe corroles electrocat-
alyzed the reduction of CO2

176. The Fe corroles showed better catalytic activity
than the Co corroles. The catalytic behavior of the corroles towards the reduction
of CO2 is different from that of MP complexes in that the latter do not react with
CO2 until they are reduced to beyond MI state176.

5.1.2. CO2 Reduction: Effects of Lewis and Br /onsted Acids

Lexa and coworkers studied the effects of Lewis and Br /onsted acids on the
catalytic efficiencies of Fe0TPP complexes towards the reduction of CO2

172, 173, 177.
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The potentials observed for the reduction of CO2 under these conditions were still
relatively high (e.g., −1.7 V, Table 7.5). The efficiency of the electrocatalytic re-
duction of CO2 by Fe0TPP improves in the presence of Lewis acid cations such
as Mg2+, Ca2+, Ba2+, Li+, and Na+172 or Bronsted acid co-catalyst such as 2-
trifluoroethanol173 1-propanol or 2-pyrrolidone177, 178. The lifetime of the cata-
lyst also improves in the presence of these acids. The main product of reduction
is CO, with formate being formed in lesser amounts173. The order of reactivity
of the Lewis acids is as follows: Mg2+ ∼ Ca2+ > Ba2+ > Li+ > Na+. The
study confirmed the push–pull mechanism, whereby electrons are pushed into the
CO2 molecule by the electron-rich catalyst, and the cleavage of one of the C–O
bonds is helped by the presence of the electron deficient Lewis acid cation172, 178.
It was proposed that Mg2+ or the other cations, break the CO bond following the
formation of a complex between the Fe0TPP and CO2

178.

5.1.3. CO2 Reduction: Effect of Changes in the Ring and Central
Metal

Aga et al.179 showed that CO2 can be catalytically electroreduced to form
CO as the main product, on N4 cobalt complexes chemically bonded to GCE
through –CONH–pyridine, with the N of the pyridine forming a coordinate bond
with the Co center of the N4 complexes. Tanaka et al. employed aminopyridine
as a bridge between the metal complex and the GCE, and the potential for the
reduction of CO2 of −1.1 V was obtained180. The N4 complexes used as catalysts
were CoNPc, CoTMPP, CoPc, vitamin B12, CoTPP, and CoDO (Figure 7.4a) and
the modified electrode may be denoted as GC-py-Co. CoDO was however not
able to reduce CO2. The mechanism for the reduction of CO2 by the rest of the
N4 complexes was proposed as follows179 (Equation 7.11–7.14):

GC − py − CoII + e− → GC − py − CoI (7.11)

GC − py − CoI + H+ → GC − py − CoIIH (7.12)

GC − py − CoIIH + CO2 → GC − py − CoIICOOH (7.13)

GC − py − CoIICOOH + H+ + e− → GC − py − CoII + CO + H2O (7.14)

Ogura and Yoshida examined the electrocatalytic CO2 reduction at elec-
trodes modified with a number of MTPP complexes181. CoIITPP showed better
catalytic activity followed by NiIITPP, then by FeIITPP, with CrIIITPP showing
the least catalytic activity181. Low current efficiencies were obtained181, Table
7.4. Tatahashi et al. reported on the use of Co porphyrin complexes for the cat-
alytic reduction of CO2 on Hg(Pt) electrodes182, HCO2H was found to be the
reduction product. Metal fee, Cu, and Fe porphyrin complexes showed no cat-
alytic activity.182.

When AgII and PdII porphyrins were employed as catalysts for the elec-
trochemical reduction of CO2 in dichloromethane, H2, and oxalic acid were the
detected products183, Table 7.4, the latter being a rare product. Qiu and Sawyer
reported that alkalyated iron and cobalt porphrins dianioins electrocatalytically
reduce carbon dioxide to give CO and CO2−

3
184.
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Figure 7.4. Molecular structures of (a) dibromo (11-hydroxyimino-4,10-dipropyl-5,9-
diazatrideca-4,9-dien-3-one oximato) cobalt (III) (CoDO) and (b) an unsymmetrical N4Ni
complex.

Cofacial dinuclear CoTMPyP:MTSTPP was employed by Enoki et al. as a
homogeneous catalyst for the electrochemical reduction of CO2

185. The catalytic
activity was depended on the central metal185. Bernard et al. reported that iron
porphycene complexes show electrocatalytic behavior towards the reduction of
carbon dioxide in the same manner as porphyrins186.

5.1.4. Carbon Monoxide Oxidation

Venkataramab et al. reported that MP, MPc, and cyclam complexes, em-
ployed as co-catalysts with Pt electrodes, acted as redox mediators which gen-
erated a species that catalyzes CO oxidation187. Shi and Anson showed that
adsorbed CoIIOEP catalyzed the oxidation of CO to CO2 in aqueous media188.
The first step was the oxidation of CoIIOEP to CoIIIOEP, followed by coordi-
nation of CO. Van Baar et al. reported that electrocatalytic oxidation of CO oc-
curs in the presence of Rh and Ir porphyrins in aqueous acid solutions189. In
strongly alkaline media Co and Fe porphyrin counterparts showed excellent cata-
lysis for CO oxidation189. The proposed catalytic mechanism was as follows: (i)
CO adsorption to metal center, (ii) nucleophilic attack by H2O (acid media) or
OH− (basic media) on the adsorbed CO, and (iii) decarboxylation189, 190. The
differences in the behavior of the metalloporphyrin complexes was explained in
terms of CO affinity for the central metal in the different oxidation states189.

5.2. Phthalocyanine Complexes

There are several reports on the use of MPc complexes as electrocatalysts
for the reduction of CO2, but reports on the use of these complexes for the oxida-
tion of CO are scarce. Diffusion electrodes have been employed extensively for
the use of MPc complexes as electrocatalysts for CO2 reduction. Using porous gas
diffusion electrodes, Furuya and coworkers studied the activity of a series of MPc
complexes towards the reduction of CO2 and found the activity to be depended
on the nature of the central metal, Table 7.4191, 192. On FePc and PdPc modified
electrodes both hydrogen and CO were obtained, on ZnPc and AlPc, the main pro-
ducts were hydrogen, carbon dioxide and formic acid and on H2Pc, MgPc, MnPc,
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and PtPc, the main product was hydrogen only191. The main product of reduc-
tion was CO on NiPc and CoPc modified electrodes191. On SnPc, PbPc, and InPc
modified electrodes, the main product was either formic acid or hydrogen. On
CuPc, GaPc, and TiPc modified electrodes, methane was the main product of CO2
reduction191. The current efficiencies of the main products are listed on Table 7.4.
CoPc, CuPc, CoTMPP, and CoTBPc adsorbed on activated carbon fibers (ACF)
supports, in the form of gas diffusion electrodes were found to be efficient elec-
trocalysts for the reduction of CO2

1, 193. The product of the reduction was CO.
Meshitsuka et al. also found NiPc and CoPc complexes to be effective cat-

alysts for the reduction of CO2
19, with the reduction potential depending on the

sweep rate19. Lieber and Lewis15, Tanabe and Ohno39, and Kaputsa and Hacker-
man27 (Table 7.5) also found CoPc to be a good catalyst for the reduction of CO2.
CoPc modified pyrolytic graphite (PGE) or carbon cloth electrodes were found
to catalyze the reduction of CO2

15, with CO being the main reduction product,
Table 7.4. Using IPAVD technique for modifying GCE, CoPc was found to be
active for the reduction of CO2, and the efficiency of the catalysis varied with
MPc as follows: CoPc >> NiPc > FePc ∼ MgPc ∼ MnPc ∼ ZnPc39. On a
GCE modified using the drop dry method, the order of activity was found to be
CoPc > NiPc >> FePc = CuPc > CrPc, SnPc27. In all cases CoPc seems to be
a much better catalyst than other MPc complexes for the reduction of CO2.

Kaneko and coworkers reported that a BPG electrode modified with PVP
membrane containing CoPc was selective to (and enhanced) CO2 reduction (with
the formation of CO and H2) than if CoPc only was employed41, 194. The enhanced
catalytic activity in the presence of PVP was discussed in terms of (i) electron
donation of the pyridine group (of PVP) to the central Co metal in CoPc by axial
coordination, (ii) proton exchange property of PVP, and (iii) the increased local
concentration of CO2 in the PVP layer194.

Magdesieva and coworkers employed mono- and di-phthalocyanine films
for the electrocatalytic reduction of CO2

20, 195, 196 in methanol. Methyl formate
was found to be the main reaction product for the catalytic reduction using mono
and di-phthalocyanine complexes of the rare earth metals. The lutetium mono-
and di-Pc complexes contain an electroinactive central metal, but were found to
catalyze the reduction of CO2

196. It was proposed that a key step in the catalytic
behavior of these complexes was the coordination of CO2 molecule to the external
N-atom of the NPc or Pc196. CuTBPc transformed CO2 to methane (with ∼30%
yield), and CuTAPc resulted in the formation of CO and methyl formate as the
main products195. Abe et al.197 reported on CoOBPc coated graphite electrodes
(dip dry method) for the electrocatalytic reduction of CO2. CO was produced at a
higher selectivity on CoOBPc compared to CoPc197. The electron-donating octa
butoxy substituents facilitated the coordination of CO2 as well as electron transfer
in CoOBPc197. Magdesieva et al. also reported CoTBPc and CuTBPc complexes
containing bulky tetra-tert-butyl substituents to be more effective catalysts for CO
reduction20.

Using spectroelectrochemistry (reflectance spectra), Christensen et al. probed
the mechanism of CoPc assisted reduction of CO2, and the involvement of CoIPc
intermediate during the reduction process was confirmed20.
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Catalytic behavior of MTSPc (M = Co, Ni, Cu, and Fe) towards the reduc-
tion of CO2 under homogeneous conditions was reported by Hiratsuka et al.198.
NiTSPc and CoTSPc were found to be effective catalysts198, while CuTSPc and
FeTSPc were ineffective. The reduction process consisted first of the formation of
CO2 complex with the MTSPc, followed by electron transfer from the electrode
to CO2 through MTSPc198.

6. Nitrites and Nitrates

Nitrates and nitrites are spread within environmental, food, industrial, and
physiological systems. Nitrate may be reduced by bacteria to nitrite, and nitrite
produces carcinogenic nitrosamines. Nitrite is also commonly employed in cured
meat products to provide antimicrobial action, color fixation, and preservation.
Nitrite can oxidize hemoglobin iron(II) to iron(III) resulting in methemoglobin,
leading to a condition known as methemoglobinemia in children mainly. In ex-
cess, nitrates and nitrites may be toxic.

6.1. Porphyrin Complexes

Table 7.6 lists the potentials for the catalytic oxidation of nitrites on elec-
trodes modified with MP or MPc complexes. Chen and Chen reported on the use
of FeTMPyP film adsorbed on DNA modified carbon, gold, platinum, or trans-
parent semiconductor tin oxide electrodes for the catalytic reduction of nitrite87,
through the Fe(I) species. Oxidation (at 0.81 V, Table 7.6) of nitrite occurred
through the Fe(IV) species as follows87 (Equation 7.15 and 7.16):

FeIIITMPyP/DNA → FeIVTMPyP/DNA + e− (7.15)

FeIVTMPyP/DNA + NO−
2 → FeIIITMPyP/DNA + NO2 (7.16)

Araki, Toma, and coworkers, reported that thin films of the polymeric
tetraruthenated porphyrin material were one of the most active electrocatalysts for
the oxidation of nitrite to nitrate199, 200, with activities 30 times higher than that of
electrostatically assembled porphyrin films200. Electrostatically assembled por-
phyrin films of tetraruthenated cobalt porphyrin/(meso-tetra(4-sulfonatephenyl)
porphyrinate zinc(II) could be used to detect nitrite with a detection limit of
0.1 µM117, 201. The bilayered film allowed for the determination of nitrite at less
positive potentials than the individual components and with enhanced sensiti-
vity201. The coating also prevented surface poisoning. The detector allowed for
the determination of nitrate after reduction to nitrite in mineral water, saliva, and
cured meats. The use of alternating layers of porphyrins for the reduction of nitrite
and nitrate was also described in a review by Moorcroft et al.202.

Barley, Meyer and coworkers showed that FeIIITMPyP and FeIIITSPP
were effective electrocatalysts for the reduction of NO−

2 to N2O, NH3, and
NH2OH203–205. Current efficiencies as high as 97% were obtained for the forma-
tion of ammonia in some cases, Table 7.4. Under acidic conditions where nitrite
disproportionates into mainly NO, a nitrosyl intermediate was implicated during
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the catalytic reduction203. Bedioui et al. reported that electropolymerized iron
porphyrin or iron porphyrin incorporated in pre-electropolymerized pyrrole deriv-
atives showed catalytic activity towards the reduction of nitrite206.

Gao et al. reported on nitrite sensitive liquid membrane electrodes based
on metalloporphyrin derivatives; Ir(TPP)Cl, Ir(TMPP)Cl and chloro(2-nitro-5,10,
15,20-tetraphenylporphyrinato)indium207. The electrodes were found to have a
high selectivity for nitrite in the presence of a number of interfering ions with the
following selectivity pattern:

NO−
2 > SCN− > I− > F− > Br− > Cl− > ClO−

4 > NO−
3

A detection limit of 5.0 × 10−6 mol dm−3 was obtained207.
Mimica et al. and Lin et al. employed haemin208, myoglobin208, 209 and

hemoglobin208 to electrocatalytically reduce of nitrite. These iron porphrin com-
plexes were embedded in DDAB surfactant films208 and were found to be active
catalysts. The catalytic currents were observed at potentials close to the FeII/FeI

couple209.

6.2. Phthalocyanine Complexes

Table 7.6 shows that the potentials for the reduction of nitrite on MPc com-
plexes are relatively high compared to when Hb, Mb, or FeTMPyP/DNA are
employed. Zagal, Bedioui, and coworkers employed CoPc adsorbed (as monomer)
or electropolymerized onto a vitreous carbon electrode (VCE), to catalyze the oxi-
dation of nitrite210. The activity of the electrode was found not to increase with the
amount of CoPc adsorbed onto the electrode210. At low potentials (at the foot of
the electrocatalytic wave), the proposed mechanism is similar to that as proposed
for thiols Equations (7.4)–(7.7).

Kim and Kwag showed that heat treatment affected the catalytic activity
of supported FePc for the electrocatalytic reduction of nitrite211. The highest
catalytic activity was obtained at 800◦C, at this temperature the FePc complex
existed as either Fe–N complex or in the form of small iron clusters, both of
which exhibited catalytic activities211. The decrease in activity at temperatures
greater than 800◦C could be attributed to formation of larger iron clusters which
may be catalytically inactive. The study showed that the Fe–N4 structure was
not important to maintain catalytic activity211. Electrocatalytic reduction of ni-
trate and nitrite in alkaline media by a series of MPc complexes (adsorbed on
GCE) showed that the overpotential for the reduction was lowered by the MPc
complex as follows: CuPc > FePc > NiPc > CoPc > MnPc > ZnPc > unmod-
ified GCE10. The reduction of nitrite occurred at slightly less negative potentials
compared to nitrate reduction10. The high catalytic activity of CuPc is again sug-
gesting the involvement of ring-based processes. In fact Hwang et al. showed that
FePc adsorbed on the edge of PGE was an efficient catalyst for the reduction of
nitrite in acid solutions and the FeIIPc2−/FeIIPc3− ring-based couple was found
to be responsible for the high catalytic activity212. Carbon electrodes modified
with [CoTMTpyPz]4+, CoTpyPz, [CoTSPc]4− and by the 1:1 electrostatically
assembled dimer [CoTMTpyPz]4+: [CoTSPc]4− showed the latter to have the
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best catalytic activity213. Bulk electrolysis of nitrite gave ammonia and hydroxy-
lamine as the main products213, Table 7.4. Nevin et al. showed that tetranuclear
CoPc complexes reduced nitrite in basic media214. Iron electrodes modified with
FePc catalyzed the reduction of nitrite1.

Simultaneous reduction of nitrite and carbon dioxide was studied on gas-
diffusion electrodes modified with MPc complexes (where M = Cr, Mo, Mn, Ru,
Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au, Zn, Cd, In, Tl, Sn, and Pb) by Shibata and Fu-
ruya192. Urea, CO, formic acid, and NH3 were formed (with low current efficien-
cies for NH3 formation, Table 7.4) at the gas diffusion electrodes with Group 8–14
MPc catalysts (except for Al and Ge). No urea was formed for MPc complexes of
Group 4–7192.

7. Cyanides/Thiocyanades

Cyanide is a well known toxic molecule which gets into the environment
through its industrial use in mainly mining. Biological sources of cyanide are also
known. Cyanogenic glucosides found in plants release HCN following ingestion
of these plants by humans. Thiocyanade is a detoxification product of hydrogen
cyanide. Its determination in body fluids has been used to monitor exposure to
hydrogen cyanide from tobacco smoke. Thiocyanade possesses many industrial
and biological applications and its toxicity is not comparable to that of cyanide,
but it is harmful to aquatic life.

The use of porphyrin and phthalocyanine complexes for the electrocataly-
sis of cyanide and thiocyanade is limited. Most studies for the detection of thio-
cyanade using porphyrin or phthalocyanine catalysts have been based mainly on
potentiometic methods, Table 7.7. Abbaspour et al. reported on the use of unsym-
metrical benzo N4 nickel(II) macrocyclic complexes (Figure 7.4b) as ionophores
for preparing PVC-based membranes for selective detection of thiocyanade215.
A membrane electrode based on MnOBTPP (reported by Shamsipur et al.) was
found to be selective for thiocyanade216. The electrode was employed for direct
analysis of thiocyanade in urine216. Amini and coworkers developed thiocyanade
selective electrodes based on NiPc, MnPc, CoPc, and FePc ionophores incorpo-
rated into plastisized PVC on graphite electrodes47, 48. These electrodes gave good
detection limits in the pH range 3–1047, 48. MnPc was found to show better se-
lectivity for anions than CoPc47. Using thiol substituted MPc complexes of Co
and Fe, thiocyanade could be electrocatalysed on SAMs of these complexes150,
Figure 7.5, with the potentials shown in Table 7.6. A platinum disc electrode
modified with PAA which has been modified with CoPc was reported by Tatsuka
et al. for the selective detection of cyanide ions44. The catalysis was mediated by
cyanide coordination to the CoPc complex.

8. Hydrazine/hydroxylamine

Hydrazine is volatile and toxic, and is readily absorbed by oral, dermal, or
inhalation routes or exposure. Hydroxylamine and its derivatives are moderately
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Table 7.7. Potentiometric Determination of Sulfur Oxides and Thiocyanade Using
M–N4 as Electrocatalysts

M–N4 complex Electrode
matrix

Analyte Medium LOD
(µg ml−1)

References

CoTM-3,4pyPz HOPG Sulfide pH 7 µg ml−1 [30]
NiPPIX GCE SO2−

3 0.05MKH2 PO4 0.15 [163]
NiTACTD PVC SCN− pH 3.5–10.5 1 × 10−7 [215]
MnOBTPP PVC SCN− pH 3 3.2 × 10−7 [216]
NiPc PVC/DOP SCN− pH 3–10 5 × 10−7 [48]
FePc PVC/DOP SCN− pH 3–10 1 × 10−5 [48]
MnPc PVC SCN− pH 2–10 5 × 10−7 [47]
CoPc PVC SCN− pH 2–10 5 × 10−7 [47]

LOD: limit of detection.

vi

v

iv

iii
ii
i

500 nA

0 0.5
E/V vs. Ag�AgCl

1

Figure 7.5. Typical Osteryoung square wave voltammograms of CoOBTPc-SAM modified
gold electrodes in pH 4 buffer solutions before (i) and after the addition of (ii) 9.30×10−6

mol dm−3, (iii), 1.98 × 10−6 mol dm−3 (iv) 40.5 × 10−6 mol dm−3 (v) 80.0 × 10−6 mol
dm−1 and (vi) 11.90 × 10−6 mol dm−3 thiocyanate. (Reproduced with Permission frm
Ref.[150] Figure 7.5D.

toxic. Hydroxylamine is presumed to be an intermediate in the reduction of nitro-
syl to ammonia.

8.1. Porphyrin Complexes

Most reports are on the catalytic oxidation of hydrazine using polymerized
porphyrins. Hence polymerized porphyrins are included here. There has been
less attention paid to catalysis of hydroxylamine. Table 7.8 shows that the data
reported for the oxidation of hydrazine is mainly in basic media. Unmetalated por-
phyrin complexes show catalytic activity, again suggesting the involvement of the
ring-based processes in the catalytic processes, Table 7.8112, 113 Under the same
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conditions, unmetalated porphyrin complexes give lower oxidation potentials for
hydrazine than Co or Mn porphyrin complexes.

Malinski and coworkers employed polymerized metal porphyrins for the
catalytic oxidation of hydrazine in basic media217, 218. NiTMTHPP, CoPCPP,
CoTPCPP, MnTPCPP, NiTPCPP, CuTDEAPP, CoTDEAPP, MnTDEAPP, NiT-
DEAPP, and PdTDEAPP complexes were found to catalyze the electrochemical
oxidation of hydrazine217, 218. Table 7.8 shows that low oxidation potentials for
the oxidation of hydrazine were observed on NiTPCPP compared to the corre-
sponding Mn, Co, and unmetalated derivatives. Trevin et al.219 examined the role
of the Ni central metal in M–N4 complexes on the catalytic activity towards the
electrooxidation of hydrazine. The role of the central metal could be explained by
the fact that when nickel-based modified electrodes, prepared by oxidative poly-
merization of nickel porphyrin, nickel salen, and nickel cyclam complexes from
0.1M NaOH solutions, and used for electrocatalytic oxidation of hydrazine219,
the behavior of the polymerized films was similar to that shown by nickel hy-
droxide modified electrodes219. A carbon paste electrode modified with CuTPP
was discussed in a review by Biesaga et al. for the analysis of hydrazine89. Pessoa
et al. reported that CoTCPP immobilized onto Nb oxide grafted-silica gel surface,
catalyzes the oxidation of hydrazine with low response times (<1 s)220.

8.2. Phthalocyanine Complexes

8.2.1. Hydrazine

There has been relatively more research activity on the use of MPc com-
plexes for electrocatalysis of hydrazine compared to porphyrins. Isaacs et al.221

reported that when CoPc and CoNPc are adsorbed on a GCE, they show different
catalytic behavior towards the oxidation of hydrazine. The differences were ex-
plained by the fact than in CoNPc the redox couples are centered only on the ring
and not on the metal as is the case with CoPc221.

MPc and MTSPc catalyzed the oxidation of hydrazine1, 21, with the catalytic
order depending on the metal as follows: MnPc > MnTSPc > CrTSPc > NiTSPc
> VOPc > NiPc ∼ CuPc ∼ VOTSPc ∼ ZnTSPc222. The mechanism proposed for
the oxidation of hydrazine suggests the involvement of the MII/MI couple of the
MPc complex1. This may explain the low catalytic activities of CuPc and ZnTSPc
since these MPc complexes do not contain the MII/MI couple. Also CoTSPc and
FeTSPc showed good catalytic activities towards the electrocatalytic oxidation of
hydrazine compared to NiTSPc and CuTSPc223. FeTSPc (adsorbed on platinum)
was found to be a better electrocatalyst than CoTSPc for the oxidation of
hydrazine in basic media21. Zagal and coworkers studied a series of unsubsti-
tuted MPc complexes for their effectiveness as electrocatalysts for the oxidation
of hydrazine131, 224. FePc complexes were found to be the most active (compared
to MnPc, CoPc, NiPc, and CuPc) for the electrocatalytic oxidation of hydrazine
and reduction of cystine131, 224.

Different methods have been employed for the modification of electrodes
for use in the electrocatalytic oxidation of hydrazine in addition to the ones
listed above. For example, Li et al. showed that self-assembled multilayer films



346 Tebello Nyokong

containing CoTSPc and diazo-resin have excellent response to the oxidation
of hydrazine225. Vinod et al. showed intrazeolitically prepared FePc to have
a good electrocatalytic behavior towards the oxidation of hydrazine226. Parez
et al. immobilized NiTSPc onto titanized silica gel and used it to modify carbon
paste electrode227, the NiIII/NiII couple catalyzed the oxidation of hydrazine227.
Wang and coworkers prepared an electrode by dispersing CoPc and graphite in a
sol gel derived network, which showed improvement over CPE containing CoPc
in terms of stability and electrocatalytic behavior towards hydrazine and some thi-
ols228. They also prepared screen-printed electrodes containing CoPc229, a multi-
functional electrode coating based on a mixture of CoPc and cellulose acetate230,
and a CoPc modified carbon wax composite electrodes231, as amperometric sen-
sors for hydrazine. The latter electrodes showed the same attractive features of
CPE (e.g., low background current, flexible modifier loading, surface renewal,
and low cost)231. A multilayer film containing CoPc and a bipolar pyridine salt
on a surface of a gold electrode was reported by Sun et al. to show excellent elec-
trocatalytic response for the oxidation of hydrazine232. FeTSPc immobilized on
silica gel with titanium oxide also showed catalytic activity towards the oxidation
of hydrazine233.

Peng and Guarr234 and Trollund et al.235 reported on the electrocatalytic
oxidation of hydrazine at a GCE modified with CoTAPc polymer, with a well-
defined catalytic peak at –0.30 V234, Table 7.8. The central Co(II) metal was
found to act as the electronic receptor for hydrazine234. H2TAPc on GCE or con-
ducting glass electrodes has also shown catalytic activity towards the oxidation
of hydrazine234. Ebadi reported on the use of a dimeric (RuPc)2 complex for the
electrocatalytic reduction of hydrazine to nitrogen in basic media236. The mech-
anism for this process may be similar to that reported below for hydroxylamine.
The potentials for the oxidation of hydrazine on FeTSPc and CoTSPc are similar,
Table 7.8.

8.2.2. Hydroxylamine

Ebadi reported that hydroxylamine is electrocatalytically oxidized to N2O
via a two electron process by (RuPc)2 adsorbed onto a graphite electrode (by
dip dry method) in the pH range 9 –13, Table 7.8237. The catalytic process is
mediated by the RuIII/RuII redox couple and the coordination of hydroxylamine
as follows237 (Equations (7.17) and (7.18)):

(RuIIPc)2 ↔ [(RuIII,IIPc)2]+ + e− (7.17)

[(RuIII,IIPc)2]+ + NH2OH ↔ [NH2OH(RuIII,IIPc)2]+ (7.18)

MnPc, FePc, CoPc, NiPc, and CuPc catalyze the oxidation of hydroxy-
lamine, with the NiPc showing the highest catalytic activity129. On CoPc modi-
fied electrodes, the electrogenerated CoIIIPc species was involved in the oxidation
process. Whereas when FeTSPc was employed, fouling of the electrode was ob-
served during the catalytic process129. Qi and Baldwin reported on CoPc modified
electrodes for the electroxidation of hydroxylamine and its derivatives236. CoIIIPc
species mediated the catalysis238. Zagal et al. found that NiPc complexes were the
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most active (compared to MnPc, CoPc, FePc, and CuPc) for the electrocatalytic
oxidation of hydroxylamine131.

9. Conclusions

It is clear from this review that it is not only M–N4 complexes containing
electroactive central metal which show catalytic activity. Unmetalated complexes
as well as Zn and Cu complexes, which show ring-based processes only, often
show electrocatalytic behavior towards the detection of some of the pollutants
discussed in this work. There has been controversy surrounding the electrocat-
alytic activity of NiP or NiPc complexes. It seems the Ni porphyrin complexes do
exhibit the NiIII/NiII couple (at high potential in solution and more readily in the
polymeric state) which may be involved in the electrocatalytic reactions involving
these complexes. The NiIII/NiII couple has not been identified electrochemically
for the NiPc complexes in solution, but has been implicated in catalysis as an ad-
sorbed polymer. It would be of interest to determine the values of the couple on
polymeric NiPc complexes.

The potentials for the oxidation of the pollutants discussed in this chapter
vary with the nature of the catalyst, the medium and the nature of the electrode. At
this stage, there is not enough work done on different types on M–N4 complexes
under the same conditions, so that a trend on the best ring system for the catalytic
process could be determined. Also it would be useful to study one catalyst system
(for a particular analyte) using different pHs, electrolytes and electrodes, and also
under homogenous and heterogeneous conditions in order to determine the best
conditions for the catalytic activity. Such conditions once determined may be used
for other catalysts.
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substituents on the ligand of iron phthalocyanines adsorbed on graphite electrodes
on their activity for the electrooxidation of 2-mercaptoethanol. Electroanalysis 14(5),
356–362.

27. Kapusta, S. and N. Hackerman (1984). Carbon dioxide reduction at a metal phthalo-
cyanine catalysed carbon electrode. J. Electrochem. Soc. 131(7), 1511–1514.

28. Janda, P., N. Kobayashi, P.R. Auburn, H. Lam, C.C. Leznoff, and A.B.P. Lever
(1989). Dioxygen reduction at a graphite electrode modified by mononuclear tetrane-
opentoxyphthalocyaninatocobalt(II) and related polynuclear species. Can. J. Chem.
67, 1109–1019.

29. Janda, P., J. Weber, L. Dunsch, and A.B.P. Lever (1996). Detection of ascorbic
acid using a carbon fiber microelectrode coated with cobalt tetramethylpyridopor-
phyrazine. Anal. Chem. 68(6), 960–965.

30. Tse, Y.-H., P. Janda, and A.B.P. Lever (1994). Electrode with electrochemically
deposited N , N ′, N ′′, N ′′′-tetramethyltetra-3,4-pyridinoporphyrazino-cobalt(I) for
detection of sulfide ion. Anal. Chem. 66(3), 384–390.

31. Huang, X. and W.Th. Kok (1993). Conductive carbon cement as electrode matrix for
cobalt phthalocyanine modified electrodes for detection in flowing solutions. Anal.
Chim. Acta 273(1–2), 245–253.

32. Filanovsky, B. (1999). Electrochemical response of new carbon electrodes bulk mod-
ified with cobalt phthalocyanine to some thiols in the presence of heptane or human
urine. Anal. Chim. Acta 394, 91–100.

33. Kuwano, J., T. Eguchi, and Y. Sait (1997). Ambient temperature oxygen sensors
based on fluorine solid electrolyte: The roles of constituents in the sensing electrode
mixtures containing phthalocyanines. Talanta 44, 705–712.

34. Kilinc, E., A. Erdem, L. Gokgunnec, T. Dalbasti, M. Karaoglan, and M. Ozsoz
(1998). Buttermilk based cobalt phthalocyanine dispersed ferricyanide mediated am-
perometric biosensor for the determination of xanthine. Electroanalysis 10(4), 273–
275.

35. Shahrokhian, S., M.K. Amini, I. Mohammadpoor-Baltork, and S. Tangesta-
ninejad (2000). Potentiometric detection of 2-mercaptobenzimidazople and 2-
mercaptobenzothiazole at cobalt phthalocyanine modified carbon-paste electrode.
Electroanalysis 12(11), 863–867.

36. Korfhage, K.M., K. Ravichandran, and R.P. Baldwin (1984). Phthalocyanine-
containing chemically modified electrodes for electrochemical detection in liquid
chromatography/flow injection systems. Anal. Chem. 56(8), 1517.

37. Mizutani, F., S. Yabuki, and S. Iijima (1995). Amperometric glugose-sensing elec-
trode based on carbon paste containing poly(ethylene glycol)-modified glucose oxi-
dase and cobalt octaethoxyphthalocyanine. Anal. Chim. Acta 300, 59–64.

38. Mizutani, F., S. Yabuki, and S. Iijima (1995). Carbon paste electrode incorporated
with cobalt(II) octaethoxyphthalocyanine for the amperometric detection of hydro-
gen peroxide. Electroanalysis 7(8), 706–709.



350 Tebello Nyokong

39. Tanabe, H. and K. Ohno (1987). Electrocatalysis of metal phthalocyanine thin films
prepared by the plasma-assisted deposition on a glassy carbon in the reduction of
carbon dioxide. Electrochim. Acta 32(7), 1121–1124.

40. Napier, A. and J.P. Hart (1996). Voltammetric and amperometric studies of selected
thiols and dimethyldisulfide using a screen-printed carbon electrode modified with
cobalt phthalocyanine: Studies towards a gas sensor. Electroanalysis 8(11), 1006–
1013.

41. Abe, T., T. Yoshida, S. Tokita, F. Taguchi, H. Imaya, and M. Kaneko (1996). Factors
affecting selective electrocatalytic CO2 reduction with cobalt phthalocyanine incor-
porated in a polyvinylpyridine membrane coated on a graphite electrode. J. Elec-
troanal. Chem. 412(1–2), 125–132.

42. Coutanceau, C., P. Crouigneau, J.M. Léger, and C. Lamy (1994). Mechanism of oxy-
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43. Zhao, F., J. Zhang, T. Abe, D. Wöhrle, and M. Kaneko (1999). Electrocatalytic proton
reduction by phthalocyanine cobalt derivatives incorporated in poly(4-vinylpyridine-
co-styrene) film. J. Mol. Cat. A: Chem. 145, 245–256.

44. Tatsuta, H., T. Nakamura, and T. Hinoue (2001). Thermal modulation voltammetric
observation of cyanide ion in the membrane part of an ion-selective electrode based
on a polymer modified with cobalt phthalocyanine in acetonitrile. Anal. Sci. 17, 991–
994.

45. de la Fuente, C., J.A. Acuña, M.D. Vázquez, M.L. Tascón, and M.I. Gómez (1997).
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Electropolymerized Metalloporphyrin,
Metallophthalocyanine and Metal
Schiff Base Complex Films:
Applications to Biomimetic
Electrocatalysis and
Bioelectroanalysis

Alain Pailleret and Fethi Bedioui

1. Introduction

Molecular engineering and design of new controlled spatial assemblies and
architectures is a field undergoing wide growth1. A large variety of disciplines,
especially bioinorganic chemistry, are now making profit from the design of mole-
cular systems. Indeed, bioinorganic structural motifs can potentially model metal-
loenzyme structures and functions. The aim of such modelling is to mimic natural
properties in order to elucidate fundamental aspects of reactivity and mechanism.

The desire to mimic enzymatic systems has led to an active area of re-
search involving synthetic porphyrin models of enzyme active sites, especially
for monooxygenase enzymes of the cytochrome P-4502–4. An analysis of com-
parative studies dealing with the selectivity, efficiency and stability for both syn-
thetic porphyrin models and natural systems has shown that efficiency arises from
the control of the environment of the enzyme active site4–7. Thus, in a first app-
roach, the design of synthetic supramolecular architecture for porphyrin models
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with an elaborated steric environment (such as picnic basket porphyrins, strapped
porphyrins, etc.) has been the subject of intense effort8. A similar approach in con-
cept which has been advanced during the last two decades involves replacing the
protein envelop of natural enzymes by a mineral or organic polymeric matrix9–18.
This strategy is based on the fact that a polymeric matrix may provide the best
arrangement for a catalytically active centre as well as prevent auto-destruction
of the enzyme model during catalysis. Additionally, the intrinsic diversity and
selectivity of axial ligation of the porphyrinic macrocycles confer to this strategy
a wide field of applications in analytical chemistry.

Using the same method, related complexes such as metallophthalocya-
nines and Schiff bases are known to be efficient catalysts, especially for the
electrochemical activation of molecular oxygen and the oxidation of thiols. For
this purpose, it has been reported that modified electrodes coated with ad-
sorbed cobalt phthalocyanines show a substantial electrocatalytic activity for the
electro-oxidation of thiols such as L-cysteine, 2-mercaptoethanol and reduced
glutathione, by lowering particularly the overpotential of the electrochemical
processes. Only few attempts have been reported to develop the use of multilayer
metallophthalocyanine-based films, aimed at offering a better alternative to the
design of efficient and stable electrocatalysts. In addition, the intrinsic diversity
and selectivity of the redox activities and the axial ligation properties of metal-
loporphyrins, metallophthalocyanines and metal Schiff base complexes confer on
them formidable challenging potential uses as materials for the design of electro-
chemical sensing devices and catalytic electrodes.

For this purpose and in the special case of modelling the enzymatic systems,
a fruitful strategy has been developed based on the use of polymeric porphyrins,
as molecular devices combined with electrochemistry. Therefore, the electroas-
sisted design of modified electrode surfaces by organized porphyrinic structures
has been the subject of an intense effort. In fact, one of the challenges in deve-
loping this concept is the necessity to achieve rapid electron transfer to the en-
zyme model active site at the electrode surface19–23. Conducting polymers such as
polypyrrole, polythiophene or polyaniline are attractive as possible materials for
this approach19–22, 24–27. Meanwhile, the charge transport in the porphyrin films
may act like a conducting polymer or as a hopping process between complex
sites. Such an approach has been successfully extended afterward to metalloph-
thalocyanine and Schiff base complexes.

This report is aimed first at showing that the use of electropolymeri-
zation strategies provides an elegant way to build up metalloporphyrin-and
metallophthalocyanine-based multilayered structures and architectures. Besides,
the idea of building such molecular devices having designated catalytic and
analytical properties is shown to be realistic. In the case of biomimetic electro-
catalysis, the polymer matrix prevents supported complexes from degradation,
controls the access of substrate molecules to the reactive centres and makes the
reactivity of the supported catalysts largely enhanced. The electropolymerized
metalloporphyrin and metallophthalocyanine films also offer powerful materials
for analytical tools, especially for sensing biologically relevant species. The sig-
nificant developments in sensor science and technology, such as the design of
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ultramicroelectrodes and arrays, are now intensively stimulating and expanding
the exploration of this field of research.

2. The Electrochemical Polymerization Strategy

Electrochemical polymerization is an elegant, attractive and easy strategy
for the immobilization of metal complexes19–21, 24–26 on the surface of electrodes.
The principle is based on the electrochemical oxidation (or reduction) of a suitably
designed monomer to form a polymeric film incorporating the metal complex.
The obtained polymeric films should be electronic conductors to ensure elec-
tron transfer within the matrix (and then the continuous growth of the polymers).
Pyrrole-, thiophene- and aniline-based monomers have been the most commonly
used materials24–27. Such chemically substituted monomers have many interest-
ing features, including a high flexibility in their molecular design. Additionally,
such materials offer the possibility of using either aqueous or organic solutions to
carry out the electropolymerization.

The electrochemical deposition process is controlled by the electrode
potential. This can be achieved either by controlled potential, current electro-
lysis or cyclic voltammetry within a well-defined potential range. Growth of the
polymeric films or more precisely, control of the amount of deposited materials
(or the polymer film thickness), can be easily achieved by monitoring the total
charge passed during the electrooxidative (or reductive) polymerization process.
In the general case, the mechanism of electropolymerization of such substituted
monomers has still not been completely explained, despite the large quantity of
data on this subject. However, it is now well accepted that in the case of pyr-
role and aniline derivatives, the first step in the electropolymerization process is
the electrooxidative formation of a radical cation from the chosen monomer24–27.
This oxidation reaction is followed by a dimerization process, followed by further
oxidation and coupling reactions. This leads to the formation of oligomers and
polymers on the electrode surface. It also appears that the morphology and the
physical properties of the polymer films depend largely upon the electrochemical
polymerization conditions. Thus, one can induce a supplementary design para-
meter during the polymerization step by adjusting the solution composition or the
electrode potential. In this way, electrochemical polymerization can be carefully
controlled, resulting in multilayered structures and copolymers from multicom-
ponent solutions.

3. Design and Characterization of Electropolymerized
Metalloporphyrin and Metallophthalocyanine Film

3.1. Doped Electropolymerized Polypyrrole and Polythiophene Films

One of the first examples that involved the incorporation of metallopor-
phyrin and metallophthalocyanine complexes into polypyrrole films was based
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on the ion-exchange properties of the oxidized polymer. Tetrasulfonated and
tetracarboxy-substituted metalloporphyrins28–31 and metallophthalocyanines32–40

have been introduced into polypyrrole films as counter-ions (or “doping” ions). In
this purpose, the polymers were electrochemically grown in solutions containing
pyrrole and anionic complexes as supporting electrolyte (see significant examples
in Figure 8.1). Both the electrochemical polymerization of pyrrole and the dop-
ing of polypyrrole by anionic complexes were obtained in one step from aqueous
solutions28–40. The electrochemical doping level of polypyrrole by the complexes
was usually estimated from chemical and spectrophotometric analysis31. Thus, it
has been suggested that the number of pyrrole units interacting with one anionic
group of a metalloporphyrin is 3 or 4 as mentioned by Diaz et al.41, 42 for simple
anions such as ClO−

4 .
The electrochemical characterization of the polypyrrole films doped by

anionic complexes was generally achieved by cyclic voltammetry. Unfortunately,
no well-defined waves for the porphyrin or phthalocyanine redox couples were
observed which may be because they are superimposed on the large poly-
pyrrole background. Therefore, the reported voltammograms29, 31 could either
be those for the redox process of the incorporated complexes or those of the
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Figure 8.1. Examples of metalloporphyrin or metallophthalocyanine derivatives used as
doping anions in electronically conducting polymers.
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polypyrrole redox system. That is why it appears essential to couple the elec-
trochemical characterization with spectrophotometric measurements.

However, this method of incorporating metalloporphyrins or metalloph-
thalocyanines into a polypyrrole matrix has a severe limitation, namely, the
electrostatic binding capacity of the polymer film depends on the potential and
disappears when the polypyrrole is reduced24, 41–45. Moreover, this ion-exchange
capacity is restricted to one negative charge for 3 or 4 pyrrole units.

In the following Section we report on some significant examples described
in the literature in the last decade in order to update the previously published
overview on this matter15.

3.1.1. Significant Recent Examples of Electropolymerized Films
Doped with Porphyrins.

The major significant examples of doped electropolymerized polypyrrole
films with porphyrins were developed to design sensing materials or biomimeti-
cally active catalytic membranes for targeted applications15. For example, Be-
dioui et al. investigated in the last decade the electrodeposition of polypyrrole
(PPy) films doped with tetrasulphonated iron porphyrin Fe(III)-3 in view of a
study of the catalytic behaviour of the corresponding film towards the electro-
chemical oxidation of nitric oxide in acidic and neutral aqueous solution, con-
firming thus the formation of iron-nitrosyl intermediate [Fe(III)(NO)]+46. Later
on, it was shown that this doping process could be achieved either by electropoly-
merizing pyrrole in the presence of M-3 (M = Fe or Co) or by metallizing the free
base ligand H2-3 doped into polypyrrole through ion exchange. The resulting film
was then used for achieving the electrochemical reduction of oxygen in acidic and
basic solutions47. Also, the trapping of a similar anionic porphyrinic derivative,
Fe(III) meso-tetrakis(3-sulphonatomesityl)porphyrin, during the electropolymeri-
zation of pyrrole was investigated by Liu and Su and confirmed using electro-
chemical quartz crystal microbalance (EQCM). The resulting film was applied
to the study of oxygen reduction48. Paik et al. developed one of the rare exam-
ples of conducting polythiophene film, namely poly(3,4-ethylenedioxythiophene)
(PEDOT) that was used as the polymeric backbone instead of polypyrrole to im-
mobilize a sulphonated Co(III) porphyrin (Co(III)-3)49. Interestingly, it was sug-
gested by the authors that, in contrast to the polypyrrole-based electrodes, this
kind of modified electrode was stable with wider potential windows, including
the oxygen reduction potential.

In a more recent work, Paik et al. described transport properties and sta-
bility of sulphonated porphyrin derivatives (3) in films of conducting polymers
PPy and PEDOT films using EQCM50. As expected, it was evidenced that such
anions were not expelled from these polymer films by extensive potential cycles.
The authors also analyzed the effects of potential cycling on PEDOT-H2-3 films
obtained by two different modes of electropolymerization: (i) at a constant cur-
rent and (ii) with repeated cyclic potential sweeps. Figure 8.2 shows the results of
potential cycles in 0.1 M NaCl solution for the two types of films (noted A and B,
respectively). In both cases, the general feature of mass increases of the negative
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Figure 8.2. Cyclic voltammetry and mass change of PEDOT-[H2-3] flims in 0.1 M NaCl
solution. (A) Film from galvanostatic polymerization; (B) film from polymerization with
cyclic potential. Potential sweep rate: 50 mVs−1. Reprinted from ref.[50]. Copyright
(2000), with permission from Elsevier.

side of the potential range, which is accounted for by cation insertion. However,
there is a subtle difference between the two films (Figure 8.2A,B). Larger in-
creases in the mass with the number of successive potential cycles were observed
in the film obtained by polymerization at a constant current (film A) than in the
film prepared with cycling potential (film B). Thus film A seems to permit more
salt accumulation inside the backbone compared with film B. The accumulation
of salt is the result of transport of ions across the film/solution interface, entering
into the film in larger amount than leaving the film. With such a study, the authors
showed that with EQCM experiments, it was possible to demonstrate that trans-
port properties and stability of ionic species in films of conducting polypyrrole
and substituted thiophene can be drastically influenced by the mode of polymeri-
zation by which the polymer film was prepared as well as by the structure of the
involved ions.
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3.1.2. Significant Recent Examples of Electropolymerized Films
Doped with Phthalocyanines

The elaboration of electropolymerized polypyrrole, polyaniline and poly-
thiophene doped by metallophthalocyanines was mainly aimed at developing
catalytic materials for oxygen reduction. Indeed, in 1987, iron tetrasulphonato–
phthalocyanine Fe(II)-5 was used as a doping anion in electrochemically syn-
thesized polypyrrole films for the electrochemical reduction of oxygen51. In this
study, thickness of the film was shown to strongly alter the reduction mecha-
nism of oxygen. Few years later, polypyrrole and polyaniline films doped with
iron or cobalt tetrasulphonated phthalocyanines inserted in the polymeric back-
bone during the electrodeposition process were characterized in view of the
same application, namely oxygen reduction52. Also, polypyrrole films doped
with copper tetrasulphonated phthalocyanine were the target of UV–visible spec-
troscopic investigation immediately after electrochemical synthesis and during
heat treatment53. Interestingly, when conducting polymers such as PPy or PE-
DOT are doped with phthalocyanines derivatized with sulphonate anionic groups,
these complexes were not expelled from the polymeric structure by extensive
cycling, proving thus the efficiency and the stability of the doping process50.
Copper phthalocyanine trisulphonate was also used as doping anion in polypyr-
role films. The resulting films were then covered with evaporated silver so as
to investigate the electronic structure of the resulting systems using photoemis-
sion electron spectroscopy, photoemission spectroscopy and near edge X-ray
absorption spectroscopy54. Tetrasulphonated metallophthalocyanine were also
used to dope polypyrrole in a polypyrrole–polyoxyphenylene composite mate-
rial whose electrical conductivity was the main target of the reported work55.
Finally, one can mention the case of metallophthalocyanine, toluenesulphonate-
doped polypyrrole films and silicon that were assembled so as to make hetero-
junctions56.

3.2. Electropolymerization of Pyrrole or Thiophene-Substituted
N4-Complexes

The most elegant approach to design polypyrrole, polyaniline or poly-
thiophene-based porphyrin, phthalocyanine or Schiff base matrices involves the
electrochemical polymerization of suitably designed substituted N4-macrocyclic
monomers. We and others have shown that the electro-oxidative polymerization
of such species (see significant examples in Figure 8.3) leads to the formation of
films having the electrochemical properties of the monomeric complex46–52.

In the case of the pyrrole-substituted N4-macrocyclic complexes, in a typi-
cal experiment, the electrochemical polymerization is achieved by cyclic voltam-
metry of acetonitrile, dimethylformamide, dimethylsulfoxide or dichloromethane
solutions containing the complex monomer and the supporting electrolyte, through
a well-defined potential range. The evolution of the cyclic voltammograms during
repeated potential scans in the well-designated potential range thus shows a con-
tinuous increase in the amplitude of the cyclic voltammetric peaks of the parent
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Figure 8.3. Examples of metalloporphyrin, metallophthalocyanine and salen derivatives
bearing electropolymerizable pyrrole or thiophene units.
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Figure 8.4. Cyclic voltammetry at a vitreous carbon disk electrode (A = 0.071 cm2) of
monomer Co(II)-9 (2 mM) in acetonitrile + 0.1 M TBFA.V = 0.15 V s−1. (1) 1 cycle; (2)
20th cycle. Reprinted from ref.[61]. Copyright (1991), with permission from Elsevier.

complex. This indicates that a film is formed on the electrode as a consequence of
electrochemical polymerization of the attached pyrrole groups. Figure 8.4 shows
the case of a pyrrole-substituted cobalt porphyrin, Co(II)-9 during its electropoly-
merizing scans from −1.5 to 1.5 V/SCE in acetonitrile solution61.

The electropolymerized films are usually characterized by cyclic voltam-
metry and UV–visible spectrophotometry on optically transparent electrodes62.
These techniques reveal the formation of supported N4-complexes on the elec-
trode surface as well as provide evidence for the similarity of the electrochemical
and spectrophotometric behaviour of the polymer and the starting monomers. In-
deed, as it is shown in Figure 8.5, the absorption spectrum of a pyrrole-substituted
Zn(II)-8 monomer complex in dichloromethane solution (Figure 8.5a) is com-
pared with that of the electropolymerized film on ITO transparent electrode pre-
pared by cyclic voltammetry (Figure 8.5b) and by controlled-potential electrolysis
at 1.7 V (Figure 8.5c)62. On film formation, all the bands (Soret band and Q band
of the π/π∗ transitions) are red shifted by about 10–15 nm. For the Soret band, a
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Figure 8.5. Absorption spectrum of (a) Zn(II)-8 monomer (1 µM) in DCM solution, (b)
poly[Zn(II)-8] film on transparent ITO electrode (A = 0.8 cm2) prepared by 55 elec-
tropolymerizing scans and (c) poly[Zn(II)-8] on transparent ITO electrode (A = 0.8 cm2)
prepared by controlled-potential electrolysis at 1.7 V for 1 hr. Reprinted from ref.[62].
Copyright (1991), with permission from Elsevier.

red shift of 15 nm is observed, as well as considerable broadening. These are pri-
marily due to aggregation and stacking of porphyrin molecules on the electrode
surface. Similar features are observed for the Q band also. Comparison between
Figures 8.5b,c shows that the broadening of the Soret band is more consider-
able for the film prepared by controlled-potential electrolysis. This indicates that
during the preparation of the porphyrin film by electropolymerizing scans bet-
ween −1.5 and 1.7 V, the negative potential field exercises a neat influence on the
polymer structuration and chain formation.

Figures 8.6a,b corroborate this observation. Indeed, Figure 8.6a shows the
spectrum of the polypyrrole-Zn(II)-8 film obtained by controlled-potential elec-
trolysis, and without any further treatment. Figure 8.6b shows the spectrum of
the same film after electrochemical reduction of the polymer by scanning the
electrode potential from 0 to −1.7 V in dichloromethane + 0.1 M TBFA. It ap-
pears that after reduction of the polymer film, the broadening of the Soret band is
lessened. One can conclude that the stacking of porphyrin molecules on the elec-
trode surface is strongly influenced by the scanning of the electrode potential to
negative values.

Cyclic voltammetry also provides useful information on the apparent
surface coverage of the electropolymerized film-coated electrodes. In the case
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Figure 8.6. Absorption spectrum of a poly[Zn(II)-8] film on transparent ITO electrode
(A = 0.8 cm2) prepared by controlled-potential electrolysis at 1.7 V for 1 hr. (a) Polymer
without any further treatment; (b) polymer after electrochemical reduction by potential
scans between 0 and −1.7 V. Reprinted from ref.[62]. Copyright (1991), with permission
from Elsevier.

of pyrrole-substituted porphyrins, it was shown that the configuration of the
starting pyrrole, mono- or tetra-substituted monomers (with the pyrrole group
directly linked on the porphyrin macrocycle or through a flexible tether) induces
a cross-linking effect due to the steric hindrance of the macrocomplex. This dra-
matically affects the efficiency of the electropolymerization reactions and limits
the electrode surface coverages by the supported porphyrin58–61.

Also, the available data show that the conductivity of the obtained films
decreases at low potential values (E < − 1 V/SCE) as the film thickness in-
creases60, 61. In contrast, the polymer conductivity seems to be unchanged at posi-
tive potential values. This evokes a voltage-dependent conductivity similar to that
described for “simple” polypyrrole films. Anyhow, the incorporation of the com-
plexes into the polymer films imparts a typical “redox conductivity” to these ma-
terials that allows their use over a large potential range. One can even assert that
at the potentials where many of the effects are expected, the electron hopping
process between macrocyclic complex sites dominates the global charge trans-
port mechanism.

In the following Section we report on some significant examples described
in the literature in the last decade in order to update the previously published
overview on this matter15.

3.2.1. Significant Recent Examples of Electropolymerized Pyrrole-
and Thiophene-Substituted Porphyrins

In the last decade, Mn(III) porphyrin-modified polypyrrole films were re-
ported and used to mimic electrochemically and advantageously the functioning
of cytochrome P450, an enzyme of the monooxygenase type64, 65. Indeed, various
families of compounds, namely Mn(III) porphyrin derivatives such as 8, 9, 10, 12
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and 13 were the subject of intense research devoted to the electrocatalytic acti-
vity of these compounds towards the oxidation of hydrocarbons, olefins and a
thioacetamide derivative using molecular oxygen. Also, the synthesis and char-
acterization of a series of electropolymerized films based on innovative nickel(II)
meso-tetrakis(polyfluorophenyl) porphyrins bearing pyrrole groups 14, 15, 16 and
17 have been successfully reported66, as well as pyrrole moieties modified with
Cu(II), Mn(III) and Fe(III) deuteroporphyrins 18 which were also electropolymer-
ized, leading to interesting electroactive films67. The latter two compounds even
showed electrocatalytic properties in the presence of molecular oxygen and ben-
zoic anhydride and recognition properties towards cyanide in organic and aqueous
electrolyte, respectively. Lately, has been reported a new Co(II) deuteroporphyrin
substituted by two pyrrole units which was investigated in organic solvents and
electropolymerized to the corresponding conducting film without any substan-
tial modification of the initial monomer characteristics, allowing then its applica-
tion to the recognition of nitrite ions in solution68. Meanwhile, a polymeric film
obtained from a Mn(III)-19 linked via a spacer chain to a pyrrole unit was used
for the making of a porphyrin-based NO electrochemical sensor69. One can also
cite the work reported by Monforts et al. who proposed new metalloporphyrinoid
complexes functionalized with two pyrrole groups and bearing two phosphonate
residues, these latter being aimed at the immobilization of these compounds on
polycrystalline titanium dioxide electrodes and showed them to be useful in elec-
trocatalysis purposes or for the design of electrochemical sensors70. Finally, in
a preliminary study, the electrochemical behaviour of a Ni(II) hydroporphyrin
bearing two pyrrole groups was shown first to be highly dependent on the na-
ture of the solvent and second to lead to the first example of an electrogenerated
polypyrrole–metachlorin film71.

In the last decade, a significant amount of work had also been carried out
concerning the electrochemical polymerization of thiophene monomers bearing
covalently linked porphyrinic moieties, as reviewed for example by Shimidzu72–75.
The most striking work reported therein deals with the electrochemical polymer-
ization of thienyl phosphorus (V) porphyrin derivatives, in which the thiophene
units were attached to their axial or lateral position. As a result of their poly-
merization, one-dimensional (1D) or two-dimensional (2D) porphyrin polymers
with ordered oligothienyl molecular wires can be obtained. Various other types
of P(V) porphyrin arrays were synthesized. After connection with conducting
and/or insulating molecular wires, such arrays were considered to be converted
into elements of molecular photo-electronic devices. Later on, bithiophene was
shown to be a usable monomer for obtaining electronically conducting polymers
bearing porphyrins. Indeed, 27, a meso-tetraphenylporphyrin derivative linked
to an ω-bromoalkyl-substituted bithiophene via an ether bond and then metal-
lized, was shown to lead to the corresponding metalloporphyrin-functionalized
poly(bithiophenes)76. More recently, the same authors had shown that conducting
films, obtained by cyclic voltammetry of the precursor N -hydroxysuccinimi-
dester-functionalized terthiophene as indicated in Figure 8.7 allow the post-
grafting of iron and manganese amino-substituted porphyrins77. The resulting
hybrid molecular materials were tested as model compounds for redox enzymes.
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+ +

Figure 8.7. Potentiodynamic polymerization of N -hydroxysuccinimidester-functionalized
terthiophene precursor (left) and polymer characterization (right) at different scan rates
(50, 100, 150, 200, 250 mV s−1) in CH2Cl2/Bu4NPF6. Reprinted from ref.[77]. Copy-
right (2001), with permission from Elsevier.

More recently, polythiophenes, some of which were substituted with porphyrin
moieties as light harvesters, had been investigated for their performances in pho-
tovoltaic devices78. In an original work, Shinkai et al. succeeded in the elec-
tropolymerization of a Ce(III) triple decker porphyrin complex bearing bithienyl
substituents at an ITO electrode surface79.

3.2.2. Significant Examples of Electropolymerized
Pyrrole-Substituted Phthalocyanines

Only two examples had been recently reported in the literature describ-
ing the electropolymerization of pyrrole-substituted metallophthalocyanine com-
plexes80, 81. In the first one, the electropolymerizable pyrrole group was separated
from the phthalocyanine macrocycle by an alkylene spacer. The authors reported
on the formation of thick films by oxidative electropolymerization under poten-
tiodynamic conditions or constant potential, but no electrochemical and electro-
catalytic behaviours were thoroughly investigated. Later on, the synthesis of a
new series of pyrrole-substituted phthalocyanines in which the pyrrole is sepa-
rated from the phthalocyanine by a phenoxy group (namely tetrakis-4-(pyrrol-
1-yl)phenoxy metal phthalocyanines noted as M-32, where M is the metallic
cation) has been reported82. Also, the electrochemical polymerization of these
newly synthesized pyrrole-substituted phthalocyanines has been demonstrated in
the case of the cobalt complex and the electrocatalytic activity of the obtained film
has been tested towards the oxidation of L-cysteine. Figure 8.8A shows the evo-
lution of the cyclic voltammograms of Co(II)-32 during repeated potential scans
from −0.5 to 1.2 V/Ag–AgCl in dichloromethane. The continuous increase in
the amplitude of the cyclic voltammetric peaks for the systems related to Co(II)-
32/Co(III)-32 and Co(II)-32/Co(I)-32 processes indicates that a film was formed
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Figure 8.8. (A) Evolution of the cyclic voltammograms of complex Co(II)-32 in DCM con-
taining 0.1 M TBABF4 during repeated successive scans (only 15 scans are shown). Scan
rate = 200 mV s−1, concentration ≈ 3 mM, electrode = glassy carbon. (B) Absorption
spectra of poly[Co(II)-32] films on ITO electrodes prepared with 30 (curve 1), 60 (curve 2)
and 120 (curve 3) electropolymerizing scans. Curve 4 corresponds to Co(II)-32 monomer
in DCM solution. Reprinted from ref.[82]. Copyright (2003) Society of Porphyrins &
Phthalocyanines.

on the electrode as a consequence of electrochemical polymerization of the at-
tached pyrrole groups due to their irreversible electrochemical oxidation. In ad-
dition, after five potential scans, a new peak appears around 0.4 V/Ag–AgCl. Its
intensity increases with the number of scans and its potential shifts gradually to
higher values. This new anodic process depicts the electroactivity of the polymer
matrix formed during the electropolymerizing scans, as it has been previously
reported with pyrrole-substituted porphyrins. Note that the number of the elec-
tropolymerizing scans controls the amount of the deposited complex and thus the
thickness of the obtained film. Also, several attempts to electropolymerize the
complex by scanning the potential electrode through wider ranges, by varying
either the anodic or the cathodic limits, have not allowed to obtain the expected
typical evolution for the electropolymerization of the complex.
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After a period of scanning and transfer of the electrode, with thorough
rinsing to a dichloromethane + 0.1 M TBABF4 solution (without monomeric
phthalocyanine in solution), the obtained cyclic voltammogram exhibited the elec-
trochemical responses previously described for the complex in solution. This
indicates that a polymeric phthalocyanine film, noted as poly(Co(II)-32), was
formed on the electrode. The two well-defined pairs of peak, which can be
attributed to the Co(II)-32/Co(III)-32 and Co(II)-32/Co(I)-32 redox reactions, are
observed at nearly the same potential as for the monomer redox systems in solu-
tion. The electropolymerization of the Co(II)-32 complex has been further studied
on an optically transparent electrode ITO to allow the monitoring of their growth
by the changes observed in the UV–visible spectra. Typical spectra for three films
of poly(Co(II)-32) films prepared by 30, 60 and 120 electropolymerizing scans are
shown in Figure 8.8B. Curve 4 corresponds to the absorption spectra of Co(II)-32
monomer in solution and shows bands at 600 and 680 nm. The UV–visible spec-
tra obtained for the polymer films are similar to monomer species, but exhibit
a notorious broadening of the bands along with a red shift. Such a considerable
broadening of UV–visible bands have been previously reported in the case of elec-
tropolymerized metalloporphyrin and phthalocyanine films and analyzed in terms
of stacking and high aggregation of the complexes on the electrode surface. The
intensity of the absorption bands does increase with the number of electropoly-
merizing scans, indicating that the electroformation process of the film progresses
during the cycling of the potential. The similarity of the polymer and monomer
spectra indicates that the phthalocyanine conjugated-π system has remained intact
upon electropolymerization.

3.2.3. Significant Examples of Electropolymerized Pyrrole-
or Thiophene-Substituted Schiff Bases and Related
Derivatives

Among the rare examples of conducting polymers covalently functiona-
lized with salen and related derivatives, one can cite the case of Ni and Co
tetraazamacrocycles functionalized at nitrogen with a pendant 3-thiophene moiety
which were shown to be electrodeposited on electrode surfaces via an electro-
chemical copolymerization process in the presence of 3-methylthiophene83, 84.
Also, 35, a Schiff base (namely 2-(3-pyrrole-1-yl-propylimino-methyl)-phenol
was successfully electropolymerized, leading to conducting polymeric films that
are catalytically active towards the electroreduction of both oxygen and carbon
dioxide85 (in the case where M = Co). The oxidative electropolymerization of
the cobalt complex is shown in Figure 8.9 (curve a)85. The continuous increase
in the size of the cyclic voltammogram peaks during repeated potential scans
from 0.0 to 1.0 V indicates the growth of a polymer film on the electrode. The
thin polymeric film formed adheres strongly to glassy carbon, platinum and gold
electrodes. When the modified electrode is rinsed and transferred to a fresh ace-
tonitrile solution, two pairs of peaks, which can be ascribed to the Co(II)/Co(I)
and Co(II)/Co(III) processes, are observed at ca. −1.01 and 0.6 V, respectively
(see Figure 8.9, curve b), almost the same potential values as the corresponding
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Figure 8.9. (A) Consecutive cyclic voltammograms of Co(II)-35 in acetonitrile
+ 0.1 M Bu4NClO4 at a gold electrode (v = 100 m V s−1; (B) Cyclic voltammogram
of a gold electrode coated with a film of poly[Co(II)-35] (� = 1.5 × 10−9 mol cm−2) in
acetonitrile + 0.1 M Bu4NClO4 (v = 100 mV s−1). Reprinted from ref.[85]. Copyright
(1995), with permission from Elsevier.

monomer in solution. The electrochemical polymerization and electrochemistry
of the resulting film were also investigated for the Ni complex of this same Schiff
base86.

Other examples of Schiff-base ligands able to bind copper and bearing pyr-
role moieties were also successfully electropolymerized in acetonitrile to give
conducting polymer films at the electrode surface87. Finally, one can cite the
case of a Schiff base resulting from the reaction of 3-thiophene carboxaldehyde
with 1,8-diaminonaphhalene that was electropolymerized in acetonitrile solution,
leading to an electroactive film displaying electrocatalytic activity towards hydro-
quinone88, 89.

3.3. Immobilization of Multicharged Porphyrins into
Pre-Electropolymerized Polypyrrole Films Bearing
Functional Groups

Attempts to incorporate water-soluble tetracarboxylated and tetrasulpho-
nated porphyrins into polypyrrole films containing alkylammonium groups have
been reported90, 91. Polypyrrole-alkylammonium polymers, prepared from 3-
(pyrrol-1-yl)propyltriethylammonium (noted 40) and 12-(pyrrol-1-yl)dodecyltri-
ethylammonium (noted 41) monomers (see examples in Figure 8.10) exhibit
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Monomeric unit
Identification

number
References

40 [90-96]

41 [90-96]

42 [96]

43 [46, 97]N CH2 CO2H

N (CH2)3 N+Et3[BF4]−

N (CH2)12 N+Et3[BF4]−

N (CH2)3
+N , [BF4]−

Figure 8.10. Example of N-functionalized electropolymerizable pyrrole units leading to
pre-doped electronically conducting polymers used for post-electropolymerization incro-
poration of pophyrin derivatives.

potential-independent anion-exchange behaviour as well as extraction and bind-
ing of organic and inorganic anions from organic and aqueous solutions92–96. Fur-
thermore, the incorporation of anionic porphyrins in the polypyrrole films was
easily achieved without any limitation due to the electropolymerization reaction
of the starting monomers90, 91.

The electrochemical polymerization of the pyrrole-substituted alkylammo-
nium monomer 41 was achieved according to the following procedure: a drop of a
3-mM solution of the monomer in ultra-pure water was deposited on the electrode
surface and then air dried. Next, the electrode recovered by the monomer was
placed in H2O + 0.1 M LiClO4 and the adsorbed layers were electropolymerized
by scanning the electrode potential repeatedly from −0.2 V to 0.8 V. Figure 8.11
shows the evolution of the repeated cyclic voltammograms of 3 × 10−7 mole of
41 deposited on an ITO electrode (A = 1 cm2) in H2O + 0.1 M LiClO4 solution.
The appearance of a pair of peaks centered on 0.5 V and their continuous increase
in amplitude indicate that a film is formed on the electrode as a consequence of
electrooxidative polymerization of the pyrrole groups of the adsorbed monomer.
These new peaks are attributed to the reversible redox process of the polymer film.
In addition, it is important to note that no increase in intensity was observed after
15 scans due to the complete oxidation of the adsorbed monomers. This simple
and monomer-saving procedure makes this approach extremely useful.

The incorporation of anionic metalloporphyrins Mn(III)-2, Zn(II)-2 and
Fe(III)-3 into poly(41) was achieved by soaking the polymer deposited on elec-
trode in an aqueous solution of these anionic complexes (∼ 0.2 mM) over several
hours. The absorption spectra recorded after rinsing the electrodes with water
(ITO transparent electrodes) (see Figure 8.12, curves a–c) are compared to those
of the porphyrin complexes dissolved in aqueous solutions91. These data clearly
show that the metalloporphyrins are retained by poly(41) films, owing to electro-
static binding. On incorporation into the polymer films, a red shift of 12–25 nm
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Figure 8.11. Electropolymerization of 41 (3 × 10−7 mole) adsorbed on an ITO elec-
trode (A = 1 cm2) by repeated potential scans in H2O + 0.1 M LiClO4 solution
(v = 50 mV s−1). Reprinted from ref.[91]. Copyright (1993), with permission from
Elsevier.

is observed for the Soret band. This red shift can be attributed to the aggregation
and stacking of porphyrin molecules in the polymer.

It is important to note that the anionic porphyrins are strongly held by these
polymer films after soaking the films in saturated KNO3 solutions for more than
18 hours. The reported results90, 91 show clearly that the metalloporphyrins are re-
tained by the poly-(pyrrole–alkylammonium) polymer, due to electrostatic bind-
ing. It is noteworthy that the ability of these polymers to retain anionic porphyrins
is strong. The available data also showed that, besides their large size, the bulky
porphyrins can be efficiently incorporated into the poly-(pyrrole-alkylammonium)
films until total saturation of all the cationic sites is complete. Finally, the very
high affinity of poly(41) amphiphilic films for anionic porphyrins allows the use
of such molecular materials in concentrated ionic media without a significant loss
of complexes.

In an innovative study, polypyrrole films exhibiting cation-exchange ability
were functionalized via the incorporation of 5,10,15,20-tetrakis(1-methyl-4-
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Figure 8.12. Absorption spectra of poly[41] films on transparent electrodes (� = 1.6 ×
10−8 mole cm−2) containing (A) Mn(III)-2, (B) Zn(II)-2 and (C) Fe(III)-3 compared to
those of the dissolved complexes in aqueous solutions ((D) Mn(III)-2, 10−5 M at pH 8, (E)
Zn(II)-2, 2 × 10−6 M at pH 8 and (F) Fe(III)-3, 6 × 10−6 M at pH 2.8). Reprinted from
ref.[91]. Copyright (1993), with permission from Elsevier.

pyridyl)-21H ,23H -porphyrin cations, allowing the pKa of the resulting poly-
meric material and exchange capacity to be determined97. In a comparative study,
a multicharged iron porphyrin, cationic Fe(III) tetrakis(N -methyl-4-pyridyl)
porphyrin, was trapped into pre-electropolymerized polypyrrole films bearing
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carboxylic groups (obtained from the electropolymerization of carboxyphenyl-
substituted pyrrole) by ion exchange46. Such a pre-electropolymerization stra-
tegy was also used to elaborate new oxygen sensors based on gold electrodes
coated with thin polymer film matrices of either neutral β-cyclodextrin polymer or
cation-exchange carboxymethylated β-cyclodextrin polymer hosting electrocat-
alytically active centres of [Co(II)-1], cobalt tetrakis-(N-methylpyridyl)
porphyrin or [Co(II)-3]98.

3.4. Electropolymerization of Amino-, Hydroxy-
and Vinyl-Substituted N4-Complexes

Several types of porphyrin and phthalocyanine ligand modification have
been performed to create a new family of electrochemically polymerizable com-
plexes. The most commonly used porphyrins are the amino58, 99–104, hydroxy58, 105,
methoxy106–108, vinyl-109–113 and other114 substituted macrocyclic complexes
(see examples in Figure 8.13). In the case of phthalocyanine, tetra-amino-
substituted macrocycle was exclusively and intensively developed. Studies of
these complexes have focused on the electrochemical synthesis and characteri-
zation of conductive polymeric or copolymeric materials.

In all cases, the films were obtained by oxidative electropolymerization
of the cited substituted complexes from organic or aqueous solutions. The mec-
hanism of metalloporphyrin film formation was suggested to be a radical-cation
induced polymerization of the substituents on the periphery of the macrocycle. As
it was reported for the case of polypyrrole-based materials57–63, cyclic voltam-
metry and UV–visible spectroscopy with optically transparent electrodes were
extensively used to provide information on the polymeric films (electroactivity,
photometric properties, chemical stability, conductivity, etc.). Based on the avail-
able data, it appears that the electrochemical polymerization of the substituted
complexes leads to well-structured multilayer films. It also appears that the low
conductivity of the formed films, combined with the cross-linking effects due to
the steric hindrance induced by the macrocyclic ligand, confers to these mate-
rials a certain number of limitations such as the limited continuous growth of the
polymers due to the absence of electronic conductivity of the films. Indeed, the
charge transport in many of these films acts only by electron-hopping process
between porphyrin sites.

3.4.1. Significant Examples of Electropolymerized Films from
Aminophenyl-, Hydroxyphenyl- and Vinyl-Substituted
Porphyrins

In 1988, a pioneering work dealing with electrode characteristics of an im-
mobilized enzyme chemically modified electrode based on bilayer-film coating
for amperometric determination of glucose was reported115. In this work, a sub-
strate was coated with two kinds of polymeric films in a bilayer state, that is, first
with the cobalt tetrakis(o-aminophenyl)porphyrin polymer film and then with the
enzyme film consisting of bovine serum albumin and glucose oxidase that were
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Porphyrins R1, R2, R3, R4
Identification

number 
References

Fe(II), Co(II), Mn(II) 44 [58, 99, 104]

Fe(III) 45 [109, 113] 

Ni(II) 46 [114] 

Co(II) 44 [115–117,
131–133] 

2H, Co(II)

R4 R2

R1,R2,R3 =

R1 =

R1,R2,R3,R4 =

R1,R2,R3,R4 =

R1,R2,R3 =

OCH3 

CH2CH3

CH2CH3

OCH3

CH3

NH2

NH2

OH

CH3

COOH

N+

N

OH

HO

or

OH

H2N

R4 =

R3

N N

N N
M

R1

47 [118]

2H, Mn, Fe, Co, Ni 48 [118]

Cu, Fe, Pd Co, Ni, Mn,
(t-BuPy)–Ru–CO,

49 [118]

Zn(II), Co(II) 50 [119]

Co(II) 51 [58, 105]

Co(II) 52 [120]

Co(II) 53 [121]

Zn(II) 53 [122–123]

Zn(II), Pd(II) 53 [124]

2H 54 [124–126]

Zn(II), 2H 55 [125]

Porphyrins Metal

Figure 8.13. Examples of porphyrin and phthalocyanine derivatives bearing electropoly-
merizable moieties different pyrrole and thiophene units.

held together by cross-linking with glutaraldehyde. It was shown later that simple
polymeric films116 and ion-selective membranes117 could be formed on smooth
platinum and glassy carbon electrodes, respectively, by oxidative electropolymeri-
zation of Co(II)-44). More elaborate structures such as (Co(II)-47) and M-48
(with M = Fe, Co, Mn and Ni as central metals) were also successfully elec-
trodeposited via electropolymerization, as well as free-base and M-49 (with M =
Cu, Fe, Co, Mn, Ni and Pd as central metals) and the Ru carbonyl pyridynate ana-
logue of this latter porphyrin group with carbonyl and tert-butylpyridine (t-Bupy)
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Metal R1, R2, R3, R4
Identification 

number References

Zn(II) 53 [125–127]

Zn(II), 2H 56 [125]

Zn(II), 2H 1 [125]

Zn(II) 51 [126]

Zn(II) 51 [127]

Zn(II) 57 [127]

Zn(II) 58 [127]

Zn(II) 59 [128]

2H, Fe(III), Zn(II) 60 [129]

Co(II) 53 [130–131]

61 [134]

Co(II), Ni(II), Zn(II), Cu(II) 44 [135]

Pt 1 [136]

Porphyrins

R1

R3

N N

N N
M R2

R1,R2,R3 =

R4 =

COOH

R4

Figure 8.13. Continued

as axial ligands118. This work focused mainly on the surface morphology of the
obtained materials and their catalytic activity towards the electrooxidation of hy-
drazine. A typical continuous scan cyclic voltammogram of [Ru(t-Bupy)(CO)-49]
obtained during film formation is presented in Figure 8.14118. It demonstrates that
the current of the peaks related to the porphyrin redox processes grows with each
successive scan of the potential.

A scanning electron micrograph of the formed polymer, Figure 8.15, reveals
a relatively smooth, caramel-like looking surface, containing many craters118. A
closer look inside the crater reveals a comparatively even compact microspheroid
surface morphology.

Malinski’s group showed in early 1990s pioneering works on the electro-
chemical synthesis and characterization of conductive porphyrinic polymeric and
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Metal R1, R2, R3, R4
Identification

number
References

62 [136]

44, 52 [137, 138]

63 [137, 138] 

64 [139] 

65 [140] 

66 [141] 

67 [46] 

68 [142] 

66 [143] 

Porphyrins

Figure 8.13. Continued

copolymeric materials obtained from several free-base and metalated porphyrins
bearing 3-methoxy-4-hydroxyphenyl moieties as electropolymerizable groups.
Metalloporphyrins 50 with Zn(II) and Co(II) were studied119.

But the most studied electropolymerizable porphyrins are the tetra-amino-
and tetrahydroxyphenyl-substituted ones. Indeed, both of them were developed
to elaborate electrodes having potentiometric responses to several kinds of an-
ions, such as iodide for example120. Co(II) tetrakis(p-hydroxyphenyl)porphyrin
53-based films were used for the elaboration of potentiometric and fibre optic
pH sensors with minimal interferences from anions121. Zn(II)-53-based films
were also used and characterized for kinetics studies of hydrogen evolution at
their surface122, 123. Zn(II)-53 as well as Pd(II)-53 and free base tetra(4-methyl
pyridinium) porphyrin (H2-54) were electropolymerized on indium tin oxide
substrates, leading thus to starting materials for the making of donor/acceptor
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Metal R1, R2, R3, R4
Identification 

number 
References

Co(II), Ni(II) 68 [144] 

Co(II), Ni(II), Pd(II) 68 [145] 

Lu(III) 1/2 68 [147,148] 

Co(II) 68 [149] 

Co(II), Cu(II) 68 [150] 

Ni(II) 68 [151] 

2H, Co(II) 68 [152,153] 

Co(II), Ni(II), Zn(II) 68 [154] 

Co(II) 68 [146,155] 

Ni(II) 68 [156,157] 

Co(II) 68 [158,159] 

2H 68 [160] 

2H, Fe(III) 68 [161] 

Co(II) 68 [162] 

Co(II), Ni(II), Cu(II) 68 [163,164] 

Ni(II) 68 [165] 

Co(II) 68 [166] 

Cu(II) 68 [167] 

Co(II) (metallisation) 68 [168] 

Mn(II) 68 [169] 

Co(II), Zn(II) 68 [170] 

2H 68 [81] 

Co(II) 68 [171] 

Mn(II) 68 [172] 

Phthalocyanines

R1

R2R3

R4

N

N
N

NN

N
N

N

M

NH2

Figure 8.13. Continued

heterojunctions in which photocurrents were produced and observed success-
fully124. Charge carrier photogeneration was also investigated in various elec-
trochemically generated solid porphyrin films using optical and photocurrent
action spectroscopy125–127. The porphyrin derivatives used therein were again
Zn(II)-53, Zn(II)-54 as well as tetra(p-carboxyphenyl) porphyrin 2. Zn(II)-53-
based films were examined by steady state absorption and emission spectroscopy
in order to determine the type of interactions between the different porphyrin
molecules present in the polymeric thin films128. Porphyrin-based films were also
characterized using scanning probe techniques such as atomic force microscopy
(AFM) and scanning tunnelling microscopy (STM) for their subsequent use in
the electrochemical detection of the neurotransmitter, dopamine129. Only recently
poly[Co(II)-53] films were shown to have catalytic properties towards the oxida-
tion of thiols130, 131.

Electropolymerized films of [Co(II)-44] were investigated for their elec-
trocatalytic behaviour towards dioxygen reduction132, 133 and thiol oxidation.
Electropolymerization of Co(II)-44 can be achieved by repeated potential scans
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Figure 8.14. Continuous-scan cyclic voltammogram of [Ru(III)(t-BuPy)(CO)-49] from
0.0 to 1.5 V in CH2Cl2(0.1 M TBAP). Reprinted from ref.[118]. Copyright (1991) Amer-
ican Chemical Society.

between 0 and +1.1 V, respectively (at 0.2 Vs−1). The repeated cycling around
the anodic limit of the potential range results in the oxidation of the aminophenyl
groups, leading to the deposition of the corresponding electroactive polymers on
the electrode surface (see Figure 8.16)131. Thus, different polymer thickness can
be obtained by controlling the number of the electropolymerizing scans.

Simultaneous piezoelectric microgravimetry and cyclic voltammetry mea-
surements at an EQCM have been used to monitor the growth of poly[Co(II)-44]
films, during potential cycling. Thus, formation of the electropolymerized films
can be followed by microgravimetry as illustrated in Figure 8.17131. The mass
uptake data, from the resonant frequency shift according to the Sauerbrey equa-
tion, give surface coverages of 620 ng cm−2 per scan of Co(II)-44. By taking into
account the size and the shape of the square planar complexes (20 × 20Å

2
for the

porphyrin) and the average distance between two stacked moieties (4 Å), one can
estimate the thickness of the deposit to be ca. 8.4 nm per scan, or the equivalent
of 21 monolayers of complex per scan.

The formation of the complex-based films on ITO transparent electrodes
was confirmed by UV–visible spectrophotometry. This is exemplified in the
case of poly[Co(II)-44], as shown in Figure 8.18131. The absorption spectrum
of Co(II)-44 in ACN solution is compared with that of the films, prepared by
24, 48, 80 and 160 electropolymerizing scans on a transparent ITO electrode.
The intensity of the absorption bands does increase linearly over the first 100
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Figure 8.15. Scanning electron micrographs of [Ru(III)(t-BuPy)(CO)-49] film grown elec-
trochemically on a Pt electrode at a constant potential of 1.45 V for 10 min. Magnification:
(A) 2000:1, (B) 5000:1, from inside the upper right crater that appears in (A). Reprinted
from ref. [118]. Copyright (1991) American Chemical Society.

Figure 8.16. Cyclic voltammetry at vitreous carbon disk electrode of Co(II)-44 (1 mM) in
ACN + 0.1 M TBABF4. Scan rate 0.2 V s−1. Reprinted from ref.[131]. Copyright (2002),
reproduced by permission of The Royal Society of Chemistry.
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Figure 8.17. Evolution of deposited mass of Co(II)-44 vs. the number of electropolymeri-
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Figure 8.18. Absorption spectra of poly[Co(II)-44] films on ITO electrodes immersed
in ACN. The straight line curve corresponds to Co(II)-44 monomer in ACN solution.
Reprinted from ref.[131]. Copyright (2002), reproduced by permission of The Royal Soci-
ety of Chemistry.

electropolymerizing scans (and then increases but not linearly), indicating that the
electropolymerization process progresses during the cycling of the potential. The
similarity between the spectra of the monomer and that of the polymer indicates
that the structure of the complex, upon electropolymerization, remains almost the
same. In the case of the Soret band, a peak broadening is observed with a hyper-
chromic shift. Considerable broadness of the Soret band was previously observed
in the case of several supported porphyrins and was attributed to some degree of
aggregation and stacking of the porphyrin molecules on the electrode surface. The
similarity of the polymer and monomer spectra indicates that the structure of the
complex unit has remained intact upon electropolymerization.



392 Alain Pailleret and Fethi Bedioui

The remarkable results described above show that the EQCM, UV–visible
and cyclic voltammetry data demonstrate that a limited amount of cobalt com-
plexes is electroactive, in the various electropolymerized films. This confirms pre-
viously reported results indicating that as the films grow, a considerable fraction
remains electrochemically inactive. All this suggests that the cobalt complex-
based films are very dense and then only very few monolayers, probably those
located at the external film surface/solution interface, are electrochemically
active (i.e. accessible).

Among the various reported studies related to electropolymerized porphyrin
films of this type, the following ones should be emphasized since they consti-
tute timely achieved contributions in this field, dealing either with the elaboration
of potentiometric sensors aimed at the detection of numerous and common
anions built from electropolymerized films of 61, a 5,15-bis(2-aminophenyl) por-
phyrin134 or the coupling of cyclic voltammetry, electrochemical impedance
spectroscopy (EIS), infrared spectroscopy and AFM to demonstrate that the elec-
tropolymerization mechanism of ortho-substituted phenyl porphyrins was highly
related to the nature of the solvent (organic or aqueous)135. Poly[Pt(II)-1] and
poly[Pt(II)-62] films having luminescence properties were also used for elabo-
rating fast optical sensors for oxygen136 and various metalated (Fe, Cu, Ni)
and non-metalated tetra-aminophenylporphyrins (44, 52, 63) with several amino
groups (2–4) located in different positions of the phenyl substituents were pre-
pared and polymerized electrochemically in order to determine the effect of
the amino groups’ position on the properties of the resulting modified elec-
trodes137, 138.

Recently, a novel porphyrin-based polymer, namely a poly(CO–Ru(II)-64)
(with CO–Ru(II)–64 = ruthenium carbonyl spirobifluorenylporphyrin), was pre-
pared electrochemically and used for the transfer of carbene to olefins and sul-
phides in a solid-state reaction139. In another original study, a bimetallic porphyrin
film using 65 was studied as electrode modifier with catalytic activity for mole-
cular oxygen reduction and hydrogen peroxide reduction140.

Finally, Meyer’s group reported for the first time in 1992 on the electro-
chemical formation of thin polymeric films from [Fe(III)-66] (with 66 = proto-
porphyrin IX dimethyl ester complex) on glassy carbon or optically transparent
SnO2 electrodes141. The obtained molecular material was shown to be effective
catalyst for the electroreduction of nitrite or NO to N2O, N2, NH2OH and NH3.
Later, [HO–Fe(III)-67] and [Cl–Fe(III)-67] two iron porphyrins bearing vinyl
groups (hematin and hemin, respectively) both bearing vinyl groups were elec-
trochemically immobilized on vitreous carbon disk electrodes46. The electroche-
mical behaviour of a vinyl-substituted metalloporphyrin, Zn(II) 5-vinyl-10,15,
20-triphenylporphyrin (Zn(II)-67) was investigated in detail in order to confirm
its deposition on electrode surfaces via electrochemically initiated polymeriza-
tion142. Gold-coated quartz crystal of EQCM electrochemically coated with
[M-66] (M = Zn(II), Co(II), Ni(II) and Cu(II)) was used for the elaboration of
gas sensors143.
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3.4.2. Significant Examples of Electropolymerized Tetra-Amino
Phthalocyanines

Tetra-aminophthalocyanine 68 was exclusively developed for the formation
of electropolymerized phthalocyanine-based films. Indeed, 68 was successfully
electrochemically oxidized and polymerized in dimethyl sulphoxide or dimethyl-
formamide at a glassy carbon electrode144(M = Co or Ni) or at optically transpa-
rent indium/tin oxide-coated glass electrodes (M = Pd, Co or Ni)145. In the case of
the cobalt complex, it has been shown that the consecutive cyclic voltammograms
of a vitreous carbon electrode in DMF + 0.1 mol L−1 TBABF4 solution con-
taining 1 mmol L−1 [Co(II)-68] (with a scan rate of 0.2 V s−1) allows the
build up of the electropolymerized poly[Co(II)-68] film]. Thus, repeated cy-
cling around the Co(II)-68 ligand oxidation results in the polymerization of the
complex and the deposition of an electroactive polymer on the electrode sur-
face and different polymer thickness can be obtained by controlling the num-
ber of the electropolymerizing scans. Similar films were also obtained on tin-
doped In2O3 optically transparent electrodes (ITO). This allows the monitoring
of the growth of the film by the changes observed in the UV–visible spectra.
Typical spectra for three films of poly[Co(II)-68] of different thickness on ITO
(prepared by 24, 48 and 80 electropolymerizing scans and noted as poly[Co(II)-
68]24, poly[Co(II)-68]48, poly[Co(II)-68]80, respectively, the subindex indicates
the number of electropolymerizing scans), immersed in TBABF4 0.1 mol L−1

DMF solution, are illustrated in Figure 8.19146. The dashed line corresponds to
the absorption spectra of [Co(II)-68] monomer in a 10−5 mol L−1 DMF solution
and shows bands at 350 and 720 nm. The UV–visible spectra obtained for the
polymer films are similar to monomer species, but exhibit a notorious broaden-
ing of the peaks which appear at 338 and 717 nm which increase with thickness.
Typical thicknesses of films grown on ITO, measured by scanning electron mi-
croscopy, are 60, 113 and 214 nm for poly[Co(II)-68]24, poly[Co(II)-68]48 and
poly[Co(II)-68]80, respectively. Even though these measurements are conducted
with dry films, the results indicate clearly that repeated electropolymerizing scans
lead to continuous growth of the film, by nearly 2.5 nm per scan, and that the ob-
tained films are conductive enough to ensure further electro-oxidation of Co(II)-
68 monomers from the solution.

Among the several recently reported examples147–172, it is important to
mention the following works:

– The rather rarely used lutetium diphthalocyanine [Lu(III)2-68] was shown
to be able to undergo a successful but very slow oxidative electropolyme-
rization process under a continuous potential cycling carried out during
several hours147, 148.

– Electropolymerized cobalt phthalocyanine films showed an electro
catalytic activity that allowed the electrochemical detection of
2-thiothiazolidine-4-carboxylic acid in urine samples with a detection
limit of 7 pmol without any sample preparation149.
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Figure 8.19. (A) UV–visible spectra of poly[Co(II)-68]24 (curve 1), poly[Co(II)-68]48
(curve 2) and poly[Co(II)-68]80 (curve 3) on ITO electrodes. Dashed curve corresponds
to monomer in DMF solution. (B) SEM micrographs of poly[Co(II)-68]24 (micrograph 1),
poly[Co(II)-68]48 (micrograph 2), poly[Co(II)-68]80 (micrograph 3) on ITO electrodes.
Reprinted from ref.[146]. Copyright (2001), with permission from Elsevier.

– Polymetallophthalocyanine film and a polypyrrole film incorporating glu-
cose oxidase (PPy-Gox) were prepared on glassy carbon electrode by the
successive electrochemical deposition of the two polymers, allowing thus
the elaboration of a bilayer conducting polymer electrode showing cata-
lytic behaviour150.

– Nickel tetra-aminophthalocyanine polymer was ingeniously tested for
its electronic conductivity via kinetics studies of heterogeneous elec-
tron transfer taking place at the interface between them and the liquid
phase151.

– Thin layers of polymeric tetra-aminophthalocyanines were suggested as
interesting electrode modifiers for the electrocatalytic oxidation of hy-
drazine in basic solution (M = Co)152, 153, the electrocatalytic oxidation
of NADH (M = Co, Ni, Zn)154, the electrochemical detection of sulphide
anions and 2-mercaptoethanol (M = Co)146, 155, the electrochemical oxi-
dation of dopamine (M = Zn156, Ni157), the electrocatalytic reduction of
dioxygen (M = Co133, 157, 158, H2

160 and Fe160), the electrooxidation of
nitric oxide and nitrite (M = Co161, Co, Ni, Cu163, 164 and Ni165), or the
electroanalysis of 2-mercaptoethanesulphonic acid, reduced glutathione
and L-cysteine (M = Co)166.
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3.5. Electrodeposited Films of Nickel N4-Complexes in Alkaline
Solution

Although the electrochemistry and the electrocatalytic properties of nickel
macrocyclic complexes, phthalocyanines and porphyrins have been well studied
in various solvents, few data exist on their special and typical behaviour when
“electropolymerized” films in aqueous alkaline solution. During the last decade,
it has been shown that nickel tetraazamacrocyclic complexes (examples shown in
Figure 8.20) can be easily deposited onto an electrode surface in alkaline solutions
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to form stable modified electrodes that catalyse the oxidation of several substrates.
But the explanation of why the voltammetric behaviour of the films formed from
various kinds of nickel planar macrocyclic complexes is nearly the same in aque-
ous basic solution has not been fully understood and has been a point of discus-
sion. Two postulates have been reported: one of them considers that upon the elec-
trochemical polymerization of the nickel complex in alkaline media, the nickel–
nitrogen tetracoordination of the complex incorporated in the polymeric film is
lost and the films behave in a similar manner than nickel hydroxide electrode.
Even though the coordination of the nickel centres was probably lost, they remain
entrapped inside the polymeric skeleton and exhibit a stable redox behaviour. The
second postulate considers that the complexes do not decompose upon the elec-
tropolymerization procedure and they are attached to the electrode surface and
interconnected via oxo-bridges.

The typical electrodeposition process observed with nickel derivatives was
first investigated by Milczarek using a Ni(II) tetrakis(3-methoxy-4-hydroxyphenyl)
porphyrin as a monomer. The resulting conductive film was used for the electro-
catalytic oxidation of methanol and other simple alcohols173, 174, nitric oxide175,
formaldehyde176, or ascorbic acid and NADH177. Later, [Ni(II)-69], [Ni(II)-70]
and [Ni(II)-71] were shown to provide a large benefit in the electrochemical de-
termination of nitric oxide in aqueous solution178, 179 or for the electrocatalytic
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Figure 8.21. (A) Evolution of repeated cyclic voltammograms of ITO electrode in 0.1 M
NaOH aqueous solution + Ni(II)-71 monomer (2 mM) (60 scans are shown); (B) Cyclic
voltammogram of poly[Ni(II)-71] film-coated electrode prepared by 60 electropolymeri-
zing scans, as indicated in (A) potential scan rate 100 mV s−1 Reprinted from ref.[180].
Copyright (1997), reproduced by permission of The Royal Society of Chemistry.

oxidation of methanol, ethanol and hydrazine180. Most of this work on nickel
derivatives of porphyrin had been reviewed recently181. In brief, a typical study
of the electrodeposition of a nickel(II) N4-complex can be analysed as follows,
with the example of [Ni(II)-71]180. Figure 8.21A shows the evolution of the
cyclic voltammogram obtained for [Ni(II)-71] porphyrin film growth, denoted
as poly[Ni(II)-71], on an ITO electrode. The potential was continuously cycled
between 0 and 1.0 V at 100 mV s−1 while the ITO electrode was immersed in
monomer solution of 2 mM Ni(II)-71 in aqueous 0.1 M NaOH. It can be seen
that an ill-defined redox couple appears during the first scan which increases and
becomes well defined when the potential scans are repeated. The continuous in-
crease in the amplitude of the voltammometric peaks, around 0.34 V, indicates
that the film has been formed as a result of the anodic deposition of the porphyrin
complex. The mechanism of electrooxidative deposition of the nickel complex
is not fully clear at present. Several authors have proposed a tentative explana-
tion for the electrochemical deposition process by suggesting that the attachment
of the nickel complexes to the electrode surface is connected with oxidation of
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OH− anions. Indeed, the pH value of 13 is critical for film formation and one can
imagine that the oxidation of OH− creates a variety of functional groups on the
electrode surface. It is important to note that no electrodeposition process occurs
when the potential scan was limited to a range before the beginning of the oxi-
dation of OH− (i.e. E < 0.8 V). Thus, coupling the complexes to the electrode
surface via an –O–Ni(II) bond seems to be probable. During further scans, the at-
tached Ni(II) complexes undergo oxidation to Ni(III) and bind to a new coming Ni
complex, supplied to the electrode surface by diffusion, via oxo-bridges. Anyhow,
it appears clearly that the redox process exhibited by the nickel complex-based
films in alkaline solution is similar to that shown by electrochemically formed
Ni(OH)2 electrodes in which the observed redox process is usually related to
α-Ni(OH)2/γ -NiOOH transformation (for hydrated Ni(II) structures).

After a period of scanning, the electrode was transferred, after careful rins-
ing with water, to a 0.1 M NaOH aqueous solution (without the monomer in it).
The cyclic voltammogram of the poly[Ni(II)-71] film is shown in Figure 8.21B180.
It exhibits the previously observed electrochemical behaviour assigned to the
Ni(III)/Ni(II) process at 0.34 V. Similar results are obtained on vitreous carbon
and platinum electrodes. The apparent surface coverages of the poly[Ni(II)-71]
film electrodes by nickel porphyrin can be calculated from the cyclic voltam-
mograms of these films, and the calculation is based on the charge under the
Ni(III)/Ni(II) oxidative or reductive peak. The formation of poly[Ni(II)-71] films
on ITO transparent electrodes was confirmed by UV–visible spectrophotometry.
The absorption spectrum of [Ni(II)-71] in solution (Figure 8.22A; curve 1) is
compared with that of the poly[Ni(II)-71] film on transparent electrode (Figure
8.22A; curve 2). This clearly indicates that a nickel porphyrin film is present on
the electrode surface. In the case of the Soret band, a peak broadening is observed
with an hypsochromic shift. In Figure 8.22B are reported the absorbances of films
(at λ. = 403 nm, the wavelength of the Soret band) as a function of the number
of electropolymerizing potential scans n. The electrodeposition of the porphyrin
seems to occur regularly for n < 100 since absorbance of the Soret band is fairly
proportional to the number of scans. But a decrease of the absorbance is observed
when the thickness of the film increases. The origin of such a behaviour still is
not understood.

In order to further elucidate the origin of the redox process displayed by all
the studied nickel complex-based films in alkaline aqueous solutions, the voltam-
metric behaviour of nickel porphyrin-based film is prepared in acetonitrile solu-
tion. Figure 8.23A shows the polymerization of [Ni(II)-72] porphyrin performed
on ITO electrode by cyclic voltammetry between −1.6 and 1.2 V in acetonitrile
+ 0.1 M Bu4NBF4, at an scan rate of 100 mV s−1180. The cyclic voltammograms
exhibit the expected well-known reversible one-electron porphyrin ring oxidation
NiP/NiP+◦ and reversible one-electron ring reduction NiP/NiP−◦ at +0.77 V
and −1.36 V, respectively. The evolution of the cyclic voltammograms during re-
peated potential scans shows a continuous increase in the amplitude of the cyclic
voltammogram peaks for the previously described systems and this indicates that
a film was formed on the electrode as a consequence of electrochemical oxidative
polymerization of the attached aminophenyl groups. The characterization of the
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Figure 8.22. (A) Absorption spectra of Ni(II)-71 in NaOH solution (curve 1) and
poly[Ni(II)-71 film on ITO electrodes as a function of the number of electropolymerizing
scans. Electrodes were prepared as indicated in Figure 8.21A. Reprinted from ref.[180].
Copyright (1997), reproduced by permission of The Royal Society of Chemistry.

poly[Ni(II)-72] film was first carried out in acetonitrile + 0.1M Bu4NBF4. The
cyclic voltammogram of the film exhibited similar electrochemical responses as
the starting monomer which indicates that the polymeric film contains the nickel
porphyrin. When the poly[Ni(II)-72] film was characterized in 0.1 M NaOH solu-
tion, different features were observed (Figure 8.23B)180. During the first scan, a
huge irreversible anodic peak was observed at E > + 0.8 V showing that a trans-
formation of the film was occurring. As soon as the second scan was performed,
the intensity of the previously reported anodic peak became significantly smaller
showing the end of the irreversible transformation of the film. In addition, it ap-
peared a new well-defined redox system at E1/2 = 0.4 V that grows continuously
until it reaches a steady state. The shape of the final cyclic voltammogram (Fig-
ure 8.23C) is very similar to those obtained with the electropolymerized nickel
macrocyclic-based films obtained in alkaline solution, which are also similar to
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Figure 8.23. (A) Repeated cyclic voltammograms of Ni(II)-72 (2 mM) in acetonitrile
+ 0.1M Bu4NBF4 at an ITO electrode (seven cycles are shown). (B) Evolution of the
cyclic voltammograms of the ITO electrode-coated by poly[Ni(II)-72] (prepared as indi-
cated in (A)) and transferred to fresh 0.1 M NaOH aqueous solution. (C) 27th and further
scans. Potential scan rate 100 mV s−1. Reprinted from ref.[180]. Copyright (1997), repro-
duced by permission of The Royal Society of Chemistry.

those of Ni(OH)2 electrode. The redox process observed at 0.40 V remains stable
and tends to show that during the electrochemical treatment of poly[Ni(II)-72]
in alkaline media, the nickel porphyrin (or macro-complex, in general) incorpo-
rated into the polymeric film behaves in a similar manner than nickel hydroxide
electrode. It should also be noted that during this process the colour of the film
(observed on ITO electrodes) goes from deep blue to dark gold. This may be
explained by the changes in the axial occupation of the Ni sites as a consequence
of the formation of the O–Ni oxo bridges in alkaline solution.

This fundamental observation confirms the one reported by Cataldi and
coworkers183 in the case of polyNi(II)-tetramethyldibenzo-teraaza[14]annulene
formed in dichloromethane and transformed in alkaline aqueous solution. It tends
to show that upon the electrochemical polymerization of the nickel complex in
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organic solvent and the treatment of the film in alkaline solution, the complex
incorporated in the polymeric film behaves in a similar manner than nickel hy-
droxide electrode. As we mentioned earlier, two postulates are reported in the
literature: one considers that the coordination of the nickel centres may be lost
and the second postulate considers that the complexes do not decompose and re-
main interconnected via oxo-bridges. But it is also important to note that (i) the
redox process exhibited by all the nickel-based films (either directly prepared by
electropolymerization in alkaline solution or in organic solvent followed by treat-
ment in alkaline solution) and assigned to Ni(II)/Ni(III), is similar to that observed
with nickel hydroxide films and shows the same pH dependence, and (ii) the UV–
visible spectra of the films (particularly in the case of nickel porphyrins) indicate
very clearly that the macrocyclic configuration of the nickel complexes remains
intact upon the electrochemical polymerization.

Besides the largely reported case of the nickel tetrasulphonated phthalo-
cyanine, only one example dealing with the electrodeposition of nickel tetra-
aminophthalocyanine via the formation of O–Ni–O oxo bridges can be found in
the literature182. The resulting polymeric material was investigated as a likely
electrocatalyst towards dopamine redox process. In this study, it was shown that
the formation of these oxo bridges is beneficial for the electrocatalytic activity
of the polymeric material besides the electropolymerization process based on the
electro-oxidative N–N coupling of the amino groups.

As specified above, it has also been shown that tetraaza[14]annulene 74
(5,7,12,14-tetramethyl-dibenzo-1,4,8,11-tetraaza[14]annulene) can be electrode-
posited on common conducting substrates and electrochemically treated so as to
display a nickel-based catalytic deposit towards the oxidation of carbohydrates
in alkaline solutions which shows strong similarities to the nickel hydroxide
electrode183. Similar observations were reported for Ni complex 75 although they
were rather oriented towards the oxidation of hydrogen peroxide184 and for Ni
curcumin films towards the electrocatalytic oxidation of aliphatic alcohols185.

3.6. Electropolymerized Films of Salen Complexes

Several Schiff base complexes (especially salen = ethylenebis(salicy-
lideneaminato)) display an ability for electrodeposition process that does not al-
low their classification under “electropolymerization” nomination, in the sense
that the salen ligand is not bearing an electropolymerizable group. Neverthe-
less, such a process relies essentially on the parent structure itself of the salen
derivatives and it deserves attention, since it is now largely involved in designing
salen-based polymers via electrochemical processing (called here as “electropoly-
merization”). Some significant examples reported in the literature are described
below (see examples in Figure 8.24).

Thin films of σ-bonded tetraazaannulenic complexes of cobalt were elec-
trochemically synthesized. From a potential cycling applied to a platinum elec-
trode in an electrolytic solution containing the monomer, the electrodeposition
process occurred via a 6-6′σ polymerization of the monomers186. Also, the elec-
trochemical homopolymerization of M-78 (M = Ni, Cu) derivatives was thor-
oughly investigated187, some of which were functionalized at the γ-position188.
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Metal
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By the same manner, the electropolymerization of the copper complex of 80
(half-unit = 2,6-diacetylpyridine-mono(ethylenediamine)) was performed, which
led to an electroactive polymeric film whose electrocatalytic properties towards
biodegradable agrochemicals were evaluated189. One can cite the example of
the electrooxidative polymerization of 81, a 3-[1-(2-amino-phenylimino)-ethyl]-
6-methylpyran-2,4-dione Schiff base. The corresponding films are insoluble in
most solvents, electroactive in water but electro-inactive in acetonitrile and they
display electrocatalytic properties towards the oxidation of hydroquinone190, 191.
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Finally, 82, an asymmetric Ni-macrocyclic complex containing dianionic ben-
zotetraaza[14]annulene ligand was electropolymerized on glassy carbon elec-
trodes so as to develop the electrocatalytic properties of the resulting films towards
the reduction of dioxygen and the oxidation of oxalate and L-ascorbic acid192.
Poly(cobalt tetraazaanulene) was electrodeposited at glassy carbon electrode
surface, providing thus a modified electrode aimed at the electrocatalytic reduc-
tion of oxygen193.

In the case of salen complexes, phenanthroline-bridged salen compounds
have been electrochemically studied and electropolymerized, allowing then the
exchange of the inserted metal ion194. Similar studies dealing with the nickel
salen complex and coupled with in situ FTIR and UV–visible spectroscopies re-
vealed ultimately that electropolymerization process is a ligand-based process that
takes place through a mixture of o- and p-linking of the phenol rings. It also in-
dicated that the resulting films exhibit physical/chemical properties that cannot
be attributed to an aggregation of individual complexes, behaving rather like a
polyphenylene compound, with the metal ion acting as a bridge between bipheny-
lene moieties195. Electropolymerized films obtained from the complexes of this
same salen with cobalt, iron, copper and manganese were utilized as materials for
development of an electrochemical sensor for the determination of NO in solu-
tion196. The electrochemical behaviour of Fe(III) salen complex was reported, as
well as its electropolymerization. Although this latter appears more difficult than
for several other poly(metal-salen) films (e.g. with nickel or copper), poly(Fe-
salen) constitutes an efficient electrocatalyst towards the reduction of hydrogen
peroxide and oxygen even if a different kinetic behaviour has been observed for
both substrates, with a much greater efficiency in the case of oxygen197. Indeed,
poly(Fe-salen) film displays a stable electroactivity in aqueous medium, as shown
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Figure 8.25. (A) CVs of poly[Fe(III)-85 on an ITO electrode in phosphate buffer (pH 7.2)
at various scan rates (mV s−1): (a) 20, (b) 50, (c) 100. (B) Reduction of hydrogen peroxide
(ca. 0.4 mM in phosphate buffer (pH 7.2) on poly[Fe(III)-85]-ITO electrode (—) and bare
ITO electrode (- - -). Potentials are referred to SCE. Reprinted from ref.[197]. Copyright
(2001), with permission from Elsevier.

in Figure 8.25a197. The surface coverage of the electrode, estimated from the
charge under the voltammetric peaks was found to be ca. 1.1 × 10−9 mol/cm−2

and the thickness of the film was estimated to ca. 2.2 nm. The reduction of hydro-
gen peroxide on poly(Fe-salen) has been investigated mainly in phosphate buffer
media (pH 7.2). The electrocatalysis phenomenon was evidenced by the fact that
the reduction of H2O2 occurs at a slightly more positive potential in presence of
poly(Fe-salen), with respect to the same reduction on bare electrode (see Figure
8.25b).

Finally, innovative bimetallic complexes as dissymmetric ligands can
easily be built, giving birth to an unprecedented class of metal Schiff base salen
complexes that can be successfully electropolymerized concomitantly with an
overoxidation process198. The electrooxidation of 8-(3-acetylimino-6-methyl-2,



406 Alain Pailleret and Fethi Bedioui

4-dioxopyran)-1-amino-naphthalene Schiff base in acidic aqueous solution yielded
a polymer film on glassy carbon electrodes that showed a reversible well-defined
redox system in aqueous acidic solution, as well as electrocatalytic activity
towards oxidation of catechol and hydroquinone199.

3.7. Miscellaneous Electrodeposition Processes

Besides the list of methods allowing the electrodeposition of porphyrinic
compounds that was revealed so far in this chapter, miscellaneous processes have
been reported, most of which are either ingenious or especially dedicated to pre-
cise applications. For example, Mizutani and coworkers achieved the immobi-
lization of Co(II) meso-tetraphenylporphyrin as catalytic sites in a conducting
polymer film electrode consisting of polypyrrole-poly(vinyl chloride) alloy200.
To this end, the catalyst was first immobilized in poly(vinyl chloride) (PVC) film
and, second, the insulating PVC matrix is converted into a conducting PPy–PVC
alloy via the electrochemical polymerization of pyrrole at the surface of a glassy
carbon electrode coated with the catalyst–PVC composite. Another ingenious
work was published in 2000, which relies on processes frequently used for the
deposition of non-electropolymerizable compounds on electrode surfaces, such
as dip coating or electrostatic assembly. In that work, the relevant series of sym-
metric supramolecular porphyrins that was used had been obtained by attach-
ing four [Ru(II)(bipy)2Cl] groups to the bipyridyl substituents of meso-tetra
(4-pyridyl)porphyrin and its metalated derivatives201. In a later published work,
porphyrinic compounds were cast as porphyrin–fullerene dyad cluster films on
nanostructured SnO2 films, providing thus photoelectrochemically active ma-
terials that can generate anodic photocurrent under visible light excitation202.
More recently, in a quite innovative work, magnetic nickel nanowires had been
functionalized with fluorescent hematoporphyrin IX, [8,13-bis(1-hydroxyethyl)-
3,7,12,17-tetra-methyl-21H,23H-porphyrin-2,18-dipropionic acid], which has
two intense, red fluorescence bands and two carboxylic acid groups that bind
strongly to metal oxides and to the native oxide films on metals, such as nickel203.
Finally, another method consisting in electropolymerizing a molecular film,
previously positioned on the electrode surface by the well-known method of
dip-coating, was successfully reported. This strategy was employed with [H2(4-
TPyP){Ru(Clphen)2Cl}4], a tetraruthenated porphyrin and applied to the electro-
catalytic oxidation of nitrite ion204.

Various original methods were also proposed for the electrochemical depo-
sition of phthalocyanines. For example, “cobalt phthalocyanine-on-carbon” was
prepared from the precipitation of cobalt phthalocyanine CoPc on carbon black
by pouring the slurry into cold water205. Once filtered and dried, the material
was pyrolysed for 2 h in a tubular furnace at temperatures ranging from 400 to
1,100◦C under flowing argon atmosphere. Both half- and full-cell measurements
were carried out 2–3 weeks after pyrolysis of the CoPc/C electrocatalyst at various
temperatures. In a completely different procedure, glassy carbon electrodes were
modified with thin films of CoPc, prepared by spreading CCl3COOH + CHCl3
solution containing the complex and allowing thus its deposition of the order of a
monolayer206.



Metalloporphyrin and Metallophthalocyanine Complexes 407

Another interesting electrodeposition procedure was reported: it consists
in carrying out the cathodic electrolytic deposition of Mg(II)TCPc (TCPc =
2,9,16,23-tetracarboxyphthalocyanine) on indium/tin oxide-coated glass elec-
trodes in the presence of bridging metal ions provided by MgCl2, CaCl2, CoCl2
or ZnCl2 used as a supporting electrolyte207. Also, the electrochemical oxidation
of Li2Pc (lithium phthalocyanine) was achieved to allow the electrodeposition
(electrocrystallization) of Li2Pc onto indium tin oxide substrate and detailed
studies of the influence of the electrodeposition parameters such as the elec-
trolysis time, the nature of the solvent or the oxidation potential on the thin
film morphology208, 209 and magnetic properties210, 211 were carried out. Ca-
thodic electrodeposition from an aqueous mixed solution of zinc nitrate and
water soluble tetrasulfonated metallophthalocyanine (M = Zn, Al, Si) was also
reported. It resulted in a self-assembled growth of zinc oxide (ZnO) thin films
whose surface is modified by the phthalocyanine moieties212–214. In a simi-
lar approach, electro-codeposited and homogeneous film was immobilized on
indium tin oxide-coated glass electrode by cathodic polarization of a solution
of 2,9,16,23-tetracarboxyphthalocyanatomagnesium, N,N ′-4-hydroxyphenyl-3,
4,9,10-perylenetetracarboxylic-diimide and ZnCl2 as supporting electrolyte in
DMF215. A device based on this film displayed a number of p–n junction
interfaces, as suggested by its rectification and photoconduction properties.

One can also mention the case of composites-based conducting polymers
electrodeposited and characterized on anodes of platinum- or carbon black- filled
polypropylene from a stirred electrolyte with dispersed copper phthalocyanine216.
The electrolytic solution contained, besides the solvent (water or acetonitrile),
the monomer (pyrrole or thiophene) and a supporting electrolyte. Patterned thin
films were obtained from phthalocyanine derivatives, as reported in the case of
(2,3,9,10,16,17,23,24-oktakis((2-benzyloxy)ethoxy)phthalocyaninato) copper217.
Such films were prepared by means of capillary flow of chloroform solutions
into micrometer-dimension hydrophobic/hydrophilic channels initially created by
a combination of microcontact printing of octadecylmercaptan (C18–SH) layers
on gold electrodes. These latter gave birth to a hydrophobic channel bottom while
oxidative electropolymerization of m-aminophenol (at pH 4) led to hydrophilic
channel walls.

Finally, vacuum-deposited organic photovoltaic cells were elaborated from
a phthalocyanine/C60 multilayer configuration218. Such multilayer cells were con-
structed in a vacuum chamber coupled to an Ar-glove-box/characterization cham-
ber. Sublimation purified copper phthalocyanine, C60, and bathocuprine were
vacuum deposited on various cleaned and small molecule-modified ITO sub-
strates, over which either PEDOT layers were spin casted, or were electrochemi-
cally grown.

Interestingly, the reaction between π -cation radicals generated by electro-
chemical or chemical oxidation of pyrrole and metallo-organic complexes (such
as tetramethyldibenzo tetraazaannulene nickel (Nitmdbtaa) or tetramethyl di-
naphtho tetrazaannulene nickel (Nitmdntaa)) was investigated. In the case of the
first compound, it appeared from voltammetric evidence that pyrrolyl units in-
sert as organic spacers between nickel-macrocycle molecules, leading therefore
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to thin conducting films growing on common types of electrode surfaces219.
The electrodeposition of pyrrole-free salen derivatives via an electrochemical
copolymerization process with pyrrole was also reported in the case of 6, 6′bis(2-
hydroxyphenyl)bipyridine in the complex (Ni-bpsalen)220. In an original proce-
dure, a new coordination polymer was prepared through the polycondensation
reaction of α,ω-bis(chloromethyl)polymethylphenylsilane with Ni-salen com-
plex, necessitating a new preparation method of the chloromethylated polysi-
lane221.

4. Electrocatalytic and Electroanalytic Applications
of Electropolymerized N4-Macrocyclic-Based Films

The most relevant and promising applications of electropolymerized
N4-macrocyclic complexes are related to the biomimetic activation of small mole-
cules of biological importance such as molecular oxygen, nitrite, nitric oxide,
thiols, neurotransmitters etc. By now, the authors are making profit from the
extensively well-developed electroassisted biomimetic activation of small mole-
cules, to elaborate sensing materials for electroanalysis. Such an approach com-
bines several benefits coming from the particular versatile reactivity of the
N4-macrocyclic complexes with their ability to form adherent electroactive and
well-characterized thin films on electrodes of various shapes, sizes and geome-
tries. We focus in this section on two major applications reported during the
last decade: the electroassisted biomimetic reduction of molecular oxygen by
electropolymerized manganese porphyrin films and the electroanalytical devices
developed for nitric oxide produced by biological systems.

4.1. Electroassisted Biomimetic Reduction of Molecular Oxygen:
Mechanistic and Electrochemical Approach

Achieving biomimetic hydrocarbon oxidations with molecular oxygen and
synthetic porphyrin models of cytochrome P-450 is a field where electropolymer-
ized metalloporphyrin films played a significant role. Efficient high-valent metal-
oxo porphyrin complexes, the reactive oxygenating intermediates, have been
postulated in numerous systems4, 222–239. Electroassisted formation of the oxo
species requires the enzyme model plus molecular oxygen, an activator (such as
anhydride or acid) and one or several axial ligands (such as imidazole) as shown
in Figure 8.26 and as it has been described by several groups229–234, 236, 238, 240.

We and other groups have shown the first examples in which a manganese
porphyrin supported on a polypyrrole film229, 234, 236 acts as an efficient model.
Figure 8.27 shows the examined test reactions. In brief, molecular oxygen was
electro-activated by the electropolymerized film of a manganese porphyrin depo-
sited on graphite tissue and carbon felt electrodes. The supported catalyst was
regenerated by controlled-potential electrolysis at E = −0.5V/SCE.

The essential observations that can be summarized from the reported stu-
dies allows to state that the catalytic efficiency and stability of the complexes are
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Figure 8.26. Simplified catalytic cycle for the oxidation of hydrocarbons (RH) by mole-
cular oxygen (long cycle) or by oxygen atom donors AO (short cycle) and cytochrome
P-450 (or its synthetic models). Reprinted with permission from Acc. Chem. Res. 1995,
28, 30–36. Copyright 1995 American Chemical Society.

obviously enhanced when it is deposited within the polymer network, compared
to those of the same complexes in homogeneous phase. Indeed:

– The oxidation products are formed with a very good efficiency by the
supported catalyst, up to 500 turnovers of the catalyst per hour;

– The faradaic efficiency expressed as the ratio of moles of oxidation pro-
ducts analyzed to the electrochemical charge passed is relatively poor, but
reached 99% in some cases;

– The nature of the electrode material (graphite tissue or carbon felt) has a
small but significant influence on the chemical and faradic efficiencies of
the supported catalyst (for the cis-cyclooctene epoxidation reaction, for
example). This is probably due to either a preferred orientation of the sup-
ported catalyst for approach of the hydrocarbon to the presumed active
manganese site, or to the high local concentration of the catalyst. How-
ever, the low faradaic yields obtained in some cases are certainly due to
the direct electrochemical reduction of the active oxidant, a high-valent
manganese “oxo” complex, at the potential of electrolysis according to
the electroactivity study of this “oxo” form of the catalyst previously re-
ported232, 236, 240. Thus, the fixation of the catalyst onto the electrode pro-
motes the electroreductive consumption of the active oxidant. Anyhow,
it is important to note that with the electropolymerized films, the pro-
ducts are formed using a substrate/catalyst ratio higher than 6,000, with
similar yields compared with those obtained in homogeneous solution
(with a substrate/catalyst ratio up to 400). It was also found that the re-
covered porphyrin polymer electrodes (stored in air, without precaution)
retained 95% of their initial catalytic activity during the second run, and
70% of their initial activity during the third run236. It also appears from
these results that it is not clear to bring out any valid information on the
stereospecificity of the supported catalyst. More experiments with well-
adapted test reactions are needed to reflect the importance of this aspect.
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Figure 8.27. Studied examples of oxidizable hydrocarbons.

We recently reported for the first time on the electroassisted-biomimetic
activation of molecular oxygen by a newly prepared electropolymerized polypyr-
role-manganese phthalocyanine film241. The prepared films and their interven-
tion in the electroassisted-catalytic reduction of molecular oxygen were analyzed
by cyclic voltammetry and UV–visible spectrophotometry on optically transpa-
rent electrodes. The obtained results demonstrate the probable existence of the
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key- steps responsible for the suggested formation of the highly reactive man-
ganese oxo intermediate. Figure 8.28a (curve 1) shows the cyclic voltammo-
gram of poly[Mn(III)-32] film in deaerated DCM + 0.1 mol L−1 Bu4NBF4
solution (curve 1) and in presence of molecular oxygen, without (curve 2) and
with benzoic anhydride (curve 3)241. It appears that in presence of molecu-
lar oxygen, the Mn(III)/Mn(II) redox process is subjected to a major change.
Indeed, its associated re-oxidation peak disappears (curve 2). Such modifica-
tion of the cyclic voltammogram suggests that, in a first step, oxygen binds to
Mn(II) leading to a formulated Mn(III)-superoxide adduct that accepts a sec-
ond electron to form a doubly reduced superoxo intermediate (see below). Curve
3 (Figure 8.28a) shows the cyclic voltammogram of poly[Mn(III)-32] film in
DCM+0.1 mol L−1 Bu4NBF4 solution containing benzoic anhydride (activator),
upon addition of molecular oxygen. The anhydride function is to cleave the O–O
bond once the oxygen is coordinated to and activated by the Mn centre. A large
enhancement of the Mn(III)/Mn(II) reduction current peak is clearly observed.

With reference to previously reported studies of porphyrins and Schiff
base complexes, the modification of the cyclic voltammogram can be explained
by the occurrence of the expected formation of the high-valent manganese-oxo
[Mn(V)=O]+ intermediate, followed by its reduction and the steady-state elec-
trocatalytic regeneration of Mn(III) form242–249 according to the following set of
reactions (where (PhCO)2O is benzoic anhydride):

[Mn(III)]+ + e− → [Mn(II)] (8.1)

[Mn(II)] + O2 → [Mn(III)–O−
2 ] (8.2)

[Mn(III)–O2
−] + e− → [Mn(III)–O2

−]− (or [Mn(II)–O2
−].) (8.3)

[Mn(III)–O2
−]− + (PhCO)2O → [Mn(V)=O]+ + 2PhCOO− (8.4)

[Mn(V)=O]+ + 2e− + 2H+ → [Mn(III)]+ + H2O (8.5)

Note that the direct reduction of molecular oxygen does not take place in the
potential range investigated in this study, and that the presence of benzoic anhy-
dride does not induce any electrochemical interference. Rotating disk voltamme-
try confirms all the above-described observations as it is shown in Figure 8.28b.
Also, experiments performed with dissolved monomer in solution provided infor-
mation similar to that obtained with the supported complex, thus confirming that
the Mn complex behaves according the same way in both phases.

Spectroelectrochemistry experiments using poly[Mn(III)-32] film deposited
on optically transparent tin oxide electrode, flattened against one of the walls of
the spectrophotometer cuvette orthogonal to the light beam pathway and mounted
as an electrochemical cell, were performed to provide further insights into the
nature of the redox activity observed by cyclic voltammetry241. Figure 8.29a
shows spectral changes observed during the controlled-potential reduction of the
film immersed in DCM + 0.1 mol L−1 Bu4NBF4 solution at −0.7 V/Ag–AgCl, a
value more negative than the reduction potential of Mn(III)/Mn(II) redox process.
The Q band shifts from 734 to 685 nm. This observed spectral change is consis-
tent with the reduction of the Mn(III) sites in the film. Also, the spectral changes
upon reduction at −0.7 V were similar with or without benzoic anhydride, and as
long as molecular oxygen is not present in the solution.
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Figure 8.28. (a) Cyclic voltammograms (scan rate = 100 mV s−1) and (b) hydrody-
namic voltammograms (scan rate = 10 mV s−1, electrode rotation rate = 400 rpm)
of a vitreous carbon disk electrode modified with a film of poly[Mn(III)-32] in DCM +
0.1 mol L−1 Bu4NBF4 under argon (curve 1), in the presence of dissolved oxygen (curve
2) and in the presence of dissolved oxygen and 0.1 M benzoic anhydride (curve 3). Adapted
from ref. [241]

Figure 8.29b shows the changes in the Q band of the UV–visible spectra of
the reduced poly[Mn(II)-32] film (curve 1, same as the final spectrum in Figure
8.29a) upon addition of molecular oxygen to the DCM solution, without benzoic
anhydride, and maintaining the reductive electrolysis (curve 2). It appears that
O2 provokes two modifications of the spectral features: the spontaneous decrease
in the Mn(II) Q band that is also red shifted by 3 nm and the apparition of a
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Figure 8.29. (a) UV–visible spectroscopic changes of a poly[Mn(III)-32] film on ITO in
oxygen-free DCM + 0.1 mol L−1 Bu4NBF4 during constant potential reductive electro-
lysis at −0.7 V vs. Ag/AgCl. (b) UV–visible spectra of (curve 1) reduced poly[Mn(III)-
32] film on ITO in oxygen-free DCM + 0.1 mol L−1 Bu4NBF4 obtained as in Figure
8.4a; (curve 2) = upon addition of oxygen without stopping the reductive electrolysis and
(curve 3) = after stopping the electrolysis. Dashed curve shows the spetra of the native
poly[Mn(III)-32]. (c) Evolution of the UV–visible spectra of the reduced poly[Mn(III)-
32] film (obtained as in Figure 8.4a) on ITO in DCM + 0.1 mol L−1 Bu4NBF4 upon
addition of anhydride benzoic and oxygen (electrolysis at −0.7 V was maintained during
addition of oxygen) and (d) electrolysis was stopped during addition of oxygen. Adapted
from ref.[241].

Mn(III)-like Q band blue shifted by 4 nm compared to the native Mn(III) one.
When the reductive electrolysis is stopped (curve 3), there is a complete vanishing
of the band at 688 nm to the detriment of the Mn(III)-like one at 729 nm. The Q
band for the native Mn(III) film is reported for comparison (dashed curve). These
observations may be explained by the formation of the doubly reduced superoxo
intermediate (steps 1–3) that exhibits a Q band at 688 nm, while the formulated
Mn(III)-superoxide adduct exhibits a Q band at 729 nm. When molecular oxygen
was added to the reduced poly[Mn(II)-32] film in a DCM solution containing
benzoic anhydride, with or without stopping the reductive electrolysis, it appears
that there is a total restitution of the native film within 10 min, as it can be seen in
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Figures 8.29c,d, respectively. No more changes in the spectra were observed when
maintaining the electrolysis for more than 40 min, as far as molecular oxygen and
benzoic anhydride were present in the solution. Indeed, by following the evolution
of the measured current during the performed chronoamperometry, a decrease of
the current during the reduction of Mn(III) to Mn(II) sites in the film was first
reported. Then, the introduction of benzoic anhydride and molecular oxygen (air
saturation) in the solution produced an increase in the measured cathodic current
that reached a steady state indicating the establishment of the catalytic process.
This can be explained by the occurrence of reactions 2–5, with steps 4 and 5 which
are extremely fast compared to the UV–visible timescale.

Table 8.1 recapitulates the most significant examples of use of electropoly-
merized metallophthalopcyanines and metalloporphyrins for the activation of
molecular oxygen. The reported fields of application are mainly devoted to
electrosynthesis involving O2, mechanistic electroanalysis of O2 reduction and
assessment of the feasibility of the O2 activation.

4.2. Electropolymerized N4-Macrocyclic Films as Electrochemical
Sensors for Nitric Oxide in Solution

Detection of nitric oxide remains a challenge, especially because of the dif-
ficult dual requirements for specificity and sensitivity. Among the thousands of
publications investigating the biosynthesis of NO and its physiological effects,
only few percentage includes estimations of its levels. Most methods currently
available for detecting NO are indirect and some of them prone to severe interfer-
ences and artefacts. The most commonly developed techniques are chemilumines-
cence, UV–visible spectroscopy, fluorescence, electron paramagnetic resonance
spectroscopy (EPR) and electrochemistry. While each technique has certain in-
dividual advantages, all of them have disadvantages that limit their application.
These disadvantages range from lack of sensitivity or specificity to interference
from factors commonly present in biological systems. The choice of a technique
is therefore dependent upon the desired applications. Exception made for the elec-
trochemical techniques, most of the approaches use indirect methods for estimat-
ing endogenous NO, rely on measurements of secondary species such as nitrite,
nitrate or NO-adducts.

The reality is that surface electrode modification is needed to make the
ultramicroelectrode material selective for NO. Therefore, the design of modified
electrode surfaces using organized layers is very attractive and provides the ideal
strategy. In the general case, the chemical modification of electrode surfaces with
polyelectrolytes and metal complex-based polymer films has expanded the scope
of application of such designed electrodes and provided a lot of options for their
use in various experimental conditions. In addition to their electrocatalytic appli-
cations, such electrodes showed a great promise for electroanalysis. As far as this
aspect is concerned, substantial improvements in selectivity, sensitivity, versatility
and reproducibility can be achieved.

Malinski and Taha reported in 1992 on a very interesting application of an
electropolymerized nickel porphyrin film electrode for in situ amperometric de-
tection of nitric oxide in biological systems250. The authors coated carbon fibres
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Table 8.1. Applications of Electropolymerized N4-Macrocycles in
Electroassisted-Molecular Oxygen Activation

Complex Metal References

Porphyrin derivatives

2 Co(III), Fe(III), Mn(III) [31]
3 Co(III), Fe(III), Mn(III) [31]
3 Fe(III), Co(II), 2H [47]
4 Fe(III) [48]
3 Co(III), Fe(III) [49]
7 Mn(III) [64]

18 Cu(II), Mn(III), Fe(III) [67]
20, 21 Fe(III)–Cl, Mn(III)–Cl, Co(II) [70]

28 2H, Fe(III)–Cl, Mn(III)–Cl [77]

44 2H, Co(II), Fe(II), Mn(II) [104]
44 Co(II) [115]
44 Co(II) [132, 133]
50 Zn(II), Co(II) [119]

1, 62 Pt [136]
44, 52, 63 2H, Fe, Cu(II), Ni(II) [137]

65 Fe(III), Cu(II) [140]

Phthalocyanine derivatives

5 Fe(II), Co(II) [51]
5 Fe(III), Co(II) [52]

68 Co(II) [133, 158, 159]
68 2H, Fe(III) [160, 161]
68 2H, Fe(III) [241]

Schiff base derivatives

35 Co(II) [85]
37 Cu(II) [87]
82 Ni(II) [192]
83 Co(II) [193]
85 Fe(III) [197]

(2–6 µm length; 0.8 µm diameter) with thin polymeric nickel porphyrin layers
and Nafion©R to minimize detection of nitrite. They successfully reported that
the sensor, which can be operated in either the amperometric or voltammetric
mode, can operate within a linear response up to 300 µM of NO and offers a
detection limit of 10 nM (by using differential normal pulse amperometry). This
important result allowed, at that time, the possible use of this nickel porphyrin
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and Nafion©R-based sensor for most real-time assays in biomedical applications.
By doing so, Malinski and coworkers reported the very pioneering and promis-
ing researches for successful in vivo detection of NO production from vascu-
lar endothelial cells of normotensive or hypertensive animals251–254, rat cerebral
tissue255, platelets in whole human blood or washed in suspension256, rat cere-
bral artery after ischaemia257, human blood vessels of healthy volunteers during
infusion of acetylcholine or bradykinin258, vascular endothelial cells under sheer
stress259 etc. The intense research activity of this group during the last decade has
been over-reviewed in a recent report260.

Devynck and Bedioui’s group provided the first example of a calibration
of the electrochemical nickel porphyrin and Nafion©R sensor261 for the sensitive
and selective determination of NO with concentrations ranging from 1.5 nM to
40 µM. This was achieved by using standards from NO gas-saturated stock solu-
tion and differential normal pulse amperometry technique at 0.75 V vs. saturated
calomel reference electrode, in aerobic and anaerobic biological phosphate buffer
solution model (pH = 7.4). The calculated detection limit at a signal-to-noise
ratio of 3 was determined equal to 1.5 nM. Figure 8.30 illustrates an example of
the obtained amperometric output. Since slight variations from one sensor to an-
other can be observed, it is necessary to calibrate each electrode before use. Once
calibrated, each sensor maintains its performance over a 24-hr period in the same
medium. Finally, it is also important to mention that the sensitivity of the nickel
porphyrin and Nafion©R-based sensor depends significantly on the quality of the
polymeric film, the purity of the starting monomer porphyrin and the potential
range of polymerization.

NO

Figure 8.30. Differential pulse amperogram of a Nafion©R and nickel porphyrin-coated car-
bon microfiber electrode in anaerobic PBS with different NO concentrations. Adapted from
ref. [262].
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Various interesting examples of new molecular materials are now being
studied extensively with the aim of investigating the electrocatalytic oxidation of
nitric oxide in aqueous solutions. These materials constitute a huge pool of possi-
ble molecular materials suitable for electrode surface modification to design new
electrochemical microsensors. These approaches provide elegant ways to build
up multilayered structures and architectures that result in NO-sensors with high
performances. It is clear, from the various described examples reported in a re-
cent review by Villeneuve and Bedioui262, that designing microelectrode device
with specific behaviour towards NO provides a unique approach for the direct and
in vivo determination of this molecule in biological systems. The use of chemi-
cally modified microelectrodes provides an elegant way to build up multilay-
ered structures and architectures that result in NO-sensors with high-performance
characteristics (sensitivity and selectivity). Although the commercially available
sensors are very attractive due to their “apparent facility of use”, they do not
offer any flexibility to ensure their adaptability to complex systems. Also, their
claimed performances have to be systematically checked and validated before
use, and their calibration carefully reconsidered with true standard NO solutions.
It is important to give special attention to the electroformed nickel porphyrin (or
phthalocyanine)-based sensor which appears to be a powerful tool. This is prin-
cipally due to the fact that users can ingeniously adapt the configuration of this
homemade sensor to every special case they have to investigate.

4.3. Miscellaneous Significant Examples

Table 8.2 recapitulates the most significant examples of use of electropoly-
merized N4-macrocyclic-based films for the electrocatalysis and electroanalysis
of several biologically relevant molecules. Among them, one should mention that
Younathan et al.113 reported the pioneering study which involved the applica-
tion of electropolymerized iron protoporphyrin films to model the activity of the
nitrite reductase enzymes. The authors have transferred the reactivity of an iron
porphyrin to the electrode–solution interface by electropolymerizing the catalyst
to form a thin polymeric film. Their approach was based on the fact that the poly-
meric structure may possess some of the properties of the biological catalyst.
Thus, it was shown that the electropolymerized films of iron protoporphyrin-IX
dimethylester are effective catalysts for the electroreduction of HONO/NO2

− or
NO to N2O, N2, N2OH and NH3

113. The yield of N2 was enhanced in the compact
environment of the redox polymer relative to that for comparable monomeric cat-
alyst in homogeneous solution. The authors also suggested that the sensitivity of
the polymeric catalyst to millimolar quantities of HONO/NO2

− could be used as
an analytical tool for the detection of these species. In the same way, we have re-
cently reported91 the reactivity of a poly(pyrrole–alkylammonium) film electrode
containing iron(III) porphyrin towards nitric oxide in acidic aqueous solution.
The formation of the iron–nitrosyl intermediate within the polypyrrole film was
proven by cyclic voltammetry and spectrophotometric measurements. Malinski
et al.106 also reported a similar approach by using an electropolymerized nickel
porphyrin film as a new electrode material in the electrooxidation process of wa-
ter, methanol, hydrazine to O2, CO2 and N2, respectively. The authors
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Table 8.2. Applications of N4-Macrocycles in Electrocatalysis or Electroanalysis

Complex Metal Catalysis Analysis References

Porphyrin derivatives

2 Co(II) N-acetyl-L-
cysteine

[90]

2 Mn(III), Zn(II), Fe(III) NO [91]
3 Co(II) N-acetyl-L-

cysteine
[90]

3 Mn(III), Zn(II), Fe(III) NO [91]
3 Fe(III)–OH, Fe(III)–Cl NO2

−, NO [46]
4 Fe(III) Cyclopent-2-

ene-1-acetic
acid

[ 48]

8 Co(II) Hydrocarbons,
olefins,

thioacetamide
derivative

[65]

9 Co(II) Hydrocarbons,
olefins,

thioacetamide
derivative

[65]

10 Mn(III) Hydrocarbons,
olefins,

thioacetamide
derivative

[65]

11 Co(II) N-acetyl-L-
cysteine

[90]

12, 13 Mn(III) Hydrocarbons,
olefins,

thioacetamide
derivative

[65]

18 Cu(II), Mn(III), Fe(III) Benzoic anhydride CN− [67]
18 Co(II) NO2

− [68]
19 Mn(II) NO [69]

20, 21 Fe(III)–Cl, Mn(III)–Cl, Co(II) CN− [70]

40, 41 Co(II) N-acetyl-L-
cysteine

[90]

40, 41 Mn(III), Zn(II), Fe(III) NO [91]
43 Fe(III)–OH, Fe(III)–Cl NO2

−, NO [46]

45 Fe(III)–Cl NO2
−, NO [109, 113]
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Table 8.2. Continued.

Complex Metal Catalysis Analysis References

44 Co(II) SCN−, ClO4
−, I−,

NO2
−, salicylate,

Br−, Cl−, HCO3
−,

PO4
3−

[117]

44 Co(II) 2-Mercaptoethanol [131]
47 2H, Co(II) Hydrazine [118]
48 2H, Mn, Fe, Co, Ni Hydrazine [118]
49 Cu, Fe, Pd Co, Ni, Mn, t-BuPy-Ru-CO Hydrazine [118]
50 Zn(II), Co(II) Methanol,

hydrazine
[119]

51 Co(II) H+ [58, 105]
52 Co(II) I−, Cl−, Br−, F−,

SCN−, NO3
−,

SO4
2−, ClO4

−,
HCOO−, salicylate

[120]

53 Co(II) H+ [121]
60 2H, Fe(III), Zn(II) Dopamine,

ascorbic acid
[129]

53, 44 Co(II) 2-Mercaptoethanol [130, 131]
61 I−, Cl−, F−,

SCN−, NO3
−,

SO4
2−, ClO4

−,
CH3COO−,

salicylate

[134]

44 Co(II), Ni(II), Zn(II), Cu(II) I−, Br−, Cl−,
SCN−, NO2

−,
NO3

−, ClO4
−,

OH−, CH3COO−,
SO3

2−, S2O3
2−,

C2O4
2−

[135]

44, 52, 63 2H, Fe, Cu(II), Ni(II) NO2
− [138]

64 Ru(II)–CO Ethyl
diazoacetate

[139]

65 Fe(III), Cu(II) H2O2 Oxidase [140]
66 Fe(III)–Cl NO2

−, NO [141]
67 Fe(III)–OH, Fe(III)–Cl NO2

−, NO [46]
66 Zn(II), Co(II), Ni(II), Cu(II) Triethylamine,

ethanol, acetic acid,
toluene

[143]

69 Ni(II) Methanol,
ethanol,

propanol,
butanol

[173, 174]
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Table 8.2. Continued.

Complex Metal Catalysis Analysis References

69 Ni(II) NO NO [175, 179]
69 Ni(II) Formaldehyde [176]
69 Ni(II) Ascorbic acid NADH [177]

70, 71 Ni(II) NO [178]
71, 72 Ni(II) Methanol,

ethanol,
hydrazine

[180]

Phthalocyanine derivative

32 Co(II), Fe(II), Mn(III), Ni(II), Zn(II) L-cysteine [82]

68 Co(II) 2-Thiothiazolidine-
4-carboxylic

acid

[149]

68 Co(II), Cu(II) Glucose [150]
68 2H, Co(II) Hydrazine [152, 153]

68 Co(II), Ni(II), Zn(II) NADH [154]
68 Co(II) 2-Mercapto-

ethanol,
S2−

[155]

68 Co(II) 2-Mercapto-
ethanol

[146]

68 Ni(II) Dopamine [156, 517]
68 Co(II) NO, NO2

− [162]
68 Co(II), Ni(II), Cu(II) NO [163, 164]
68 Ni(II) NO2

− [165]
68 Co(II) 2-Mercapto-

ethanol,
2-mercapto-

ethane-
sulphonic acid,

reduced
glutathione,
L-cysteine

[166]

68 Co(II) L-cysteine [168]
68 Mn(II) O=N–O–O− [169]
68 Co(II) 2-Mercapto-

ethanol
[171]

68 Mn(III) Glycine [172]
73 Ni(II) Dopamine [182]
35 Co(II) CO2 [85]
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Table 8.2. Continued.

Complex Metal Catalysis Analysis References

Salen-type N4 derivatives

36 Ni(II) Iodoethane,
methanol,
hydrazine

[86]

38 Hydroquinone [88]
39 Hydroquinone,

catechol
[89]

74 Ni(II) Arabinose,
glucose,
fructose,

lactose, sucrose,
maltose,

maltotriose

[183]

75 Ni(II) H2O2 [184]
76 Ni(II) Methanol,

ethanol,
propanol,
butanol

[185]

R

R = C6H5,
 C6H4CH2,
 C6H4NO2,

or C6H4Cl

N N

NHHS

Ph CN

80 Cu(II) [189]

81 Hydroquinone [190, 191]
oxalate anion,

82 Ni(II) L-ascorbic acid [192]
85 Co(II), Fe(II), Cu(II), Mn(II) NO [196]
85 Fe(III) H2O2 [197]
89 Catechol,

hydroquinone
[199]
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demonstrated high catalytic activity and good effects in the electrooxidation of
methanol and hydrazine with overpotentials of 110 and 360 mV, respectively.

Several authors have also reported the potential use of electropolyme-
rized metalloporphyrin films as new electrode materials for anion detection and
pH measurements. For example, Daunert et al.102 reported that anion-selective
membrane electrodes can be prepared by electropolymerizing aniline-substituted
cobalt tetraphenylporphyrin complexes onto a glassy carbon surface. It was shown
that the resulting electrodes are highly selective towards the detection of thio-
cyanate and nitrite anions. The mechanism by which these metalloporphyrin elec-
trode sensors operate is probably related to the well-known axial complexation
capability of the central metal cation of the porphyrin towards different kind of
anions and bases. The same authors also reported a detection limit of 5 × 10−7 M
for these ion-selective electrodes which have lifetimes of more than 2 months102.

Meyerhoff et al.103 have reported the use of a non-metallated porphyrin
film as an ion-selective electrode. They have shown that the electropolymerized
films offer significant selectivity for the detection of iodide over a wide range of
anions. The lifetime of these electrodes was estimated by analyzing some of their
characteristics such as sensitivity and detection limits. The effect of pH on the
detection of iodide by the film-supported electrodes was also established. For pH
values from 3 to 8, there is relatively little effect of the pH on the electrochemical
response of the electrodes. At pH values higher than 8, the electrode response is
affected by the interference by hydroxide ions.

More recently, hydroxy-substituted cobalt tetraphenylporphyrins, electro-
polymerized onto an optically transparent electrode and adapted onto the tip of
an optic fibre were used as sensing materials for the development of optic fibres
as pH-sensors105. The pH values by this chemically modified optic fibre were
monitored by spectrophotometric measurement of the Soret band wavelength for
the supported porphyrin.

5. Conclusions

It appears from the studies on the electrochemical design of N4-macrocycle
complexes films described above that the idea of building new molecular devices
having catalytic and analytical properties is realistic. The use of electropolymeri-
zation techniques provides an elegant way to build up multilayered structures and
architectures. In the case of biomimetic catalysis, the polymer matrix, which can
be compared to a protein, prevents supported metalloporphyrins degradation and
controls the access of substrate molecules to the reactive centres. In most cases,
the reactivity of the supported catalysts is largely enhanced. The electropolymeri-
zed metalloporphyrin films also appear to be powerful new analytical tools, espe-
cially for biosensoring. The significant developments in biosensor science and
technology, such as the design of ultramicroelectrodes, should stimulate intense
exploration of this field of research.
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L’Actualité Chimique 4, 95–109.

4. Mansuy, D. and P. Battioni (1993). In J. Reedijk (ed), Bioorganic Catalysis. Marcel
Dekker, New York, p. 395.

5. Shilov, A.E. Chemical-models of metallo-enzymes (1988). J. Molecular Catal. 47,
351–362.

6. Cook, B.R., T.J. Reinert, and K.S. Suslick (1986). Shape selective alkane hydroxyla-
tion by metalloporphyrin catalysts. J. Am. Chem. Soc. 108, 7281–7286.

7. Suslick, K., M. Cook, and J. Fox (1985). Shape-selective alkane hydroxylation.
J. Chem. Soc. Chem. Commun. 580–582.

8. Collman, J.P., X. Zhang, V.J. Lee, U.S. Uffelman, and J.I. Brauman (1993). Regios-
elective and enantioselective epoxidation catalyzed by metalloporphyrins. Science
261, 1404–1411 and references cited therein.

9. Herron, N. (1988). The selective partial oxidation of alkanes using zeolite based
catalysts—phthalocyanine (PC) ship-in-bottle species. J. Coord. Chem. 19, 25–38.

10. Herron, N. (1989). Towards Si-based life—zeolites as enzyme mimics. Chemtech.
19(9), 542–548.

11. Mitchell, P.C.H. (1991). Zeolite-encapsulated metal-complexes—biomimetic cata-
lysts. Chem. Ind. 308–311.

12. Mansuy, D. (1993). Activation of alkanes—the biomimetic approach. Coord. Chem.
Rev. 125, 129–141.

13. Karlin, K.D. (1993). Metalloenzymes, structural motifs, and inorganic models.
Science 261, 701–708.

14. Parton, R., D. De Vos, and P.A. Jacobs (1992). In E.G. Derouane (ed), Zeolite Mi-
croporous Solids: Synthesis, Structure, and Reactivity. Kluwer Academic Publishers,
Amsterdam, p. 555.

15. Bedioui, F. (1995). Zeolite-encapsulated and clay-intercalated metal porphyrin,
phthalocyanine and Schiff-base complexes as models for biomimetic oxidation
catalysts—an overview. Coord. Chem. Rev. 144, 39–68.

16. Kojima, T., Y. Urata, and H. Yonekura (1990). Synthesis of polymer with Fe(III)
porphyrin rings. J. Polym. Sci., Part C, Polym. Lett. 28, 129–132.

17. Traylor, T.G., Y.S. Byun, P.S. Traylor, P. Battioni, and D. Mansuy (1991). Polymeric
polyhalogenated metalloporphyrin catalysts for hydroxylation of alkanes and epoxi-
dation of alkenes. J. Am. Chem. Soc. 113, 7821–7823.

18. Soloviera, A.B., E.A. Lukashova, A.V. Vorobiev, and S.F. Timashev (1991/1992).
Polymer sulfofluoride films as carriers for metalloporphyrin catalysts. React. Polym.
16, 9–17.



424 Alain Pailleret and Fethi Bedioui

19. Linford, R.G. (ed) (1987). Electrochemical Science and Technology of polymers.
Elsevier, London and New York.

20. Heinze, J. (1990). Electronically conducting polymers. Top. Curr . Chem. 152, 1.
21. Merz, A. (1990). Chemically modified electrodes. Topics Curr. Chem. 152, 49.
22. Murray, R.W. (ed) (1992). Molecular Design of Electrode Surfaces. Wiley Inter-

science, New York.
23. Gratzel, M. and K. Kalyanasundaram (ed) (1991). Kinetics and Catalysis in Micro-

heterogeneous Systems. Marcel Dekker, New York.
24. Skotheim, T.A. (ed) (1986). Handbook of Conducting Polymers, Vols. 1 and 2.

Marcel Dekker, New York.
25. Deronzier, A. and J.C. Moutet (1989). Functionalized polypyrroles—new molecular

materials for electrocatalysis and related applications. Acc. Chem. Res. 22, 249–255.
26. Curran, D., J. Grimshaw, and S.D. Perera (1991). Poly(pyrrole) as a support for elec-

trocatalytic materials. Chem. Soc. Rev. 20, 391–404.
27. Roncali, J. (1992). Conjugated poly(thiophenes)—synthesis, functionalization, and

applications. Chem. Rev. 92, 711–738.
28. Okabayashi, K., O. Ikeda, and H. Tamura (1983). Electrochemical doping with

meso-tetrakis(4-sulphonatophenyl)-porphyrincobalt of a polypyrrole film electrode.
J. Chem. Soc., Chem. Commun. 684–685.

29. Bedioui, F., C. Bongars, C. Hinnen, C. Bied-Charreton, and J. Devynck (1985). In-
situ characterization of redox properties of mesotetrakis (4-carboxyphenyl) porphine
cobalt in a polypyrrole film electrode using the electroreflectance technique. Bull.
Soc. Chim. Fr. 679–682.

30. Ikeda, O., O. Okabayashi, N. Yoshida, and H. Tamura (1985). Spectroelectrochemi-
cal study of oxygen reduction at metalloporphyrin-doped polypyrrole film electrodes.
J. Electroanal. Chem. 191, 157–174.

31. Bedioui, F., C. Bongars, J. Devynck, C. Bied-Charreton, and C. Hinnen (1986). Met-
alloporphyrin polypyrrole film electrode—characterization and catalytic application.
J. Electroanal. Chem. 207, 87–99.

32. Bull, R.A., F.R. Fan, and A.J. Bard (1984). Polymer-films on electrodes .13. Incor-
poration of catalysts into electronically conductive polymers—Iron phthalocyanine
in polypyrrole. J. Electrochem. Soc. 131, 687.

33. Skotheim, T., M. Velasquez Rosenthal, and C.A. Linkous (1985). Polypyrrole com-
plexed with cobalt phthalocyanine—A conducting polymer which is stable to air and
moisture. J. Chem. Soc., Chem. Commun. 612–613.

34. Mizutani, F., S.I. Lijima, Y. Tanabe, and K. Tsuda (1985). Conducting polymer film
electrodes with immobilized catalytic sites. J. Chem. Soc., Chem. Commun. 1728–
1729.

35. Velasquez Rosenthal, M., T.A. Skotheim, and C.A. Linkous (1986). Polypyrrole
phthalocyanine. Synth. Met. 15, 219–227.

36. Elzing, A., A. Van Der Putten, W. Visscher, and E. Barendrecht (1987). The mec-
hanism of oxygen reduction at iron tetrasulfonato-phthalocyanine incorporated in
polypyrrole. J. Electroanal. Chem. 233, 113–123.

37. Jiang, R. and S. Dong (1988). Research on chemically modified electrodes—catalytic
reduction of dioxygen at a cobalt phthalocyanine-doped polyaniline film electrode.
J. Electroanal. Chem. 246, 101–117.

38. Choi, C.S. and H. Tachikawa (1990). Electrochemical behavior and characterization
of polypyrrole copper phthalocyanine tetrasulfonate thin-film—cyclic voltammetry
and in situ Raman spectroscopic investigation. J. Am. Chem. Soc. 112, 1757–1768.

39. Walton, D.J., D.M. Hadingham, C.E. Hall, I.V.F. Viney, and A. Chyla (1991). Com-
petitive doping in polypyrrole. Synth. Met. 41–43, 295–299.



Metalloporphyrin and Metallophthalocyanine Complexes 425

40. Saunders, B.R., K.S. Murray, and R.J. Fleming (1992). Physical properties of
polypyrrole films containing sulfonated metallophthalocyanine anions. Synth. Met.
47, 167–178.

41. Kanazawa, K.K., AF. Diaz, W.D. Gill, P. Grant, G.B. Street, G.P. Gardini, and J.F.
Kwak (1980). Polypyrrole—an electrochemically synthesized conducting organic
polymer. Synth. Met. 1, 329–336.

42. Diaz, A.F., J.M. Vasquez Vallejo, and A. Martinez Duran (1981). [Pt] polypyrrole—a
new organic electrode material. IBM J. Res. Develop. 25, 42–50.

43. Noufi, R., D. Trench, and L.F. Warren (1981). Protection of semiconductor photo-
anodes with photoelectrochemically generated polypyrrole films. J. Electrochem.
Soc. 128, 2596–2599.

44. Zinger, B. and L.L. Miller (1984). Timed release of chemicals from polypyrrole films.
J. Am. Chem. Soc. 106, 6861–6863.

45. Miller, L.L., B. Zinger, and Q.N. Zhou (1987). Electrically controlled release of

Fe(CN)
(4−)
6 from polypyrrole. J. Am. Chem. Soc. 109, 2267–2272.

46. Bedioui, F., S. Trevin, V. Albin, M. Guadalupe Gomez Villegas, and J. Devynck
(1997). Design and characterisation of chemically modified electrodes with iron(III)
porphyrinic-based polymers: Study of their reactivity toward nitrites and nitric oxide
in aqueous solution. Anal. Chim. Acta 341, 177–185.

47. Song, E.-H. and W.-K. Paik (1998). Polypyrrole doped with sulfonate derivatives of
metalloporphyrins: Use in cathodic reduction of oxygen in acidic and basic solutions.
Bull. Korean Chem. Soc. 19(2), 183–188.

48. Liu, M.-H. and Y.O. Su (1999). Electrocatalytic reactions by an iron porphyrin/
polypyrrole modified electrode monitored by electrochemical quartz crystal micro-
balance. J. Chin. Chem. Soc. 46, 115–119.

49. Song, E.H., I.-H. Yeo, and W.-K. Paik (1999). Poly(3,4-ethylenedioxythiophene)
electrodes doped with anionic metalloporphyrins. Bull. Korean Chem. Soc. 20(11),
1303–1308.

50. Paik, W., I.-H. Yeo, H. Suh, Y. Kim, and E. Song (2000). Ion transport in conducting
polymers doped with electroactive anions examined by EQCM. Electrochim. Acta
45, 3833–3840.

51. Elzing, A., A. Van Der Putten, W. Visscher, and E. Barendrecht (1987). The mec-
hanism of oxygen reduction at iron tetrasulfonato-phthalocyanine incorporated in
polypyrrole. J. Electroanal. Chem. 233, 113–123.

52. Coutanceau, C., A. El Hourch, P. Crouigneau, J.M. Leger, and C. Lamy (1995).
Conducting polymer electrodes modified by metal tetrasulfonated phthalocyanines:
Preparation and electrocatalytic behaviour towards dioxygen reduction in acid
medium. Electrochim. Acta 40(17), 2739–2748.
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tion and characterization of electrodes modified with metalloporphyrins. Application
to reduction of nitrite. Collect. Czech. Chem. Commun. 68, 1723–1735.

139. Poriel, C., Y. Ferrand, P. Le Maux, C. Paul, J. Rault-Berthelot, and G. Simonneaux
(2003). Poly(ruthenium carbonyl spirobifluorenylporphyrin): A new polymer used as
a catalytic device for carbene transfer. Chem. Commun. 2308–2309.

140. Vago, J.M., V. Campo Dall’Orto, E. Forzani, J. Hurst, and I.N. Rezzano (2003).
New bimetallic porphyrin film: An electrocatalytic transducer for hydrogen peroxide
reduction, application to first-generation oxidase-based biosensors. Sens. Actuators
B 96, 407–412.

141. Younathan, J.N., K.S. Wood, and T.J. Meyer (1992). Electrocatalytic reduction of
nitrite and nitrosyl by iron(III) protoporphyrin IX dimethyl ester immobilized in an
electropolymerized film. Inorg. Chem. 31, 3280–3285.

142. Kuester, S.N., M.M. McGuire, and S.M. Drew (1998). Electrochemically initia-
ted polymerization of zinc(II)5-vinyl-10,15,20-triphenyl porphyrin. J. Electroanal.
Chem. 452, 13–18.

143. Paolesse, R., C. Di Natale, V. Campo Dall’Orto, A. Macagnano, A. Angelaccio, N.
Motta, A. Sgarlata, J. Hurst, I. Rezzano, M. Mascini, and A. D’Amico (1999). Por-
phyrin thin films coated quartz crystal microbalances prepared by electropolymeri-
sation technique. Thin Solid Films 354, 245–250.



Metalloporphyrin and Metallophthalocyanine Complexes 431

144. Li, H. and T.F. Guarr (1989). Formation of electronically conductive thin films of
metal phthalocyanines via electropolymerisation. J. Chem. Soc., Chem. Commun.
832–834.

145. Li, H. and T.F. Guarr (1999). Reversible electrochromism in polymeric metal
phthalocyanine thin films. J. Electroanal. Chem. 297, 169–183.

146. Griveau, S., J. Pavez, J.H. Zagal, and F. Bedioui (2001). Electro-oxidation of
2-mercaptoethanol on adsorbed monomeric and electropolymerized cobalt tetra-
aminophthalocyanine films. Effect of film thickness. J. Electroanal. Chem. 497,
75–83.

147. Moore, D.J. and T.F. Guarr (1991). Electrochromic properties of electrodeposited
lutetium diphthalocyanine thin films. J. Electroanal. Chem. 314, 313–321.

148. Mortimer, R.J. (1999). Organic electrochromic materials. Electrochim. Acta 44,
2971–2981.

149. Ciucu, A. and R.P. Baldwin (1992). Determination of 2-thiothiazolidine-4-carboxylic
acid in urine by liquid chromatography with electrochemical detection. Electroana-
lysis 4, 515–519.

150. Sun, Z. and H. Tachikawa (1992). Enzyme-based bilayer conducting polymer elec-
trodes consisting of polymetallophthalocyanines and polypyrrole-glucose oxidase
thin films. Anal. Chem. 64, 1112–1117.

151. Mu, X.H. and F.A. Schultz (1993). Heterogeneous electron transfer at electrodes
coated with electronically conducting nickel-tetraaminophthalocyanine polymer
films. J. Electroanal. Chem. 361, 49–56.

152. Peng, Q.Y. and T.F. Guarr (1994). Electro-oxidation of hydrazine at electrodes mod-
ified with polymeric cobalt phthalocyanine. Electrochim. Acta 39(17), 2629–2632.

153. Trollund, E., P. Ardiles, M.J. Aguirre, S.R. Biaggio, and R.C. Rocha-Filho
(2000). Spectroelectrochemical and electrical characterization of poly(cobalt-
tetraaminophthalocyanine)-modified electrodes: Electrocatalytic oxidation of hy-
drazine. Polyhedron 19, 2303–2312.

154. Xu, F., H. Li, S.J. Cross, and T.F. Guarr (1994). Electrocatalytic oxidation of
NADH at poly(metallophthalocyanine)-modified electrodes. J. Electroanal. Chem.
368, 221–225.

155. Tse, Y.H., P. Janda, H. Lam, and A.B.P. Lever (1995). Electrode with electropolymer-
ized tetraaminophthalocyanatocobalt(II) for detection of sulfide ion. Anal. Chem. 67,
981–985.

156. Kang, T.F., G.-L. Shen, and R.-Q. Yu (1997). Voltammetric behaviour of dopamine at
nickel phthalocyanine polymer modified electrodes and analytical applications. Anal.
Chim. Acta 356, 245–251.

157. Kang, T.F., G.-L. Shen, and R.-Q. Yu (1997). Voltammetric behaviour of dopamine at
nickel phthalocyanine polymer modified electrodes and analytical applications. Anal.
Chim. Acta 354, 343–349.

158. Tse, Y.-H., P. Janda, H. Lam, J. Zhang, W.J. Pietro, and A.B.P. Lever (1997).
Monomeric and polymeric tetra-aminophthalocyanatocobalt(II) modified electrodes:
Electrocatalytic reduction of oxygen. J. Porphyrins Phthalocyanines 1, 3–16.

159. El Mouahid, O., C. Coutanceau, E.M. Belgsir, P. Crouigneau, J.M. Léger, and C.
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9
Electron Transfer Processes of
β-Pyrrole Brominated Porphyrins:
Structural vs. Electronic Effects
Francis D’Souza and Karl M. Kadish

1. Introduction

The electron transfer properties of metalloporphyrin complexes (MN4) have
been a subject of intense research over the last three decades because of their
importance in biomimetic, catalytic, or sensor applications1. To date, MN4 com-
plexes bearing meso and β-pyrrole substituents as well as extended conjugated
structures containing over three dozen metal ions (M) have been probed electro-
chemically to determine their redox behavior2. The oxidation state of the central
metal ion, M, can sometimes be varied between +1 and +4 and this may or may
not depend upon the structure of the N4 porphyrin macrocycle. The value of the
oxidation and reduction potentials and the resulting HOMO–LUMO gap (HOMO
stands for the highest occupied molecular orbital, and LUMO for the lowest un-
occupied molecular orbital) can vary substantially for a given complex depending
upon the substituents on the macrocycle and the type and number of axial ligands
coordinated to the metal center. A large variation of the electrochemical HOMO–
LUMO gap, ranging between 1.7 and 2.4 V, has been achieved by appropriate
substitution at the periphery of the porphyrin macrocycle2, 3.

Studies on β-pyrrole halogenated meso-tetraarylmetalloporphyrins have
witnessed a rapid growth in recent years since some of these complexes have been
shown to have a high catalytic efficiency for several specific reactions (such as
oxygen transfer reactions) as compared to non-halogenated porphyrins having the
same macrocyclic structure. This property has been attributed to the presence of
electron-withdrawing substituents on the macrocycle and the nonplanarity of the
porphyrin ring which results from β-pyrrole halogenation (generally chlorination
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and bromination but sometimes fluorination)4 which prevents formation of µ-oxo
species in solution. The electron-withdrawing substituents make the macrocycle
more electron deficient which in turn makes the porphyrin π -ring system harder
to oxidize, thus stabilizing it against oxidative degradation. Among the known β-
pyrrole halogenated porphyrins, β-pyrrole brominated porphyrins have been the
most widely studied, primarily because of their synthetic ease and the fact that the
number of bromo substituents can be controlled with a high degree of certainty.

Three series of β-pyrrole brominated porphyrins have been reported in the
literature5–29. The first type-1 is represented as (TPPBrx )M where TPPBrx is the
dianion of β-pyrrole brominated tetraphenylporphyrin, x = 0–8 and M = 2H,
Mn, Fe, Co, Ni, Cu, or Zn7, 12–16 (Figure 9.1). The TPPBrx derivatives have been
studied in order to ascertain how distortion of the porphyrin ring will quantita-
tively affect the redox and spectral properties of the porphyrin as a function of
the number of halogen substituents at the β-pyrrole positions which can be varied
from 0 to 8.

The second series of compounds (type-2) are water-soluble porphyrins,
and most are represented by (TMPyPBr8)M where TMPyPBr8 is the dianion
of the tetrachloro salt of octa-β-pyrrole brominated N -methylpyridylporphyrin,
M = 2H, Zn, Co, Mn, or Cu or (TPPSBr8)M, where TPPSBr8 is the dianion of
the tetrasodium salt of octa β-pyrrole brominated (4-sulfonatophenyl)porphyrin,
M = 2H, Zn or Co27–30 (Figure 9.2). Studies on these water-soluble porphyrins
have provided information as to how the porphyrin ring basicity, aggregation,
redox properties, spectroscopic properties, and axial ligand-binding reactions of
these compounds vary in comparison with the unbrominated analogs29, 30. The
cobalt(II) derivatives of these water-soluble porphyrins can catalyze the two-
electron reduction of dioxygen to hydrogen peroxide in aqueous solutions27–29,
similar to the unbrominated, monomeric, (TMPyP)Co which is known to reduce
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M = 2H, Mn(III)Cl, Fe(III)Cl, Co(II), Ni(II),
       Cu(II), Zn(II), Pt(II), Pd(II), Ag(II)

Figure 9.1. Structural formula of “type-1” β-pyrrole brominated metalloporphyrins.
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Figure 9.2. Structures of “type-2” β-pyrrole brominate water-soluble porphyrins.

oxygen by two electrons in non-aqueous media91. Studies have also shown that
the manganese derivative of the same water-soluble β-pyrrole brominated por-
phyrin, (TPPSBr8)MnII, behaves as a potent superoxide dismutase mimic31, 32.

The third series of metalloporphyrin catalysts for oxygenation of organic
substrates (type-3), the β-pyrrole halogenated complexes possessing additional
bulky substituents on the meso-aryl groups (Figure 9.3), has received much in-
terest due to the pioneering work of several groups around the world17, 33–36.
The first report on the catalytic activity of β-pyrrole brominated porphyrins
was by Traylor and Tsuchiya17 who showed an improved yield for the
hydroxylation reactions and a good chemical stability of the catalyst, which
was (TDCPPBr8)FeIIICl, where TDCPPBr8 is the dianion of 2,3,7,8,12,13,17,18-
octabromo-meso-tetra(2,6- dichlorophenyl)porphyrin. The (TMPBr8)MnIIICl
derivative, where TMPBr8 is the dianion of 2,3,7,8,12,13,17,18-octabromo-meso-
tetra-(2,4,6-trimethylphenyl) porphyrin, was found to be a moderate catalyst for
the oxidation of organic substrates when H2O2 was used but gave good re-
sults when KHSO5 or magnesium monoperoxyphthalate was used as the oxy-
gen source36. In a similar study, (TDCPBr8)MnIIICl, when used as a catalyst for
the oxidation of an aromatic substrate, anisole by H2O2 yielded better results,
with the final products of the reaction being 2-and/or 4-methoxy phenol23. X-ray
structural characterization of these fully halogenated porphyrins5, 9 have revealed
a severe distortion of the macrocyclic ring due to steric interactions between the
halogens and the phenyl groups. The saddle-shaped conformations have been re-
lated to a nonlinear dependence of the oxidation potentials on the number of halo-
gen atoms5, 9, 14. Boschi and coworkers37 utilized β-tetrabrominated porphyrins
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in the reaction of H2O2-dependent oxidation of cyclooctene and adamantane and
demonstrated better catalytic activity as compared with the octabrominated deriv-
atives. Several iron porphyrins of the third series are also known to catalyze the
O2-dependent oxidation of alkanes, even at room temperature38, 39. For exam-
ple, (TF5PPBr8)FeIIICl, where TF5PPBr8 is the dianion of meso-tetra(pentafluoro
phenyl)-2,3,7,8,12,13,17,18-octabromoporphyrin is able to oxidize isobutane to
t-BuOH with 91% selectivity and 890 turnovers38, 39.

The above discussions clearly demonstrates the importance of β-pyrrole
brominated porphyrins in both fundamental and applied fields of porphyrin chem-
istry. While one aim of these studies has been to gain insights into the role of
macrocycle distortion5, 29 in relation to biological systems containing porphyrins
or related macrocycles40, 41, another has been to determine which factors influence
the robustness of such catalysts in the oxidation of organic substrates24, 28, 42–59.
Both measurements of electrochemical redox potentials and spectral properties of
the porphyrins are needed to understand these properties and both are reviewed in
this chapter on β-pyrrole brominated porphyrins.

In general, the properties of β-halogenated porphyrins have been explained
in terms of a combination of two effects: one is the electron-withdrawing prop-
erties of the halogen substituents at the β-pyrrole positions of the macrocycle
and the other is the nonplanarity of the porphyrin macrocycle due to steric hin-
drance of the peripheral groups60–65. In order to separate these two factors and
to obtain an estimate of their magnitude, different series of β-pyrrole brominated
porphyrins have been examined, some of which are water soluble. Most results
on these compounds have been reviewed in the literature12, 16, 27–30, 67, and our
discussion in this chapter mainly covers: (i) synthetic routes needed to obtain por-
phyrins bearing different numbers of β-pyrrole bromo substituents, (ii) the effect
of Br substituents and solvent interactions on spectral properties of the neutral,
oxidized, or reduced complexes, (iii) electrochemical reduction and oxidation be-
havior and HOMO–LUMO energy gap changes with changes in the number of
bromo substituents, and (iv) the effect of Br substituents on axial ligation proper-
ties.

2. Synthesis

2.1. Synthesis and Characterization of β-Pyrrole Brominated
meso-Tetraphenylporphyrins

Although the present chapter deals mainly with the electrochemical beha-
vior of β-pyrrole brominated porphyrins, it is worthwhile for the sake of com-
pleteness to discuss the synthetic methodology adopted by different research
groups. In general, the bromination of porphyrins has been carried out either by
direct bromination using liquid bromine in an organic solvent or by reacting the
porphyrins with a brominating agent such as N -bromosuccinamide (NBS). De-
pending upon the reaction conditions and substituents on the meso-tetraphenyl
moieties (Figures 9.1 and 9.3), partial-to-complete β-pyrrole bromination was
achieved. Callot68 reported the first synthesis of partially β-pyrrole brominated
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meso-tetraphenylporphyrins. The substrate, free-base porphyrin, was reacted with
increasing amounts of NBS as the halogen donor in boiling chloroform and
atmospheric oxygen was used as a radical initiator. After chromatographic separa-
tion and purification, the mono-, bis- (two isomers), tri- and tetra-β-pyrrole bromi-
nated derivatives were isolated, characterized, and also used as starting materials
for preparation of other β-substituted compounds and their metal derivatives24, 57.
The author observed an approximate 6 nm red shift of the Soret band for every
added bromine atom68. The stereochemistry of the tetra-β-pyrrole brominated
porphyrins was ascertained by Crossley et al.35 using 1H NMR spectroscopy.
These studies showed that the two double bonds which were not directly part of
the aromatic conjugation could be completely tetrabrominated because they pos-
sess a higher electron density than at the other positions in the aromatic conjuga-
tion. Molecular structures of several tetrahalogenated porphyrins have also been
obtained and compared to structures of the octahalogenated compounds5. The
first report for a successful β-pyrrole perbromination reaction using tetraphenyl-
porphyrin was provided by Traylor and Tsuchiya17 who showed the possibility to
access a new class of compounds having a lower electron density on the macro-
cyclic ring.

The bromination of (TDCPP)Zn, where TDCPP is the dianion of meso-
tetra(2,6-chloro)phenylporphyrin in CCl4 by NBS, resulted in bromination at the
eight β-pyrrole positions of the macrocycle. The reproducibility of such a reaction
was very difficult to obtain because of a low solubility of the starting compound
in CCl4 and better yields (70–75%) were obtained when chloroform or tetra-
chloroethene was used as the reaction solvent36. Several articles have reported
the synthesis of zinc porphyrins completely halogenated at the β-pyrrole posi-
tions, using NBS in chlorinated solvents or methanol9, 33, 34, 70. In some cases, dif-
ferent synthetic procedures using Lewis acids were proposed in order to enhance
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Figure 9.3. Structures of highly substituted, “type-3” β-pyrrole brominated porphyrins
used in catalytic applications.
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the halogenation in chlorinated solvents. The choice of procedure was based on
the different mechanisms, radical or ionic, operating in polar or nonpolar sol-
vents33, 34.

A complete bromination of (TPP)Cu was achieved by Bhyrappa and Krish-
nan7 using liquid bromine in CHCl3/CCl4. The resulting porphyrin was demet-
alated in perchloric acid, giving the desired free-base porphyrin in 75% yield.
Similar experimental procedures, using liquid bromine as a reagent38, led to
completely β-pyrrole brominated porphyrins containing iron as a central metal
ion. Interestingly, partial bromination of (TPP)Zn has been achieved using NBS
in CCl412, 14. Chromatographic separation of the reaction products afforded the
penta-, hexa-, and heptabromo derivatives. Characterization of the above free-
base complexes by positive ion fast atom bombardment (FAB)-mass spectrom-
etry showed dehalogenation process to occur during formation of the π -radical
cation and this reaction was attributed to the high acidity of the matrix36. Sim-
ilar reactions were also observed during electroreduction of (TPPBrx )Co and
(TPPBrx )FeCl in benzonitrile solvent12, 14.

Recently, different protocols have been reported for the regioselective syn-
thesis of partially brominated porphyrins. Tse et al.71 utilized 5,10,15,20-tetrakis-
(trifluoromethyl)-porphyrinatozinc, I, and showed the occurrence of a mono-
bromination reaction to yield compound II, and regioselective dibromination
reaction to yield compounds III and IV (Figure 9.4). Subsequently, the free-base
β-pyrrole bromoporphyrins were converted to aryl porphyrins through Suzuki
cross-coupling reaction. Bhyrappa and coworkers72 reported an im-
proved protocol for regioselective synthesis of 2,3,12,13-tetrabromo-5,10,15,
20-tetraphenylporphyrin, (TPPBr4)H2.

CF3
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I: X1X2Y1Y2 = H

II: X1 = Br, X2Y1Y2 = H

III: X1X2 = Br, Y1Y2 = H

IV: X1X2Y1Y2 = Br

N NZn

F3C

F3C

Y2

Y1

CF3
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Figure 9.4. Partially β-pyrrole brominated porphyrins obtained by regioselective synthetic
procedure.
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2.2. Synthesis of Water-Soluble β-Pyrrole Brominated Porphyrins

Water-soluble β-pyrrole porphyrins can be synthesized by either direct
bromination of functionalized water-soluble porphyrins or by introducing ionic
groups at the tetraphenyl positions of the brominated porphyrin. (TMPyPBr8)Zn
was prepared by direct bromination of (TMPyP)Zn using liquid bromine25. The
(TMPyPBr8)Co derivative was synthesized by metathesis of (TMPyPBr8)Zn with
cobalt(II) chloride28. The free-base porphyrin was isolated in its protonated form,
(TMPyPBr8)H

+
3 , by demetallating the zinc(II) derivative, (TMPyPBr8)Zn, and

then isolating the product as a hexafluorophosphate salt25, 27.
Using an approach similar to the above, (TPPSBr8)Zn was synthesized by

direct bromination of (TPPS)Zn29. The free-base derivative, (TPPSBr8)H2, was
obtained by demetalating (TPPSBr8)Zn in excess sulfuric acid at 0◦ C, followed
by slow addition and neutralization of the reaction product with 1 M NaOH29, 30.
Alternatively, Tabata et al.26 reported the synthesis of (TPPSBr8)H2 by bromina-
tion of (TPP)H2 using NBS, followed by sulfonation using concentrated sulfuric
acid at 70◦ C for 2 days. Here, the product was isolated in the tetrasulfonic acid
form.

Two cationic Mn(II) and Cu(II) metal derivatives of octabrominated 5,
10,15,20-tetrakis-(N -methylpyridinium-4-yl) porphyrins, (TMPyPBr8)MnII and
(TMPyPBr8)CuII, were prepared31 using the literature procedure for bromina-
tion of water soluble porphyrins25. Unlike the TMPyP derivative, where MnIII

is stable, the (TMPyPBr8)Mn derivative was isolated in its MnII form. Another
anionic porphyrin, Mn(III) β-octabromo-meso-tetrakis(4-carboxyphenyl)
porphyrin, (TBAPBr8)MnIII, was recently prepared with an overall yield of 50%
starting from the methyl ester derivative of the free-base β-octabromo-meso-
tetrakis(4-carboxyphenyl)porphyrin, (TBAPBr8)H2

32.

3. Effect of the Br Substituents and Solvent
Interactions on the UV–Visible Spectra

Starting from the first observation of a red shift of the Soret band upon β-
pyrrole bromination68, several studies dealing with solvation behavior of bromi-
nated porphyrins have appeared in literature7, 12–15, 73–76. The solvation of
(TPPBr8)Zn in 12 different nonaqueous solvents resulted in large red shifts of
the B and Q bands of the porphyrin accompanied by enhanced absorbance ratios
of the Q bands7, 8. These observations were ascribed to a destabilization of the
HOMO a2u of the porphyrin arising from a flow of charge from the axial ligand to
the porphyrin ring through the Zn(II) ion. More recently, the effect of solvent po-
larity on the optical absorption spectra of perhalogenated porphyrins was reported
by Bhyrappa coworkers75, 76. In contrast to the unbrominated tetraphenylpor-
phyrins, the perbrominated porphyrins revealed strong solvent-dependent absorp-
tion spectral features. Red shifts of more than 25 nm for the Soret band and 50
nm for the visible bands were observed. The authors75, 76 ascribed these effects
to an enhanced distortion of the macrocyclic ring induced by a hydrogen-bonding
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interaction between the porphyrin core pyrrolic N–H or pyrrolenine nitrogens and
the solvent molecules.

Electronic absorption spectra of Ni(II) and Cu(II) complexes of 2,3,
7,8,12,13,17,18-octa(bromo and chloro)-5,10,15,20-tetraphenylporphyrins
(MOXTPP; X = Br, Cl) in various solvents were recently examined93. Both
complexes exhibited dramatic shifts in the peak maxima and peak intensity (ε)
as compared to their unhalogenated analogs. The solvent-dependent absorption
spectral features of the electron deficient metal(II) perhaloporphyrins were at-
tributed to a coordinative interaction of the solvent with the metal ion of the por-
phyrin cavity93.

Quantitative analysis of the effect of bromo substitution on the geomet-
ric and electronic structures was possible by systematically examining different
metal complexes with 0–8 number bromo substituents. A detailed study on the
HOMO–LUMO gap of (TPPBrx )Zn as a function of the number of Br substituents
(x = 0–8) was performed by optical absorption, semiempirical AM1-CI calcula-
tions and electrochemical methods73. Geometry optimizations by AM1-CI calcu-
lations revealed little or no porphyrin ring ruffling for compounds with x = 0–4
while for compounds with x = 5–8, increased ruffling with respect to Br sub-
stituents was predicted. A plot of the AM1-CI estimated HOMO–LUMO energy
gap (energy of Q2 band) vs. the number of Br groups showed two linear seg-
ments with different slopes (Figure 9.5, curve marked as AM1-CI). This study
also suggested that the Soret and visible absorption bands of (TPPBrx )Zn are sen-
sitive to distortion of the porphyrin macrocycle which changes as a function of
the number of Br groups on the complex73. Plots constructed by using optical
data (energy of the low energy visible band) and electrochemical data (difference
between the first oxidation potential and the first reduction potential) for different
(TPPBrx )Zn derivatives, were indeed found to follow the predicted trend (Fig-
ure 9.4). Both plots showed two segments, one corresponding to the planar, less
brominated porphyrins while the other was for nonplanar, higher brominated por-
phyrins, thus providing a quantitative estimation of the effects caused by structural
distortions as opposed to the electron-withdrawing effects of bromo substituents.

The spectral features of the Fe(III), Mn(III), Co(II), and Zn(II) β-pyrrole
brominated porphyrins in various solvents have been investigated as a function
of the number of β-bromo substituents. In general, the Soret and visible bands
in each series of compounds are all increasingly red shifted with increase in the
number of Br groups on the macrocycle7, 12–15, 73, 74. Moreover, as described in
subsequent sections of this review, the utilization of spectroelectrochemistry has
provided an opportunity to study the spectral behavior of different brominated
porphyrins as a function of their different oxidation states.

4. Electrochemical Behavior of β-Pyrrole Brominated
Metalloporphyrins

Initial electrochemical studies on partially β-pyrrole brominated porphyrins
(x = 0–4) were carried out by the groups of Gross and Callot95, 97 and others96. In
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Figure 9.5. Correlations between the calculated or experimental HOMO–LUMO gap of
each compound and the number of Br substituents on the macrocycle of (TPP)Brx )Zn.
(Reproduced with permission from ref. [73].)

their analysis of half-wave potentials against “sigma” plots, the authors observed
differences in the electrochemical behavior of β-pyrrole substituted porphyrins.
This was initially rationalized in terms of inductive effects of the lone pair of elec-
trons of the pyrrolic nitrogens. The lone pair of electrons located on the pyrrole
nitrogen were suggested as the site of electron transfer for β-pyrrole substituted
porphyrins94–97. Studies performed later on a series of β-pyrrole brominated met-
alloporphyrins bearing 0–8 bromo groups demonstrated the significance of por-
phyrin ring distortions in the observed differences of electrochemical behavior.

The electrochemistry of (TPPBr8)M, where M = Co, Ni, Cu, Zn, Pt,
Pd, and Ag generally revealed the expected easier reduction for both metal-
centered and ring-centered reactions as a result of the electron withdrawing bromo
substituents. Quantitative work carried out on the (TPPBrx )M and (TPPBrx )MCl
series12, 14, 15, 73, 74 yielded a wealth of information and allowed for a separa-
tion of geometric (steric) from electronic effects caused by the complete or par-
tial β-pyrrole bromination. As pointed out earlier, investigations performed on
the (TPPBrx )Zn series of compounds revealed two one-electron oxidations and
two one-electron reductions, as expected for porphyrins bearing electroinactive
metal ions2. Since the first oxidation and first reduction both involved the por-
phyrin ring, it was possible to estimate the HOMO–LUMO gap (potential differ-
ence between the first reversible oxidation and first reversible reduction of the
macrocycle) and compare the results with data from computational and spec-
tral studies. As discussed earlier, the computational and experimental plots of
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HOMO–LUMO gap vs. number of bromo substituents plots yielded two segments
corresponding, respectively, to the less brominated, planar and more brominated,
nonplanar porphyrins (Figure 9.5) (vide supra).

The investigated (TPPBrx )MnCl, (TPPBrx )FeCl, and (TPPBrx )Co deriv-
atives revealed both metal-centered and ring-centered reduction and oxidation
processes7, 12, 14, 15, 73, 74. Detailed discussions of the electrochemical reduction
and oxidation behavior of these complexes along with the resulting electrochem-
ical trends with change in the number of β-pyrrole bromo substituents on the
macrocycle are discussed separately in the following sections.

4.1. Electroreduction Behavior of β-Pyrrole Brominated
Metalloporphyrins

The reduction of (TPPBrx )MCl and (TPPBrx )M, where x = 0–8, TPPBrx =
the dianion of β-pyrrole brominated tetraphenylporphyrin and M = Fe, Mn, Co
or Zn, was investigated in benzonitrile containing 0.1 M tetra-n-butylammonium
perchlorate as supporting electrolyte12, 14, 15, 73, 74. Table 9.1 lists the reduction and
oxidation potentials of these compounds and Figure 9.5 shows the trends in first
oxidation and first reduction potentials as a function of the number of bromo sub-
stituents on the investigated compounds. As mentioned earlier, two well-defined
reductions are observed for the (TPPBrx )Zn complexes73 as well as for the free-
base, Cu, Ni, Pd, Pt, and VO complexes of TPPBr8

7. In the case of (TPPBrx )Zn,
the potentials for both ring-centered reductions are progressively shifted in a more
positive direction with increase in the number of Br substituents. A linear rela-
tionship is seen between E1/2 for the first reduction and the number of Br groups
(slope = 61 mV/Br, Figure 9.6), but two linear segments are seen in the case of
the second reduction73. The absolute potential difference between the two reduc-
tions of (TPPBrx )Zn in PhCN thus decreases from 0.42 to 0.32 V with increase
of the number of Br groups from 0 to 8.

The first reductions of (TPPBrx )FeCl, (TPPBrx )MnCl, and (TPPBrx )Co are
all metal centered. In each case, these reductions shift in a positive direction with
increase in the number of Br substituents and a single linear free-energy rela-
tionship can be observed between E1/2 and the number of Br groups. The slope
of the plot of E1/2 vs. the number of Br groups is 51 mV for (TPPBrx )FeCl,
47 mV for (TPPBrx )MnCl, and 61 mV for both (TPPBrx )Co (Figure 9.6). Reduc-
tion of the cobalt complexes leads to a Co(I) porphyrin and this CoII/I process has
the same slope (61 mV) as the first ring-centered reduction of (TPP)Zn, i.e., 61
mV. Computational studies predicts that porphyrin ring deformation should have
a minimum effect on the reduction potentials14, 15 and hence, the observed linear
trend for all four series of complexes in Figure 9.6 can be simply explained as due
to an inductive effect of the electron-withdrawing halogen substituents.

The first reduction of (TPPBrx )FeCl in PhCN results in an equilibrium mix-
ture of [(TPPBrx )FeIICl]− and (TPPBrx )FeII 15, 78. The UV–visible spectral data
suggest that a dissociation of the Cl− ligand from [(TPPBrx )FeIICl]− is favored
for compounds with 0–4 Br groups and rapidly occurs for the complexes with 0 or
1 Br group. However, the dominant species in solution is [(TPPBrx )FeIICl]− for
compounds with 6–8 Br groups15. Spectroelectrochemical and ESR data indicate
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Table 9.1. Electrochemical Potentials (E1/2 vs. SCE) for (TPPBrx )M (where M = Zn,
Co, FeCl, or MnCl) in Benzonitrile Containing 0.1 M (TBAP)PF6 (for Zn and FeCl), or
CH2Cl2 containing 0.1 M (TBAP)PF6 (for MnCl), or 0.2 M (TBAP)PF6 (for Co). Scan

rate = 100 mV s−1. (Data taken from refs. [12, 14, 15, 73, 74].)

Compound 3rd oxi- 2nd oxi- 1st oxi- 1st reduc- 2nd reduc- 3rd reduc-
dation dation dation tion tion tion

(TPPBr0)Zn 1.14 0.82 −1.32 −1.74
(TPPBr1)Zn 1.18 0.88 −1.25 −1.68
(TPPBr2)Zn 1.17 0.91 −1.19 −1.58
(TPPBr3)Zn 1.16 0.93 −1.10 −1.42
(TPPBr4)Zn 1.19 0.95 −1.03 −1.32
(TPPBr5)Zn 1.15 0.96 −0.97 −1.28
(TPPBr6)Zn 1.11 0.96 −0.93 −1.20
(TPPBr7)Zn 1.14 0.97 −0.92 −1.15
(TPPBr8)Zn 1.15 0.96 −0.82 −1.15
(TPPBr0)Co 1.30 1.10 0.90 −0.84 −1.97
(TPPBr1)Co 1.31 1.12 0.91 −0.79
(TPPBr2)Co 1.33 1.14 0.92 −0.73
(TPPBr3)Co 1.33 1.15 0.94 −0.67
(TPPBr4)Co 1.36 1.20 0.95 −0.61
(TPPBr5)Co 1.37 1.22 0.99 −0.52
(TPPBr6)Co 1.40 1.27 0.99 −0.46
(TPPBr7)Co 1.44 1.32 0.97 −0.42
(TPPBr8)Co 1.47 1.33 0.98 −0.37
(TPPBr0)FeCl 1.52 1.20 −0.29 −1.06 −1.73
(TPPBr1)FeCl 1.52 1.24 −0.26 −1.07 −1.73
(TPPBr2)FeCl 1.51 1.28 −1.18 −1.01 −1.61
(TPPBr3)FeCl 1.53 1.27 −0.13 −0.97, −1.26a −1.60
(TPPBr4)FeCl 1.56 1.26 −0.07 −0.86, −1.18a −1.37
(TPPBr5)FeCl 1.58 1.26 −0.02 −0.83, −1.14a −1.36
(TPPBr6)FeCl 1.60 1.24 0.04 −0.73, −1.17a,b −1.28
(TPPBr7)FeCl 1.62 1.21 0.06 −0.67, −1.13a,b −1.24
(TPPBr8)FeCl 1.64 1.19 0.10 −0.62, −0.97a,b −1.20
(TPPBr0)MnCl 1.17 −0.29
(TPPBr2)MnCl 1.26 −0.26
(TPPBr3)MnCl 1.29 −0.09
(TPPBr4)MnCl 1.30 −0.06
(TPPBr6)MnCl 1.37 0.02
(TPPBr7)MnCl 1.36 0.05
(TPPBr8)MnCl 1.38 0.09

aCorresponding to the reduction of (TPPBrx )FeII/[(TPPBrx )Fe]− and [(TPPBrx )
FeIICl]−/[(TPPBrx )Fe]− forms of the complex.
b Epc at 100 mV s−1.
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that the second reduction of (TPPBrx )FeCl leads to a loss of the chloride axial
ligand and [(TPPBrx )FeI]− is then the only porphyrin present in solution15. The
third electroreduction of (TPPBrx )FeCl has been assigned as a reduction at the
macrocycle to give an Fe(I) porphyrin π -anion radical15. The first reduction of
each (TPPBrx )MnIIICl complex is also reversible. Spectroelectrochemical data
indicate that Mn(II) porphyrins are formed after the first reduction in PhCN.

The first reduction of (TPPBrx )CoII is reversible and [(TPPBrx )CoI]− is
generated after the first reduction. A further reduction at the macrocycle leads to
a stepwise elimination of Br−, thus giving a series of [(TPPBrx )CoI]− complexes
with smaller and smaller values of x and (TPP)CoI is ultimately formed as the
final porphyrin electroreduction product in PhCN. These results were confirmed
by experiments carried out at a rotating ring disk electrode and also by thin-layer
spectroelectrochemistry (vide infra)12.

4.2. Electrochemical Oxidation Behavior of β-Pyrrole Brominated
Metalloporphyrins

Studies on the oxidation of brominated porphyrins revealed the most inter-
esting behavior. A nonlinear trend in the E1/2 for oxidation was first observed
by Callot for porphyrins containing 1-4 β-pyrrole substituents68, and later sys-
tematic work on the full series of brominated porphyrins confirmed the initial re-
ports12, 14, 15, 73, 74. Nonplanar distortions are believed to be responsible for these
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nonlinear trends. As shown in Figure 9.6, the shift in E1/2 as a function of Br
groups consists of two segments for first oxidation of (TPPBrx )Zn in PhCN, 0.1
M TBAP. The first slope comprises compounds with 0–4 Br groups and second
those with 4–8 Br groups. This result parallels the spectroscopic data (vide supra)
and is similar to what is seen for Fe, Mn, and Co porphyrins which have the same
set of β-pyrrole Br-substituted macrocycles (Table 9.1). The two one-electron ox-
idations of (TPPBrx )Zn are both porphyrins ring-centered and lead to formation
of π -cation radicals and dications73. The second oxidation of (TPPBrx )Zn shifts
in a negative direction with increase in the number of Br substituents but this
reaction exhibits a rather small substituent effect from the Br groups for the deriv-
atives with x = 5, 6, or 8. Because of the non-linear shift in the first oxidation, the
absolute potential difference between the two oxidations of (TPPBrx )Zn in PhCN
decreases from 0.32 to 0.19 V with increase in the number of Br groups from 0 to
873. For the same reason, the HOMO–LUMO gap of (TPPBrx )Zn also decreases
with increase of the number of Br groups. The HOMO–LUMO gap in PhCN is
2.14 V when x = 0 but decreases to 1.78 V when x = 873. The electrochemical
results parallel data from theoretical calculations using the AM1-CI method and
are consistent with earlier calculations performed by other groups on nonplanar
porphyrins (vide supra)79–81.

The Co(II) and Ag(II) derivatives show three one-electron oxidations be-
cause of the additional metal-centered, MII/III, oxidation process7, 12, 14, 73, 74 in
PhCN or CH2Cl2 containing 0.1 M TBAP. As predicted from computational stud-
ies, the porphyrin ring distortion of the brominated compounds results in a de-
creased stability of the HOMO level and has a large effect on the oxidations. For
this reason a nonlinear relationship was observed between E1/2 for the first oxida-
tion and the number of Br groups on all of the studied compounds in Figure 9.6.

In the case of (TPPBrx )FeCl in PhCN containing 0.1 M TBAP, each por-
phyrin undergoes two reversible one-electron oxidations15, leading stepwise to
an iron(III) π -cation radical and dication. The first reversible oxidation potential
initially shifts in the expected anodic direction and reaches a maximum positive
value for (TPPBr2)FeCl after which E1/2 changes direction and then shifts nega-
tively upon going from x = 3 to x = 8. In contrast, the second oxidation of the
same compounds is shifted negatively upon going from x = 0 to x = 2 and then
positively from x = 3 to x = 8; thus, the absolute potential difference (�E1/2)
between the two ring-centered oxidations of (TPPBrx )FeCl varies with the num-
ber of Br groups on the macrocycle and increases (linearly) from 230 mV in the
case of (TPPBr2)FeCl to 450 mV in the case of (TPPBr8)FeCl15.

(TPP)MnCl also undergoes two one-electron oxidations in CH2Cl2 or PhCN,
0.1 M TBAP. The first oxidation leads to formation of a Mn(III) π -cation radi-
cal at room temperature2 but Mn(IV) is formed at low temperature82. The same
assignment was proposed77 for each (TPPBrx )MnCl complex, based on UV-
visible and ESR spectra of the singly oxidized species.

Three one-electron oxidations are observed for (TPPBrx )Co in PhCN con-
taining 0.1 M TBAP12. The first oxidation of cobalt(II) porphyrins can occur at
either the metal center or at the conjugated macrocycle depending upon the
strength of the counteranion and/or the presence of any coordinating ligands in
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solution83 and a differentiation of these two processes can often be made on the
basis of IR or UV–visible spectroscopic data84–90. A Co(III) complex is formed
after the first oxidation of (TPP)Co in PhCN83 and this is also the case after the
abstraction of one electron from (TPPBrx )Co in the same solvent. The second and
third oxidations are macrocycle centered, leading to a Co(III) porphyrin π -cation
radical and dication12.

Three oxidations are also seen for (TPPBrx )Co in CH2Cl2 containing 0.2
M (TBA)PF6

74. The first oxidation linearly shifts in a positive direction for com-
pounds with x = 0–5 but shifts in a slightly negative direction for compounds
with 6–8 Br groups. Both the second and third oxidations shift in a positive di-
rection as the number of Br groups on the macrocycle is increased and there is
an increased substituent effect for compounds with 6–8 Br groups. Consequently,
the absolute potential difference between the first two oxidations of (TPPBrx )Co
remains virtually constant upon going from (TPP)Co to (TPPBr5)Co but increases
by 120 mV upon going from (TPPBr5)Co to (TPPBr8)Co. Likewise, the poten-
tial separation between the second and third oxidations of (TPPBrx )Co decreases
from 200 mV in the case of (TPP)Co to 140 mV in the case of (TPPBr8)Co.

Two linear segments are seen in plots of E1/2 for the first oxidation of
(TPPBrx )Co in CH2Cl2, 0.2 M TBAPF6 vs. the number of Br groups on the por-
phyrin (Figure 9.6). The slope of the first segment is 17 mV (for (TPPBrx )Co
where x = 0–5) while that of the second is −5 mV (x = 5–8). The electrochemi-
cal data suggest that cobalt porphyrins with > 5 Br groups are oxidized at the por-
phyrin π -ring system; hence, the same substituent effect is observed for oxidation
of (TPPBrx )FeCl with x = 2–5 and (TPPBrx )Co with x = 6–8. The spectroelec-
trochemical data74 are consistent with the electrochemical data and suggest that
the initial site of electron transfer for the first oxidation of (TPPBrx )Co in CH2Cl2
containing 0.2 M (TBA)PF6 shifts from the central metal to the macrocycle as x
is increased above 5 (vide infra).

In another interesting study69, the electrochemical oxidation and reduction
of Ni(II) and Cu(II) complexes of a series of β-octahalogenao-meso-tetrakis(p-
X-phenylporphyrins, (where halo = Cl or Br and X = CH3, H, F, Br, COOMe,
CF3, NO2) were investigated and the data were analyzed by means of the Ham-
mett equation. Significant differences in electrochemical behavior were observed
for the brominated porphyrins. Density functional calculations (DFT) suggested
that these differences might be due to the differences in saddling-induced metal
(dx2−y2) to porphyrin (a2u) orbital interaction between the Ni and Cu porphyrins.

4.3. Electrochemical Behavior of Water-Soluble β-Pyrrole
Brominated Porphyrins

The electrochemical behavior of water-soluble β-pyrrole brominated por-
phyrins is more complex than that of their water insoluble analogs. The metal-
centered redox reactions of (TMPyP)MnIII and (TMPyPBr8)MnII are reversible
while the majority of porphyrin ring-centered redox reactions of the free-base,
Cu, and Mn derivatives of TMPyPBr8 are irreversible31. The metal-centered oxi-
dation of (TMPyPBr8)MnII is anodically shifted by ∼ 420 mV compared to E1/2
for the corresponding reaction of (TMPyP)MnII (Table 9.2). The metal-centered
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Table 9.2. Redox Potentials (V vs. NHE) for the Water-Soluble, β-Pyrrole
Brominated Porphyrins in Aqueous Media

Compound 1st ox 1st red 2nd red Ref

(TMPyP)Coa 0.45 −0.68 28–30
(TMPyPBr8)Coa 0.53 −0.31 28–30
(TPPS)Coa 0.35 −0.90 28–30
(TPPSBr8)Coa 0.50 −0.49 28–30
(TMPyP)Hb

2 −0.33, −1.14c 31
(TMPyPBr8)Hb

2 −0.01, −1.09c 31
(TMPyP)MnIII,b −0.51, −1.19c 0.06 31
(TMPyPBr8)MnII,b −0.36, −1.11c 0.48 31
(TMPyP)Cub −0.48, −0.63c 31
(TMPyPBr8)Cub −0.13, −0.35c 31
(TBAP)MnIII −0.19 32, 67
(TBAPBr8)MnIII 0.13 32, 67

aIn phosphate buffer (pH = 7) containing 0.1 M NaCl, reference = Ag/AgCl.
bConditions: 0.5 mM porphyrins, 0.05 M phosphate buffer, 0.1 M NaCl, pH = 7.80,
2 mM N -methyl imidazole, 0.5 mM Na2S2O4.
cCathodic peak potentials corresponding to the first two ring-centered reductions.

reduction of the negatively charged water-soluble (TBAPBr8)MnIII is located at
0.13 V vs. NHE and this can be compared with an E1/2 = −0.19 V vs. SHE for
(TBAP)MnIII 32. Thus, a shift of ∼ 320 mV in the MnIII/II reaction is observed
as a result of the eight bromine substituents at the β-pyrrole positions of the por-
phyrin macrocycle. The reduction potential of (TBAPBr8)MnIII is more negative
than that reported for the (TMPyPBr8)MnII(Table 9.2).

A detailed electrochemical characterization of two water-soluble cobalt por-
phyrins, (TMPyPBr8)CoII and (TPPSBr8)CoII, was carried out under different pH
(pH = 2–13) conditions30. As predicted73, the investigated nonplanar porphyrins
were found to be electron deficient owing to the presence of the eight Br groups at
the β-pyrrole positions of the macrocycle. The half-wave potentials correspond-
ing to both the first oxidation and first reduction were shifted positively as com-
pared with redox potentials of the respective unbrominated porphyrin derivatives
(Table 9.2) and such changes were found to be larger for the reductions, a trend
that generally agrees with other TPPBr8 derivatives that have been examined in
nonaqueous solutions. The peak potentials for the first irreversible oxidation of
both (TMPyPBr8)CoII and (TPPSBr8)CoII were pH dependent30.

5. Spectroelectrochemical Studies of β-Pyrrole
Brominated Metalloporphyrins

Utilization of spectroelectrochemistry involving UV–visible, FT-IR, and
ESR techniques along with the electrochemical methods, has yielded information
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about the site of electron transfer and provided an opportunity to obtain the spec-
trum of oxidized and reduced forms of β-pyrrole brominated porphyrins. In the
absence of X-ray structural data on oxidized and reduced brominated porphyrins,
the spectral data should be helpful in predicting the structural and electronic
effects of the substituents on the properties of the compounds. The following
paragraphs summarize the spectral features of brominated metalloporphyrins, de-
termined by spectroelectrochemical methods.

Electrochemical oxidation of cobalt(II) porphyrins can occur either at the
metal center to yield a cobalt(III) porphyrin complex or at the porphyrin macro-
cycle to yield a cobalt(II) porphyrin π -cation radical depending upon the solution
conditions2. Spectroelectrochemical studies on water-soluble (TMPyPBr8)CoII

and (TPPSBr8)CoII revealed the formation of a cobalt(III) complex during the
first oxidation. Both the Soret and visible bands were red shifted without sig-
nificant loss of peak intensity. Moreover, no new absorption bands correspond-
ing to the formation of π -cation radicals were observed. Similarly, the first
reduction of (TPPSBr8)CoII results in formation of a cobalt(I) complex as re-
vealed by a split Soret band30, but the site of electroreduction in the case of
the (TMPyPBr8)CoII could not be confirmed. Involvement of either a CoII/I or
the peripheral N -methylpyridiniumyl groups was suggested30 and this is in con-
trast to (TMPyP)CoII where a CoII/I reaction during the first electroreduction
in dimethylformamide was confirmed spectroelectrochemically91. Debromination
of the β-pyrrole Br substituents of (TMPyPBr8)Co was observed to occur at more
negative potentials (> −0.65 V)30. The UV–visible spectrum obtained after bulk
electrolysis of (TMPyPBr8)Co at −1.0 V vs. Ag/AgCl followed by reoxidation at
0.2 V to neutralize the reduced product indicated complete elimination of the Br
substituents from the porphyrin periphery, thus giving (TMPyP)Co as a final prod-
uct. This observation, along with observations discussed earlier for (TPPBrx )Co
in benzonitrile12, collectively suggest that the brominated cobalt porphyrins un-
dergo debromination reactions upon adding a second electron to the porphyrin
macrocycle.

In the investigated (TPPBrx )Co series, the Soret band of the singly reduced
or singly oxidized cobalt porphyrin is also red shifted upon going from (TPP)Co
to (TPPBrx )Co in PhCN containing 0.1 M TBAP. For Co(II) porphyrins, the Soret
band shifts by 41 nm upon going from TPP to TPPBr8 of the macrocycle but
the Soret bands of the Co(I) and Co(III) porphyrins shift by 36 and 39 nm, re-
spectively, when the number of Br groups is increased from 0 to 812. However,
the magnitude of the Br substituent effect depends upon the oxidation state of
the cobalt ion. This is shown in Figure 9.7 as an example for the cobalt(II) and
cobalt(III) complexes as a function of number of bromo substituents on the por-
phyrin ring. While a linear plot is obtained for the cobalt(II) complexes, a similar
plot for the cobalt(III) complexes revealed two segments, suggesting different de-
grees of nonplanarity of the β-pyrrole brominated porphyrin macrocycle depend-
ing upon the oxidation state of the central metal ion. Interestingly, the UV-visible
spectrum of singly oxidized (TPPBrx )Co (x = 6–8) in CH2Cl2 containing 0.2 M
TBAPF6 differs from the spectra of the same singly oxidized compounds in PhCN
containing 0.1 M TBAP74. That is, the spectra of the singly oxidized porphyrins
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Figure 9.7. Plots of visible band energy vs. number of bromo substituents for the
(TPPBrx )CoII and (TPPBrx )CoIII complexes. (Data taken from Ref. 12 and 74 for con-
struction of the plot.)

in CH2Cl2 containing 0.2 M TBAPF6 exhibit broad, low-intensity Soret bands
along with broad visible bands and were assigned as representing Co(II) por-
phyrin π -cation radicals. In contrast, the spectra in PhCN containing 0.1 M TBAP
are characterized by a sharp Soret band with well-defined visible bands which
were assigned to a cobalt(III) complex with an uncharged porphyrin ring12.

The Soret band of singly oxidized (TPPBrx )FeCl in PhCN decreases in in-
tensity upon the first oxidation as compared to neutral (TPPBrx )FeCl and there
is also a 1–14 nm blue shift of the bands, with the exact magnitude of the shift
depending upon the number of Br groups on the macrocycle14, 15. This result
indicates that the first oxidation of each (TPPBrx )FeCl complex is porphyrin
ring centered. The Soret band of reduced (TPPBrx )FeCl is red shifted as com-
pared to the neutral complexes. The magnitude of the shift ranges from 13 nm
for (TPP)FeCl to 22 nm for (TPPBr7)FeCl. There is also an increase in inten-
sity of the Soret band upon the first reduction of (TPPBrx )FeCl to give an Fe(II)
complex. The Soret band of neutral (TPPBrx )FeCl in PhCN shifts by 44 nm as
the number of Br groups is increased from 0 to 7. However, the Soret bands of
reduced and oxidized (TPPBrx )FeCl shift to the red by 53 and 29 nm, respec-
tively15. Figure 9.8 illustrates the spectral trends observed for the ferrous and
ferric forms of (TPPBrx )Fe as a function of number of Br substituents. Unlike
what is observed in the cobalt series, linear trends were observed for both ferrous
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Figure 9.8. Plots of visible band energy vs. number of bromo substituents for the
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and ferric porphyrins. However, the slope of the straight line plot was found
to be higher for the ferrous form compared to the ferric form of the porphyrin
complexes. This result indicates that the effect of Br substituents on the spectral
data depends on the oxidation state of the metal porphyrin and follows the order:
(TPPBrx )FeII > (TPPBrx )FeIIICl > [(TPPBrx )FeIIICl]+·.

6. Effect of the Br Substituents on Axial Ligand Binding

The binding constants for complexation of nitrogenous bases to (TPPBr8)Zn
are an order of magnitude higher as compared to the binding constants for the
corresponding adducts of (TPP)Zn and vary in the following order: piperidine >
imidazole > pyridine > 3-methylpyridine > pyridine-3-carbaldehyde8. The en-
hanced binding constants and large spectral shifts were interpreted in terms of the
increased electrophilicity of (TPPBrx )Zn induced by the electron-withdrawing Br
substituents on the porphyrin core.

Symmetrically substituted perhaloporphyrins, 2,3,7,8,12,13,17,18-octahalo
(bromo and chloro)-5,10,15,20-tetraphenylporphyrins (TPPBrx )H2 and (TPPCl8)
H2 have been examined as receptors for binding to Lewis bases92. Hydrogen
bonding between the pyrrolic NH protons with solvent/bases as a binding mech-
anism was suggested92. The base binding to these halogenated porphyrins re-
vealed enhanced binding constants for (TPPBrx )H2 relative to (TPPCl8)H2 and
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followed a linear trend with increase in pKa values of the bases. The binding of
Lewis bases to the halogenated porphyrin core was more influenced by the extent
of nonplanarity of the porphyrin core than the electron-withdrawing effect of the
substituents. The higher binding constants of (TPPBr8)H2 relative to (TPPCl8)H2
were interpreted in terms of a greater nonplanarity of the former complexes as
compared to the latter92.

The pyridine-binding reaction of (TPPBrx )Co and (TPPBrx )Zn in CH2Cl2
were monitored by electrochemical methods (for cobalt) and by UV–visible spec-
troscopy (for zinc)77. Only a mono-pyridine adduct was formed for both series of
complexes under the utilized experimental conditions. In general, higher values
of binding constants are observed for brominated porphyrins than nonbrominated
porphyrins and, as mentioned earlier, this is in large part due to the increased
electrophilicity of the porphyrin ring as a result of electron-withdrawing bromo
substituents. It was seen that the pyridine-binding constants for both (TPPBrx )Zn
and (TPPBrx )Co show a nonlinear relationship with the number of Br groups on
the macrocycle but a linear relationship is seen between log K for pyridine bind-
ing and the number of Br groups on the macrocycle of (TPPBrx )Zn77. Figure 9.9
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shows the dependence of log K on the low-energy visible band of these two series
of porphyrins. Two segments are clearly observed. One is attributed to the planar
porphyrins of the partially brominated complexes and the other to the nonpla-
nar porphyrins with a larger number of bromo groups. These results suggest that
the ring nonplanarity reduces the axial-binding ability to some extent although
with increased bromination the values of K for base binding increase due to the
increased electrophilicity of the porphyrin ring.

The effect of increased electrophilicity of the porphyrin ring as a result of
bromination and the resulting nonplanarity effects are better shown in the case of
Lewis acid type ligand (viz. carbon monoxide) binding to electrogenerated Fe(II)
and Co(III) brominated porphyrins15, 74. In the case of the iron complexes, the
FTIR spectra were taken after the first reduction of (TPPBrx )FeCl (x = 0–8) in
CH2Cl2 containing 0.2 M TBAP under a CO atmosphere. The spectra of the com-
pounds with 0–6 Br groups show two IR bands at 1962–2043 cm−1 whose relative
intensity depends on the number of Br groups. Under the same solution condi-
tions, the spectrum of the electroreduced (TPPBr7)FeCl exhibits only a single
band at 1980 cm−1 and no IR band is seen for the spectrum of electroreduced
(TPPBr8)FeCl, indicating a lack of CO binding.

The bands located between 1962 and 1980 cm−1 are assigned to a mono-
CO adduct while the higher energy bands, located between 2028 and 2043 cm−1,
are assigned the asymmetric stretches of a bis-CO adduct. The intensity of the
absorption peak corresponding to the bis-CO adduct decreases in intensity with
increasing the bromo substituents and then vanishes completely for Br7 and Br8
porphyrin derivatives. However, for the Br8 derivative, no evidence for either a
mono- or bis-CO adduct was observed. Figure 9.10 illustrates νCO of mono- and
bis-adducts of CO vs. the number of Br groups on the porphyrin ring. Two seg-
ments for both the mono- and bis-adducts were observed although (TPPBr8)FeCl
did not show any evidence of CO binding as indicated above.

The electrogenerated [(TPPBrx )CoIII]+ derivatives with 0–5 Br groups
on the macrocycle show two IR bands between 2109 and 2148 cm−1. The
higher energy bands at 2144–2148 cm−1 are assigned to the bis-CO adduct,
[(TPPBrx )Co(CO)2]+, while those at 2109–2112 cm−1 are assigned to the mono-
CO adduct, [(TPPBrx )Co(CO)]+. The derivatives having 6–8 Br groups show no
IR bands at all between 2100 and 2200 cm−1. These results suggest that the elec-
tron deficiency of the porphyrin macrocycle caused by the Br substituents lowers
the binding ability for CO binding15.

7. Summary

The β-pyrrole brominated porphyrins have proven to be highly versatile N4
ligands to study structural and electronic effects of the compounds as a function of
both the number of bromo substituents on the macrocycle and the type or oxida-
tion state of the metal ion in the porphyrin central cavity. As outlined in this chap-
ter, the studies performed so far on these compounds have revealed pronounced
spectral shifts as a function of changes in degree of bromo substitution or nature of
the solvent. For all the studied brominated MN4 complexes, the electrochemical
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reduction is linearly related to the number of β-pyrrole bromo substituents and
there is no obvious effect on the reduction potentials as a result of the porphyrin
ring distortion. Interestingly, as predicted from computational studies, the elec-
trochemical oxidation shows a nonlinear dependence of E1/2 on the number of
bromo substituents at the β-pyrrole position of the macrocycle. In general, for a
given MN4 complex, the site of electron transfer was found to be similar to that
observed for unbrominated analogs, a key piece of information that is useful to ar-
rive at mechanistic details of catalytic reactions involving these MN4 complexes.
Spectroelectrochemical studies have also shown different spectral trends with re-
spect to the oxidation state of the brominated porphyrins. However, some of the
investigated brominated porphyrins have been found to be unstable at extremely
cathodic potentials and undergo debromination. The brominated MN4 complexes
also display higher axial ligand-binding ability toward Lewis base addition as a
result of electrophilicity of the porphyrin ring although the nonplanarity of the
porphyrin ring seems to reduce the K values to some extent. Interestingly, an op-
posite trend was observed for the binding of a Lewis acid, carbon monoxide as
axial ligand. A metalloporphyrin-CO adduct was never observed for either Co(III)
or Fe(III) octabrominated porphyrins. These properties might be useful in gauging
the substrate-binding properties in both catalytic and electrocatalytic applications
of β-pyrrole brominated porphyrins.
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10
Photoelectrochemical Reactions
at Phthalocyanine Electrodes

Derck Schlettwein

1. Introduction

One major driving force for the study of photoelectrochemically active elec-
trode materials is the search for commercially viable solar cells. Their principles
of operation have been explored mainly between 1960 and 1980 and a number
of strategies were developed that worked quite efficiently for single-crystalline
inorganic semiconductors. Subsequent research also tried to explore new systems
of acceptable efficiency and stability at a more affordable price. The use of amor-
phous inorganic semiconductors or materials grown as thin films was one stra-
tegy, the use of organic semiconductors another. In all cases, chemical stability
in particular under photoelectrochemical working conditions turned out to be a
major problem. Photogenerated high-energy electron vacancies (holes) that are
supposed to be harvested externally often also led to irreversible oxidation reac-
tions at the semiconductor surface. Electron vacancies in the valence band of the
semiconductor electrodes therefore had to be avoided. This could be achieved by
the use of n-doped semiconductors with a bandgap large enough to not absorb the
incident light. This latter main task, however, is of course crucial for a working
solar cell. Organic dye molecules can serve to efficiently absorb light in the visi-
ble range of the spectrum. A concept of sensitization was therefore developed that
combined chemically stable inorganic n-type wide bandgap semiconductors with
adsorbed dye molecules. To provide a stable and efficiently working electrode,
the excited state of the dye molecule has to inject an electron into the conduction
band of the semiconductor and the remaining electron vacancy in the (then oxi-
dized) dye has to be transferred to a redox electrolyte at a sufficiently high rate to
avoid subsequent irreversible reactions at the dye molecule. Oxide electrodeslike
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TiO2, ZnO, etc. sensitized by covalently attached dye molecules turned out to
be suitable candidates for such reactions. To avoid nonradiative decay, dye aggre-
gates have to be avoided in most cases, asking for at the most monolayer coverage
of the semiconductor electrodes. Even at the high absorption coefficients reached
by organic dyes, porous semiconductor electrodes with high internal surface area
still accessible by dye molecules and redox electrolytes are needed to provide a
high overall dye concentration in the film, maximize the active semiconductor/dye
interface, and still avoid dye aggregation. Based on this concept, a good chance is
seen to develop photoelectrochemical solar cells since semiconducting electrodes
can be prepared that absorb visible light and still provide sufficient chemical sta-
bility to convert solar energy at attractive efficiencies1–14.

In photoelectrochemical studies on phthalocyanines the chromophore is
either adsorbed as a dye to an inorganic oxide surface as outlined above or used
in a pure pigment thin film, thereby also utilizing the semiconducting properties
of solid phthalocyanines. The experiments with organic pigment thin films are
performed to evaluate the feasibility of such an approach for solar energy conver-
sion and also to investigate the role of dye aggregates at phthalocyanine-sensitized
oxide electrodes. Such studies also provided quite fundamental insight. One ma-
jor goal was to probe molecular materials in contact with electrolytes in order to
establish aspects which are common and different, respectively, compared with
classical semiconductors or insulators15 on the one hand and in contact with a
second solid on the other hand16–20. An important aspect in these studies was the
use of photoelectrochemical reactions to characterize the electrical properties in
thin films of molecular semiconductors and to analyze their surface properties.
Mainly unsubstituted phthalocyanines Pc were studied as organic semiconductor
photoelectrodes21–55, or, with a chemical anchor group added, in the sensitization
of oxide semiconductors21, 56–60.

2. Essentials of Photoelectrochemical Reactions

Changes in the electrochemical currents or the established potentials as a
consequence of illumination of an electrode/electrolyte interface can be observed
if illumination leads to changes in the occupation of electronic levels that have
a lifetime longer than the timescale of electrochemical reactions1. Such changes
in principal can occur either in the electrode or in the electrolyte. Electrodes in
contact with dye solutions, e.g., were studied to harvest electrochemically the en-
ergy of the absorbed light stored in the excitation energy of the molecules61. Much
higher efficiencies, however, can be reached by electronic changes in an absorbing
electrode. If a semiconductor electrode, e.g., absorbs light of energy higher than
its band gap, excess electrons are created in the conduction band and electron
vacancies are created in the valence band of the semiconductor1, 2, 62. Both these
changes can be detected in intrinsic semiconductors. In a doped semiconductor,
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Figure 10.1. Schematic representation of photoelectrochemically active (a) n-type semi-
conductors and (b) p-type semiconductors, each in contact with a redox electrolyte that
allows facile transfer of the photogenerated minority carriers from the semiconductor elec-
trode.

only the concentration of minority carrier is changed significantly because of the
high concentration of majority carriers anyway present in a doped semiconduc-
tor. N-doped electrodes are therefore characterized by anodic photocurrents, and
p-doped electrodes by cathodic photocurrents. To observe these currents, reduced
redox levels at energies in the range of the valence band of n-doped electrodes or
oxidized redox levels at energies in the range of the conduction band of p-doped
electrodes are needed1, 2. In order to further provide transportation of the photo-
generated minority charge carriers from the site of light absorption also inside the
electrode to the interface with the electrolyte, the redox potential of the electrolyte
has to be chosen appropriately. When brought into contact with an electrolyte, a
semiconductor electrode will establish a contact similar to a semiconductor/metal
contact because of the higher ionic concentration of charges in the electrolyte
when compared with the charge density in a semiconductor and the space charge
to compensate initial energy differences will be established mainly in the semi-
conductor surface and hence will lead to band bending there, as also known in
semiconductor/metal contacts1, 2, 62.

Roughly speaking, to observe the anodic photocurrents at n-doped elec-
trodes a redox potential of the electrolyte below the semiconductor Fermi energy
has to be chosen, for the cathodic photocurrents at p-doped electrodes, a redox po-
tential above the semiconductor Fermi energy is needed1, 2. Optimum conditions
are summarized in Figure 10.1. A more detailed discussion, however, would have
to include the quasi-Fermi-levels of the light-induced minority carriers2. Changes
in an applied external potential will lead to changes in the space–charge region
since this is the zone of the lowest charge density. In the context of this chapter
it has to be pointed out that applicability of a semiconductor band model for the
transport of charge carriers is not a prerequisite to establish a space-charge re-
gion nor is it a necessary condition for the observation of photoelectrochemical
currents (see below).
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3. Photoelectrochemical Experiments at
Phthalocyanine Thin Films

3.1. Preparation of Thin Films

Film preparation plays a crucial role in determining the photoelectrochem-
ical properties of phthalocyanine electrodes. Since the coupling of individual
chromophores strongly depends on their relative orientation, the position of the
absorption maximum and its width shows a clear dependence on the structure of
thin films. Also the charge transport within phthalocyanine films, a fundamental
necessity for the films to work as electrodes, depends upon the overlap of the
frontier orbital wave functions. Beyond the microscopic structure of films also
the morphology of films plays an important role. In the case of crystalline films,
the orientation of crystallites relative to the electrode surface will be relevant be-
cause of anisotropies in optical absorption and charge transport. The size of the
observed photocurrent directly depends on the real electrode surface area accessi-
ble by the electrolyte and this leads to a strong dependence on the porosity of the
films.

In view of the high thermal stability of a number of phthalocyanines, phy-
sical vapor deposition (PVD)20, 63–69 has become one of the major preparation
routes for thin films. The method is based on sublimation under at least high
vacuum conditions (HV, base pressures below 10−5 mbar) or, better, ultrahigh
vacuum conditions (UHV, base pressures below 10−8 mbar). Thin film prepara-
tion by PVD is, compared to the methods from solutions, slightly more demanding
with respect to the equipment involved in the laboratory because vacuum technol-
ogy is needed. On the material side, however, PVD is a less demanding tech-
nique because a number of molecules are more easily accessible as a vacuum-
compatible pigment than they are as a soluble dye. For film preparation by PVD,
the respective phthalocyanine is placed in a crucible, which can be heated resis-
tively to temperatures typically between 200 and 400◦C. Substrates on which the
films are deposited are mounted on a substrate holder which is placed approxi-
mately 10–50 cm above the source. This distance and the temperature of a given
source serve to control the rate of deposition. Aside from the rate of deposition
the substrate temperature is another important parameter for film growth. Since
the parameters of film growth and the conditions of the substrate and the source
can be rather well controlled in a vacuum environment, the reproducibility of film
deposition and hence film properties is also rather good relative to many other
methods of film preparation. The films can be prepared in a wide thickness range
from sub-monolayer coverage up to a few µm. Due to the vacuum environment
inherent to the film preparation by PVD, the mechanism of film growth and its
crystallization are perfectly suited to be studied in situ. This is in particular the
case for a number of characterization tools of organic thin films which are surface
science methods like electron diffraction, and electron spectroscopies, and also
for more general methods like conductivity measurements, optical spectroscopy,
and surface probe microscopies which can be performed in vacuum after proper
installation but which in general could also be performed in air. A general advan-
tage of in situ studies as opposed to studies at films, which have been prepared by
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methods at ambient atmosphere or have been transported through it, is given by
the good shielding of the in situ experiments from uncontrolled reactions of the
films with ambient atmosphere prior to the measurements. For photoelectrochem-
ical experiments at phthalocyanine surfaces this advantage is more difficult to use
since a direct transfer of the thin film from a vacuum environment to an elec-
trochemical cell through a controlled atmosphere of a load lock or a glove box
is needed. Electrochemical experiments have been interfaced with such vacuum
environments before70–75 and work is on the way to realize this also for the photo-
electrochemical characterization of vapor-deposited phthalocyanine films. A spe-
cial case of PVD can be seen in the technique of organic molecular beam epitaxy
(OMBE). It makes use of the high purity of substrates, which can be achieved
in UHV and can lead to highly ordered, crystalline organic films of well-defined
chromophore interactions63–69.

The methods of film preparation based on solutions of phthalocyanines dif-
fer strongly in the kind of films that can be obtained, especially with respect to
molecular order, choice of substrates, and achievable film thickness. Film prepa-
ration from solution further carries the attractive perspective of using continuous
(“roll-to-roll”) processing technologies, a key toward affordable production of so-
lar cells. Preparation of films consisting of phthalocyanine liquid crystals76–79, the
self-assembly of monolayers (SAM)78, 80, and film preparation by the Langmuir–
Blodgett (LB) technique76, 77, 80–85 allow to produce highly ordered films whereas
spin coating and drop coating are examples of methods which aim at the depo-
sition of bulk materials which typically are amorphous or polycrystalline. SAM
and LB techniques on the other hand are normally restricted to the deposition
of only one or a few monolayers or at least yield optimum results for such thin
films and the deposition is restricted to specifically chosen molecules and sub-
strates, whereas films up to a few µm average thickness of a soluble molecule can
be prepared on almost any substrate by spin coating and drop coating. Films of
pure molecular compounds, materials embedded in a polymer matrix and/or in a
mixture with other components can be prepared. The matrix materials in general
influence the formation of semiconductor aggregates, their structure, and hence
chromophore interaction. Beyond this the matrix can also play an active role in the
exciton dissociation and charge-carrier transport and thereby can be used to opti-
mize the performance of electrodes51. Wetting of the substrate, the concentration
of the components in the solution, and adjustment of the evaporation conditions
are the main tools to control the film morphology and structure.

3.2. Semiconductor Characteristics of Solid Phthalocyanine Films

Since semiconducting properties can be regarded somewhat extraordinary
characteristics when organic materials are discussed, and since the photoelec-
trochemical reactions discussed here heavily depend on these properties, some
remarks about semiconductor characteristics of phthalocyanines appear appropri-
ate. One of the most characteristic properties of phthalocyanines is their intense
blue-green color caused by strong absorption at wavelengths from 500 to 750 nm
(Figure 10.2) corresponding to about 1.6–2.5 eV. This transition in the Q-band
(HOMO → LUMO) leads to additional charge carriers in the HOMO (electron
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Figure 10.2. Optical absorption spectra of a solution of PcZn in N ,N -dimethylacetamide
(—) compared with thin films of PcZn drop coated from a mixed solution of PcZn
and polyvinylidenefluoride (PVDF; · · · ), and PcZn vapor deposited at room temperature
(α phase; -·-·-) or after annealing at 573 K for 3 hr (β phase; - - -).

vacancies) and LUMO (excess electrons) in a very simplified view. At second
sight delocalization of the electrons in the excited state cannot be assumed in the
films but the molecular excited state has to be looked at as a localized state. This
corresponds to an exciton in the language of semiconductor physics. The disso-
ciation of these excitons into electrons and electron vacancies (holes) that can
separately contribute to charge transport in the films, needs an additional exciton
dissociation (or binding) energy. It was determined to be in the order of 0.5–
1.5 eV86–88, a significant energy when compared with the estimated difference
of the transport level from the Fermi energy of 0.2–1.0 eV. Only from separated
charge carriers we can expect photoelectrochemical activity for a phthalocyanine
film.

From a number of studies at thin films of unsubstituted phthalocyanines
which have been reviewed earlier18, 89–94, it has become clear that the films be-
have as semiconductors. The photoconductivity generally observed for films of
phthalocyanines clearly showed the possibility to dissociate excitons into mo-
bile carriers. Under most conditions films of unsubstituted phthalocyanines were
found to be partly oxidized and hence showed p-type characteristics. This was
seen from measurements of the electrical conduction, the thermopower esta-
blished by a temperature gradient across a sample, and by the rectifying characte-
ristics in junctions. A generally quite low mobility of about 10−4–10−1 cm2 V−1

s−1 was found for the electron vacancies in phthalocyanines, barely allowing the
applicability of a band model which dwells upon the assumption of delocalized
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electrons in a periodic potential of a solid. A rather localized character of the elec-
tronic system in phthalocyanines, however, is not at all surprising given the fact of
rather loose bonds (van der Waals) among the molecules and very strong (cova-
lent) bonds within the molecules as opposed to a three- dimensional covalent net-
work of bonds in classical semiconductors. The materials are therefore generally
referred to as molecular semiconductors, taking into account the similarities and
also the differences to classical semiconductors. Models of charge-carrier trans-
port based on hopping or tunneling of charge carriers from site to site in most
cases are more appropriate than the band model of delocalized transport68.

The rather small coupling of the π -electrons of phthalocyanine molecules
in films is also directly reflected in a comparison of the absorption spectra of solu-
tions and thin films (Figure 10.2). As opposed to a band edge and almost constant
absorption beyond it as characteristic for semiconductors, the well-defined mole-
cular absorption band detected in solutions of phthalocyanines is preserved also in
the solid state, just split and broadened by the rather weak chromophore interac-
tions in the solid. Nevertheless characteristically different spectra are obtained for
different intermolecular arrangements in the solid state. This is seen in Figure 10.2
for the two different crystalline modifications (α- and β- form) of PcZn and for
PcZn crystallized in a polymer matrix51. Such changes were reported for a num-
ber of different phthalocyanines and their different crystalline modifications, as
reviewed earlier65, 67, 68. The differences in band splitting can be explained based
on dipole–dipole interactions of the transition dipole that can be assigned to the
optical transition.

Corresponding optical and electrical measurements at phthalocyanines with
electron- withdrawing substituents in the ligand-like octacyanophthalocyanines
(CN)8Pc, tetrapyridotetraazaporphyrines TPyTAP, tetrapyrazinotetraazaporphy-
rins TPzTAP, or hexadecafluorophthalocyanines F16Pc showed quite comparable
optical characteristics but the important difference that n-type conduction was
observed68, 95–99, caused by the easy reduction of these molecules. Whereas the
mobility in unsubstituted phthalocyanines was often found to be sufficiently high
for a limited use of the band model, hopping transport had to be assumed in
most cases for the substituted materials. Taking into account the observed con-
ductivity in the dark and under illumination68, 91, and comparing them to the
observed photoelectrochemical currents (see below), it is seen that the conduc-
tivity is sufficiently high to provide sufficiently fast transport of light-induced
charge carriers to the electrode surface. The observed currents in photoelectro-
chemical experiments are hence limited by the kinetics of charge transfer at
the electrode surface. This is also confirmed from the higher photocurrents in
organic/organic′heterojunctions when compared with the photocurrents for the
same films in photoelectrochemical cells45.

3.3. Position of Frontier Energy Levels in Phthalocyanines

Since the rate and direction of light-induced charge transfer is governed
by the relative position of occupied and unoccupied electronic states in the elec-
trode and the electrolyte, this aspect of semiconductor characteristics of phthalo-
cyanines is reviewed briefly. Knowledge of the position of the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
the so-called frontier orbitals, of a given molecular electrode is crucial to discuss
the photoelectrochemical characteristics. For the observed photoelectrochemical
response of a semiconducting electrode the sign of the minority carrier in an elec-
trode material is of uttermost importance since it defines the observed direction
of the light-induced changes in the interfacial charge transfer. The sign of the
charge carriers is defined by redox interactions of the semiconductor with dopant
molecules defined by the ambient conditions.

The experimental methods to elucidate the position of the electronic en-
ergy levels in molecular materials aim at ionization of the sample and analysis of
the energetic change involved. Two different sets of methods are frequently used,
either based on redox electrochemistry as described in a number of chapters in
this book or based on ionization in vacuum. Here, ultraviolet photoelectron spec-
troscopy (UPS) is a very direct method to determine occupied electronic states
in a given material. The kinetic energy of photoelectrons following ionization
by irradiation in the vacuum UV (e.g., HeI 21.2 eV) or soft X-ray (e.g., syn-
chrotron) is measured. Molecules can either be in the gas phase or in a thin film
on a conductive substrate. Inverse photoelectron spectroscopy, IPES (irradiation
of the sample by an electron beam, spectral analysis of emitted photons) is an
extension to the direct analysis of unoccupied electronic states. Electrochemical
redox potentials reflect free enthalpies of reactions which involve ionization of
the molecule of interest either in a solvent environment or as a thin film, then
accompanied by intercalation of charge-balancing counter ions. In electrochem-
ical experiments the accessible potential range of the electrolyte determines the
experimental range. For a number of phthalocyanines, only the redox potential
of reduction (characteristic for unoccupied levels) or oxidation (characteristic for
occupied levels) can be obtained. To open a discussion about both occupied and
unoccupied frontier levels of a material despite these experimental limits, opti-
cal spectroscopy (absorption or emission) or electron energy loss spectroscopy
(EELS) was frequently used to estimate the frontier orbital gap. A rather constant
gap of about 1.6 eV for most Pc (with the exception perhaps of cofacially stacked
polymorphs100 was determined52, 95, 101, 102. In addition to this, however, an ad-
ditional exciton binding energy (see above) has to be considered to estimate the
energy needed to create mobile carriers.

UPS is also well suited to analyze details of the energetic alignment in
heterojunctions beyond phenomenological observations103. The analysis of such
heterojunctions19, 20, 104–116 is of considerable interest in organic photovoltaic
cells, organic light emitting diodes, and also for the characteristics of thin films
in photoelectrochemically active junctions. Aside from the expected and in many
cases desired establishment of a space charge in the films an interface reaction
occurs leading to surface defects, a surface dipole and hence a shift of the vacuum
level across the junction.

3.4. Photocurrent Direction at Phthalocyanine Electrodes

Following absorption of a photon in a molecule, this molecule in general is
a stronger reducing agent due to an electron in a state of higher energy (LUMO
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in the case of the Q band of phthalocyanines), and also a stronger oxidizing agent
due to the electron vacancy in a state of lower electron energy (HOMO in the
case of the Q band of phthalocyanines) when compared with the molecule in the
ground state117, 118. From this point of view, an increased driving force for reduc-
tion reactions and oxidation reactions is expected for molecules in homogeneous
solution. The same should then also be valid for reactions occurring at the surface
of a solid electrode. At a closer look, however, it becomes clear that this princi-
ple can only be applied for intrinsic (or fully compensated62) electrode materials,
since for doped (partially reduced or oxidized) materials the relative changes in
the concentrations of excess electrons (LUMO) and electron vacancies (HOMO)
will occur unsymmetrical, leading to preferentially anodic photocurrents at n-type
electrodes and cathodic photocurrents at p-type electrodes (see above).

In a comparison of the catalytic activity of thin films of PcH2, PcCu, or
PcFe in the dark and under illumination42, it was found that the photocatalytic
activity was barely correlated to the catalytic activity in the dark and this dif-
ference was discussed as arising from a photoconductivity effect in the bulk
of the phthalocyanine films. A photocurrent and also photovoltage observed at
H2Pc41 was discussed to be due to a photovoltaic effect at the phthalocyanine film.
Phthalocyanine thin films used in early photogalvanic cells40 were described as
p-type semiconducting electrodes that established a region of space charge at the
Pc/electrolyte interface. Nevertheless also small anodic photocurrents were ob-
served and explained by light-induced changes in the concentration of both types
of charge carriers in a weakly doped semiconductor38, 39 or by a weak sensitiza-
tion effect (see also below, Section 4) at the back electrode in the case of SnO2
substrates21, 37. This reaction at the SnO2 back contact was characterized in detail
by the analysis of experiments at varied illumination conditions and a thickness
of the photoactive layer on the electrolyte side of 35 nm was established33, in
agreement with potential-dependent impedance measurements at electrochemical
contacts with films of PcH2, PcNi, and PcZn119. It was noticed that the role of
acceptor molecules in the volume of the films is crucial for the observed char-
acteristics and that oxygen from air in most cases caused the observed p-doping
and hence cathodic photocurrents. Also attempted was a more controlled doping
by reactions with halogen molecules like iodine, or organic molecules like ortho-
chloranil, tetracyanoquinodimethane, tetrafluorenone, etc. This work quickly led
to the need of a detailed investigation of the electrical properties in the solid state
which are sketched above but which have been reviewed in great detail earlier91

and also recently68.
Utilization of the photoelectrochemical reactions purely based on the

p-type character of phthalocyanine electrodes and optimization of the electrolyte
led to photoelectrochemical cells with a power-conversion efficiency of 0.07%
under illumination with 75 mW cm−2 white light34. Electrodes consisting of
phthalocyanines in polymer binders were used. A space- charge region of 30 nm
thickness and the presence of interfacial states at the electrolyte were detected in
capacitance measurements also for these electrodes. The interfacial states served
as mediators of charge to the electrolyte, but they were also thought to limit the
open-circuit photovoltage and lead to surface recombination of carriers (see be-
low). Doping of phthalocyanine films with organic electron acceptors was found
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to significantly increase the photoelectrochemical activity of evaporated phthalo-
cyanine thin films and a quantum efficiency of 4.6% was reached for doped PcH2
corresponding, however, to only 0.04% power conversion efficiency33. In a com-
parison of different methods of film preparation of divalent phthalocyanines, it
was found that vapor-deposited films showed higher photocurrents when com-
pared with drop-coated films48. This was explained by an increased trap density
at grain surfaces of the drop-coated films leading to a decreased mobility across
grain boundaries and an increased probability for the recombination of charge car-
riers. An electrophoretic deposition of PcH2from suspensions of the pigment by
use of surfactants was also used to obtain electrodes with an increased porosity,
which led to an efficiency of 0.06% under illumination with 6 mW cm−2 white
light24.

The photoelectrochemical characteristics of thin films of phthalocyanines
with higher- valent central metals carrying additional electron-withdrawing axial
ligands like PcAl(OH), PcAl(Cl), PcGa(F), PcGa(Cl), PcIn(Cl), PcTi(O), PcV(O)
were also investigated in great detail22, 27–29, 31, 35, 120–122. For this group of mate-
rials, although all films were vapor deposited, large differences in film character-
istics were observed with either anodic or cathodic photocurrents dominating the
photoelectrochemical behavior. The role of oxygen as a dopant leading to the typi-
cally observed p-type characteristics of phthalocyanines could be clearly eluci-
dated in these studies27, 120, 121. The growth mode and morphology of films turned
out to be crucial for interactions with the gas phase in vacuum as well as under
ambient conditions and led to different levels of doping and trap sites22, 28, 121. An
increased crystallinity and optimized orientation of crystals further led to larger
exciton diffusion lengths and charge-carrier mobilities as shown in an increased
photoelectrochemical efficiency122. Films consisting of rather large crystallites
with a small surface area provided conditions of almost defect-free surfaces
as reflected, e.g., in a proportionality between the observed photopotential and
the electrolyte redox potential (no Fermi-level-pinning, see below)31 and photo-
voltaic efficiencies in the range of 0.1% could be reached under illumination with
75 mW cm−2 in the visible range (470–900 nm).

In the case of the aluminum complexes, the influence of different methods
of film preparation and different chemical film treatment on the photoelectro-
chemical characteristics can be discussed. By attachment of a surfactant chain to
Al, electrophoretic deposition of very porous active thin films could be achieved
which showed, however, a rather low efficiency of 0.01% under illumination with
white light of 0.5–100 mW cm−2 due to an increased recombination of photogen-
erated carriers32. Spin coating of PcAl(OH) from DMSO was also used and gave
active electrodes, however, with a low efficiency of only 0.006% at 10 mW cm−2

white light if a stable counter electrode was used123. Treatment of vapor- depo-
sited thin films of PcAl(OH) in aqueous solutions of phthalic acid induced a struc-
tural transformation of the films and led to an increased efficiency of the films of
0.02% under 10 mW cm−2 white light26. Embedding of PcAl(OH) particles in
a poly(vinylpyridine) binder led to an efficiency of 0.04% (10 mW cm−2 white
light). A detailed analytical investigation of different ways of chemical treatment
of PcAl(Cl) as compared to PcGa(Cl) and PcIn(Cl) revealed the hydrolysis of
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Figure 10.3. Cyclic voltammograms measured at thin film electrodes of PcZn, TPyTAPZn,
and TPzTAPZn in the reduction of 1.3 × 10−3M O2 (left-hand side) or in the oxidation of
0.1 M EDTA (right-hand side). Experiments were performed in 0.5 M KNO3 in the dark
(- - -) or under illumination with 400 mW cm−2 white light of a Xenon arc lamp (—–)
(Reproduced from ref. [96] with permission from the American Chemical Society.)

the Al–Cl bond as the key step towards the formation of more efficient electrode
materials22.

Chemical substitution at the phthalocyanine ligand with electron-withdra-
wing substituents led to a dominance of anodic photocurrents as opposed to
that of cathodic photocurrents observed at the unsubstituted materials. This was
shown for (CN)8PcZn52, 124, TPyTAPZn48, 52, 125 and TPzTAPZn48, 52. To restrict
the observed differences in the photoelectrochemical characteristics to the in-
fluence of the different ligands, the central metal was kept constant in these
studies and films were prepared by vapor deposition if applicable and also
by drop coating for comparison purposes. Figure 10.3 shows the dominance
of cathodic photocurrents (high anodic dark currents) at PcZn and the domi-
nance of anodic photocurrents (high cathodic dark currents) at electrodes of
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TPyTAPZn and TPzTAPZn, also seen for (CN)8PcZn52, 96. Based on these results,
n-type conductivity was assigned to these materials of molecules with electron-
withdrawing substituents based on the argument outlined above48, 52, 96, 124–128.
Electrodes of F16PcZn showed photocurrents of almost identical significance in
both photocurrent directions128–130. Since films of F16PcZn investigated directly
following the preparation still showed n-type characteristics, the photoelectro-
chemical behavior was explained by compensation of the dopants by air. The
assignments were supported by studies of the electrical properties of the mate-
rials47, 95–98, 125 and in solid heterojunctions19, 20, 107. In principle the same influ-
ence of an electron-withdrawing ligand was observed also when electrodes of
naphthalocyaninatozinc (cathodic photocurrents, p-conduction) were compared
with electrodes of tetraquinoxalinotetraazaporphyrinatozinc (anodic photocur-
rents, n-conduction)126.

Thin films of TPyTAPZn have also been prepared by electrochemical de-
position131, 132. The n-type character was preserved also for films prepared in this
way as shown by capacitance measurements. No clear preference of a photocur-
rent direction could be established, however, and the photocurrent action spectrum
had no resemblance with the absorption spectrum of the material. It had to be as-
sumed that the effect is caused by impurities in the film, which are incorporated
during electrochemical film deposition.

Electrodes of two-dimensional sheet polymers of phthalocyanines prepared
by in situ reaction of tetracyanobenzene with thin metal films were prepared
and characterized in their photoelectrochemical characteristics133. Anodic photo-
currents were detected, characterizing these films as n-type semiconducting
materials. It was also found that such films could be reduced at more positive
potentials than unsubstituted phthalocyanines. This change when compared to
films of divalent unsubstituted phthalocyanines is caused by unreacted CN−
groups that were found in the films134, 135. Such films therefore can be looked
at as substituted phthalocyanines with electron-withdrawing CN− groups which
explains their photoelectrochemical characteristics.

3.5. Role of Higher Excited States

Caused by the possibility to separately absorb light in different absorption
bands of a molecular semiconductor and by the separate character of the result-
ing excited electronic states, phthalocyanine electrodes show the specific char-
acteristics of a switchable photocurrent direction which is demonstrated in this
section128. Phthalocyanines show two distinct absorption bands in the visible
range, namely the Q band around 650–700 nm and the B or Soret bands around
300–350 nm. In the solid state these optical transitions of Pc molecules are pre-
served, just slightly shifted and broadened considerably136. Most of the light of a
white light source that leads to the observed photocurrents described above will
be absorbed in the Q bands. Excitation in the B band of PcZn (∼=340 nm), how-
ever, led to a strongly contrasting behavior to the situation described above for Q
band illumination and the origin of bands should therefore be introduced briefly.

MO calculations for Pc showed that the Q band basically corresponds to the
excitation of an electron from the highest occupied molecular orbital (HOMO,
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2a1u) to the lowest unoccupied molecular orbital (LUMO, 6eg) and the B band
to the transition from the second-highest occupied molecular orbital (SHOMO,
4a2u) to the LUMO as in the case of porphyrins136–138. The higher excited singlet
state S2 following B-band excitation as opposed to the first excited singlet state
S1 which was populated by Q band absorption is of sufficient lifetime to be trans-
ferred to reactants of the electrolyte despite the competing relaxation into S1 and
to the ground state S0. The assignment of the well-defined B and Q bands in the
solid state to transitions between distinct molecular orbitals was proven to be of
relevance also for the observed charge transfer in photoelectrochemical reactions
at thin films. If a material of a suitable position of energy levels was chosen the di-
rection of charge transfer could be switched by illumination with light of the two
different wavelengths (Figure 10.4). A rather large ratio of dark currents to pho-
tocurrents was seen for PcZn in contact with ethylenediaminetetraacetate EDTA
(Figure 10.4a) but a relative small ratio was observed for PcZn in contact with
O2 as an oxidant in the cathodic direction (Figure 10.4b). A considerable concen-
tration of electron vacancies (holes) in the HOMO of PcZn is thereby indicated
already in the dark stemming from partial ionization (doping) of the films. The
sign of the respective carrier confirms the characterization of PcZn as p-type ma-
terial. Illumination in the Q band (620 nm) led to significant photocurrents in the
reduction of O2 (Figure 10.4b) by photogenerated electrons in the PcZn LUMO
but no photocurrents were added to the dark currents in the oxidation of EDTA
(Figure 10.4a) showing the absence of a significantly changed hole concentration
in the PcZn HOMO, again consistent with the conduction type of the material.

Under B band illumination of PcZn as opposed to the situation under Q
band illumination, also anodic photocurrents could be observed (Figure 10.4a)
aside from the still dominating cathodic photocurrents. The hole generated in the
SHOMO obviously was stable enough to lead to considerable changes in the elec-
trode characteristics which at first sight appeared rather surprising in view of a
presumably high concentration of surface defects and a number of possible relax-
ation reactions to S1 or even recombination to S0 which should lead to generally
rather short lifetimes of the S2 excited state. The electron generated in the LUMO
leads to the cathodic photocurrent in contact with O2 (Figure 10.4b) as also ob-
served under Q band illumination. The validity of the band assignment (Figure
10.4c) as well as the partial oxidation of the PcZn HOMO (p-conductor) was
clearly confirmed by this series of experiments and the possibility to switch the
direction of interfacial charge transfer was demonstrated128.

Anodic photocurrents dominated at electrodes of TPyTAPZn and F16PcZn
as described above, characterizing those materials as n-doped molecular semicon-
ductors128. For these materials no such switching of the photocurrent direction as
observed at PcZn could be observed. This is in good accordance with the assign-
ment of the optical bands considering their conduction type because both holes
in the HOMO (following Q band excitation) or holes in the SHOMO (follow-
ing B band excitation) would represent minority carriers leading to significant
photocurrents in the same direction. The independence of the two paths of charge-
carrier generation was also proven in these cases, however, by different quantum
efficiencies of photocurrent generation128. For molecular electrodes it is there-
fore appropriate to think of the transitions to higher excited states not only as
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Figure 10.4. Current at films of PcZn (100 nm) vapor deposited on ITO (1 cm2) observed
in contact with aqueous electrolytes during potentiostatic polarization. Illumination oc-
curred either in the B band (3 × 1015 photons cm−2 s−1) or in the Q band (7 × 1015

photons cm−2 s−1). (a) In the presence of 0.1 M EDTA (+460 mV), (b) in the presence
of 10−3 M O2 (−300 mV vs. SCE), (c) schematic representation of frontier energy levels
and observed photocurrents (adapted and in part reprinted from ref.[128] with permission
from Elsevier Science.)

contributors to an increased light absorption but also to consider charge transfer
out of the higher excited states. This led to the observed switching in the direc-
tion of interfacial charge transfer by different illumination conditions128, but also
opens new reaction pathways utilizing the higher energy of the higher excited
state as desired in the context of third generation solar cells139.
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3.6. Reactant Adsorption

In studies of electrochemical photocurrents obtained at molecular semicon-
ductor thin films (PcZn, (CN)8PcZn, TPyTAPZn, MePTCDI) and their depen-
dence on the concentration of the reactant in the electrolyte (O2, ethylthiolate
(RS−), hydroquinone/benzoquinone (HQ/BQ), Fe(CN)

3−/4−
6 , Ce3+/4+), a sat-

uration behavior of the photocurrents was found arising from reactant adsorp-
tion prior to charge transfer45, 50, 124, 127. Often functions according to Langmuir’s
adsorption isotherm based on the presence of only one kind of independent ad-
sorption sites and a maximum coverage of a monolayer were found to give a
reasonable fit to the observed photocurrent data. Assuming that only adsorbed
species react, the reaction products desorb quickly, and the photocurrent density
i shows a first-order dependence on the concentration c∗ of minority carriers at
the surface and on the surface coverage � by the reactant R, the photocurrent is
obtained as

i = n F kfc
∗� (10.1)

where n is the number of charge carriers transferred to each molecule of reac-
tant, F is the Faraday constant, and kf is the rate constant of the electrochemi-
cal reaction. The value of c∗ is assumed to be constant at a fixed potential and
light intensity. At increasing light intensity, however, the photocurrent increased,
excluding diffusion limitation to be a reason of the observed saturation with the
reactant concentration50, 53, 130. Assuming Langmuir adsorption equilibrium140

for R leads to
d�/dt = k(�max − �)cR − k′� − kfc

∗� (10.2)

where k is the rate constant of adsorption, k′ is the rate constant of desorption, cR
is the reactant concentration in the electrolyte, and �max is the maximum cover-
age arising from the occupation of all available sites. For the initial photocurrent
(i = iin) for which an unperturbed adsorption equilibrium can be assumed and for
the steady state (i = istead) follows from Equations (10.1) and (10.2)

cR/ iin = cR/ imax + (k′/k)/ imax (10.3a)

cR/ istead = cR/ imax + [(k′/k) + (kfc
∗/k)]/ imax (10.3b)

with imax as the photocurrent arising from �max
45, 50, 124, 127. Assumption of

a more complex adsorption equilibrium considering rather a distribution (Fre-
undlich isotherm) of adsorption constants ka = k/k′ than a fixed value (Lang-
muir isotherm) provided a better model124. In many cases, however, the Langmuir
isotherm allowed a successful discussion of the observed data. The accommoda-
tion coefficients ka can be discussed as a parameter characteristic for each pair of
electrode material and reactant. Different tendencies of reactant adsorption were
observed: a rather weak driving force, e.g., was observed for adsorption of the an-
ionic electron acceptor Fe(CN)3−

6 at PcZn, and an equilibrium clearly on the side
of adsorbed reactants was seen for the anionic hole acceptor RS− at (CN)8PcZn
and also for the cationic Ce3+ at F16PcZn. No general trend was seen within the
series of experiments but specific interactions seemed to dominate the strength of
adsorption.
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The time dependence of photocurrents on the scale of seconds to minutes
showed a decay which was caused by changes in the surface coverage of the
reactant as a result of the electrochemical reaction (term kfc∗/k in Equation
10.3b)50, 124, 127 and a monoexponential decrease was expected within the Lang-
muir model:

i(t) = istead + (iin − istead)
∗ exp[−((k imaxcR)/istead)t] (10.4)

Monoexponential decay functions were found to fit the transients in the light- in-
duced reduction of O2 at electrodes of PcZn showing the validity of the model50.
Qualitatively similar transients were also observed, e.g., in the light-induced ox-
idation of RS−124, 127, but its detailed analysis showed that a monoexponential
decrease did not fit these data showing the limits of this approach. If again a Fre-
undlich isotherm was assumed, however, a multi-exponential behavior would be
expected and already the assumption of just two adsorption sites (bi-exponential
fit) gave a good fit to the experimental data124.

3.7. Surface Defects

3.7.1. Fermi-Level Pinning

For many electrode materials, surface defects were found to play an im-
portant role for the surface recombination of charge carriers141–143, leading to
a loss in the conversion efficiency, but also for the charge transfer to the elec-
trolyte4, 144, 145. These surface defects may be already present without electrolyte
contact, caused, e.g., by crystal defects, or are introduced by adsorbed species
from the electrolyte146. Also charge transfer via surface defects was suggested
for PcH2

34.
Surface defects can cause a potential drop across the electrode surface,

which does not contribute to the potential drop in the space–charge layer of the
semiconductor and hence the photovoltage. This potential drop at the surface
therefore leads to a complete or partial Fermi-level pinning (FLP)147, 148. The
extent of FLP can be measured by the difference between the rest potential under
illumination and in the dark (Vph) of the electrode using electrolytes of different
redox potentials. Since transfer occurred to adsorbed reactants, the redox poten-
tial of the adsorbed reactant would be the relevant entity. Since these, however,
were not accessible in the experimental work, differences in the redox potential of
the solution were used as an approximation. For an ideal behavior (no pinning),
Vph should change directly with the redox potential, leading to a slope of −1 for
a p-type semiconductor (1 for an n-type semiconductor) in a plot of Vph against
the dark rest potential of the electrode149. Total FLP (no potential drop across the
space-charge region), is characterized by a slope of 0, while slopes between −1
and 0 (p-type) and between 0 and 1 (n-type) indicate partial FLP, a potential drop
across both, the space-charge region and the layer of surface defects.

Illumination of electrodes of PcZn in contact with a variety of redox elec-
trolytes under open circuit conditions showed positive photovoltages as expected
for a p-type electrode, when the rest potential in the dark is negative of its flat band
potential. Measurements in KCl solutions containing various electroactive species
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led to rest potentials in the dark between 0 and 300 mV vs. SCE44. The observed
photovoltage Vph was proportional to changes in the dark rest potential. The more
positive the equilibrium potential of the electrolyte, the smaller the potential drop
in the space–charge layer and hence the observed photovoltage. The quantitative
comparison of the photovoltages observed at different equilibrium potentials in-
dicated partial FLP at PcZn electrodes with a proportionality coefficient clearly
smaller than unity. The obtained behavior of Vph was quite independent of the
redox pair, i.e., the surface defects were obviously not introduced by contact with
the electrolytes but are a property of the electrode as prepared and transferred
to the cell. The density of surface defects can be inferred from a plot of Vph against
the rest potential of the electrode in the dark from a series of experiments where
the redox potential of the electrolyte is varied by changing the concentration
ratio of the redox pair (ferri/ferrocyanide) rather than the kind of redox pair and
where the rate of hole transfer from the electrode HOMO (majority carriers of
this electrode material) was held at a constant level by a constant concentration
of ferrocyanide44. A linear behavior was obtained for the plot of Vph against the
rest potential in the dark, with a slope of −0.35 for a series of experiments involv-
ing a PcZn electrode which was exposed to air for 5 days after preparation44. For
an otherwise identical electrode, which had been exposed, to air for 5 months a
smaller slope of −0.21 was obtained44. The smaller slope after extensive exposure
to air clearly showed a higher surface defect density. It was therefore concluded
that the surface defects at PcZn are caused by interaction with oxygen from air.

Under the assumption of a uniform energy distribution of the surface de-
fects in the examined potential region, a semiquantitative model was introduced
to interpret partial FLP149 according to the equation

Vph = a Eredox + b (10.5)

where b is the photovoltage observed at reference zero. A plot of Vph against
Eredox should therefore yield a linear dependence with a slope −1 < a < 0, as
it was the case for PcZn. From a the surface defect density Ds can be calculated
according to

Ds = −ε0 εi (1 + a)

e2
0 δ a

(10.6)

where ε0 is the vacuum permittivity, εi the dielectric constant, e0 the elementary
charge, and δ the thickness of the interfacial layer, where the surface defects lead
to the potential drop that causes the partial FLP. The value of εi is assumed to
be close to 1 since it relates to the spatial region where surface defects are ex-
posed at the semiconductor phase boundary with the electrolyte. Assuming that
only surface molecules can participate in the formation of surface defects, a value
of 0.8 nm was estimated for δ in the case of PcZn, as the thickness of a mono-
layer of PcZn would vary from 0.36 to 1.2 nm, depending on the orientation of
the molecules. According to these geometrical assumptions a surface defect den-
sity Ds = 4.2 × 1013 cm−2 eV−1 was calculated from the slope of a = −0.21
obtained for an electrode stored in air for 5 months. For an electrode exposed to
air for only 5 days prior to the experiments, a smaller Ds = 2.1×1013 cm−2 eV−1

was obtained from the slope of a = −0.3544.
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Assuming further that Ds is constant over the whole range of the energy
gap (1.65 eV for PcZn), the overall number of surface defects was estimated to
about 0.7 × 1014 cm−2 based on a = −0.21. This value is of a similar size as
the calculated number of 0.6 to 2 × 1014 cm−2 molecules of PcZn present at the
surface, if all possible orientations of the molecules are considered equally. Ac-
cording to this estimation a considerable part of the surface molecules represents
surface defects, which can be filled with electrons.

3.7.2. Photoelectrochemical Electrode Kinetics

Photocurrent transient methods44, 150–155 and intensity modulated photocur-
rent spectroscopy (IMPS)145, 151, 156–161 have been established as good techniques
for the investigation of semiconductor surfaces162. By these methods the work-
ing electrode is illuminated with either a light pulse or with sinusoidal modulated
light, and the resulting photocurrent is monitored. Both techniques have been used
at phthalocyanine electrodes to analyze in detail the kinetics of the photoelectro-
chemical reactions.

Photocurrent Transients

In addition to the perturbations of the reactant adsorption equilibrium,
which lead to a transient behavior of the photocurrent in the second-to minute-
regime, charging and discharging photocurrents were observed in the millisecond-
regime, caused by relaxation of light-induced charge carriers in surface defects
and their subsequent recombination151. Currents dropping below the steady-state
current in the dark shortly after the end of illumination indicated the discharge
of surface trap states. Such charging and discharging of surface defects were an-
alyzed in detail for PcZn in contact with O2, BQ/HQ and Fe(CN)

3−/4−
6 and for

F16 PcZn in contact with Ce3+/4+ and Fe(CN)
3−/4−
6 on a time scale of millisec-

onds44, 129, 163.
A typical result for the example of PcZn electrodes after different times

of exposure to air is displayed in Figure 10.544. As expected for a p-type semi-
conductor, cathodic photocurrents were observed at PcZn electrodes as also seen
earlier in steady-state photocurrent measurements37, 44, 119, 164. During the open-
ing time of the photographic shutter used in these experiments (about 10 ms), the
photocurrent increased beyond the value iin (Equation (10.3a)) to a peak of the
charging current (ipeak) and then decayed to iin within about 30–40 ms. A reverse
discharging current was observed upon closure of the shutter before the dark cur-
rent was re-established. The steady-state photocurrents as well as the charging
and discharging currents increased with the exposure time of the electrode to air.
The increased steady-state photocurrent can be explained by the doping of the
electrode bulk with oxygen from air. The increasing charging and discharging
currents are consistent with the increasing surface defect density Ds found under
the influence of oxygen.

Anodic photocurrents should be observed in the case of an n-type semi-
conductor like F16PcZn. Figure 10.6, however, reveals both anodic and cathodic
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Figure 10.5. Time-resolved photocurrent response of PcZn electrodes to a 50 ms flash of
white light in an oxygen-saturated aqueous 1 mol l−1 KCl solution at 0 mV vs. SCE. All
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photocurrents in dependence on the electrode potential125, 129. The dark currents
were generally quite small. The concentration of both electrons and holes was
small in the dark and could be increased significantly under illumination. Such
a behavior is characteristic of an intrinsic or compensated semiconductor elec-
trode. A compensation of donor sites in films of F16PcZn by oxygen had been
seen earlier in conductivity measurements in vacuum and under air97.

The concentration dependence for iin as discussed above was confirmed for
these photocurrent transient measurements, and a Langmuir adsorption isotherm
according to Equation (10.3a) was successfully used to fit the data, e.g., for the
photoreduction of benzoquinone at the surface of PcZn44 and for the photo ox-
idation of Ce3+ at the surface of F16PcZn129. In these studies quite remarkable
differences were seen in the dependence or independence of charging and dis-
charging currents on the reactant concentration. In the case of the photo reduction
of benzoquinone at the surface of PcZn a clear inverse dependence on the cover-
age of adsorbed reactants was observed for both the charging and the discharging
currents44. For the photo oxidation of Ce3+ at F16PcZn, however, charging and
discharging currents were found to be independent on the Ce3+ concentration129

in spite of the high similarity in the concentration dependence of iin as discussed
above. A model involving the rate constants k1 for surface defect charging by
light-induced minority carriers, k2 for their recombination with majority carriers,
k3 for the transfer of trapped minority carriers to the electrolyte, and k4 for the
direct transfer of minority carriers to the electrolyte as shown in Figure 10.7 for a
p-type semiconductor was used to discuss these differences44, 129, 163.

The back reactions corresponding to the detrapping from surface defects
(k−1) and dissociation of electron–hole pairs to a trapped minority carrier and
a majority carrier (k−2) were energetically not favored at room temperature
(kT = 0.048 eV as compared to a frontier orbital gap of about 1.65 eV) and
were therefore assumed to be negligible in first approximation. Electron injection
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from the electrolyte into the electrode (k−3 and k−4) had also not been observed
and hence all back reactions were assumed to be negligible. The charging and
discharging of surface defects at molecular electrodes following the charging
events but in a still unperturbed adsorption equilibrium could then be described
by r1 = r2 + r3 or, in more detail, by

k1 cmin Nss (1 − �) = k2 cmaj Nss � + k3 credox,ad Nss� (10.7)

where cmin and cmaj are the concentrations of light-induced minority carriers and
majority carriers at the surface, credox,ad is the concentration of the electroactive
species adsorbed at the electrode surface, Nss is the overall number of chargeable
surface defects, and � the occupation of these states (0 ≤ � ≤ 1). Therefore �
in this situation could be described by

� = K

1 + K
(10.8)

with

K = k1 cmin

k2 cmaj + k3 credox,ad
(10.9)

Equations (10.8) and (10.9) predicted a decreasing � when credox,ad is increased.
Both, the amount of surface defect charging upon opening of the shutter and their
discharging upon closure of the shutter were expected to be proportional to �.
As shown before, credox,ad could be described by a Langmuir isotherm. Therefore
K,�, and also the charging and discharging currents should behave antipodal to
iin. This could clearly be seen for the photo reduction of BQ at PcZn in a decrease
of the peak currents ipeak at increasing electrolyte concentration44. Consequently,
ipeak of the charging and discharging reactions could be approximated by a mod-
ified Langmuir isotherm:44

ipeak = imax,peak − imax,peak − imin,peak

1 + 1
k′

acredox

(10.10)

where imax,peak and imin,peak at a given electrode potential were the maximum peak
current for slow faradaic charge transfer (low values of credox) and the minimum
peak current for fast faradaic charge transfer (high values of credox), respectively.
The constant k′

a = f ka can be considered to be a corrected accommodation coef-
ficient with f taking into account the strength of coupling between the coverage
by adsorbed reactants and the size of charging and discharging currents. The ac-
commodation coefficients and other constants according to Equations (10.3a) and
(10.10) are listed in Table 10.1 for PcZn and F16PcZn electrodes for a variety
of redox electrolytes. In spite of a stronger interaction (higher ka) of F16PcZn
with, e.g., Fe(CN)

3−/4−
6 compared to that of PcZn a smaller imax is reached at

F16PcZn under identical illumination conditions, indicating a smaller concentra-
tion of light-induced charges at the surface or a smaller charge-transfer rate.

As mentioned above, the anodic charging currents and cathodic discharging
currents at F16PcZn in aqueous Ce3+/4+ solution were found to be independent
of the electrolyte concentration and could therefore not be analyzed by Equa-
tion (10.10), although iin did show a saturation behavior comparable to PcZn.



488 Derck Schlettwein

Table 10.1. Values of Accommodation Coefficients and Other Constants130, 163

According to Equations (10.3) and (10.10) for PcZn and F16PcZn Electrodes in Different
Electrolytes as Indicated in Parentheses. The Indices “cath” and “an” Stand for the

Observed Cathodic or Anodic Photocurrents, Respectively

Measured
photocurrent

Constant PcZn
(Fe(CN)

3−/4−
6 )

PcZn
(O2)

F16PcZn
(Ce3+/4+)

F16PcZn

(Fe(CN)
3−/4−
6 )

iin imax,in/µA 55.7 4.1 2.2 3.6
ka/l mmol−1 0.7 11.3 32.1 38.7

Charging
current

icath
max,peak/µA 17.6 13.6 4.5 8.3

icath
min,peak/µA 3.1 5.8 4.5 0.4

k′
a

cath/l mmol−1 2.7 4.3 — 19.9

Discharging
current

ian
max,peak/µA 8.3 5.2 2.6 1.7

ian
min,peak/µA 3.3 0.9 2.6 0.2

k′
a

an/l mmol−1 8.7 27.1 — 7.3

This difference was discussed to arise from a missing pathway of minority car-
rier transfer from the surface traps to the electrolyte and hence a negligible k3
pointing at the presence of traps in the surface region which are not, however,
accessible, even by adsorbed electrolyte species and were therefore referred to as
“near-surface defects”129.

Since cathodic as well as anodic photocurrents were seen at F16PcZn elec-
trodes the question arose whether electron surface traps might also be detectable.
These electrodes were therefore also investigated at considerably more negative
electrode potentials, using Fe(CN)

3−/4−
6 in the electrolyte. Indeed, not only ca-

thodic steady-state photocurrents, but also cathodic charging currents and anodic
discharging currents could be found under these conditions163. Their dependence
on the electrolyte concentration could be analyzed according to Equation (10.10),
with the accommodation coefficients and other constants shown in Table 10.1.
Such behavior is opposite of that observed for the anodic charging and cathodic
discharging currents129 at F16PcZn with Ce3+/4+ and resembled the character-
istics found for cathodic charging and anodic discharging currents at PcZn44, 50.
It was concluded that, although holes were trapped in “near-surface defects” for
which no charge transfer to the reactant in the electrolyte could be observed, pho-
togenerated electrons in F16PcZn were trapped in states at the very surface and
could be transferred to acceptors in the electrolyte163.

Intensity-Modulated Photocurrent Spectroscopy (IMPS)

To quantitatively determine the rate constants, IMPS measurements were
performed at phthalocyanine electrodes when in contact with different redox elec-
trolytes. The Pc working electrode was illuminated by a modulated light-emitting
diode as light source and the phase shift ϕ of the resulting photocurrent and its
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amplitude A were measured for different modulation frequencies ω. These served
to calculate kinetic data of the photo–induced processes in a model of doped semi-
conductor electrodes, which considers surface recombination and charge transfer
from the frontier orbital levels as well as from surface defects151, 162, 165. Accord-
ing to the following reactions for a p-type semiconductor, which are also shown
in Figure 10.7, pseudo-first order rate constants k′

i are introduced:

SSvacant + e− k1−→ SS−
occupied k′

1 = k1 Nss(1 − �) (10.11a)

SS−
occupied + h+ k2−→ SSvacant k′

2 = k2[h] (10.11b)

O + SS−
occupied

k3−→ R + SSvacant k′
3 = k3[O] (10.11c)

O + e− k4−→ R k′
4 = k4[O] (10.11d)

where SSvacant and SS−
occupied are vacant and occupied surface defects, respec-

tively, O is the oxidized and R is the reduced form of the electroactive species
in the electrolyte, ki are the rate constants, NSS is the density of surface defects,
� is their occupation, [h] is the concentration of electron vacancies (holes) in the
HOMO at the surface, and [O] is the concentration of the oxidized form of the
electroactive species in the electrolyte. The amplitudes A and phase shifts ϕ for
different modulation frequencies ω = 2π f are presented in the complex plane
as shown schematically in the first part of Figure 10.8. Kinetic data of charge
transfer and surface recombination can be extracted from the first quadrant in
the complex plane plot by use of the intersections of the plot with the real axis
I1 and I2

165. The low-frequency limit I1 represents the differential steady-state
photocurrent increase due to a differential increase in the light intensity162. The
high-frequency intercept I2 represents the amplitude of the Gärtner flux g, which
is the flux of minority carriers to the electrode surface.

The values k′
2 and k′

3 can be calculated from the frequency of the highest
imaginary part of the photocurrent ( fmax):

fmax = k′
2 + k′

3

2π
(10.12)

If no electroactive species is present in the electrolyte (k′
3 = 0), k′

2 can be directly
calculated with this equation, given that photo corrosion can be neglected. This
is normally the case for phthalocyanine electrodes even at very low electrolyte
concentrations45, 49. After adding electroactive species, k′

3 can be determined if
k′

2 is known. If both k′
2 and k′

3 are known, the ratio k′
4/k′

1 can be calculated from
I1 and I2

165:
k′

4

k′
1

= − I2

I1 − I2

k′
2

k′
2 + k′

3
− 1 (10.13)

At higher frequencies the effects of the RelCsc time constant of the cell, where
Rel is the resistance of the electrolyte and Csc is the capacitance of the space–
charge layer, become evident and the photocurrent is attenuated. The frequency
response then describes a semicircle in the fourth quadrant of the complex plain.
For an n-type semiconductor the semicircle caused by surface recombination will
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Figure 10.8. (a) Principal shape of an IMPS plot in the complex plane, as found in the
presence of surface recombination. I1 and I2 are the intersections of the plot with the real
axis. The modulation frequency with the highest imaginary value is fmax. (b) IMPS plots of
a PcZn electrode using different Fe(CN)3−

6 concentrations in the electrolyte as indicated,
measured at an electrode potential of 0 mV vs. SCE. (Reproduced from ref.[163] with
permission from the American Chemical Society.)

appear in the third and the semicircle due to the RelCsc time constant in the second
quadrant.

IMPS at PcZn electrodes: Although the principal characteristics of IMPS
were observed for electrodes of PcZn in contact with various electrolytes
(Figure 10.8)163, flattened semicircles were observed in the first quadrant instead
of a true semicircle expected by the model165. This pointed toward an energy
distribution of the surface defects, since model calculations had shown that a
Gaussian distribution of energies and the resulting Gaussian distribution of the
rate constants ki would lead to such characteristics156, 166. Further, however, a ki-
netic limitation by diffusion in the electrolyte cannot be excluded, especially in
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those cases of rather large photocurrents and low concentration of reactive species
in the electrolyte.

Another deviation from the ideal behavior was found for PcZn and can also
be seen in Figure 10.8: for very low modulation frequencies, Im(iphot) increased
again at 0 and –200 mV vs. SCE instead of approaching 0 as it would be expected
from the above model, indicating the presence of a further, very slow reaction at
the electrode surface163. In a series of experiments in which oxidized species were
present in the electrolyte this increase in Im(iphot) for very low frequencies was
observed to a much higher extent compared to experiments without electroactive
species added. Since the plots tend to new maxima at frequencies below 0.2 Hz
(the lowest frequency applied in these studies), a slow process occurring in the
second or minute regime was indicated. In this time regime, the adsorption equi-
librium of reactants at molecular semiconductor electrodes (see above) was found
to change and establish a new equilibrium under illumination. This change in the
adsorption equilibrium could therefore also be detected in the IMPS plots at very
low modulation frequencies.

Figure 10.8 depicts a typical series of IMPS experiments in which the con-
centration of an electroactive species has been changed, in this case the concen-
tration of Fe(CN)3−

6 . With increasing electrolyte concentration an increasing I2
and a decreasing difference between I2 and I1 was observed, indicating a higher
charge-transfer rate from the LUMO (k′

4). On the other hand, an increasing fmax
also showed a faster charge transfer from surface defects (k′

3). Similar measure-
ments were also performed using different p-benzoquinone (BQ) concentrations
and an oxygen-saturated solution. The results for Fe(CN)3−

6 and O2 given in
Table 10.2 show that charge transfer to Fe(CN)3−

6 mainly occurred from the PcZn
LUMO, while charge transfer from surface defects also took place but only to a
minor extent. Charge transfer to oxygen, however, mostly occurred via surface
defects. This was explained by an additional introduction of surface defects by
oxygen, which also could be observed in higher charging- and discharging cur-
rents, especially at freshly prepared PcZn electrodes, in oxygen-saturated as com-
pared to nitrogen-saturated KCl solution163. The overall charge transfer to oxygen
was less efficient compared with Fe(CN)3−

6 and p-benzoquinone, which was at-
tributed to the low charge-transfer rate from the LUMO to oxygen.

Table 10.2 also showed that k′
3 and k′

4 obviously did not depend linearly on
the electrolyte concentration [O], as it would have been expected from Equations
(10.11c) and (10.11d). This result confirmed that charge transfer from PcZn elec-
trodes could only occur to adsorbed electroactive species (see above). If [O] in
Equations (10.11c) and (10.11d) is replaced by the concentration of adsorbed ox-
idized species [O]ad, which should show a saturation behavior toward high values
of [O] when a Langmuir isotherm is assumed, the observed dependence of k′

3 and
k′

4 on [O] is explained.
IMPS at F16 PcZn electrodes: IMPS plots for F16PcZn in different electro-

lytes are shown in Figure 10.9163. In aqueous KCl solution without electroactive
species a semicircle appeared in the third quadrant, indicating the recombination
of photogenerated holes with electrons from the LUMO. It was mentioned before
that photogenerated holes in F16PcZn are trapped in near-surface defects, which
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Table 10.2. Kinetic Data for a PcZn Electrode in Different Electrolytes of Different
Concentrations at an Electrode Potential of 0 mV vs. SCE. The Three Columns on the

Right Show the Percentages of Electrons that Reach the Surface (100%) that will
Eventually Recombine or Undergo Charge Transfer to the Electrolyte from Either the

LUMO or from Surface Defects163

Electrolyte c/(mmol l−1) k′
3/ k′

4/k′
1 Charge Charge transfer Recombination

(s−1) transfer via surface (%)
via LUMO defects
(%) (%)

Fe(CN)3−
6 0.097 6.3 0.975 49.4 1.4 49.2

0.96 12.6 1.518 60.3 2.2 37.5
8.85 25.1 3.538 78.0 2.3 19.7

O2 1.2 75.4 0.086 7.9 24.0 68.1
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Figure 10.9. IMPS plots of a F16PcZn electrode at 400 mV vs. SCE. The electrolytes were
1 moll−1 aqueous KCl solution (�), aqueous KCl with 1 mmol l−1 Fe(CN)4−

6 (∗) and

aqueous KCl with 1 mmol l−1 Fe(CN)3−
6 and 1 mmol l−1 Fe(CN)4−

6 (�). (Reproduced
from ref.[163] with permission from the American Chemical Society.)

represent recombination centers129. With Fe(CN)4−
6 added to the electrolyte, the

IMPS plot appeared mainly in the first quadrant, indicating surface charging with
photogenerated electrons and their recombination with holes from the HOMO
(Figure 10.9). The charging of the surface with photogenerated holes was also
evident from a small cathodic charging current observed at the beginning of the
illumination under these conditions163.

Taking this into account, the IMPS plots at F16PcZn electrodes were dis-
cussed in a model shown in Figure 10.10129, 163. As already seen in the photocur-
rent transient measurements, the n-type behavior of F16PcZn is compensated by
oxygen after storage in air. Both electrons and holes are photogenerated in sig-
nificant amounts compared to their concentration in the dark. At +400 mV vs.
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trolyte (1 mol l−1 KCl) at about +400 mV vs. SCE (a) before and (b) after the addition
of 1 mmol l−1 Fe(CN)4−

6 . (Reproduced from ref.[163] with permission from the Ameri-
can Chemical Society.)

SCE, the transport of holes to the surface is favored as compared to the trans-
port of electrons. Charging of surface defects with electrons may also occur, but
to a smaller extent compared to the charging of near-surface defects with holes
(Figure 10.10a). Following the addition of Fe(CN)4−

6 , photogenerated holes from
the HOMO can undergo charge transfer to the electrolyte, and the charging of
near-surface defects is significantly reduced. The charging of surface defects with
electrons and their recombination can therefore be observed in the photocurrent
transients and in IMPS (Figure 10.10b).

With both Fe(CN)4−
6 and Fe(CN)3−

6 added to the KCl solution in the
same concentrations, the semicircle of the IMPS plot again appeared in the third
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quadrant (Figure 10.9), since electrons now could also undergo charge transfer
from the LUMO, so that anodic charging currents again became higher than the
cathodic charging currents. The value of fmax (14 Hz) was now lower than it had
been in KCl solution (24 Hz). The quantitative IMPS model presented above, be-
cause it applies to doped semiconductors only and the concentration of majority
carriers in a doped semiconductor is not significantly changed under illumina-
tion, does not predict this change in fmax. The experimental results obtained at
F16PcZn electrodes, on the contrary, clearly showed that F16PcZn is a compen-
sated semiconductor after storage in air and that photocurrents involving both
types of charge carriers have to be considered.

4. Sensitization of Oxide Semiconductors
by Phthalocyanines

4.1. Sensitization of Nanoparticulate Semiconductors

As already mentioned above, the investigation of the photoelectrochem-
ical properties of phthalocyanine thin films originated from studies in which
phthalocyanine films had been deposited on inorganic oxide electrodes to in-
vestigate their role as sensitizers and protecting layers against photo corrosion.
Anodic sensitization could be achieved by vapor-deposited PcCu and by surface-
bound tetrasulfonated copper phthalocyanine on n-SnO2 conducting glass56 and
also by vapor-deposited thin films of PcH2 on single-crystal electrodes of n-TiO2,
n-SrTiO3, n-WO3, n-ZnO, n-CdS, n-CdSe, n-Si, n-GaP, or slides of SnO2 con-
ducting glass58. The sensitization capability of the phthalocyanine layers could
clearly be shown by anodic photocurrents that followed the absorption spectrum
in their spectral dependence but the quantum efficiency of the sensitization was
generally low and photo corrosion of the semiconductor substrate electrodes (evi-
dent for those materials of smaller band gap) could not be suppressed sufficiently.
The same conclusion was drawn from an extended study in which also films of
PcMg, PcZn, PcAl(Cl), PcTi(O), PcCo, and PcFe on single crystalline n-TiO2
or n-WO3 were investigated57. In more recent studies it had been found that al-
though surface defects on TiO2 quenched the photocurrent from light absorption
in the oxide electrode, the (sensitized) photocurrents following light absorption in
the phthalocyanine were left widely unchanged59 and details of the energy level
alignment were discussed. It was also shown that the film morphology of PcTi(O)
or PcV(O) played a crucial role. Closed layers of the materials led to the oc-
currence of cathodic photocurrents originating from the phthalocyanine as active
semiconductor material, whereas islands of the materials led to sensitized anodic
photocurrents167.

The photoelectrochemical properties of PcIn(Cl) thin films were also in-
vestigated on single-crystalline layered semiconductor electrodes of SnS2 or
MoS2

168, 169. These surfaces turned out to provide a suitable substrate to deposit
highly ordered epitaxial phthalocyanine films by OMBE and to also allow the
study of such films as sensitizers for the n-type semiconductors. Very narrow ab-
sorption spectra and also photocurrent action spectra could be obtained speaking
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for a well-defined crystallization of PcIn(Cl) on n-SnS2 and injection of elec-
trons from the excited state of the dyes in the crystallites into SnS2. A quite con-
stant quantum efficiency of about 10% was found when such highly ordered films
were compared with polycrystalline films indicating a direct injection of charge
from molecules adjacent to SnS2 since otherwise more pronounced differences
should have been observed among the different crystalline modifications169. An
increased quantum efficiency of up to 44% was obtained for films of phthalo-
cyanines carrying eight dodecylamide or dodecylester functions drop coated from
solutions on SnS2

170. These films showed liquid–crystalline properties and small
chromophore interaction. The high quantum efficiency was reached for films of
submonolayer coverage and decreased for thicker films pointing toward efficient
injection again only from molecules close to the interface with SnS2. Conse-
quently the incident photon-to-current conversion efficiency for submonolayer or
thicker films (up to 30 equivalent monolayers) was found quite constant at only
0.8%.

Higher efficiencies of phthalocyanine-modified oxide semiconductor elec-
trodes could be achieved if nanoparticulate oxide films were used since the elec-
trode surface and hence the interface area of the phthalocyanine with the oxide
could be increased significantly. In these cases a monolayer of phthalocyanine on
the nanoparticles provided sufficient light absorption. A high quantum efficiency
can be maintained if aggregation of the phthalocyanines can be suppressed. Va-
por deposition of the phthalocyanines therefore turned out to be not appropriate.
The chromophores were typically adsorbed from solutions and preferably of ph-
thalocyanines that carried a chemical substituent that provided good anchoring to
the oxide surface. Tetrasulfonated metal-free phthalocyanine and the complexes
of Zn, Ga(OH), Co, In(OH), and Ti(O) were adsorbed to nanocrystalline films
of TiO2 prepared by the sol–gel technique and their photoelectrochemical activity
was measured under monochromatic illumination171. Among these, the zinc com-
plex showed the highest IPCE at a sensitization quantum yield of still only 5.7%.
Also investigated was the aluminum complex of tricarboxymonoamidephthalo-
cyanine adsorbed on commercial TiO2 particles and photocatalytic oxidations of
organic molecules like phenols or hydroquinone could be achieved172. A compos-
ite electrode of TiO2/phthalocyanine could also be prepared by spray pyrolysis of
a mixed solution of titanium-oxy-acetylacetonate and the Cu complex of a tetra-
sulfonated phthalocyanine with a sensitized photocurrent obtained in the phthalo-
cyanine Q band absorption range. However, the photocurrents reached only a few
µA cm−2 under illumination with 100 mW cm−2 of white light173. Also attempts
have been made to prepare very complex materials of TiO2 particles modified
by quantum-sized CdS on its surface and then further modified by Ga(OH), Zn,
In(OH), or V(O) complexes of tetrasulfonated phthalocyanines and efficient sen-
sitization by monomers of the Ga(OH) complex was claimed174 at IPCE of up
to 10%, but photo corrosion will be a severe problem for such electrodes as re-
ported earlier. By far the most efficient electrodes sensitized by phthalocyanines
up to now have been prepared by use of a Ru complex of octamethylphthalo-
cyanine with two additional axial ligands of pyridine–biscarboxylic acid to bind
to the oxide surface grafted to nanoparticulate TiO2

175. An IPCE of 60% and
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photocurrents of 10 mA cm−2 were reached under illumination with white light
under AM 1.5 conditions. In a study using a number of differently carboxylated
or sulfonated phthalocyanine complexes of Zn or Al(OH) similar values were
reached with the zinc complexes of tetracarboxyphthalocyanine or tetrasulfoph-
thalocyanine showing the best performance within this group of materials reach-
ing an IPCE of 30–45% and a conversion efficiency of about 1% under AM 1.5
(100 mW cm−2) conditions60. For phthalocyanines these are quite promising val-
ues, but it should be kept in mind that around 10% efficiency is typically reached
by dyes of the Ru-trisbipyridyl-class when adsorbed at TiO2.

4.2. Sensitization of Electrodeposited Semiconductor Thin Films

Aside from TiO2, ZnO is one of the most promising semiconductor ma-
terials176–179. On the way towards both improved electrode properties and more
economically feasible cells, new ways of preparing semiconductor–dye compos-
ites are sought and ZnO offers new perspectives in this respect. Crystalline films
can be obtained electrochemically on the cathode during electrolysis of aqueous
Zn(NO3)2 or oxygen-containing ZnCl2 solutions.

4.2.1. Electrodes Deposited in the Presence of Phthalocyanines

The successful preparation of dye-loaded porous but crystalline ZnO semi-
conductor thin films in the presence of water soluble dyes180 such as metal com-
plexes of tetrasulfonated phthalocyanines (TSPcMt)181, 182 was reported. This
one-step synthesis by dissolving the dye in the bath for the ZnO electrodeposi-
tion was found to allow simultaneous self-assembly of ZnO and the adsorbed dye,
thus yielding homogeneously colored crystalline ZnO films with porous morphol-
ogy. The dyes showed good compatibility with the aqueous deposition conditions
and a suitable range of redox potentials to allow proper alignment of the energy
levels in the contact with ZnO. Adsorption of dye molecules onto the growing
surface of ZnO strongly affected the crystal growth of the ZnO and led to a sig-
nificantly higher surface area when compared to pure ZnO films formed without
addition of the dyes, opening up a new synthetic route to photoactive materi-
als for dye-sensitized semiconductor electrodes. Strongly differing crystal sizes,
morphologies, and porosities of the crystalline ZnO as well as different degrees of
aggregation of the dye molecules could be obtained dependent upon the adsorbed
dye molecules and proper choice of the deposition conditions182, 183.

Examples of different film morphology are shown in Figure 10.11. It was
seen how for a given phthalocyanine ligand, the choice of the central metal group
allows to grow films of quite remarkably different morphology and relative orien-
tation of the ZnO nanocrystals182. The formation of ester-like bonds through the
sulfonic acid groups of a TSPcMt molecule to the surface of ZnO probably plays
a decisive role in this assembly, since a formation of such bonds was also seen
in TSPcCo/TiO2 composites184. The adsorption of TSPcMt takes place prefer-
entially onto the a-/b-plane of ZnO crystals, since crystal growth predominantly
along the a and b axes was observed. The overall growth direction is defined ver-
tical to the electrode. Therefore those ZnO crystallites with their a and b axes
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Figure 10.11. Influence of the adsorbed dye molecules on the morphology of the films
deposited at −0.9 V vs. SCE from 0.1 M Zn(NO3)2 of (a) pure ZnO without dye and in the
presence of: (b) 50 µM TSPcZn, (c) 50 µM TSPcAl(OH), and (d) 50 µM TSPcSi(OH)2
as revealed by scanning electron microscopy. (Reproduced from ref.[190] with permission
from The International Society for Optical Engineering.)

perpendicular to the substrate grew faster and represented the preferential crystal
orientation of the final film182. Differences in the stability of TSPcMt adsorp-
tion to different crystallographic faces of ZnO led to the anisotropy of the crystal
growth (Figure 10.11).

Dye molecules at the interface not only react with ZnO but also form well-
defined intermolecular structures. The intermolecular electronic interaction can be
nicely studied by measuring UV–Vis absorption spectra, because the interaction
of the chromophores in condensed dye assemblies leads to specific changes of
the electronic structure136, 185, 186. This was discussed in detail for the electrode-
posited ZnO/TSPcZn hybrid thin films182, 187. Films electrodeposited at −0.7 V
(slow growth) or −0.9 V vs. SCE (faster growth) showed characteristic differ-
ences. Whereas both films were blue and less scattering than the pure ZnO, the
film deposited at −0.7 V obviously contained a higher amount of dye and showed
absorption maxima at 337, 639 nm, and a shoulder at around 680 nm. The film de-
posited at –0.9 V was pale blue and had a Q-band absorption peak at 690 nm and
only a shoulder at around 630 nm. The absorption spectra of the ZnO/TSPcZn
films deposited at −0.7 V indicated formation of π -stacking aggregates for the
TSPcZn molecules in the ZnO/TSPcZn film. Formation of such ordered dye ag-
gregates on inorganic surfaces was also reported for merocyanine dyes adsorbed
on TiO2, Al2O3, and ZrO2, as a consequence of chemical interactions between
the dye molecules and the ordered surface of inorganic materials as well as that
among the neighboring dye molecules188. Films deposited at −0.9 V showed dye
loading as monomers noticed from the dominance of the 690 nm Q-band ab-
sorption186. Washing the ZnO/TSPcZn hybrid thin film deposited at −0.7 V with
a surfactant solution that leads to optimum solubility of TSPcZn led to partial
desorption of TSPcZn molecules from the composite films and converted their
absorption spectra to those very similar to those of the hybrid thin film deposited
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at −0.9 V182. Such a change clearly indicated formation of dye multilayers due
to dye/dye interaction in the films deposited at −0.7 V. At the bottom of such dye
multilayers, however, TSPcZn molecules are present that are chemically attached
to ZnO and that cannot be washed away by the CTAC treatment.

The sensitization of such films were studied in detail by photocurrent spec-
tra, time-resolved photocurrent measurements, and intensity-modulated photocur-
rent spectroscopy (IMPS)187, 189. Visible light absorbed in the dyes led to the
sensitization of ZnO in contact with an organic I2/I −

3 electrolyte as shown
in Figure 10.12. Many experiments were performed in a conventional three-
electrode arrangement with the deposited hybrid thin films as working electrode,
a Pt counter electrode, and a Ag/AgNO3 reference electrode. 0.5 M KI in ace-
tonitrile/ethylenecarbonate (1:4 by volume) was used as the electrolyte. Among
TSPcMt of different central groups, significantly higher conversion efficiencies
were found for monomeric as compared to aggregated TSPcMt adsorbed on the
ZnO surface187, 189, 190. This was also the case for electrodes having mostly ag-
gregated TSPcZn, although these aggregates dominated the absorption spectra. A
considerably higher quantum efficiency of monomeric dye when compared with
aggregated dye was thereby shown. When the values of the IPCE are considered
it has to be noted that the values reached by ZnO–TSPcMt hybrid thin films were
generally low. Among the materials, however, clear differences could be detected
showing the strong influence of the central group. TSPcSi(OH)2 proved to be the
most efficient sensitizer since a peak IPCE of 0.4% was reached at an absorbance
of only 0.04. This indicated a quantum efficiency about a factor of 3 higher when
compared to monomers of TSPcZn (0.12% at similar absorbance) and about a
factor of 17 higher when compared to TSPcAl(OH). The higher photocurrents
in this comparison for TSPcSi(OH)2 could be explained by quite efficient elec-
tron injection from the excited state of the dye to the conduction band of ZnO.
A suitable relative position of the electron energy levels combined with a strong
chemical interaction of TSPcSi(OH)2 with ZnO was found to provide the ba-
sis for this increased efficiency when compared with other TSPcMt189, 190. In a
direct comparison of monomeric vs. aggregated zinc complex TSPcZn on ZnO
(Figure 10.12) the higher injection efficiency from monomers was confirmed by
an increased quantum efficiency. In spite of a smaller coverage by the monomers
and a hence decreased absorption even the incident IPCE was higher for the
films with monomeric TSPcZn when compared to those with aggregated TSPcZn,
in which photogenerated charge carriers mostly recombine within the aggre-
gates187, 189.

Time-resolved photocurrent measurements in the ms regime were per-
formed to discuss the efficiency of monomeric vs. aggregated forms of TSPcMt
and the role of the central group in TSPcMt (Figure 10.13)190. Electrodes with
monomers of TSPcZn on ZnO led to a more pronounced overshoot of the
photocurrent above the stationary value when the light was switched on and sig-
nificant cathodic currents when the beam was shut, whereas electrodes with ag-
gregates of TSPcZn showed a more rectangular response consisting of anodic
currents only. A more facile transfer of electrons explained this behavior from I−3
to the aggregates compared with the monomers187. The slower regeneration of
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Figure 10.12. Optical absorption spectra (lines) and photocurrent action spectra in the ox-
idation of iodide at −0.2 V vs. Ag/AgNO3 (circles) measured at films of TSPcZn/ZnO
grown at −0.7 V vs. SCE (a) and at −0.9 V vs. SCE (b), TSPcAl(OH)/ZnO (c), and
TSPcSi(OH)2/ZnO (d), both grown at −0.9 V vs. SCE. (Reproduced from ref.[190] with
permission from The International Society for Optical Engineering.)

the neutral dye following electron transfer from the excited dye to the conduction
band of ZnO led to a significantly higher concentration of oxidized dye in the sta-
tionary state with the consequence of the observed cathodic currents by electrons
from the ZnO valence band when the light beam was shut. The low efficiency of
TSPcZn aggregates was not caused by slow electrode kinetics but most likely by
fast radiationless decay within TSPcZn aggregates or perhaps by a slower electron
injection rate into the conduction band of ZnO. Although electron transfer from
I−3 to the aggregates occurred significantly faster, the electrodes were significantly
less efficient.

The different TSPcMt monomers showed transients of similar shape in-
dicating similar relative rates of electron injection and regeneration. As com-
pared to TSPcSi(OH)2, however, smaller ratios of charging/steady-state and
discharging/steady-state currents were observed at TSPcZn and TSPcAl(OH)
on ZnO (Figure 10.13)187, 189, 190. A faster charge transfer from TSPcZn or
TSPcAl(OH) to the electrolyte was thereby indicated relative to the injection
rate to ZnO. Since lower steady-state values of the photocurrents were observed
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when compared with TSPcSi(OH)2 it was concluded that TSPcSi(OH)2 provided
faster and more efficient electron injection into ZnO compared with TSPcZn or
TSPcAl(OH).

The interplay of different dye molecules present during the electrode-
position reactions of dye-modified ZnO and also under photoelectrochemical
working conditions were studied for zinc complexes of tetrasulfonated phthalo-
cyanine (TSPcZn) and tetraphenylporphyrine (TSTPPZn). Both dyes were simul-
taneously adsorbed to ZnO during the deposition191. The typical absorption bands
for both dyes were detected. Films of TSPcZn/ZnO consisted of larger particulate
domains when compared with TSTPPZn/ZnO or (TSTPPZn+TSPcZn)/ZnO as
also revealed by atomic force microscopy191. The composite film with both dyes
present (TSTPPZn+TSPcZn)/ZnO absorbed 48% of the light at 420 nm and 31%
at 680 nm. The presence of the porphyrin obviously stabilized the phthalocya-
nine on the ZnO since a higher amount of TSPcZn was adsorbed. It is relevant
to note, however, that the aggregation tendency of TSPcZn was even increased
in the films with both dyes present as seen in the increase of the aggregate ab-
sorption band (640 nm) relative to the monomer band (680 nm) of TSPcZn191.
Both, TSPcZn and TSTPPZn worked in parallel and the contribution of each dye
to the overall photocurrent was collected192. Beyond this, the presence of TSPcZn
in the film together with TSTPPZn improved the photoelectrochemical properties
of TSTPPZn since a threefold increase of the photoelectrochemical quantum ef-
ficiency was found at 425 nm192. In this case the increased rate constant of the
electron transfer to oxidized TSPcZn could be efficiently utilized to suppress re-
combination of TSTPPZn and TSPcZn took over a role as charge mediator in the
regeneration reaction of oxidized TSTPPZn. Nevertheless only poor IPCE in the
0.1% range could be reached for these electrodes in which TSPcZn was present
during electrodeposition of ZnO leading to aggregates of TSPcZn and a small
surface area of the hybrid material.
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4.2.2. Sensitization by Subsequently Adsorbed Phthalocyanines

Clearly improved electrode characteristics were obtained when the ZnO was
prepared in a separate reaction step in the presence of a more favorable structure-
directing agent before the phthalocyanine chromophores were adsorbed in a sub-
sequent step192, 193. Films of ZnO with a high porosity at preserved crystallinity
were obtained in the presence of Eosin Y194, 195. Since Eosin Y could be desorbed
from such films an efficient ZnO semiconductor matrix could be provided by this
route that can subsequently be loaded with a variety of sensitizer molecules by ad-
sorption from solution (“readsorption method”)193. Using this method, TSPcZn
was re-adsorbed on ZnO. By analysis of these films it was clearly observed that
TSPcZn could perform at much better efficiency when compared with the films
deposited in its presence. In the Q-band an absorbance of about 0.7 above the
scattering background was observed. This is about a factor of 5–10 higher than
that in the films deposited in the presence of TSPcZn speaking for an efficient
adsorption of the sensitizer at ZnO also when the latter was grown in the pres-
ence of Eosin. The shape of the band speaks for a widely monomeric adsorption
of TSPcZn. The spectral dependence of the photocurrent (IPCE) basically fol-
lows the optical absorbance spectrum and shows the high efficiency of adsorbed
monomers of TSPcZn. The efficiency reaches 13% at the absorption maximum
of 680 nm leading to a photocurrent density of 1.8 mA cm−2 calculated for the
geometric surface area. When these values of the IPCE or the current density are
compared to the values reached for the films deposited in the presence of TSPcZn,
an increase by a factor of about 100–200 was observed. By normalizing for the
different dye content, a more than 1000 times higher sensitization efficiency can
be estimated. These improvements of the photoelectrochemical properties for the
TSPcZn/ZnO films can be understood by a mainly monomeric adsorption of the
dye on the surface of ZnO, by the preserved crystallinity of ZnO and by the large
overall surface area192.

5. Technology Outlook

Photoelectrochemical properties of molecular semiconductors have recently
regained new interest in view of their possible application in photovoltaic cells.
Phthalocyanines are of interest for this application due to their high absorp-
tion coefficients for visible light, their chemical and thermal stability, and their
commercial availability. They already had been tested successfully for applica-
tions in all-solid state photovoltaic cells16, 18, 196, 197, where the best results with
molecular semiconductors were obtained for p–n-cells containing a phthalocya-
nine as p-type semiconductor and perylenetetracarboxylic acid diimides (PTCDI)
as n-type semiconductor in a configuration ITO/PTCDI/Pc/Au18, 196. Efficien-
cies of up to about η = 2% were found for such cells of PcZn and N , N ′-
dimethyl-3,4,9,10- perylenetetracarboxylic acid diimide (MePTCDI)196. The ef-
ficiency of such cells can be increased significantly in interpenetrating networks
of the two electrode materials leading to an increased interfacial area197. This has
also been successfully demonstrated in mixtures of PcZn with buckminsterfuller-
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ence C60 as an acceptor where efficiencies of up to 3.8% could be reached201.
Crystallographic strain can be expected in the interface of two crystalline mole-
cular semiconductors, leading to a small interfacial contact area and efficiency
losses due to chemical and physical defect centers. Such interfacial states have
been directly observed as surface dipoles in photoelectron spectroscopy stud-
ies of organic/organic′ heterojunctions19, 20, 103, 107, 113, 116. PcZn and MePTCDI
were therefore also investigated in photoelectrochemical p–n-cells to increase
the effective surface area by an electrolyte between the two semiconductor thin
films (e.g., ITO/PcZn/Fe(CN)

3−/4−
6 (aq)/MePTCDI/ITO)45. However, although

the semiconductor/electrolyte interface avoids the organic/organic′ solid contact
and should provide larger contact areas at the surfaces, much smaller efficiencies
(η = 0.00032%) were found for these cells. Especially the very low photocurrent
(iSC = 10.5 µA cm−2) led to such a small efficiency45. This small photocurrent,
however, could be explained by charge-transfer limitation due to a necessity of re-
actant adsorption prior to the charge-transfer step, which was generally found for
electrodes of phthalocyanines,45, 50, 124 and also for thin films of perylene deriva-
tives45. The surface defects observed at thin films of phthalocyanines and perylene
derivatives163 play a negative role, since they mainly act as recombination cen-
ters, since charge transfer from surface defects is slow. The rather small surface
area of the Pc and PTCDI thin films (roughness factor only about 2)45 could by
far not compensate these current limiting effects of reactant adsorption and sur-
face recombination. Rather low efficiencies of only up to 0.08% were therefore
also reported for photoelectrochemical solar cells with Pc electrodes and metal
counter electrodes, corresponding to all-solid state Schottky cells121, 198.

The problems of a low surface area and surface recombination could al-
ternatively be solved by the development of nanocrystalline dye-sensitized solar
cells, using organic dyes as sensitizers for inorganic wide bandgap semiconduc-
tors like TiO2 or ZnO. Especially for the Grätzel cell3, which uses nanocrystalline
TiO2 films of very high surface area and various trisruthenium complexes as
sensitizers, high efficiencies of up to η = 10.4% were already reported. When
photoelectrochemical cells are considered, the concept of dye-sensitized oxide
electrodes therefore provides the best perspective. Although good oxide–dye com-
binations have already been presented, further work will reveal new composite
materials, prepared by different, preferably simpler, preparation techniques and
phthalocyanines might very well play a role in this context. One should keep
in mind, however, the mostly low efficiency of phthalocyanine aggregates in the
sensitization of oxidic semiconductors as opposed to considerably more efficient
monomers of phthalocyanines on the one hand and the high aggregation tendency
of phthalocyanines on the other hand. A goal therefore will be to prepare tailored
phthalocyanines with specifically designed anchoring groups to bring the chro-
mophore π -system close toward the oxide surface, optimize the relative energetic
and local orbital overlap with the oxide, and at the same time hinder the chro-
mophores from aggregate formation in spite of a high coverage of monomers on
the surface. The photoelectrochemical properties of phthalocyanine surfaces are
also of interest in interactions with gas environments. Chemical reactions with
redox-active gas molecules lead to similar changes of the surface trap distribution
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as discussed above for the reactions in contact with a liquid redox-active elec-
trolyte. Changes of the electrical conductivity as a consequence of redox inter-
actions with gas molecules were therefore often used to test phthalocyanine thin
films as sensitive layers in chemical sensors. Vapor-deposited phthalocyanine thin
films and thin films prepared by the LB technique were extensively studied and
discussed in review articles68, 80, 92–94, 199. Photoelectrochemical experiments in
contact with solutions of the analytes or their model compounds can be used to
study the surface reactions at the electrodes in great detail and hence assist to
broaden the understanding of chemical sensing at phthalocyanine surfaces. Of
particular interest in this context is the finding that the photoconductivity of ph-
thalocyanine films showed a considerably higher sensitivity to the presence of
redox-active gas molecules than the dark conductivity200. A clear relevance of sur-
face defects as centers of charge carrier dissociation and traps for charge-carriers
is thereby indicated. A close link of the photoelectrochemical research at phthalo-
cyanine thin films and research in view of their application as chemical sensors
should therefore be maintained and used to further develop both fields, although
they appear quite independent judged from their technological aspects.
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Södergren (1997). Electron transport in the nanostructured TiO2-electrolyte system
studied with time-resolved photocurrents. J. Phys. Chem. B 101, 2514–2518.

11. Hilgendorff, M. and V. Sundström (1998). Dynamics of electron injection and re-
combination of dye-sensitized TiO2 particles. J. Phys. Chem. B 102, 10505–10514.

12. Ellingson, R.J., J.B. Asbury, S. Ferrere, H.N. Ghosh, J.R. Sprague, T. Lian, and A.J.
Nozik (1998). Dynamics of electron injection in nanocrystalline titanium dioxide
films sensitized with [Ru(4,4′-dicarboxy-2,2′-bipyridine)(2)(NCS)(2)] by infrared
transient absorption. J. Phys. Chem. B 102, 6455–6458.

13. Ghosh, H.N., J.B. Asbury, and T. Lian (1998). Direct observation of ultrafast elec-
tron injection from coumarin 343 to TiO2 nanoparticles by femtosecond infrared
spectroscopy. J. Phys. Chem. B 102, 6482-6486.

14. Haque, S.A., Y. Tachibana, D.R. Klug, and J.R. Durrant (1998). Charge recombina-
tion kinetics in dye-sensitized nanocrystalline titanium dioxide films under externally
applied bias. J. Phys. Chem. B 102, 1745–1749.

15. Willig, F. (1981). Electrochemistry at the organic molecular crystal/aqueous elec-
trolyte interface. In H. Gerischer and C.W. Tobias (eds), Advances in Electrochem-
istry and Electrochemical Engineering. John Wiley & Sons, New York, pp. 1–111.
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electronwithdrawing substituents on photoelectrochemical surface phenomena at
phthalocyanine thin film electrodes. J. Porphyrins Phthalocyanin 3, 444–452.

130. Oekermann, T. (2000). Die Rolle von Oberflächenzuständen in der Kinetik
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11
Organisation And
Photoelectrochemical Reactivity
of Water-Soluble Metalloporphyrins
at the Liquid/Liquid Interface

David J. Fermı́n and Nicolas Eugster

1. Introduction

The present chapter discusses recent accounts on the organisation and
photoreactivity of water-soluble metalloporphyrins at interfaces between two
immiscible electrolyte solutions (ITIES). This class of molecular interfaces pro-
vides an interesting framework for studying heterogeneous photoredox processes
between water-soluble porphyrins and hydrophobic redox species employing
photoelectrochemical techniques. These experimental approaches are based on
ideally polarisable liquid/liquid junctions, in which the Galvani potential diffe-
rence can be controlled potentiostatically1–3. By contrast to photoelectroche-
mistry at porphyrin sensitised electrodes, processes at these interfaces are free
from surface defects which can act as charge traps and recombination centres4.
Consequently, the redox energy levels involved in the photoelectrochemical reac-
tions can be well defined as in the case of classical condensed phase photochem-
istry.

The interfacial reactivity of metalloporphyrins and chlorins is critically de-
termined by their specific adsorption at the liquid/liquid junctions. The affinity
of the water-soluble porphyrins for these interfaces is associated with their com-
plex solvation structure arising from the hydrophobic central ring and peripheral
ionisable groups. This chapter will also feature a brief overview on recent studies
of the molecular organisation of water-soluble porphyrins as probed by a variety
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of techniques including quasi-elastic laser scattering, second harmonic generation
and impedance spectroscopy.

Under potentiostatic conditions, photoinduced heterogeneous electron trans-
fer between specifically adsorbed porphyrins and redox couples confined to the
organic phase manifests itself by photocurrent responses5. As in the case of
dynamic photoelectrochemistry, these photoresponses provide information on the
dynamics of heterogeneous electron transfer and recombination processes. In
addition, we shall demonstrate that photocurrent measurements can be used to
characterise the interfacial coverage of the specifically adsorbed porphyrins as
well as their molecular orientation.

2. The Polarisable Liquid/Liquid Interface

2.1. The Structure of the Neat Liquid/Liquid Boundary

The structure of the interfacial boundary between two immiscible electro-
lyte solutions has been subject to numerous studies and a comprehensive dis-
cussion on this topic is beyond the scope of this chapter. Several review articles
provide an excellent background on the structure and dynamics at the molecular
level6–9. Important progress has been made in recent years, yet key information
on the nature of the liquid/liquid junction remain controversial. A major obstacle
is that high-resolution scanning probe techniques cannot be directly employed for
accessing information on the structure of the interface. One of the few attempts
reported so far was done by De Serio et al. who developed a method combining a
near-field optical probe and Raman spectroscopy for studying the structure of the
junction between p-xylene and ethylene glycol10. Initial reports revealed changes
in the intensity of the p-xylene signal over a region as far as 10 µm from the inter-
facial boundary. The authors recognised that this distance is significantly larger
than the expected density profiles at the boundary between two immiscible liquids
and several aspects were considered to influence the results, including far-field
contributions. On the other hand, a wealth of information about the structure of
the interface has been obtained by other techniques such as non-linear optics11–16,
X-ray17–21 and neutron reflectivity22, 23.

Molecular dynamics simulations have consistently provided pictures of mi-
croscopically corrugated liquid/liquid boundaries at the picosecond time scale, as
exemplified in Figure 11.1a6, 24–27. The characteristic width of the neat interface
involves two contributions: (i) the intrinsic width determined by the molecular
structure of solvents and (ii) the broadening induced by capillary wave fluctua-
tions. The snapshot picture in Figure 11.1a shows that the interface is molecularly
sharp, indicating that the intrinsic width is approximately 1 Å thick or less27.
A very important aspect illustrated in Figure 11.1a is the dynamic surface rough-
ness induced by thermally excited capillary waves. The relevance of these features
towards heterogeneous electron transfer becomes more evident as the transverse
density fluctuations are time averaged. Figure 11.1b shows the average of trajecto-
ries over hundreds of picoseconds, resulting in monotonic changes in the density
profiles for both solvents in the range of 10 Å6. According to capillary waves
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Figure 11.1. Conolly surface plot of the oxygen atoms obtained from molecular dynamic
simulation of the water/1,2-dichloroethane (DCE) junction (a). A flexible SPC model was
employed for the 343 water molecules, while the 108 DCE molecules were described by
a four-centre, simple charge, flexible model. A spherical probe was used with a radius
of 5Å and the Gibbs dividing surface is located at z = 4Å. Density variations of the
water/vapour, water/DCE and DCE/vapour junction as obtained from the average of trajec-
tories over 200 ps at 300 K (b). Reprinted with permission from ref.[6]. Copyright (1996)
American Chemical Society.

theory28, the width of the density profile decay is dependent on the surface ten-
sion. In the case of the water/1,2-dichloroethane (DCE) interface, the width of the
interfacial region is larger than that of the corresponding liquid/vapour junctions,
which feature larger surface tensions. Estimations of the interfacial width asso-
ciated with capillary wave fluctuations by second-harmonic generation (SHG)15

and neutron reflectivity22, 23, 29 also provide consistent values between 7 and 15 Å.
On the other hand, analysis of X-ray reflectograms at the water/alkane interface
appears to show certain deviations from the capillary-wave predicted widths21.
Despite the slight variations in the reported values for the interfacial width, the
different approaches appear to converge to values just under 10 Å. Furthermore,
theoretical studies based on capillary wave theory including non-linear polarisa-
tion of the interface predict strong dependence of the interfacial corrugation on
the potential drop across the liquid/liquid boundary30.
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As mentioned previously, the photoreactivity of porphyrin molecules at this
class of interfaces strongly depends on their specific adsorption. The organisa-
tion of adsorbed species is determined by their solvation properties as well as
local interfacial properties such as pH and H-bonding. SHG studies have demon-
strated that the concentration of protons in the vicinity of the interface can differ
by orders of magnitude from that in the bulk water phase7, 31. Sum frequency
generation (SFG) studies have also shown an increase in the concentration of
H-bonded water molecules at the interfacial region13, 14, 32–34. In the case of water
soluble metalloporphyrins, not only interfacial protonation and H-bonding but
also aggregation phenomena do play an important role on the molecular organisa-
tion35–38. Specific aspects on the correlation between porphyrin organisation and
reactivity at the liquid/liquid interfaces will be further discussed in Section 4 of
this chapter.

2.2. The Potential Distribution Across the Polarisable Liquid/Liquid
Interface

Let us consider the case where a porphyrin molecule located in the water
phase undergoes a photoinduced heterogeneous electron transfer with a redox
couple located in the organic phase as schematically depicted in Figure 11.2. The
driving force for the electron-transfer process is dependent on the Fermi level of
the electrons in the redox couples as well as on the potential drop across the inter-
face. The potential distribution across the liquid/liquid boundary has been subject
to intense investigations for the last 20 years and several review articles have been
published on this issue2, 3, 39, 40. One of the main points of discussion is whether a
significant portion of the potential drop is developed between the reaction planes
where the redox species are located. In principle, the reaction planes can be re-
lated to the onset of the average solvent density profiles generated by the thermal
fluctuations. Two limiting cases can be distinguished in this respect, (A) the dis-
tance between the two planes is negligible and the potential is distributed in two
back-to-back diffuse layers and (B) the potential drop occurs essentially between
the two reaction planes. It can be envisaged that in case (A) changes in the Galvani
potential difference will only affect the concentration of the ionic species but not
the rate constant of electron transfer (concentration polarisation). On the other
hand, case (B) will determine a “Butler–Volmer” type behaviour of the current
density associated with the electron-transfer process.

As a first approximation, the distribution of the electrostatic potential can
be analytically solved by describing the interface as back-to-back diffuse layers.
Employing the Gouy–Chapman model for 1:1 electrolytes in both phases, the
electric field is given by3, 41,

(
∂φ

∂x

)
w<x≤xs

=
(

8RT cw

εw

)1/2

sinh

(
F

2RT
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Figure 11.2. Schematic representation of the heterogeneous photo-oxidation of ferrocene
by specifically adsorbed water-soluble metalloporphyrin at the water/DCE interface. It is
postulated that the distance of closest approach is determined by the onset of the solvent
density profiles generated by capillary wave fluctuations.

where φ(x) is the Galvani potential at a given distance from the interface, ε is
the dielectric permittivity, c is the concentration of the supporting electrolyte, xS
is the position of the liquid/liquid boundary and the indexes “w” and “o” relate
to the bulk of the water and organic phases, respectively. Neglecting the contri-
bution from surface dipoles and in the absence of specifically adsorbed species,
the continuity of the electric field establishes;

εw

(
∂φ

∂x

)
xs

= εo

(
∂φ

∂x

)
xs

(11.3)

and the fraction of the applied potential developed in the organic side of the inter-
face

(
�s

oφ = φs − φo
)

can be estimated as:
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(11.4)

where �w
o φ = φw − φo is the Galvani potential difference. Taking the Galvani

potential of the organic phase as reference, the potential drop in the aqueous phase(
�w

s φ
)

can be simply obtained from the difference between Equation (11.4) and
�w

o φ. The dependence of �w
s φ on �w

o φ is exemplified in Figure 11.3a for the
water/DCE interface(εo = 10). As expected, the fraction of the potential drop in
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potential difference at the water/DCE interface as estimated by the back-to-back diffuse
layer model (a). Different concentration of 1:1 electrolytes are introduced in the aque-
ous phase, while the concentration in DCE is 10−2 mol dm−3. The relative permittivi-
ties of water and DCE were taken as 78 and 10, respectively. Potential distribution across
the liquid/liquid interface for 10−2 mol dm−3 concentration of 1:1 electrolytes in both
phases (b).

the aqueous phase decreases as the concentration of the aqueous supporting elec-
trolyte increases. For electrolyte concentrations of 10−2 mol dm−3 in both phases,
the fraction of the potential in the aqueous phase varies between 25 and 45%.

Based on the potential distribution estimated from Equation (11.4), the
electrostatic potential profile across the water/DCE interface can be obtained as
shown in Figure 11.3b. This simplified approach suggests that the diffuse layers
extend over a region of 10 nm for electrolyte concentrations of 10−2 mol dm−3.
As mentioned in Section 2.1, this distance is larger than the average solvent den-
sity profiles. If the distance separating the redox species is determined by the
solvent profile at the interface, it would be expected that the driving force for
heterogeneous electron transfer will be little dependent on changes in the Galvani
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potential difference. This point has been raised by a number of authors42, 43, and in
particular by Schmickler on the basis of a model employing a three-dimensional
lattice gas44. However, studies based on techniques such as ac impedance45–47

and scanning electrochemical microscopy48–51 have demonstrated a dependence
of the electron-transfer rate constant on the Galvani potential difference. In
Section 5, we shall review a series of photoelectrochemical experiments involving
self-assembled metalloporphyrin that provide clear evidence that the Galvani po-
tential difference does affect the phenomenological rate constant of electron trans-
fer. Depending on the nature of the specific adsorption of the porphyrin species,
the applied potential can also induce changes in the interfacial concentration and
orientation of the dye. This behaviour will be discussed in Section 4.

3. Basic Photophysics of Metalloporphyrins and
Chlorins

3.1. Electronic Transitions and Lifetime of Excited States
in Porphyrin-Based Compounds

The photophysics of porphyrin molecules have been the subject of inten-
sive research due to the central role played by these molecules in life-sustaining
processes52. In this section, we shall briefly introduce basic aspects about elec-
tronic transitions which are directly connected to their photoredox behaviour
at interfaces. The absorption properties of regular porphyrins in the UV–visible
region are determined by electronic transitions from the ground state S0 to the
two lowest singlet excited states S1 (Q state) and S2 (B state). The S0 → S1 tran-
sition gives rise to the weak Q bands in the visible region (550–650 nm), while
the S0 → S2 transition produces the strong B band (or Soret band) in the near
UV (380–450 nm). The absorption spectra of regular metalloporphyrins usually
feature two Q bands between 500 and 600 nm. The lower energy band is the elec-
tronic origin Q(0,0) of the lowest singlet excited state S1. The second band is its
vibrational overtone and is labelled Q(1,0). Similar transitions are also observed
in chlorin-type of molecules, in which one of the four pyrrole ring is partially
saturated.

The types of porphyrin molecules to be studied throughout this chapter are
displayed in Figure 11.4. These species are water soluble due to ionised groups
located in the periphery of the tetrapyrrole ring. As discussed in Section 4, these
porphyrin-based molecules can be separated into those featuring symmetrical or
asymmetrical distribution of ionised groups. The absorption spectra of chlorin
e-6, protoporphyrin IX (protoIX) and Sn(IV) meso-tetra(4-carboxyphenyl) por-
phyrin dichloride (SnTPPC) are contrasted in Figure 11.5. The Soret band is the
most prominent features in this spectral range. Most of the photoelectrochemical
studies reviewed in the next sections involve excitation to the S2 state, which
features a higher capture cross-section.

The dynamics of relaxation for single porphyrin molecules are illustrated by
the Jablonski diagram in Figure 11.6. According to the Frank–Condon approxi-
mation, light absorption leads to electronic transitions in which the momentum
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Figure 11.4. Molecular structure of the various water-soluble porphyrins and chlorins
studied by photoelectrochemistry at the liquid/liquid interfaces: chlorin e-6, protopor-
phyrin IX (protoIX), Sn(IV) meso-tetra(4-carboxyphenyl) porphyrin dichloride (SnTPPC),
Zn(II) meso-tetra(N -methyl-4-pyridinium) porphyrin (ZnTMPyP) and Zn(II) meso-tetra
(4-sulphonatophenyl) porphyrin (ZnTPPS). The Zn(II) derivatives of TPPC have also been
extenively studied.
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is preserved. The “hot” excited state readily relaxes to thermally equilibrated
excited states within picoseconds. Further relaxation phenomena involve non-
radiative as well as radiative transitions between states of the same spin multi-
plicity (fluorescence) or different multiplicity (phosphorescence). Excited states
can also undergo intersystem crossing, where the system changes from a state of
low- to high-spin multiplicity. In the case of the porphyrins shown in Figure 11.4,
the efficiency of intersystem crossing is rather high and the generated triplet state
can live for hundreds of microseconds. The decays of the triplet states of chlorin
e-6, protoIX and SnTPPC as monitored by flash photolysis are contrasted in
Figure 11.753.

The efficiency of heterogeneous photoinduced electron transfer will be
determined by the ratio between the pseudo-first-order rate constant of electron
transfer and the decay of the excited state. Considering the distance separating
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Figure 11.7. Characteristic decay of the triplet state of protoIX, chlorin e-6 and SnTPPC in
aqueous phase monitored by flash photolysis. The composition of the electrolyte is iden-
tical to the one in photocurrent measurement at the water/DCE interface. Photoinduced
heterogeneous electron transfer is effectively in competition with their relaxation process.

the redox couples from the porphyrin species at the liquid/liquid interface, it is
expected that the average rate for heterogeneous electron transfer can only com-
pete with the slowest decay path. Consequently, the characteristic decay times
illustrated in Figure 11.7 provide an indication of the time scale involved in the
electron-transfer process.

3.2. Ultrafast Relaxation in Porphyrin Ion Pairs

Another class of metalloporphyrin species of remarkable photoactivity at
the liquid/liquid interface is formed by the electrostatic association of oppositely
charged species54–58. The electrostatic attraction between the charged substituents
and the hydrophobic interaction of the aromatic macrocycles cooperate in holding
the individual species in close proximity such that extensive orbital overlap can
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occur. For instance, the negatively charged Zn(II) meso-tetrakis(p-sulphonato-
phenyl) porphyrin (ZnTPPS) and the positively charged Zn(II) meso-tetrakis(N -
methylpyridyl) porphyrin (ZnTMPyP) undergo spontaneous association59. The
resulting ion pair, or heterodimer, features a strong affinity to the water/DCE in-
terface. Analysis of the association constant on the basis of the Bjerrum model
suggests that the distance separating the centres of the metalloporphyrins in
the complex is approximately 6 Å59. As discussed in subsequent sections, the
ZnTPPS–ZnTMPyP complex is rather reactive towards heterogeneous photo-
reductions and photo-oxidations.

Evidence of the strong association of the two porphyrins in the aque-
ous phase can be obtained from the evolution of the absorption spectrum. Fig-
ure 11.8 displays the absorption spectra of the ZnTPPS and ZnTMPyP monomers
(10−5 mol dm−3), as well as that of an equimolar mixture of both porphyrins60. It
can be observed that the Soret and Q bands of the ZnTPPS–ZnTMPyP ion pair are
not linear combinations of the bands of the isolated porphyrin. Indeed, the absorp-
tion bands of the ion pair are slightly broadened and red shifted in comparison to
the bands of the single porphyrins. Figure 11.9a also illustrates a strong quenching
of the S1 → S0 fluorescence signal upon the formation of the complex. Looking
closer to the spectral features of the complex emission (Figure 11.9b), it is also
observed that the fluorescence spectrum is not a linear combination of the spectra
of the free monomers. These spectral properties can be interpreted in terms of the
formation of Frenkel-type excitons as a result of the face-to-face conformation
of the ion pair54, 59, 61. These considerations are consistent with the recent Raman
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Figure 11.8. Absorption spectra of ZnTPPS, ZnTMPyP and the equimolar concentration
of both porphyrins in aqueous phase. The spectral features of the 1:1 ratio do not corre-
spond to a linear combination of the spectra of the individual porphyrins. These results are
taken as evidence for the formation of exciton type of structures in the ZnTPPS-ZnTMPyP
ion pair. Reprinted with permission from ref.[60]. Copyright(2003) American Chemical
Society.
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Figure 11.9. Fluorescence spectra of ZnTPPS-ZnTMPyP and the ZnTPPs–ZnTMPyP ion
pair in aqueous solution (a). As for the absorption spectra in Figure 11.8, the fluorescence
spectrum of the ion pair cannot be interpreted in term of a linear combination of the indivi-
dual porphyrin spectra (b).

studies by Chen et al., which revealed that CuTPPS and CuTMPyP undergo very
slight changes of the porphyrin skeleton upon ion pairing55.

The dynamics of the photochemical process involving the ZnTPPS–
ZnTMPyP ion pair has been recently investigated by pump-probe transient
absorption60. The transient absorption responses shown in Figure 11.10 were
obtained by pumping the porphyrins at 560 nm and probing at 510 nm. It should
be indicated that the depopulation of the S1 state for ZnTPPS and ZnTMPyP
in their monomeric form exhibits time constants of 1.6 and 0.6 ns, respectively.
As mentioned before, this relaxation mainly contains contribution from radiative
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Figure 11.10. Femtosecond resolved transient absorption of ZnTPPS, ZnTMPyP and the
ion pair in aqueous solution. The 40 ps decay observed in the presence of the ion pair
suggests the formation of an intermediate charge separated state. Reprinted from ref.[60].
Copyright (2003) American Chemical Society.

(fluorescence) and non-radiative (intersystem crossing) processes. These values
are within the range typically observed for the relaxation of the S1 state of zinc
tetraphenyl porphyrins52, 62, 63. By contrast, the decay of the excited state for the
ZnTPPS–ZnTMPyP ion-pair occurs within 40 ps with no response associated with
the absorption of the triplet state. Considering that the driving force for electron
transfer from ZnTMPyP to ZnTPPS is 0.4 eV60, 64, excluding the electrostatic
energies associated with the charge of the molecules, it is expected that the exci-
tation of the ion pair leads to the formation of an intermolecular charge transfer
state of the form,

[(
ZnTPPS4−) (

ZnTMPyP4+)]∗ kq−→
[(

ZnTPPS3−) (
ZnTMPyP3+)]cs

(11.5)
Although Equation (11.5) appears reasonable from the thermodynamic point of
view, the nature of the charge separated state should be considered cautiously. As
recognised by Holten et al.62, the spectroscopic signatures of ground and different
excited states of porphyrin can be convoluted in the visible region and the iden-
tification of the intermediate species by transient absorption becomes non-trivial.
However, the strong photoreactivity of this ion-pair at the liquid/liquid interface
provides clear evidence that an intermediate species with lifetime extending into
the microsecond range is generated after 40 ps60.

3.3. Interfacial Photoelectrochemistry vs. Time-Resolved
Spectroscopy

The photoredox properties of porphyrin molecules at interfaces can be
studied by time-resolved spectroscopic and photoelectrochemical techniques. A
key difference between both approaches is that the latter only probes molecules
located at distances from the interface not larger than the characteristic diffusion
length of the excited state. According to the Einstein–Smoluchowski equation, the
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diffusion length (δ) is determined by the lifetime of the excited state (τ ) and the
diffusion coefficient (D ∼ 10−5 cm−2s−1),

δ = √
2Dτ (11.6)

From this equation, it is clear that photoelectrochemical responses featuring long-
living triplet states as exemplified in Figure 11.7 (τ ∼ 10−5 s) involves species
located within 100 nm from the interfacial boundary. Obviously, the shortest is the
lifetime of the excited state, the closest the excited state should be to the reaction
plane. For instance, photoreactions featuring vibrationally excited singlet (hot)
states only occur in systems with large orbital coupling, e.g. photoactive species
covalently bonded to metal oxides65, 66.

In the case of liquid/liquid interfaces, the fact that only porphyrins located
within few nanometers from the molecular junction can react heterogeneously
introduces large complexities for fully spectroscopic approaches. Indeed, linear
time-resolved optical techniques are overwhelmed by the dynamics of the photo-
physical processes of the species in the bulk phase. Transient absorption in total
internal reflection (TIR) has been employed in order to enhance the spectro-
scopic signal arising from the porphyrin species involved in the heterogeneous
electron transfer. Figure 11.11 shows that the triplet state lifetime of ZnTPPC
located within 150 nm from the water/toluene boundary (penetration depth of
the evanescent wave) decreases with increasing concentrations of tetracyanoquin-
odimethane in the organic phase67. A plausible analysis of these data can be per-
formed in terms of a variation of the Stern–Volmer equation for heterogeneous
quenching reaction. However, there is no “direct” proof that the decrease of the
triplet state lifetime is associated with heterogeneous rather than homogeneous
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Figure 11.11. Flash photolysis measurement under total internal reflection (TIR) from
the water/toluene interface in the presence of ZnTPPC (5.0·10−5 mol dm−3) and differ-
ent concentrations of the redox acceptor TCNQ: 0 (a), 0.5·10−3 (b), 1.0·10−3 (c) and
1.5·10−3 mol dm−3 (d). The decrease in the lifetime of the triplet state was interpreted in
terms of heterogeneous quenching by the redox acceptor in the organic phase. Reprinted
from ref.[67] with permission from Elsevier Science.
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photoprocesses, as partition of TCNQ cannot be entirely excluded from these
experiments.

By contrast to linear optics, electrochemistry at interfaces between two im-
miscible electrolyte solutions is very sensitive to heterogeneous redox processes.
We shall demonstrate that photocurrent responses occur when photoexcited por-
phyrin species in one solution undergo heterogeneous redox quenching by species
located in the other electrolyte (see Figure 11.2) There are two key requirements
for measuring photocurrents under potentiostatic conditions: (i) the rate of hetero-
geneous electron transfer should be comparable to the rate of excited state decay,
and (ii) the time constant for double layer charging should be shorter than other
short-circuiting events such as ion transfer or back electron transfer. Indeed, stable
photocurrent signals can be observed in the potential range where neither charged
photoproducts nor the supporting electrolyte transfer from one electrolyte solution
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Figure 11.12. In-phase (a) and quadrature (b) components of the photocurrent associated
with the photoreduction of TCNQ by ZnTPPC at the water/DCE interface. The photore-
sponses were recorded for various concentrations of ZnTPPC under chopped illumination
and lock-in detection as a function of the Galvani potential difference. From ref.[68]. Re-
produced by permission of the Royal Society of Chemistry.
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to the other. For instance, photocurrent signals at the water/DCE interface in the
presence of ZnTPPC and TCNQ can be observed in Figure 11.1268. As discussed
later, these results unequivocally demonstrate that photoinduced heterogeneous
electron transfer can take place within a narrow range of Galvani potential differ-
ences. Under these conditions, photoelectrochemical signals can be regarded as
the ultimate surface specific approach.

As in all potentiostatic techniques, the double layer charging is a “parallel”
process to the faradaic reaction that can substantially attenuate the photocurrent
signal at “short-time scale” (see Section 5.3)4, 69. This element introduces another
important difference between fully spectroscopic and electrochemical techniques.
Commercially available optical instrumentation can currently deliver time reso-
lution of 50 fs or less for conventional techniques such as transient absorption.
On the other hand, the resistance between the two reference electrodes com-
monly employed in electrochemical measurements at the liquid/liquid interfaces
and the interfacial double layer capacitance provide time constants of the order
of hundreds of microseconds. Consequently, direct information on the rate of
heterogeneous electron injection from/to the excited state is not accessible from
photocurrent measurements. These techniques do allow sensitive measurements
of the ratio between electron injection and decay of the excited state under pho-
tostationary conditions. Other approaches such as photopotential measurements,
i.e. relative changes in the Fermi levels in both phases, can provide kinetic infor-
mation in the nanosecond regime.

These considerations emphasize that the information extracted from time
resolved spectroscopy and photoelectrochemical measurements are not alterna-
tive but complementary. As discussed in Section 5, the spectroscopic information
reviewed so far will allow rationalising the photocurrent signals obtained in
a considerably longer time scale. Before analysing the dynamic photocurrent
responses, we shall demonstrate that the photoreactions are strongly connected
to the specific adsorption of the porphyrin at the liquid/liquid interface.

4. Organisation of Water-Soluble Porphyrins
at the Liquid/Liquid Interface

The specific adsorption of molecules at liquid/liquid interfaces has gener-
ated a lot of interest since the pioneering work of Koryta et al. on phospholipid
monolayers at the ITIES70–72. The formation of condensed monolayers has been
considered as a convenient strategy for studying physical aspects of charge trans-
fer processes in biological membranes. The surface concentration of adsorbates at
these interfaces can be accurately approached by surface tension measurements.
Indeed, the formation of phospholipid monolayers brings about a substantial drop
of the surface tension depending on the applied Galvani potential difference. Sev-
eral authors have employed drop-size imaging techniques for monitoring this
behaviour statically73–75 and dynamically76–78. Surface tension measurements
have been complemented by spectroscopic techniques specially sensitive to the
electronic structure and organisation of adsorbates such as SHG and SFG79, X-ray
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and Neutron Reflectivity8, quasi-elastic laser scattering (QELS)80–82, and poten-
tial modulated fluorescence (PMF)83, 84. Theoretical analysis of these phenomena
using the lattice-gas model has also been reported85–87.

As discussed in Section 2, capillary wave fluctuations establish solvent den-
sity profiles across the liquid/liquid boundary extending through a distance of less
than 1 nm. As adsorption at these interfaces is linked to solvation forces, the onset
of the solvent density profiles can be considered as “adsorption planes”. Based on
this picture, the interface is characterised by two adsorption planes and the sur-
face concentration of the adsorbates is in equilibrium with the bulk concentration
in each phase. Furthermore, the bulk concentrations are also correlated by the
partitioning equilibrium83, 88. The porphyrin derivatives shown in Figure 11.4 ex-
hibit very low solubility in organic solvents such as DCE, manifesting itself by
positive values for the Gibbs free energy of transfer (�G◦,w→o

tr ). In the case of
ionic species with a charge z, the Gibbs free energy of ion transfer determines the
standard ion transfer potential (�w

o φ◦
tr)

89,

�w
o φ◦

tr = �G◦,w→o
tr

zF
(11.7)

Depending on the charge of the porphyrin species, polarisation of the liquid/liquid
boundary to either positive or negative potentials will affect the concentration
ratio of the ionic species in both phases,

�w
o φ = �w

o φ◦
tr + RT

zF
ln

(
ao

aw

)
(11.8)

PMF and SHG measurements have provided clear evidence that the surface con-
centration of ZnTMPyP or ZnTPPC increases in both adsorption planes as the
Galvani potential difference approaches �w

o φ◦
tr

36, 37, 83, 84. As discussed further
below, photocurrent measurements confirmed that the coverage of ionic por-
phyrins at the liquid/liquid boundary is affected by �w

o φ.
As illustrated by Figure 11.3, the potential profile is distributed between

both electrolyte phases. Depending on the charge of the porphyrin molecule, the
Gibbs free energy of adsorption (�Gads) of water-soluble metalloporphyrins can
be affected by the fraction of the potential drop in the aqueous phase �w

s φ83, 90,

�Gads = �G◦
ads − zF

RT
�w

s φ (11.9)

The fugacity of porphyrins at the interface f
(
θp

)
and the activity fraction in bulk

water are linked by�Gads,

ap

aH2O
= f

(
θp

)
exp

(
�Gads

RT

)
= f

(
θp

) {
exp

(
�G◦

ads

RT

)
exp

(
− zF

RT
�w

s φ

)}

(11.10)

the parameter f
(
θp

)
is a function of the relative surface coverage θp

91.
Different models describing the adsorbate–adsorbate and adsorbate–surface

interactions lead to various forms of f
(
θp

)
. The isotherm most frequently used to
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describe experimental results is the Langmuir isotherm, in which no interaction
between adsorbates is considered,

f
(
θp

) = θp

1 − θp
(11.11)

Other isotherms may empirically introduce parameters associated with adsorbate–
adsorbate interactions such as the Frumkin isotherm,

f
(
θp

) = θp

1 − θp
exp

(−2αθp
)

(11.12)

where α corresponds to the interaction parameter. Equations (11.10)–(11.12) are
special cases arising from the generalised Frumkin isotherm developed by Markin
and Volkov for adsorption at the liquid/liquid interfaces92.

As discussed in Section 4.1, the specific adsorption of the ionic porphyrins
at the liquid/liquid interface manifests itself by changes in the distribution of ions
at the interface as well as in the interfacial tension. However, these two parameters
do not provide direct information on the organisation of the adsorbed species
in terms of lateral interactions and average molecular orientation. These aspects
will be reviewed in Section 4.2 based on SHG and photocurrent light polarisation
anisotropy studies of metalloporphyrins at the polarised water/DCE interface.

4.1. Excess Charge Associated with the Specific Adsorption
of Ionic Porphyrins

At constant temperature and pressure, the changes in surface tension γ are
related to the surface excess (�) of the various species in the system by the Gibbs
adsorption equation3, 93,

−dγ =
∑

i

�i dµ̃i (11.13)

where µ̃i is the electrochemical potential of the species “i”. Separating the
chemical and electrostatic components of the electrochemical potential, Equa-
tion (11.13) can be written similarly to the electrocapillary equation for mercury/
electrolyte solution interfaces,

−dγ = qwd
(
�w

o φ
) +

∑
i

�i dµi (11.14)

where qw is the surface excess charge density on the aqueous side of the interface
(qw = −qo). The surface excess charge density in one phase corresponds to the
sum of the excess charges carried by the ions,

qw =
∑

i

zi F�w
i = −

∑
i

zi F�o
i (11.15)

and is defined by the following equation:

qw = −
(

∂γ

∂
(
�w

o φ
)
)

T,P,µi

(11.16)
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In order to semi-quantitatively illustrate the effect of porphyrin adsorption
on the differential capacitance at the polarisable liquid/liquid interface, let us rede-
fine the potential distribution as discussed in Section 2.2. We shall simply assume
one adsorption plane located at the interfacial boundary and a given concentration
of 1:1 electrolytes in both phases. It follows3, 41,

qw = −√
(8RT εwcw) sinh

(
F�w

s φ

2RT

)
− qads = −qo (11.17)

where the charge introduced by the specifically adsorbed porphyrin is described in
terms of the relative surface coverage θp and the maximum surface concentration
�max

p :

qads = zF�p = zFθp�
max
p (11.18)

Furthermore, the coverage θp can be computed by combining Equations (11.10)
and (11.11) in the case of a Langmuir isotherm,

θp = 1

1 + ap
aH2O

exp
(
−�Gads

RT

) (11.19)

The differential capacitance is simply defined as the first derivative of the
excess charge with respect to the potential3:

Cw = F

RT
(2RT εwcw)

1
2 cosh

(
F�w

s φ

2RT

)
(11.20)

Co = F

RT
(2RT εoco)

1
2 cosh

(
F�s

oφ

2RT

)
(11.21)

Assuming that the porphyrin monolayer does not affect the dielectric properties of
the liquid/liquid junction, the differential double layer capacitance can be simply
obtained from

1

C
= 1

Co
+ 1

Cw
(11.22)

The potential dependent capacitance as estimated from Equations (11.17)–
(11.22) for a molecule charged −4 (as in the case of ZnTPPC in neutral aqueous
phase) is exemplified in Figure 11.13. The Gibbs energy of adsorption was taken
as a constant value of �Gads = −38 kJ mol−1, and the maximum surface concen-
tration was �max

p = 10−6 mol m−2 94. This simplified model predicts an increase
of the capacitance at negative potential and a shift of the potential of zero charge
towards more positive potentials as the concentration of porphyrin molecule
increases. Qualitatively similar results were obtained by Frank and Schmickler
employing a Lattice Gas model and Monte Carlo simulations87.

The differential capacitance curves illustrated in Figure 11.14a were
recorded at the water/DCE interface with various concentrations of ZnTPPC94. In
agreement with the simulations (Figure 11.13), the experimental data do exhibit
an increase of the capacitance at negative �w

o φ and a shift of the minimum of the
capacitance towards positive potentials as the concentration of ZnTPPC increases.
However, it is clear that the model described in this section is not sufficiently
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Figure 11.13. Simulations of the capacitance–potential curves employing Equations
(11.17)–(11.19) taking �Gads = −38 kJ mol−1, �max

p = 10−6 mol m−2 and various
bulk concentrations of an adsorbate with a nominal charge −4.

accurate to quantitatively describe the various features observed experimentally.
These deviations are even more evident in the case of Cu-chlorophyllin where
the overall capacitance decreases and the potential dependence becomes weaker
with increasing concentration of the dye (Figure 11.14b)95. Similar behaviour of
the interfacial capacitance have been observed for the metalloporphyrin and chlo-
rin molecules depicted in Figure 11.438. The capacitance curves clearly show that
water-soluble porphyrins generally exhibit strong specific adsorption, introducing
substantial changes in the potential distribution across the interface. As discussed
in Section 4.3.1, aggregation phenomena take place at the interface as the cover-
age of the porphyrin increases. Interporphyrin interactions as well as interfacial
protonation also play an important role in the potential distribution and should be
considered in order to extract quantitative information from the capacitance data.
However, these aspects may be rather complex to model as aggregation may intro-
duce changes in the solubility and the formation of condensed layers at the inter-
face96, 97. In the case of ZnTPPC, it has been reported that the self-assembly at the
water/DCE junction is extremely sensitive to the pH in the aqueous phase35. Pho-
tocurrent and impedance data showed that the adsorption of ZnTPPC only takes
place at pH lower than 9, indicating that the species adsorbed at the interface are
not fully deprotonated. These results suggest that a key phenomenon involved in
the stabilisation of the carboxyphenyl-derivatised porphyrin is the formation of
cooperative hydrogen bonds. In Section 4.3.2, we shall provide links between the
cooperative hydrogen bonding and the average molecular orientation of ZnTPPC
and SnTPPC at the liquid/liquid boundary.

4.2. Electrocapillary Curves of the Liquid/Liquid Interface

The specific adsorption of porphyrins at the liquid/liquid boundary has also
been addressed by surface tension measurements. Quasi-elastic laser scattering
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Figure 11.14. Capacitance–potential curves for various concentrations of ZnTPPC (a) and
Cu-chlorophyllin (b) at the water/DCE interface. The changes in the potential dependence
of the capacitance, as well as the shift of the potential of minimum capacitance reflect the
specific adsorption of the water-soluble porphyrin derivatives. Figure (a) reprinted with
permission from ref.[95]. Copyright (2003) American Chemical Society. Figure (b) repro-
duced from ref.[87] by permission of the Royal Society of Chemistry.

(QELS) has proved to be a valuable technique for monitoring changes in the
frequency of capillary waves at liquid interfaces80, 81, 98. The principle of this mea-
surement is based on the determination of the Doppler shift associated with the
quasi-elastic scattering of the laser light by the capillary waves80. The scattered
beam is optically mixed with a diffracted portion of the light from a grating intro-
duced in the optical path. The mixing of the scattered and diffracted components
generates an optical beat which frequency corresponds to the frequency of the
capillary waves ( f0). The relationship between f0 and the surface tension is given
by the Lamb equation28:
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f0 = 1

2π

(
γ

ρw + ρo

)1/2
k3/2 (11.23)

where f0 is a characteristic frequency of the capillary waves, and ρw and ρo are the
densities of the aqueous and organic solvents, respectively. For small scattering
angles θ , the circular wavenumber k is related to the grating constant d by80,

k = 2πn

d
(11.24)

where n is the order of the diffraction spot. The angle θ is defined as the angle
between the diffracted and fundamental beams at the detector plane. The relation-
ship between θ and d is given by80:

d sin (θ) = nλ (11.25)

where λ is the wavelength of the laser beam. Experimentally, the mixed optical
signal is fast-Fourier transformed in order to obtain the capillary wave frequency.
This non-contact method provides a fast and simple mean to estimate the surface
tension at liquid/liquid interfaces under potentiostatic control37, 82.

For constant electrolyte composition and Galvani potential difference, the
surface concentration of the adsorbed porphyrins can be evaluated from the Gibbs
surface tension expression described by Equation (11.14)93,

�p = − 1

RT

dγ

d ln
(
ap

) (11.26)

where ap is the bulk activity of the porphyrins. Nagatani et al. employed QELS
to study the adsorption of ZnTPPC at the water/DCE interface as a function
of the Galvani potential difference37. Figure 11.15a illustrates the effect of the
ZnTPPC concentration on the power spectrum recorded at −0.20V. According
to Equation (11.23), the decrease in the frequency associated with the capil-
lary wave fluctuations indicates a decrease in the surface tension at the liquid/
liquid boundary. The potential dependence of the surface tension for this sys-
tem is shown in Figure 11.15b, where a substantial decrease of the surface
tension in the presence of ZnTPPC is observed at negative potentials. On the
other hand, the surface tension is little dependent on the ZnTPPC concentration
at positive Galvani potential differences. Estimations of the surface concentra-
tion employing Equation (11.26) indicated that for concentrations of 5.0×10−6

and 5.0 × 10−5 mol dm−3 of ZnTPPC, �p is of the order of 0.3 × 10−11 and
2.8 × 10−11 mol cm−2 at 0 V, respectively37. The electrocapillary curves in
Figure 11.15b are consistent with the differential capacitance data described in
Figure 11.14a. Both set of data clearly show that the coverage of ZnTPPC in-
creases as the Galvani potential difference is shifted negatively with respect to the
Galvani potential in the organic phase.

The potential dependence of the ZnTPPC coverage illustrates the typical
trend observed for other anionic metalloporphyrin and chlorins as those shown
in Figure 11.4. For instance, studies based on potential modulated fluorescence
and capacitance curves have shown that ZnTPPS specifically adsorbs at the
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Figure 11.15. QELS power spectra of the third-order diffracted spot from the water/
DCE interface for various concentrations of ZnTPPC: 0 (a), 5.0 × 10−6 and (b) 5.0 ×
10−5 mol dm−3 (c). The applied Galvani potential difference was −0.20V (A). Elec-
trocapillary curves at the water/DCE interface for various concentrations of ZnTPPC: 0
(hollow circle), 5.0×10−6 (full circle) and (b) 5.0×10−5 mol dm−3 (full triangle) (B). The
decrease in the surface tension at negative potentials indicates an increase of the ZnTPPC
surface coverage. Reprinted with permission from ref.[37]. Copyright (2003) American
Chemical Society.

water/DCE boundary within a narrow potential range close to the formal poten-
tial of transfer to the organic phase84. In addition, concentration dependence of
the photocurrent (further discussed in Section 5.2.) shows that the coverage of
Cu-chlorophillin95, chlorin e-6, protoIX and SnTPPC decreases towards negative
potentials38, 53. By contrast, the metalloporphyrin ion pair ZnTPPS–ZnTMPyP
exhibits a potential independent surface coverage, suggesting that this supramole-
cular structure is strongly stabilised at the liquid/liquid boundary59. As discussed
in Section 5.2, the analysis of the photocurrent as a function of the Galvani
potential difference is strongly connected to the behaviour of the surface coverage.
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4.3. Interfacial Molecular Orientation and Lateral Porphyrin
Interactions

The molecular orientation of photoactive porphyrin species assembled at
the liquid/liquid interface has been addressed by three methods based on illu-
mination in TIR employing linearly polarised light, namely potential modulated
fluorescence (PMF)84, SHG36 and photocurrent measurements95. Although dif-
ferent responses are measured from these techniques, in all cases the appropriate
selection of experimental conditions allows specifically addressing the proper-
ties of the assembled porphyrins. The surface specificity of PMF is based on
the fact that ac-fluorescence responses arise from the changes in the coverage
of the porphyrin molecules with the applied potential. These studies have led to
a series of interesting conclusions such as the presence of different adsorption
planes at the interface depending on the applied potential83, 84. However, in this
section we shall make more emphasis on studies based on SHG and photocurrent
measurements.

4.3.1. SHG Studies of Metalloporphyrins Adsorption at the
Water/DCE Interface

The principle of SHG resides in a resonance process whereby two photons
of a given frequency ω are converted into one photon at the harmonic fre-
quency 2ω. In the electric dipole approximation, the SHG response is restricted to
anisotropic environments, e.g. to the liquid/liquid boundary7, 79, 99. The intensity
of the SHG response (I 2ω) measured in TIR is given by the expression7,

I 2ω = ω2

8ε0c

(
ε2ω

1

) 1
2

εω
1

(
ε2ω

m − εω
1 sin2 θω

1

) ∣∣∣χ(2)
∣∣∣2 (

I ω
)2 (11.27)

where I ωand θω
1 are the intensity and angle of incidence of the fundamental

beam, and the parameters ε1 and εm corresponds to the relative permittivity of the
incident phase and the interfacial region. The macroscopic second-order surface
susceptibility tensor χ(2) is antisymmetric with respect to inversion, consequently
I 2ω is effectively zero in isotropic media, e.g. bulk liquids. The resonant compo-
nent of χ(2) is proportional to the microscopic hyperpolarisability β15,

χ(2) ∝ Np

∑
k,e

〈
µgkµkeµeg

〉
(
ωgk − ω − i�

) (
ωeg − 2ω + i�

) ∝ Np 〈β〉 (11.28)

where Np is the number of molecules contributing to the spectroscopic responses,
µij is the transition matrix element between states i and j, while � is the line width
term. The subscripts g, k and e stands for ground state, intermediate (virtual) state
and first excited state, respectively. According to Equations (11.27) and (11.28),
the SHG intensity strongly increases when 2ω is resonant to the ωeg. This princi-
ple allows measuring the effective excitation spectrum of the organised porphyrin
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Figure 11.16. SHG spectra associated with specifically absorbed ZnTPPC at the water/
DCE interface at −0.15 (full circles), −0.20 (hollow triangles) and −0.25V (full squares).
The shift of the resonant transition to longer wavelength was interpreted in terms of
the formation of J -aggregates at the liquid/liquid boundary as the coverage of ZnTPPC
increases. Reprinted with permission from ref.[37]. Copyright (2003) American Chemical
Society.

species. In addition, the matrix element in brackets corresponds to the average ori-
entational distribution from which the molecular orientation at the interface can
be extracted.

Nagatani et al. have recorded the SHG spectra of ZnTPPC at the water/DCE
interface as a function of the applied Galvani potential difference37. In Figure
11.16, it is shown that the SHG signal in resonance with the Soret band strongly
shifts to the red as the potential is tuned towards negative values. The SHG maxi-
mum at −0.15V is located at wavelengths very close to the Soret band observed in
bulk water phase (for comparison, see the absorption spectra of SnTPPC in Figure
11.5). At more negative potentials, this band decreases and other SHG bands are
observed with the most intense contribution located at 460 nm, i.e. approximately
40 nm red-shifted with respect to the signal measured at −0.15 V. This behaviour
of the SHG signal has been associated with the formation of J -aggregates at the
water/DCE interface at negative potentials. As discussed in Section 4.2, the cov-
erage of ZnTPPC increases in this potential range, increasing the interporphyrin
interactions. This aggregation process is rather unusual in the sense that it is fully
reversible, i.e. the SHG intensity decreases and shifts towards shorter wavelength
as the potential is swept back towards positive values37.

SHG studies have also provided interesting insights into the adsorption
of other porphyrins including H2TMPyP, ZnTMPyP36, protoIX36, as well as
the proteins myoglobin and haemoglobin100. Comparison between the SHG and
visible spectra not only offers information on aggregation and interporphyrin
interactions, but also on the environment of the porphyrin probe in the adsorp-
tion plane. Determination of the average molecular orientation is rather complex
in these systems due to the enhancement of the SHG signal by the formation of
aggregates. This aspect will be further discussed from the photoelectrochemical
point of view.
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4.3.2. Molecular Orientation Studied by Polarisation Angle
Photocurrent Anisotropy

In the case that specifically adsorbed metalloporphyrins exhibit an average
orientation at the adsorption plane, the excited state population will be determined
by the relative orientation of the electromagnetic wave of the excitation beam
with respect to the molecular transition dipole. As the photocurrent responses are
associated with adsorbed porphyrins, changes in the angle of polarisation will
affect the overall intensity of the photocurrent. In order to quantitatively analyse
this correlation, the transition dipole moment M must be expressed in terms of
the x, y, z coordinates, corresponding to the referential of the interface,⎧⎨

⎩
Mx = M sin ξ cos φ
My = M sin ξ sin φ
Mz = M cos ξ

(11.29)

where ξ corresponds to the tilting angle of the transition dipoles with respect to
the surface normal as schematically represented in Figure 11.17. The angle φ
denotes the orientation in the xy plane. The absorption intensity in each direction
is proportional to the square of the dipole moment integrated over all of φ, i.e. the
molecule is considered to have a fixed angle from the z axis (ξ constant), but can
rotate around z.

Ai = C
∫ 2π

0
|Mi |2dφ (11.30)

where C is a proportionality constant involving the density of transition dipoles.
The absorption constant in the spatial coordinates is obtained by combining Equa-
tions (11.29) and (11.30), ⎧⎨

⎩
Ax = Cπ sin2 ξ

Ay = Cπ sin2 ξ

Az = C2π cos2 ξ

(11.31)

y
x

c

y

z

M
x

f

Figure 11.17. Schematic representation of the angles ξ, χ and φ defining the orientation
of the prophrin transition dipole M with respect to the liquid liquid boundary. To simplify
the illustration a single dipole is shown (M), however, porphyrin molecules exhibit two
orthogonal transition dipoles located in the plane of the ring. The z axis is perpendicular
to the plane of liquid/liquid boundary, and it is assumed that the excitation beam (dashed
lines) follows the y direction. The angle χ denotes the angle between the laser beam and
the interface, while Ψ represents the angle of polarisation of the incoming radiation.



Porphyrins Sensitised Liquid/Liquid Interfaces 543

and the total photocurrent can be expressed as,

jph

N
= |Ex |2 Ax + ∣∣Ey

∣∣2
Ay + |Ez |2 Az (11.32)

where Ex , Ey and Ez are the components of the electric field, and N is a constant
dependent on C as well as on the efficiency of the electron transfer process. The
photocurrent anisotropy has been measured under TIR conditions, where the field
at the reflection plane corresponds to53,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

|Ex | = 2no cos χ(
(no)2 − (nw)2

) 1
2

Ei cos Ψ

∣∣Ey
∣∣ = 2 (nw)2 cos2 χ(

(no)2 − (nw)2
) 1

2
(
sin2 χ

(
(no)2 + (nw)2

) − (nw)2
) 1

2

Ei sin Ψ

|Ez | = 2no sin χ
(
(no)2 sin2 χ − (nw)2

) 1
2

(
(no)2 − (nw)2

) 1
2
(
sin2 χ

(
(no)2 + (nw)2

) − (nw)2
) 1

2

Ei sin Ψ

(11.33)
where Ψ is the angle of polarisation of the incident beam and χ is the angle
of illumination with respect to the surface normal. Ei is the magnitude of the
electric field associated with the incident beam. Considering the interaction of the
incident beam with the adsorbed molecules, the photocurrent in Equation (11.32)
is simplified to

jph

N
= cos2 Ψ sin2 ξ + sin2 Ψ

(
cos2 χ sin2 ξ + 2 sin2 χ cos2 ξ

)
(11.34)

Jensen et al. have demonstrated that the photocurrent dependence on the angle of
polarisation of the incoming light in TIR in the presence of ZnTPPC is affected
by the applied Galvani potential difference, as well as by the bulk concentration
of the porphyrin as illustrated in Figure 11.18. The photocurrent anisotropy con-
firms that the transition dipoles exhibit a well-defined orientation with respect to
the interfacial plane. In the case of symmetrically substituted porphyrins, the tran-
sition dipoles are orthogonal and located in the plane of the porphyrin ring. The
minimum in the photocurrent for p-polarised light suggests that the porphyrin
species adopt a rather flat orientation with respect to the interfacial plane. As the
Galvani potential difference is shifted to potentials closer to 0 V, the photocurrents
exhibit a weaker dependence on the polarisation angle, suggesting a change in the
orientation from a coplanar to a more upright position. Similar trends have been
measured for SnTPPC under identical experimental conditions38.

The average tilting angles obtained for ZnTPPC, SnTPPC, protoIX and
chlorin e-6 are contrasted in Figure 11.19. The symmetrically substituted porphy-
rins show an increase in the angle ξ as the surface coverage decreases (Figures
11.19a and b). Indeed, the results obtained from capacitance (Figure 11.14),
QELS (Figure 11.15) and SHG (Figure 11.16) clearly demonstrate that the sur-
face coverage of ZnTPPC decreases as the applied potential increases. Under
these conditions, the ZnTPPC molecules adopt a more coplanar orientation with
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Figure 11.18. Photocurrent dependence on the angle of polarisation of the incoming light
in TIR in the presence of ZnTPPC and Fc at the water/DCE interface. The effect of the
Galvani potential difference for a bulk concentration of ZnTPPC of 1.0 × 10−6mol dm−3

is illustrated in (a). The photocurrent anisotropy at 0.26V as a function of the ZnTPPC
concentration is shown in (b). Reprinted with permission form ref.[35]. Copyright (2003)
American Chemical Society.

respect to the liquid/liquid boundary enhancing the formation of cooperative H-
bonds via the peripheral carboxyphenyl groups35. Increasing the bulk concentra-
tion or applying more negative potentials, the surface coverage is increased and
the porphyrins adopt a more upright position (lower values of ξ ). This behaviour
suggests that the adsorbed ZnTPPC or SnTPPC is organised in a fashion minimis-
ing the lateral electrostatic repulsion and enhancing the interaction between the
porphyrin rings. The formation of porphyrin aggregates revealed by SHG studies
(see Section 4.3.1) is consistent with the molecular orientation at high coverage
revealed by the photocurrent analysis.
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The behaviour observed for asymmetrically derivatised porphyrins such
as chlorin e-6, protoIX38 and Cu-chlorophyllin95 is remarkably different to the
ZnTPPC and SnTPPC cases. The results in Figure 11.19c indicate that the ori-
entation of chlorin e-6 and protoIX are effectively independent of the bulk con-
centration of the porphyrin. Furthermore, no dependence on the Galvani potential
difference was observed either. These results appear to indicate that lateral inter-
actions between the adsorbed species do not play an important role in the mole-
cular orientation of these species. The asymmetric distribution of the carboxyl
groups around the chromophore ring appears to introduce amphiphillic properties
to these dyes. This interpretation is consistent with the fact that chlorin e-6 and
protoIX exhibit a more upright orientation than SnTPPC101.

5. Photoelectrochemical Reactivity
at Porphyrin-Sensitised Liquid/Liquid Interfaces

The previous analysis has so far shown that photocurrent responses are
directly linked to specifically adsorbed metalloporphyrin at the liquid/liquid
boundary. The interfacial organisation of these species is affected by a series of
parameters such as the bulk concentration and the Galvani potential difference. In
this section, we shall concentrate on the dynamic and mechanistic aspects asso-
ciated with the photocurrent signal. The information discussed in the previous sec-
tions concerning lifetimes of excited states and surface coverage will be relevant
to the estimation of the heterogeneous electron-transfer rate constant from the
photocurrent data.

5.1. The Origin of the Photocurrent Responses

Under potentiostatic conditions, charge transfer (either electrons or ions)
from one electrolyte phase to the other manifests itself by current responses. The
charge redistribution as a result of the faradaic process is counterbalanced by elec-
trochemical processes at the two secondary electrodes. As in conventional electro-
chemical measurements, the flux of charges across the interfaces is matched by
the flux of species to and from each electrolyte phases. In the particular context
of porphyrin-sensitised liquid/liquid interfaces, photocurrents may arise from: (I)
heterogeneous electron injection involving the porphyrin excited state and the hy-
drophobic redox species, eventually followed by the regeneration of the ground
state by redox species in solution (co-sensitiser) or (II) “homogeneous” photore-
dox process followed by heterogeneous electron transfer to the oxidised por-
phyrin. For the photo-oxidation of an organic phase donor Qo, these processes
can be schematically represented as:

Pw
hν−→ P∗

w Photoexcitation (11.35)

P∗
w

kd−→ Pw Excited state relaxation (11.36)
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Figure 11.19. Potential dependence of the ZnTPPC orientation with respect to the normal
of the water/DCE interface at various concentrations as estimated from Equation (11.34)
and the results on Figure 11.18(a). Reprinted with permission form ref.[35]. Copyright
(2003) American Chemical Society. Orientation dependence of SnTPPC (b), chlorin e-6
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orientation on the applied potential is observed. On the other hand, the orientation of
chlorin e-6 and protoIX is effectively independent of the concentration and Galvani poten-
tial difference. Reprinted from ref.[38] with permission from Elsevier Science.
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Mechanism I

P∗
w + Qo

ket−→ [
P−

w · · · Qo
+]

Heterogeneous electron injection (11.37)

[
P−

w · · · Q+
o

] kps−→ P−
w + Q+

o Product Separation (11.38)

[
P−

w · · · Q+
o

] kb−→ Pw + Qo Back electron transfer (11.39)

In the presence of a co-sensitiser in the aqueous phase, the following additional
reactions can occur,

[
P−

w · · · Q+
o

] + CSw
kCS−→ Pw + CS−

w + Q+
o Co-sensitisation (11.40)

P−
w + CSw

kCS−→ Pw + CS−
w Ground state regeneration (11.41)

Mechanism II

P∗
w + SSw

kss−→ P+
w + SS−

w Supersensitisation (11.42)

P+
w + Qo

kset−→ Pw + Q+
o Heterogeneous electron transfer (11.43)

P+
w + SS−

w
ksb−→ Pw + SSw Back electron transfer (11.44)

where Pw, CSw and SSw represent the porphyrin, co-sensitiser and supersen-
sitiser confined to the water phase. The photocurrent responses arise from the
heterogeneous electron transfer steps (11.37) or (11.43). These steps are in com-
petition with the relaxation of the excited state (11.36). In mechanism I, the het-
erogeneous electron transfer generates an intermediate species

[
Pw

− · · · Qo
+]

that
can separate to yield the final products (Equation (11.38)) or undergo back elec-
tron transfer (Equation (11.39)). The latter step involves a flux of charges with
a sign opposite to that of the forward heterogeneous electron injection (11.37).
As discussed later, the heterogeneous back electron transfer manifests itself by
the relaxation of the photocurrent responses. This feature is phenomenologically
similar to the interfacial electron–hole recombination processes in semiconductor/
electrolyte junctions. However, while recombination in semiconductors is a
second-order process, the photocurrent decay associated with step (11.39) follows
first-order kinetics53, 68, 102.

Typical examples of photocurrent responses arising from mechanism I
are illustrated in Figure 11.20. The photo-oxidation of decamethyl ferrocene
(Me10Fc) by the ion pair ZnTPPS–ZnTMPyP (Figure 11.20a) exhibits quasi-
quadratic responses to on–off light perturbations101. As discussed in the following
section, the magnitude of the photocurrent signal is determined by a series of para-
meters including the photon flux, the coverage of the heterodimer and the rate of
heterogeneous electron transfer ket. The small decay of the photocurrent after the
initial value is related to the diffusion of the ferrocene derivatives from the bulk
of the organic phase to the interface. On the other hand, experiments performed
over a wide range of light intensities and heterodimer concentrations indicate that
the ground state regeneration (11.41) is rather efficient and no depletion of the
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Figure 11.20. Typical photocurrent transient response associated with the photo-oxidation
of decamethylferrocene by the ZnTPPS–ZnTMPyP ion pair at the water/DCE interface
(A). Reprinted with permission from ref.[101]. Copyright (2003) American Chemical
Society. Photocurrent transients originating from the photoreduction of TCNQ in the
absence (a) and in the presence (b) of the co-sensitiser hexacyanoferrate (B). The inset
shows the increase of the initial photocurrent as the Galvani potential difference is shifted
towards negative values. Reprinted from ref.[103] with permission from Elsevier Science.

heterodimer is observed53. The important point remaining to be addressed is the
process behind the porphyrin regeneration as no other electro-active species are
present in the aqueous phase. Preliminary results appear to indicate that dissolved
oxygen does not play a significant role in reaction (11.41).

The photoreduction of TCNQ by the heterodimer in Figure 11.20b exhibits
negative photocurrents, which by convention indicate that electrons are trans-
ferred from the aqueous to the organic phase103. In this case, strong relaxation
of the photocurrent is observed followed by a positive overshoot in the off tran-
sient. Taking into account the appropriate sign reversal, the photocurrent decay
and overshoot are associated with the back electron transfer step (11.39). Upon
addition of the ferri/ferrocyanide couple in the organic phase, the oxidised ion pair
is regenerated prior to the back electron transfer, and the photocurrent transient
approaches the same behaviour as in the case of Me10Fc. This process, commonly
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Figure 11.21. Photocurrent action spectra associated with the heterogeneous photo-
oxidation of ferrocene by chlorin e-6 sensitised TiO2 nanoparticles assembled at the water/
DCE interface. The photocurrent significantly increases as the concentration of TiO2 par-
ticles increases in the aqueous phase. The photocurrent spectra exhibit the same features
as the chlorin e-6 spectrum superimposed in the figure. Reprinted from ref.[104] with per-
mission from Wiley-VCH.

referred to as co-sensitisation, is rather difficult to distinguish from the regene-
ration of the ground state (Equation 11.41) solely on the basis of photocurrent
analysis. Both processes occur in homogeneous phase and no photoresponses are
directly associated with them. The fact that the co-sensitiser decreases the rate of
first-order back electron transfer as shown in Figure 11.20b indicates that the re-
action involves the intermediate complex

[
Pw

− · · · Qo
+]

. On the other hand, there
is no direct experimental evidence that the regeneration of the ground state occurs
before or after a product separation takes place. In any case, these mechanistic
details will not affect the most important discussions in this chapter which are
related to the photoelectrochemistry of metalloporphyrin sensitised liquid/liquid
junctions.

An example of mechanism II can be recalled from dye sensitised TiO2
particles assembled at the water/DCE interface104. Figure 11.21 illustrates photo-
current spectra for the photo-oxidation of ferrocene (Fc) by chlorin e-6 for vari-
ous concentrations of TiO2 colloids. Dye species featuring peripheral carboxylic
groups strongly bind to oxide surfaces and ultrafast electron injection into the
conduction band takes place upon illumination65, 66, 105–108. The fact that pho-
tocurrent spectra show the same features as the absorption spectrum of chlorin
e-6 indicates that the process is initiated by electron injection from the dye to the
conduction band of the TiO2 colloid. As in mechanism I, the efficiency of the
photocurrent is determined by the competition between the heterogeneous elec-
tron transfer from ferrocene to the oxidised dye and electron capture from TiO2
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conduction band (these steps can be considered equivalent to reactions (11.43)
and (11.44)). It should also be mentioned that photocurrent relaxations as exem-
plified in Figure 11.20b are not observed in this kind of mechanism. This is due
to the fact that the back electron transfer is not heterogeneous, consequently no
photoresponses are recorded in the potentiostatic circuit104.

The remaining sections of this chapter will be mostly concerned with
reactions following mechanism I. In this case, the photocurrent magnitude is
directly connected to the ratio between the rates of heterogeneous electron transfer
and excited state decay. In addition, the effect of the Galvani potential difference
on the photocurrent magnitude provides valuable information on the reactivity of
the metalloporphyrin at the liquid/liquid boundary.

5.2. Photocurrent Responses as a Function of the Galvani Potential
Difference

The photocurrent anisotropy on the angle of light polarisation (see Figure
11.18) clearly demonstrated that only the metalloporphyrins self-assembled at the
liquid/liquid boundary are responsible for the photoeffects observed. As discussed
in Section 4, the interfacial coverage of the ionic porphyrins is determined not
only by the bulk concentration but also by the Galvani potential difference. Con-
sequently, changes in the photocurrent responses with �w

o φ can be brought about
by changes in the surface coverage of porphyrins.

Neglecting the back electron transfer step and the diffusion of redox active
species to the liquid/liquid junction, the photocurrent signal can be expressed in
terms of the surface concentration of porphyrins (see Equations 11.9 and 11.19)
and the competition between electron transfer and excited state decay94,

jphoto = eI0σ

(
ket

ket + kd

)
θp�

max
p (11.45)

where I0 is the photon flux arriving to the liquid/liquid boundary, σ is the photon
capture cross section. In this approximation, the surface coverage of porphyrins is
described by a potential dependent Langmuir isotherm (Equations 11.9 and 11.19)

θp = 1

1 + aH2O

ap
exp

(
�G◦

ads
RT

)
exp

(− zF
RT �w

s φ
) (11.46)

The fraction of the potential drop in the aqueous phase �w
s φ can be estimated

from similar analysis as those presented in Section 2. At high porphyrin cover-
age, the surface charge density is expected to affect substantially the potential
distribution across the interfacial region.

The photocurrent dependence on the porphyrin concentration is illustrated
in Figure 11.22 for ZnTPPC94 and the ion pair ZnTPPS–ZnTMPyP59. In these
experiments, the photo-oxidation of ferrocene derivatives were examined under
the conditions where responses associated with back electron transfer are negli-
gible. For both set of results, it is observed that the photocurrent increases with
increasing Galvani potential difference. The lines also indicate that the concen-
tration dependence can be rationalised in terms of expression (11.46). In Figure
11.22a, the photocurrent responses exhibit a stronger dependence on the ZnTPPC
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Figure 11.22. Photocurrent dependence on the concentration of ZnTPPC (a) and ZnTPPS–
ZnTMPyP ion pair (b) in the aqueous phase at various Galvani potential differences.
The photoresponses originate from the photo-oxidation of Fc at the water/DCE inter-
face. Reprinted with permission from refs.[94] and [59]. Copyright (1998/1999) American
Chemical Society.

concentration as the Galvani potential difference is increased. On the other hand,
the photocurrent dependence on the concentration of ZnTPPS–ZnTMPyP appears
unaffected by the applied potential. These results have been interpreted in terms
of the potential dependence of the surface coverage. In Section 4, it was con-
cluded that the surface concentration of ZnTPPC decreases with increasing �w

o φ.
On the other hand, the same experimental approaches have shown that the surface
coverage of the heterodimer ZnTPPS–ZnTMPyP is effectively independent of the
Galvani potential difference53.

The analysis of the photocurrent responses on the basis of Equations (11.45)
and (11.46) appears consistent with the results obtained by other spectroscopic
techniques in relation to the potential dependence of the metalloporphyrin cover-
age. However, the physical meaning of the parameters associated with the Lang-
muir isotherm must be considered cautiously. The contribution of aggregation,
interfacial protonation and cooperative H-bonding associated with the adsorption
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of ZnTPPC (Section 4) are implicitly included in the phenomenological term
�G◦

ads in Equation (11.46).
The two examples illustrated in Figure 11.22 clearly show that the photo-

current responses originating from heterogeneous reductive quenching increases
as �w

o φ is shifted towards positive values. These results demonstrate that the
apparent rate constant of electron transfer ket is affected by the applied poten-
tial. This evidence does not support one of the arguments presented in Section 2,
i.e. changes in �w

o φ mainly perturb the distribution of ionic species rather than
the electron transfer rate constant. In the next section, we shall examine more
quantitative relationships between the thermodynamic electron transfer driving
force and ket with particular emphasis on the case of the heterodimer ZnTPPS–
ZnTMPyP. As mentioned previously, the surface coverage of this complex is in-
dependent of �w

o φ, allowing a direct correlation between photocurrent magnitude
and ket.

5.2.1. Correlation between Photocurrent and the Gibbs Free
Energy of Electron Transfer

The Gibbs free energy of electron transfer is determined by the formal elec-
tron transfer potentials associated with the excited state of the metalloporphyrin
(E◦′,w

P∗ ) and the redox couple in the organic phase (E◦′,o
Q )101,

�G◦′
et = −F

(
E◦′,w

P∗ − E◦′,o
Q + �w

o φ
)

(11.47)

This expression is defined for an electron transfer from donors in the organic
phase to redox species in the aqueous phase. In the case that the species in the
organic phase are reduced, the sign of Equation (11.47) must be reversed. As we
shall describe here, a key distinctive point of carrying out heterogeneous photo-
electrochemical studies at the polarisable ITIES is that �G◦′

et can also be changed
by tuning the Galvani potential difference. In order to evaluate the Gibbs free
energy as formulated in Equation (11.47), the formal redox potentials E◦′,w

P∗ and
E◦′,o

Q must be formally referred to a common reference state. Taking the redox
couple ferrocene/ferricinium as an example, the formal redox potential in DCE
vs. SHE in water is defined in terms of the reaction47, 101,

1

2
H2 (w) + Fc+ (DCE) → H+ (w) + Fc (DCE) (11.48)

The formal transfer potential for reaction (11.48)
([

E◦′,o
Fc+/Fc

]
SHE

)
can be evalu-

ated by the following thermodynamic cycle,

Fc+ (DCE) → Fc+ (w) −F�w
o φ◦′

Fc+ (11.49)

1

2
H2 (w) + Fc+ (w) → H+ (w) + Fc (w) −F

[
E◦′,w

Fc+/Fc

]
SHE

(11.50)

Fc (W) → Fc (DCE) �Gw→o
Fc (11.51)
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From Equations (11.49)–(11.51), it follows that

[
E◦′,o

Fc+/Fc

]
SHE

= �w
o φ◦′

Fc+ +
[

E◦′,w
Fc+/Fc

]
SHE

− �Gw→o
Fc

F
(11.52)

Independent measurements of each of these parameters have allowed the evalu-

ation of Equation (11.52) giving as a result
[

E◦′,o
Fc+/Fc

]
SHE

= 0.64 ± 0.02 V47.

This value can be used as a reference for estimating the formal redox potential
of other species in DCE as summarised in Table 11.160, 101. The redox potentials
estimated for the intermediate charge separated state associated with the ZnTPPS–
ZnTMPyP heterodimer (see reaction 11.5) are also included.

Table 11.1. Formal Redox Potentials and Gibbs Free Energy for Heterogeneous Electron
Transfer Between Photoexcited ZnTPPS–ZnTMPyP Ion Pair (P∗) in Water and Redox

Species in 1,2-Dichloroehtane

Redox couple E◦′
/V vs. SHE �G◦′

et/eV‡

P∗/P− 1.00 /
P+/P∗ −0.35 /
Ferrocene Fc+/Fc 0.64 −0.36
Dimethylferrocene Me2Fc+/Me2Fc 0.55 −0.45
Diferrocenylethane Fc2Et+/Fc2Et 0.55 −0.45
Butylferrocene BuFc+/BuFc 0.56 −0.44
Decamethylferrocene Me10Fc+/ Me10Fc 0.07 −0.93
Tetracyanoquinodimethane TCNQ / TCNQ− 0.29 −0.64
Tetrachlorobenzoquinone TCBQ / TCBQ− 0.17 −0.52
Dichlorobenzoquinone DCBQ / DCBQ− −0.02 −0.33
Benzoquinone BQ/BQ− −0.43 0.08

† Data reproduced from refs. [54] and [93].
‡ Estimations based on Equation (11.47) for �w

o φ = 0 V. The appropriate sign reversal
should be considered for photoreduction processes.

From the data in Table 11.1 and Equation (11.47), it is expected that the
photocurrent responses at a given Galvani potential difference will be affected
by the redox potential of the quencher in the organic phase. This behaviour is
illustrated in Figure 11.23 for a series of electron donors and acceptors60, 101.
The transient responses are rather different for both set of data, showing quasi-
quadratic responses in the photo-oxidation (Figure 11.23a) and strong photocur-
rent relaxation in the case of the electron acceptors (Figure 11.23b). As discussed
in Section 5.1, the relaxation phenomena are associated with back electron trans-
fer processes and diffusion of the redox active species to the interfacial region.
The contribution of diffusion responses is rather small for the photocurrent mag-
nitudes shown in this figure. Indeed the small relaxation obtained in the presence
of Me10Fc (see Figure 11.20a) illustrates the limited effect of diffusion under
these experimental conditions53. In the following discussion, the initial value of
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Figure 11.23. Photocurrent transient responses associated with the photo-oxidation of var-
ious ferrocene derivatives (a) and photoreduction of electron acceptors (b) by the ion pair
ZnTPPS–ZnTMPyP. Experiments were performed at the water/DCE interface at 0 V (a)
and −0.12 V(b). The difference in photocurrent magnitude is connected to the Gibbs free
energy of electron transfer (see Table 11.1). Reprinted with permission from refs.[101] and
[60]. Copyright (2002/2003) American Chemical Society.

the photocurrent ( j0
ph) will be employed to extract information on the competition

between the heterogeneous electron transfer and the relaxation of the charge
separated state. Assuming that the contribution from back electron transfer and
other competing processes to the measuring current is negligible at short times101,
the parameter j0

ph can be simply described by Equation (11.45). However, the

estimation of j0
ph from the photocurrent transient could be non-trivial in cases

where the photocurrent relaxations are fast. This aspect will be discussed in more
detail in Section 5.3. The results in Figure 11.23 show that the initial photocurrent
is clearly dependent on �G◦′

et , confirming the correlation between the thermody-
namic driving force and the phenomenological electron-transfer rate constant.

The effect of the Galvani potential difference on the photocurrent responses
is illustrated in Figure 11.24 for Fc and tetrachloro benzoquinone (TCBQ). In the
case of the electron donor, the photocurrent increases as �w

o φ increases (Figure
11.24a). The opposite dependence is observed for the acceptor TCBQ. The beha-
viour of j0

ph in Figures 11.23 and 11.24 is self-consistent within the correlation
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Figure 11.24. Potential dependence of the transient photocurrent for the photo–oxidation
of Fc (a) and photoreduction of TCBQ (b) at the water/DCE interface sensitised by
ZnTPPS–ZnTMPyP. The magnitude of the photocurrent increases with increasing Gal-
vani potential difference in the heterogeneous photo-oxidation process, while the opposite
trend is observed for the photoreduction. These results unequivocally demonstrate that
the heterogeneous photoinduced electron transfer is affected by the Galvani potential dif-
ference across the liquid/liquid boundary. Reprinted with permission from refs.[101] and
[60]. Copyright (2002/2003) American Chemical Society.

established between �G◦′
et and �w

o φ in Equation (11.47). This correlation allows
gathering the trends associated with the applied voltage and the formal potential
of the redox species as illustrated in Figure 11.2560, 101. The photocurrent val-
ues show a marked increase as �G◦′

et becomes more negative, showing a weaker
dependence for values below −1 eV. This behaviour not only confirms that con-
tributions from diffusion are negligible under the photon flux employed, but also
that the dynamics of electron transfer for these redox species can be described in
terms of a common set of physical parameters. These parameters include the reor-
ganisation energy and electronic coupling between the excited metalloporphyrin
dimer and the electron donor.

A similar behaviour is also observed for the electron acceptors (Figure
11.25b), except for the case of 1,4-benzoquinone (BQ). For this quencher, �G◦′

et is
positive within a certain potential range and electron transfer from the populated
high energy level of the heterodimer should not be observed under thermodynamic
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Figure 11.25. Photocurrent dependence on the Gibbs free energy of electron transfer
for the photo-oxidation of ferrocene derivatives (a) and photoreduction of quinone-type
molecules (b) at the water/DCE interface. �G◦′

et is evaluated from Equation (11.47), em-
ploying the formal redox potentials summarised in Table 11.1 and the applied Galvani
potential difference. A deconvolution of the photocurrent relaxation in the presence of the
electron acceptors was performed in order to estimate the flux of electron injection g. The
second-order rate constant for the photoninduced heterogeneous electron transfer is also
calculated assuming values of 1 nm for dcc and 5 × 10−5 s−1 for kd. The trends observed
in both set of data were rationalised in terms of a single solvent reorganisation energy and
activation-less limit for the rate constant. Reprinted with permission from refs.[101] and
[60]. Copyright (2002/2003) American Chemical Society.

grounds. This behaviour has been rationalised in terms of shifts of the effective
redox potential of BQ towards more positive potentials via hydrogen bonding
and coupled protonation of the radical semiquinone60, 109–112. The formal redox
potentials in Table 11.1 are calculated from the redox potential measured with
a Pt micro-electrode in dry DCE with respect to the Fc couple60. Therefore, it
can be concluded that the apparent redox potential of BQ is shifted towards pos-
itive values in the proximity of the water/DCE interface. Experimental analysis
reviewed in Section 5.3 provides evidence that the shift of the interfacial redox
potential is connected to interfacial hydrogen bonding.
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5.2.2. The Electron Transfer Activation Energy and Solvent
Reorganisation Term

As we mentioned earlier, the surface coverage of the ZnTPPS–ZnTMPyP
complex is effectively independent of the Galvani potential difference. Estima-
tions of the interfacial tension based on QELS studies have shown that the density
number of ZnTPPS–ZnTMPyP is of the order of 1014 cm−2 for a bulk concen-
tration of 5×10−5 mol dm−3 53. From the results illustrated in Figure 11.22b,
this value corresponds to the maximum surface concentration at the water/DCE
interface. According to Equation (11.45), the dependence of j0

ph on �G◦′
et is deter-

mined by the effective quantum yield (�inj) for the photoinduced heterogeneous
electron transfer:

�inj = j0
ph

eI0σ Ns
= j0

ph

jmax
ph

=
(

ket

ket + kd

)
(11.53)

As we mentioned previously, ket increases as the redox potential of the electron
donor is more negative and �w

o φ is tuned towards positive values. From these rela-
tionships, we can extract information on the reorganisation energy and electronic
coupling between the redox species.

Within the framework of Marcus theory of electron transfer, the activation
energy for a non-adiabatic electron transfer process is given by113–116,

�Gact = wr +
(
λ + �G◦′

et + wp − wr

)2

4λ
≈

(
λ + �G◦′

et

)2

4λ
(11.54)

where wr and wp are the work terms related to reactants encounter and product
separation. Analysis performed in other publications have shown that the terms
wr and wp are approximately an order of magnitude smaller than �G◦′

et and the
reorganisation energy λ,43 consequently these parameters will be neglected as a
first approximation. The parameter λ involves contributions from internal con-
formation changes of the reactants as well as the solvation structure during the
electron-transfer step. Assuming a sharp liquid/liquid boundary which cannot be
penetrated by the reactants, the relationship between the activation energy and
the bimolecular electron transfer rate constant kII

et (units cm4 s−1) corresponds
to116

kII
et = 2πκν

(
rp + rq

)
�R3 exp

(−�Gact

kBT

)
(11.55)

where κ is the Landau–Zener transmission coefficient, ν is the frequency of nu-
clear motion and �R is the characteristic distance where the volume integrand
is maximised. The parameters rp and rq correspond to the molecular radii of the
porphyrin and the redox quencher. The dimensionality of the rate constants ket
and kII

et should be clearly differentiated. The former corresponds to an average of
the excited state quenching rate constant, in which the characteristic tunnelling
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distance and the concentration of the redox quencher are included. The unit of
ket is s−1, which allows to be compared with the rate constant of relaxation of
the metalloporphyrin excited state (kd). On the other hand, kII

et is independent
of the quencher concentration and is defined for a given average distance between
the redox species. Obviously, both parameters are closely related as discussed
further below. From Equations (11.53), (11.54) and (11.55), the relationship
between j0

ph and �G◦′
et can be expressed as101,

jph0 = jmax
ph

exp

(
−

(
λ+�G◦′

et

)2

4λkBT

)

exp

(
−

(
λ+�G◦′

et

)2

4λkBT

)
+ kd

Z

(11.56)

where Z corresponds to the maximum value of the electron-transfer rate con-
stant expressed in units of a homogeneous pseudo-first-order reaction with respect
to the concentration of the excited state (s−1). This parameter is determined by
the pre-exponential term in Equation (11.55), the average centre-to-centre dis-
tance between the redox species at the interface (dcc) and the concentration of the
quencher (cQ)101,

Z = 2πκν
(
rp + rq

)
�R3 Naco

Q

dcc
, (11.57)

where Na is the Avogadro constant. The ratio kd/Z as well as λ were evaluated
from non-linear least square fitting of Equation (11.56) to the curve in Figure
11.25a, taking jmax

ph = 3 × 10−5 A cm−2. The dashed line in Figure 11.25a was
obtained for kd/Z = 0.5, and a reorganisation energy λ = 1.05±0.05 eV101. The
former value confirms that the characteristic transient time of the electron transfer
is of the same order of magnitude than the decay of the excited state.

The same analysis can be employed for rationalising the behaviour of j0
ph

as a function �G◦′
et for the set of electron acceptors (Figure 11.25b). As we men-

tioned before, the strong photocurrent relaxation affect the apparent value of j0
ph

and deconvolution of the various components involved in the photocurrent tran-
sients should be performed in order to have accurate estimations of ket. The result
obtained from the deconvolution (further described in Section 5.3.) is denoted as
g. The dashed lines in Figure 11.25b illustrate the fit of j0

ph to Equation (11.56),
resulting in identical values for kd/Z and λ as in the case of the ferrocene deriva-
tives60. The fact that the photocurrent dependence on the driving force for TCNQ,
TCBQ, DCBQ and the various ferrocene derivatives can be described by a single
value of Z and λ reveals that both parameters are mainly determined by the struc-
ture of the interface and the solvent reorganisation energy (λsolv).

Considering an impenetrable sharp liquid/liquid boundary, the solvent reor-
ganisation energy can be expressed as113, 114, 117, 118,
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where do and dw are the characteristic distances between the interface boundary
and the centre of the reactive species. Taking the various parameters in Equation
(11.58) as, rq ∼ 0.2 nm, rp ∼ 0.7 nm, do = dw = dcc/2, εw

opt = 1.78, εo
opt =

2.09, εw
stat = 78.4 and εo

stat = 10, the estimated solvent reorganisation energy of
1.05 eV corresponds to an average distance dcc of 0.8 nm101.

As discussed in Section 2.1, the value of dcc estimated from the solvent reor-
ganisation energy is comparable to the characteristic density profiles generated by
thermally activated capillary wave fluctuations. We believe that these experiments
provide sound proof that the dynamics of heterogeneous electron transfer are de-
termined by the average solvent distribution at the liquid/liquid boundary. A point
that should be reiterated is that the photoreactivity of adsorbed metalloporphyrin
is clearly affected by �w

o φ despite the fact that the distance separating the redox
species is less than 1 nm. This conclusion confirms that the electrostatic poten-
tial exhibits a distribution considerably sharper than expected from the simplified
Gouy–Chapman model (see Figure 11.3). However, it remains a matter of contro-
versy whether the use of a step function for the change in dielectric permittivity
is self-consistent with the microscopic description of the liquid/liquid boundary.

5.2.3. Comparison Between Porphyrin Photoreactivity in Bulk
Solutions and at the ITIES

In order to rationalise the dynamics of heterogeneous vs. homogeneous
photoinduced electron transfer, values of kII

et must be estimated. However, the
extraction of absolute values for ket from the photocurrent data illustrated in
Figure 11.25 requires knowledge of the lifetime of the ZnTPPS–ZnTMPyP charge
separated state (kd). As mentioned in Section 3.3, a limitation of the photoelec-
trochemical approach is that the dynamics of electron transfer cannot be time
resolved as in the case of fully spectroscopic techniques. Previous studies in bulk
solution suggested that long living transient states in porphyrin ion pairs exhibit
decay rate constants of the order of kd = 5 × 105 s−153, 54. Estimations of kII

et
based on this value of kd are also illustrated in Figure 11.25b for the case of
electron accepting species. Extrapolation to the activation-less limit of electron-
transfer rate constant provide values of the order of 120 M−1 cm s−1, which is
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consistent with the non-adiabatic limit calculated by Smith et al.119. This non-
adiabatic character of the heterogeneous quenching of the porphyrins comes as a
result of the distance separating the redox species at the interface.

The data shown in Figure 11.25b reveals that the maximum rate constant
obtained for the acceptor TCNQ was close to 5 M−1 cm s−1. This value was
obtained at the negative edge of the polarisable window i.e. �w

o φ ∼ −0.20 V.
Taking an average separation distance of 1 nm, this rate constant remains two to
three orders of magnitude smaller than homogeneous quenching rate constants of
ZnTMPyP by TCNQ (kq ∼ 1010 M−1 s−1)67. The estimates from photocurrent
measurements are also considerably lower than those reported from nanosecond
flash photolysis in total internal reflection at the water/toluene interface (see
Figure 11.9)67. In this case the quenching rate was of the order of 100 M−1 cm s−1.
The substantial difference between both approaches may be connected to the
specificity of the detection method rather than to physical aspects associated with
the heterogeneous electron transfer process. While flash photolysis provides the
time resolution, there is no possibility to distinguish between homogeneous and
heterogeneous electron transfer. In addition, photocurrent responses have clearly
demonstrated that heterogeneous electron transfer only involves specifically ad-
sorbed metalloporphyrins. The values of the optical density in the interfacial
flash photolysis experiment indicate that more than the specifically adsorbed por-
phyrins are probed by this method.

Another interesting comparison can be made with the charge transfer dy-
namics observed in porphyrin–ferrocene dyads. These supramolecular structures
feature porphyrin and ferrocene units covalently linked. Imahori et al. have shown
that the quenching of zinc tetraphenylporphyrin–ferrocene dyads takes place via
the singlet state with a rate constant in the range of 108 s−1 120, 121. This rate con-
stant is two to three orders of magnitude larger than the value of ket estimated for
ferrocene from the photocurrent responses. This difference confirms that the large
value of λ is connected to the solvent reorganisation energy rather than changes
in the internal conformation of the redox species.

5.3. Dynamics of Photocurrent Relaxation

In Section 5.1, we have shown that the relaxation of photocurrent responses
can be connected to heterogeneous back electron transfer processes (mechanism
I). In the case of ferrocene, detailed analysis based on intensity modulated
photocurrent spectroscopy68 and photocurrent transients (Figure 11.24a)53 have
shown that the back electron transfer process follows first-order kinetics. These
experimental evidences support the mechanism describing back electron transfer
“within” the interfacial intermediate species, and not by the separated ionic pho-
toproducts. According to mechanism I, a quasi-steady-state photocurrent ( j ss

ph) is
developed in the case that the regeneration of the metalloporphyrin ground state
is fast and the interfacial concentration of the organic phase redox couple is not
depleted. j ss

ph is determined by the competition between product separation (Equa-

tion 11.38) and back electron transfer (Equation 11.39)68,

j ss
ph = �inj jmax

ph

(
kps

kps + kb

)
= j0

ph

(
kps

kps + kb

)
(11.59)
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Figure 11.26. Effect of the introduction of a co-sensitiser on the photocurrent transients
for the photoreduction of TCBQ and BQ by the ion pair ZnTPPS–ZnTMPyP. The full lines
correspond to the photoresponses in the presence of the hexacyanoferrate redox couple in
the aqueous phase. The relaxation in the photoreduction of BQ appears little affected by
the co-sensitiser in comparison to TCBQ and TCNQ (see Figure 11.20). Reprinted with
permission from ref.[60]. Copyright (2003) American Chemical Society.

Despite the fact that Equation (11.59) can describe phenomenologically the
experimental responses observed in a variety of systems, it should be clarified
that formally no “steady-state” photocurrent can be defined for bulk liquid/liquid
junctions in the absence of convection forces. Even assuming a fast regeneration
of the metalloporphyrins at the interface, the photocurrent flux will be controlled
by the diffusion of the redox species in the organic phase. However, the deple-
tion of the redox species is not significant for moderate light intensities as illus-
trated in the photocurrent transients in Figures 11.20, 11.23 and 11.24. In this
section, we shall describe the photocurrent transients observed in the presence of
BQ, where other processes such as coupled proton transfer can contribute to the
photorelaxation.

The formation of the BQ radical anion by heterogeneous electron injection
from the ZnTPPS–ZnTMPyP complex is characterised by negative photocurrent
responses followed by a strong decay in the millisecond time domain (see Figure
11.23b). According to mechanism I and Equation (11.59), this decay can be attri-
buted to an efficient back electron process, i.e. kb >> kps. A similar behaviour
is also observed for the acceptors TCNQ and TCBQ. As illustrated in Figure
11.20b, the photocurrent decay in the photoreduction of TCNQ is substantially
affected upon addition of the hexacyanoferrate couple in the aqueous phase. This
couple acts as a co-sensitiser competing with the back electron transfer as well as
regenerating the initial ground state of the complex as in Equation 11.40. Experi-
ments under similar conditions have also been reported in the presence of BQ and
TCBQ as shown in Figure 11.2660. It is observed that the photocurrent decay in
the case of TCBQ is significantly affected by the co-sensitiser, while very small
changes are observed for the BQ photoreduction. Previous studies based on inten-
sity modulated photocurrent spectroscopy show that increasing concentrations of
the hexacyanoferrate couple do affect the photocurrent relaxation; however, the
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“steady-state” photocurrent consistently remains close to zero102. These experi-
mental evidences suggest that other processes may be involved in the dynamics
of photocurrent decay in the case of BQ.

The fast relaxation in the case of BQ has been associated with an interfacial
protonation reaction60,

Q·−
o + H+

w
ktr−→ QHo Heterogeneous proton transfer (11.60)

This reaction involves the transfer of a proton from the aqueous to the or-
ganic phase, which generates a positive current response. Taking into account the
processes contributing to the photocurrent responses, Equations (11.35)–(11.39)
and (11.60), the differential equations associated with the concentrations of the
intermediate species ([PQ]) and the semiquinone radical

([
Q·−])

are given by

d[PQ]
dt

= g − (
kb + kps

) [PQ] (11.61)

d[Q·−]
dt

= kps[PQ] − (ktr + kdi) [Q·−] (11.62)

where the parameter g is given by Equation (11.63),

g = ket
[
P∗] = jmax

ph

(
ket

ket + kd

)
(11.63)

In this treatment, we have expressed the disappearance of the semiquinone
radical from the interface as a first-order process (kdi) in order to simplify the
analysis. A more rigorous treatment involves the computing of the concentration
profiles of the products. However, considering that the steady-state photocurrents
are rather small, this approximation has very little effect on the present analysis
of the photocurrent transients.

The resolution of the differential equations in order to obtain the time de-
pendent photocurrent has been performed via the Laplace method. In this ap-
proach, the concentration of the intermediates and products can be expressed as60

[PQ] = g

s

(
1

s + kb + kps

)
(11.64)

[Q·−] = g

s

(
kps

s + kb + kps

) (
1

s + ktr + kdi

)
(11.65)

where s is the Laplace variable. Taking into account that steps (11.37), (11.39) and
(11.60) involve heterogeneous charge transfer processes, the overall photocurrent
is given by,

jph = −F
(
ket

[
P∗] − kb [PQ] − ktr

[
Q·−])

(11.66)

which can be expressed in the Laplace plane as

jph = −F
(

ket[P∗] − kb[PQ] − ktr
[
Q·−])

(11.67)
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As mention in section 3.3, the photocurrent responses are attenuated by the RC
component of the cell at short times. This parameter can be introduced into ex-
pression (11.67) yielding68, 69,

jph = −F
(

ket[P∗] − kb[PQ] − ktr
[
Q·−])(

1

1 + RCs

)
(11.68)

The inverse Laplace transform of Equation (11.68) provides the following relation
for the photocurrent as a function of time under constant illumination60:

jph = −Fg (α − β − γ ) (11.69)

where

α = 1 − exp

(
− t

RC

)
(11.70)

β = kb

(
1 − exp

(− (
kb + kps

)
t
)

kb + kps
− RC

exp
(− (

kb + kps
)

t
) − exp (−t/RC)

1 − RC
(
kb + kps

)
)

(11.71)

γ = kpsktr

kb + kps − ktr − kdi

(
1 − exp

(− (
kb + kps

)
t
)

kb + kps
− 1 − exp (− (ktr + kdi) t)

ktr + kdi

−RC
exp

(− (
kb + kps

)
t
) − exp (−t/RC)

1 − RC
(
kb + kps

)

+RC
exp (− (ktr + kdi) t) − exp (−t/RC)

1 − RC (ktr + kdi)

)
(11.72)

The term α is associated with the initial rise of the photocurrent response
which is determined by the RC constant of the cell. As the uncompensated resis-
tance tends to zero, this parameter approaches unity and the RC attenuation
vanishes. This effect is illustrated in the simulations in Figure 11.27a. The terms β
and γ describe the exponential decays associated with the back electron transfer
and the heterogeneous protonation, respectively. In Figure 11.27b, the transient
evolution of the parameters α, β and γ are contrasted to the photocurrent as esti-
mated from Equation (11.69), taking the RC constant as 30 ms. This figure clearly
indicates that to estimate the flux of electron injection g from the photocurrent re-
sponse, the contributions from the fast relaxation processes and the RC constant
should be deconvoluted. On the other hand, if the photocurrent decay is not sig-
nificant (e.g. Figure 11.20b), then j0

ph will be approximately equal to g. Fitting of
Equation (11.69) to photocurrent transients for the various electron acceptors and
Galvani potential differences provide consistent values for g, kps, kb, ktr and kdi. A
typical fitting of the photocurrent transients is exemplified in Figure 11.27c. The
values for RC were estimated from impedance measurements. The extraction of
the parameter g by this approach allowed accurate analysis of the rate of electron
injection as described in the previous section.

The analysis of photocurrent transients employing Equation (11.72) also
provided values for kb in the range of 10–50 s−1, while ktr was of the order of
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Figure 11.27. Analysis of the photocurrent transient responses including the character-
istic RC attenuation, back electron transfer and coupled ion transfer. The effect of the
RC constant as evaluated from Equation (11.69)–(11.72) is illustrated in (a) taking kb =
15 s−1, kps = 3 s−1, ktr = 5 s−1 and kdi = 2 s−1. The time evolution of the terms α,
β and γ are contrasted with the normalised photocurrent response taking RC=0.03 s (b).
Photocurrent response in the presence of BQ at −0.12 V and the corresponding fitting to
Equation (11.69) are shown in (c). The parameters employed in the numerical analysis
were: kb = 32 s−1, kps = 4.7 s−1, ktr = 4.1 s−1, kdi = 0.4 s−1, RC = 0.025 s and
g = 2.2 × 10−11 mol s−1 cm−2. Reprinted with permission from ref.[60]. Copyright
(2003) American Chemical Society.
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1–5 s−1. The interpretation of these results on the basis of the physics of hetero-
geneous electron and proton transfer remains challenging. Preliminary compar-
isons between the potential dependence of ket and kb for ferrocene derivatives
suggest that the activation energy is comparable for both processes68. In the case
of proton-transfer processes, the situation is even more complex as the estimated
rate constant is several orders of magnitude smaller than those estimated for ho-
mogeneous processes. How is the activation energy defined for the H+ transfer
process at these interfaces? Can this reaction be treated as a conventional ion
transfer reaction? What is the effective proton concentration at the interface and
what is its dependence on the water phase pH and �w

o φ? Our interpretation of
the phenomenological data obtained from the photocurrent measurements will be
rather limited until these questions are properly addressed.

The apparent slow proton transfer to the semiquinone radical brings about
some interesting considerations with respect to the interfacial redox potential of
BQ. As illustrated in Figure 11.25b, the photocurrent dependence on �G◦′

et shows
a consistent trend for all the redox acceptors except BQ. The hollow diamonds in
Figure 11.25b are obtained by shifting this redox potential by 0.6 V towards more
positive values. In principle, substantial displacement of the reduction potential of
BQ can take place via the formation of H-bonds as well as interfacial protonation
processes. However, the interfacial proton transfer does manifest itself as a posi-
tive current response. If the proton transfer step occurs at time scales shorter than
the relaxation associated with the RC component of the cell, the charge transfer
originating from the quinone reduction is effectively counterbalanced and no net
photocurrent can be measured under potentiostatic conditions. The analysis of the
photocurrent relaxation in Figure 11.27c clearly shows that the proton transfer
occurs in the sub-second time domain, i.e. over four orders of magnitude slower
than the electron transfer step to BQ. Consequently, the protonation equilibrium
cannot be invoked as the origin of the positive shift of the effective reduction
potential of BQ as estimated from the flux of electron injection from the charge-
separated intermediate state.

Although potential shifts of the redox potential by 600 mV due to H-
bonding appears somewhat large, it should be mentioned that theoretical esti-
mations of the electron affinity for BQ hydrogen bonded to four water molecules
predicted increments of the order of 1.1 eV109. An interesting example of the role
of interfacial H-bonding on the organisation and properties of molecules at the
liquid/liquid interface is also found in the work of Steel and Walker15. SHG
measurements employing ingeniously designed chromophore surfactants self-
assembled at the water/1-octanol interface have shown that a region with a di-
electric permittivity lower than bulk 1-octanol can be probed at the interface. This
region is formed as a result of the orientation adopted by the first layer of 1-octanol
to maximise H-bonding with water molecules. MD simulations by Benjamin have
recently confirmed the non-monotonic changes of polarity and solvent density at
the 1-octanol/water interface122. In addition, other MD simulations by Jedlovszky
et al. have concluded that H-bonding and water orientation undergo substantial
changes as function of the position at the interface122. For instance, it is proposed
that in the region where the density of water is less than 10%, water molecules
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adopt an orientation with the molecular plane perpendicular to the interface with
an O–H bond pointing towards the organic phase.

6. Concluding Remarks

This chapter has illustrated the wealth of information about structure and
reactivity at polarisable liquid/liquid interfaces as probed by water-soluble metal-
loporphyrins. The multidisciplinary approach based on spectroscopic and pho-
toelectrochemical techniques has allowed unravelling the specific interaction
between the porphyrins and the liquid/liquid boundary, their molecular organ-
isation and the factors governing their reactivity towards photoinduced hetero-
geneous electron transfer. Electrochemical impedance, QELS and SHG have
demonstrated that metalloporphyrins specifically adsorb at the interface as a re-
sults of their complex solvation structure. The characteristic hydrophobic ring and
ionisable peripheral groups are responsible for a variety of interactions such as ion
pairing, H-bonding, aggregation and surfactant-like ordering at the liquid/liquid
boundary. The coverage and molecular orientation are dependent on the Galvani
potential difference between the two liquid phases.

In the presence of redox couples confined to the hydrophobic liquid phase,
photoinduced heterogeneous electron transfer can be effectively monitored by
photoelectrochemical techniques under potentiostatic conditions. The photocur-
rent responses are uniquely related to specifically adsorbed porphyrins, as demon-
strated by the photocurrent anisotropy to the angle of polarisation of the incident
illumination (Section 4.3). Systematic studies of the photocurrent intensity as a
function of the formal potential of the redox couple and the Galvani potential
difference revealed that the dynamics of electron transfer are determined by the
distance separating the redox species at the interface. Other processes including
decay of the electronically excited state, back electron transfer, porphyrin regene-
ration and coupled ion transfer play important role on the dynamics of the photo-
current responses.

A key remaining challenge in this direction is the possibility of manipulat-
ing the distance separating the redox couples and porphyrins at the liquid/liquid
boundary. This can be achieved by designing molecular dyads in which both units
are connected by a linker acting as a molecular wire. Examples of this kind of
structures are widespread in the literature120, 123–126. The rationale behind this
approach is to increase the electronic coupling between the excited state of the
porphyrin and the redox species (pre-exponential term in Equation 11.55), as well
as decreasing the reorganisation energy term (Equation 11.58). However, optimi-
sation of these two parameters will undoubtedly increase the rate of back electron
transfer and decrease the overall photocurrent quantum efficiency. A systematic
study of photocurrent responses as a function of the length and nature of the
linker could provide not only an optimum porphyrin-redox distance, but also a
mean to probe the fraction of the applied potential acting on the electron transfer
process.
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12
Theoretical Insights on the Chemical
Reactivity of MetalloPorphyrins
Using Density Functional Theory

Ilaria Ciofini, Laurent Joubert, Michele Pavone, Vincenzo
Barone and Carlo Adamo

1. Introduction

Metal complexes of N4-ligands, such as porphyrins, are widely studied as
biomimetic models for several biological redox processes, in particular for mole-
cular oxygen transport and activation1. They are also well known as efficient cata-
lysts for oxidative degradation of various types of pollutants and residual wastes2.
In the last decade, related complexes such as metallophthalocyanines were also
reported to be efficient catalysts3, especially for the electrochemical oxidation of
thiols4–6. For this reason, modified electrodes coated by adsorbed or electropoly-
merized films of these complexes have been extensively used since they act as
electrocatalysts lowering the overpotential of oxidation (or reduction) of the target
molecules3–7. Studies, reported in literature, concerning the electro-oxidation of
thiols have shown that the catalytic activity of phthalocyanines-coated electrodes
strongly depends on the nature of the central metal, with cobalt derivatives giving
the best activity4–6. Nevertheless, the mechanism of the electrocatalytic process
is still not well understood. In a recent study, Bedioui and collaborators have ex-
tended the use of electropolymerized cobalt porphyrin film-coated electrode for
the electrocatalysis of the oxidation of thiols8. For the first time, it was shown
that the cobalt porphyrin-modified electrode possesses a potential electrocatalytic
activity for 2-mercaptoethanol electro-oxidation. Anyway, its activity is signifi-
cantly lower than that of the phthalocyanine-based one. Further extension of the
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use of various types of macrocyclic complexes, such as tetrabenzoporphyrin and
porphyrazine, for the electrocatalytic activation of thiols may offer new alterna-
tives in this field. As a matter of fact, under experimental conditions, several ef-
fects, such as the role of the central metal, functionalisation, solvent, the substrate
(here 2-mercaptoethanol), and the absorption, sum up to give the final electro-
chemical activity of the device. Indeed, these effects are strongly interconnected
and very difficult to analyse on experimental basis only. Therefore, especially to
tune and guide the experimental work, a theoretical approach could be of great
help, if not mandatory.

Theoretical (and computational) approaches offer the great advantage of
being able not only to simulate the overall process, i.e. to perform an “ideal”
reaction, but to provide tools of analysis able to separate and quantify each of
the effects playing a role. In this respect, two main approaches can be followed:
(1) perform a “chemical experiment” using computational approaches, i.e. simu-
late the overall reaction taking place (direct approach); (2) use reactivity indexes
computed for isolated reactants/products in order to qualitatively and quantita-
tively evaluate the reaction yields (indirect approach). The first approach offers
the advantage of giving information not only on the thermodynamics of the re-
action but also on its kinetics and more generally on its microscopic steps. In
other words the direct approach gives insights on the mechanism of the reaction,
thus providing a global description of the overall process via its elementary steps.
Nevertheless, if we limit to quantum ab initio methods (i.e. quantum approaches
that do not use any parametrization) the direct approach becomes very expensive
as the size of the systems increases and difficult to be efficiently used to simulate
reactions, including a great variety of phases and interactions, such as in the case
of the electrocatalytic process we are interested in. Furthermore, some theoretical
tools to analyse the computed reaction profiles and rationalize them in terms of
simple chemical concepts will, indeed, be needed. Therefore, even if we are cur-
rently studying the possibility of following the oxidation of 2-mercaptoethanol
using a direct approach, that is performing an ab initio molecular dynamic simu-
lation for the approach of the substrate to a Co(II)–N4 complex, it is not surprising
that simpler, yet efficient, methods are currently used to rationalise the oxidative
power of N4 complexes. In this context, the global descriptors of reactivity, such
as the electronic chemical potential (µ) and chemical hardness (η)9–11, represent
a simple way to rationalise the different chemical behaviour of similar species.
In particular, µ characterises the escaping tendency of electrons from the equi-
librium system while η can be seen as a resistance to charge transfer. These two
entities are global properties of the investigated systems and the characterisation
of their profiles along a reaction coordinate has been shown to be useful to study
their chemical reactivity12–17. More recently, Parr and co-workers18 have intro-
duced a new index, the electrophilicity (ω), as a convenient parameter to assess
the electrophilicity power of an atom or molecule. This index can be defined in
terms of hardness and chemical potential18.

From a more theoretical point of view, the chemical potential, and hardness
(and softness) concepts can be rigorously defined in the framework of density
functional theory (DFT), allowing their non-empirical evaluation and accurate
calculation (see for instance ref.[12] and [13]). DFT is an ab initio approach
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including both exchange and electron correlation contributions to the total energy
with such a favourable scaling that large size systems can be routinely treated19.

As concerns the calculation of chemical reactivity index, it can easily be
shown that within the DFT formalism, being the total energy of a system a func-
tion of the density and external potential (E [ρ(r), v(r)]), the chemical potential
can be defined as:

µ =
(

∂ E

∂ N

)
v(r)

, (12.1)

where N is the total number of electrons.
Analogously the hardness is the second derivative of the total energy with

respect to the number of electrons at constant external potential:

η =
(

∂2 E

∂ N 2

)
v(r)

. (12.2)

This rigorous definition given by Parr and Pearson in 19839, 10, formalizes
the concept expressed by Pearson in 1960 to rationalize acid–base reactions and
has been widely used since then20. Furthermore, Parr and Pearson9 using a three-
point finite difference approximation, derived the following working definition
(here we omit the 1/2 factor arbitrarily introduced in the original definition):

η = (I − A) , (12.3)

where I and A are the first vertical ionisation potential and electron affinity of the
neutral molecule, respectively. Analogously, the electronic chemical potential (µ)
can be defined as:

µ = 1

2
(I + A) . (12.4)

Starting from these two quantities, the electrophilicity index (ω) was suc-
cessively defined by Parr and co-workers18 as:

ω = µ2

2η
. (12.5)

This expression can be regarded as a quantitative formulation of the model
of Maynard et al. who introduced the concept of “electrophilicity power” of a
ligand as a measure of its electron saturation21. This index quantifies the tendency
of a molecule to accept an electron from a generic donor. Therefore, the higher is
the electrophilicity index, the greater is the propensity of the complex to attract
electrons from a generic donor molecule.

Indeed, all these three indexes are related to the properties of an isolated
reactant, that is they do not take into account the “selectivity” for other species.
To this end, a new intermolecular index can be introduced, the donor–acceptor
intermolecular hardness (ηDA) defined as:

ηDA = (ID − AA) , (12.6)
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where AA is the electron affinity of the acceptor A (for instance the metal–N4
complexes) and ID the vertical ionisation energy of the donor molecule D (for
instance the thiol anion, namely 2-mercaptoethanol)22, 23. This index compactly
conveys the classical principle of electron transfer reaction: “transfer of electrons
from D to A is faster the closer in energy the highest occupied molecular orbital
(HOMO) of D is to the lowest unoccupied molecular orbital (LUMO) of A”24. It is
important to mention that ηDA represents the hardness of the initial system (A+D)
by considering the isolated acceptor and donor species, where the charge transfer
has still not occurred and therefore gives a general idea on their reactivity. Nev-
ertheless, the intramolecular hardness as reactivity index has been successfully
used for the study of intermolecular charge transfer reactions of electrochemical
interest (see for instance ref.[25]).

The accurate calculation of chemical potential, hardness or electrophilicity
requires (only) an accurate evaluation of the ionisation energy and electron affinity
of the systems. As for other molecular properties, DFT is an invaluable tool, if an
adequate exchange-correlation functional is used. In fact, within the Kohn–Sham
(KS) approach to DFT the total (exact) energy of a system reads:26

EKS [ρ, ν] = Ts [{ϕi}] + J [ρ] +
∫

ρ(r)v(r)dr+Exc [ρ] , (12.7)

where {ϕi} are the spin orbitals. The first term in Equation (12.7) is the kinetic
energy of a system of non-interacting particle, the second is the Coulomb inter-
action and the third is the interaction energy between the electron density ρ(r)
and the external potential ν(r). All terms are known exactly, but the last one
Exc, containing all the remaining contribution to both the kinetic energy and
the electron–electron interaction, is approximated by some functional form, the
so-called exchange-correlation functionals.

A number of functionals based on the density and its gradient (the gen-
eralized gradient approximation, GGA) have been developed in the last few
years19, 27, 28 either by fitting parameters to some set of experimental data or by
imposing the fulfilment of physical constraints28. In this context, the Perdew–
Burke–Erzerhof (PBE) exchange-correlation functional29 is a peculiar approach
since it does not contain any parameter fitted to experimental data. The PBE gen-
erally provides results that are at least comparable to those obtained with more
empirical functionals30, 31. In order to improve GGA results and to partially cor-
rect some of their intrinsic failures (such as self-interaction error) a new class
of functionals (called hybrid functionals) was developed in the late 1980s self-
consistently adding a predefined amount of Hartree–Fock (HF) exchange to the
DFT contribution25–27. Hybrid functionals lead to a great improvement of struc-
tural and electronic properties and cure many of the most striking failures of
GGA27, 32, 33. A number of them were developed, the use of some being particu-
larly widespread, such as for B3LYP34. In particular, casting the PBE functional
in hybrid model, leads to an extremely accurate functional35–38. A number of tests
have shown that by using this hybrid model (hereafter referred to as PBE0), the
calculated ionisation potentials, electronic affinities and a number of other elec-
tronic properties are remarkably close to experimental values37, 39, 40. For these



Chemical Reactivity of MetalloPorphyrins 579

reasons, the PBE0 functional will be mainly used for the calculations reported in
this review.

If the use of the DFT machinery to compute reactivity indexes is not new,
very few studies have been performed to understand the role of the environment
(i.e. solvent or surface adsorption) on the reactivity descriptors16, 17, 41. Indeed, the
environment plays an important role in many of the reactions. Here, the solvent
will be introduced via simplified, yet reliable, method based on the continuum
model of solvent (Polarizable Continuum Model, PCM42) neglecting short-range
(specific) solute–solvent interactions. The first continuum models were elaborated
at the beginning of last century43–47 and their success relies in their simplicity and
in their straightforward link to physical concepts. Nevertheless current continuum
models have been developed much from the first simplified schemes. An extensive
review of continuum models up to the most recent developments and applications
can be found in several studies48–53. The basic idea of all continuum models is the
partitioning of the solution into two subunits: the solute (M) and the solvent (S).
The solute (M) is described fully at a microscopic (here DFT) level. The solvent,
on the other hand, is incorporated as a continuum medium (a continuous electric
field, the so-called reaction field), representing a statistical average over all solvent
degrees of freedom at thermal equilibrium. The main solute–solvent interaction
is electrostatic although recent developments of continuum models included have
also non-electrostatic terms54.

Finally, in order to fully analyse the effect of the environment the adsorp-
tion of the acceptors on the electrode will be also modelled. Nowadays, there
are several possibilities for a theoretical treatment of adsorption in large systems,
for instance the super-molecule technique, simulating total complexes (substrate
+ adsorbed species) by appropriate finite clusters, and the embedded-molecule
technique, through the use of infinite periodic lattices. A different approach may
be found using composite methodologies with different theoretical levels of de-
scription for the different parts of the total system55, 56 but the question of taking
into account electron correlation for an (in principle) infinite number of electrons
raises technical problems (nowadays in course of solution57–59.) Here, the super-
molecule approach has been preferred and the surface of the electrode has been
modelled by a monolayer of graphite where the border carbon atoms have been
saturated by hydrogens. A similar model has been already used, for instance, in
literature to investigate the adsorption of hydrogen molecule on pregraphitic sur-
faces60.

Here we review our work aimed at correlating the reactivity of a series
of M(II) N4-ligands, see Figure 12.1, (M = Co, Fe, Mn and N4 = porphyrin
(P), phthalocyanine (Pc), teraphenylporphyrin (TPP), tetrabenzoporphyrin (TBP)
and tetraazaporphyrin (TAP)) towards the electrocatalytic oxidation of
2-mercaptoethanol. Different effects will be analysed, namely the role of the metal
atoms, the role of the N4 functionalisation, solvent and the impact of the adsorp-
tion on the electrode on the electrochemical activity. The whole machinery of DFT
and the notions of hardness, chemical potential, intramolecular hardness and elec-
trophilicity are used to better quantify these effects and discriminate between the
examined molecular complexes.
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Figure 12.1. Sketches and labelling of the systems considered: M(II) porphyrin (M(II)P),
M(II) tetraazaporphyrin (M(II)TAP), M(II) tetrabenzoporphyrin (M(II)TBP), M(II)
phthalocyanine (M(II)Pc), M(II) tetraphenylporphyrin (M(II)TPP) and 2-mercaptoethanol.
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2. Computational Details

All calculations were carried out with the Gaussian code61, using a recent
hybrid Kohn–Sham/Hartree–Fock (KS/HF) model hereafter referred to as PBE038.
This approach is obtained casting the PBE exchange and correlation functional29

in a hybrid scheme HF/DFT, where the HF exchange ratio (1:4) is fixed a priori62.
Two different basis sets have been used for geometry optimization. The

small set is composed of the CEP-121 pseudo-potentials and basis set (contrac-
tion [8s8p6d/4s4p3d]) for the metal atom, and by the 6-31G(d) basis for C, N,
O, S and H63. It has been shown that such a basis set provides accurate geo-
metrical parameters for metal porphyrins64. To test basis set effect, a larger basis
set has been also used, where the lighter atoms are described via a 6-311G(d,p)
basis sets and the metal basis set is enhanced adding one p polarization function
(exp = 0.08) to the CEP-121 basis65. Only for the study of the effect on reactivity
of the metal atom, that is for the calculation of Co(II), Fe(II) and Mn(II) P and
Pc complexes, a smaller basis set was used for all atoms, namely the Los Alamos
double zeta valence (LANL2DZ)66 and corresponding pseudo-potentials67. Fur-
thermore, only in this case the hybrid Becke-three parameter exchange correlation
functional (B3LYP) was applied34.

Each stationary point found was characterized as minimum or first-order
saddle point by computing the harmonic vibrational frequencies.

Solvent effects were evaluated using the Polarizable Continuum Model
(PCM)48. In particular, optimised structures and solvation energies were com-
puted by a cavity model, namely the United Atoms Topological Model (UATM)68,
coupled to the conductor-like Polarizable Continuum Model (CPCM)69. This ap-
proach provides results very close to those obtained by the original dielectric
model for high dielectric constant solvents, but it is significantly more effective
in geometry optimizations, and less prone to numerical errors arising from the
small part of the solute electron cloud lying outside the cavity (escaped charge
effects)69.

Two global reactivity descriptors are discussed: the inter-molecular hard-
ness and the electrophilicity index. Although originally developed for closed-shell
systems, the extension of these indexes to the study of reactions involving open-
shell systems (like those considered here) is straightforward and already reported
in literature (see for instance ref.[10b,12, 13]). Indeed, the Koopmans theorem
cannot be used unambiguously to determine η and ω in terms of the energies of
the HOMO and LUMO for unrestricted wave functions. In order to avoid arte-
facts for all calculations (except the ones concerning the effect of metal) we have
calculated the ionisation potentials and the electron affinities as the differences
between the energies of the reference molecule (N electron system) and the cor-
responding N + 1 or N − 1 electron systems, at the geometry of the reference
species. All these latter calculations, i.e. the evaluations of the energies of the
N , N + 1 and N − 1 electron systems, have been carried out using an even larger
basis, i.e. the 6-311 + G(d,p) basis set for light atoms and the polarized CEP-121G
basis for Co.
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Finally, in order to give a chemical sounding description of the electronic
structure of these molecules the natural bond orbital (NBO) approach and the re-
lated natural population analysis (NPA)70, 71 have been computed and discussed.
The NPA approach is particularly effective in the case of inorganic complexes,
since it gives a description of the electronic distribution less sensitive to the com-
putational parameters (e.g. basis set) with respect to other more commonly used
population analysis such as the Mulliken one [70].

In the case of open-shell systems, unrestricted calculations were performed
and spin contamination was monitored by the expectation values of S2.

3. The Chemical Effects Tuning the Reactivity
of M(II)–N4 Complexes

One of the major advantages of theoretical approaches is, as mentioned be-
fore, the possibility of decomposing a complex chemical event in its basic con-
stituents. The net result is the weighting of each elementary brick with respect
to the global, experimentally observed reaction. Therefore, following this “ideal”
approach, we have identified the main components of our phenomenon: the cen-
tral metal atom, the macrocycle, the solvent and the graphite surface. The effect
of each of these units on the observed reactivity is discussed in the following.

In all the cases considered, 2-mercaptoethanol (HSCH2CH2OH) is used as
electron donor. Moreover, since the experiments are usually carried out in a basic
solution6, 7, the de-protonated anion, namely [HOCH2CH2S]−, is our reference
species. We do not discuss in detail the results concerning this molecule, since
we are interested in differences in reactivity due to changes in the electron accep-
tor, i.e. the N4-macrocycles. Here, we want only to recall that the HOMO of the
anion is a p orbital localised on the sulphur atom, with the correct symmetry for
an interaction with a dπ orbital of the central metal atom of the acceptor. This
orbital is strongly stabilized by interaction with a surrounding medium (solvent),
as expected in the case of a small, charged species.

3.1. Influence of the Metal Atom

Preliminary studies were carried out in order to justify, using the reactiv-
ity index machinery, the higher reactivity of Co(II) derivatives with respect to
other M(II) transition metal complexes, in particular when M = Mn(II) or Fe(II).
Several ab intio studies of the ground state properties of M–N4 complexes can
be found in literature, especially concerning the relative stability of the differ-
ent spin states (for instance in the case of Fe(II) derivatives). Here we consider
only the most stable spin state for each metal complex and analyse the effect of
the metal on the reactivity indexes (i.e. hardness, softness and electrophilicity).
As already mentioned, and contrary to all other calculations reported in this re-
view, these computations were performed using the parametrized hybrid Becke
three-parameter exchange correlation functional (B3LYP34) and a smaller basis
set. The same level of theory was used to compute the donor molecule, i.e. the
anionic form of 2-mercaptoethanol.
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From a qualitative point of view the ground state molecular orbital splitting
of M(II)–N4 can be deduced from very simple, symmetry-based, orbital interac-
tion diagrams72. Since these complexes are the typical prototypes for a square
planar coordination of a transition metal, the d manifold of the metal is split into
a set of three practically non-bonding orbitals (dx2−y2, dxz, dyz), a slightly anti-
bonding orbital (dz2) and a strongly anti-bonding orbital (dxy, directly pointing
vs. the nitrogen atoms of the N4) thus much higher in energy. As a consequence
of such an orbital splitting, the ground electronic state in the case of d7 systems
(such as Co(II)) will be a doublet. More difficult is the definition of the spin state
for Mn(II) (d5) and Fe(II) (d6) systems. Indeed, in the case of Pc and P derivatives
we found the intermediate spin state (S = 1) for Fe and the high spin state (S =
5/2) for Mn to be the most stable, in agreement with the available experimental
magnetic susceptibility data and previous DFT calculations73–78.

Before discussing in detail the results, some remarks on the spin-
contamination problems when dealing with open-shell systems, should be re-
called. Indeed, it is well known that the interpretation of the expectation value for
S2, <S2>, is not straightforward in the framework of DFT methods. Nevertheless
this value still indicates, at least roughly, the extent of contamination by higher
spin states. In our case, the computed B3LYP values are, in the case of Co(II)
complexes, always <S2>< 0.77, thus suggesting that we are dealing with essen-
tially pure doublet states (<S2>= 0.75) while for Mn(II) systems the <S2> value
never exceeds 8.78 (pure sextuplet state: <S2>= 8.75) and for Fe(II) systems the
<S2> value is always around 2.04 (pure triplet: <S2>= 2.00).

In Table 12.1 the computed structural parameters for two series of M(II)–N4
complexes, namely Pc or P, are reported following the labelling scheme depicted
in Figure 12.1. Although slight variations in the metal-to-nitrogen distances are
computed, mainly due to the different size of the metal ions, no significant differ-
ence in the overall structure can be noticed. Therefore the difference in reactivity
between the different metals cannot be derived on the basis of simple geometrical
considerations (such as greater exposure of the metal to the donor).

Table 12.1. Structural Parameters (in Å and degrees) for Selected
Metal-Phthalocyanines (M(II)Pc) and 1 Metal-Porphyrines (M(II)P) as a Function of the

Central Metal Ion Computed at B3LYP level Using a LANL2DZ Basis

M(II)Pc M(II)P

Co(II) Fe(II) Mn(II) Co(II) Fe(II) Mn(II)
M–N 1.952 1.961 1.962 1.998 2.011 2.042
N–C1 1.397 1.399 1.417 1.396 1.396 1.391
C1–C2 1.461 1.462 1.446 1.452 1.455 1.459
C2–C3 1.414 1.415 1.420 1.373 1.372 1.381
C1–X5 1.333 1.333 1.342 1.392 1.392 1.410
M–N–C1 126.4 126.2 126.3 127.4 127.4 126.1
N–C1–X5 127.2 127.1 127.4 125.5 125.4 125.2
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In order to define the relative reactivity of the M(II)Pc and M(II)P towards
the 2-mercaptoethanol we considered two different reactivity indexes: the electro-
philicity (ω) and the intermolecular hardness (ηAD). The first one is an “intramole-
cular” parameter, depending only on the electronic characteristic of the acceptor
species, while the second one, defined in terms of both acceptor and donor prop-
erties, is an “intermolecular” parameter. As a consequence, the combined use of
these two indexes should give a complete picture of the overall oxidation process.
In Figure 12.2, the relative electrophilicity (�ω) and intermolecular hardness
(�ηDA) with respect to those of the analogous Co–N4 systems are reported.

From the analysis of the electrophilicity index only a different behaviour is
predicted for Pc and P derivatives. In fact, while in the case of porphyrine com-
plexes, the Mn(II) one is computed to have the largest electrophilicity and, thus,
the highest capability to reduce 2-mercaptoethanol, the contrary holds for ph-
thalocyanine derivatives. Furthermore, if for porphyrine systems a quite large dif-
ference in reactivity is predicted between Mn (�ω = 0.5 eV), for phthalocyanine
complexes smaller differences are computed, the Co(II) complex being always
predicted to be the least reactive. These results are clearly contrary to the experi-
mental findings and, moreover, do not allow to derive common trends between Pc
and P derivatives. The only general feature appearing from electrophilicity index
is that Co and Fe derivatives show a very similar reactivity. Nevertheless, it should
be kept in mind that the electrophilicity is an intramolecular index and that it tells
nothing about the possible selectivity for a given donor. A (intrinsic) measure of
the selectivity of an acceptor–donor couple is best represented, in terms of reactiv-
ity indexes, by the intermolecular donor–acceptor hardness since its values prac-
tically quantify the very intuitive concept that the interaction between a donor and
an acceptor will be maximised by the couple that minimises the HOMO(donor)–
LUMO(acceptor) energy difference.
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Figure 12.2. Computed variations of electrophilitcity index (�ω, eV) and intramolecular
hardness (�ηDA, eV) for selected M(II)P and M(II)Pc (M = Fe, Mn and Co) with respect
to the corresponding Co(II) complex.
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When analysing the variation of the computed ηAD a completely different
and clear trend appears: Mn(II) complexes possess the highest hardness, the cor-
responding Fe(II) and Co(II) complexes showing very similar reactivity. Indeed,
in agreement with experiments, Co(II) systems are predicted to be the most reac-
tive6. It is worthy to underline that these results have to be considered as quali-
tative since the possibility of axial coordination of a solvent molecule cannot be
neglected. In particular, especially for Fe(II) and Mn(II) systems, axial coordina-
tion alters the ground spin state, and, in principle should not be neglected in the
study of their reactivity. Nevertheless we do not expect that the relative reactivity
order will be significantly altered. Furthermore, in the case of Co systems (the one
that we analyse in the following) the eventual axial coordination cannot change
the ground spin state of the complex and the effect on reactivity can be considered
as negligible (see infra).

3.2. Influence of the N4 Functionalisation

A series of different Co(II)–N4 macrocycles, acting as electron acceptor
and characterised by different substitution on position 5 (methyne, nitrogen or
phenyl), were considered. The optimised geometrical parameters of all acceptor
molecules (refer to Figure 12.1) are reported in Table 12.2. All the complexes, but
TPP, have a planar arrangement of the porphyrin ring and an overall D4h sym-
metry, in agreement with experimental data79–81. In the case of TPP, the cycle
is significantly distorted from planarity, with the typical ruffling of the skeleton
ring82 (see Figure 12.3), due to the strong steric interactions between the phenyl
rings83. The optimised gas-phase structural parameters are in excellent agreement
with the experimental data (error on bonds ≤ 0.01 Å, error on valence angle
≤ 0.9◦). Furthermore, our calculations well reproduce the experimental trends
on the geometries observed along the series. For instance we can notice that the
cobalt–pyrrole distance increases when replacing the nitrogen atoms bridged to
pyrrole by a methine group. The enlargement of the central cavity upon substitu-
tion is directly related to the greater steric effect of the lone pairs of the nitrogen
atom (in CoTAP and CoPc) with respect to the methyne hydrogen atom (in CoP
and CoTBP)81, 84. The only peculiar case is represented by CoTPP, due its twisted
structure.

From a more technical point of view, no basis set dependence of the geomet-
rical parameter is noticed, the maximum variation in bond lengths being 0.004 Å
and +0.4◦ on valence angles when going from the small to the large basis set.
In Table 12.3 are collected the Natural Population Analysis (NPA) charges for
the whole series of Co(II)–N4 complexes. The covalent character of the metal–
ligand bonding is highlighted by the relatively small charges computed for Co(II)
(around 1.0 |e−|) quite far from the formal charge of +2 associated to neu-
tral N4-complex. At the same time there is a striking difference between the
macrocycles possessing a porphyrin-like ring (such as CoP, CoTBP and CoTPP)
and the “tetra-azo porphyrins” ones (CoTAP and CoPc). In fact, the substitution
of the methylene carbon atoms in the pyrrole-bridging position with the more
electronegative nitrogen atoms significantly alters the electronic structure. The
largest effects are computed for the atoms in position 5 (C5 or N5) which have
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Figure 12.3. Optimized structure of the Co(II) tetraphenylporphyrin (CoTPP).

a charge of about −0.25 in the first case and −0.46 in the second. Indeed, also
the C1 atoms are significantly affected (+0.40 vs. +0.16/0.19|e−|) while only
small variations are found on the N atoms bonded to the metal or even on the
Co atom (about +1.20 vs. +1.08|e−|). As concerns the metal atom, the small
differences found within the series area a consequence of a slightly different oc-
cupation of the d orbitals. In particular, while the dz2 has a small excess of electron
density (d1.02

z2 ) in all the complexes, differences are found for the occupation of
the in-plane dx2−y2 orbital. This latter has a smaller occupation in the methyne-
substituted molecule (CoP, CoTBP) than in the nitrogen-substituted complexes
(CoTAP, CoPc). Interestinly CoTPP is closer to the nitrogen analogous, its con-
figuration being d1.03

z2
d0.74

x2−y2
.

Neutron diffractions studies allow for an experimental estimation of the
charge density on the central Co and, in particular, of the d-orbital electron pop-
ulation79, 82, 85. Anyway, a quantitative comparison between our NBO analysis
and the experimental results (obtained through a least-square fitting of the den-
sity) is not strictly rigorous, since the procedure of partitioning the total electron
density is different79. Nevertheless, the agreement of the PBE0 calculations with
the experiments is qualitatively satisfactory. For instance, the X-ray analysis of
the CoTPP gives a density corresponding to d0.92

z2
d0.83

x2−y2
, close to our values83.
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Figure 12.4. Plots of the electrophilicity power (ω, eV) in the gas phase and in aqueous
solution for selected Co(II)–N4 complexes (N4 = P, TAP, TBP, Pc and TPP).

Slightly different values are found from neutron experiments, d1.21
z2

d0.21
x2−y2

. The
apparent discrepancy observed for the dx2−y2 orbital derives from the low sensi-
tivity of neutron experiments to the population of this orbital where electron spins
are mostly paired84.

As previously done to analyse the effect of the metal, two global reactivity
indexes will be discussed: ω and ηDA. The values computed for the electrophilicity
index are reported in Figure 12.4. All the Co(II)–N4 complexes show comparable
ω values, ranging from 2.0 (CoTAP) to 1.3 eV (CoTPP). In particular, CoTAP
has a ω value significantly higher than the corresponding porphyrins (CoP and
CoTPP), due to the electron-withdrawing effect of the nitrogen atoms in position
5. In contrast, CoPc and CoTBP have close ω values, thus underlying the major
role played by the benzene rings in storing electrons. The calculated electrophilic-
ity indexes suggest that aza-porphyrins have a greater capacity to accept electrons
from a generic electron donor and, consequently, they would be more active in the
oxidation reaction of 2-mercaptoethanol. From a very qualitative picture we can
figure that the transfer of electrons from a donor D to an acceptor A is facilitated
when the HOMO of D is close in energy to the LUMO of A. In our case, D is the
anion of the 2-mercaptoethanol and the acceptors are the complexes of Co(II). The
orbitals involved in this interaction are a p orbital localized on sulphur atom for
D and a π* for all the macrocycles (see Figure 12.5). This latter has a significant
contribution from the dπ orbital of the Co and possesses the appropriate symmetry
to interact with the HOMO of the donor.
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Figure 12.5. Plot of the frontier molecular orbitals involved in the oxidation mechanism:
(a) HOMO of the mercaptoethanol anion; (b) LUMO of the Co(II) phthalocyanine.

Table 12.4. Computed Donor–Acceptor Intermolecular
Hardness (ηAD, eV) for selected Co(II)–N4 Complexes

Gas phase Solutiona Solutionb

CoTAP 3.26 2.36 2.34
CoP 2.36 3.20 3.18
CoTPP 2.34 3.22 3.28
CoPc 2.98 2.52 2.50
CoTBP 2.34 3.22 3.26

aComputed using gas-phase geometry
bComputed using the structure optimised in solution.

The intermolecular donor–acceptor hardness′ (ηDA, as defined by Equation
(12.6)), provides a more rigorous description of these nucleophile/electrophile
interactions. The ηDA values for the whole series of N4 macrocycles are collected
in Table 12.4 and plotted in Figure 12.6.

We recall that a low value for the hardness implies greater interactions be-
tween donor and acceptor species, corresponding to a small energy gap between
the donor HOMO orbital and the LUMO of acceptor. Some trends appear from the
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Figure 12.6. Plots of the intermolecular donor–acceptor hardness (ηDA, eV) in the gas
phase and in aqueous solution for selected Co(II)–N4 complexes (N4 = P, TAP, TBP, Pc
and TPP).

analysis of our gas-phase values (first column of Table 12.5): the porphyrin-like
macrocycles (CoP, CoTBP, and CoTPP) are predicted as the most reactive species,
all showing similar ηDA (about 2.4 eV). Higher hardness′ are instead found for the
aza-compounds, CoPc and CoTAP, (3.0 and 3.2 eV, respectively). This result can
be rationalized in terms of the relative energies of the donor and acceptor orbitals.
In fact, the electron-withdrawing substituent (nitrogen atom in aza-porphyrins)
in position 5 of the macrocycles significantly stabilizes the SOMO, whereas the
contrary is true for electron-donating substituent (methylene group). Since the
HOMO of the thiol is quite high in energy, CoTAP and CoPc show higher hard-
ness. It is also interesting to note that the main contributions to the LUMO come
from the atoms belonging to the inner porphyrin ring, so that substituents on pyr-
role have practically no effect. As a consequence, CoP and COTBP have very
similar hardness and the same holds for CoTPP, since there is no contribution
from the orbitals of the phenyl groups, almost orthogonal to the N4 plane.

3.3. Influence of the Environment: Solvent Effects

As mentioned above, we have considered the effect of bulk solvent (here
water) on the electronic properties of Co(II) complex by the CPCM model68.
While this approach well reproduces non-specific solute–solvent interactions,
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Table 12.5. Computed Structural Parameters (in Å and degrees) for Selected
Co(II)–N4 Complexes

CoP CoTAP CoTBP CoPc CoTPP

CoN 1.983 1.899 2.005 1.921 1.977
NC1 1.370 1.362 1.368 1.365 1.373
C1C2 1.438 1.454 1.446 1.453 1.440
C2C3 1.361 1.355 1.400 1.402 1.352
C1X5 1.382 1.316 1.378 1.311 1.389
C3C7 — — 1.399 1.391 —
X5C7 — — — — 1.492
C7C8 — — 1.389 1.387 1.401
C8C9 — — 1.407 1.402 1.392
C9C10 — — — — 1.395
CoNC1 127.3 127.1 126.4 126.7 127.5
NC1X5 126.0 126.4 125.9 126.6 126.2
NC1C2 110.7 110.8 110.3 109.6 110.8
C1C2C3 106.6 106.3 106.1 105.9 106.7
C1X5C6 123.5 123.0 125.3 123.0 122.6
C4C3C7 — — 132.9 132.0 —
C3C7C8 — — 117.9 117.5 —
C7C8C9 — — 121.1 121.0 120.6
C8C9C10 — — — — 120.1
C9C10C9 — — — — 119.8

N4 = P, TAP, TPP, TBP and Pc in Aqueous Solution Using the CEP-121G/6-31G(d)
Basis Set Solution.

specific (e.g. H-bond) effects are only partially mimicked86, 87. In our case, sol-
vent (water) molecules strongly coordinated to the cobalt atom might significantly
affect the electronic properties of the solute. Nevertheless, we thought that no sig-
nificant changes in the general trends can be expected from these interactions,
due to structural similarities along the molecular series. Furthermore, it should be
noticed that even if the electrophile/nucleophile interactions, like that reported in
the present study, might be assumed to be preceded by a desolvation step, it is
expected that this desolvation process may not be complete and that partial solva-
tion may affect these interactions to some extent88. In conclusion, the PCM model
should give an idea about the effects of bulk solvent on the electronic properties
of such macrocycles and similar solvent models have been recently applied to
rationalise the oxidation potential of substituted anilines89.

In Table 12.5 are reported the structural parameters computed at PBE0 level
in aqueous solution, using the small basis set. From these data it is clear that sol-
vent has a marginal effect on the geometries, the largest differences with respect
to the gas-phase parameters being ±0.05 Å. A larger effect can be expected on the
electronic distributions. In particular, there is an increase of the charge separation
within the molecule, with an increase of the positive charge brought by the metal
atom and of the negative charge over the ring. This effect, which corresponds to a
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stabilization of the LUMO, is larger in the more polarizable tetra-azo complexes
than in the methyne series.

If we analyse the effect of solvent on reactivity indexes, we can notice that
the solvent strongly rules the magnitude of the calculated electrophilicities, but
does not significantly alter the overall trend. In fact, in going from the gas phase
to aqueous solution, CoTAP still has the highest ω value (3.6 eV) and CoTPP
the lowest one (2.6 eV). The only remarkable difference with respect to the gas
phase findings is, in aqueous solution, CoPc is computed to be slightly more elec-
trophilic than CoTBP. The variations observed in solution are related to a strong
change of the chemical hardness, significantly decreasing from gas phase to so-
lution, while the chemical potential is practically constant41. In conclusion the
calculated electrophilicity indexes in gas phase suggest that aza-porphyrins have
a greater capacity to accept electrons from a generic electron donor and this trend
is significantly enhanced, but not changed, in the presence of a polar solvent.

On the other hand, the solvent has a drastic effect on the intermolecular
hardness (Table 12.4). In particular, the ηDA for CoP and CoTBP changes from
2.4 to 3.2 eV, in going from gas phase to aqueous solution. Similar variations,
but in the opposite directions, are also found for the aza-compounds. It is also
noteworthy that CoTAP is predicted to be slightly more reactive than CoPc (2.4
vs. 2.6 eV).

These are two main results. First of all the anion of 2-mercaptiol, being a
charged species, is strongly stabilized by the electrostatic interactions with the
solvent and the energy of its HOMO significantly lowers. At the same time, aza-
porphyrins are more polarisable than porphyrins (having higher dipole moments),
so that they strongly experience the reaction field generated by the continuum.
The net effect is a complete inversion of the prediction in going from the gas
phase to the aqueous solution. It is interesting to note that electron-withdrawing
groups, even though they decrease the electron density on the cobalt centre (see
Table 12.3), also contribute to reduce the gap between the energy of the SOMO of
the macrocycle and the HOMO of the thiol, thus decreasing the reactivity index.
Finally, similar results are obtained using gas phase or solution geometries, thus
confirming the electronic nature of the effect induced by solvent.

It is clear from our results that bulk solvent effects control to some extent
the reactivity of Co(II)–N4 species, even in absence of any specific solute–solvent
interactions. Work is in progress in order to obtain even more reliable results,
aiming to investigate the role of the first solvation shell in the electro-oxidation
reactions90.

3.4. Influence of the Environment: Effect of the Absorption
on the Electrode

Up to now, we have shown how the reactivity towards the oxidation of
2-mercaptoethanol changes within the different members of a Co(II)–N4 complex
family (porphyrin, phthalocyanine, tetraphenylporphyrin, tetrabenzoporphyrin
and tetraazaporphyrin) and due to solvation (gas phase vs. solution). In other
words we have investigated how the nearest chemical environment (nature of the
N4 cycle) and the far chemical environment (bulk solvent) can influence their
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Figure 12.7. Sketch of Co(II)-phthalocyanine complex adsorbed over the small (46 carbon
atom, up) and large (106 carbon atom, down) clusters.

reactivity91. Here, we focus the variation in reactivity induced by the absorption
of the complexes on the electrode surface92.

In particular, we investigated the effect of the electrode surface on the
redox property of CoPc. To this end we have first modelled the electrode graphite
surface as a single carbon layer composed of 15 (small cluster) and 38 (large
cluster) benzene rings. To saturate the valence of border carbon atoms, hydro-
gen atoms were added. The resulting clusters are sketched in Figure 12.7. Similar
cluster approaches have already been used in literature to model surface effects
on adsorbate properties (see for instance ref.93). The internal structural parame-
ters of CoPc as well as the complex to surface distance have been fully optimised.
On the other hand, no surface reconstruction has been taken into account (i.e.
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Figure 12.8. Computed potential energy profiles for the small (line) and large (dotted line)
clusters as a function of the Co-graphite distances.

the graphite cluster representing the surface has not been relaxed). The internal
structural parameters of CoPc are not significantly altered due to the adsorption.
The reason of the negligible perturbation in geometry of the CoPc is the large
computed metal–graphite distance (4.3 Å). This result is in agreement with recent
X-ray investigation of iron-phthalocyanine adsorbed on carbon electrode, where
no significant structural changes were found upon adsorption94. In order to have
an estimation of the binding energy of CoPc on the graphite surface, a scan of
the potential energy surface along the cluster-CoPc distance has been carried out
freezing the CoPc geometry at the resulting minimum energy structure. The re-
sults, corrected for Basis Set Superimposition Error (BSSE)95, are reported in Fig-
ure 12.8. The obtained profile, calculated for the small cluster, shows a minimum
at around 4.3 Å, corresponding to an interaction energy of about 17.0 kJ/mol.
For the larger cluster a smaller interaction energy is computed (12.3 kJ/mol).
Unfortunately to the best of our knowledge line information is available about
the interaction of metallophthalocyanines with the graphite surface. In particular,
some electrochemical evidence suggests a very weak interaction4, while X-ray
photoelectron spectroscopy studies of spectrum variations in function of the tem-
perature, for nickel-phthalocyanine complex over graphite, indicate a desorption
energy of about 6 kJ/mol96. This latter value was roughly estimated, since the au-
thors were not able to unambiguously assign this energy to the phthalocyanine–
phthalocyanine or to the phthalocyanine–surface interaction96.

As for the isolated molecule, the first step in understanding the role of the
environment (here the electrode surface) on the redox properties of CoPc is the
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Figure 12.9. Plot of one of the orbitals associated with the π −π interaction between CoPc
and the graphite surface.

analysis of the electronic distribution of the complex. In the last two columns
of Table 12.3 are reported the NPA charges computed for CoPc adsorbed over
the small and the large clusters. A decrease of the positive charge on the cobalt
atom is observed (1.08 |e−|) while the nitrogens close to Co become more posi-
tive and the peripheral carbon atoms significantly more negative (−0.04|e−|). The
whole picture corresponds to π − π stacking interaction between the CoPc and
the graphite sheet, as nicely depicted by one of the involved orbitals reported in
Figure 12.9. Both the interaction energy and the CoPc-graphite distances are typi-
cal of a π −π stacking interaction, as in the case of the CoPc dimer or in the CoPc
crystals97, 98. Despite the large electronic rearrangement, the interaction with the
thiol is still likely, since the LUMO of the adsorbed CoPc has the same shape as
that in the bare molecule: a π* orbital of the macrocycle with a significant con-
tribution from the dπ orbital of the Co (see Figure 12.5). In a plain scheme, these
results suggest that the graphite surface electronically buffers the phthalocyanine
and makes it less reactive towards an electron donor. As a consequence, there is a
decrease not only of the positive charge localized on the Co atom but also of the
electrophilicity (�ω = −0.3 eV, see Table 12.6). The decrease of ω is related to
the change in IP in going from isolated to absorbed CoPc (from 8.3 to 7.1 eV),
due to the Pauli repulsion between the filled orbitals of the graphite surface and
of the macrocycle. The EA is, instead, almost constant (around 1.5 eV). So both
indexes, charges and electrophilicity, suggest a decrease of the reactivity. In con-
trast a large decrease of the ηDA, with respect to the gas-phase value, is found
(�ηDA = −1.2 eV), suggesting higher reactivity. As before, the repulsive Pauli
interaction between the surface and CoPc pushes the LUMO energy of this latter
quite high in energy, thus reducing the energy gap with the HOMO of the electron
donor. The net result is an increase of the reactivity, thus well underlining how the
surface effects rule the observed reactivity99.

In going from the small to the large clusters, a small variation of both
ω and ηDA is observed: the first becoming more positive and the second slightly
more negative (see Table 12.2), but the overall trends are preserved. This sug-
gests that all main features of the interaction CoPc/graphite surface are already
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Table 12.6. Gas-Phase Electrophilities (ω, eV) and Donor–Acceptor Intermolecular
Hardness (ηDA, eV) of the CoPc–N4 System and its Variations (�) with Respect to the

Gas Phase Values

Molecule Gas phase ∆ (solution) ∆ (small cluster) ∆ (large cluster) Best
estimationa

ω 1.81 +1.38 −0.29 −0.15 3.04
ηDA 2.98 −0.46 −1.15 −1.25 1.27

aColumn 2 + 3 + 5.

present in the small cluster model. At the the same time, however, the interaction
energy slightly decreases (as one can see from the plot of Figure 12.3), due to
a stronger Pauli repulsion between the two moieties. The calculated interaction
energy, 10.5 kJ/mol, is significantly lower than that found for the smaller cluster,
even if it is quite larger than the experimental estimation.

In summary, if the different contributions are considered as additive, one
can see that the solvent strongly rules the capacity of CoPc to accept electrons
from a generic donor, since ω values almost double in going from gas phase to
solution, while the surface plays a minor role. On the other hand, both solvent and
surface effects increase the reactivity of the adsorbed species, the total intermole-
cular hardness being less than one-half of the gas-phase values (3.0 vs. 1.3 eV,
respectively).

4. Conclusions

In this review we have reported a detailed analysis of the different ef-
fects (metal, ligand, solvent and surface) determining the reactivity of a family
of metal–N4 macrocycles. We have shown how they can be identified and ratio-
nalised using the reactivity index, rigorously provided by the DFT model.

In particular, the two selected reactivity indexes, hardness and electrophili-
city, provide coherent and complementary informations about the reactivity of
the different species. In fact, both indexes point out that aza-porphyrins are more
reactive than the corresponding porphyrins, due to the presence of the electroneg-
ative (and more polarizable) nitrogen atoms in the inner ring. Nevertheless, the
electrophilicity index alone, does not allow to unambiguously distinguishing be-
tween the different species. Moreover, bulk solvent effects control to some extent
the reactivity of such species, even in absence of any specific solute–solvent in-
teractions. Work is in progress to investigate in more detail the role of the first
solvation shell in the electro-oxidation reactions61.

From a more general point of view, our results show how only an integrated
approach including all the elementary bricks, even in an approximate way, should
be used to obtain meaningful theoretical simulations, since their weights are of
comparable magnitude.
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13
Organized Multiporphyrinic
Assemblies for Photoconduction
and Electroconduction
Jean Weiss and Jennifer Wytko

After a brief recall of the physics principles involved in the generation of light-
induced excited states and their evolution in time, this chapter surveys the prop-
erties of organized multiporphyrin species that have been reported from the end
of 2001 until the beginning of 2004. Once the properties of the chromophores
have been established as electron or energy donors or acceptors, the structures
described mainly differ by the synthetic approaches from which they originate.
While extremely well-defined geometries can be obtained by covalent synthesis,
providing useful structure–activity information, self-assembly of photo and elec-
troactive species is attractive because of its simplicity. This chapter is meant to
demonstrate the complementarity of both approaches.

1. Introduction

Energy and electron transfer processes are essential to the development of
bottom-up approaches of challenging modern technologies. So far, in terms of
efficiency, Nature provides the most carefully programmed systems for perfor-
ming both processes. Energy-transfer reactions are ultimately mastered in the
collection of visible light in antennae systems of the photosynthetic apparatus
until the injection of photons in the charge separation process at the photosyn-
thetic reaction center. After excitation of the special pair that is responsible for
the initial charge separation, electron-transfer reactions are optimized to allow an
energetic input into chemical transformations associated with the terminal stage of
photosynthesis. The efficiency of these processes and the perfect spatial and func-
tional adjustments of the components involved are the result of billions of years of
evolution. In comparison, the development of synthetic photo- and electroactive
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Figure 13.1. Most abundant porphyrin derivatives in Nature.

molecular systems is still in its genesis stage. Yet, intuitively or rationally,
chemists take advantage of the information provided by the study of biological
systems.

Nature selected tetrapyrrolic macrocycles (Figure 13.1) as the most wide-
spread photo- and electroactive components. As a consequence, porphyrins have
been a first class choice of molecular building blocks in synthetic energy and
electron transfer systems. Although the involvement of porphyrins in natural
photochemical and redox events has long been known, models and applications
based on multiporphyrin assemblies is a field that really exploded in the last 15
years. Comprehension of natural systems arose from the combination of funda-
mental rules of energy and electron transfers established almost 5 decades ago.
The increased availability of crystallographic data on genuine or mutant reaction
centers and light harvesting systems has also improved our understanding of the
topographic arrangement of porphyrin derivatives.

Thus, many synthetic photoactive devices performing electronic or ener-
getic transfers appear frequently in the literature. Due to the importance of this
relatively young research field, an exhaustive coverage of the literature up until
the end of 2001 (over 400 references, by Pierre Harvey, Sherbrooke, Québec) has
appeared in the second set of the Porphyrin Handbook1. Our coverage will start
from the end of 2001 and end in February 2004. A fewer number of references
complementary to those analyzed by Harvey will be added. It should be noted, as
reflected by the title of this chapter, that only systems involving more than one
porphyrin will be covered in this chapter. Donor–acceptor (D–A) dyads involving
only one porphyrin as either D or A will be omitted.

This chapter will thus begin with a rapid overview of the basic princi-
ples of energy and electron transfers, and the description of elementary events
in photosynthesis. Once the source of inspiration has been set, recent advances
in the use of synthetic multiporphyrinic assemblies for these purposes will be
arranged in sections defined according to the synthetic procedures for assembling.
For energy transfer systems, well-defined species obtained through stepwise co-
valent construction will be treated first. The systems presented may comprise
either exclusively multiporphyrinic species, or multiporphyrins associated with
other components such as fullerenes or quinones. Polymer structures involving
functionalized porphyrin monomers will be categorized into structures incorpo-
rating the tetrapyrrolic macrocycles in the polymer chain or structures bearing
pendant chromophores. A large section will cover the field of self-assembled
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Figure 13.2. The porphyrin chromophore.

multiporphyrinic species, and will be arranged according to the type of non-
covalent interactions controlling the assembly (axial coordination, peripheral co-
ordination, H-bonding, etc.). A similar arrangement of sections will follow for
synthetic systems performing electron transfer and extensively delocalized por-
phyrinic assemblies.

2. The Porphyrinic Chromophore

As a chromophore (from the Greek: chromo = color, phero = to carry along,
to bear), porphyrin (Figure 13.2) can be described by its characteristic signature
observed by UV–visible spectrophotometry. The intense color of porphyrin deriv-
atives arises from a highly delocalized π system involving 18 electrons (bold
lines) which, because of its subsequent aromatic character, partially explains the
survival of this structure through evolution.

In natural chromophores, additional cyclic structures may be found at the
periphery of the macrocycle. Partial reduction of π bonds not involved in aro-
maticity is also observed (see Figure 13.1). The energetic positioning of the cor-
responding molecular orbitals, HOMO and LUMO, may be adjusted either by
adequate substitution of the available β or meso positions, or by the coordina-
tion of a metal within the N4 core of the macrocycle. The global behavior of the
chromophore remains roughly unaffected in terms of absorption, however. As it
will be explained later, the nature of the metal mostly affects the characteristics
of the excited state. This persistent photophysical behavior of the porphyrin core
allows the use of various peripheral functions in order to connect chromophores
in more or less defined arrangements without perturbing the generation of excited
states. Thus, the following general description of excited states and their ability
to transfer energy or electrons will apply throughout this chapter unless specified
otherwise.

2.1. Absorption of Light

Light absorption promotes an electron from the ground state to an excited
state. The presence of 18, π electrons in the aromatic core of the porphyrin con-
sequently generates a UV–visible spectrum that displays several absorption bands
corresponding to rather energetically inexpensive π–π* transitions. Our attention
should focus mainly on two types of absorption bands, the Soret or B band, and
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Figure 13.3. HOMO–LUMO frontier orbitals for a D4h porphyrin.

the Q bands. These absorptions are due to transitions between frontier orbitals,
the two HOMOs and LUMOs defined by the four orbital model of Gouterman2

(Figure 13.3).
Typical molar extinctions are in the range of 5,000–35,000 M−1cm−1 for

two (D4h) to four (D2h) Q bands (S0 → S1) appearing between 450 and 750 nm,
and around 250,000 M−1cm−1 for the more energetic B band (S0 → S2) which
is situated between 360 end 450 nm. In metal porphyrins which are closer to D4h

symmetry, the B band usually originates from two degenerate transitions of per-
pendicular polarization, and thus appears as a single absorption barely affected
by vibrational modes. Only a slight bandwidth increase is observed for the Soret
band in the corresponding D2h free base porphyrins, while the appearance of less
energetic Q bands can be strongly affected by vibrational modes.

The promotion of one electron to an excited state upon light absorption gen-
erates an electron–hole pair in the frontier orbital system of the porphyrinic chro-
mophore. This electron–hole pair is an exciton, and its generation introduces a
nonpermanent (transitory) dipole in the chromophore. The energy transfer process
is strongly related to the interactions between excitons in multiple chromophore
assemblies.

2.1.1. Transition Moments

Transition dipole moments, generated by electronic transitions, are involved
in both electronic interactions between chromophores (excitonic coupling) and, as
we will see later in this chapter, energy transfer between donors and acceptors. In
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porphyrinic structures, the orientation of the dipoles existing in excited states are
associated with symmetry considerations of the HOMOs and LUMOs involved
in the electronic transition. In general, it is admitted that transition moments due
to π–π* electronic transitions are in plane, and n–π* transitions are out of plane
of the macrocyclic structure. For both B and Q transitions, in an isolated D4h

porphyrin, the four orbital model of Gouterman leads to the orientation of two
perpendicular transition dipole moments (Bx , By, Qx and Qy) along the axis of
opposite pyrrole nitrogen atoms. Substitution, oligomerization, or aggregation
will influence the orientation of the transition dipoles of the excited states. In
a simplified approach, dipole transition moments are often considered as being
oriented along the highest possible symmetry axis in the chromophore. In this
way, most of the spectral changes observed in combinations of porphyrin chro-
mophores may be explained. Although not very common, experimental deter-
mination of the orientation of dipole transition moments can be performed via
several techniques such as fluorescence anisotropy spectroscopy or linear dichro-
ism3. Time resolved EPR measurements of the reaction center in Rhodbacter
Sphaeroides R-26 primary donor triplet state generated by polarized light, and
analyzed in the light of X-ray data have also been used to determine the orienta-
tion of the Qy optical transition moment4.

The way that transition dipole moments interact together in multichro-
mophore assemblies was initially examined by Kasha in his pioneering work
on excitonic coupling5. The original point dipole treatment was later refined by
Hunter and Sanders who have developed a transition monopole treatment that
allows quantitative prediction of the effects of excitonic interaction6. Figure 13.4
qualitatively summarizes the nature of the absorption band shifts depending on the

red shift
a)

b) c)

∆E
∆E

f2 q

f1

blue shift

R
{
{

Figure 13.4. Point dipole treatment of chromophore dimers: (a) general case of oblique
dipoles; (b) extreme case of aligned dipoles; (c) extreme case of stacked dipoles (double
arrow: dipole moment, single arrow: electronic transition).
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respective orientations of the dipoles, and extreme cases in which dipole moments
are parallel or aligned. Oblique interaction between transition dipoles will result
in an angular and distance dependent band splitting, for which �E is proportional
to (cos θ − 3 cos φ1 cos φ2)R3. In tetrapyrrolic chromophores, the situation
is complicated by the presence of two perpendicular dipole moments. In a first
approach they can be treated separately according to Figure 13.4 for each absorp-
tion band, but the choice of orientation sometimes remains difficult.

In some cases, the orientation of transition dipole moments according
to the Gouterman model along the opposite N–N axis will give a qualitatively
correct explanation of experimental spectral changes. In other cases, the orien-
tation of these dipoles according to symmetry considerations will prevail. Ribó
and coworkers have proposed a helpful detailed examination of two experimental
examples7. Figure 13.5 summarizes the possible spectral changes that can be pre-
dicted from different dipole orientations in side to side, perpendicularly arranged
tetrapyrrolic chromophores. In the case of the Osuka type Cmeso–Cmeso coupled
porphyrin examined8, the situation (Figure 13.5c) where dipoles are oriented
according to the highest possible symmetry axis explains experimental data.

A similar treatment of slipped dimers, from the extreme situations of
side-to-side arrangement to stacked species, shows that for slipped aggregates
of tetrasulfonated tetraphenyl porphyrin dications9 only the Gouterman orienta-
tion allows a consistent interpretation of experimental spectral changes. The treat-
ment of these two cases illustrates the context of validity of Kasha’s point dipole
approach, which considers two independent electronic transitions occurring in
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Figure 13.5. Expected spectral changes predicted as a function of the dipole moment ori-
entation. In the case examined in ref.[7], only (c) can explain the experimental data.
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J - aggregates H - aggregates

Figure 13.6. Schematic representation of J and H aggregates.

electronically distinct chromophores. When electronic communication between
the chromophores is present, the frontier orbitals involved in the transitions are
mixed. A refined experimental and theoretical comparative analysis by Crossley
and Reimers10a for bis-porphyrins fused with tetraaza anthraquinones or tetraaza
anthracene illustrates the complexity of the excitonic coupling analysis in fully
conjugated multiporphyrin species. In dimers for which the orientation of the two
chromophores can be tuned, Osuka and Kim10b have investigated the dihedral
angle charge resonance dependence by Raman resonance spectroscopy and MO
approaches. Strong orbital mixing is found as the dihedral angle decreases in such
systems.

In noncovalent multiporphyrinic assemblies, aggregated or self-assembled
in a controlled manner, the two main types of arrangements depicted in Fig-
ure 13.6 are observed. J-aggregates correspond to tape or ribbon shaped arrange-
ments of chromophores, which in terms of transition dipole moments, leads to
repetition of the slipped dimer situation. Red shifts of B and Q bands are ob-
served in the absorption spectrum of J-aggregates. H-aggregates correspond to a
repeated stacked dimer for which, together with a blue shift, broadening and/or
hypochromism may be observed. Thus, the excitonic coupling between chro-
mophores is responsible for significant changes in absorption spectra that are a
useful source of information on the respective orientation of the chromophores
involved. Because of their intensity, spectral variations induced by excitonic
coupling in the B band are more likely to be used as a diagnosis concerning the
respective orientation of chromophores. As far as energy transfer between chro-
mophores is concerned, respective orientation and coupling of transition dipole
moments of the Q bands is a determining parameter. In the case of a strong red
shift of the B bands, or a large splitting due to excitonic interaction, it should be
noted that an intensity transfer may be observed from the coupled B bands to the
Q bands11.

Although not within the scope of this chapter, it should be noted that ex-
citonic coupling between B or Soret bands in achiral metalloporphyrin hosts or
bis-metalloporphyrin tweezers are extensively used as an analytical tool for as-
signment of absolute configuration of chiral guests, by taking advantage of the
induction of CD features in the achiral hosts12.
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2.1.2. Excited States

All excited states occur by absorption of light energy by one electron in the
fundamental electronic state S0 or the vibrational levels associated with it, and its
relocation to a higher energy level of the same spin parity S1, S2, etc. Figure 13.7
summarizes the multiple pathways available for the return of the promoted elec-
tron to the ground state.

Vibrational relaxation and internal conversion are nonradiative deactivation
processes which correspond to a waste of energy and will not be examined in
detail; however, these processes are always in competition with either energy or
electron transfer.

Intersystem crossing (isc) is a nonradiative process which may be part of
deactivation. It characterizes the conversion of a singlet excited state into a triplet
excited state. Because of Hund’s rule, Tn states are of lower energy than the
corresponding Sn state, and isc efficiency is strongly related to the spin–orbital
coupling. Therefore, heavy atoms usually favor intersystem crossing. Reverse isc
is possible if Tn and Sn states are close in energy, and may be enhanced thermally
or by collision between two Tn states.

Internal conversion converts Sn states into S1, fluorescence usually occurs
from S1 to S0. Thus, it is a spin allowed transition that occurs very fast, causing
rather short lifetimes for excited singlet states (10−10–10−7 s). Since some of the
absorbed energy is lost in the faster vibrational relaxation (10−12–10−10 s), the
photons are emitted at lower energy. The difference between the absorption and

Time averages:

absorption: 10−15 s

ic: 10−11 to 10−9 s

isc: 10−10 to 10−8 s

S1 lifetime: 10−10 to 10−7 s

T1 lifetime: 10−6 to 1 s

ic: internal
    conversion

isc: intersystem crossing

Phosphorescence

ic
ic

S1

T1

T2

S0

S2

Fluorescence

Figure 13.7. Deactivation pathways for excited states (adapted from ref.[13]).
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the emission wavelength is called the Stoke’s shift. If reverse isc is possible, and
if the lifetime of T1 is long enough, a delayed fluorescence will be observed at
identical wavelengths but with a significantly longer decay time constant. Phos-
phorescence is a spin forbidden transition, and is therefore a much slower process
(10−6–1 s). A more detailed description of these phenomena can be found in a
book devoted to molecular fluorescence and its applications by Prof. Bernard
Valeur (CNAM, Paris, France)13.

Lifetime of the Excited State

For a given S1 singlet excited state SP∗ of a porphyrin P, a rate constant is
associated with each deactivation process, kF, kic, and kisc, which are, respec-
tively, the rate constants for fluorescence, internal conversion, and intersystem
crossing. As these pathways contribute to the disappearance of the singlet excited
state, the rate of deactivation can be expressed as

−d[SP∗]/dt = (kF + kic + kisc)[SP∗]
which after integration gives

[SP∗] = [SP∗]0 exp(−1/τS)

where [SP∗]0 is the initial concentration of excited molecules of P.
The lifetime of the excited state S1 is given by

τS = 1/(kF + kic + kisc)

If we consider the complete process of absorption (excitation) and return
(emission) to the ground state in terms of number of photons, a fluorescence
quantum yield �F corresponding to the ratio of the number of emitted photons
(fluorescence) vs. the number of absorbed photons can be defined. It is expressed
as

�F = kF/(kF + kic + kisc) = kF τS

When P is considered as an isolated species, the absorbed energy is rapidly
wasted in deactivation pathways. If other species are present, interactions with the
excited states may lead to other deactivation pathways, such as energy or electron
transfer. In that case, the energy stored in the excited state is quenched more or
less efficiently.

Direct connection between a fluorescence quenching moiety and the excited
species may lead to a loss of fluorescence due to two distinct, and eventually
competing mechanisms, energy transfer (ET) or electron transfer (eT). In this
introduction and the following chapter, we will not consider dynamic systems in
which the association of the quencher with the excited species is not controlled.
In this regard, the Stern–Volmer method for the study of fluorescence quenching
will not be introduced. Information relevant to this method can be found in the
literature1.
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Electron Transfer (eT)

One of the most important features of the excited states of a given molecule
is that it is both a better reducing agent and a better oxidizing agent than the cor-
responding ground state. In a very simplistic view, after a photoinduced HOMO–
LUMO electronic transition, the former HOMO, now electron deficient, is ready
to oxidize an electron donor, while the former LUMO, now half filled with a high
energy electron, is prompted to reduce an electron acceptor. Thus, in the presence
of an electron acceptor or an electron donor, photoinduced electron transfer can
be viewed as a process competing with fluorescence and phosphorescence decays.
The simplest approach considers the electron transfer between a donor and an
acceptor, one of them being in its excited state. Figure 13.8 describes the possible
evolution of a donor–acceptor ensemble after photoexcitation. The fluorescence,
phosphorescence, and nonradiative internal conversion processes are combined
into one global deactivation rate constant kd, and the terms CS (kCS, and τCS),
and CR (kCR, k−CR, and τCR) are, respectively, assigned to charge separation and
charge recombination processes.

As stated in an excellent review article by Michael Paddon-Row14, opti-
mization of charge separation, as the initial electron transfer in a photoconduction
or photoconversion process, will target a high value of kCS compared to the com-
peting kd, a long lifetime of the charge separated states (small value of kCR), and
the highest energy content for the CS state. However, if the CS state (D+–A−)
is too close in energy (ca. < 0.2 eV) to the *(D–A) state, back electron transfer
(k−CR) may also be observed.

The term “long-range electron transfer” is generally applied to processes in
which the redox centers involved in the electron transfer are separated by a dis-
tance superior to the van der Waals separation. This type of distance separation
limits the occurrence of the charge recombination process. Given a few approxi-
mations concerning the decoupling of nuclear and electronic motions, the absence
of bond rupture or formation, and the existence of a solvent dielectric continuum,
long-range electron transfer can be expressed according to the Marcus theory15 as

�G �= = (λ/4)(1 + �Gcs/λ)2 with λ = λint + λs

in which λ is the reorganization energy, and represents the energy necessary to dis-
tort the solvated initial redox state (D–A) into the solvated charge separated state

∆GCS

∆GCRKCR

hυ

(D–A)*

(D–A)

(D+–A−)

K−d

K−eT

KeT

Figure 13.8. Deactivation pathways for a photoexcited dyad D–A.



Multiporphyrinic Assemblies 613

(D+–A−). λ is the sum of the inner sphere reorganization energy (λint) during
eT, and the outer sphere reorganization energy of the solvent during the process
(λs). The value of λint takes into account the structural changes during a redox
process. If the reduced and oxidized species have similar structures, then λint, and
thus �G �=, will be small. The value of λs mostly takes into account the dielectric
constant of the solvent separating the redox active species.

Quite logically, keT will increase (�G �= decrease) if �Gcs decreases. When
considering a constant value of λ, this trend is respected only if |�Gcs| < λ,
which corresponds to the normal region of electron transfer. If |�Gcs| > λ, the
decrease of �Gcs will have a reverse effect on keT, and the rate of eT will decrease
with �Gcs in the region thus named the inverse region.

Again, given a few approximations on temperature and vibrational levels,
keT can be expressed as

keT = (2π/h)(HAB)2(4πλRT )−1/2 exp −((�Gcs + λ)2/4λRT )

where h is Planck’s constant, and HAB defines the electronic interaction (Fig-
ure 13.8) between the redox sites D + /D and A/A− at the time of the transfer.
HAB and thus keT decrease exponentially with increasing D–A separation moder-
ated by damping factors that are significant of the bridge “conductivity”.

The nature of the bridge, if any, between D and A will define whether elec-
tron transfer or electron transport is responsible for charge separation14. Elec-
tron transfer occurs in species where either no bridge or electronically insulating
bridges are separating D and A. Thus, the electron will never be localized on the
bridge. Electron transport takes place in D–A species where the bridging part is
conducting, whether it be a metallic particle, or a conjugated, or aromatic linker. A
combination of both situations will be found in species containing multiple inter-
mediate acceptors for example. In these systems, charge hopping from the donor
to the ultimate acceptor will temporarily localize the charges on the intermediate
acceptors.

Hereafter, charge-separating devices will be classified according to the
nature of the bridge: noncovalent, for which charge separation proceeds mostly
via electron transfer, and covalent, for which subsections will consider charge
transfer and charge transport, respectively. If possible, distinctions will be made
between eT proceeding via superexchange mechanism, and transfers occurring
through tunneling, which happens mostly for eT reactions in the inverse Marcus
region.

Energy Transfer (ET)

Nonradiative excitation energy transfer from a donor D to an acceptor
A summarized in Figure 13.9 requires interactions between them. These inter-
actions can be of the Coulombic type, or due to an orbital overlap between the
two species, or be a combination of both types. Two mechanisms can explain
nonradiative energy transfer in donor–acceptor systems. As is the case of electron
transfer, energy transfer can also happen in cascade processes. For clarity reasons,
however, we will only describe the basic theoretical background for energy dyads
comprising one donor D and one acceptor A.
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Figure 13.9. Singlet–singlet energy transfer from D to A.
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Figure 13.10. Resonant transitions in energy transfer.

The nature of the bridge, if any, between D and A will usually define the
mechanism by which the energy transfer is more likely to proceed. It should be
pointed out that in most cases detailed in this chapter, weakly coupled systems
will be considered. A weakly coupled dyad corresponds to a D–A pair in which
Coulombic interactions in the ground state are small compared to the energy of
the electronic transitions, and thus, the absorption spectra of separated species are
very similar to the absorption spectrum of the dyad.

The Förster Mechanism The Förster mechanism is related to Coulombic inter-
actions between dipolar transition moments and implies that due to resonant tran-
sitions (see Figure 13.10), the promoted electron (excited) of the donor returns
to its original ground state during simultaneous promotion of an electron on the
acceptor16.

The energy is transferred through space via dipolar interactions to the
acceptor and can occur over rather long distances of up to several nanometers13.
Consequently, in the Förster mechanism, for a D–A dyad in a given medium, the
rate of energy transfer will be dependent on the distance r separating D and A,
and is expressed as
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Figure 13.11. Expression of κ2 as a function of the respective transition dipole orientation.

kET = 1/τ ◦
F (R0/r)6

In this expression, τ ◦
F is the lifetime of the donor in absence of transfer

(or 1/kF). R0 is the Forster radius which corresponds to the distance r at which
kET = kF, or when half of the energy is transferred from the donor to the acceptor.
R0 can be obtained from experimental data, and depends of the overlap integral
between the emission spectrum of the donor and the absorption spectrum of the
acceptor, the refractive index n of the medium in the wavelength range of the
overlap, the fluorescence quantum yield of the donor in the absence of transfer,
and the orientation factor of the respective transition dipoles in D and A (see
Figure 13.11). The mathematical expression of R0 is then

(R0)
6 = (9,000(ln 10)κ2�◦

D/128π5 Nn4)

∫ ∞

0
ID(λ)εA(λ)λ4 dλ

in which ID(λ) is the normalized fluorescence spectrum so that
∫ ∞

0 ID(λ)dλ = 1,
and εA(λ) is the molar extinction of the acceptor.

For example, in the case of a zinc porphyrin energy donor D and a free
base energy acceptor A, the overlap integral may be obtained by calculating the
overlap between the emission bands of the zinc porphyrin (usually from ca. 550
to 700 nm), and the absorption of the lowest energy Q bands of the free base. For
a series of spacers maintaining D and A at a given distance r in the same medium,
the efficiency of the transfer will depend on the value of κ , the orientation factor.
Although it is common to take an arbitrary value of 2/3 for energy dyads with
flexible linkers, Figure 13.11 depicts the general expression of κ2 as a function of
the angles between the transition moments13.

The Förster mechanism can be observed for Singlet–singlet long-range en-
ergy transfer, and also for energy transfer between 1D∗–3A*, or 3D∗–1A to give,
respectively, 1D–3A*, and 1D–1A* at some specific overlap conditions of the ab-
sorption spectrum of the acceptor with the emission spectrum of the donor.

The Dexter Mechanism This energy-transfer mechanism is possible in systems
in which a spatial overlap, in terms of electronic structure, is present in the D–A
dyad17. Only in this case is electronic motion similar to super exchange possible,
as depicted in Figure 13.12.

In that case, the rate of energy transfer is expressed as

kET = (2π/h)K exp(−2r/L)J ′
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Figure 13.12. Electronic interaction between a donor and an acceptor due to orbital overlap
(Dexter mechanism).

in which L is the effective van der Waals radius (4.8 Å for porphyrins), K is a
constant, and J ′ is the overlap integral which can be expressed as

J ′ =
∫ ∞

0
ID(λ)εA(λ)dλ normalized so that

∫ ∞

0
ID(λ)dλ =

∫ ∞

0
εA(λ)dλ = 1

Triplet–triplet energy transfers in which a 3D ∗ –1A pair gives 1D–3A* can
only occur via the Dexter mechanism because orbital overlap is required between
the donor and the acceptor.

2.1.3. Nature of the Excitons

At this point, it is necessary to distinguish between two types of excitons:
Frenkel excitons and Wannier–Mott excitons, because the nature of the exciton is
closely related to their propagation mechanism.

As seen above, energy transfer via the Förster mechanism is due to reso-
nant transitions, which can be seen as the emission of a virtual photon by the
energy donor that is subsequently absorbed by the acceptor. In this case, the
excited electron never leaves the energy donor and the virtual photon is trans-
mitted via electrostatic coupling of the donor’s transition dipole moment with that
of the acceptor. Thus, the exciton electron–hole can be seen as a tight pair and is
referred to as a Frenkel exciton. When the Dexter mechanism is involved in the
energy transfer it requires an electronic coupling between the donor and acceptor.
In such processes, the electron–hole pair is loose, and is referred to as a Wannier–
Mott exciton. The preference for a Dexter or Förster energy transfer mechanism
is strongly influenced by the nature of the bridge in covalent systems. If electron
mobility is considered, then loose electron–hole pairs have a better chance of also
playing a role in electron conduction and electron transfer.

Osuka, Anderson, and Warman have investigated the polarizability of two
different covalently bridged porphyrin oligomers by flash photolysis time-resolved
microwave conductivity measurements18. When the bridge forbids electronic
interactions, only electrostatic interactions are present and the excitation generates
Frenkel-type excitons. Upon photoexcitation, only a slight increase of polariz-
ability is observed (<20 Å3). When electronic communication is permitted by
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conjugation through the bridge, as demonstrated by strong bathochromic shifts of
the Q band, the high polarizability of the singlet excited state is significant of the
existence of Wannier–Mott-type excitons. It should be noted that in both cases, the
T1 state is localized on a single chromophore, despite the fact that triplet states are
more likely to be involved in Dexter-type energy transfers. Albinsson has investi-
gated the triplet–triplet energy transfer in various covalently linked zinc and free
base dyads separated by a distance of 25 Å19. The use of saturated bridges affords
electronically independent donor–acceptor pairs and no triplet energy transfer is
observed. When unsaturated bridges are present, the triplet–triplet energy transfer
is strongly dependent on the viscosity of the medium, which influences the de-
gree of conjugation through the bridge. The dihedral angle between the aromatic
bridges and the chromophore planes is also crucial, since coplanarity is required
for electronic communication between the donor and the acceptor through the
bridge.

2.2. Linking Chromophores: General Considerations

For energy transfer, the influence of the bridge on the mechanism of energy
migration has been outlined above. Obviously, in the case of electron transfer in
covalently linked species, the nature of the bridge will also be important because
charge transfer can occur through space or through bonds. In a covalent molec-
ular approach, the chromophores are usually linked to a molecular bridge. Still,
several self-assembly approaches tend to use connections between chromophores
and materials used in classical combined metal oxide semiconductor (CMOS)
technology. It is necessary to succinctly present how excited states of porphyrin
derivatives interact with the bridge structure or with a CMOS support.

An excellent definition of a molecular wire has been provided by Ratner
and Wasielewski20. Conceptually, a molecular wire is a molecular bridge that can
move charges over many chemical bonds. This implies a vectorial energy gradient
that can generally be achieved by adjustment of the redox potentials of both the
electron donor and acceptor at each end of the wire. Figure 13.13, based on the
review article by Paddon–Row14 on super exchange mediated charge transfer,
considers only the interaction of a porphyrin excited state with a conducting or
insulating covalent potential bridge. In situation (a), charge transfer will occur
through space, and will involve an important distance dependence. In situation
(b), charge transport can occur over larger distances, and its efficiency is related
to the conducting properties of the bridge.

In porphyrin oligomers, two different cases should be distinguished. The
first situation consists in several porphyrins linked by nonconducting bridges
capable of achieving stepwise electron transfer according to situation (a), Fig-
ure 13.13. In this case, as mentioned above, a redox gradient will be required
for a directed electron transfer. The second case considers molecular wires made
of porphyrins. These will behave as unsaturated organic molecules and their ef-
ficiency will certainly depend on the degree of electronic coupling between the
chromophores. In this case, electrical conduction can be measured by trapping
the wires between nanoelectrodes in order to apply the required redox gradi-
ent21. Finally, an increasing number of articles describe the use of heterojunctions
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Figure 13.13. Energetic positioning of photoexcited state D* and accepter LUMO in elec-
tron transfer across saturated or conjugated covalent bridges.

between photoexcitable chromophores and semiconductors for applications in
photovoltaics. In that case, considerations similar to those for unsaturated bridges
can be made. As an example, Figure 13.14 shows the positioning of the free base
of meso-tetrakis(4-carboxyphenyl)porphyrin H2TPPC vs. the valence and con-
duction band of anatase TiO2

22.

2.3. Energy and Electron Transfer in Photosynthesis

The general scheme of the photosynthetic process is represented in Figure
13.15. The photoinduced charge separation is initiated by collection of energy
along two antennae systems, LH1 (Light Harvesting) and LH2, by three sets of
bacteriochlorophylls. These are named B800, B850, and B880 after their respective
absorption maximum. This energetic gradient illustrates the necessary spectral
overlap between the energy donor and acceptor in energy conduction. Once
localized on the LH1, the photonic energy is trapped in the reaction center which
will generate, through charge separation, electrochemical and proton gradients on
both sides of the membrane, allowing the production of ATP. Charge compensa-
tion on the special pair occurs via a rather slow electron donation through a series
of cytochromes b and c1.

The initial boost for research in multiporphyrinic species was the resolu-
tion of the structure of the photosynthetic reaction center of Rhodopseudomonas
viridis23. Indeed, the structure represented in Figure 13.16 provides extremely
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Figure 13.15. The bacterial photosynthetic process.

useful information on the topographical arrangement of the key chromophores
involved in the charge separation process of the bacterial photosynthesis. Illustrat-
ing and anticipating the influence of this pioneering work in the field of synthetic
energy and electron transport, this contribution of Deisenhofer, Huber, and Michel
was readily rewarded by the Nobel prize of chemistry in 1988. Since the middle
of the 1980s, numerous controlled arrangements of bis-porphyrinic species have
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Figure 13.16. Charge transfer rates within the reaction center of Rhodopseudomonas
viridis. Stick representation for tetrapyrrolic macrocycles only (2.3 Å res. generated with
RasMol from PDF file 1PRC, ref.[23b]).

been designed to reproduce the interchromophore dihedral angles and distances
as they are observed in nature.

Key rates of the photoinduced electron transfer process in the reaction cen-
ter are noted in Figure 13.16. The excited special pair of bacteriochlorophylls
(Figure 13.16) transfers an electron to an intermediate bacteriochlorophyll in ca.
3 ps. In ca. 1 ps, a second transfer takes place to the bacteriopheophytin, which
is the last tetrapyrrolic chromophore involved in the electron transport. Electron
transfer will then continue via a melaquinone QM (200 ps), a nonhemic iron, and
a ubiquinone QU (200 µs). Charge compensation occurs in ca. 270 ns from the
set of cytochromes. The left side of the reaction center does not participate in the
electron transport, but its major role is probably to preclude back electron transfer
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Figure 13.17. Circular arrangement of B880 chromophores in the LH1 antennae system of
Rhodopseudomonas palustris. Generated with RasMol from PDM file 1 PYH (ref.[24]).

from the QU to the special pair. None of the donor or acceptor moieties involved
in this process are covalently linked to each other. It is important to note that
the protein structure is responsible for the topographic adjustments made in order
to meet physical requirements for efficient charge separation. The success of the
process also lies in the extreme slowness of the back electron transfer through the
only available pathway, that is, the unused left side of the reaction center.

Today, a keyword search of the PDB databank with the term “photosynthe-
sis” will generate 190 deposited data. The more restrictive term “photosynthetic
reaction center” will provide 59, and the keywords “light harvesting” will afford
33 hits. Very recently, Cogdell and Isaacs have reported the reaction center-LH1
complex of Rhodopseudomonas palustris at 4.8 Å resolution24.

The analysis of the structure provides an excellent summary of both photo-
synthesis and the role played by each tetrapyrrolic macrocycle in the successive
processes of light harvesting and charge separation. In Figure 13.17, the reaction
center (similar to that represented in Figure 13.16) is now located within a large
ring shaped multichromophoric B880 assembly LH1 in charge of energy collec-
tion. This circular arrangement of 15 pairs of bacteriochlorophylls collects the
light energy from photons initially absorbed by the several LH2 antennae, for
which similar arrangements containing fewer B800 and B850 chromophores have
also been reported25. In order to achieve this photonic energy collection, it is fas-
cinating that all of the requirements for an optimized and efficient energy transfer
detailed in the previous paragraphs are again fulfilled through the noncovalent
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assembly of pigments. Indeed, the bacteriochlorophylls B880 are arranged by
coordination to helical α and β apoproteins.

2.4. Design of Synthetic Systems: The Molecular Electronics
Challenge

By observation and better understanding of these sophisticated biological
processes, the design of multiporphyrinic species capable of performing energy
and electron transfer has been both stimulated and facilitated, leading to one of
the major areas of research in molecular electronics in terms of activity and pub-
lications. In terms of applicability, the synthetic systems face two challenges.

The first challenge is the performance of the synthetic systems. The second
aspect is the cost/performance ratio, which limits most of the results obtained
so far to academic interest. At present, no synthetic system based on multipor-
phyrinic assemblies will reasonably compete with mass production of electronic
devices via CMOS technology. For example, the estimated cost per bit of pack-
aged DRAM is actually around 10 µcent (in US dollars)26.

Completion of this second part of the challenge is conditioned by the con-
ception and design of tailor-made, addressable molecular devices or molecular
electronics with defined functions in terms of information propagation, storage,
and processing. In this respect chemists have an important role to play, especially
in designing efficient synthetic approaches for these devices. Molecular electro-
nics is not limited to porphyrin derivatives, and the genesis of this general research
area has been extremely well summarized in a recent review by Gorman27. In par-
ticular, this review emphasizes the role that porphyrin derivatives might play in
the future development of molecular electronics.

Two complementary assembly strategies have been developed. The synthe-
sis of covalently linked porphyrinic species offers the main advantage of very
precisely controlling the geometrical features, in terms of distances, and dihe-
dral angles, of the chromophores’ respective arrangements. Thus, the covalent
approach is extremely useful to obtain information on the parameters controlling
the photophysics and the photochemistry of the assemblies. Twenty years ago, this
approach was preferred to random aggregation or self-assembly involving weakly
associated species. Nowadays, covalently linked species obtained via polymeriza-
tion reactions complete the set of synthetic methods available. The explosion of
supramolecular chemistry since the beginning of the 1980s has refined the tools
available not only for the building of controlled self-assemblies, but also for the
purification, characterization, and study of these species. Controlled arrangements
similar to those obtained by covalent bonding can be achieved via self-assembly.
Thus, this approach to multiporphyrinic species has a bright future because it
usually involves a minimum number of synthetic steps to reach a programmed
building block, and applications may be foreseen if the “simple” building block
can be obtained on large scale. The multiporphyrinic species examined hereafter
will be introduced according to the synthetic approach, covalent or noncovalent,
used to generate them.
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3. Scope and Limitations

Considering the enormous amount of literature concerning the use of por-
phyrin derivatives as photosensitizers in photoinduced processes, the title of this
chapter has been deliberately restricted to multiporphyrinic assemblies. Thus,
only species comprising more than one porphyrin for which energy or electron
transfer data are available will be considered hereafter. The synthetic methods
will not be discussed, despite their importance in terms of synthetic availability
of potential new materials (see above). Again, concerning this aspect of multi-
porphyrinic species, several comprehensive literature reviews are available. Multi-
porphyrinic species can be assembled via coordination of external metals28, axial
coordination of the central metal of the porphyrin29 especially in the case of
pyridyl-porphyrin derivatives30, weak interactions such as H-bonding31, or by co-
valent bonding32.

It is necessary to point out that numerous reports concerning the associa-
tion of porphyrins and fullerene derivatives as primary electron acceptors have
been published in the last decade. The interest in fullerene as an electron acceptor
lies in the fact that its first one-electron reduction induces only small structural
changes because the negative charge is delocalized over the entire carbon sphere.
As a consequence, the internal reorganization energy term (involved in the defi-
nition of the electron transfer rate according to Marcus theory) is small. Charge
separated species generated using fullerenes as an electron acceptor exhibit longer
lifetimes because the back electron transfer occurs in the inverse Marcus region.
For the reader interested in artificial photosynthetic applications of dyads, triads,
and tetrads combining one porphyrin with nonporphyrinic electron donors or
acceptors exhibiting stunning charge transfer properties and long-lived charge-
separated states, several recent review articles are available33–36.

4. Covalent Species

Two main sections will be devoted to well-defined porphyrin oligomers.
The first deals with porphyrin dimers, trimers, and higher oligomers connected
by various types of spacers. The second section will focus on similar compounds
associated with nonporphyrinic species. It should be noted that assemblies of por-
phyrins connected to surfaces will be treated separately at the end of the chapter.

The properties of covalent dimers are primarily controlled by two distinct
factors. First, the choice of the chromophores, depending on either the nature of
the central metal core or the peripheral substitution of the porphyrin, will define
the nature of the photoinduced event that will be observed (eT or ET). Second,
the nature of the bridge that can be saturated or unsaturated. The bridge can force
a perpendicular or orthogonal arrangement of the chromophores and will greatly
influence the degree of communication between the chromophores. These para-
meters, which will be emphasized while analyzing porphyrin dimers, are also of
importance for higher oligomers whose properties will be examined in light of the
corresponding dimer’s behavior when appropriate.
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4.1. Covalent Dimers

4.1.1. Choice of the Chromophore

It is interesting to note that the use of porphyrinic structures in Nature
usually deals with processes involving nonfluorescent species such as iron por-
phyrins in dioxygen storage, transport, or activation. When photoinduced events
are performed, porphyrin structures are rather ignored by Nature, and partially
reduced species, such as bacteriochlorin (BC) or bacteriopheophytin, are involved
instead. Still, most photochemical and photophysical academic studies or appli-
cations inspired by natural photosynthetic processes extensively use porphyrins
as chromophores. This deliberate choice may have important consequences.

When two chromophores are physically linked, a first analysis is usually
made on the basis of their absorption properties. In the background introduc-
tion, the importance and the influence of the respective orientation of transition
moment dipoles in the ground state absorption have been pointed out. Based on
absorption, and especially the shape and positioning of the Q bands, the degree
of electronic coupling can be estimated. As demonstrated by Yamaguchi, time-
dependent density functional theory (TDDFT) studies have proven useful in this
regard37. In the presence of identical bridges, m- or p-phenylene, the Q band
couplings in free base (FBBC)–zinc bacteriochlorin (ZnBC) dimers 1 and 2 (Fig-
ure 13.18), and free base porphyrin (FBP)–zinc porphyrin (ZnP) dimers 3 and 4
have been examined based on both the pattern of the set of frontier orbitals and
calculation of the angle dependent contribution of the bridge’s π orbitals.

The oscillator strengths of low-lying excited states have been calculated
and point out a significant difference between the bacteriochlorin and porphyrin
monomers. In BC derivatives, degeneracy in HOMO and HOMO−1 orbitals is
lifted compared to porphyrin analogs. In addition, the partial reduction of two
opposite pyrroles also clearly differentiates the transition moments by affecting
the HOMO and LUMO+1 in both the FBBC and the ZnBC. This has a strong
effect on the oscillator strengths due to transitions from HOMO−1 and HOMO
to the LUMO and LUMO+1 orbitals, for which self-compensation observed
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Figure 13.18. Phenylene bridged FBCC–ZnBC dimers 1, and 2, and porphyrin analogs 3,
and 4. Note that in 1 and 2 the rotation around the meso carbon phenylene carbon bond
will lead to situations in which the Qx dipole moments (arrows) will be parallel in 1, and
orthogonal in 2.
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in porphyrin monomers does not occur in the corresponding bacteriochlorins.
Indeed, in BC derivatives, no amplitude corresponding to a contribution of the
sp3 carbons is observed, and the remaining aromatic π system is more localized
with shorter bond lengths. The red shift of the Qx band in FBBC compared to
that in FBP is explained by a narrower HOMO–LUMO gap in FBBC monomer.
In dimers 1 and 2, the coupling of transition moments induces both an unchanged
set of Q bands plus a set of significantly red shifted Q’ bands (0.5–0.7 eV). The
latter shift is assigned to Qx transition mixing, which in the case of 3 and 4,
produces only a small red shift (0.2–0.3 eV)38.

In bacteriochlorin dimers 1 and 2, a through space overlap of the unreduced
pyrroles’ LUMOs explains the enhanced mixing of monomer-like Qx transitions.
This overlap is in addition to π–π interactions through the phenylene bridge that
are also observed for 3 and 4. This is important regarding the use of porphyrin
chromophores to model the properties of natural systems, because it implies that
BC dimers in the photosynthetic apparatus are able to perform Qx excitation en-
ergy transfer via the LUMO. This is not possible in model porphyrin dimers.

4.1.2. Electronic Coupling in Covalently Linked Dimers

In covalent dimers, the bridging element between the two chromophores
may restrict the respective orientations of the two chromophores, and thus, influ-
ences the degree of their electronic coupling. In the absence of a bridge, the degree
of electronic coupling between two porphyrins linked directly at the meso posi-
tion can still be controlled by the peripheral substitution. Indeed, the peripheral
substitution can affect the nature of HOMO frontier orbital.

As depicted in Figure 13.19, the tetraaryl porphyrin’s HOMO has an A2u

character with significant electron density at the meso carbon, whereas alkyl-
substitution of the eight β pyrrolic positions in a 5,15-diaryl porphyrin confers
an A1u character to the HOMO, with no electron density on the meso carbon.
Since the meso carbons are implicated in both covalent bonding to moieties and
in possible through bond electronic couplings, their involvement in the descrip-
tion of the HOMO is crucial. This is nicely illustrated in a paper by Osuka and
Kim39 who have investigated the energy transfer in meso linked hybrid Zn–H2
bis-porphyrins, and compare the behavior of their directly linked species with var-
ious phenylene and Lindsey-type phenyl-ethynyl linkers. Table 13.1 reproduces

Figure 13.19. 5,15-Diaryl octa-alkyl porphyrin HOMO has an A1u character. The tetra-
aryl porphyrin HOMO has an A2u character.
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Figure 13.20. General structure of the hybrid dimers Zn–H2 studied by Osuka and Kim in
ref.[39–42].

experimental and calculated data concerning ET processes in the species depicted
in Figure 13.2039–42.

These data can be analyzed by comparing the calculated Förster energy
transfer rate kF to the experimental energy transfer rate kET. From this compari-
son, the contribution of Coulombic interactions to this process can be estimated.
When discrepancies are observed, involvement of an electronic coupling contri-
bution is claimed, and the larger the difference between kF and kET, the stronger
the electronic coupling.

Larger differences between kET and kF are observed for long π -conjugated
bridges. An extended conjugation results in low lying LUMO of the bridges,
which enhances the electronic coupling and its contribution to the ET process
(arrays 5–10 in Table 13.1). It is also clear that A2u HOMO involving electron
density on the connecting meso carbons significantly enhances the electronic cou-
pling of the chromophores (arrays 5, 7, 10, 12, and 16 in Table 13.1). In both
series of HOMO character, it should be noted that the nature of both the bridge
and the β substituent adjacent to the connecting meso carbon have a significant
influence on the ET transfer rate. This is due to an enhanced perpendicular orien-
tation between the meso-phenyl portion and the plane of the chromophore when
the R′′ substituents are methyl (R2) and ethyl (R3) groups (arrays 8, 11, 13, 16
in Table 13.1). This decreases the possibility of electronic coupling between π
orbitals of the chromophores through the perpendicular π orbitals of the bridge.
Smaller spacers (arrays 11–14) tend to homogenize the behavior of A2u and A1u

HOMO type compounds because through bond and Coulombic interactions are
both increased.

Finally, direct linking of the chromophores affords species in which both
chromophores are perpendicular, and thus, electronic interaction between the
chromophores is minimum. In this case Coulombic interactions are responsible
for a very fast ET between chromophores exhibiting independent excited states.

The case of directly meso linked chromophores deserves more attention
due to their involvement in the construction of large porphyrin arrays that will be
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discussed later on. Exhaustive studies of directly linked Zn–Zn homodimers have
been reported by the same authors, particularly in order to determine the influ-
ence of the dihedral angle between the two porphyrin rings on their photophysical
behavior in both the ground and excited states10b,c. For this purpose, several
strapped porphyrin dimers depicted in Figure 13.21 have been prepared. The size
of the strap controls the dihedral angle between the chromophores and their elec-
tronic coupling. In both absorption and fluorescence spectroscopy, compounds 19
(n = 10) and 20 (n = 10) behave the same as the nonstrapped meso–meso linked
dimers depicted in Figure 13.21. From the evolution of the B and Q absorption
bands, it is obvious that as the length of the strap decreases, the electronic cou-
pling increases with persistent red shifts and the progressive splitting of absorp-
tion bands.

Calculations of eight frontier molecular orbitals for D2h dimers (θ = 90◦),
and six frontier orbitals for D2 dimers were carried out from the four frontier
orbitals of the monomers. A simplified description of the frontier orbitals’ evo-
lution is reproduced in Figure 13.22, along with a transition dipole moment
representation in the orthogonal and oblique bis-porphyrins. Raman resonance
spectroscopy of the excited states shows that some transitions involve charge
transfer between the two subunits, and that the contribution of charge transfer
increases with the degree of coplanarity of the dimers. This is consistent with
previous electric dipole measurements in the excited states.

Based on these observations, it is clear that the geometric restrictions in-
troduced by the bridge in covalent dimers are very important. As seen in the be-
ginning of this section and in previous literature coverage1, phenyl and ethynyl
linkers have been widely used to connect porphyrin homo- and heterodimers. We
can differentiate bridging units in which an ethyne is directly connected to the
meso position because this type of link does not affect the free rotation of the
chromophore along the axis of the bridge. In this case, electronic coupling is ef-
ficient and communication between the two chromophores occurs preferentially
via through-bond interactions, as shown by the study of the asymmetric ethyne
bridged zinc bis porphyrins 21 and 22 represented in Figure 13.23.

Figure 13.21. Osuka’s strapped dimers.
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Figure 13.22. Frontier orbitals (top) and dipole moments (bottom) in orthogonal and
oblique porphyrin dimers.

Figure 13.23. Meso–meso ethynyl bridges result in efficient electronic coupling of the two
chromphores.

Due to their conformational flexibility, compounds 21 and 22 both exhibit
broad absorptions arising from conformers with large torsional angles for the high
energy portion of the spectrum, and from conformers with maximum conjugation
for the low energy components of the Qx bands. Due to the electron withdraw-
ing nature of the peripheral substituents in the acceptor A, the ground state of 21
displays a dipole moment of ca. 2 D, which is consistent with a larger Stokes shift
in 21 (1,148 cm−1) than in the symmetric apolar dimer 22 (324 cm−1). This is
explained by the larger energy consumed by outer sphere solvent reorganization
in the case of the electronically asymmetric 21, in which the acceptor’s HOMO is
of the a1u type because the electron withdrawing meso substituents stabilize the
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Figure 13.24. [ZnPQ-AuPQ]+PF6 dyad.

a2u orbital. Time resolved near infra-red (NIR) transient absorption spectroscopy
experiments on both 21 and 22 were carried out for S1 → Sn and T1 → Tn

transitions. Hole burning experiments using excitation on both sides of the Qx

band have been performed. Excitation on the blue side of the Qx band involves
conformers with large dihedral angles between the planes of the chromophores,
while pumping in the red side of the Qx generates Sn excited states of more conju-
gated species. Dynamic studies show that the respective x-polarized Q transitions
(S0 → S1) and (S1 → Sn) are parallel and aligned with the ethyne bond axis.
Excited state spectral changes from 22 to 21 are explained by rotational dynamics
around the ethyne bond, and a supplementary relaxation process in the case of
the polar 21, for which interaction with the THF solvent reduces the S1 → S0
transition oscillator strength43.

Of course, the influence of the bridge on the degree of electronic coupling
appears to be an excellent way to promote electron transfer from a donor to an
acceptor. Fukuzumi, Kadish, and Crossley have reported the use of covalently
linked chromophores in which electronic coupling is enhanced by a bridge that
allows a coplanar orientation of the donor and the acceptor44. In addition to the
choice of a biphenyl type link, in which each phenyl is fused with the tetrapyrrolic
rings, the subtlety of the hybrid dimer 23 depicted in Figure 13.24 is the use of a
nonneutral dyad.

The link provides a dihedral angle-dependent degree of electronic coupling
similar to that observed in the directly linked meso-meso dimers described previ-
ously. Thus, communication between the chromophore does not need to be estab-
lished. By using a nonneutral acceptor, the redox potential of the gold porphyrin
can be tuned with the help of solvent polarity. Indeed, the cationic gold porphyrin
is easier to reduce in toluene (E0

red = −0.30 V vs. SCE) than in benzonitrile
(PhCN) (E0

red = −0.40 V vs. SCE) due to weaker solvation in nonpolar solvent.
The oxidation potential of the zinc donor remains virtually identical in both sol-
vents. As a result, the fluorescence of the zinc porphyrin in dyad 23 is quenched
20-fold compared to that of the isolated zinc porphyrin reference. Not only is the
electron transfer slower, but the charge separated (CS) state also lives longer than
in neutral dyads in apolar solvents. In fact, neutral dyads in which electron trans-
fer generates a charge separated state from a neutral species, and thus induces the
presence of a strong dipole in the CS state, are poorly stabilized in apolar solvents.
Consequently, the CS state is usually higher in energy than the triplet state that
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can be generated during the charge recombination. In the dyad in Figure 13.24,
the electron transfer corresponds to the translation of the dipole already present
in the ground state. In other words, a charge shift occurs instead of a charge sep-
aration. This correlates the prediction from Marcus theory which states that the
smaller the reorganization energy of electron transfer, the slower the back electron
transfer in the inverted region. The energy of the CS state in toluene (1.11 eV) is
smaller than the 1.21 eV value in PhCN.

Experimental observation of ZnPQ•+ and AuPQ by transient absorption
spectroscopy and EPR after 1.4 µs is consistent with the interpretation of the
slow back electron transfer (BET), for which the slowest rate (kBET = 10 µs) is
observed in cyclohexane (9.1 µs in toluene). No CS state was observed in PhCN,
probably due to a larger reorganization energy during the electron transfer. The
importance of the reorganization energy during the eT processes will be empha-
sized in multiporphyrinic species associated with C60 acceptors later in this chap-
ter. When unsaturated bridges are used, the donor and acceptor porphyrins rotate
freely. Thus, only the contribution of fully conjugated conformers enhances the
electronic interaction between the two porphyrins, even over large distances.

A series of 12 porphyrins depicted in Figure 13.25 has been prepared and
studied by Odobel and collaborators in order to analyze the linkage dependence
of the electronic coupling, and its influence on the efficiency of energy transfer
between a zinc porphyrin energy donor and a free base acceptor. Ground state
absorption and MO calculations are, respectively, consistent with strong elec-
tronic coupling between the two chromophores, and the contribution of cumu-
lenic forms of the bridge implies coplanarity of the porphyrin macrocycles45. In
the four dyads highlighted in Figure 13.25, the fluorescence of the zinc porphyrin
energy donor is quenched by more than 95%. It is remarkable that the most effi-
cient energy transfer (27ZH, kET = 12 × 1010 s−1) is observed over the largest
distance (28.6 Å center to center) for the tetrathiophene bridge in which ethynyl
connections to the porphyrins authorizes a stericly unrestricted conjugation of the

Table 13.2. Absorption and Fluorescence Data for Dimers 24–27

Dimer λmax (nm) τf (ns) �f kET(s−1)

24ZZ 624 1.6 0.10
24HH 662 3.9 0.86
24ZH 664 0.017 0.86 6 × 1010

25ZZ 632 1.3 0.085
25HH 667 3.5 0.78
25ZH 666 0.32 0.78 3 × 1010

26ZZ 676 1.3 0.17
26HH 717 3.4 0.22
26ZH 713 0.033 0.21 3 × 1010

27ZZ 657 1.4 0.18
27HH 690 6.2 0.34
27ZH 688 0.008 0.31 6 × 1010
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Figure 13.25. Thiophene linked homo- and heterodimers.

dyad components. In these dyads, Förster mechanism is obviously ruled out in the
energy-transfer process.

The case of dyads in which the chromophores are linked through meso aryl
substituents has been investigated by several groups, and detailed studies prior
to 2000 can be accessed through references1, 46. In these systems, even though
the meso aryl linker cannot be fully conjugated with the chromophore for steric
reasons, the presence of π and π* orbitals between the components of the dyad
plays a role in ET processes for zinc free base hybrid dimers. Following their
previous studies on such dimers, Albinsson and collaborators have performed
several in depth analysis of both eT and ET in dimers 28–30 depicted in Fig-
ure 13.26. The influence of the bridge on the efficiency of hole transfer, which oc-
curs when excitation is performed on the gold porphyrin (M is Au(III)), has been
investigated. The quenching of 3(AuP)* in 29-O,B,N is highly efficient when a
fully conjugated phenyl or naphthyl spacer is used. Quenching is inefficient for
a bicyclo[2.2.2]octane bridge that does not provide an accessible π–π* orbital
as an electronic pathway for chromophore interaction. Even though a stepwise
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Figure 13.26. Albinsson’s dyads M1P–R–M2P for electron, energy, and hole transfer.

mechanism with a primary hole transfer from the bridge to the triplet hole donor
3(AuP)* is conceptually permitted, it is ruled out due to the similar values of the
room temperature lifetimes of this species in both the dyad and in a reference R–
AuP+ compound. Thus, no quenching occurs unless a ZnP hole acceptor is con-
nected. The hole transfer is explained by a super exchange mechanism. Again,
the hole transfer induced by triplet state formation on the electron acceptor (or
hole donor) 3(AuP)* corresponds to a charge shift and not literally to a charge
separation. The corresponding “CS” states display lifetimes of 30 and 50 ns for
29-N, and 29-B, respectively47.

The same organic architecture has been studied using different metals for
M. The introduction of Fe(III)Cl generates a nonfluorescent FeP species, associ-
ated with a photoactive ZnP species (dimers 30-O,B,N,A). Subsequent excitation
of the ZnP moiety generates a singlet S1 state which, in the ZnP–R reference
compound, is deactivated via fluorescence (S1 emission) and phosphorescence
(T1 emission via intersystem crossing “isc”). Previous results show that in dyads
28-O,B,N,A the nature of the bridge affects the rate of singlet energy transfer
without significantly influencing the rate of isc. In dyads 30-O,B,N,A, the Mar-
cus theory predicts a favorable electron transfer from the S1 state of the ZnP donor
to the FeClP acceptor. In this series the S1 quenching is independent of the sol-
vent polarity, which influences λout (reorganization energy) in normal region eTs.
Thus, the contribution of eT to the S1 deactivation is minimum, and no ZnP•+
can be detected. A weak contribution of ET from the S1 state of the ZnP donor
to the FeClP acceptor is estimated by comparison of the dyads 30-O,B,N,A with
their 28-O,B,N,A analogs, and from the knowledge of the ET process in ZnP–
R–H2P energy dyads previously reported46. Thus, instead of deactivation of the
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ZnP donor S1 state via eT or ET in dimers 30-O,B,N,A, enhancement of the isc
S1 → T1 conversion is observed for R=B, N, and A. As no eT or ET was ob-
served, the presence of paramagnetic Fe(III) near the ZnP S1 state seems to be a
remote promoter of isc. It was previously mentioned that the nature of the metal
complexed in the tetrapyrrolic chromophore could enhance the isc mechanism,
but no remote example of this enhancement had been observed so far. The crucial
information pointed out by this study is that fluorescence quenching is not the only
evidence for eT or ET processes48. Regarding the behavior of the ZnP–R–FeClP
species (30-O,B,N,A), it is worth mentioning that R=A confers properties of an
eT triad to the dimer, with around 20% efficiency. In polar solvents, excitation of
the ZnP donor generates a CS state with a lifetime of at least 5 ns via a stepwise
eT from the donor to the bridge A, followed by a second eT from the anthracene
to the iron porphyrin, which subsequently releases the coordinated chloride anion.
Given that the photogenerated iron(II) porphyrin can bind up to two axial bases,
pyridine can be used to tune the efficiency of the eT in the triad49. We will see
later that axial base coordination can actually act as a switch for dyad properties.

The mediating effect of the conjugated bridges has been previously ob-
served by the same authors for energy dyads involving 28-B and 28-N. Although
full conjugation of the bridge with the chromophores is not possible due to the
methyl substituents at the β pyrrolic positions adjacent to the connecting meso
carbon, it has been demonstrated that unsaturated bridges were required for the
observation of singlet and triplet ET between the ZnP donor and the H2P acceptor.
Triplet–triplet ET has been further investigated, because, despite the mediating
effect of the bridge, the triplet states of 3R* are too high in energy to serve as
a relay. In a first series of papers, Kyrychenko and Albinsson50, 51 have pointed
out particular features of the 3ZnP* or 3H2P*, and the corresponding dyads, us-
ing time resolved spectroscopy and DFT calculations. First, the triplet state of the
ZnP* donor is composed of two states at different energies, corresponding to two
different distortions of the porphyrin skeleton. The planar, high energy TA state
can be rapidly deactivated (100 ns at room temperature) via conversion into a sad-
dled, lower energy TB state. In the saddled TB state the dihedral angle between
the porphyrin and the phenyl spacer is significantly decreased. Consequently, the
triplets’ lifetimes for the ZnP donor are temperature and, most importantly, vis-
cosity dependent. High viscosity media such as polystyrene films provide mil-
lisecond lifetimes and slow down both the TA to TB conversion and the triplet ET
due to conformational restrictions lowering the degree of planarity19.

Finally, studies of eT using M=Au(III) in the same architectures (29-
O,B,N,A) has been pursued52 and falls into the charge shift category rather than
charge separation processes. Similar findings were also observed later by Cross-
ley44. When R=B, or N, the eT proceeds directly from ZnP to AuP+. In polar
solvents, however, with R=A a stepwise eT is observed, as is the case for a
FeClP acceptor49. In ZnP/AuP+ electron transfer dyad systems, their very dis-
tinctive behavior depends on the way they are connected. This is emphasized by
comparison of the works of Crossley44 and Albinsson52. Both authors use simi-
lar donor/acceptor components with either a direct connection between possibly
coplanar chromophores44, or a roughly perpendicular mediating bridge with a
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gradually accessible π–π* MO pathway for electronic coupling52. With a direct
connection and strong electronic coupling, eT is efficient, and low solvent polarity
tunes the free energy associated with the eT and enhances the lifetime of the CS
state44. In the case of weakly coupled chromophores (V = 5–20 cm−1), high sol-
vent polarity is required, particularly to promote a stepwise eT to the anthracene
bridge. The first reduction potential of the Au(III)P+ species in the various sol-
vents used is not discussed51.

It was previously observed that the binding of an axial base can stabilize
a photogenerated neutral Fe(II)P49. Such coordination can also be used as a
switching tool for the photoactivity of a ZnP electron or energy donor. Otsuki
and collaborators have reported a switch of this type, using a phenylazopyridine
(PAP) axial base53. In the dyad 31 depicted in Figure 13.27, the two chromophores
display ground state absorption that is the sum of the independent species and
that are weakly coupled. Efficient ET (99% at 4.2 × 1010 s−1) is observed
upon excitation of the ZnP donor in the absence of PAP (association constant
kassoc = 1.2 × 104 M−1, CH2Cl2, 298 K) or in the presence of a PAP competitor
such as dimethyl aminopyridine (DMAP, kassoc = 2.9×105 M−1). In the presence
of PAP, 97% eT to the diazo quencher is observed, precluding ET from ZnP to the
H2P. In addition to the fact that axial coordination brings the oxidative quencher

Figure 13.27. A molecular switch based on axial binding.
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in the vicinity of the ZnP, it is important to note that the electronic enrichment of
the ZnP by axial base coordination also enhances the reducing character of the
pentacoordinated ZnP donor by approximately 0.1 V. The idea of tunable eT or
ET is one obvious evolution that can be foreseen in the development of molecular
devices. Applications may be developed not only for information storage, but also
in the emerging field of “data treatment” with the help of molecular logic gates.
This aspect will be treated in the next section, and the degree of innovation in
these systems resides in the architecture and the topology of the devices54.

From the examples discussed above, it is rather clear that the increase of
electronic coupling through the bridge is not the only way to influence the effi-
ciency of electron or energy transfer between chromophores. Bridge-induced
topographic restrictions may enhance ET processes by affording properly oriented
conformers for the chromophores. Lindsey, Bocian, and Holten55 have reported
a series of imine linked energy dyads 32–35 (Figure 13.28) in which H-bonding
within the linker is associated with the 60◦ dihedral angle between porphyrins and
their meso-aryl groups.

These noncovalent interactions introduce geometric restrictions that most
probably affect the κ values. Ground state absorption properties show that the
chromophores are weakly coupled when compared to reference monomers com-
prised of the bridge-substituted donor or acceptor. Highly efficient ET rates,
ranging from 70 to 13 ps−1, have been observed for ET from the zinc donor to
the free base acceptor. Almost no competition with hole transfer, due to excita-
tion of the free base, was observed, except for dyad 35 in Figure 13.28. Excited
state lifetimes for the individual chromophores and ET quantum yields are given
in Table 13.3.

Figure 13.28. Schematic representatin of dyads 32–36 from ref.[55].
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It is worth noting that for the dyads 32–34, due to H bonding within the
bridge in an aprotic nonpolar solvent such as toluene, the average angle between
the chromophores should be quite small, due to the planarity of the bridging
element. In a polar, aprotic solvent like benzonitrile, some contribution from con-
jugation may be found in the same dyads, with a similar orienting effect on the
chromophores. In dyad 35, the situation is different because similar effects will
maintain the bridge coplanar with the zinc donor and at ca. 60◦ with the free
base. Thus, electronic delocalization on the bridge can occur from the zinc donor,
and eT competes with ET, with the former contributing to 35% of the fluores-
cence quenching of dyad 35 in toluene, and 50% in benzonitrile. Two other dyads
are reported in the same paper, but they are assembled via coordination around a
metallic template and will thus be examined in the appropriate section (noncova-
lent). Globally, the efficiency of the ET process in these imine linked dyads are
at least as efficient as in diphenylethyne linked dyads previously studied by these
authors.

Even though the last example points out that other linkers can be used, linear
unsaturated bridges are very attractive in order to deal with structurally well-
defined species. The study of porphyrin dimers and either eT or ET dyads should
now be considered as a source of knowledge for the design of functional devices.

The collection of knowledge from studies of dimeric species encouraged
many groups to increase the size of the devices prepared, and to use the dimer’s
behavior to explain or predict the properties of oligomers. A typical example is
provided by Osuka and Kim who have reported photophysical studies on rod-
like species (36) depicted in Figure 13.2956. When excited to the S2 state by
irradiation at 400 nm, the excitonic splitting of the Soret band in the arrays affects
the deactivation of the S2 states. As explained in the introduction, the longer the
arrays, the more split the Soret bands. In the longer arrays for which split bands are
shifted to the red, as far as spectral overlapping with S1 (Q bands), a ladder-type
deactivation channel allows fast S2 → S1 internal conversion (< 1 ps), which
is considerably faster than the S2 deactivation in the corresponding monomer.
A minimum length of 6–8 porphyrin units is estimated for the existence of the
deactivation channel, in other words the radiative coherent length.

In order to observe energy transfer more specifically, an appropriate en-
ergy acceptor must be introduced at one end of the arrays 37a–f. In the array

Figure 13.29. Osuka’s orthogonal meso–meso coupled oligomers.
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represented in Figure 13.30, the energy acceptor is a 5,15-bis(phenylethynyl)
zinc porphyrin that has a red shifted absorption spectrum due to extended con-
jugation of the ethynyl bridge with the lateral phenyl groups. The observed end-
to-end energy transfer rate to the acceptor part of these arrays displays electronic
coupling among the meso–meso coupled porphyrins that cannot be explained by
Förster theory, except in the case of dimer 37a. As shown in Table 13.4, calcu-
lated energy transfer rates are best fitted by statistical distribution of the excitation
energy over coherent groups of chromophores consisting of four meso-meso cou-
pled porphyrin units. Incoherence is found when larger chromophore groups are
considered. While energy transfer is nearly quantitative for small arrays (37a–c),
longer arrays display less efficient ET57.

The meso–meso coupled arrays can be converted into the porphyrin tapes
38a–g depicted in Figure 13.31, in which completion of the electronic coupling
via coplanar cumulenic forms induces an increased red shift of the absorption
maxima to the IR region (optical HOMO–LUMO gap for 38g is 1,500 cm−1).

These systems display a very fast and effective nonradiative deactivation
because of the small energetic gap between electronic states S0, S1, and S2, and

Figure 13.30. Osuka’s arrays with an energy acceptor.

Table 13.4. ET rate constants in arrays 37a–f

Array R (Å)a k−1 b
obs (ps) k−1 c

calc1 (ps) k−1 d
calc2 (ps) k−1 e

calc3 (ps)

37a 12.7 2.5 ± 0.1
37b 16.9 3.3 ± 0.2 6.9 5.0 3.4
37c 21.0 5.5 ± 0.5 20 7.5 5.9
37d 33.6 21 ± 2 160 15 23
37e 58.6 63 ± 5 2,300 30 70
37f 109 108 ± 7 49,000 60 163

aLongest Zn–Zn distance.
bTransient absorption measurement.
cCalculation from Förster theory (ET from end to end).
dCalculated considering excitation distribution over N individual chromophores.
eCalculated considering coherent coupling over four porphyrin units.
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Figure 13.31. Fused porphyrin tapes.

their coupling with vibrational motions that are enhanced by the size of the tapes.
Again, this resembles the ladder type deactivation channel mentioned above. For
example, the lowest excited state of dimer 38a decays to the ground state within
4.5 ps compared to a decay time constant of 1.9 ns for the meso–meso coupled
analog 32b. Furthermore, the longer the tape, the faster the decay58.

One problem that is still consistently recurrent in the study of porphyrin
assemblies stems from very similar absorption and excitation properties of the
species involved in the charge separation or the energy transfer processes. Very
often, it is difficult to selectively generate the excited state of a zinc porphyrin
donor without partial excitation of the free base porphyrin acceptor, even though
no electronic coupling can be detected in ground state absorption spectra. This
also stands for excitation of the electron acceptor or hole donor free base with a
zinc electron donor or hole acceptor. It is thus useful to connect the multiporphyrin
assembly to a nonporphyrinic electron/energy donor or acceptor, or both, that can
be selectively excited in order to initiate the photoinduced process. This class of
assemblies will now be examined.

4.2. Covalent Multiporphyrin Arrays Combined with Nonporphyrinic
Acceptors or Donors

As we will see, the choice of electron donors associated with porphyrins has
not evolved much over the years. In previous review articles, electron donors such
as carotenes, aryl amines, and ferrocene derivatives have been examined. Con-
cerning the class of energy donors, over the past decade, boron dipyrylmethanes
(BODIPY) are probably the most widely used series of compounds. A very de-
tailed study of their association and their excitation energy transfer to porphyrins
has been carried out by Lindsey59. It should be noted that condensed aromatics
such as anthracene, and especially perylene derivatives, may be good substitutes
for BODIPYs.

The energy acceptors used in most energy conducting assemblies are usually
free base porphyrins for the simple reason that, in such processes, the difficulty



Multiporphyrinic Assemblies 641

resides in the selective excitation of the donor moiety. Selectively detecting the
output emission of the final acceptor is not a problem in itself. For a long time,
the class of electron acceptors was restricted to quinones and aromatic imide-type
compounds. However, the burst of fullerene derivatization methods in the early
1990s, together with the specific properties of C60 mentioned in the scope and
limitation section, have changed the face of the electron acceptor world.

4.2.1. Energy Transfer in Linear Species

While most of the species combining several zinc porphyrin energy donors
and one free base acceptor have been designed to mimic the photosynthetic
antennae systems, linear arrays are conceptually different and aim at signal propa-
gation and processing. Holten, Bocian, and Lindsey54 have carefully rationalized
the design of multiporphyrin arrays in this regard. The functional characteristics
of the arrays 39–42 depicted in Figure 13.32 are based on the specific behavior
of magnesium porphyrins which can exist as stable radical cations and can be
incorporated into arrays via simple synthetic schemes. It is also worth mention-
ing that the HOMOs of the zinc/free base motif utilized in these arrays are of
a2u type, which favors the bridge mediating effect by localizing electron density
on the meso carbon atoms. When a neutral magnesium porphyrin is used, exci-
tation of the ZnP produces the highest S1 level that can be deactivated by two
ET processes, to MgP or H2P, via a dominant through bond (Dexter) mechanism.
The MgP* produced is then deactivated via a second ET to the H2P acceptor,
without mediation of the ZnP. When the MgP is oxidized to MgP•+, deactivation
of the ZnP* no longer occurs via ET to H2P, and only eT/ET to the MgP•+ is ob-
served. Similarly, eT/ET deactivation of the H2P* is observed. As shown by the
rates indicated in Figure 13.32, the fastest processes (eT and ET) are observed for
meso linked porphyrin components with para connections in the phenylethyne
bridges (39). Distinction between eT and ET quenching is not established and
both mechanisms are possible based on theoretical and thermodynamic data60a.
The same group of authors later reported that in triads and tetrads consisting of
zinc porphyrin rods terminated by a magnesium porphyrin, the latter is the energy
acceptor in the light-harvesting process60b. These systems allow tuning of the
energy transfer process from the ZnP* to the H2P unit, as already demonstrated
in previous studies cited in refs.[54, 60].

To illustrate the need for energy donors that can be specifically excited, a
BODIPY donor has been incorporated in these arrays (43–44), and in nonlinear
analogs61. The structure and eT/ET transfer rates for these arrays with a BODIPY
primary energy donor are given in Figure 13.33. The disadvantage of the BODIPY
units lies in the existence of two energetically accessible, excited state conformers
of the BODIPY59. As a result, two lifetimes are measured for the excited state
conformers, which complicates data interpretation62.

As mentioned above, BODIPY units tend to be replaced by other primary
energy donors in order to facilitate the study of excited state deactivation. Lindsey
and coworkers have undertaken comparative studies of the linear arrays incorpo-
rating perylene derivatives 45–47 represented in Figure 13.34. Table 13.5 shows
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Figure 13.32. Porphyrin triads with MgP, ZnP, and H2P components. The linking position
of the MgP has been systematically varied using a p-phenyl spacer at the meso position in
39, and at a beta position in 40. In 41 and 42, m-phenyl spacers are attached at meso and
beta carbons, respectively.
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Table 13.5. Energy Transfer Efficiencies in Photonic Wires 45–47

Excited state lifetime (ps)

Wire D* Zn* �trans
45 25 ± 5 ( 1.7 ± 0.4) 160 ± 30 81 ± 9
46 ≤ 0.4 26 ± 3 99
47a 2.5 ± 0.8 28 + 3 99
47b 5.3 ± 0.8 170 ± 30 86 ± 7

that transfer efficiencies along these wires are excellent and that perylene donors
are valuable substitutes for BODIPYs. These examples show that when energy
conduction is targeted, selective input of energy can be successfully achieved by
introduction of a primary energy donor.

4.2.2. Photoinduced Charge Separation in Linear Arrays

When electron transfer processes are targeted, one of two different options
can be chosen. The first deals with photoinduced charge separation. This requires
the connection of the photoactive unit, the porphyrin or multiporphyrin archi-
tecture, to a nonporphyrinic electron donor and/or acceptor. The second option
concerns electron conduction in multiporphyrin arrays. The donor and acceptor
in this case can be electrode materials to which the array is connected on both
sides.
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For discrete, well characterized species, C60 derivatives are almost exclu-
sively utilized as electron acceptors due to their small reorganization energies
(0.48 and 0.6 eV)63and references cited. A simple comparison between porphyrin-
quinone and porphyrin-C60 dyads, on the basis of similar physical properties
(oxidation/reduction potentials, electronic coupling) and thus similar values of
−�G◦

eT, shows that charge separation is accelerated ca. six times and charge re-
combination slowed down ca. 25 times in the case of a C60 type acceptor28, 29. As
a consequence, fullerene acceptors have been added to existing arrays. Previous
results summarized in refs.[28,29] clearly show that the topography of the assem-
blies, and thus the geometric properties of the linkage between the porphyrins and
the C60, have an influence on the efficiency of the electron transfer due to varia-
tions in the electronic coupling. Here, we will consider only examples in which
the localization of the C60 acceptor with respect to the porphyrin electron donor
is unambiguous, and is either equatorial or apical to the tetrapyrrolic macrocycle.
In Figure 13.35, four examples illustrate the incorporation of C60 acceptors in a
linear arrangement with the porphyrin chromophore.
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Figure 13.35. Fullerene acts as a final electron acceptor in these arrays. The presence of
C60 results in increased lifetimes of the charge separated states compared to those arrays
without C60.
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The combination of four energy collecting Zn porphyrins connected to the
energy acceptor free base porphyrin and the final C60 electron acceptor (com-
pound 48) actually mimics the first stages of photosynthetic events. Although
this (ZnP)3–ZnP–H2P–C60 hexad (48) was reported prior to the period covered
in this chapter, it illustrates the advantages that can be taken from fullerene. The
(ZnP)3–ZnP antenna shows an energy transfer from three peripheral zinc por-
phyrins to the central unit within 50 ps. Energy is further quenched by the free
base energy acceptor to yield the electron donor singlet excited state at the rate
of 4.2 × 109 s−1. After electron transfer to the C60 acceptor, a charge separated
state is efficiently generated (70%) that lives for 1.3 ns64. The system has been
improved by replacing the octaalkyl free base porphyrin by a tetraaryl free base
porphyrin in order to change the nature of the HOMO to a2u . In this case, the
efficiency reaches 98% and the lifetime of the CS state is much longer, 380 ps in
THF65.

Based on the use of a similar spacer, the linear ZnP–H2P–C60 triad 49
(Figure 13.36) reproduces a similar series of events in which energy collected
by the zinc porphyrin is transferred to the free base energy acceptor. A charge
separated state ZnP–(H2P•+)–(C•−

60 ) is produced in 40%, before giving the final
(ZnP•+)–H2P–(C•−

60 ) charge separated state in 21 µs after a hole transfer of the
charge shift type66. Differences in the efficiency of systems 48 and 49 may be
partly explained, first, by the number of Zn porphyrins involved in the collection
of energy, and second, by differences of through bond electronic coupling (dis-
cussed in previous sections) that may favor the charge recombination process in
the hexad.

Further sophistication of these systems involves, of course, the introduc-
tion of a nonporphyrinic electron donor capable of stabilizing the photoinduced
charge deficiency of the zinc porphyrin. This was achieved using ferrocene in the
tetrad 50 that produced one of the very first, long lived charge separated states
(Fc•+)–ZnP–H2P–(C•−

60 ), with a lifetime of 380 ms in benzonitrile67. Further
implementation of the device has been recently described and consists in the
replacement of the free base porphyrin H2P by a second zinc porphyrin to gener-
ate the Fc–(ZnP)2–C60 tetrad 5168. This results in an increase of the excited state
energy from 1.84 to 2.04 eV, and a decrease of the oxidation potential of the elec-
tron donor by 0.3 V. Thus a larger energy gap is observed for the CS state, which in
turn slows down the charge recombination process. The CS state lifetime of 1.3 s
at room temperature in dimethylformamide is among the longest lifetimes ever
reported68. Here it should be mentioned that although ferrocene seems appealing
for its electron donating properties, model compounds have shown that the charge
recombination in Fc•+/C•−

60 species are in the normal region. This is not the case
for carotene electron donors. Indeed, due to the energy level of the carotene’s
first triplet excited state that intercalates between the photogenerated radical pair
and the ground state, deactivation occurs in the inverted region, at much slower
rates67, 69. Nevertheless, internal charge recombination involving C•−

60 and Fc•+
can be slowed down if the distance between the radicals in the radical pair is large
enough. In this case, the rigidity of the porphyrin assembly plays a crucial role,
as demonstrated by the longer lifetime of the photoinduced CS state generated
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Figure 13.36. A porphyrin-chlorin-C60 triad.

with an analogue of tetrad 51 (not depicted) in which the flexible amide bond is
replaced by direct meso–meso coupling of the two zinc porphyrins. This forces a
stepwise eT process for charge recombination, and provides a lifetime of 19 µs in
benzonitrile70.

The concept of an energy cascade prior to charge separation can also be
performed in triads comprising a zinc porphyrin (E donor) and a zinc chlorin (E
acceptor, e donor) connected to a C60 electron acceptor (compound 52). In this
case, energy transfer between the E donor and the chlorin E acceptor is favored
by the connection of the a2u type zinc porphyrin meso carbon to the β-pyrrolic
carbon of the a1u type zinc chlorin. Despite the favorable coupling, only charge
separation from the excited zinc chlorin to the fullerene acceptor is observed.
No subsequent hole transfer type of charge shift is observed between the radical
cation of the zinc chlorin and the zinc porphyrin. The charge separated radical
pair formed upon excitation of the zinc porphyrin lives for 12 ps due to rather
fast recombination processes involving folded conformers of the triad, since the
linkage between the zinc chlorin and the C60 is rather flexible71.

In the case of short flexible connections between C60 and the neighboring
chromophore, the general conformation trend for the carbon sphere is to sit on the
top of the aromatic tetrapyrrolic structure, for obvious π–π or lipophilic inter-
actions. Multiporphyrinic architectures exhibiting rigid, linear arrangements can
thus provide a way of quasicomplete topographic control, leaving only a small
degree of freedom to the photoactive species at the end of the arrays. Diederich
and coworkers have adapted Osuka’s meso–meso coupled oligomer approach to
the synthesis of linear, meso–meso porphyrin arrays terminated on both ends by
C60 moieties (Figure 13.37).

Fluorescence quenching studies carried out on the first series of porphyrin
dimer 53a, trimer 53b, and tetramer 53c show that fluorescence of the porphyrin
arrays is quenched approximately 100 times compared to arrays not bearing
fullerenes72. Due to the properties of the arrays, namely strong excitonic coupling
and red shifted, split Soret bands, no conclusions are drawn about the mechanism
(ET or eT) of the quenching.

Further studies on a series of conformationally isomeric fused dimers, 54a,
and 54b, show that in this case, the quenching is due to photoinduced electron
transfer from the zinc porphyrins to the C60 acceptors, generating a lifetime of
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Figure 13.37. Osuka-type meso–meso coupled ZnP arrays (top) and fused ring arrays
(bottom) bearing fullerene electron acceptors.

630 ps for the CS state of 54a73. Up to 15 possible redox processes, including zinc
porphyrin oxidations, and reductions of both the zinc porphyrins and the C60s, are
possible in the fused conformers 54a–b. Differences in the redox potentials are
observed, depending on the side of the porphyrins with which the fullerenes inter-
act. Interestingly, excitation of the C60 acceptor, by irradiation at 330 nm, induces
ET from the carbon sphere to the porphyrins, without further charge separation.
A typical porphyrin-based fluorescence is observed in this case.

As mentioned above, the electron donors and acceptors can be electrodes,
given that manufacturing and connection are possible. Towards this goal, linear
porphyrin arrays of the Osuka-type have been incorporated between nanoelec-
trodes in order to investigate electrical conduction in these species74. The orthog-
onal meso–meso coupled species 36 (n = 23 in Figure 13.29) have been used and
show typical diode I–V curves, while the small band gap in the fused, tape-like
oligomer 38f (Figure 13.31) induces a higher electrical conductivity of the device.
Both phenomena are temperature dependent, but as expected, the less flexible tape
arrangement exhibits less temperature dependence.

Introduction of accessory pigments can also be performed in longer species,
as demonstrated by Lindsey’s approach to perylene-porphyrin oligomers75. In
these soluble structures, a central core of phenylethynylphenyl bridged porphyrin
oligomers is surrounded by a coating of perylene energy collectors, four per
porphyrin.
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This section and the previous show that linear arrangements of covalently
linked porphyrins have clearly captured the attention of chemists regarding elec-
tron transfers and charge separation along redox gradients. As opposed to the
linear approach, branched and dendritic structures are directly inspired from the
architecture of photosynthetic antennae systems, and are therefore mostly oriented
towards energy collection and funneling.

4.2.3. Energy Collection in Nonlinear Structures

A quick overview of branched structures has been recently published by
Aida76. Examples of energy collecting devices that appeared in the time range
covered in this chapter are examined in this section. The design of the devices
reviewed hereafter is conceptually different from the approach leading to the
species examined in the “energy transfer in linear species” section. Previously,
the architectural features of the arrays were totally oriented towards the con-
trolled processing of a photogenerated signal, whereas the aim is now to collect
light energy with maximum efficiency by multiplying the number of energy trans-
fers from primary energy donors to a limited number, and eventually one unique,
energy acceptor.

Taking advantage of their efficient synthetic approach leading to meso–
meso linked dimers, Osuka has recently reported a dodecameric porphyrin wheel
(56, Figure 13.38) directly inspired by the LH1 and LH2 structures77. The cir-
cular structure, depicted in Figure 13.38, with a diameter of ca. 4 nm, is one of
the closest covalent models (in terms of number of pigments) of natural systems.
For the circular structure 56 and its open chain precursor 55, several decay compo-
nents are observed that can be explained by comparison with previously examined
dimers (vide supra). The small time constant (ca. 0.24 ps) is assigned to incoher-
ent exciton hopping within each of the meso–meso coupled dimers in the cyclic
structure. The larger time constant (ca. 3.6 ps) is assigned to energy transfer
between gable units separated by the phenylene linker, which is consistent with
model compounds.

It should be noted that, based on similar inspiration, other wheel type
structures have appeared in the literature but photophysical studies have not yet
been reported, and thus will not be covered in this chapter. However, Kobuke
has developed a very promising approach based on self-assembly that is worth
mentionning78. It concerns the preparation of another dodecaporphyrin structure
57, represented in Figure 13.39. The coordination driven self-assembled wheel
bears olefinic R groups that can undergo metathesis, leading to the formation
of a cyclic, ring-shaped, covalent structure containing 10 or 12 porphyrins (not
depicted)79.

The simplest approach to branched or denritic multiporphyrin structures is
the combination of two arrays connected at one point. This has been successfully
attempted by Osuka to produce the so-called “windmill” porphyrinic arrays 58–
60 represented in Figure 13.40. The properties of these light harvesting arrays
are adjusted taking into account previous results that show that the excitation en-
ergy of the S1 state in the central meso–meso coupled species is smaller (2.07 eV)
than that of the weakly coupled peripheral porphyrins (2.13 eV). To increase this
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difference and to allow energy transfer to the central meso–meso coupled chro-
mophores, phenylethynyl axial substitution has been performed in the windmill
array 58. Fast and efficient energy transfer is then observed for this species, with
99.6% efficiency and kET1 = 3.3 × 1011 s−1 for S1–S1 energy transfer from pe-
ripheral to central chromophores. Additionally, a S2–S2 energy transfer is ob-
served due to the overlap of the emission spectrum of the peripheral components
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with the exciton-split Soret band of the central meso–meso coupled porphyrins.
In that case, kET2 = 8 × 1012 s−1.

For windmills 59 and 60, electron acceptor species have been added in axial
positions. Thus, electron transfer can occur from the photoexcited, central meso–
meso coupled porphyrins to the electron acceptor diimide in 59, or to the electron
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deficient pentafluorophenyl substituted nitroporphyrin in 60. From 59 to 60, an
increase in the rate of charge separation, from 25 ps−1 to 10 ps−1, and a decrease
of the charge recombination rate, from 10 ps−1 to 55 ps−1, are observed80.

Dendritic approaches have also been developed by Aida, who has shown
that in terms of energy collection, the properties of the chromophore arrays are
strongly morphology dependent81. Only the structures of the larger species are
represented in Figure 13.41, but smaller dendrimers and reference compounds
have also been prepared.

Based on the fluorescence lifetimes of the ZnP units in dendrimers 61–64
comprised solely of porphyrins, the cone shaped wedge shows a dramatic de-
crease in the energy transfer efficiency from 62c (86%) to 62b (66%), and finally
to 62a (19%). Such a trend is not observed for the star shaped dendrimers of the
61a–c series, with �ET values of 87%, 80%, and 71% for 61c, 61b, and 61a, res-
pectively. Replacement of the ether linkage by an ester linkage (compounds 63–
64) does not have a major influence on the behavior of the species. Upon excita-
tion at 544 nm, all species emitted almost exclusively from the H2P moiety in the
case of star shaped dendrimers. Time resolved measurements, with B band excita-
tion at 415 nm and monitoring of the fluorescence decays at 585 nm, showed that
the average lifetime of the ZnP* states in 61a species was considerably decreased

Figure 13.41. Star and cone shaped dendrimers for light harvesting and photoinduced
charge separation.
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(680 ps) compared to either an isolated ZnP moiety (∼2,300 ns), or the analogous
cone shaped dendrimer 62a (1,899 ps).

The natural evolution of this work has been the attachment of an electron
acceptor to the light harvesting species in order to convert the collected energy
into a charge separated state. As seen above, fullerene is well adapted to be the
terminal electron acceptor in a cone shaped dendron. The fullerene species 65a–c,
represented at the bottom right of Figure 13.41, have been studied, and showed
84% fluorescence quenching for the dyad 65c, 60% for 65b, and 62% for 65a.
The charge separation rate constants evolve similarly, with rates of 1.55×109 s−1

for 65c, 0.40 × 109 s−1 for 65b, and 0.43 × 109 s−1 for 65a82. Interestingly, the
charge recombination rate constants slow down [from ∼2.9 × 106 s−1 for 65c, to
∼1.5 × 106 s−1 for 65a] as the size of the dendrimer increases. This suggests, in
agreement with electrochemical data, that the primary event in the process is the
generation of a ZnP•+– C•−

60 pair followed by a fast migration of the hole among
the peripheral ZnP moieties.

The recent dendrimer examples will close on a sophisticated architecture 66
consisting of 21 porphyrins, reported by Lindsey, Bocian, and Holten. In this array
one free base energy acceptor is surrounded by four sets of five zinc porphyrins
that act as energy collectors83. In contrast with the previous dendrimers, the com-
pounds described in Figure 13.42 comprise weakly coupled chromophores. Due
to the number of chromophores involved, the effects of the coupling are eas-
ily detected by the red shift and splitting of the Soret band. On the contrary, Q
bands remain unchanged and the first oxidation and first reduction potentials of
the zinc porphyrins confirm that electronic coupling is weak between individual
chromophores. In 66, the central free base porphyrin is the focal point of energy
collected by the peripheral zinc porphyrins.

Excited state energy transfer in 66 has been compared with other species
in which the central free base is surrounded by only 1, 2, or 8 zinc porphyrin
collectors. As in the previous example, a decrease is observed in the efficiency,
respectively 98, 96, 96 and 92% for 1, 2, 8, and 20 zinc porphyrins, together with
a slight decrease of the energy travel time (respectively 45, 90, 105, and 220 ps).
In addition, ground hole storage should be possible in these large zinc porphyrin
assemblies, since a minimum of 21 electrons can be removed from 66 to generate
a highly charged π -cationic multiradical83.

This overview of the emerging trends in the design of covalently linked mul-
tiporphyrin devices obviously leads to the conclusion that the covalent approach
is the most appropriate way to control and finely tune the coupling interactions
between the chromophores involved in a photophysical or photochemical process.
As the size grows, the overall efficiency of the synthesis usually drops consis-
tently. Nevertheless, convergent strategies based on the use of building blocks,
such as the dendrimer approach, have been developed recently. In this regard, the
idea of building blocks that are easily accessible and ready to be assembled in an
orderly fashion is not only applicable to convergent covalent synthesis, but also to
the self-assembly of photo or electroactive components, which will be detailed in
the next sections.
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5. Noncovalent Species

5.1. Hydrophobic Interactions

5.1.1. Concave Hosts

One of the first types of noncovalent interactions that can be developed
between porphyrins, independently of their free base or metallated character,
is hydrophobic interactions. For decades, it has been well established that por-
phyrins have a strong tendency to aggregate in polar media, and more pre-
cisely to form J-aggregates. One of the crucial problems remaining, though, is
the observation of well defined aggregates, particularly regarding the number
of species involved, and the geometry/stoichiometry of the assembly84. Only a
few examples have been reported in which J-aggregate formation leads to well
defined species. These examples will be detailed later. However, it is necessary
to mention that association of hydrophobic cavities with porphyrins has been
previously used to enhance the interaction between porphyrin excited states and
fluorescence quenchers like benzoquinone. The same principle can be applied to
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Figure 13.43. The hydrophobic pockets of βCDs provide binding cavities for porphyrin
guests.

force the interaction between isolated porphyrins and porphyrins bearing concave
hydrophobic substituents. This has been nicely illustrated by the group of Kano,
who has reported scaffolds 67–68 represented in Figure 13.4385.

The simplicity of the preparation of the scaffolds renders this approach ex-
tremely attractive, as it takes advantage of porphyrin structures that stem from
similar building blocks and permethylated β-cyclodextrin (βCD). The associ-
ation between the zinc porphyrin and the βCD is strong in aqueous solvents
(1.5 × 107 M−1 in phosphate buffer at pH = 7.0) and the construction of the
assemblies consists in mixing the components at the right stoichiometry. Efficient
fluorescence quenching is observed for heteroporphyrin assemblies, with effects
similar to those observed in dendrimers, and a decrease from 93% to 85% in,
respectively, the first “generation” dyad 67a and the pentamer 68a (Figure 13.43).

The zinc porphyrin guest shows a monoexponential decay and an expected
lifetime of the excited state of 1.75 ns. In the pentamer 67a, out of three decay
components, two values 128 ps (34%) and 494 ps (22%), are ascribed to energy
transfer processes arising from two different conformers of the self-assembled
structure due to the presence of four βCDs substituents (binding sites) on the
central free base energy acceptor. Indeed, in the model dyad (67a), in which a
free base porphyrin bears one binding site for a zinc porphyrin energy donor,
only one decay rate of 122 ps is attributed to ET process. When iron porphyrins
are used as guests, fluorescence quenching of the central free base porphyrin is
efficiently quenched in the pentamer 68b, but weakly quenched in dyad 67b.
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Similar types of interactions have been used by Kuroda to assemble, in a
dimer fashion, two free base porphyrins around two zinc porphyrin guests, as
shown in array 69 in Figure 13.4486.

Curiously, although the four βCDs substituents around the free base por-
phyrin could host four zinc porphyrins guests, only two of the latter are incor-
porated. The resulting structure (69) displays fluorescent quenching of the zinc
porphyrins and enhancement of the free base emission corresponding to 81% ET.
In a second array, a biphenyl bearing only two βCDs acts as a host for one zinc
porphyrin and one free base porphyrin guest, forming a ternary complex. Whereas
a solution of the ZnP and H2P shows no energy transfer even in the presence of
βCD, the ternary complex displays a 26% energy transfer from the ZnP to the
H2P.
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Figure 13.44. βCD hosts encapsulate sulfonated porphyrin guests, forming arrays with a
host:ZnP:H2P ratio of 2:2 for 69 and 2:1:1 for 70.
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5.1.2. J-Aggregates

Hydrophobic interactions can be developed between porphyrins themselves,
and the use of a peripheral hydrophobic surface is not a necessary condition.
This specific interaction, which originally led to ill-defined J-aggregates, has been
refined and controlled rather recently. This type of porphyrin assembly has been
now characterized geometrically.

The two examples selected and detailed below concern solid state structures
that are obtained from controlled aggregation in solution. The first aggregate was
obtained in a crystalline form during the search for π -functional coordination
zeolites87. Its synthesis is reproducible to give, in high yield, a solid in which
tetracationic (ethyl-pyridinium) free base porphyrins are stacked in a columnar
J-aggregate. Most probably initiated by lipophilic interactions developed in a po-
lar, anhydrous medium, the architecture is reinforced by the formation of CH-
π bonds between adjacent chromophores at van der Waals distances, and CH-
halogen bonds with the help of the counter anion (CdI4)

2−. The tetragonal colum-
nar stacks (71a, Figure 13.45), define areas of space in which polyaniline can
be encapsulated (71c), which leads to inclusion compounds performing electron
conduction (conductivity: 10−3 Scm−1) 106 times more efficiently than the por-
phyrin stacks alone (10−9 Scm−1). When lithium ions are present, they can be
exchanged with the protons in the core of the free base porphyrins in the stacks.
The conduction by polyaniline is then coupled with lithium ion conduction inside
the porphyrin channels (71d)88.

Instead of using peripheral quaternized pyridine substituents to solubilize
the porphyrins in polar media, diprotonated porphyrins represent the second op-
tion to achieve the same goal. Okada and Segawa have used diprotonated free base

tetragonal
columnar

stacks

71a

inclusion guest polyaniline Li+ ions

iodine channeltetrakis 5,10,15,20-(ethylpyridinium)porphyrin

71b 71c

Li+

H+

71d

Figure 13.45. Electrical conductivity can be developed in J-aggregates of 71b by polyani-
line doping (71c) or by insertion of lithium ions into the porphyrin cores (71d).
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Figure 13.46. Absorption data for a series of porphyrins as their free-bases, dictations, and
J-aggregates on glass substrates (n.d.: not determined).

porphyrins to produce J-aggregates in which a systematic modulation of the pho-
tophysical properties has been realized via peripheral substitution88. Figure 13.46
shows the variation of the substituents on the chromophore, and the effects ob-
served on the electronic coupling within the J-aggregates (if formed) of this same
chromophore.

It should be noted that the aggregates have been isolated at a liquid–liquid
interface and could be deposited on glass substrates for characterization with
AFM techniques. For this reason this example has been selected as a well charac-
terized species.

This study shows that, while the S0–S2 transition is less affected by the
peripheral substitution, the lower exciton corresponding to the S0–S1 transition
affords Q bands whose position is substitution dependent, and electron withdraw-
ing peripheral substituents have less effect on the S0–S1 transition89.
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5.2. Axial Bond Formation

The tendency of porphyrins to form aggregates, and the structural control
of the assembly formed can be directed by the help of axial binding in the case
of metalloporphyrins. In this section we will first examine examples in which the
axial bond formed is a coordination bond for which dissociation is still possi-
ble. The formation of reversible bonds in self-assembled processes is extremely
important because it permits the use of combinatorial type approaches, and leaves
the possibility of correcting errors that may have occurred during the assembly
process. Such synthetic design features usually afford thermodynamically stable
scaffolds instead of a more or less random assembling of the chromophores.

Inspired by the circular structure of natural antennae systems, Kobuke and
Ozeki have reported an interesting self-assembled heptaporphyrin species 82
(Figure 13.47) in which six energy collecting zinc porphyrins are arranged around
a central free base energy acceptor90. The basic structure consists of the free
base porphyrin covalently linked to three pendant zinc species. Three additional
zinc porphyrins are associated with the pendant species through axial binding of
imidazole to zinc. Energy transfer efficiency (11%) is lower than expected. An
80% decrease in the fluorescence of the zinc porphyrin collectors and a threefold
increase of the emission from the free base are observed. However, a 16-fold
increase in emission would be expected for quantitative ET. The species in Fig-
ure 13.47 has been successfully incorporated in unilamellar vesicles, and shows
similar ET properties in confined medium.

Figure 13.47. Axial binding of imidazole to zinc porphyrins creates a heptameric antenna
system.



660 Jean Weiss and Jennifer Wytko

Figure 13.48. Pyridine-binding to zinc porphyrins leads to assemblies with four and eight
porphyrins.

More rigid structures can be produced by axial base binding to zinc por-
phyrins, as demonstrated by the results of Osuka and Kim who studied the
octamer box structure (84)4 represented in Figure 13.4891. The box structure is
actually a tetramer of the meso–meso linked dimer 84. The rigidity of the ensem-
ble is due to the direct meso–meso link between two porphyrin units. Comparison
of the 4-pyridyl substituted dimer 84 with a model compound 83, bearing reg-
ular aryl groups, shows that the presence of the pyridyl moiety does not affect
the averaged lifetime (∼1,500 ps with two decay components associated with
conformational heterogeneity) or fundamental energetic properties of the dimer
itself. The octamer’s properties have been compared with those of the tetramer
(83)4 (Figure 13.48) that was reported earlier by Schaafsma and van Grondelle92.
Photophysical data do show some similarities, but Osuka’s porphyrin box (84)4
shows a very fast anisotropy rise time of ca. 12 ps, which is consistent with an
enhanced ET rate due to the excitonic dipole–dipole interactions in meso–meso
linked dimers.

Zinc is not the only metal employed in the assembly of porphyrins via axial
coordination. Among the metals that possess interesting photophysical behavior,
gallium(III) offers the possibility of forming hexacoordinate complexes. In addi-
tion, the Ga(III) porphyrin is a cationic species which allows an additional elec-
trostatic contribution to the driving force of the axial binding in the presence of
anionic axial bases. This is illustrated by the staircase structure 85 prepared by
Kobuke and represented in Figure 13.4993.

These structures, which extend up to approximately 240 units per linear co-
ordination polymer, have been characterized by tapping mode AFM imaging on
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Figure 13.49. A staircase architecture based on axial binding to Ga(III).

Highly Oriented Pyrolitic Graphite (HOPG) surface. The slipped cofacial dimer
arrangement confers UV–visible properties close to those of J-aggregates with
red-shifted absorptions. The conductivity of multilayered films prepared with this
material changes from 6.6 × 10−10 Scm−1 in the dark, to 5.5 × 10−9 Scm−1

(eightfold) upon irradiation at 532 nm. The weak, but significant current can be
explained by boundaries between domains of the staircase structure. However,
photocurrent intensities did not change during continuous light irradiation for
5 min.

As we have just seen, electrostatic interactions can reinforce the forma-
tion of axial base complexes in metalloporphyrins, but other thermodynamically
favored processes, such as chelation around a bidentate base like pyrazine, can
be used. This approach has led Kuroda to the preparation of self-assembled
dendrimer-type structures 86–89 represented in Figure 13.5094. In these struc-
tures, the zinc porphyrin dimer formed by multihydrogen bonding of tetracar-
boxylate derivatives of TPP is considered as a chelate.

UV–visible titrations confirmed that in the experimental conditions of the
photophysical experiments, for which concentrations of free base are in the low
micromolar range, ∼92% of the zinc dimers were chelated around pyrazines in
the assembled structures of 86, 87, and 88. Upon excitation at 564 nm, fluores-
cence occurred primarily from the central free base energy acceptor, due to energy
transfer according to the Förster mechanism. Array 86 shows a 77-fold increase
of the free base emission compared to the individual free base component (where
R = PY2) with the same number of energy collecting zinc dimers located at a
longer distance, array 87 shows only a 20-fold increase of the free base emission.

This is comparable with array 88 in which eight zinc dimers are also
arranged around the free base, for a 12% fluorescence increase. In this latter
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Figure 13.50. Dendrimer-like antenna structure formed by H-bonded zinc porphyrin
dimers bound to pendant pyrazines on a free base porphyrin.

assembly, a competing energy transfer between inner and outer pigments is in-
voked to explain this rather low efficiency of the energy collection.

Chelation of a free base porphyrin guest by a bis-zinc porphyrin species is
again the driving force for assembly 90 reported by Sauvage and depicted in Fig-
ure 13.5195. A high association constant of 6 × 108 M−1 is established in toluene
and energy transfer from the S1 state of the zinc porphyrin donors to the free base
acceptor is very efficient (98%), via a Förster mechanism. Interestingly, although
the process is exergonic (�G◦ = −0.12 eV), the energy transfer rate displays a
temperature dependence, decreasing from 2×1010 s−1 at 298 K to 2.3×109 s−1 at
77 K. A tentative explanation for this unusual behavior is the inhibition of mole-
cular motions at 77 K, which may be responsible for a favorable orientation of
transition moment dipoles at room temperature. Indeed, a too well organized
structure may impose lower values of κ2 that usually intervenes in the Förster
equation as a statistical value that stems from a random chromophore orientation.

A similar design led Hunter to the porphyrin pentamer 91 in which a free
base bearing four articulated pyridyl arms is chelated twice by bis-zinc porphyrin
tweezers96. The structure depicted in Figure 13.52 shows a high association con-
stant of 2.0 ± 0.5 × 106 M−1 (vs. 103 M−1 for usual ZnP-Py coordination).
Upon excitation at 562 nm, isolated species have rather usual fluorescence de-
cay times of 1,330 ps for the zinc porphyrin tweezers, and 9,500 ps for the free
base tetradentate. After complete assembly, an energy transfer is observed at the
rate of 2 × 109 s−1, with a 73% quantum yield.

Simultaneous axial coordination on zinc porphyrins has also been realized
by Zenkevich and Rempel97 in the continuation of previous work [see ref. [1].
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Figure 13.51. A bis(pyridyl) porphyrin bridges two zinc porphyrins and acts an an energy
acceptor.

For the numerous structures schematically represented in Figure 13.53 the associ-
ation constants in toluene at room temperature are in the range of 106–107 M−1.
The properties of the systems obtained depend upon the elements associated in
the assembly, since the photoexcitable zinc porphyrin dimer can be surrounded
by either an energy acceptor EAn, that could be a free base porphyrin, chlorin,
or tetrahydroporphyrin, or an electron acceptor eAn, that could be a quinone or
pyrromellitimide. If no electron acceptor is present (R = H) the assembly be-
haves like similar dyads described in this chapter, with the free base acting as an
energy acceptor (for [Zn2]∗). In the absence of an axially coordinated free base
and in the presence of only an electron acceptor (R = eAn), the fluorescence
of the zinc dimer is quenched due to electron transfer to eAn, with rates rang-
ing from keT = 0.03 × 1010 s−1(R = eA4), to keT << 0.08 × 1010 s−1(R =
eA3), keT = 0.66 × 1010 s−1(R = eA1), keT = 2.86 × 1010 s−1(R = eA2),
and keT = 19.9 × 1010 s−1 and 2.4 × 1010 s−1 for the two conformers with
R = eA5. When triads are formed, three deactivation processes, summarized in
Figure 13.54, can compete for fluorescence quenching of the zinc dimer (Zn2

∗)
excited state.

Singlet energy transfer to the S1 state of the energy acceptor can occur,
generating (EAn*) states that behave as a hole donor for the zinc dimer (Zn2),
or as an electron donor for the eAn species, with mediation of the high energy
(EAn)+–(Zn2)

− bridge by a super exchange mechanism to produce a CS state
(EAn)+–Zn−

2 –(eAn). As a consequence, deactivation of the (Zn2
∗) states is ac-

celerated by the presence, of axially coordinated H2 species.
Imidazole-zinc binding is not sufficient to produce stable assemblies, unless

two simultaneous coordinations are employed as in early work from Kobuke98.
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Figure 13.52. A rigid pentamer combining metal–ligand binding and H-bonds.

However, the combination of imidazole–zinc binding with H-bond and π–π inter-
actions can afford association constants high enough to be used as an assembly
tool between porphyrin moieties99. Based on Kassoc values in the range of 106–
107 M−1 in CH2Cl2 for the phenanthroline-strapped zinc porphyrin 92 with even
hindered imidazoles,100 we have developed a series of self-assembled zinc/free
base dyads 93–95 represented in Figure 13.55101. The high binding constants
ensure that 1:1 D–A complexes are formed, except in dyad 93 where steric
hindrance between the two porphyrins lowers the binding constant.

Efficient energy transfers of >99, 98, and 88% are respectively observed
for 93, 94, and 95. The phenyl acetylene spacer between the imidazole and the
free base porphyrin of the acceptor in 94 seems to be the ideal compromise for
efficient energy transfer and a high binding constant. This motif has thus been
employed in a triad (96) in which a BODIPY has been added to the ZnP donor
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Figure 13.53. A series of ZnP dimers containing energy acceptors (EA) and/or electron
acceptors (eA).

Figure 13.54. Deactivation processes for arrays shown in Figure 13.53.
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Figure 13.55. Strong imidazole binding within the phenanthroline-strap of the ZnP is used
as an assembly tool for a series of dyads.

92. In this way selective excitation of the initial donor can be achieved, resulting
in a cascade of energy transfers from the BODIPY to the ZnP (96% efficiency)
and then to the final H2P acceptor (92% efficiency)102.

If only one coordination bond is developed, this might not be sufficient
for a stable assembly in the case of Schiff bases and zinc porphyrins. Stronger
coordination bonds such as alkoxy and aryloxy ligands with aluminum(III) have
proved helpful in assembling porphyrins, as illustrated by the recent examples
97–98 reported by Maiya (Figure 13.56)103.

One or two Al(III) cationic porphyrin(s) is (are) connected with a peri-
pheral mono- or di-phenolic free base, and their photophysical properties are com-
pared with previously described tin(IV), germanium(IV), and phosphorous(V)
oxophilic porphyrins. Two processes can occur in these nonelectronically cou-
pled species, the first being observed upon excitation of the aluminum porphyrin.
When excited at 550 nm, the Al(II) species’ fluorescence is quenched by the free
base component mostly by energy transfer, but concomitantly by electron transfer
in polar media. The second process occurs upon excitation of the free base species,
and consists in a poorly efficient (low QH2 %) electron transfer from the free base
to the Al(III) species. The same process is quite efficient in the case of P(V),
Sn(IV), and Ge(IV) analogs with respective QH2 values of 93, 82, and 69%103.
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Table 13.6 collects the emission wavelength, fluorescence quantum yields, and
quenching efficiencies for the monomers, dyad H2-97, and triad H2-98 described
in Figure 13.56.

In all of the previous examples in this section, at least one of the porphyrin
species played both the role of electron or energy donor or acceptor in the device,
and the role of the coordinating moiety. A judicious choice of both the metal in
the core of the porphyrin and the heteroatom on the coordinating axial base allows
the use of nonporphyrinic connectors that will be detailed in the next example.

The triad 99 depicted in Figure 13.57, uses a pyridine-carboxylate con-
nector, with nitrogen binding to ruthenium(II) and oxygen binding to tin(IV).
Due to the nonversatile affinities of the heteroatoms for the metalloporphyrins,
the self-assembly is directed by N coordination to Ru(II), and O coordination to
Sn(IV). Ruthenium porphyrins are non fluorescent as isolated species, and so is
the triad 99104. Upon excitation at 600 nm, where absorption is almost exclusively
due to the tin species, the fluorescence of the central chromophore is strongly
quenched (�em = 0.007, τem = 0.63 ns) compared to an isolated tin porphyrin
(�em = 0.024, τem = 1.48 ns). Electron transfer from the tin(IV) porphyrin to
the ruthenium(II) porphyrin is responsible for this quenching. For this eT, a free
energy of 0.32 eV was estimated from the redox potential of the trimer and the
energy of the S1 excited state of the tin species (2.04 eV).

It should be noted that this approach, along with the previous examples in
this section, usually generate neutral porphyrins arrays. Here for example, the
double carboxylate binding to the dicationic tin(IV) porphyrin does not involve
other counter ions. In these approaches that aim to efficiently produce long arrays
of chromophores, it is important to work with neutral species, since it is known
from coordination polymers involving charged species that counter ions may
have non negligible structural impacts on the topography of the assemblies. This
may be an advantage when flexible connectors are used between chromophores
because the structuring influence of a counter ion will lead to a well defined
arrangement of the respective components.

5.3. Exocyclic Coordination Complexes as Linkers

The attachment of metal binding sites at the periphery of porphyrins is a
convenient way to link chromophores in a directed way. This approach has sev-
eral advantages that will be illustrated in the examples detailed hereafter. The
main advantage stems from the well defined geometries of transition metal co-
ordination complexes. As a result, the chromophore assemblies produced by this
approach are usually extremely well defined, not only in terms of topography, but
also in terms of electronic coupling when the exocyclic coordination complex is
coplanar or fused with the porphyrin ring, and in terms of super exchange cou-
pling when the exocyclic coordination complex is not coupled with the porphyrin
rings but displays some photoactivity as well.
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Figure 13.56. Oxygen ligands bind strongly to aluminum porphyrins, forming stable
assemblies.

Figure 13.57. Directed self-assembly based on ligand affinity in a Ru(II)–Sn(IV)–Ru(III)
traid.

The case of coplanar exocyclic coordination complexes is illustrated in as-
semblies 100–112 (Figure 13.58), reported by Callot and coworkers, who take
advantage of their previous experience in porphyrin ring derivatization105–107.
Obviously, from the numerous assemblies prepared by this methodology, the for-
mation of exocyclic coordination complexes is extremely versatile regarding the
combination of metals in both the porphyrin chromophores and the connecting
complexes. The characteristic features of the assemblies are the drastic red shifts
of the S0–S2 and S0–S1 transitions. The lower energy S0–S1 transitions are



670 Jean Weiss and Jennifer Wytko

Figure 13.58. Dimers and trimers built by exocyclic metal complexation.

particularly affected by the primary coordination of the exocyclic transition metal.
This can be seen in the visible part of the absorption spectra and correlated with
variations in the first reduction and oxidation potentials by cyclic voltammetry. It
is important to note that when two exocyclic binding sites are organized around
the central porphyrin in a trimer, both metal complexes shift the lowest absorp-
tion band by ∼ 50 nm. The presence of the terminal porphyrin rings in compound
112b does slightly change the absorption, but the Soret band is affected the most.
After assembly, a splitting of up to 190 mV is observed for the electrochemical
peaks corresponding to oxidation and reduction of the macrocycles. This splitting
denotes a strong porphyrin–porphyrin interaction via electronic coupling that is
mediated by the connecting transition metal complex.

A similar approach can be developed using coordination complexes that are
not photochemically inert. Lindsey has reported a neutral assembly that uses a
zinc bis-dipyrrin (DIPY) complex as a connector. Due to the synthetic procedure
employed, it is not yet possible to differentiate the chromophores in the trinuclear
complexes represented in Figure 13.59. However, it is possible to show that the
connector does not have a drastic impact on the absorption properties and the
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Figure 13.59. Dyads assembled via a dipyrrin metal complex.

Table 13.7. Room Temperature Measurements in Non Deaerated Solvents for
113 and 114

ZnP excited state decay Zn(DIPY)2 excited state decay
Triad Solvent �a

em τ(ps) �Q τ(ps)b �ET

113 Toluene 0.022 2,600 < 0.1 1.4 0.97
PhCN (0.025) ∼ 1, 000 ∼ 0.6 0.8 ∼ 0.8

0.010
(0.012)

114 Toluene 0.043 2,400 < 0.1 1.4 0.97
PhCN (0.037) ∼ 1, 000 ∼ 0.6 0.8 ∼ 0.8

0.030
(0.021)

a ZnTPP (�em = 0.03) as reference for �em values.
* ZnP decay with excitation at 400 nm. Zn(DIPY)2 with excitation at 453 nm for 113, and

487 nm for 114.
b Typical isolated Zn(DIPY)2 decay time of 9.3 ps.

ground state coupling of the two zinc porphyrins. This work also demonstrates
that it is possible to take advantage of the photoexcitable zinc dipyrrin complex to
induce ET processes in the assemblies. All measurements show that excitation of
either the zinc dipyrrin complex or the zinc porphyrins generates emission from
the zinc porphyrin chromophores due to an efficient ET from the dipyrrin com-
plexes to the zinc porphyrins (Table 13.7)108. It should be noted that assemblies
using Pd or Cu DIPY complexes are reported, but their photophysical properties
are not described.

The final examples of metal templated assembly of porphyrins bearing an
exocyclic coordination site were reported by Sauvage, who first described the
preparation and study of triads 117a–b built around a bis-terpyridyl complex of
iridium(III) (Figure 13.60).
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Figure 13.60. An iridium(II) bis-terpyridine complex used as an assembly tool.

Figure 13.61. Energy diagrams for the energy transfer processes in triads 117a–b in dif-
ferent solvents.

Let us first consider the situation when porphyrin chromophores are ex-
cited. In this case, only electron transfers are possible within the triads, and also
within the model dyads (not represented) used as reference compounds. Upon
excitation of the iridium chromophore in the UV, an ET process to both porphyrins
occurs. In these systems, it is interesting to note that the nature of the solvent used
for the photophysical studies has a strong impact on the photoinduced processes
and on the lifetimes of the CS states generated. These data are summarized in
Figure 13.61 in the form of energy diagrams.

The first two diagrams (Figure 13.61, top) show the evolution of the zinc
porphyrin singlet excited state in the presence of two electron acceptors, the
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iridium complex and the gold porphyrin. In methylene chloride, the triad 117a
behaves like the model dyad comprising only the zinc donor and the iridium ac-
ceptor. The electron transfer in the triad 117a stops at the iridium. The driving
force for the second electron transfer to the gold porphyrin is too small (−0.05 eV)
and the existence of a charge transfer ground state interaction between the zinc
porphyrin and the iridium complex may be responsible for the fast deactivation of
the ZnP+–Ir− state via an exciplex (low lying excited state with a charge transfer
character).

In toluene, the stepwise electron transfer goes all the way to the charge
separated species ZnP+–Ir–AuP−, and the photogenerated CS state has a 450 ns
lifetime. It should be remembered, however, that the formal writing of “Ir−” and
“AuP−” actually corresponds to a dicationic iridium complex and a neutral gold
porphyrin. In the case of the H2P–Ir–AuP triad 117b, the nature of the solvent has
less influence on the different processes, and excitation of the free base compo-
nent leads to a full CS state H2P+–Ir–AuP−, which has a very short lifetime of
3.5 ns. As the CR to the ground state is in the Marcus “inverted region”, a longer
lifetime could have been expected. However, the CR process is short-circuited by
the presence of a low lying triplet state of the free base which also deactivates
the corresponding model dyad109. Finally, irradiation of the iridium complex in
acetonitrile (Figure 13.61, bottom right) generates a triplet excited state that can
transfer energy to both the free base and the gold porphyrin110.

Another way of templating the chromophore assembly, based on the
copper(I) assisted synthesis of catenanes and rotaxanes developed by Dietrich-
Buchecker and Sauvage in the 1980s, has led to the rotaxanes 118–120 rep-
resented in Figure 13.62. In this case, excitation of either the zinc or the gold
porphyrins leads to photoinduced charge transfer to generate [(ZnP)2]+–AuP·.

For ZnP excitation, eT rate constants are quite fast (from 1.1 × 109 to 1.2 ×
1010 s−1), as are the hole transfer rates for AuP+ excitation (from 5 × 108 s−1 to

Figure 13.62. Rotaxane porphyrin triads built around a bis(phenanthroline) complex.
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Figure 13.63. Energy diagrams of the frontier orbitals for porphyrin rotaxane traids
118–120.

3.9 × 1010 s−1). The nature of the bridging metal complex is the governing factor
in these systems, as the behaviors of the mechanically linked, copper(I)(phen)2,
or silver(I)(phen)2 bridged complexes are significantly different as far as their
mechanisms of eT are concerned. In fact, the presence or absence of a metal in the
entwined bis-phenanthroline bridge affects the positioning of the frontier orbitals
of the connecting bridge, as illustrated in the diagram in Figure 13.63.

In the case of hole transfer from the 3AuP state, copper mediation is ob-
served in the form of a hopping mechanism, even though no evidence for a Cu(II)
intermediate was found. In the case of Ag(I), a super exchange-mediated mech-
anism is demonstrated and these systems offer an additional way to control and
switch eT processes. In the case of electron transfer from 1ZnP to AuP+, the
charge separated state lives for 10 to 40 ns, and its efficient generation (80% yield)
competes with 1ZnP deactivation through 3ZnP, after a fast (kET = 5.1×109 s−1)
primary ET from 1ZnP to Cu(I)(phen)2, and a second ET process (kET = 1.5 ×
109 s−1) from *Cu(I)(phen)2 to ZnP111.

All of these examples show that the use of metal coordination at the
periphery of the porphyrin chromophores can be extremely helpful in modular
approaches targeting multiporphyrinic assemblies. As we will see later, the for-
mation of coordination polymers has already found applications in the preparation
of materials.

5.4. Membranes, Vesicles and Micelles: Templated Assembling

Natural systems use proteic environment and protein structures to spatially
arrange chromophores. As we will see in this section, interactions of porphyrins
with peptide fragments or organized monolayers can help to achieve such topo-
graphic control in artificial assemblies.
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Figure 13.64. Porphyrin dimerization in organized monolayers on a gold surface. Top:
electrostatic interactions between porphyrin substituents result in dimerization. Middle:
dimerization within a monolayer. Bottom: dimerization is hindered by the presence of pos-
itively charged substituents near the top of the monolayer.

Fuhrhop and coworkers have used their expertise in monolayer construction
to develop the concept of molecular landscaping on surfaces112. Using fluores-
cence quenching between noncovalently assembled porphyrins, they are able to
control and monitor the formation of clefts in monolayers attached to gold sur-
faces, as depicted in Figure 13.64.

In these assemblies, the adsorption of the multianionic porphyrin prior to the
formation of the monolayer, leaves a cleft that is accessible to molecules of elec-
trolyte in solution. The electroactivity of the electrolyte that fills the cleft when
it is accessible can be detected by electrochemistry. Addition of a cationic por-
phyrin containing a paramagnetic metal efficiently quenches the free base’s first
singlet excited state. This quenching is not efficient when ammonium residues
are added at the entrance of the cleft. The positively charges residues prevent the
fixation and motion of the cationic guest within the cleft. The addition of a sec-
ond anionic porphyrin, that interacts strongly with the ammonium groups at the
entrance of the cleft, acts as a lid on the top of the cleft and isolates the inside113.
This work is interesting because it utilizes fluorescence quenching as a tool for
detecting association between molecular components114.

Controlled peptide architectures can be used to construct antennae-type
structures. This option has been nicely illustrated by a dendrimer approach
developed by Mihara115. In structure 123 depicted in Figure 13.65, two types
of interactions are use to drive the assembly. The first is the interaction of the
peptide with the flat, hydrophobic surface of the metalloporphyrin. The second



676 Jean Weiss and Jennifer Wytko

Figure 13.65. Pendant histidine residues at the periphery of a dendrimer bind zinc por-
phyrins.

is the axial coordination of the peptides’ histidine residues to either zinc(II) or
iron(III) porphyrins. These metalloporphyrins are rather strongly bound to these
dendrimers, with Kassoc = 1 − 2 × 106 M−1 for Fe(III), and 3–5 ×105 M−1 for
Zn(II). A maximum of 32 ZnPs are incorporated in the highest generation den-
drimer (n = 64, n = number of helices), with a ratio of two helical peptides per
porphyrin. When methylviologen (MV2+) is added to a solution of 123, photo-
induced eT is observed from the singlet excited state of the zinc porphyrins to
MV2+. Due to interchromophore energy dispersion, the lifetime of the zinc por-
phyrins decreases from 1.8 ns for n = 4, to 1.2 ns for n = 64. Energy harvesting is
more efficient and occurs at faster rates as the generation of dendrimer increases.
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Figure 13.66. Phosopholipid functionalized porphyrins that form vesicles with up to
23,000 porphyrins.

The rate of energy transfer between the chromophores varies from 0.8 × 108 s−1,
for n = 4 and R-HLL, to 9.5 × 108 s−1, for n = 64 and R-HLL.

Tsuchida has developed a very elegant approach based on the use of
amphiphilic porphyrins in which the lipophilic moiety of the amphiphile is the
porphyrin and the polar head group is a classical phospholipid moiety116. The
compounds 125(M) represented in Figure 13.66 are able to form vesicles contain-
ing up to 23,000 porphyrins (vesicle diameter ∼ 100–150 nm). This is without a
doubt the largest structurally characterized multiporphyrinic assembly character-
ized to date.

It can be seen from UV–visible characterization of the species that the
tetraaryl porphyrinic chromophores 125(M) tend to form J-type aggregates (red-
shifted absorptions). In these assemblies, the use of equimolar mixtures of 125
(Zn) and 125(H2) led to a very efficient (81%) ET process, via a postulated and
reasonable Förster mechanism, with a rate constant of kET = 3.1 × 109 s−1.
When iron(III) porphyrins 125(Fe) are used, free base protoporphyrin 124 bearing
alkyphosphocholine side arms can be incorporated in the fluid part of the vesicles.
In the presence of a sacrificial electron donor on the outside of the vesicle, a vec-
torial eT process occurs from the excited free base porphyrins to the iron(III)
species, leading to photoreduction of the iron(III) to iron(II). Previous work had
already shown that this could also be achieved between zinc porphyrins and iron
porphyrins in vesicles117.

Finally, an intermediate solution to the noncovalent assembly of porphyrins
is the trapping of porphyrin assemblies within membrane models, as depicted in
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Figure 13.67. Zinc bacteriochlorin aggregates within a lipid bilayer are spectroscopically
similar to bacteriochlorophyll aggregates.

Figure 13.67. As with most of the approaches in this section, the design of the
assembly very closely resembles the features of LH1 and LH2 natural systems.
Aggregates of zinc bacteriochlorins are trapped in a lecithin or Triton-X bilayer
to generate chromophore assemblies with spectroscopic behavior that resembles
that of the bacteriochlorophyll c aggregates in the antennae systems118. The aim
of the work is indeed to mimic the function of chlorosomes. Chlorosomes are
aggregates of BChl c, d, and e that are embedded in lipid monolayers.

The zinc(II) porphyrins 126 are held together and structured by H-bonds
and by hydroxyl group coordination to zinc. Table 13.8 summarizes the properties
of the aggregates as a function of the concentration of lecithin in the aqueous
phase.

Aggregates secluded in the membrane start forming type II aggregates
(tubular rod-like structures) at a concentration of around 10−3% in α-lecithin,
which corresponds to a surfactant/ZnBChl ratio of 1.6. Incorporation of BChl a
(free base BChl) shows that singlet energy transfer to the BChl a is efficient (60%),
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Table 13.8. Spectral and Structural Characteristics of 126 as a Function of the α-lecithin
Concentration in Aqueous Medium

[α-lecithin]
[(×10−4% 0 4 10 20 40 100

w/v]

Vis- Weak and broad 735 nm maximum
absorption

CD Weak (+/−) type (+/−) and (−/+) types (−/+) type
Fluorescence Weak 745 nm maximum
Oligomeric labile stable Metastable

structure
assignment

Type I aggregates Chlorosome-type (type II) aggregates

with properties comparable to those obtained when a covalent ZnChl–BChl a dyad
is incorporated119.

5.5. Noncovalent Multiporphyrin Assembling With Nonporphyrinic
Electron Acceptors

Similar weak interactions can also be used to bring together multiporphyrin
species and primary electron acceptors. A few examples involving more than one
porphyrin have appeared in the last three years and are detailed hereafter.

In a series of articles, Johnston and Flamigni have detailed the properties
of the porphyrin tweezers 127 in which the two porphyrins are maintained in a
cofacial arrangement at a Zn–Zn distance of 22 Å120–122. These edifices appear
in this section because their properties stem from interactions developed with a
guest, and not from the cofacial character of the chromophore assemblies them-
selves. Indeed, the fundamental properties of the dimer 127 do not show drastic
changes compared to independent monomers120. The well defined topography of
the tweezers allows for strong binding of rigid guests, as observed for the elec-
troactive diimides NIN and PIN represented in Figure 13.68121, 122. The Npyridyl–
Npyridyl distance of ca. 15.5 Å in the guests NIN and PIN is well adapted to
the zinc–zinc distance of the tweezers. An association constant on the order of
7×107 M−1 is observed for 127(NIN). Once the guests are tightly bound, excita-
tion of the zinc porphyrins induces electron transfer to the diimide acceptor with a
rate constant of 1.1 × 1010 s−1 in both cases. The CS states in both 127(NIN) and
127(PIN) have longer lifetimes (710 ps) than similar, covalently linked species123.
Thus, in these systems, both forward and back electron transfers are slowed down
compared to a global two- or threefold increase of the CS lifetime. The charge
recombination rates for the 127(NIN) and the 127(PIN) complexes have been
determined as 1.4 × 109 and 3.8 × 109 s−1, respectively.

An interesting triad has been reported by Ito and D’Souza, who have com-
bined a covalent free base porphyrin-fullerene dyad bearing a pyridine substituent,
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Figure 13.68. In the presence of the NIN or PIN guest, electron transfer occurs from the
ZnP to these acceptors.

Figure 13.69. Axial binding of ZnTPP to pyridyl-C60-H2-P dyads results in triads with
enhanced charge separation states.

with a ZnTPP moiety124. In the assemblies depicted in Figure 13.69, it could be
expected that eT proceeds either from the ZnTPP or from the free base porphyrin.

Table 13.9 lists the photophysical data of the triads and the model dyads.
Even though fluorescence properties of covalent assemblies of one porphyrin with
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Figure 13.70. A rotaxane triad with ZnP stoppers and a fullerence electron acceptor.

C60 acceptors have not been covered in this chapter, the properties of the dyads
128 and 129 are comparable to those of similar species for which many examples
have been reported33, 35. However, the corresponding data have been incorporated
in Table 13.9 to clearly show that, in dichlorobenzene, the triads display charge
separation processes that are strongly enhanced in comparison to those of the
dyads 128 and 129. No evidence for eT occurring from the ZnTPP moiety was
found by the authors. In addition to these data, a charge recombination rate of
5.0 × 107 s−1 was determined for the triads. In benzonitrile, an intermolecular
electron transfer takes place between the triplet state of ZnTPP and the triplet
state of C60.

Inspired by previous rotaxane assemblies, Ito and Tanaka have reported the
synthesis and the properties of triad 130 incorporating two zinc porphyrins and
a mechanically attached C60 electron acceptor125. The behavior of the assembly
depicted in Figure 13.70 is impressive in terms of lifetime of the CS state. The
charge separation quantum yield is efficient (95%), and excitation of the zinc
porphyrins leads to an eT process from their first singlet excited state of ZnP to
the C60 acceptor, at the rate of keT = 1.0 × 1010 s−1, to produce a CS state with
a lifetime of 180 ns. This lifetime is similar to that observed in covalently linked
zinc porphyrin-C60 dyads126.

Last but no least, inspired by the Sauvage-type rotaxanes, Schuster has
recently reported the copper(I) bis-phenanthroline rotaxanes 131 and 132 (Fig-
ure 13.71)127. The nature of the chromophores and electron acceptor is similar to
the rotaxane 130 reported by Ito,125 but the copper(I) complex maintains some de-
gree of organization. In addition, the presence of the copper(I) bis-phenanthroline
complex adds a chromophore to the assembly that can be selectively excited at
460 nm to generate a metal to ligand charge transfer (MLCT) state (1.91 eV). In
reference compounds without C60, this MLCT state is quenched by the zinc por-
phyrins to produce a long lived 3ZnP triplet state (1.53 eV) that can be detected
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Figure 13.71. A Cu(phen)2 complex assembles this bis-porphyrin-C60 rotaxane.

by transient absorption spectroscopy after excitation. In the same reference com-
pound lacking the C60 electron acceptor, the fluorescence of the zinc porphyrins
1S state is moderately quenched (75% compared to ZnTPP), with a decrease of
the lifetime from 3.2 ns in a ZnTPP reference, to 1.0 ns. Thermodynamics rule out
photoinduced eT between 1ZnP and [Cu(phen)2]+ in the reference complex, and
in 131 and 132. ET is the proposed quenching pathway. In the fullerene-rotaxanes
131 and 132, the behavior of the zinc moieties is similar to that observed in the
absence of the C60 moiety. The luminescence of the MLCT state of the copper(I)
complex is barely observed. This suggests that in the triads 131 and 132, excita-
tion energy reaches the copper complex to generate the MLCT state, whose decay
is accelerated by the nearby fullerene via electron transfer. Transient absorption
spectroscopy proves the presence of ZnP radical cations and of a C60 radical an-
ion. This is in agreement with the formation of (ZnP•+)2–[Cu(phen)2]+–(C•−

60 )

that is probably in equilibrium with (ZnP)2–[Cu(phen)2]2+–(C•−
60 ). The lifetime

of the CS state is estimated from the decay of the transient species and reaches
the exceptional values of 0.49 µs for 131, and 1.17 µs for 132. These values are
among the longest lifetimes reported so far for this type of assembly. The location
of the back electron transfer in the inverted Marcus region is again a key feature
of the fullerene electron acceptor.
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A global analysis of noncovalent approaches to multiporphyrinic assem-
blies is probably as difficult as for covalent approaches. From the examples
detailed above, the properties of the assemblies are mostly dependent on the
connecting tool used to control and perform the self-assembly process. The
performance of the devices remains strongly dependent on the choice of the chro-
mophores and the electron or energy acceptors involved. Device performance is
controlled by the appropriate energetic positioning of the components’ respective
redox couples and excited state levels. On the other hand, the degree of electronic
interaction is still dependent on the weak interactions that are used for the assem-
bly. For long distance eT, the presence of intermediate transition metal complexes
has a tendency to facilitate the super exchange. The rigidity and the control of the
spatial arrangement of the chromophores within the assembly is also crucial, as
demonstrated by the last two examples in the rotaxane approach. In Ito’s rotax-
ane (130), direct interactions between the zinc porphyrins and the fullerene are
still possible via π–π interactions, while the same interactions are precluded in
Schuster’s rotaxanes (131–132) due to the well-defined copper(I) coordination
geometry. Finally, self-assembly has a bright future regarding the genesis of large
assemblies, even though dendrimer-based covalent synthesis has produced large
assemblies of porphyrins in the past. Self-assembled dimers are relatively young
on the chemical time scale compared to covalently linked dimers, and just as
basic concepts had to be established before leading to fully mastered covalent
oligomers, the next decade will see the emergence of oligomeric self-assembled
species.

6. Cofacial Arrangements

Cofacial porphyrin dimers were initially designed to mimic the cofacial
arrangement of the special pair in the naturally occurring reaction center of photo-
synthesis. However, these dimers display very different optical properties due
to the face-to-face arrangement of their chromophores. In terms of ground state
absorption, for example, the special pair’s slipped dimer arrangement displays
red shifted absorptions typical of J-aggregates, while face-to-face dimers show
strongly blue shifted transitions. The species reviewed hereafter have geometric
characteristics that classify them as the Pacman type. In these architectures, for
a given set of chromophores, the optical properties are usually governed by the
distance separating the photoactive components.

Of course, sometimes the geometry of the spacer is not sufficient to fully
control the behavior of the scaffold and the chromophores’ flexibility can be
responsible for unusual behavior. For example, Hupp has reported the prop-
erties of two collapsed dimers showing a compact structures due to ethynyl-
pyridyl side arms used for binding rhenium complexes that act as spacers (Fig
ure 13.72)128.

In these two structures, 133 and 134, the relative flexibility of the link with
the spacer allows the chromophores to interact at a distance of 3.4 Å. This separa-
tion is smaller than the predicted van der Waals distance of 3.6 Å. The porphyrin
rings are barely slipped (slip angle of 19◦), and interact so strongly that even the
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Figure 13.72. Collapsed porphyrin dimers.

bidentate binding of diazabicyclooctane between the two zinc porphyrins is weak
(∼5 × 104 M−1). Electroabsorption spectroscopy (Stark spectroscopy) shows a
5 Debye change from the ground state to the excited state dipole moment vector
in the case of the B band, and a 2 D change for the Q bands, which are no-
tably red-shifted in absorption. This unusual field effect behavior is explained by
a polarization of the porphyrin rings, due to interchromophore interaction, that
results in the alignment of the dipole moment (charge transfer vector) with the
transition dipole moment (absorption vector), thus conferring a significant charge
transfer character to the B and Q bands. Thus, the charge transfer behavior is anal-
ogous to the special pair of bacteriochlorophylls in the reaction center (RC), but
the origin of this particular behavior is different in dimers 133, and 134. Indeed,
the process in the natural system is an intermolecular charge transfer, while in 133
and 134 the charge transfer character is intramolecular.

In most cases, the nature of the spacer is the governing factor as far as
optical properties are concerned. “Pacman” porphyrins, with rigid spacers such
as anthracene and biphenylene, have received much attention due to the electro-
catalytic properties of their cobalt complexes. Variations of both the dihedral
angle and the distance between the porphyrin rings in these architectures have
afforded examples of cofacial porphyrins linked by xanthene and dibenzofurane
derivatives. Recent examples are detailed hereafter.

A systematic study, which nicely summarizes the influence of the spacer
on singlet–singlet energy transfer in cofacial bis-porphyrins, has been reported by
the groups of Guilard and Harvey for the free base, zinc, and gallium compounds
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Figure 13.73. A series of cofacial dimers with varying interchromophore distances.

represented in Figure 13.73129. Table 13.10 clearly shows the blue shift of the
Soret and Q bands of 135–139 compared to monomer 140. The hypsochromic
shifts are indicative of ground state chromophore interactions. Table 13.10 also
includes data from Chang and Nocera, who have significantly developed the
chemistry of xanthene and dibenzofurane derivatives130.

From Table 13.11, the variation of the lifetimes and fluorescence quantum
yields in the series of compounds shows the clear increase of homo-chromophore
interactions in the excited states when the distance between the chromophores
diminishes. The rate and efficiency of the energy transfer in hetero-dimers does
not seem to be metal dependent. The distance dependence of the energy trans-
fer rate has been analyzed using Förster and Dexter theories. Harvey and Guilard
have established that in 135-Zn–H2 and 136-Zn–H2, energy transfer is dominated
by a Förster mechanism, while in the case of hetero-dimers 137, 138, and 139,
it proceeds mainly via a Dexter mechanism. The critical distance at which the
Dexter mechanism becomes inoperative is estimated between 5 and 6 Å129, 131.
By analogy with what has been discussed earlier in the case of linearly arranged
covalent dimers, it should be noted that for compounds 135–139, no electron den-
sity should be present on the meso carbons involved in the covalent connection to
the spacer.

As mentioned above, interest in these structures dates back to the end of
the 1970s and stems from the four electron reduction of dioxygen with Pacman-
type porphyrins132. Thus, the study of oxygen interaction with cofacial dimers
can provide valuable information for the adjustment of the tweezer’s geome-
try in order to design efficient catalysts for electro- or photoinduced oxygen or
dioxygen activation130, 133–135. Only oxygen quenching of excited states fits the
scope of this chapter, however, which leads us to the study of cobalt and palla-
dium complexes of ligands 135–139. The luminescence properties of the cobalt
complexes, in the presence of dioxygen, have been determined using 137-Co2
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Table 13.10. UV–visible Absorption Data for Compounds 135–140 in CH2Cl2

λmax (nm) (ε × 10−3 M−1 cm−1)

Ligand M1 M2 B band Q bands
140 H2 — 402 (154) 502 (15) 532 (8) 578 (6) 626 (4)
— Zn — 410 (270) 540 (18) — 576 (11) —
— Ga-OMe — 408 (157) 538 (6) — 576 (5) —
135 H2 H2 398 (309.9) 502 (29.6) 536 (15.0) 570 (14.2) 622 (6.8)
— Zn H2 402 (340.6) 502 (15.6) 534 (21.7) 570 (20.9) 624 (3.1)
— Zn Zn 402 (473.6) 536 (32) — 572 (29) —
— Ga-OMe H2 402 (361.7) 502 (11.7) 536 (20.3) 574 (17.7) 622 (1.8)
136 H2 H2 396 (260) 502 (24) 536 (12.0) 572 (1.1) 624 (5.0)
— Zn H2 400 (383.5) 502 (15.7) 534 (22.2) 570 (21.6) 622 (2.7)
—a Zn Zn 400 (512) 534 (30.6) — 571 (29.6) —
— Ga-OMe H2 402 (252.7) 502 (11.1) 536 (14.8) 574 (13.9) 622 (2.8)
—a Cu Cu 397 (400) 528 (17.6) — 565 (23.4) —
—a Ni Ni 395 (411) 521 (20.6) — 560 (39.4) —
137 H2 H2 395 (190.5) 506 (14.1) 539 (5.1) 578 (6.0) 631 (3.3)
— Zn H2 399 (196.6) 507 (7.0) 539 (10.5) 575 (11.6) 630 (1.3)
138 H2 H2 380 (200) 508 (12.0) 543 (5.4) 578 (6.0) 628 (3.3)
— Zn H2 386 (268) 512 (9.5) 542 (11.7) 576 (12.0) 628 (2.0)
—a Zn Zn 389 (290) 541 (14.3) — 576 (13.2) —
— Ga-OMe H2 388 (269.4) 510 (8.4) 542 (11.4) 580 (10.4) 628 (1.4)
—a Cu Cu 387 (265) 534 (16.7) — 571 (19.8) —
—a Ni Ni 388 (305) 526 (13.6) — 564 (23) —
139 H2 H2 379 (173.9) 511(6.3) 540 (2.0) 580 (34) 632 (1.8)
— Zn H2 388 (200.0) 518 (4.1) 542 (5.2) 581 (6.8) 633 (0.8)

a From ref. [130].

and cobalt(II) octaethylporphyrin 141 as a reference136. The main conclusion that
can be drawn concerns the poor fluorescence quenching properties of dioxygen.
This stems from identical fluorescence quantum yields (�em = 2 % at 77 K) for
137-Co–H2 and 137-Co-H2-(O2)(1-t-butyl-5-phenylimidazole), where �em
corresponds to emission of the free base moiety. This contrasts with the sensitivity
of palladium bis-porphyrins reported earlier by the same authors137. Indeed, both
fluorescence and phosphorescence of 137-Pd2 display a strong dependence on the
presence of oxygen, with or without auxiliary imidazole binding, as demonstrated
by the data listed in Table 13.12.

It is not too surprising that the quenching efficiency is much higher in the
case of phosphorescence, since the triplet excited state is more likely to interact
with dioxygen. When 1-t-butyl-5-phenylimidazole is added, it obviously offers a
supplementary possibility for phosphorescence quenching. It should be noted that
the τfluo and �fluo values are small due to the heavy atom effect of the Pd(II) that
facilitates the isc process137.

These examples show that the introduction of a guest between the chro-
mophores can clearly affect the fluorescence behavior of the species when it is
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Table 13.11. Fluorescence data and energy transfer rates (when applicable) for Cofacial
Dimers and Heterodimers

Ligand M1 M2 τem(ns) (�em%)c λmax (nm) kET(ns−1)

135a H2 H2 18.0 ( 8.87 ) 629, 697 —
— Zn H2 0.19 (10.70) 583, 628, 697 4.7
— Zn Zn 1.95 (2.03) 581, 636 —
— Ga-OMe H2 0.24 (7.88) 582, 629, 697 3.7
136a H2 H2 18.5 (9.37) 628, 697 —
— Zn H2 0.18 (9.89) 631, 697 5.0
—b Zn Zn 1.69 (2.94) 580, 635 —
— Ga-OMe H2 0.09 (9.09) 628, 697 11
137a H2 H2 13.7 (2.0) 634
— Zn H2 0.14 (10.70) 585, 630, 698 6.4
138a H2 H2 14.1 (3.61) 635, 701 —
— Zn H2 0.10 (1.90) 587, 641, 704 9.8
—b Zn Zn 1.73 (1.15) 584, 643 —
— Ga-OMe H2 0.14 (6.66) 588, 639, 705 6.4
139a H2 H2 11.7 (0.4) 641 —
— Zn H2 0.05 (5.3) 623,690 20.8
— Zn Zn 0.63 (0.6) 643 —

a Ref. [131].
b From ref.[130].
c For 140-H2 τem = 17.3 ns, 140-Zn τem = 1.70 ns, 140-Ga τem = 1.840 ns.

Table 13.12. Fluorescence and Phosphorescence Data for Cofacial Dipalladium Species

�fluo (%) (τfluo ps) �phos (%)

Compound Argon Air Oxygen τphos
(Ar, ms)

Argon Air Oxygen

OEP-Pd 0.0373
(685)

0.0169
(554)

0.0108
(477)

0.27 10.24 0.042 0.00055

137-Pd2 0.0335 0.0115 0.0044 0.23 0.34 < 10−6 < 10−6

137-Pd2-(Im)2 — — — — 0.086 < 10−6 < 10−6

able to directly interact with the excited states. The introduction of a guest can
also have an impact on the geometry of the tweezers when the spacer permits
small changes. An example of such supramolecular tuning of excited states in
cofacial chromophores has been reported by Nocera in the dibenzofuran spacer
compound 136-Zn2 (Figure 13.74)138. They have shown that the insertion of
2-aminopyrimidine between the porphyrins (X-ray characterization) rigidifies the
tweezer structure and significantly suppresses rotational motion around the Cmeso-
dibenzofuran bond. As a consequence, the triplet state, resulting from the transient
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Figure 13.74. A host–guest tweezers complex.

Table 13.13. Transient Absorption Maxima and
Decay Lifetime of bis-(zinc porphyrins).

λabs (nm) τ(µs)

136-Zn2 443 21.4
136-Zn2(NH2-pyrimidine) 451 227

138-Zn2 410 169

absorption of the host–guest complex, shows a drastic enhancement of its life-
time. The data collected in Table 13.13 show that, while the lifetime of the
triplet excited state of 136-Zn2 is smaller than that of 138-Zn2, the lifetime of the
host–guest complex’s excited state is much larger. This effect correlates well with
an increasing restriction of mobility from 136-Zn2 to 138-Zn2, and 136-Zn2(NH2-
pyrimidine), and the suppression of vibrational/rotational deactivation pathways
for the triplet excited state.

Weak interactions may be responsible for the guest insertion within tweez-
ers. Thus, strong binding due to a highly preorganized photoactive host allows the
design of molecular switches for photoinduced electron transfer processes. The
group of Yagi has developed the synthesis of diarylurea linked dimers depicted
in Figure 13.75139. The affinities of these zinc porphyrin dimers for DABCO has
long been known, and examples of viologen π–π interactions with porphyrin
hosts were reported by Gunter in the mid 1990s140. The fluorescence of 142 and
143 is quenched by an eT process in the presence of hexylviologen HV, which
is bound via π–π interactions in the tweezers, with association constants in the
range of 106 M−1 for 142. Upon displacement by DABCO, which is bound via
more energetic coordination bonds, the photoinduced process is turned off, since
no fluorescence quenching is observed with DABCO.

The presence of a guest may also induce the face-to-face arrangement of
porphyrins, thus leading to sandwich-type structures. This design bears much
resemblance to the self-assembly approach. The two next examples illustrate
potential developments in this field.
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Figure 13.75. Supramolecular switches for photoinduced electron transfer (PeT).

Figure 13.76. Crown ether appended porphyrins and meso–meso linked porphyin dimers.

Osuka and Shinmori have studied the aggregation of porphyrin 144 and the
meso–meso coupled porphyrin dimer 145 bearing peripheral crown ether moi-
eties141. For 144, the addition of potassium ions in 2/1 CHCl3/CH3CN mixtures
induces a blue shift of the B band absorption, from 415 to 395 nm, and a fluo-
rescence quantum yield decrease from 0.022 to 0.004 (reference ZnTPP = 0.03)
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Figure 13.77. Tetraaza-octaethylporphyrin.

due to the formation of a compact face-to-face dimer. The compact nature of the
dimer was confirmed by NMR measurements. Sodium has less influence because
its ionic radius allows a better fit in the crown. On the other hand, potassium is
too big and forces dimerization, as already observed for the stacking of crown
ether appended phthalocyanines142. In the case of the cobalt analog of 144, the
formation of a stacked dimer in the presence of cations can be precluded by the
binding of an axial base. The behavior of 145, although not detailed in terms of
fluorescence measurements, denotes a tendency to form linear assemblies through
successive binding of cations, by self-assembled “pairs” of orthogonal dimers.

When the metals to be complexed in the porphyrin core are too big to fit
in the plane, it is well established that sandwich-type complexes are formed in
which the metal is bound by two porphyrins that are thus maintained at less than
their van der Waals distance. The very compact arrangement drastically affects
the redox behavior of such dimers, because the respective HOMOs of the por-
phyrin monomers are forced to overlap and combine to form porphyrin–porphyrin
bonding and anti-bonding orbitals, raising the HOMO energy level. When lan-
thanide(III) cations are used to form the sandwich-type assembly, the resulting
dimer is electron deficient and easily reduced. Combination of both types of com-
plexes, one easier to reduce and one easier to oxidize, generates charge transfer
complexes. Marchon and Collman143 have reported the conductivity measure-
ments of lanthanide(III) and zirconium(IV) sandwich-type complexes obtained
with the octaethylporphyrin (OEP) and tetraazaoctaethylporphyrin 146, repre-
sented in Figure 13.77. The interest of the OEP analog 146 is that it is easier
to reduce than the OEP. Thus, its introduction in the structure of the Zr(IV) or
the Ln(III) sandwich provides a way to tune the redox potential of the charge
donor and/or the charge acceptor. Table 13.14 lists the charge transfer reaction
percentages of 146 in different solvent systems.

The conductivities of these species (Table 13.15) are better than those
of the individual components, but the low values observed are consistent with
weak interactions between both sandwich complexes. These low values may
also reflect the distortion of the porphyrin macrocycles in this type of assembly,
and the steric hindrance of the ethyl substituents at the periphery of the
macrocycles.
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Table 13.14. Charge Transfer Efficiency in Mixed Sandwich Type Dimers

donor/acceptor solventa % transfer

Zr(OEP)2/Gd(146)2 pentane 4 ± 2
CH2Cl2 26 ± 3

CH2Cl2 + TBAPF6 79 ± 7
CH3CN 85 ± 7

Zr(OEP)2/Lu(146)2 CH2Cl2 6 ± 2
CH2Cl2 + TBAPF6 26 ± 1

Zr(OEP)(146)/Gd(146)2 CH2Cl2 3 ± 1
CH2Cl2 + TBAPF6 9 ± 6

CH3CN 21 ± 3

aTBAPF6: tetrabutylammonium hexafluorophosphate (0.1 M).

Table 13.15. Conductivity of the Sandwiched Charge
Transfer Systems

donor/acceptor conductivity Eact
(S x cm−1) (eV)

Zr(OEP)2/Gd(145)2 5-8 ×10−5 0.40
Zr(OEP)2/Lu(145)2 0.6 − 1 × 10−5 0.43

Zr(OEP)(145)/Gd(145)2 1 × 10−7 0.61
Gd(145)2 ≤ 5 × 10−9 —
Zr(OEP)2 ≤ 5 × 10−9 —

It should be noted that, in these systems, the type of conductivity observed
involves a thermal activation barrier (Eact) determined from plots of − ln(σ )
vs. 1/2kT , as for thermally activated conductivity σ = σ0 exp(−Eact/2kT ),
where k is the Boltzmann constant, and σ0 a constant. This tends to show that
the conductivity here should be seen as a charge hopping from one site to the
next.

The use of lanthanide templates to form sandwich-type complexes has been
long known in the case of phthalocyanines. Recent developments combining por-
phyrins and phthalocyanines deserve to be mentioned here, even though only one
porphyrin is used in the scaffolds. Lindsey, Kuhr, and Bocian have previously
reported a systematic study of the charge retention capacity (for information stor-
age applications) of self-assembled zinc porphyrin monolayers on gold144. The
method used for studying the monolayer properties was fluorescence imaging
microscopy. This technique is based on the fact that the neutral zinc porphyrin
monolayer is fluorescent, while the oxidized monolayer is not. As a follow-up,
they demonstrated that the oxidized state of the monolayer is stable over long
periods (> 100 s), and used this approach to optimize the link between the por-
phyrin species and the surface by studying the series of compounds represented
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Figure 13.78. Components for charge storage in self-assembled monolayers (Au).

in Figure 13.78145. Thus triple-decker sandwich-type complexes improve the
number of oxidations that can be performed on the molecular device, as 147 can
undergo four distinct oxidation steps.

The facile cleavage of the S-acetyl group allows a reliable attachment to
the gold surface in these compounds. When an appropriate potential is applied
to the monolayers, oxidation is observed, and the rate of electron transfer, kox,
varies from 104 to 105 s−1 for the electrochemical step. The half-life (t1/2) of
the charge retention that characterizes the charge dissipation rate has a variation
trend that is parallel to kox. The rate decreases when the number of methylene
groups increases, and also when conjugation of the linker is precluded (148 with
R = B − D). The rates for sandwich-type complexes are slower, both for kox and
charge dissipation, reaching a high of t1/2 = 170 s for the tetracation of 147.

These results led the same group of authors to the systematic investiga-
tion of triple-decker sandwiches for charge storage properties146. The series of
europium complexes studied is represented in Figure 13.79. The tilt angle with
respect to the surface normal direction is certainly a parameter that will slightly
affect the properties of these charge storage devices. However, in a first analysis,
it is clear that these devices perform well, in terms of charge storage capacity,
as semiconductor-based trench capacitors that retain charges in the millisecond
time range. The monolayers are stable and the read/write cycles can be repeated.
Table 13.16 details the electron transfer rates for oxidation kox and the half-life
t1/2 of compounds 149–152, 153, and 154, while 152 cannot be attached to the
gold surface.

If molecular species are to be employed for the production of silicon-based
devices, sooner or later, they must be interfaced with CMOS technology. In order
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Figure 13.79. Triple-deckers for self-assembled monolayers on gold surfaces.

to demonstrate that these molecular-based devices can resist the processing con-
ditions of silicon devices, Lindsey and Bocian have examined the properties of
the analog compound 155 (Figure 13.80), linked via an ether function to Si(100)
surfaces147 These compounds are stable under extreme conditions (1 h at 400◦C),
and can withstand up to 1012 read/write cycles. In conclusion, these compounds
meet the operating requirements for CMOS interfacing, and thus, incorporation
of porphyrin-based components into semiconductor operating devices can be
seriously envisioned.

This leads us to the last section of this chapter that will consider the use of
multiporphyrin scaffolds on electrode surfaces or semiconducting surfaces essen-
tially for photovoltaic applications.
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Figure 13.80. Highly stable triple decker compounds attached to a Si(100) surface.

7. Multiporphyrin Surface Assemblies

As mentioned in the introduction, the major focus in this overview is multi-
porphyrin architectures, and, just as processes involving only one porphyrinic
chromophore have not been considered for solution studies, this section on modi-
fied surfaces will be limited to species and properties in which more than one
tetrapyrrolic macrocycles are implicated. Of course, in order to develop photo-
voltaic materials, attachment of monoporphyrin species, alone or combined with
acceptors and donors, is an extremely active field. Without going into detail, we
feel that it is necessary to indicate a few leading references for readers interested
in this type of approach. After having been an active area of surface modification,
the anchoring of porphyrins alone on surfaces has slowed down in recent years,
leading the way to the use of dyads and triads. Still, attachment of porphyrin
monolayers to surfaces can proceed by the formation of a gold sulfur bond using
thioalkane linkers, as reported by Fukuzumi and Imahori to fabricate stabilized
gold clusters148. The same type of linkage can be obtained by cleavage of S-acetyl
groups in order to attach imidazole derivatives on a gold nanoparticle. Further ad-
dition of zinc porphyrin derivatives produces a porphyrin covered gold surface
via axial binding of the imidazole to the zinc(II)149. The spontaneous cleavage
of disulfide bonds on gold has been recently used by Tamiaki to functionalize a
gold surface with a chlorophyll analog150. Finally, in the case of films, classical
deposition methods such as spin coating can also be used22.
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Considering their high performances in photoinduced charge separation
processes, porphyrin-fullerene dyads are now a first choice candidate for mod-
ification of electrodes. It should be noted that an applied electric field can influ-
ence the rates of electron transfer in porphyrin-fullerene dyads, as demonstrated
by Ohta and Fukuzumi with ITO electrodes spin-coated with dyad films152.
Attachment of dyads can be performed on ITO or gold surfaces using, respec-
tively, classical silicon oxide or thioalkane chemistry152. Surface structure char-
acterization has been recently accomplished for the first time by the joint efforts
of Yamazaki, Imahori, Kim, and Fukuzumi153. Deposition of porphyrin-fullerene
dyads can also be performed on semiconducting tin oxide, SnO2, in the form
of nanocrystals, by simple soaking to generate photocurrent under subsequent
irradiation154. Dyads can also be obtained from biomaterials, and electrostatic
interactions with protein surface can be used as a driving force for a self-assembly
type coating. ITO surfaces on which a polyanionic dendritic fullerene has been de-
posited form photoelectrodes upon deposition and electrostatic interactions with
cytochrome c155.

The modification of electrodes with molecular devices follows the same
evolutionary trend as for the devices themselves, and logically yields interesting
approaches involving the attachment of triads on surfaces. Typical electron donors
such as ferrocene can be used, but again, the use of photoexcitable BODIPY
energy donors allows the photosynthetic process to be closely modeled156.

7.1. Covalent Attachment of Multiporphyrins

While the approaches summarized above limit the number of active chromo-
phores in the vicinity of the surface, the attachment of multiporphyrins more
closely resembles the natural process of photon collection. Two recent papers by
Kobuke illustrate this approach quite well and take advantage of the axial imida-
zole binding to zinc porphyrins157, 158. The phenomenon is better described by the
more recent example in which a heterodimer is formed by self-assembly after the
attachment of a zinc porphyrin to a gold surface, as depicted in Figure 13.81157.

It should be noted that, for the assembly process, 157 and 158 exist as
dimers in solution, except in pyridine solutions in which competition between
the axial binding of imidazole and pyridine allows dissociation of the dimers.
Photoinduced currents were measured by irradiating a 0.5 cm2 modified elec-
trode plate with a 150 Xe lamp (IR-cut-off filter) and applying a negative volt-
age (−200 mV vs. Ag/Ag+). The plate was immersed in an aqueous solution
of sodium sulfate containing MV2+ (5 mM) as charge carrier. Values of photo-
currents are summarized in Table 13.17.

As we will see later in this section, oxygen may play a crucial role in the
transfer of electrons to a surface, by providing photogenerated O−

2 species as
electron carriers. However, under these conditions, O−

2 generation is doubtful.
Yet, in a first analysis, it is reasonable to assign the better results of the “triad”
156(Zn)-157, in terms of photocurrent generation, to the presence of the interme-
diate pyrolmellitimide electron acceptor that creates a better photoinduced charge
separation.
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Figure 13.81. Covalent attachment of self-assembled heterodimers on gold.

Table 13.17. Photocurrent Generation in Covalently
Attached, Self-assembled Heterodimers on Gold

Assembly Under N2 Under O2
156(Zn)-157 145 230
156(Zn)-158 44 75

In a previous paper, a similar construction method has been applied to
meso–meso linked dimers 159 represented in Figure 13.82158. The surface con-
centration of 156(Zn) attached to the electrode is estimated to be 3.1×10−11 mol
cm−2 from the intensity of its anodic peak in cyclic voltammetry. The low value
is tentatively explained by the cleavage of the Au–S bond during the zinc metal-
lation, which is carried out after the fixation of 156 onto the surface. Using this
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Figure 13.82. Covalently linked, self-assembled light harvesting antennae on a gold
electrode.

approach, the number of porphyrins attached to the electrode can be estimated
from the number of repetitions of the deposition cycles, and from AFM imaging.
Under the same conditions (150 W Xe lamp, EAu = −200 mV, aqueous Na2SO4,
5 mM MV2+), the photocurrent quantum yield efficiencies have been measured
as 0.14% (430 nm), 0.11% (490 nm), 0.10% (580 nm), and 0.26% (650 nm), with
intensities up to 103 nA after four deposition cycles. These values are comparable
with those of systems which, as in this one, do not possess an additional electron
acceptor like pyromellitimide.

7.2. Langmuir–Blodgett Multilayers of Mono- and Bisporphyrin
Species

The incorporation of porphyrin derivatives in Langmuir Blodgett (LB) films
or Langmuir Schäffer (LS) films have received much attention in the past years.
LS films correspond to a horizontal lifting of the deposition surface, as opposed
to the vertical dipping in LB films. The structural characterization of the multi-
porphyrinic architectures prepared by these methods is an important step. Recent
studies have shown that the arrangement and orientation of the chromophores in
LB films is imposed by several parameters. Although the analysis of the prepa-
ration methods for these types of structures is outside the scope of this chapter,
nonexhaustive references concerning the formation of LB films are given here as
an introduction.

Porphyrin dimers linked by barbituric acid derivatives can form well alig-
ned species in which UV–visible absorbance and fluorescence properties are
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Figure 13.83. A Cu(II) OEP dimer as a NO gas sensor.

enhanced159. The use of prestructured chromophore assemblies, in the form of
TPP derivatives copolymerized in a polyisobutyl methacrylate skeleton, provides
control over the chromophore spacing in the films160. The structure of the films
is generally studied by reflectance anisotropy spectroscopy (RAS) performed in
the Soret band region. Large optical anisotropy due to chromophore ordering
can be detected161. Using this technique, the influence of hydrophobic substi-
tution on the behavior of porphyrin derivatives has been evaluated in LB films
deposited on silver and quartz substrates162. The use of UV–visible, polarized
UV–visible absorption, and fluorescence spectroscopy is also resourceful. The
latter has been used alone to characterize mixed films containing tetracationic por-
phyrin derivatives, sodium dodecylsulfate and octadecylammonium derivatives,
in which cooperative electrostatic interactions stabilize the films163. Finally, the
latter techniques can be combined with low angle X-ray diffractometry for addi-
tional information164.

The incorporation of chromophores in films as an organization and orien-
tation matrix proceeds, from the direct inspiration of the protein environment in
antennae systems. Any perturbation of the chromophore ordering should then be
theoretically detectable using the above-mentioned techniques. This can lead to
the extremely interesting developments of gas sensors based on LB porphyrin
films. Two types of gas sensors are actually emerging from this approach using
either the sensitivity of UV–visible absorption at 439 nm165, or surface plasmon
resonance166 in porphyrin monomer LB films for detection of NO2 in the 4–
5 ppm range, or using changes in electrical conductivity in films of alkyne linked
porphyrin dimers LB films to detect NO Figure 13.83. The relative variations
of resistance in films incorporating 160 ranges between �R/R = 90%, for a
0.5 ppm NO concentration, and �R/R = (1.85×105)% for 1,000 ppm, indepen-
dent of the film thickness167.

The construction of dyad systems within a LB architecture provides a
straightforward approach to study photoinduced electron transfer. Ito has reported
the construction of successive polyimide LB layers incorporating a ZnTPP elec-
tron donor, an insulating film, and pyromellitimide as an electron acceptor168. The
insulating film is equivalent to the spacer in covalent species in solution studies. It
was shown that the efficiency of the eT process strongly depends of the thickness
of the insulating layer.

Porphyrins alone can be incorporated in LB monolayer films to confer tun-
neling diode and switching diode capabilities to the assembly. A highly lipophilic
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Figure 13.84. Lipophilic porphyrin for LB monolayer film.

Figure 13.85. A dyad that adopts different conformations in LB films than in solution.

porphyrin 161 (Figure 13.84) has been used by Kim and coworkers to produce 4–
5 nm thick LB films on a glass slide or Si. The Si wafers are topped by a bottom
electrode (Al, Au, or ITO) covered with Al2O3, Al/Al2O3 bottom electrodes, and
Al or Au top electrodes, providing 236 samples of which 60% showed typical
rectification I–V curves169.

When donor–acceptor systems are incorporated in LB films, it should be
kept in mind that, in the case of flexible linkers, it is possible to favor one
conformer over another due to the “immobilization” within the LB film matrix. In
that case, the properties of the dyads in solution and in LB films can differ con-
siderably (Figure 13.85). An example of this effect was reported by Tkachenko
and Fukuzumi who incorporated the dyad 162 in LB films170. In addition to the
fact that, in LB films (22 layers), the fluorescence decay profiles were wavelength
dependent, the authors have also observed a third, fast component with a signif-
icant amplitude in LB films that is not observed in solution studies. Table 13.18
summarizes the emission decay lifetimes of the species in LB films.

The conclusion concerning the geometry adopted by 162 in LB films is that
a folding of the amide bonds generates a conformer in which a distance of ca. 8 Å
between the electron donor and acceptor is observed, instead of the 18 Å distance
obtained from solution studies.

In a similar approach, Prato and Guldi have investigated LB and LS films
of the dyad 163 (Figure 13.86)171. This dyad is based on components similar
to but more rigid than those in assembly 162. The LS multilayer deposition
technique was used when the rigidity of the floating films did not permit ver-
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Table 13.18. Emission Decay Lifetimes (τ ) and Relative Amplitudes(a) for LB Films of
Dyad 161

Concentration mol% τ1 (ns) a1 τ2 (ns) a2 τ3 (ns) a3

Toluene 8.5 1
PhCN 1.6 0.9 9.4 0.1

LB films
100 0.082 0.730 0.59 0.220 5.8 0.050
20 0.085 0.817 0.50 0.174 3.7 0.010
10 0.17 0.805 0.65 0.190 3.2 0.005
5 0.19 0.535 0.75 0.423 2.3 0.042
1 0.17 0.337 0.72 0.493 2.4 0.170

Decays measured at 655 nm.

Figure 13.86. A rigid amphiphilic dyad.

tical dipping. When deposited on ITO electrodes, these films were studied for
photocurrent generation. The IPCE efficiencies under various conditions for the
dyad 163 are collected in Table 13.19. The IPCE value is the incident mono-
chromatic photon conversion efficiency, which corresponds to the number of
electrons generated in the circuit, divided by the number of incident photons
which is expressed as:

IPCE (%) = [1240 × photocurrent density(µA cm−2)]/[λ (nm)

×photon flux(W m−2)]
but can also be seen as the product of the light harvesting efficiency and the quan-
tum yield for charge injection (�inj)

IPCE = (1 − 10-ε�)�inj
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Table 13.19. IPCE Values for Films Incorporating 162

Methods and conditions IPCE values (%)

LS films
transfer @ 2 mN m−1 0.014

transfer @ 10 mN m−1 0.018
transfer @ 15 mN m−1 0.019
transfer @ 20 mN m−1 0.021

LB films
0.1 M NaH2PO4, 1 mM ascorbic acid 0.01

N2, no bias
0.1 M NaCl, 1 mM ascorbic acid, N2 0.02

0.1 M NaH2PO4, 1 mM ascorbic acid, 0.012
N2, 200 mV bias

where � is the surface concentration of the dye, as defined in earlier work by
Grätzel172 or Kamat173, upon photoconversion using ruthenium tris-bipyridine
films on TiO2 and SnO2.

Photocurrent values increased with the degree of packing of dyad mole-
cules. This increase corresponds to higher pressures for the formation of the solid
films before LS transfer. LS films tend to perform more efficiently than films pro-
duced by LB transfers. Ascorbic acid was used in the electrolyte as a scavenger
of superoxide radical anion O−

2 , which can form by eT from photogenerated C−
60,

and can mediate the electron transfer to the collecting electrode. Indeed, saturation
of the electrolyte with oxygen, in the absence of ascorbic acid, led to a threefold
intensification of the photocurrent in the absence of bias.

LB technique has been used by Isoda to produce molecular heterojunctions
(MHJ) using porphyrins and flavin monolayers, as depicted in Figure 13.87a174.
These heterojunctions were studied for transient photocurrent generation, and the
experimental setup is described in Figure 13.87b, as a typical instrumentation
example. In the absence of bias, the performance of the MHJs strongly depends
on the number of layers involved, with a maximum value of 0.18 µA for MHJ
with three porphyrin layers and four flavin layers.

The association of porphyrin and fullerene electron acceptors in LB films
can also proceed via a stepwise, noncovalent formation of the assembly, as
demonstrated by Shinkai and Ikeda (Figure 13.88). The host–guest interaction
of C60 with homooxa-calix[3]arene is the noncovalent interaction that assists film
formation175. The fullerene absorption in the host–guest complex is used to deter-
mine a surface concentration of 1.4 × 10−10 mol cm−2 in the C60 layer, which is
then further covered with the polymer-sustained porphyrins 165 or 166. Porphyrin
surface concentrations are then controlled by UV–visible absorption and are found
to be 7.6 × 10−11 and 5.5 × 10−11 for 165 and 166, respectively. Photocurrent
measurements performed under irradiation at 420 nm, with a 1.36 mW cm−2 for
a coating of 165, and at 430 nm, with a 1.53 mW cm−2 for a coating of 166, in
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Figure 13.87. (a) Flavin-porphyrin heterojunctions, and (b) transient photocurrent mea-
surement. Distances: (a) = 2.8 nm; (b) = 2.0 nm; (c) = 1.1 nm; (d) = 1.4 nm; (e)
= 0.9 nm.

0.1 M Na2SO4 containing 50 mM of ascorbic acid that acts as a sacrificial elec-
tron donor, show a marked increase parallel to the increase of the bias voltage
from −150 to +150 mV vs. Ag/AgCl. The maximum quantum yield efficiency
is estimated at 21% for the most efficient C60 monolayer coated with 166. This
efficiency is comparable with the 25% efficiency measured earlier by Sakata in
the case of a triad176.

Engineering of LB films incorporating photoactive species and electron
donors can even afford systems for the artificial production of hydrogen, if, in-
stead of an electrode that collects photogenerated electrons, an enzymatic electron
acceptor is incorporated in the “LB” membrane. Qian has reported the formation
of films incorporating the water soluble tetrakis-5,10,15,20-methyl pyridinium
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Figure 13.88. Self-assembled porphyrin-fullerene dyad in LB films.

zinc porphyrin photosensitizer, EDTA as an electron donor, and hydrogenase iso-
lated from the bacterium Thiocapsa roseopersicina177. In the presence of vari-
ous electron carriers of the violgen-type, photoinduced production of hydrogen
reaches a maximum at pH 3.5.

7.3. Porphyrin Films

In this last section, recent results concerning the inclusion of multipor-
phyrins in films will be covered, and again, the preparation of the films will not
be detailed. An attempt will be made to emphasize concepts that are attractive in
terms of design of new materials. This, indeed, is probably the ultimate target of
many of the approaches that have already been covered in the preceding pages
and goes beyond the initial curiosity for phenomena performed by Nature. The
doping of polymer materials with chromophores or multichromophore species,
and the direct deposition of rather simple species, as well as the direct polymer-
ization of basic porphyrin species, offer the tremendous advantage of simplicity.
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Figure 13.89. Porphyrin doping agents for light emitting polymers.

This is an extremely important parameter in the design of materials within an
economically ruled environment.

In this regard, a very attractive approach to near-infrared (NIR) light emit-
ting devices has been developed by Therien and Bazan, based on the properties of
ethynyl-bridged porphyrin dimers and trimers. After proper functionalization with
long alkyl chains, the dimer 167 and trimer 168, depicted in Figure 13.89, have
been incorporated as dopants into established light emitting polymers178. The blue
emitting polymer polyvinylcarbazole (PVK) shows an overlap of its emission with
the B band of 167. Such an overlap is appropriate for Förster energy transfer from
PVK to 167. Similarly, the red emission of poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene) (MEH-PPV) shows a reasonable overlap with the absorp-
tion spectrum of 168. For electroluminescence studies, pure polymer hosts were
employed, while for photoluminescence studies, these polymer species were com-
bined with up to 40% of 2-tert-butylphenyl-5-biphenyl-1,3,4-oxatriazole (PBD) .
This mixing improves electron transportation within the polymer matrix and al-
lows a comparison with photoluminescence results.

The energy transfer from the polymer host to the porphyrin guests are quite
efficient in some cases, with a 90% quenching efficiency in the case of a 5.0 wt %
DD doping of a 60:40 PVK:PBD matrix, even though the spectral overlap in this
case is the least favorable of all. The behavior of the doped host–guest polymer
can be complicated by self-quenching processes when the dopant concentration is
increased. Nevertheless, this approach yields efficiencies on the order of 0.1–0.3
photons per electrons in electroluminescence, for emissions at 720 nm for 167,
and 820 nm for 168. These wavelengths are in a range suitable for applications in
communications, optoelectronics, and sensing devices.

Liquid crystalline assemblies of porphyrins have been investigated for their
photoconductive properties. A nice summary of findings has been provided by
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Figure 13.90. A mesogenic porphyrin for photoconduction.

Eichhorn, who showed that charge carrier mobility of 0.28 × 10−4 m2 V−1 s−1 in
columnar phthalocyanine arrangements can challenge the charge carrier mobility
of 0.1 × 10−4 m2 V−1 s−1 observed in triphenylene columnar phases179. Note
that the values for columnar porphyrin assemblies reached an averaged value of
0.06 × 10−4 m2 V−1 s−1, independent of the central metal atom.

Regarding this statement, complementary information has been provided by
the study of the photoconduction in the mesogenic porphyrin 169 (Figure 13.90)
that shows two lamellar mesophases. Shimidzu and coworkers have shown that
the photoconduction in these materials is strongly influenced by changes in the
long range order and arrangements of the porphyrins due to phase transitions, and
also by the presence of the metal in the central core180. Sandwich cells between
ITO electrodes show current rectification I –V curves in the dark, with conduc-
tivities of 10−14 S cm−1 for the crystal and MLC phase of 169, and 10−13 S cm−1

for the ML phase. This phenomenon is amplified with the increase of current
intensities under illumination at 620 nm, and clearly differentiates 169 from its
nonmetallated analog by the higher photocurrent generation efficiency in both the
MLC and ML phases.

One clear demonstration of the influence of the metal on the photoconduc-
tivity in multiporphyrin assemblies has been established by Warman. First, por-
phyrin assemblies offer the possibility of using the triplet states for photocurrent
generation. A good performance is expected for the generation of triplet states
in photoconducting materials because of their longer lifetimes, which should al-
low migration over a longer distance. Using TiO2-supported films of tetrakis-
carboxyphenyl porphyrin 170 (Figure 13.91), or its metallated analogs, 171 and
172, that are 70 nm thick (ca. 15 monolayers of tetrapyrrolic macrocycles), it has
been shown that the fraction of incident photons absorbed was considerably af-
fected by the nature of the metal, with an increase from 63% (170), to 68% (171),
and 81% (172). The photocurrent generation efficiency measured by IPCE reaches
a maximum of 12% for 172 under irradiation of 3 × 1012 photons cm2. This ef-
ficiency is nearly six times higher than for 171, and 20 times higher than for 170
for which photocurrent results almost exclusively from singlet excited states181.
Obviously, the heavy-atom effect of the Pd(II) on the spin–orbital coupling favors
the intersystem crossing that leads to triplet state formation.
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Figure 13.91. Tetrakis-carboxyphenyl porphyrin for TiO2 supported films.

Figure 13.92. A dyad used in spin coating of SnO2 supported films.

Naturally, film formation from fullerene-porphyrin dyads is attractive for
photocurrent generation. The group of Sereno has reported the use of dyad 173
(Figure 13.92) in the spin-coating preparation of SnO2-supported films182. Using
this dyad, in which the distance separating the donor and the acceptor is estimated
at 14 Å, photocurrent quantum yields of 20% are observed in the presence of
hydroquinone as a sacrificial donor.

The covalent linking of the porphyrin with the fullerene moiety is not a pre-
requisite. Joint efforts from Fukuzumi, Imahori, and Kamat have shown that the
same process can be efficient in nanoclusters incorporating C60 and 5,15-bis(di-
tert-butylphenyl)porphyrin 170, which are formed prior to electrophoretic depo-
sition onto nanostructured SnO2 films183. When a 0.2 V vs. SCE bias is applied,
IPCE values of up to 17% are reached. In the absence of bias, the IPCE of 4.5%
for the 1:1 170:C60 mixed clusters is significantly higher than that of C60 clusters
(1.6%) or 170 clusters (0.06%) under the same conditions (430 nm irradiation).

Ultrathin films of cationic poly-L-lysine and anionic poly-L-glutamic acid,
assembled by electrostatic forces, are isolating. However, when doped with hy-
drophilic hexacyanoferrate, they become conducting films. After sensitization of
the film by repeated dipping in sulfonated ZnTPP 175 (Figure 13.93) solutions,
the photoreduction of fullerene in a chlorobenzene solution has shown that pho-
tocurrents could be generated by these films, with IPCEs of 0.02%. This modest
value is probably due to the heterogeneous nature of the film/solution junction184.

In films incorporating porphyrins, the patterning is a parameter that must
be controlled, mostly because the energy and electron transfer between porphyrin
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Figure 13.93. A tetrasulfonated ZnTPP for film sensitization.

Figure 13.94. Assembly via zirconium coordination chemistry.

species depends on chromophore orientation. Chromophore orientation is a cru-
cial parameter in solution that subsists in the film matrix. As we have seen in the
case of self-assembled species in solution, exocyclic transition metal complexes
are a powerful assembly tool for multiporphyrinic species. The same principle
has been applied to the formation of films by the group of Hupp, using zirconium
phosphate chemistry185. The constitution of the films is depicted in Figure 13.94.
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Although energy or electron transfers have yet to be reported in these assemblies,
this emerging approach deserves mentioning.

The photovoltaic behavior of patterned TiO2 surfaces covered in a layer-by-
layer method has been reported recently186. Composite films of oligoethylene gly-
col dicarboxylic acid (OEGDA), polyethyleneimine (PEI), and polyacryclic acid
(PAA), with ionic conductivities of ca. 10−5 S cm−1, have been dye-sensitized by
impregnation with porphyrin 170 (Figure 13.91), porphyrin 174 (Figure 13.93),
and the two porphyrins 176 and 177 represented in Figure 13.95. Using polymer
on polymer stamping techniques, micropatterned surfaces with a pattern thick-
ness of 4 µm have been produced. Table 13.20 lists the conversion efficiencies of
photovoltaic devices constructed this way.

The chromophore J-aggregation at the TiO2/electrolyte interface is con-
trolled by the pH at the deposition stage. The performance of the devices is en-
hanced by stamp patterning rather than lithographic patterning. This approach
opens the door to many potential applications such as the fabrication of flexible,
thin film photovoltaic systems.

To close this section, just as the LB approach to porphyrinic assemblies
can afford applications derived from the photoconducting properties such as the
photogeneration of hydrogen (see above), the films formed from porphyrins or
phthalocyanines offer potential catalytic applications. Bedioui and Zagal have re-
ported a comparative study of the electro-oxidation of thiols for electrodes mod-
ified by the phthalocyanine or porphyrin derivatives represented in Figure 13.96.
These compounds can be electropolymerized on glassy carbon electrodes by re-
peated cycling between −0.2 and 0.9 V vs. Ag/AgCl. The number of scans con-
trols the film thickness (21 monolayers per scan for 178, and 1.5 for 180). The
active sites, located on the surface of the films after deposition, catalyze the oxi-
dation of the 2-mercaptoethanol in a potential range in which the electrode itself
is inactive187.

Figure 13.95. Porphyrin dyes for sensitizing composite films.

Table 13.20. Conversion Efficiencies of Photovoltaic Devices Consisting of 170,
Patterned TiO2, and a (LPEI5.0/PAA0.5)/OEGDA3.0 Composite Electrolyte

Pattern size (µm) None 10 5 3 1 0.32

Conversion efficiency (%) 0.04 0.06 0.09 0.15 0.66 0.55
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Figure 13.96. Compounds for electropolymerization.

8. Conclusions

If the evolution of Natural systems can be considered as complete, the de-
sign of the artificial devices that they inspire is still in its genesis stage. Thus,
it is difficult to draw final conclusions on a topic which is continually evolving,
and whose intellectual driving force is the imagination of chemists and physi-
cists. It is crucial to realize, however, that despite the information obtained from
academic research work targeting the comprehension of photoinduced events in
Nature, only a few compounds studied will yield applicable devices due to the
sophistication of the structures. The development of applications will always be
ruled by laws of the economic jungle, and unfortunately not by the laws of chem-
istry and physics. Thus, beside the invaluable gain of knowledge afforded by
academic studies using covalent synthesis, self-assembly approaches, based on
design concepts afforded by covalent scaffolds, sounds extremely attractive for
the preparation of molecular devices.

As we have seen throughout this chapter, several assemblies based on the
fundamentals of covalent architectures, but that employ recent concepts of host–
guest and supramolecular chemistry, now perform charge separation in bulk ma-
terial. This opens new insights for the production of photovoltaic materials. In
the introductory part of this chapter, the cost of a bit of packaged DRAM was
given as an example, and we can now extend these economic considerations
to the development of photovoltaic materials, as an additional example. Photo-
voltaic materials based on semiconductor technologies have long been available,
and some performance levels already permit large scale production of solar cells.
Why is application of this technology almost limited to the nonavailability of
nuclear or combustion sources (e.g., solar panel power sources in satellites)? The
semiconductor technology still has to prove that it is available at low cost. Por-
phyrin chemists should anticipate the production of low cost photovoltaic mate-
rials based on their, and Nature’s, favorite chromophore. Thus, if one conclusion
should be drawn from this contribution, it would be that the study of photoinduced
events in fully mastered architectures has relatively little chance to afford an ap-
plicable outcome, but will certainly be the source of inspiration for the design of
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noncovalently organized materials that perform even less than individual mole-
cules, but that are producible in bulk quantities.
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14
Vibrational Spectra and
Surface-Enhanced Vibrational
Spectra of Azamacrocycles

Marcelo M. Campos Vallette

1. Introduction

This chapter has been organized by considering several aspects. An intro-
duction concerning the relevance of the electronic properties and applications of
the azamacrocycles related to surface phenomena as well as the general as-
pects and characteristics of the vibrational techniques, instruments and surfaces
normally used in the study of the adsorbate–surface interaction. The vibrational
enhanced Raman and infrared surface spectroscopies, along with the reflection–
absorption infrared spectroscopy to the study of the interaction of several aza-
macrocycles with different metal surfaces are discussed. The analysis of the
most recent publications concerning data on bands assignment, normal coordi-
nate analysis, surface-enhanced Raman and infrared spectroscopies, reflection–
absorption infrared spectra and theoretical calculations on models of the
adsorbate–substrate interaction is performed. Finally, new trends about modified
metal surfaces for surface-enhanced vibrational studies of new macrocycles and
different molecular systems are commented.

2. Surface Phenomena and Applications
of Azamacrocycles

Electro- and photoelectro active materials such as phthalocyanine deriva-
tives, which present remarkable chemical stability, have been intensively explored
for their use in thin-film devices1, 2.

Molecular characterization of the film is a fundamental requirement to
establish a correlation between the molecular structure, long range molecular
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N4-Macrocyclic Metal Complexes, edited by José H. Zagal, Fethi Bedioui and Jean-Pol Dodelet.
Springer Science+Business Media, Inc., New York, 2006.

725



726 Marcelo M. Campos Vallette

organization and its physical properties. In order to search for electrooptic pro-
perties very well characterized surfaces should be prepared: the molecules must
be deposited as thin films with a unique molecular stacking and orientation3.

Vibrational spectra of metalloporphyrins have been studied extensively be-
cause of their biological importance as prosthetic groups of a variety of heme
proteins. Thus, many review articles have been published on this subject, and
most of them discuss the vibrational spectra of metalloporphyrins together with
those of heme proteins4. Nakamoto has reviewed several articles concerning these
macrocycles and discussed the state of the art of the normal coordinate analysis,
the assignment of the structure-sensitive vibrations, the metal-macrocycle ring co-
ordination, the metal–metal bonded porphyrins and the π–π complex formation
and dimerization5.

Due to their extended π -electron-delocalized system, porphyrins and naph-
thalocyanines (H2Nc) exhibit strong absorption bands in the longer wavelength
region (700–900 nm) of semiconductor lasers6. This spectral characteristic and
their photoconductive properties make these compounds suitable candidates for
applications in solar energy conversion, laser electrophotography, electrocataly-
sis, chemical sensing, organic light emitting diodes (OLED) and nanoscale mole-
cular devices7–11.

Metallophthalocyanines, MPc, are known for their high thermal stability
and very low solubility in any solvents. Transition metal-based phthalocyanines
have attracted attention in the areas of fuel cells, gas sensors and biosensors12, 13.
Most of these applications require the use of phthalocyanines in the form of thin
films. Further, it is desirable to have ordered, well-packed, and oriented molecular
layers of phthalocyanines on various substrates. The metal phthalocyanines con-
stitute an important class of compounds that provide models for theoretical and
experimental studies involving electron-mediated processes; one of the main areas
of interest is the electrocatalytic reduction of oxygen by metal phthalocyanines14.

Transition metal complexes incorporating macrocyclic ligands are well-
known to represent kinetically inert, thermodynamically stable systems. During
the past three decades the field of macrocycles complexes has expanded greatly15.
There is much interest in the metal complexes of macrocycles due to their diverse
potential use, which includes radiometal uptake in cancer therapy16. Historically,
azamacrocycles of varying ring size and degrees of insaturation were among the
first azamacrocycles synthesized17, 18 and a large amount of literature has been
gathered on the complexes of these tetra dentate macrocycles, see Figure 14.1.
Most of the above mentioned applications of the macrocycles are strongly related
to surface phenomena.

3. Surface Vibrational Spectroscopy

Two of the many enhanced optical phenomena in surface-enhanced spec-
troscopy are surface-enhanced Raman scattering (SERS) and surface-enhanced
infrared absorption (SEIRA). These two phenomena and now analytical tech-
niques can be described as a new branch of vibrational spectroscopy that deals
with the spectra of molecules on specially fabricated nanostructures with the
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Figure 14.1. Azamacrocycles.

ability to enhance optical signals. This new branch of vibrational spectroscopy,
now called surface-enhanced vibrational spectroscopy, (SEVS), is a powerful tool
to obtain more information about both the surface phenomena, in particular the
charge transfer processes between the adsorbate and the metal surface, and the
influence that different surfaces have on the molecular structure, organization and
orientation of a series of molecules as the N4-macrocycles.

SEVS is an active area with a broad range of analytical applications. In
particular, SEIR and SERS have attracted much attention from the first obser-
vation of both phenomena19, 20. Although these techniques are based on the
enormous enhancement of the electromagnetic field occurring in the vicinity of
metallic nanoparticles, mainly of Ag and Au, chemical contribution to the total
enhancement in both effects, SEIR and SERS, has been also suggested21, 22.

SERS and SEIR have been the basis for the application of the vibrational
spectroscopy to the analysis of molecular systems in the range of nanograms to
femtograms. They currently are recognized as useful analytical techniques, be-
cause of their applicability in the surface chemistry to determine the identity and
most probable orientation of molecules adsorbed onto a surface23, 24.
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The electromagnetic enhancement of a signal in SERS strongly depends on
different physical and physical chemistry characteristics of the surface. Recent
investigations that involve silver and gold metals were oriented to obtain the most
efficient amplifying surfaces25.

3.1. Surface-Enhanced Raman Scattering (SERS)

According to the SERS selection rules, the spectral profile of the adsor-
bate is strongly dependent on the orientation of the main molecular axes with
respect to the surface26. Thus, SERS intensities would also provide valuable infor-
mation about the molecular orientation that the adsorbate adopts once adsorbed
on the metal surface. For this reason, symmetry assignments are central to the
discussion of molecular orientation of adsorbed species on the surface of island
or colloidal metal particles. If the molecules, i.e. N4 macrocycles, are oriented
face-on the metal surface, with the N atoms face to the metal atoms, the C4
axis of the molecule and the normal to the surface are parallel; thus, the most
symmetric vibrational modes, that derive their intensity from the zz-component
of the polarisability derivative tensor αzz will be the most intense at the surface
plasmon resonance frequency and to the red of that frequency.

Most of SERS studies use the conventional Raman apparatus; the signal
enhancement depends on the characteristics of the surface, the nature of the adsor-
bate, and on the incident wavelength. Colloids and electrodes surface preparation
has been largely reported27, 28.

3.2. Surface-Enhanced Infrared Absorption (SEIRA)

The enhancement of vibrational intensities in infrared absorption spectro-
scopy SEIRA for molecules adsorbed or in close proximity to metal nanostruc-
tures, has been recently discussed29. In this chapter the differences with SERS are
pointed out; the spectral interpretation of the role of the surface selection rules,
along with a brief account of the SEIRA experimental conditions, are also in-
cluded. SEIRA is explained as being the result of the enhanced optical fields at
the surface of the particles when illuminated at the surface phonon resonance
frequencies; this effect is analogous to plasmon resonance that is the basis for
SERS. It has been suggested that electromagnetic and chemical contributions, as
in SERS, are the responsible of the observed infrared enhancement30. The en-
hancement factors can be found in SEIRA in the range 10–100 at best. Even
this small enhancement compared to SERS (1012), SEIRA can be used to detect
monolayers of films. It is less evident than in SERS to infer about the molecular
orientation of the molecules on the surface. In general, it can be accepted that the
intensity of the normal modes having a permanent dipole moment perpendicular
to the incident radiation will be enhanced the most31.

3.3. Infrared Reflection–Absorption Spectroscopy (IRRAS)

The most probable orientation of the molecules onto a smooth metal sur-
face can be inferred from reflection–absorption infrared spectroscopic IRRAS
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measurements. The spectra are registered at different incident radiation angles
in the range 30–80◦. According to Perry et al.32 the incident radiation angle of
90◦ corresponds to a beam parallel to the surface.

For a KBr pellet, a random orientation of crystallites exists in the solid, and
the electric field of the IR radiation, perpendicular to the pellet, will excite both
in plane and out of plane modes of the molecule. A solid film with a well defined
molecular organization could produce IR spectra with different relative intensities
for in plane and out of plane modes. Therefore, molecules arranged face-on to the
smooth surface would strongly absorb the incident IR radiation normal to the
surface through its plane molecular modes2.

Thus, the infrared and SEIRA, Raman and SERS and IRRAS measurements
allow us to determine the most probable orientation of the molecules onto diffe-
rent metal surfaces, to infer about the influence that these surfaces have onto the
molecular structure and to conclude about the mechanism governing the spectral
enhancement in IR and Raman.

3.4. Instrumentation

Reflection–absorption infrared spectra (RAIRS) are in general recorded
with P-polarized light at different incident radiation angles in the range 30–80◦,
by using commercial variable angle accessory mounted on the IR optical bench.

Different laser lines for SERS studies in the IR–visible range are used,
depending on the electronic characteristics of both the samples and the metal sur-
faces. To quantify the enhancement factors, the signal-to-noise ratios (S/N) must
be calculated as the square roots of the number of scans both for the analyte film
on glass and for the analyte film on the roughened metal substrate. The enhance-
ment is then given as the ratio of the band heights corrected for the signal/noise
ratios and for the incident laser powers.

Metal island films of controlled mass thickness are deposited in a com-
mercial vacuum system evaporator using a glow discharge evaporation unit. The
metal island films are in general fabricated onto preheated glass substrates. The
film thickness is monitored using a commercial quartz crystal microbalance.

3.5. Surfaces

Smooth Au, Ag and Cu surfaces of high purity, generally manipulated under
nitrogen atmosphere, are mostly used in RAIRS studies. Samples are dissolved in
appropriate solvents and then dropped onto the smooth metal surface; the solvent
is evaporated under vacuum. Samples can be also deposited by sublimation onto
the surface with an adequate control of mass thickness.

Gold, copper and silver surfaces have the d band lower than the Fermi level
which means that they enhance the vibrational signals. In the case of copper
colloidal solutions or metal deposited as islands, the band corresponding to the
surface plasmons is observed in the near infrared.33, 34. The metal colloids are
preferentially prepared by following the method reported by Lee and Meisel35.
Reducing agents normally used are boronhydride, citrate or hydroxylamine36,
depending on the required physical and electronic characteristics of the surface.
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Recent investigations that involve Ag and Au metals were oriented to obtain the
most efficient amplifying surfaces25. Au and Cu electrodes have been surfaces
largely used.

Metal island surfaces of controlled mass thickness for the SERS and SEIRA
experiments are obtained by sublimation of the metal onto different plates accord-
ing to general procedures described37.

Germanium, an IR transparent substrate, is employed as substrate for the
Au evaporation due to its higher IR transmission properties between 800 and
400 cm−1; other supporting substrates commonly used are Si, CaF2, BaF2, KBr,
ZnSe, sapphire, and MgO.

Aliquots of analyte solutions are added to colloidal solutions or deposited
onto the metal island surfaces; thin layer spectra are obtained after diluting the
sample on the surface using an appropriate solvent. All the spectra are scanned
after complete solvent evaporation. Samples for SERS and SEIRA are also pre-
pared by vacuum evaporation of controlled mass thickness.

Deposition rate of the metal is a crucial parameter for the shape and size
of the islands; low rates give the best enhancement. Optimal film thickness for
maximum enhancement depends on the deposition rate. Control of the substrate
temperature during deposition permitted the growth of a film with a highly homo-
geneous distribution of particle shapes.

SEIRA and SERS are powerful techniques for structural characterization
of ultra thin films and well-ordered monolayer on metal surfaces. Thin films at
interfaces are prepared by different procedures and developed for various appli-
cations29. The fabrication and characterization of ultra thin films is a permanent
area of research where some of the most interesting subjects are: (a) bilayers and
monolayers at liquid–liquid interface, (b) adsorption monolayers and Langmuir
(water-insoluble) monolayers at air–water interface, (c) adsorption films and self-
assembled monolayers (SAMs) at liquid–solid interface and Langmuir–Blodgett
films, cast (deposit) films and spin-coat films at air–solid interface. Studies about
molecular organization of monolayers of porphyrins derivatives, of azamacrocy-
cles and their metallic derivatives among the many SEIRA applications to films
and interfaces, were published23, 38–40.

Metal films evaporated onto glass can be examined by using molecular
spectroscopy and methods such as field emission scanning electron microscopy
(FESEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy
(XPS). The characterization of organic surfaces has been reviewed by Perry and
Somorjai32.

Several techniques that provide information about composition and struc-
ture on the molecular level were discussed. For instance, secondary ion mass
spectroscopy (SIMS), XPS which provide information about surface composition
and the chemical environment and bonding of surface species, and ultraviolet
photoelectron spectroscopy (UPS), which probes the density of electronic states in
the valence band of materials. Also, the low energy electron diffraction (LEED)
and high resolution energy electron loss spectroscopy (HREELS) are electron-
scattering techniques that are uniquely suited to yield the structure of the surface
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monolayer. Raman spectroscopy (RS), Fourier-transform infrared spectroscopy
(FTIR), sum frequency generation (SFG), are optical techniques used to study
solid–gas interfaces at high pressures along with solid–solid and solid–liquid
buried interfaces. Finally, scanning tunnelling microscopy (STM), AFM and sur-
face force measurements (SFM) which provide atomic-scale resolution of surface
structure, the forces between molecules at surfaces and, in some cases, measure-
ments of hardness and friction properties of the surface region.

4. Infrared, Raman and Resonant Raman Spectra
Analysis of Azamacrocycles

A complete IR and Raman bands assignment is necessary to interpret
SEVS data. The following discussion on the bands assignment concerns mainly
the macroring fragment of the present series of macrocycles. The spectral as-
signments reported for the macrocycles hexaazacyclophane, phthalocyanines,
naphthalocyanines, azabipiridyl, bis(phenylhydrazine), cyclam and miscellaneous
ligand and metal complexes, resulted from the analysis of several publications on
macrocycles2, 41–55 and molecules whose structure is similar to the different frag-
ments of the series such as phenantroline derivatives56–59, and Schiff bases and
their metal complexes60, 61. In this sense, the bands assignment of related ligands
and complexes was also reviewed62, 63. Characteristic group frequencies must be
considered5, 64, 65.

4.1. Hexaazacyclophane and Its Cu (II) Complex

The mid-IR spectra of the ligand hexaazacyclophane, Figure 14.2, and its
Cu(II) complex display a similar shape, which suggests that the structure of the
corresponding macrocycles is not much different66. Large spectral differences
were observed in the far-IR region where the metal-ligand vibrations are expected.
Complex formation is mainly supported by the fact that the low energy bands
below 450 cm−1 are found only in the spectrum of the complex Figure 14.3.

The asymmetric and broad band at 389 cm−1 in the Raman spectrum of the
complex contains a metal dependent mode, see Figure 14.4. This band is more
intense in the spectrum of the complex.
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Figure 14.2. Hexaazacyclophane.
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Figure 14.3. Far infrared spectra of (a) the ligand hexaazacyclophane and (b) its Cu(II)
complex. Reprinted by permission of Elsevier B.V.
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Figure 14.4. Raman spectrum of (a) hexaazacyclophane and (b) the Cu(II) complex in the
region 100–3,500 cm−1. Reprinted by permission of Elsevier B.V.
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Gobernado-Mitre et al.67 have proposed metal dependent frequencies at 341
and 270 cm−1 in the phthalocyanine Cu(II) complex; the band at 236 cm−1 was
calculated by the same author as a stretching CuN mode (νCuN)44. Susi and
Ard54 and Gladkov and Solovyov53 propose, from normal coordinate calcula-
tions performed for the copper porphin complex, that bands near 368, 234 and
206 cm−1 contain important contributions of the νCuN mode. From a vibrational
study on the non-macrocycle phenantroline copper complexes it has been pro-
posed the νCuN modes near 410 and 288 cm−1 68. In bipyridine complexes of
Cu(II), the νCuN mode is proposed at 297 cm−143; a similar assignment is pro-
posed in bipyrimidine complexes69.

The νCC and νCN modes are highly coupled in molecules with extended
π electronic system. The energy of the corresponding CN bonds near or directly
involved in the metal coordination (CuN) are influenced by metal complexation.
Then, the identification of the νCuN modes is of paramount importance to char-
acterize the energy of the coordination site70.

Some infrared bands in the 1,600–1,200 cm−1 region have participation of
νCN and νCC modes68. Various bands of the coordination site are observed at
the same frequency in the spectrum of the ligand and complex. Other bands shift
to low or high energy regions by complexing. This effect is characteristic of an
electronic redistribution in aromatic systems. A spectral shifting to lower energy
by metal complexation is characteristic of Schiff base ligands60, 61, 71. The same
sense of the shifting by complexation was observed for the bands at 1,502 and
1,383 cm−1 which were attributed to νCN modes of the phenanthroline ring66.

Most of the remaining bands in the region are assigned to νCC modes.
Bands slightly influenced by complexing, are due to CC bonds far from the coor-
dination site. The band at 1,275 cm−1 is attributed to a νCN mode of the phen-N-
phen bridge; the energy of this mode increases by complexing, suggesting that the
corresponding bond does not participate in the complex formation. The macro-
cycle breathing mode, ascribed to a band near 640 cm−150, 51, displays an energy
increase upon complexation; thus, an electronic change of all the macrocycle ring
bonds is verified. Differences in the spectra of the ligand and complex in the
regions of the macrocycle ring deformations, 480–400, 340 and 260–120 cm−1,
are evidences of an electronic redistribution upon complexation.

4.2. Phthalocyanines and Naphthalocyanines and Their Metal
Complexes

The A2g in plane vibrations of metallophthalocyanines (MPc), become
Raman active, similar to metalloporphyrins, under resonance conditions. Several
infrared and Raman spectra of MPc and MPc containing axial ligands have
been reported by many investigators44, 72. Hutchinson et al.73 assigned the M–N
stretching modes of different metal isotopes of MPc. The IR active νZnN (Eg)
vibration in ZnPc was observed at 329 cm−1 and the observed ZnN distance is
1.980 Å74.

Vibrational studies on naphthalocyanines (Nc) (see Figure 14.5) compounds
are scarce. Kaplan et al. reported the IR energy of the most intense absorptions
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Figure 14.6. Resonance Raman Spectrum of CoNc in the regions 200–1,700 cm−1.

of some Nc metal complexes75. Gobernado-Mitre et al.76 assigned the medium-
intensity Raman line at 223 cm−1 to a deformation with a large νCu–N contri-
bution in CuNc.

A vibrational interpretation of the structure of the solid naphthalocyanines
ligand (H2Nc) and their Co(II), VO2+ and Pb(II) complexes was published70; the
metal-macrocycle stretching mode was observed at 330, 308 and 273 cm−1, res-
pectively. The Co and VO ions slightly disturb the structure of the Nc moiety,
constraining the whole system to adopt a deformed warped stereochemistry in the
same way that in MPc macrocycles77. The collective vibration of the macrocycle
(breathing) observed with a strong relative intensity at 680 cm−1 in the Raman
spectra is one of the most characteristic bands of the Nc complexes, see Fig-
ure 14.6.

The spectral characteristics of this mode are not much different within the
series Co(II) VO(II) and Pb(II), including the CuNc molecule (681 cm−1 and
strong relative intensity)76. The macrocycle ring structure in that series is similar.
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4.3. Vanadylphthalocyanine and Vanadylnaphthalocyanine

The bands assignment of phtalocyanines (H2Pc) was performed in50–52,
whilst that from the naphtalocyanine (H2NPc) spectra was performed by Clavijo
et al.70.

Spectral differences between the spectrum of vanadylnaphthalocyanine
NPcVO and vanadylphthalocyanine PcVO78, are mainly due to the different na-
ture of the aromatic moieties. Infrared bands at 1,523, 1,476 and 1,461 cm−1 of
PcVO belong to the pyrrole-benzene fragment, while the bands at 1,509 cm−1 of
NpcVO and 1,499 cm−1 of PcVO are pyrrole stretch modes. Absorptions at 1,417
and 1,400 cm−1 of PcVO are νCN modes.

The band observed only in the spectrum of NPcVO at 1,342 cm−1 is asso-
ciated to a naphthalocyanine νCC mode78. The νCC bands observed in both
spectra in the region 1,330–1,260 cm−1 correspond to CC bonds far from the VO
coordinating site. δCH deformations of the NPcVO and PcVO are observed in the
region 1,200–1,000 cm−1. The NPcVO band at 997 cm−1 corresponds to the νVO
mode.

Macrocycle deformations are observed between 640 and 120 cm−1 in
NPcVO and in the range 510–350 cm−1 in PcVO; the highest frequencies cor-
respond to the ring deformations of benzene and pyrrole, while the lowest are
macrocycle ring deformations78. Bands at 570 and 457 cm−1 in PcVO and the
band at 537 cm−1 of NPcVO are characteristic of each macrocycle. Bands at 372,
308 and 235 cm−1 observed only in the vanadyl compounds correspond to VO–N
vibrations. Other bands in this region are mainly due to macrocycle ring out of
plane deformations.

4.4. Vanadyl naphthalocyanine and Vanadyl Porphine Phenyl
Substituted

The infrared spectra of vanadyl-5,14,23,32-tetraphenyl-2,3-naphthalocya-
nine (VOTPNPc) and vanadyl-5,10,15,20-tetraphenyl-21H,31H-porphine (VOTP-
PORP) displayed in Figures 14.7 and 14.8 were reported by Carrasco et al.78.

The bands at 1,509 and 1,365 cm−1 in VOTPNPc and at 1,421 and
1,337 cm−1 in VOTPPORP were ascribed to pyrrole fragment modes. The VO
stretching modes were assigned to the bands at 944 and 919 cm−1 in VOTPNPc
and at 968 and 922 cm−1 in VOTPPORP. The assignment of this mode is parti-
cularly important as the vanadyl group may be involved in an eventual substrate–
adsorbate interaction. The macrocycle deformations at 527 and 507 cm−1 in the
spectrum of VOTPPORP involve the VO group.

Some bands are observed only in one of the two tetraphenyl substituted
complexes: this is the case for the band at 954 cm−1 which is assigned to a breath-
ing mode of the VOTPNPc, the band at 802 cm−1 in VOTPPORP assigned to an
out of plane CH mode of the pyrrole ring, the band at 791 cm−1 corresponding
to the macrocycle deformation, and the ring porphine bands at 702, 662 and
575 cm−1.

Important spectral changes are verified in the Raman spectra of solid
VOTPNPc when passing from 514.5 to 633 nm laser lines78 see Figure 14.9.
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Figure 14.7. (a) Vanadyl-5,14,23,32-tetraphenyl-2,3-naphthalocyanine and (b) vanadyl-
5,10,15,20-tetraphenyl-21H,31H-porphine. Reprinted by permission of Elsevier B.V.

The resonant effect, which concerns mainly vibrational modes belonging to the
coordination site, is manifested by changes in the relative intensity of several
bands. The band about 1,600 cm−1 decreases its intensity and the bands around
1,300, 900, 700 and at 340 and 298 cm−1 increase their intensities. Other bands
at 1,367, 1,222, 1,006, 839 and 650 cm−1 maintain or slightly decrease their
relative intensities. The intensity decreasing of the coupled νCC/νCN band at
1,600 cm−1 indicates that this mode is an asymmetric vibration with an impor-
tant νCC component of the pendant group. The spectral behavior of the bands
which increase their intensity indicates that the corresponding modes are sym-
metric vibrations.

The νVO modes are clearly observed by resonance effect near 900 cm−178.
Some ρCH bands near 700 cm−1 are enhanced and other decrease in intensity
which suggests that they could be assigned to different CH of distinct fragments
of the macrocycle. The resonance effect can be explained by assuming a coupling
of these modes to breathing motions as observed in azabipiridyl complexes23.
The ring deformation near 320 cm−1 involves the molecular ring fragment close
to the chromophore, the coordination site. Bands, which remain with about the
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Figure 14.8. Infrared spectra of the solids (a) vanadyl-5,14,23,32-tetraphenyl-2-3-
naphthalocyanine and (b) vanadyl-5,10,15,20-tetraphenyl-21H,31H-porphine, in the range
1,700–450 cm−1. Reprinted by permission of Elsevier B.V.

same relative intensity when changing the laser lines, belong to modes vibrating
far from the coordination site.

4.5. Azabipiridyl and its Ni(II), Cu(II) and Zn(II) Complexes

The metal Ni(II), Cu(II) and Zn(II) complex formation of azabipiridyl was
followed by the analysis of their infrared spectra79 and the assignment of the
metal–ligand bands was based on several publications on related compounds
(Figure 14.10).

The νNiN vibrations were assigned in 2,6-diacetylpyridine dioxime at 416,
341 and 276 cm−1, and at 370 and 265 cm−1 in hexaamine complexes, at 410 and
334 cm−1 in triethylendiamine derivatives, around 240 cm−1 in pyridine deriv-
atives and in imidazol complexes between 325 and 210 cm−1 5. Gobernado-
Mitre et al.76 attributed the νCuN mode in copper complex of naphthalocya-
nine to those bands observed at 341 and 221 cm−1. In Cu(II) tri-azamacrocycles
it has been proposed the bands at 383 and 314 cm−1 as due to νCuN42. This
mode was observed in copper complexes of cyclam at 437 cm−1 41 and in Cu(II)
hexaazacyclophane at 390 and 280 cm−1 66. In phenantroline Cu(II) complexes
the νCuN vibration was identified with the bands at 300 and 430 cm−1 68. In
the case of the Zn complexes, some tetraamine derivatives display the νZnN
band at 432cm−1, and in triethylendiamine complexes were observed at 405
and 291 cm−1; in imidazole complexes the νZnN mode was assigned to the
bands between 325 and 210 cm−1 5. The νZnN mode of bis(phenylhydrazine)-1,
10-phenantroline Zn(II) was attributed to the bands at 376 and 267 cm−1 55.
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Figure 14.9. Raman spectra of the solid vanadyl-5,14,23,32-tetraphenyl-2,3-
naphthalocyanine at: (a) 514.5, (b) 633 and (c) 1064 nm. The electronic spectrum is
displayed in the upper left-hand side. Reprinted by permission of Elsevier B.V.
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Figure 14.11. Infrared spectra of (a) azabipiridyl macrocycle ligand, and (b) the Ni, (c) Cu,
and (d) Zn complexes in the range of 600–200 cm−1. Reprinted by permission of Elsevier
B.V.

In different phthalocyanine complexes of metal isotopes, the νM–N mode was
observed at 376 and 317.8 cm−1 (Ni), 284 cm−1 (Cu) and at 240.7 cm−1 (Zn)73.
On this basis, some bands below 500 cm−1 were assigned to the metal–ligand
coordination79, see Figure 14.11.

Bands at 426, 380 and 326 cm−1 were ascribed to νNi–N, νCu–N and νZn–
N, respectively. Bands observed at 280 and 275 cm−1 in the spectrum of the Ni
and Zn complexes are probably due to the same type modes.

An important spectral shift to lower energy when increasing the metal mass
is observed. This is related to the relative stability of the complex formation, the
size of the metal ions and basically to the electronic ion configuration. The most
important difference between the spectra of the ligand and the complexes is ob-
served in the case of the Ni complex79. The highest frequency for the Ni–N co-
ordination indicates the highest relative stability in the series. The strong shift to
lower energy is a consequence of different structural characteristics of the corre-
sponding coordination sites. Thus, it has been proposed that the Ni ion should be
accommodated into the coordination site plane while the Zn ion should be prefer-
ently situated out of this plane. This proposition was supported by the fact that the
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Figure 14.12. Infrared spectra of (a) azabipiridyl macrocycle ligand, and (b) the Ni(II), (c)
Cu(II), and (d) Zn(II) complexes in the range of 1,700–450 cm−1. Reprinted by permission
of Elsevier B.V.

whole spectrum of the Zn complex is similar to that of the ligand, were the two
hydrogen atoms in the macrocycle ring are decidedly out of the plane, see Figure
14.12. The spectral characteristics of the copper complex suggest that the copper
cation could be situated slightly out of the coordination plane.

The resonance Raman (RR) spectra of the azabipiridyl macrocycle ligand
and it Co(II), Ni(II) and Cu(II) complexes was studied23. The FT-Raman spectra
at 1,064 nm of the macrocycles in the solid state show remarkable changes with
regard to those obtained when exciting at 514 nm. The spectra of the ligand and
Co complex are displayed in Figure 14.13. The selective intensity enhancement
is a consequence of the RR effect of the vibrational modes of the chromophore80.
In going from 1,064 to 514.5 nm a decreasing of the relative intensity of the
band below 200 cm−1, was observed. This band was assigned to an asymmetric
deformation which is consistent with the decrease in intensity observed. The
νM–N mode at about 390 cm−1 is observed with a low relative intensity; thus,
this is an asymmetric mode. The other coupled modes in this region also display
a lower relative intensity in the 514.5 nm spectra. The symmetric nature of the
ligand macrocycle breathing near 680 cm−1 is concluded from the great intensity
enhancement observed.

A RR enhancement was observed for at least two bands at about 1,180 cm−1,
assigned to δCH, coupled to a pyridinic breathing mode. The vibrational cou-
pling explains the observed enhancement; thus, this mode should be basically



Vibrational Spectra of Azamacrocycles 741

400

1,064 nm

514 nm

1,064 nm

514 nm

500

0

1.0

2.0

0.0

0.4

0.8

700
500

A
bs

or
ba

nc
e

R
am

an
 in

te
ns

ity

A
bs

or
ba

nc
e

700

Ligand Co complex

l (nm) l (nm)

800
cm−1

1,200 400 800
cm−1

1,200 1,600

Figure 14.13. The Raman spectra of the ligand azabipiridyl and its Co(II) complex. In the
left-up-side is the corresponding absorption spectrum. Reprinted by permission of Elsevier
B.V.

symmetric. A great intensity decreasing of the strong band in the region 1,300–
1,600 cm−1 at about 1,340 cm−1 is observed by resonance effect. The corres-
ponding coupled νCC and νCN mode should be asymmetric. The band at about
1,560 cm−1 contains at least two components; the relative intensity of one of these
components decreases, while the rest increases by changing the excitation laser
line. Thus, the corresponding coupled νCC and νCN vibration should correspond
to the asymmetric and symmetric modes, respectively. On changing the excitation
wavelength from 514.5 to 1,064 nm, a relative decrease of the relative intensity of
the bands at about 1,540, 1,464 and 1,130 cm−1 is observed. This effect suggests
symmetric Ag modes. No evident influences of the excitation laser line variation
on bands is consistent with internal modes far from the chromophore.

4.6. Bis(phenylhydrazine)-1,10-phenanthroline and its Co(II), Ni(II),
Cu(II) and Zn(II) Complexes

The most relevant infrared spectral features due to the metal complexation
of the bis(phenylhydrazine)-1,10-phenanthroline ligand (PHP), Figure 14.14,
occur in the 450–100 cm−1 region81. In this region have been reported most of
the coordination ring vibrations directly related to the metal.

The complex formation is verified in this spectral region by the appearance
of several bands, see Figure 14.15. Bands about 430, 350 and 325 cm−1 only
observed in the complexes are ascribed to metal sensitive vibrations; they are
macrocycle ring deformations. The band at about 291 cm−1 in the spectrum of
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Figure 14.15. Infrared spectra of bis(phenylhydrazine)-1,10-phenanthroline (L) and its
metal complexes in the region 600–200 cm−1. Reprinted by permission of Elsevier B.V.

the Co complex was assigned to a νCoN mode following reported data on Schiff
base complexes60. The band of the Ni complex at 435 cm−1 was ascribed to a
νNiN mode following the assignment proposed in azabipiridyl and Schiff base Ni
complexes79, 82. Two bands were identified as νCuN modes in the spectrum of the
Cu complex at 326 and 283 cm−1. Data of azabipiridyl complexes79, suggest that
the Zn–N modes should be expected between 320 and 275 cm−1. The observed
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Figure 14.16. 1,4,8,11-tetraazacyclotetradecane, cyclam and 5,7-dioxo-1,4,8,11-
tetraazacyclotetradecane, cyclamdione. Reprinted by permission of Elsevier B.V.

frequency shift to lower energy of the M–N bands at 291 and 283 cm−1 for the
Co and Cu, is in agreement with the mass increasing.

Concerning the phenyl bands, in this region appears the w out-of-plane ring
deformation. It is derived from the e2u torsional mode of benzene (404 cm−1) and
exhibit a very weak intensity in the infrared spectra. This absorption has been
estimated from combination bands at about 400 cm−1 for monosubstituted ben-
zenes83. The u X-sensitive mode, which is related essentially to the Ph-hydrazine
bending, appears at about 330 cm−1. Finally, at about 300 cm−1, it is expected
the x X-sensitive mode, which is another out-of-plane ring deformation also with
participation of the Ph-hydrazine bending. These bands are easily identified as
giving rise to bands in both the infrared and Raman spectra, as is the case of
the very weak band observed in all the spectra at about 300 cm−1. Bands below
300 cm−1 are assigned to deformations of the coordination site.

4.7. Cyclam and Cyclamdione and Their Cu(II) Complexes

The IR spectra of the ligands 1,4,8,11-tetraazacyclotetradecane, cyclam and
5,7-dioxo-1,4,8,11-tetraazacyclotetradecane, cyclamdione (Figure 14.16), and
their Cu(II) complexes, were exhaustively analyzed by Diaz et al.41.

In the case of cyclam, the bands at 437 and 427 cm−1, and 231 cm−1 ob-
served only in the spectrum of complex were ascribed to νCuN modes and to a
deformation involving the metal atom, respectively. The frequencies assigned to
νCuN modes are in the range of those reported for νCrN in the complex Cr(III)
1,4,8,12-tetraazacyclopentadecane84. The energy of the νCuN modes is relatively
higher than that observed in Cu (II) acyclic amines complexes, which is a conse-
quence of the observed high stability of the macrocyclic metal complexes15, 85, 86.
Other bands at 337, 210 and 188 cm−1, observed only in the spectrum of the lig-
and, are macrocycle ring deformations involving the N atoms. Bands at 272 and
261 cm−1 in the ligand, shift to lower frequencies by complexation. This spectral
behaviour is a consequence of a modified structure of the chelate ring. Intense
bands below 170 cm−1 were ascribed to lattice vibrations, see Figure 14.17.

The νCO vibrations are observed in the ligand of cyclamdione at 1,672 and
1, 562 cm−1 41. By complexing, these bands collapse in one asymmetric band at
1, 588 cm−1 pointing out the equivalence of the two CO groups in the complex.
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Figure 14.17. (a) Far-infrared spectrum of cyclam and (b) Cu(II) cyclam, in the region
450–120 cm−1. Reprinted by permission of Elsevier B.V.

This situation represents an electronic redistribution on this fragment imposed by
the loss of the amide hydrogens in the complex formation; this fragment adopts a
less non-planar conformation. Bands in the region 650–500 cm−1 were assigned
to CO vibrations. A CO mode has been assigned between 500 and 700 cm−1 in
cyclohexanone87 and, in the same range, although strongly coupled with ring de-
formations in the bis(glycinamido) Cu(II) monohydrate complex88. Between 450
and 250 cm−1 the spectrum of the complex displays more bands than in the ligand,
see Figure 14.18. Common bands at 402, 373, 339, 273 and 285 cm−1 were as-
signed to macrocycle ring deformations without participation of the metal. Three
bands at 430, 388 and 334 cm−1 are observed only in the spectrum of the com-
plex and were assigned to metal-ligand vibrations. The band at 430 cm−1 is the
most important participant of the νCuNamide mode. The broad band at 305 cm−1

displayed only in the spectrum of the ligand is assigned to its coordination site.
NCuN vibrations are expected in the region 250–160 cm−1.

4.8. Dinaphthalenic Ni(II) and Cu(II) Azamacrocycle Complexes
Methyl and Phenyl Substituted

The infrared and Raman spectra of dinaphthalenic Ni(II) and Cu(II) aza-
macrocycle complexes methyl and phenyl substituted, Figure 14.19, with different
metal surfaces were analyzed38.
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Figure 14.18. (a) Far-infrared spectrum of cyclamdione and (b) Cu(II) cyclamdione in the
450–120 cm−1 region. Reprinted by permission of Elsevier B.V.

Figure 14.19. Ni(II)(trans-7,14-dimethyl-5,12,-diphenyl-1,4,8,11-tetraaza-2,3-9,10-dina-
phythyl-cyclotetradeca-5,7,12,14-tetraene) (NiN4φ2) and Cu(II)(5,7,12,14-tetramethyl-1,
4,8,11-tetraaza-2,3,9,10-dinaphthyl-cyclotetradeca-5,7,12,14-tetraene) (CuN4). Reprinted
by permission of Elsevier B.V.
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range. Reprinted by permission of Elsevier B.V.

The IR spectra of the complexes in the middle region are shown in Figure
14.20. The spectral pattern of both complexes is different, but frequencies are very
similar, suggesting that the structure of the macrocycles is not much different. The
higher absorption intensity in the 1,450–1,650 cm−1 region in the case of the Ni
complex, is explained by the presence of the phenyl groups, while the small fre-
quency shifts are attributed to the different effect of the cation in each complex.
δCH naphthyl modes observed at 1,014 cm−1 in Ni and at 1,023 cm−1 in the Cu
complex correspond to C–H moieties closer to the metal coordination site; they
display a large frequency variation due to the steric effect caused by the different
structural characteristics of the methyl and phenyl substituents and the different
metals in each complex.

The energy difference of bands at 644, 577 and 409 cm−1 in Ni and at 630,
552 and 420 cm−1 in the Cu complex, indicates that the corresponding vibrations
belong to modes close related to the coordination site. That is not the case for
bands at 606, 473 and 347 cm−1 in Ni and at 607, 475 and 342 cm−1 in the Cu
complex, which correspond to ring modes far from the coordination site.

5. Normal Coordinate Calculations

The spectral assignment of vibrational bands in any molecular system,
and in particular the assignment of the metal–ligand vibrations as well as the
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Figure 14.21. Molecular structure and atoms numbering of the hexaaza-cyclophane Cu(II)
complex. Reprinted by permission of Elsevier B.V.

participation of other macrocycle ring modes in the metal complexation of the
azamacrocycles must be completed by a normal coordinate analysis.

5.1. Hexaazacyclophane and Its Cu(II) Complex

A normal coordinate analysis (NCA) for hexazacyclophane Cu(II) com-
plex was performed66 by using the Wilson’s force field geometrical matrix (FG)
method89. An INDO/1 optimized molecular geometry was used to build the G
matrix90. The CuN distance is 1.84 Å for the copper atom in the macrocycle
plane; this bond length is relatively short in comparison to that reported for the
non-macrocycle tris-(1,10-phenantroline)Cu(II) (2.1 Å)91, the planar macrocycles
copper porphin (2.031 Å)53 and tetraazacyclotetradecane Cu(II) derivatives (2.08
Å)92. However, the CuN bond length of the present complex is not much differ-
ent from that reported for metal phthalocyanine complexes (1.80 Å)52. A set of
113 internal force constants (F) was used in the calculation66. 77 non-diagonal
terms ( f ), which represent the most relevant interactions, were also included.
The valence force field was constructed using data given in the literature for the
non-macrocycle bis-(1,10-phenantroline)Cu(II)68, iron phthalocyanine93, copper
porphin53, 54 and benzene derivatives94. The analysis was performed by using a
computer program developed for large molecules95. The force constants are listed
in Table 14.1. Atoms numbering is given in Figure 14.21.
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Table 14.1. Force Constantsa for Hexaazacyclophane Cu(II) Complex

Diagonal Non-diagonal

CuN = 1.0 CuN2, CuN9 = 0.25
N9C10b = 6.45 CuN9, N9C10 = 0.3
N9C11 = 6.6 N9C10, C10C3 = 1.28
N37C4 = 6.52 CuN2, CuN29 = 0.30
C3C10 = 7.0 CuN9, N9C11 = 0.22
C11C12 = 7.1 N2C4, C4N37 = 1.0
C10C14 = 7.2 C10N9, N9C11 = 1.03
C12C13 = 7.3 N9C11, C11C12 = 0.79
C14C15 = 7.1 C11C12, C12C13 = 0.52
C8C15 = 7.4 N9C10, C10C14 = 1.28
C13C14 = 7.0 C4N37, C4N37C24 = 0.54
CH = 5.1 C11C12, C12H19 = 0.14
N9CuN29 = 0.15 C15C8, C15C8H18 = 0.20
C11N36C31 = 1.45 N9C10, C10N9C11 = 0.54
N9C10C3 = 1.55 C24C25, C24C25C26 = 0.82
C11N9C10 = 1.40 C7C8, C7C8C15 = 0.82
CCC = 1.0 C10C3, C10C3N2 = 0.82
N9C11N36 = 1.5 C31N36, N36C11 = 1.3
C11C12H19 = 0.47
CuN9C10 = 0.05
CuN22C24 = 0.05
H19C12C11C13 = 0.43

Reprinted by permission of Elsevier B.V
aUnits: stretching, mdyn Å−1; angle bending, mdyn Å rad−2.
bAtoms numbering is given in Figure 14.21.

The force constant values sequence for the CC bonds FCC has been pro-
posed on the basis of INDO/1 bond orders. The same follows for the FCN values.
No attempt to improve the difference between the experimental and calculated
frequencies was performed66.

The most relevant experimental and calculated frequencies along with the
potential energy distribution (PED) are displayed in Table 14.2. Due to the ex-
tended π electronic system, the PED shows a high degree of coupling between
most of the normal modes.

The strong coupling between the νCC, νCN and νCH modes prevent sep-
arating the contributions of the different modes. The averaged value 1.0 mdyn/Å
for the CuN bond, obtained from data of copper porphyn complexes53, 54, repro-
duces satisfactorily the Raman lines at 389 and 278 cm−1 and the IR absorptions
at 217 and 197 cm−1. The assignment of the totally symmetric mode at 389 cm−1

is particularly important in Raman spectroscopy, since it may be used to probe
the molecular orientation (for instance, in Langmuir–Blodgett semblies) in Ra-
man polarizatuin studies. The PED suggests that the bands at 197 and 129 cm−1
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Table 14.2. Some Relevant Observed and Calculated Frequencies and Approximate
Potential Energy Distribution (PED)a for the Normal Modes of Hexaazacyclophane

Cu (II) Complex

Observed Calculated Approximate description

3045 3070 98νCH
1659 1676 23νC31C32 + l7δN36C31N29 + 7δC31N29C30 + 7νC31N36
1533 1527 7νC23C30 + 15δCCH + 5δN22C24N37
1492 1462 21δCCH + 6δCCC + 6νC3N2
1448 1433 36δCCH + 15νC11N9 + 8δC11N36C31
1412 1419 15νC33C32 + 12νC31N36 + 13δCCC
1379 1388 18νC22C23 + 13δCCC + 6νC24N22
1325 1335 19δCCH + 11νN2C4 + 9νC24N22 + 8δCCH
1275 1283 22νC30N29 + 24δCCC + 11νC23C30
1256 1238 81δ CCH
1222 1224 13δ C12C13H20 + 13δ C5C6H17 + 13δ C14C13H20
1182 1178 30δCCH + 6νN22C23 + 5νC30N29
1075 1090 22δCCH + 21δCCH + 19δCCH + 15δCCH

936 29δCCH + 20δCCC
887 884 100ρCCCH
837 830 55δCCC + 7δC31N29C30
689 677 90δCCC

9δC31N29C30 + 16δCCC + 7δC11N9C10 + 6δC23N22C24+
661 639 5δC3N2C4
516 522 35δCCC + 7δC30C23N22 + 4δN29C30C23
469 479 28δCCC + 7δN9C10C3 + 7δC10C3N2
436 449 30δCCC + 6δC11N36C31 + 6δC4N37C24 + 3δN29C30C23

7ν − CuN22 + 7ν − CuN9 + 7ν − CuN2 + 5ν − CuN29+
390 389 11δCCC

7δCuN2C3 + 6δCuN9C10 + 6δCuN2C4 + 5δCuN9C11+
329 328 18δCCC
280 232 23ν + CuN22 + 22ν − CuN29 + 13δNCuN
217 225 26ν + CuN9 + 23ν − CuN2 + 10δNCuN

40δCuNC + 10ν + CuN2 + 8ν − CuN29 + 8ν − CuN22 + 7ν+
197 206 CuN9
129 147 31δNCuN + 25δCuNC

aContributions lower than 4% are not included. PED = 100L2
ik Fii/λk.

should be ascribed to macrocycle chelate ring deformations. The low force con-
stant 1.0 mdyn/Å for the CuN bond was interpreted in terms of a low positive
charge on the copper atom. Thus, an eventual redox reaction with gases such as
CO2 should involve the central metal ion.

5.2. Azabipiridyl Cu(II) Complex

The NCA for the azabipiridyl Cu(II) complex was performed23, by utilis-
ing the GF matrix method and using the program Vibratz96. In absence of X-ray
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diffraction studies for the complex, the geometrical parameters needed to build
the G matrix were taken from INDO/1 data. A valence force field with 14 diago-
nal type force constants, F , was used. Ten non-diagonal type terms representing
the most relevant interactions were considered. Values for FCC and FCN and
related angles were transferred from those used for similar aromatic macrocy-
cles and bipyridine complexes47, 74, 97–100, while the CuN stretching and bending
force constants were estimated from current values given for Cu(II) macrocycles
and polyamine complexes59, 66, 68, 101–103. One of the most commonly employed
strategies to reduce the number of off-diagonal elements is to neglect the stretch–
stretch interaction constants that do not include a common atom. However, it has
been pointed out that in the case of conjugated systems, this kind of non-diagonal
force constant is important104. This concept has been convincingly supported by
Neto et al.105, in their studies of the vibrational spectra of polycyclic aromatic hy-
drocarbons. In addition, the interaction of the hydrogen rocking motion with the
stretching coordinate that shares a common carbon atom and the stretch-rocking
interaction with a bond in common was included in the calculation. The set of
force constants from which the observed frequencies are best reproduced is listed
in Table 14.3. It is expected in this type of conjugated systems that the normal
modes have the instantaneous contribution of different internal coordinates.

In this sense, the NCA represents quite well this physical situation through
out the pictorial vibrational vectors in each normal mode, according the sign
of the normal modes form matrix L. The matrix point out that the Ag and B1g

species represent in plane vibrations. In Figure 14.22, some selected frequencies
are shown.

5.3. Bis(phenylhydrazine)-1,10-phenanthroline and Its Cu(II)
Complex

The normal coordinate analysis for bis(phenylhydrazine)-1,10-phenanthro-
line (PHP) and its Co(II), Ni(II), Cu(II) and Zn(II) complexes was performed
by assuming a 35 atom planar model of C2v symmetry, see Figure 14.2381. In
the model the phenyl groups were deleted for the sake of simplicity and taking
into account that the presence of these substituents does not mainly affect the
vibrations of the rest of the molecule106. The model has 3N −6 degrees of internal
freedom which classify as �vib = 33A1 + 17A2 + 32B1 + 17B2.

The secular equation was set up according to the Wilson’s FG method. As
in the case of the azabipiridyl complexes23, in absence of X-ray diffraction studies
for the PHP complexes, the geometrical parameters needed to build the G matrix
were taken from those obtained through out the molecule built with the Hyper-
chem package and optimised by using the INDO/1 method81. The calculated pa-
rameters are similar to those currently observed for the ligands. Bonds and angles
for the phenanthroline moiety are typical of condensed fully conjugated systems
with sp2hybridization (CC about 1.39 Å and CCC about 120◦). In the case of the
phenylhydrazine part of the macrocycle and the complexes, the geometrical para-
meters indicate clearly the double and single bonds C–C (1.44 Å), C = N (1.32
Å), N–N (1.45 Å), while the angles are slightly bigger than in systems with sp2

hybridisation (132◦). Concerning the coordination site, the calculated CuN bonds
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Table 14.3. Valence Force Constants (mdyn/Å)

Diagonal force constants

1 CuN 0.98
2 CN 6.5
3 CC 6.05
4 CH 5.0
5 NcuN 0.18
6 CNC 1.3
7 CCN 1.2
8 CCC 1.1
9 CuNC 0.16
10 HCC 0.51
11 CuNCN 0.25
12 CuNCC 0.15
13 CCCN 0.26
14 HCCC 0.27

Interactions
2–3 0.43
1–1 0.12
2–2 0.25
3–3 0.77
2–6 0.32
3–7 0.25
3–8 0.12
3–10 0.15

CC/CCa – 0.32 m-position
CC/CCa 0.28 p-position

aNo atom in common.

distances were about 2.0 Å; the phenantroline and hydrazine NCuN angles are
about 87◦.

The potential constants were determined in a Modified General Valence
Force Field (MGVFF)81. Valence force constants are more transferable between
similar structures than are Urey–Bradley force constants, especially for aromatic
molecules where interactions between non-adjacent internal coordinates have to
be included107. In fact, as was pointed out by Scherer and Overend104 in the case
of highly conjugated systems, the stretch–stretch interactions concerning the CC
bonds in position meta and para should be considered important. The values of
the internal force constants for the PHP complexes were transferred from analo-
gous ligands and metal complexes68, 93, 102, 103, 108 such as polyamine, phthalo-
cyanine, porphyne, 1,10-phenanthroline and porphyrinate metal complexes. The
effects of the diagonal force constants (F) and those concerning the different types
of interaction force constants ( f ) were examined systematically in trial and error
calculations. The final force constants, which fit the observed frequencies, are
listed in Table 14.4.
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Figure 14.22. Pictorial vibrations of some selected NCA frequencies. Reprinted by per-
mission of Elsevier B.V.

Figure 14.23. Molecular model for the NCA of Cu(II) bis(phenylhydrazine)-1,
10-phenanthroline. Reprinted by permission of Elsevier B.V.

5.4. Ironphthalocyanine

Melendres et al.93 carried out a normal coordinate analysis on FePc: the
Fe–N force constant was reported to be 1.0 mdyn/Å.

6. Surface-Enhanced Vibrational and RAIRS Studies

Several surface vibrational studies were oriented to determine the effect that
different metal surfaces have on the structure and orientation of macrocycles dis-
playing different ring macrocycle size and the electronic energy extension, and
the number of the eventual metal coordinating nitrogen atoms24, 41, 42, 79, 101. New
variables were introduced in recent studies, such as the addition of phenyl sub-
stituent (pendant groups) in the macrocycle complexes vanadyl-2,3-naphthalocya-
nine and vanadyl porphine78, the addition of phenyl and methyl groups in
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Table 14.4. Diagonal (F) and interaction ( f ) force constants (mdyn/Å), for Cu(II)
bis(phenylhydrazine)-1,10-phenanthroline complex.

Diagonal force constants Interaction force constants
Bonds F Torsion angles F Bond/bond f

CC 6.100 NCCN 0.082 CC/CCortho 0.750
CN 6.100 CCNN 0.120 CC/CCmeta −0.320
NN 5.700 NCuNN 0.100 CC/CCpara 0.190
CH 5.100 CC/CN 0.100
CuN 1.000 CN/NN 0.100

CC/NN 0.200
Angles Bond–plane Bond/angle
HCH 0.520 HCCC 0.300 CC/NCN 0.090
CCH 0.540 CC/CNC 0.120
CCC 1.000 CC/CCC 0.082
CNC 0.950
CCN 0.960
NCN 1.100
CuNN 0.200

dinaphthalenic Ni(II) and Cu(II) azamacrocycles38 and the asymmetry of the
coordination site in bis(phenylhydrazine)-1,10-phenantroline (PHP) metal com-
plexes81.

6.1. Cyclam and Cyclamdione and Their Cu(II) Complexes

The reflection–absorption IR spectra RAIRS of the macrocycles cyclam and
cyclamdione and their copper complexes onto a smooth copper surface were pub-
lished41. It has been concluded that the orientation of the cyclam molecules is
plane parallel to the surface with the interaction being directed by the nitrogen
lone pair electrons. Figure 14.24 contains the IR and RAIR spectra of cyclam-
dione and its Cu(II) complex.

RAIRS of cyclamdione is not much different to that obtained in KBr, ex-
cept for the νCO bands at 1,672 and 1,562 cm−1 which are shifted to 1,638
and 1,583 cm−1 by surface effect. The metal surface induces conformational re-
structuring in the CO molecular fragment. In the case of the complex, whose
spectrum is very different to that of the ligand in KBr, it is observed only one
νCO asymmetric band at 1,588 cm−1, indicating a structural equivalence of both
CO functional groups. The most probable conformation of the ligand displays
the CO group towards the copper surface; the rest of the molecule is rather per-
pendicular to the surface, the interaction being through the CO groups. Spectral
modifications mainly on the relative intensity of the νCO bands are imposed by
the metal surface on the copper complex; the orientation of the whole molecule
is perpendicular to the surface. The spectral behaviour of the νCN modes in the
region 1,500–1,300 cm−1 suggests that this orientation is accompanied by an elec-
tronic redistribution within the ring fragment. The substrate–adsorbate interaction
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Figure 14.24. (a) IR spectrum of cyclamdione dispersed in KBr; (b) RAIRS of cyclam-
dione onto a smooth copper surface; (c) IR spectrum of Cu(II) cyclamsione dispersed in
KBr and (d) RAIRS of Cu(II) cyclamdione onto a smooth copper surface, in the 4,000–
450 cm−1 region. Reprinted by permission of Elsevier B.V.

of the cyclamdione compounds is of shorter range than of the cyclam systems; the
CO groups are decidedly responsible of this characteristic.

In other molecular systems containing a nitro fragment, such as 2-nitrofluo-
rene and 1-nitropyrene, the adsorbate–metal surface interaction is verified through
the oxygen atoms of the nitro group31.

6.2. Bis(phenylhydrazine)-1,10-phenanthroline and its Cu(II)
Complex

A surface vibrational study of bis(phenylhydrazine)-1,10-phenanthroline
(PHP) macrocycle complexes has been intended81. PHP macrocycles display a
non-planar and asymmetric coordination site. No surface effect study is possi-
ble to perform on the ligand because it is easily decomposed by solvent dilution.
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Figure 14.25. RAIRS of bis(phenylhydrazine)-1,10-phenanthroline Cu(II) complex at dif-
ferent incident radiation angles. Reprinted by permission of Elsevier B.V.

The infrared spectra of PHP metal complexes indicate that the presence of coor-
dinated metals imposes structural modifications of the macrocycle ring and im-
portant electronic energy redistributions mainly around the coordination site. The
metal coordination involves only the phenantroline and hydrazine nitrogen atoms.
The reflection–absorption experiments are useful to discriminate normal modes of
different fragments of the macrocycles. RAIRS data of the copper complex onto
a smooth copper surface in Figure 14.25, indicate that the non-planar structure of
the coordination site and the presence of phenyl groups disposed nearly perpen-
dicular to the rest of the molecule sterically hindrance any interaction of the π
electronic system with the smooth copper surface.

These structural characteristics also are responsible of the fact that the
SERS spectrum is not observed. The same situation was found for the Co(II),



756 Marcelo M. Campos Vallette

Ni(II) and Zn(II)81 complexes for which the global molecular structure is not
much different to the copper complex.

6.3. Azabipiridyl and Its Co(II), Ni(II) and Cu(II) Complexes

The FT-Raman spectra and SERS on silver colloid of the azabipiridyl ligand
and its Co(II), Ni(II) and Cu(II) complexes was reported; a SEIRA study was also
accomplished23.

6.3.1. Raman Spectra and SERS of the Ligand and Its Complexes

The solid and SERS spectra of the ligand and Co complex are displayed
in Figure 14.26, and the frequencies with the most probable assignments of the
series of macrocycles are listed in Table 14.5.

Several bands which do not show spectral modifications by surface effect
correspond to those parts of the molecule which are not directly involved in the
adsorbate–substrate interaction. Other bands display frequency shifts to lower
or higher energies; this behaviour is associated to bond energy modifications.
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complex. Reprinted by permission of Elsevier B.V.



Vibrational Spectra of Azamacrocycles 757

Ta
b

le
14

.5
.

M
ea

n
W

av
en

um
be

rs
(c

m
−1

)
of

(a
)

R
am

an
Sp

ec
tr

um
an

d
(b

)
SE

R
S

of
A

za
bi

pi
ri

dy
l(

L
)

an
d

It
s

M
et

al
C

om
pl

ex
es

a

L
(b

)
L

(a
)

C
o (

b)
C

o (
a)

N
i (

b)
N

i (
a)

N
i (

b)
H

N
i (

a)
H

C
u (

b)
C

u (
a)

A
ss

ig
nm

en
t

15
72

vs
15

68
s

15
85

s
15

83
s

15
84

s
15

86
vs

15
84

s
ν

C
C

+
ν

C
N

15
24

w
15

22
s

15
51

s
15

52
vs

15
55

s
15

49
vs

15
56

m
15

42
vs

14
62

m
14

72
s

14
72

m
14

77
m

14
71

w
14

77
m

14
85

m
14

77
s

14
64

m
14

32
m

14
26

m
14

41
s

14
27

w
14

45
m

14
24

14
51

m
14

47
s

14
48

m
14

29
13

90
w

13
92

m
13

93
w

13
76

w
13

84
w

13
63

13
31

vs
13

30
vs

13
49

vs
13

46
vs

13
60

vs
13

56
vs

13
56

vs
13

54
s

13
56

vs
13

40
vs

ν
(C

–C
)
+

ν
C

N
13

09
s

13
38

s
12

90
m

12
94

vs
12

89
s

13
01

vs
12

95
s

12
98

vs
13

00
s

12
98

vs
12

87
m

12
57

w
12

70
m

12
62

w
12

70
w

12
69

w
δC

H
12

39
12

39
w

12
50

w
12

08
w

12
05

w
12

04
w

11
77

w
11

78
11

77
w

11
87

w
11

54
11

43
m

11
59

11
60

B
re

at
hi

ng
+

11
29

11
28

δC
H

11
18

10
80

10
70

10
86

10
80

99
8

s
99

9
m

10
36

s
10

36
s

10
35

vs
10

32
m

10
34

vs
10

37
s

10
35

vs
10

32
m

ρ
C

H
99

9
w

98
8

m
98

8
m

B
re

at
hi

ng
+

96
9

m
98

0
w

δN
H

95
2

vw
ρ

C
H

90
9

vw
91

3
vw

87
9

w
88

0
dw

88
0

w
87

9
w

88
0

w
79

8
vw

78
8

w
79

0
vw

74
7

w
71

3
vw

70
9

vw
71

1
vw



758 Marcelo M. Campos Vallette

Ta
b

le
14

.5
.

(C
on

ti
nu

ed
)

L
(b

)
L

(a
)

C
o (

b)
C

o (
a)

N
i (

b)
N

i (
a)

N
i (

b)
H

N
i (

a)
H

C
u (

b)
C

u (
a)

A
ss

ig
nm

en
t

67
0

m
66

6
w

69
3

w
68

0
w

68
1

w
67

8
vw

67
0

vw
68

6
vw

B
re

at
hi

ng
+

58
8

vw
60

8
vw

59
9

vw
59

7
vw

M
ac

ro
cy

cl
es

de
fo

rm
at

io
n

57
0

vw
55

9
vw

56
0

vw
53

8
vw

50
2

vw

39
9

m
41

7
w

40
1

s
40

1
m

39
8

m
40

0
w

39
9

m
39

4
w

ν
(M

−
N

)
35

0
m

35
3

w
33

5
w

R
in

g
33

1
w

33
4

vw
33

6
w

33
5

w
33

9
m

34
0

vw
29

8
w

29
8

vw
29

8
m

29
7

m
29

0
w

29
8

m
ν
(M

−
N

)
27

3
m

27
1

vw
28

1
m

28
1

m
27

1
m

26
5

m
25

0
R

in
g

22
9

vw
22

4
w

21
5

m
21

6
m

22
0

m
21

4
m

21
6

m
ν
(A

g
−

N
)

19
4

m
20

5
w

M
ac

ro
cy

cl
es

16
0

w
15

3
vw

a A
bb

re
vi

at
io

ns
:s

,s
tr

on
g;

w
,w

ea
k;

m
,m

ed
iu

m
;v

w
,v

er
y

w
ea

k;
d,

do
ub

le
t;

χ
,o

ut
of

pl
an

e
ri

ng
de

fo
rm

at
io

n.



Vibrational Spectra of Azamacrocycles 759

Moreover, the intensity changes that are observed in the SERS spectra, are ex-
plained on the basis of the existence of a gradient of electromagnetic field on
the surface, and the SERS selection rules which distinguish different molecular
modes; this is a consequence of the orientation of the molecules on the colloid sur-
face. Using the single sphere model and the approximate case for which the sphere
shows a dipolar response to laser excitation, the field at the surface is greater in
the perpendicular direction than in the tangential one109, 110.

In general, the Raman spectra of solids display a similar pattern in the series,
with expected differences below 500 cm−1, where the metal–ligand vibrations
appear. An enhancement of the Raman lines falling in this region is observed
in the SERS spectra (Figure 14.26), along with frequency shifts of several bands.
Conclusions regarding the existence of an actual adsorbate–substrate interaction,
as well as structural modifications of the macrocycle by the surface effect were
derived from the analysis of this region23.

The adsorbate–substrate interaction is verified by the appearance of the
medium band at about 216 cm−1 in the series of complexes, ascribed to an Ag-
macrocycle binding, involving mainly the N atoms of the coordinating site. In the
SERS spectra, the M–N stretching bands at about 400, 298 and 280 cm−1, are ob-
served at about the same frequency for all the complexes. The higher differences
observed in the SERS spectra respect to the Raman of the solids correspond to
the cobalt and copper complexes. In the first case it is observed a shift from 417
to 399 cm−1 when it is adsorbed on the metal surface, while the copper system
displays an exactly opposite behaviour, shifting from 394 to 399 cm−1. This result
points out that the structure of the copper complex in the colloid is less warped
than in the solid101, 111, while the planar structure of the cobalt complex becomes
slightly warped under the surface effect. The spectra of the solid and colloid are
very similar in this region for the Ni complexes. These results suggest that the Ag
surface constraints the complexes to adopt an equivalent structure when adsorbed
on the metal surface. The fact that the M–N coordination is not altered during the
interaction with the silver colloid is due to an interaction of the N coordinating
atoms with the metal through the N π electrons. This suggests a planar parallel
orientation of the adsorbate in relation to the surface.

At least one of the ring in and out of plane deformations is clearly observed
in colloidal silver at about 680 cm−1 23. This frequency has been assigned to a
macrocycle breathing in phthalocyanines50, 51, 111 and naphthalocyanines;76 most
of assignments in aromatic systems propose this band to an out of plane CH or
ring deformations66, 112.

From the resonance Raman spectra of phthalocyanine monolayers on dif-
ferent metals and a normal mode analysis, Palys et al.74, conclude that the Raman
band at 678 cm−1 is described by an in-plane macrocycle mode coupled to an
out of plane CH deformation. Moreover they conclude that the phthalocyanine
molecule is bonded via nitrogen atoms to a glassy carbon surface, and through
the metal ion when the molecule interacts with a gold surface. On this basis it was
proposed23 that this band is due to an in and out of plane concerted π electronic
system motion, corresponding to the breathing mode coupled to the out of plane
CH vibration (ρCH). This assignment explains the presence of this band in the



760 Marcelo M. Campos Vallette

SERS spectrum. Moreover, the shift to higher energy undergone by this metal ion
dependent mode in the SERS confirms the macrocycle-Ag interaction. The longer
up shift in the series corresponds to the cobalt complex.

The similar frequency of the ρCH mode observed at about 1,035 cm−1 for
the complexes, and at 999 cm−1 for the ligand in the Raman of solids and in the
SERS spectra, indicates that the adsorbate–substrate interaction does not involve
the CH bonds. The shift to lower energy of the ligand band at 999 cm−1 respect
to that of the complexes is related to both the different molecular structure and
a lower π electronic energy around the carbon atom; this is further related to a
different orientation of the ligand on the surface in relation to the complexes23.

The band observed only in the spectra of the azabipiridyl ligand at 980
cm−1in the solid and at 969 cm−1 in the SERS was ascribed to the NH defor-
mation23, in agreement with that proposed by Gobernado-Mitre et al.76 in naph-
thalocyanine. The NH bonds are disposed out of the coordinating site plane. The
frequency shift is due to a structural and/or conformational modification imposed
by surface effect. This fact could be also the explanation of the spectral shifting
to lower energy of the out of plane macrocycle ring deformation band (205 cm−1)
by colloidal metal effect. Most of the in plane CH deformations (δCH) bands ob-
served in the 1,000–1,300 cm−1 spectral region display a very weak relative inten-
sity and are not intensified in the SERS spectra. This result also supports a planar
orientation of the macrocycle on the surface. Nevertheless, a band at 1,143 cm−1

is observed in the SERS of cobalt complex in this region. In naphthalocyanine76

and phthalocyanine50 it has been proposed a pyrrole breathing mode at about
1,140 cm−1. If the enhanced band in the Co complex corresponds to the pyridinic
ring breathing mode, its enhancement in the SERS spectrum can be explained on
the basis of a great out of plane character of this vibration, which involves the
motion of the π electrons in the ring.

Two intense bands observed in the 1,300–1,350 cm−1 spectral region of all
the molecules are assigned to a mixture of νCC and νCN mode23. A shift to higher
energy is observed for these bands in the SERS spectra. Likely, it is observed for
these bands a slight trend to equalize their energies when adsorbed on the surface.
This is consistent with an interaction of the adsorbate via the π electrons of N
atoms which induces a structural change of the corresponding bonds involved in
the adsorbate–substrate interaction. Moreover, these SERS bands display a similar
relative intensity with respect to the same bands in the solid.

Two νCC bands at about 1,440 and 1,470 cm−1 are influenced by surface
effect displaying the first a net shift to higher frequency; the relative intensity of
one of these bands decreases by surface effect, Figure 14.26. These modifications
indicate structural changes of bonds involved in the interaction. In the presence
of the metal surface all the metallic complexes trends to make equal the energy of
those bonds, which is interpreted as a π electronic redistribution in the adsorbed
molecule. An evident relative intensity decrease of the most intense band in the
1,500–1,600 cm−1 is observed in the SERS of all complexes. In particular, the
band at about 1,550 cm−1 undergoes a strong intensity decrease, being almost ab-
sent in the case of the cobalt complex, Figure 14.25. In the case of the ligand,
the same situation is verified but it concerns the medium band at 1,522 cm−1.
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Bands in this region are ascribed to νCC and νCN aromatic vibrations. The ob-
served relative intensity change observed in the SERS was ascribed (1) to the
specific orientation that the molecules adopt on the surface, which is probably
plane parallel to the surface, or (2) to a resonant effect which is a consequence of
the charge-transfer mechanism contributing to the overall SERS effect. A general
trend to equalise the energy of these bands by surface effect in the series of the
complexes is also observed.23

Bands of the copper complex which are clearly intensified in the SERS
spectra appear at 1,584, 1,448, 1,356, and 1,298 cm−1, Table 14.5. Thus, those
bands are attributed to B1g modes, i.e. vibrational modes with a lower symmetry.
The intensification of these less symmetric modes in the SERS spectrum indicates
a contribution of the charge transfer mechanism producing the SERS effect via the
Herzberg–Teller mechanism of resonance.113 This assumption suggests that the
988 cm−1 band appearing in the SERS spectra could correspond to a B1g asym-
metric mode, and can be assigned to a coupled breathing-ρCH mode. All these
changes occur in the opposite direction in the Raman of solids when going from
non-resonant conditions (1,064 nm) to resonant ones (647 nm), thus confirming
the above assignments and the possible importance of the Herzberg–Teller mech-
anism in the SERS enhancement.

The relative intensity enhancement of the out of plane bands suggests that
the corresponding vibrations are mainly parallel to the normal of the incident
radiation. Thus, the macrocycle complexes have a preferential face-on orientation
on the surface.

In the SERS spectra of copper complex the bands appearing at 1,035, 1,298,
and 1,584 cm−1 decrease their intensity by changing the excitation line from
1,064 to 647 nm, while the breathing mode at 686 cm−1 increases its relative
intensity, which is not evident in the case of the other complexes. The coupled
breathing-ρCH band at 988 cm−1 is not observed at 647 nm. This effect demon-
strates the progressive importance of the symmetric modes (Ag) when the excita-
tion is moved to lower wavelengths via a Franck–Condon mechanism.

6.3.2. SEIRA of the Ligand Azabipiridyl and Its Complexes

In Figure 14.27 are displayed the SEIRA spectra of the ligand adsorbed on
a Au film.23

By dilution of the ligand sample on the gold surface, some of its bands
display a shift to lower energy and some others to higher energy. Bands at 1,530,
1,431, 1,392 and 1,167 cm−1 change their intensity, while bands at 1,431 and
1,167 cm−1, are resolved. Two bands at about 1,280 cm−1 trends to collapse by
dilution. These modifications are explained by considering an adsorbate–substrate
interaction. Changes observed on washing the sample are due to the molecules
directly adsorbed on the surface. The adsorption clearly induces a new structure
of the first layers of molecules adsorbed in the gold islands surface. In fact, the
spectrum of the multilayer sample is very similar to that of the solid dispersed in
KBr.79

The cobalt and the N-hexyl nickel substituted complexes structure in the
surface is different from that of the compound at higher concentrations; this was
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Figure 14.27. SEIRS of the ligand azabipirdyl and its Co complex: (a) multilayer, (b) first
dilution and (c) thin film. Reprinted by permission of Elsevier B.V.

inferred from the important spectral changes observed in the whole frequency
region, see Figure 14.27. Table 14.6 contains the frequencies and relative intensity
of the macrocycles.

The multilayer spectrum of the Co complex is not different to that obtained
in KBr pellets. The most relevant spectral changes in frequency and the relative
intensity by dilution in the case of the copper complex, concern only the bands in
the range 1,390–1,450 cm−1, and the one near 1,170 cm−1. The spectrum of the
copper complex dispersed in KBr79 is not much different to that of the multilayer
sample on the gold surface. The surface effect is less important in this case than
in the others three macrocycles.

The SEIRA study of the compounds deposited onto Au films reveals slight
structural modifications upon dilution.

6.4. Naphthalocyanines

Little work dealing with vibrational studies of the macrocycle–surface in-
teraction have been published for naphthalocyanine and its metal complexes.
One deals with the ZnNc complex for which the orientation onto different sub-
strates has been inferred from IR reflection–absorption spectroscopy and other
measurements;114 three types of molecular orientations were assigned for the
deposited thin films depending on NaCl, graphite and glass at 250◦C. The ori-
entation of different metal complexes of naphthalocyanine was studied by X-ray
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diffraction, IR spectroscopy, transmission electron microscopy and electron dif-
fraction:115 metal-free H2Nc and ZnNc took the face-to-face, eclipsed stacking,
P orientation, in which their molecular planes came into a parallel contact to the
substrate surface; AlNcCl and GaNcF, and VONc took the eclipsed, slipped stack-
ing, I orientation, holding their molecular planes slightly inclined to the substrate
surface.

Gobernado-Mitre et al.76 studied the molecular organization of CuNc onto
different substrates using IR and SERS; a tilted, close to face-on molecular orien-
tation in the evaporated films on KBr and Ag was inferred from the transmission
and reflection–absorption FT-IR spectroscopy.

An infrared and theoretical interpretation of the structure and orientation of
H2Nc and its Cu(II) complex deposited onto a smooth copper surface has been
proposed.101 In the case of H2Nc no spectral differences among its spectrum dis-
persed in KBr and those of the macrocycle deposited onto the KBr monocrystal
and onto the copper surface were observed (Figure 14.28).

This was interpreted in terms that there is no structural modifications caused
by the interaction with the metal surface and that the ligand–metal interaction is
not significant.

By changing the incident infrared radiation angle, the main spectral differ-
ence arises from the variation of the relative intensity of the CH wagging and ρ

1,600 1,400

a

b

1,200 1,000
Wavenumber (cm−1)

800 600 450

A
bs

or
pt
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n

Figure 14.28. (a) IR spectrum of napthalocyanine dispersed in KBr, (b)RAIRS of naph-
thalocyanine onto a smooth Cu surface, in the region 1,600–450 cm−1. Reprinted by per-
mission of Elsevier B.V.
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Figure 14.29. RAIRS of the naphthalocyanine onto a smooth copper surface. Relative in-
tensity changes of the ω CH and ρ NH bands in the range 950–450 cm−1 with variation of
the radiation angle. Reprinted by permission of Elsevier B.V.

NH bands at 756 and 697 cm−1, respectively. Varying the angle between 80◦ and
30◦, it is observed that the relative intensity of the CH wagging (ω CH) is maxi-
mum between 50◦ and 30◦ while the opposite is observed for the relative intensity
of the ρNH band. Figure 14.29.

A similar spectral behaviour was observed by Gobernado-Mitre et al.76 for
the evaporated films of CuNc complex on silver and KBr, suggesting a nearly
face-on or tilted molecular orientation onto those surfaces. The spectral modifica-
tions101 suggest a preferential orientation of the molecules onto the surface: the
molecules are oriented tilted to the plane and the CH bonds in one end of the mole-
cule should be closer to the surface. This proposition is consistent with the unique
and slight shifting to lower energy (7 cm−1) of the ωCH mode originally observed
at 756 cm−1. A dramatic decreasing of the bands intensity by using the polarizer
avoids to precise the preferential orientation angle of the macrocycle onto the
surface.

The RAIR spectrum of CuNc onto the smooth copper surface displays sig-
nificant differences respect to that obtained in KBr and to that of the complex
deposited onto the KBr monocrystal101 (Figure 14.30). These spectral differences
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Figure 14.30. (a) IR spectrum of CuNc dispersed in KBr, (b) IR transmission spectrum of
CuNc onto a KBr monocrystal, (c) RAIRS of CuNc onto a smooth copper surface for an
incident radition angle of 45◦, in the region 1,600–450 cm−1. Reprinted by permission of
Elsevier B.V.

are interpreted in terms of the influence of the surface on the structure of the
complex rather than to a molecular interaction. The most relevant changes in the
relative intensity are observed in bands at 1,260 and 1,337 cm−1, assigned to in
plane δCH and νCN modes, respectively. The general shifting to lower energy
by surface effect and the variations in the relative intensity, suggest electronic
energy redistribution around the coordination site, accompanied with an inter-
nal structural modification. The spectral shift to higher energy by interaction of
the absorption at 1,260 cm−1 is that expected for a deformation mode71, 116. The
intensity variation of the in plane mode at 1,260 cm−1 and the out of plane vi-
brations at 750 and 887 cm−1 is rather aleatory when varying the incident radia-
tion angle; this make no possible to infer about the molecular orientation of the
complex onto the surface. Gobernado-Mitre76 for the same complex deposited
on to a–silver substrate proposed a face-on or a tilted orientation onto the sur-
face. Moreover, it has been observed in general a broadening of the bands, which
was interpreted as a crystalline effect due to an interaction of identically oriented
molecules. The electronic density on the copper ion, resulting from complexation,
moves to the copper surface during the interaction. The substrate–adsorbate inter-
action constraints the macrocycle complex to adopt a deformed warped structure.
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The spectral variations, in particular the frequency shifting of CuNc interacting
with the copper surface101, were more significant respect to that observed by
Gobernado–Mitre76 for the interaction of the same complex with a silver sub-
strate. The nature of the surface plays an important role in this type of adsorbate–
substrate interaction.

The adsorption of vanadyl-5,14, 23, 32-tetraphenyl-2, 3-naphthalocyanine
VOTPNPc and vanadyl-5,10,15, 20-tetraphenyl-21H,31H-porphine VOTPPORP
macrocycles onto metallic surfaces has been studied by Carrasco et al.78. A
weak adsorbate–substrate interaction and no significant structural modifications
imposed by surface effect were inferred from the IR spectra of the compounds
deposited onto a KBr monocrystal and onto a smooth copper surface.

The relative intensity ratio between selected bands measured in IRRAS sug-
gested that in the case of the naphthalocyanine complex the compound is oriented
with the naphthalocyanine moiety plane parallel to the copper surface; the VO
and the phenyl groups in both complexes are oriented perpendicular to the macro-
cycles rings, with the oxygen atom opposed to the metallic surface. Therefore,
it exist a preferential molecular orientation of the molecules deposited onto the
copper surface.

The SERS spectral data obtained on colloidal Ag as well as Ag island films
indicate a weak macrocycle interaction and small structural modifications of the
naphthalocyanine complex on the surface. An energy transfer mechanism con-
tribution to the observed enhancement was proposed78. The whole spectral data
point that the naphthalocyanine complex is oriented with the naphthalocyanine
plane face-on to the surface. In both vanadylnaphthalocyanine and vanadylpor-
phine tetraphenyl substituted complexes the vanadyl group is perpendicular to the
coordination site and opposed to the surface. In both complexes the phenyl sub-
stituents, oriented perpendicular to the macrocycle plane, are responsible of the
weak adsorbate–substrate interaction. Several different experimental conditions
such as scanning speed, laser power and excitation lines wavelengths, concentra-
tion and metal surfaces were intended to obtain SERS of the porphine complex
without success; this was interpreted in terms that the complex has no interaction
with the surface. Thus, it was concluded that the extension of the whole π -system
plays a significant role in the mechanism involving the spectral enhancement by
surface effect.

The advantage of systems with Ag nanoparticles and their assemblies for
SERS spectral investigation, detection and determination of porphyrins species
has been discussed117. SERRS spectral detection limits of the testing porphyrin
species, including porphyrin aggregates, are 102–103 lower than detection limits
by RRS. No negative effects on the detection limits of porphyrins were detected
by using spacers as was the case for systems with nanoparticles modified by an-
ionic organosulfur spacers, in particular thiopheneacetate-modified Ag particles
prepared by laser ablation.

TEM images, UV–visible and SERS spectra of 2-dimensional assemblies
of tetrapyridylporphine derivatized Au nanoparticles (Au colloid-H2TpyP films)
were reported118. The films were prepared by spontaneous 2-dimensional re-
assembling of multilayer interfacial films on H2O surface and a subsequent
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deposition, forming hexagonally packed arrays of Au nanoparticles with some
lattice defects. UV–visible spectra indicate stabilization of the array by porphyrin–
porphyrin hydrophobic interactions.

Qu and Fredericks119 found that the SERS behaviour of tetrakis (3-N -
methylpyridyl) porphyrin chloride and Sn(IV) tetrakis (4-N -methylpyridyl) por-
phyrin chloride varies with different surface concentrations. Experiments were
performed on electrochemically prepared Ag surfaces. In the same sense Praus
et al.120 studied, by means of the Raman correlation spectroscopy, the influence
that the Ag colloid aggregation has on the SERRS spectra of 5,10,15,20-tetrakis
(1-methyl-4-pyridyl) porphyrin.

6.5. Phthalocyanines

The smooth copper surface effect on the structure and orientation of ph-
thalocyanine H2Pc and vanadyl phthalocyanine VOPc onto the surface was also
studied by IRRAS78. In H2Pc and VOPc important frequency changes between
1,400 and 450 cm−1 were identified by surface effect suggesting that a compound-
surface interaction is verified. The frequency changes are more significant in the
case of the vanadyl complex, which indicates a more intense interaction. The ori-
entation of H2Pc in the surface was inferred from a study of the relative intensities
variation with different incident infrared radiation angles. Results suggested that
there is no a preferential orientation of the H2Pc molecule on the surface; this
effect is due to the out of plane position of the two NH bonds in the macrocycle
ring. In the case of the VOPc complex the orientation is plane parallel to the sur-
face, which is due to the inexistence of the out of plane NH bonds as in the case
of the ligand H2Pc. As the interaction exists and the νVO frequency (1,002 cm−1)
remains nearly constant by surface effect (999 cm−1), it has been proposed78, that
this interaction does not involve the VO group. Thus, the molecule deposited face-
on the surface displays the VO group perpendicular and opposed to the surface.

Faulques et al.121reported the SERS spectra of thin layers phthalocyanine
(Pc) complexes deposited on Ag and Au supports. Molecular systems under study
were MgPc and LubisPc (Pc’LuPc) in different oxidation states. The enhancement
of specific bands depends on the surface and the oxidation states.

Palys et al.74 studied the resonance Raman spectra of monolayers of tran-
sition metal phthalocyanines; the spectra reveal specific interaction with the sup-
port. The mechanism in the case of ZnPc monolayers was elucidated by using
Raman spectra and semiempirical MNDO calculations. The α-atoms dominate
the interaction with the support and the usually assumed D4h geometry does not
represent the true energy minimum but the mean of two mesomeric forms.

Aroca et al.122 characterized the lanthanide series of bisphthalocyanine
complexes of LnPct

2 (free radical green material) and the corresponding blue
material (LnHPct

2) by using Raman and SERS, IR and visible spectroscopy;
interconversion of the green to blue material was observed by heating Langmuir–
Blodgett (LB) assemblies and KBr pellets of the green material. Oxidation–
reduction process was inferred to occur in the organic ring; the oxidation state
of the central metal atom is not affected. Well-characterized LB multilayer as-
semblies of PrPc2 and the tetra-tert-butyl derivative PrPct

2 were exposed to
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NOx (NO2/N2O4) gas and the effect of gas adsorption was monitored using
visible and infrared spectroscopy;123 the high sensitivity surface-enhanced
resonance-Raman spectroscopy (SERRS) allowed to observe the reversible chemi-
cal absorption of NO2 on a monomolecular LB layer of PrPc2 and PrPct

2.
Sheng-Gao et al.124 prepared novel asymmetrically substituted metal-free

phthalocyanine, nitro-tert-butylphthalocyanine, which resulted suitable for fabri-
cation as a thin film using the LB technique.

The molecular film formation of 2,9,16,23-tetraamino metal {metal =
Co(II), Cu(II) and Fe(III)} phthalocyanines on gold and silver has been described;
electrochemical methods and Raman spectroscopy were used to characterize these
films125. These compounds absorb onto gold and silver electrodes with the nitro-
gen atoms anchoring onto the metal surface as it is revealed by Raman character-
istic bands around 236 cm−1; these bands result from the interaction between the
metal substrate and the nitrogen of the –NH2 group on the phthalocyanine mole-
cules. The surface coverage is fairly high and close to a monolayer on both metal
substrates.

The study of adsorbed molecular films of phthalocyanines has been also
performed by other authors. Cook et al.126, reported the preparation of phthalo-
cyanines with one or two trichlorosilyl alkyl chains and subsequently formed
self-adsorbed films on glass and silicon. The preparation and film formation of
the thiol and disulfide-derivatized phthalocyanines on gold surfaces have been
accomplished by the same group127. The IRRAS and evanescent wave-excited
fluorescence emission studies suggested that the orientation of the phthalocya-
nine ring of the molecule depends on the length of the spacer between the ring
and the gold surface. When the chain length is of the order of C11 hydrocarbon
chain, the macrocycles assume a densely packed orientation with the phthalocya-
nine ring arranged perpendicular to the gold surface. A C3 alkyl chain induces
the formation of a less closely packed monolayer with the phthalocyanine rings
arranged parallel to the gold surface. Huc and coworkers128, reported that ruthe-
nium phthalocyanine can be grafted onto gold substrates by axial ligation using
isonitriles as spacers between the naphthalocyanines and the metal. Li et al.129

reported the formation of self-assembled monolayers of thiol-tethered, octasub-
stituted, and axially ligated silicon phthalocyanines.

Ultra thin Langmuir–Blodgett (LB) films of rhodium phthalocyanine (RhPc)
were recently fabricated130. The LB film was characterized by using both UV–
visible absorption spectra and Raman scattering. The Raman spectroscopy was
carried out using 633 and 780 nm laser lines. LB films were deposited onto Ag
nanoparticles to achieve the surface-enhanced pre-resonance Raman scattering
(pre-SERRS) and SERS for both laser lines, respectively, which allowed the char-
acterization of the RhPc ultra thin films. The morphology of the LB RhPc neat
film was extracted from micro-Raman imaging.

Langmuir and Langmuir–Blodgett (LB) films of neat titanyl(IV) phthalo-
cyanine (TiOPc) and mixed (TiOPC)-arachidic acid (AA) films were studied by
Del Cano et al.131. The surface pressure–area isotherms (T–A) were recorded,
and an unusual expansion of the surface area per molecule was detected for
mixed TiOPc-AA Langmuir monolayers. The expansion is attributed to the TiOPc
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molecular orientation in the neat films being different from that in the mixed
films with arachidic acid. The molecular orientation in LB films was monitored
using RAIRS. It was found that the TiOPc molecules are tilted with respect to
the substrate in the neat film, changing to a preferential face-on orientation in
the TiOPc-AA mixed films. Complementary information about molecular orga-
nization and film structure was obtained using UV–visible absorption and micro-
Raman imaging.

The degree of mixing and surface coverage in LB films of Yb bisphthalo-
cyanine YbPc2 mixed with stearic acid (sa) was probed using AFM and micro-
Raman imaging132. The results show that a 5-layer mixed LB film with 75%/25%
YbPc2/sa displays smaller and more homogeneous distribution of aggregates
compared with a 5-layer mixed film at 25%/75% YbPc2/sa. Resonance Raman,
SERS and SERRS were obtained using the 633 and 780 nm laser lines. The en-
hanced and unenhanced resonance Herzberg–Teller spectra of neat YbPc2 LB
films and mixed LB films excited with the 633 nm laser line are identical.

The vibrational spectra and SERRS of palladiumphthalocyanine (PdPc)
evaporated thin solid films were reported by Gaffo et al.133. They have also per-
formed SERRS, SERRS mapping of the film surface by using micro-Raman spec-
troscopy with the 633 nm laser line. SERRS of PdPc was obtained by evaporing
an overlayer of Ag nanoparticles onto the PdPc film on glass. The SERS en-
hancement factor was estimated as ∼104 with respect to PdPc evaporated films
on glass. The molecular organization of the PdPc evaporated films was probed
using transmission and RAIR spectra. A random molecular distribution found in
PdPc evaporated films resulted to be independent of the temperature.

The solvent effect on the SERS activity of copper phthalocyanine on col-
loidal silver was performed by Mukherjee et al.134. The quality of the spectra
was improved by optimizing the solvent for the substrate under study. The im-
provement is explained in terms of co-adsorption and replacement kinetics of the
solvent molecules at the silver surface.

The surface-enhanced spectrum of mixed thin solid films of metallophthalo-
cyanines (MPc; M: Cu, Co) and bis(n-propylimido) perylene materials fabricated
by vacuum coevaporation onto Ag island films was scanned at different laser lines
by Aroca et al.135. The SERS and SERRS imaging indicate that the dyes of the
mixed films were physically adsorbed onto the Ag islands. The SERRS imaging is
a useful tool to obtain complementary information about the quality of the films,
homogeneity and phase separation.

An examination of the literature reveals that the formation of spontaneously
adsorbed metal phthalocyanine molecular films on metal substrates and their app-
lications have not been explored in detail. Surface-enhanced vibrational studies
are rare.

6.6. Porphyrins

Surface-enhanced Raman spectroscopy has been used to investigate the
physical and chemical processes of the porphyrins on surfaces in many scien-
tific publications. Surface-reactions such as metallization, demetalization, aggre-
gation, electrochemical redox and N-protonation of the porphyrins on colloids,
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electrodes or films have been revealed by SERS136–138. Although most SERS ex-
periments have been carried out on noble-metals, enhanced Raman signals were
also obtained from molecules adsorbed on transition metals, semiconductors and
on Ag2O139. Small Ag+

n clusters on Ag2O are active sites of SERS. SERS spectra
of metallo-tetraphenylporphyrins (MTPP; M: Ag, Cu, Pd, Mg) adsorbed on Ag2O
and hydroxyl-modified silver colloids have been obtained by Zhang et al.140. The
spectra were found to be different from the ordinary resonance Raman spectra,
which was interpreted in terms that the adsorbates undergo surface-reactions on
Ag2O colloids. Similar phenomena were observed for the compounds adsorbed
on hydroxyl-modified Ag sol. New Raman bands were identified; one of them
at 290 cm−1 probably belongs to the adsorbate–substrate νAg–N mode. The
charge-transfer mechanism could be the major origin of the Raman enhancement
observed.

A porphyrins-incorporated self-assembled monolayer (SAM) on gold, was
prepared by formation of a 4-pyridinethiol SAM on gold followed by axial lig-
ation of metalloporphyrins to it141. The porphyrins-SAM was characterized by
SERS and electrochemical techniques; the macroplane of the porphyrin molecule
assumes a nearly flat orientation with respect to the gold surface.

A SAM of 2,3,7,8,12,13,17,18-octaethylporphinatozinc formed on a Au
surface premodified with a SAM of pyridinethiol was studied by SERS, SEIRA
and UV–visible spectroscopies40. The SERS spectrum of the porphyrin mono-
layer on the pyridine–modified Au surface shows bands only from the underlying
pyridine group. The frequency shift and change on the relative intensity of bands
due to the pyridine group in the SERS spectra imply indirectly the binding of
the metalloporphyrins to the pyridine group in the SAM. This result is supported
by the SEIRA spectra of the porphyrin–pyridine SAM, in which bands arising
from both the porphyrin moiety and the pyridyl group appear clearly. The UV–
visible spectra suggest the formation of the porphyrin–pyridine SAM and a weak
porphyrin-porphyrin interaction in the SAM.

The effects of surfactants on the SERS spectra of molecules adsorbed
on solid substrates can be used to improve the qualities of SERS spectra and
to reveal the distance-enhancement relationship of SERS. Liu et al.142 studied
the effect of cetyltrimethyl ammonium bromide (CTAB) on the SERS of both the
free-base 5,10,15,20-tetrakis(4-N -methylpyridyl) porphyrin (H2TMPyP) and the
Ag-chelate (AgTMPyP) adsorbed on Ag colloid. It was found from the SERS
spectra that the adsorbed H2TMPyP molecules undergo silver-incorporation to
form AgTMPyP which can change back to H2TMPyP when added CTAB. The
similar demetalation reaction was also observed in AgTMPyP/Ag sol/CTAB sys-
tems. The SERS signals were found to be obviously enhanced when CTAB
was added. The implications of the findings in relation to the change of micro-
environment on Ag particles by the addition of CTAB were discussed.

SERS of 5,10,15,20-tetrakis(1-decylpyridium-4-pyridyl)-21H,23H-porphy-
rintetrabromide adsorbed on silver hydrosols were compared with the FTIR and
resonance Raman spectrum (RRS) in the bulk and in solution by Chowdhury
et al.143. Comparative analysis of the RR and the FTIR spectra indicate that the
molecule, in its free state, has D2h symmetry. The SERS spectra, obtained on
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adsorption of this molecule on borohydride-reduced silver sol, indicate the for-
mation of silver porphyrin. With the change in the adsorbate concentration, the
SERS shows that the molecule changes its orientation on the colloidal silver sur-
face. The appearance of a longer wavelength band in the electronic absorption
spectra of the sol has been attributed to the coagulation of colloidal silver parti-
cles in the sol. The long wavelength band was found to be red-shifted with the
decrease in adsorbate concentration. The excitation profile study indicates that
the resonance of the Raman excitation radiation with the original sol band is more
important than that with the new aggregation band for the SERS activity.

This has been interpreted as a large contribution of the electromagnetic
effect to the surface enhancement.

Prochazka et al.144, 145 demonstrated the suitability of surface-enhanced res-
onance Raman scattering (SERRS) spectroscopy to monitor silver coordination of
free base 5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyrin adsorbed on the Ag
colloidal surface. The approach was based on factor analysis (FA) which allows
the analysis of the time development of SERRS spectra in terms of varying con-
tent of particular porphyrin forms. Their SERRS spectra can be isolated even if
none of them is present singularly in any SERRS spectrum. Depending on the
chemical properties of the molecular systems, SERRS spectra of two different
porphyrin metalated forms have been obtained: Ag+ and Ag0 metalated. The lat-
ter form was found to be evoked by pre-treatment of the laser-ablated Ag colloids
by the thiosulphate ions. The metalation kinetics obtained show a substantially
slower metalation by Ag0 than that by Ag+ cations.

SERRS and voltammetry techniques were used to elucidate the mechanism
of oxygen reduction on a silver electrode with iron(III) tetra-4-N -methylpyridyl-
porphyrin146. The results indicate that after the oxidation-reduction cycle at pH
10 and pH 4 the iron porphyrin is adsorbed on the Ag surface as a high-spin,
five-coordinated µ-oxo-bridged dimer. SERRS spectra show that the first electron
transfer forms a mixed-valence Fe(II)-O-Fe(III) µ- oxo-bridged dimer.

It has been described the formation of porphyrin- and sapphyrin-containing
self-assembled monolayers on electrochemically prepared Au surfaces by a mul-
tistep approach147. After electrochemical preparation the Au substrate was char-
acterized by SERS and cyclic voltammetry. SERS characterization was also used
to study the basic architecture and properties of the porphyrin- and sapphyrin
modified SAMs and their interactions with fluoranthene, 1,10-phenantroline and
adenine. In general, it can be proposed that macrocycle oligopyrrole function-
alized SAMs could be useful in the analysis and detection of polyaromatic and
heterocyclic compounds.

SERRS spectra of Fe-protoporphyrin IX adsorbed on Ag colloidal nanopar-
ticles immobilized onto a polymer-coated glass slide were obtained at very low
concentrations148. The spectra exhibit drastic temporal fluctuations on a time
scale of seconds in both line frequency and intensity. This result is consistent with
an approach to the single molecule limit. Sequences of spectra were analyzed in
terms of an underlying continuum and of Raman peaks superimposed on this con-
tinuum. The statistical analysis of the spectrum intensity suggested that the main
contribution to the intensity fluctuations arise from the continuum. It was found
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Figure 14.31. Sub-2,3-boronnaphthalocyanine chlorine. Reprinted by permissionn of
Elsevier B.V.

a high correlation between the total integrated intensity and the intensity detected
at different vibrational modes of the compound. The ratio between the intensity
detected in correspondence of different vibrational modes of the molecule shows
a temporal variability, which reflects the intrinsic dynamics of the molecules. The
set of results was interpreted as a desorption–adsorption mechanism of the mole-
cules at the Ag surface.

6.7. Miscellaneous Macrocycles

The subphthalocyanine (SubPc) macrocycles have been received a great
deal of attention because of their interesting optical properties and their utility
in the synthesis of asymmetrical non-planar phthalocyanines149, 150. SubPc com-
pounds consist of three coupled isoindole units with a boron atom at the cen-
tre. One component of this series is the sub-2,3-boronnaphthalocyanine chlorine
(subBClNPc) compound, Figure 14.31. This compound has been considered in
this chapter since it represents a new challenge in the optic of the surface vibra-
tional studies because of the structure of this compound is conic, as in the case
of the sub-2,3-boronphthalocyanine chlorine macrocycle151, instead of the planar
structure of the naphtalocyanine complexes already mentioned70.

The adsorption of subBClPc compounds on metal surfaces gives rise to con-
formational changes at contacting interfaces of these macrocycles, which is mat-
ter of crucial importance for the design of technological functional devices based
on these molecules like organic light emitting diodes and nanoscale molecular
devices11, 152.

The spectral results and calculations performed by Saavedra et al.153 indi-
cate that the interaction of the macrocycle sub-2,3-boronnaphthalocyanine chlo-
rine (subBClNPc) with different metallic surfaces is rather weak. The interaction
with the surfaces takes place through the chlorine atom. This situation is mainly
due to the cone-shape structure of subBClNPc, in contrast to other slightly warped
naphthalocyanine complexes or planar azabipiridyl complexes, where the interac-
tion with metal surfaces occurs through the whole π electronic system41, 42, 76.
Such an orientation leads to slight differences in the band intensities on varying
the incidence angle in RAIRS experiments (Figure 14.32).
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Figure 14.32. RAIRS of sub-2,3-boronnaphthalocyannie chlorine at different radiation an-
gles. Reprinted by permission of Elsevier B.V.

The structure of subBClNPc is slightly modified by surface effect; this was
concluded from the frequency changes observed in the RAIRS and SERS spectra.
The extent of the subBClNPc surface interaction is rather limited in comparison
to the other related NPc macrocycles. The relative intensities of the SERS spectra,
Figure 14.33, were interpreted by using the two main mechanisms governing the
SERS effect; that is electromagnetic and chemical.

The RAIRS, SEIRA and SERS spectra of the Ni(II) (trans-7,14-dimethyl-
5,12,-diphenyl-1,4,8,11-tetraaza-2,3-9,10-dinaphthyl-cyclotetradeca-5,7,12,14-
tetraene) (NiN4φ2) and Cu(II) (5,7,12,14-tetramethyl-1,4,8,11-tetraaza-2,3-9,
10-dinaphthyl-cyclotetradeca-5,7,12,14-tetraene) (CuN4) in Figure 14.19, were
reported38. For the RAIRS analysis, complexes were deposited onto a smooth
copper surface and onto a KBr monocrystal. Both spectra were compared with the
spectrum of the complex dispersed in KBr. No substantial frequency differences
between them were observed, pointing out that the surface does not markedly
influence the corresponding complex structure.

The RAIRS spectrum scanned at 70◦ of the NiN4φ2 complex adsorbed on
a smooth copper surface is displayed in Figure 14.3438. The RAIRS spectra were
analysed in the 1,400–700 cm−1 region since bands corresponding to in-plane
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Figure 14.33. SERS of sub-2,3-boronnaphthalocyanine chlorine. Reprinted by permission
of Elsevier B.V.

and out-of-plane CH deformations, which are very important for understanding
the adsorbate orientation, usually appear in this region. This spectrum is com-
pared to that of the same complex in KBr (Figure 14.34b). By taking the band at
1,265 cm−1 as a reference, an intensity decrease of the absorption bands appear-
ing at 1,233 cm−1 and those falling in the 1,200–1,000 cm−1 region is observed.
Since they correspond to δCH motions of the naphthalene fragments of the macro-
cycle, it has been deduced a parallel orientation of these groups with respect to
the metal surface.

Below 1,000 cm−1 intense bands are observed at 887, 847 and 750 cm−1

in the RAIRS spectrum; they belong to the ρCH motions of the naphthyl moi-
ety. These bands are intensified due to their perpendicular orientation supposing
a parallel orientation of these residues with respect to the surface. In contrast the
bands at 870 and 773 cm−1, are markedly decreased in the RAIRS. These are as-
signed to phenyl ρCH motions. Their intensity decrease in the RAIRS suggested
a perpendicular position of phenyl rings in the macrocycle complex.

The RAIRS spectra registered for the Cu complex follow a similar
behaviour as compared to the Ni complex38. The bands appearing in the 1,200–
1,000 cm−1 region are relatively weakened, thus meaning that the naphthyl moi-
ety adopts a parallel orientation on the surface. However, bands below 1,000 cm−1

display a rather random intensity variation at different radiation angles. This result
suggested that these modes are highly coupled to other vibrational modes, thus
avoiding infer about the molecular organization onto the surface.
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Figure 14.34. (a) RAIRS of NiN4φ2 adsorbed on smooth copper surface at 70◦ of the
incident radiation; (b) IR spectrum of the same complex in KBr. The spectra are baseline
corrected for a better comparison. Reprinted by permission of Elsevier B.V.

The RAIRS analysis and differences observed in the relative intensities of
complexes deposited onto KBr and Cu surfaces indicate that the organization of
each macrocycle is different on both surfaces. Moreover, the structure of each
complex is not markedly influenced by surface effect.

The SERS spectrum of the Ni complex on Ag colloid in Figure 14.35b dis-
plays a marked enhancement of the out-of-plane deformation naphthyl moieties
bands at 471, 602 and 640 cm−1.

The corresponding in-plane vibrations at 1,273, 1,380, 1,480 and 1,514
cm−1 undergo a relative intensity decrease. All the above results suggest that the
coordination plane of the complex is face-on oriented on the metal. On the other
hand, the observation of an enhancement in bands at 1,176 and 1,237 cm−1, at-
tributed to in-plane δCH phenyl modes, and at 1,453, 1,548, 1,590 and 1,630 cm−1

attributable to the νCC of the phenyl substituents, or to modes in which this group
is involved, supports the idea of a perpendicular orientation of these groups with
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Figure 14.35. (a) Raman spectrum of NiN4φ2 in the solid; (b) SERS in colloidal silver;
(c) SERS on Au film. The inset figure corresponds to the (b) and (c) ones amplified in the
100–400 cm−1 region. Reprinted by permission of Elsevier B.V.

respect to the metal. This orientation is connected to the existence of a relatively
intense band at 3,054 cm−1 due to ν CH modes of the phenyl group. The fre-
quency shifts observed for some bands indicate the existence of an interaction
between the complex and the metal surface. This is corroborated by the presence
of an intense band at 227 cm−1, assigned to νAg–N motions.

The SERS spectrum registered on Au film (Figure 14.35c) is different to
that obtained on Ag colloid. The out-of-plane bands of the naphthyl group in
the 400–700 cm−1 region are weaker, while the naphthyl in-plane δCH bands at-
tributed to this group at 1,023 and 1,165 cm−1, and the naphthyl νCC modes ap-
pearing at 1,377, 1,512 and 1,611 cm−1, increase their intensities markedly. This
increase is also extensive to the νCH modes at 3,054 cm−1. All these results in-
dicate that the organization of the Ni complex on Au changes with respect to that
found on Ag colloids. On Au film it was not possible to conclude about a parallel
or perpendicular orientation of the complex on the metal.
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The SERS spectrum of CuN4 on Ag colloid (Figure 14.36b) indicates that
the complex adopts a face-on orientation on the metal as deduced also for the Ni
complex.

This is concluded from the intensification of the naphthyl out-of-plane
bands at 471, 602 and 637 cm−1. The close position of these bands in relation
to the Ni complex indicates a similar structure of the macrocycle when adsorbed
on Ag, irrespective of the nature of the coordination metal. This result is also
similar to that obtained for azabipiridyl macrocycle complexes79. The orientation
also accounts for the relative intensity decrease of the νCH band at 3, 056 cm−1.
In fact this band in the Cu complex corresponds to the νCH modes of the naphthyl
moieties which are oriented parallel to the metal surface. The interaction of the
macrocycle with the Ag surface is also deduced from the frequency shifts of some
bands mainly those corresponding to the pyrrole moieties, which are the fragment
through which the macrocycle-surface interaction takes place. The presence of
the band at 224 cm−1 corroborates this interaction.

On Au film (Figure 14.36c) a marked intensification of the in-plane modes
of the 1,500–1,650 cm−1 region is also observed along with a relative increase of
the band at 3,056 cm−1. However, the presence of prominent bands at 470, 603
and 637 cm−1, suggests the existence of face-on oriented macrocycles. The simul-
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taneous observation of both out-of-plane and in-plane intense modes on the Au
film is probably an effect of the existence of a random orientation of the molecules
on this metal.

SERS data indicate for both complexes an adsorbate–substrate interaction
between the complex and the colloidal Ag surface. From the SERS experiments
it has been also concluded that the complexes are oriented face-on to the sur-
face being the number of Cu macrocycles oriented face-on to the surface larger
than that of the Ni macrocycles. The organization of the complexes on Au film
is different to that found on Ag colloids and rather random. Complexes are better
organized on the Ag surface. The phenyl groups avoid a better organization of the
Ni complex on the surface.

SEIR spectra of the complexes deposited on a Au film are displayed in
Figure 14.37 together to those of the complexes deposited on neat CaF2. In the
Ni complex (Figure 14.37a–c) the most important feature is the remarkable in-
tensity decrease of the band at 1,611 cm−1 which undergoes a strong up shift to
1,629 cm−1.

The rest of bands remain more or less at the same frequency and intensity
with the exception of that at 1,482 cm−1, which shifts downward. In the case of the
Cu complex a marked decrease of bands at 1,404, 1,515, 1,581 and 1,624 cm−1

is also noted, the last band appearing at a higher frequency (1,638 cm−1). The
other bands remain at more or less the same position and relative height. The
intensity decrease of bands at 1,228/1,229, 1,107/1,105 and 860 cm−1 observed
in the SEIRA spectra of both complexes is related to the parallel orientation of
naphthyl groups in relation to the metal surface.

It is interesting the effect of the dilution with ethanol on the above SEIRA
sample. This effect is more important in the case of the Ni complex; a rel-
ative decrease is observed for the 1,408 cm−1 band, which downward shifts
to 1,404 cm−1, whilst the band at 1,629 cm−1 shift to 1,638 cm−1, and that at
1,583 cm−1 almost disappears. In contrast, the SEIR of Cu complex does not un-
dergo a significant change except for the band at 1,580 cm−1.

The different spectral behaviour of both complexes before and after washing
the sample with ethanol reflects the fact that the Ni complex is less organized
on the Au in relation to the Cu one, as it was deduced from the SERS spectra.
The dilution lead to the removing of those molecules that are physisorbed onto
the metal, i.e. that are weakly linked to the surface, remaining attached only the
chemically adsorbed ones. The lower organization of the Ni complex is attributed
to the presence of a phenyl group in the ligand. In the case of the Cu complex the
amount of chemisorbed adsorbates is significantly higher, as concluded from the
similar SEIRA spectra before and after washing the sample. A good agreement
between SERS and SEIRA results is observed.

The profile of the SEIR spectra obtained for both complexes after washing is
very similar, thus indicating a similar structure of both complexes on the Au film.
Figure 14.37c,f). The small changes observed between the IR spectra of solid
films and the SEIRA are indicative of a low organization degree in the Au film,
since the molecules seem to be randomly oriented as in the case of the solid film.
Nevertheless, the interaction of the metal with the macrocycles is demonstrated by
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the shifts that undergo the bands appearing above 1,400 cm−1. This is consistent
with an interaction of the macrocycles with the metal via the tetraaza moiety,
directly linked to the metal cation.

7. Adsorbate–Substrate Interaction Vibrations

One of the most relevant evidences of a relatively significant interaction
between the macrocycle complex and the metal surface is the appearance of a vi-
brational band. This kind of metal–ligand bands is better observed in the Raman
spectrum below 500 cm−1. Bands corresponding to the adsorbate–substrate in-
teraction were observed in azabipiridyl, phthalocyanines, naphthalocyanines and
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miscellaneous complexes interacting with different metal surfaces, mainly col-
loidal silver.

7.1. Azabipiridyl Metal Complexes

In general, the Raman spectra of azabipiridyl and its Co(II), Ni(II) and
Cu(II) complexes solids display a similar pattern in the series, with expected
differences below 500 cm−1, where the metal–ligand vibrations appear79. An
enhancement of the Raman lines falling in this region is observed in the SERS
spectra (Figure 14.27), along with frequency shifts of several bands. Conclusions
regarding the existence of an adsorbate–substrate interaction, as well as structural
modifications of the macrocycle by the surface effect were derived from the analy-
sis of this region. The adsorbate–substrate interaction was verified by the appear-
ance of the medium band at about 216 cm−1 in the series of complexes, ascribed
to an Ag-macrocycle binding, involving mainly the N atoms of the coordinating
site; this assignment was also proposed in amantadine154 and in phthalimide ad-
sorbed on colloidal silver112. This frequency is about the same in the series except
in the case of the Ni complex where it appears at 221 cm−1, suggesting that the Ni
macrocycle–Ag interaction is the strongest in the series. The weaker interaction at
214 cm−1 occurs in the case of the substituted Ni complex; this situation is due to
an steric hindrance caused by the hexyl groups, or to a π electronic redistribution
imposed by the substituents, which is different in the unsubstituted Ni complex.
This band is not clearly observed in the case of the macrocycle ligand.

7.2. Phthalocyanine Metal Complexes

The band observed in the SERS spectra of aluminium-oxo phthalocyanine
films deposited on a Ag island film at 248 cm−1 was proposed as due to the Pc–Al
bond2. The IR, Raman and SERS spectroscopic study indicate a random orienta-
tion of the molecule onto the surface.

The 2,9,16,23-tetraamino metal {metal = Co(II), Cu(II) and Fe(III)} ph-
thalocyanines absorbed onto gold and silver electrodes125 display Raman charac-
teristic bands around 236 cm−1, corresponding to metal-N vibrations, the nitrogen
atom belonging to the NH2 group on the phthalocyanine molecules.

7.3. Naphthalocyanine Metal Complexes

From the Raman spectra and SERS on silver colloid of vanadyl-5,14,23,32-
tetraphenyl-2,3-naphthalocyanine VOTPNPc it was deduced a short distance
complex-surface interaction;78 this was verified by the appearance of a band at
about 216 cm−1, previously assigned to a Ag–N binding;154 this band is not ob-
served in the free molecular system.

The chemical interaction between the adsorbate and the substrate in the
case of the sub-2,3-boronnaphthalocyanine chlorine adsorbed on metal surfaces
was verified by a chemical Ag–Cl binding as deduced from the RAIRS and SERS
data and theoretical calculations;153 it was related to the appearance of the band
at 244 cm−1 on the Ag film (Figure 14.33a) and at 239 cm−1 on the Ag colloid
(Figure 14.33b)155.
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7.4. Dinaphthalenic Ni(II) and Cu(II) Azamacrocycle Complexes
Methyl and Phenyl Substituted

The interaction of the macrocycle Cu(II) (5,7,12,14-tetramethyl-1,4,8,11-
tetraaza-2,3-9,10-dinaphthyl-cyclotetradeca-5,7,12,14-tetraene) (CuN4), with the
Ag colloidal surface was deduced from different spectral facts; in particular,
from the frequency shifts of some bands mainly those corresponding to the pyr-
role moieties, which are the fragment through the macrocycle–surface interaction
takes place38. The presence of the SERS band at 223 cm−1 assigned to a νAg–
N mode corroborates this interaction (Figure 14.36). The interaction between
the relative complex Ni(II) (trans-7,14-dimethyl-5,12-diphenyl-1,4,8,11-tetraaza-
2,3-9,10-dinaphthyl-cyclotetradeca-5,7,12,14-tetraene) (NiN4φ2) and the Ag col-
loidal surface was deduced from the appearance of the intense SERS band at
227 cm−1 (Figure 14.35).

7.5. Molecular Model and Theoretical Data of the Adsorbate-
Substrate Interaction

With respect to the metal–adsorbate interaction it is of interest, for compar-
ison with the experimental results, to develop theoretical calculations based on
molecular models that involve the adsorbate molecules and a metal cluster. The
INDO/1 semiempirical method has been proved to be very useful in the struc-
ture optimization and in the evaluation of the bond characteristics throughout the
Wiberg index65, 101. The interaction of azamacrocycle complexes with simulated
copper surfaces studied by the same method was performed79, 100.

Density functional theory (DFT) is adequate to simulate such adsorbate–
substrate systems156, 157. This method is a non-empirical approach, alternative
to Hartree-Fock-bases theory; it presently finds wider applications to chemical
problems due to the possibility of including a significant part of electron correla-
tion energy at a relatively low computational cost. Calculations on the structure
and vibrational wavenumbers of the investigated compound are performed using
the GAUSSIAN 98 program package158, and the Becke’s three-parameter hybrid
method using the Lee–Yang–Parr correlation functional (B3LYP)159. Computed
harmonic frequencies typically overestimate vibrational fundamentals due to the
basis set truncation and neglect of electron correlation and mechanical anhar-
monicity. To compensate for these shortcomings, various scaling strategies exist
for bringing the computed frequencies into a greater coincidence with the ob-
served wavenumbers. Works by Scott and Radom160 and Wong161 showed that
DFT consistently predicts harmonic vibrational frequencies in better agreement
with observed fundamentals than conventional ab initio methods at a much lower
cost. Comparison of observed fundamental with computed harmonics using the 6-
31G(d) basis set gave scaling factors of 0.9833 for S-VWN, 0.9945 for BLYP and
0.9614 for B3LYP, whereas scale factors for conventional ab initio methods were
0.9427 and 0.9537 for MP2 and QCISD, respectively160, 161. The 6-31G* Pople
split-valence polarization basis set is generally used in the geometry optimisation
and normal modes calculations.

Theoretical calculations about the energetic of the adsorbate–substrate in-
teraction for approximate molecular models of the azamacrocycle series mainly
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containing free and metal coordinated azabipiridyl, naphthalocyanine and miscel-
laneous systems are now reviewed.

7.6. Azabipiridyl Metal Complexes

A theoretical study using the INDO/1 semiempirical method and a mole-
cular model for the interacting adsorbate–substrate system (azabipiridyl metal
complex-smooth copper surface) was performed79. This work pointed to deter-
mine the stability of the complex formation in the series Ni(II), Cu(II) and Zn(II)
and to understand the energetic process of the complex–surface interaction. The
structure of the macrocycle ligand and the corresponding metal complexes were
optimized by means of the INDO/1 method. The hydrogen atoms of the ligand
were constrained to adopt an out-of-plane position in agreement with which is
expected for an averaged sp3/sp2 hybridization of the nitrogen atoms in the co-
ordination site. In the case of the Ni and Cu complexes the energy minima were
found for the ions located in the plane of the coordination site; the most stable
geometry for the Zn complex was found for the cation located out of the coor-
dination site in 0.5 Å. The metal surface was proposed to be a cluster composed
by a minimum of five copper atoms representing a 001 face. Four of these atoms
make a square and the fifth atom is located in the centre of the square at 2.55 Å
from the corners; this distribution agrees quite well with experimental results162,
and it is not different to the metal surface characteristics of the model proposed
by Lamoen et al.163 for the computation of the structure, electronic and trans-
port properties of PdP and perylene monolayers on the Au(111) surface. Padilla
et al.164, studied, at ab initio level, the adsorption of alkali-metals on a Cu(111)
surface; they used small-cluster models (Cu7) to represent the adsorption sites of
the copper surface. The nitrogen atoms of the macrocycles were superposed onto
the 001 face as it is indicated in Figure 14.38.

Theoretical data supported quite well the vibrational IR and RAIRS data
and allowed an interpretation of the energetic process of the complex–surface
interaction. The variation observed in the Wiberg index values for the metal–
ligand coordination bond suggests an important π electronic redistribution around
the cation by surface effect Table 14.7.

The bond character of the Ni–surface interaction is higher than in the Cu(II)
and Zn(II) systems. The Wiberg index values indicate that the metal–surface in-
teraction makes weak the metal ligand coordination. By comparing the metal–N
bond character in the interacting systems with that obtained for the isolated com-
plexes, it was deduced that the π electronic cloud moves from the complexes
to the copper surface. The complex–surface distances are 1.9, 2.0 and 2.5 Å for
the Ni, Cu and Zn complexes, respectively. The complex–surface interaction is
favoured in the series Ni > Cu > Zn. This interaction is favoured when the stabil-
ity of the complex increases. Moreover, the interaction between the macrocycles
and the metal surface is energetically favoured by increasing both the electronic π
system around the coordination site and the number of the N atoms in the macro-
cycle ring. The structure of the azabipiridyl ligand is uninfluenced by surface
interaction; its molecular orientation onto the surface is random. This situation is
due to the position of the macrocycle ring hydrogen atoms, which are oriented out
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Figure 14.38. Diagram of the complex–substrate interaction model, M: Ni, Cu, Zn.

Table 14.7. Selected Wiberg index values for different interactions

Interaction type Wiberg index

Ni–surface 0.451
Cu–surface 0.264
Zn–surface 0.070
Ni–N (onto the surface) 0.271
Ni–N (isolated) 0.315
Cu–N (onto the surface) 0.292
Cu–N (isolated) 0.358
Zn–N (onto the surface) 0.353
Zn–N (isolated) 0.366

of the plane of the coordination site. Ni and Cu complexes are preferently oriented
plane parallel to the surface. The molecular structure of the Ni and Cu complexes
is altered by the interaction. In the case of the Zn complex, where the ion is out
of the plane of the coordination site, the interaction with the surface is negligible.
As a consequence, the structure of the macrocycle is not modified by the surface
effect.

In a rough approximation the macrocycle–metal colloid interaction model
was represented by the macrocycle itself and a cluster composed by 12 Ag atoms
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Figure 14.39. Diagram of the macrocycle–colloid interaction model. Reprinted by permis-
sion of Elsevier B.V.

Table 14.8. INDO/1 values for the Ag–N and Ag–metal mean distances (A◦) and the
interaction energy δ E (KJ mol), for the azabipiridyl metal complexes imteracting with the

collodial silver Ag12

System Ag–N Ag–metal �E

Ag12–Co 2.67 2.98 – 218.91
Ag12–Ni 2.53 2.90 – 250.71
Ag12–Cu 2.61 2.95 – 240.54

which mimics an icosahedral-type structure. The macrocycle structure evolves to
a minimum of energy during the calculation. (Figure 14.39).

The most relevant data of the adsorbate-substrate interaction, listed in
Table 14.8, indicate that the Ni complex–colloidal Ag interaction is the most
stable in the series. The Wiberg index values of the free complexes and the
adsorbate–substrate adduct in Table 14.9, point to an electronic energy redistribu-
tion by interaction effect, being the most influenced bonds those directly involved
in the metal coordination site.

7.7. Naphthalocyanine and Its Cu(II) Complex

The molecular model proposed in the theoretical study of the azabipiridyl–
surface interaction79, was inspired in a similar idea proposed by Aroca et al.165

to perform the normal coordinate analysis of maleimide chemisorbed on colloidal
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Table 14.9. INDO/1 Wiberg index values for selected bonds of the free complexes and
the adsorbate–substrate adducts.(See Figure 14.10)

Bond Wiberg index
Co Ni Cu
Free Adduct Free Adduct Free Adduct

M–N2 0.418 0.430 0.300 0.305 0.357 0.430
N2–C3 0.931 0.908 0.944 0.915 0.934 0.905
N2–C6 0.927 0.841 0.920 0.851 0.911 0.831
C3–N4 0.900 0.912 0.901 0.925 0.886 0.911
C3–C5 1.020 1.007 1.038 1.013 1.030 1.003
Ag–Na 0.017 0.060 0.050

a Averaged.

Table 14.10. Distance from the complex and the lignand to the central atom of the
copper surface and the energy of each interaction

Interacting model d (Cu–Xa) Å �Eg kJ mol−1b

Complex/surface 2.15 − 913.0
Ligand/surface 2.00 + 680.9
(plane parallel)
Ligand/surface (tilted) 4.00 0.0

a In the complex X corresponds to the copper ion, and in the ligand represents the
geometrical center of the coordination site.
b Referred to an arbitrary zero energy of the ligand.

silver. This model was also used in the calculation of the naphthalocyanine (Npc)
and CuNPc systems interacting with a copper surface101 (Figure 14.40).

The geometry and energy parameters for the more stable ligand-surface and
complex-surface interactions are listed in Table14.10. These values indicate that
the complex-surface system is most stable than the ligand-surface system in about
913 kJ mol−1. The complex-surface distance 2.25 Å and the energy of its inter-
action represent a strong van der Waals-type interaction for this plane parallel
orientation of the complex onto the surface.

The displacement of the copper atom 0.3 Å out of the coordination site
plane stabilizes the interaction just slightly in about 16 kJ mol−1. The distance
4.0 Å from the geometrical centre of the ligand to the centre of the metal clus-
ter is imposed by the out of plane position of the hydrogen atoms located in the
coordination site, constraining the ligand to adopt a tilted orientation of about
27◦ respect to the surface. The structure of the ligand is uninfluenced by the
metal surface interaction; the extended Hückel Wiberg index of the CN bonds
of the adduct remain nearly constant respect to the isolated ligand. In the case
of the isolated complex equivalent indolic and external CN bonds are observed.
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The Wiberg index values for the coordination site of the complex during the in-
teraction decrease in about 10%; for the external bonds the Wiberg index values
remain nearly constant. Bonds far from the coordination site are uninfluenced by
the interaction. During the interaction the net charge of the coordination nitrogen
atoms become more positive and the copper ion of the complex and the copper
atoms of the cluster modify their net charges. The copper ion becomes more posi-
tive in 0.04e while the central copper in the cluster gains 0.18e of negative charge;
the other 0.14e come from other atoms of the cluster. The above results suggest an
electronic transfer from the complex to the surface through the copper ion during
the interaction, and explain the stabilization of the complex-substrate adduct. The
modifications of the electronic energy of the complex should be accompanied by
a structural change.

The number of the N atoms in the azamacrocycle ring has an important in-
fluence in the nature of the interaction with the surface; the bigger the number of
the N atoms the more stable the complex-surface interaction is. The naphthalo-
cyanine Cu(II) complex (NpcCu) displays 8 N atoms in the macrocycle ring and
the total π electronic cloud is bigger than in the azabipiridyl Cu(II) complex. Al-
though the NpcCu–Cu surface distance is longer (0.15 Å) than in the case of the
azabipiridyl copper complex79, and that the naphthalocyanine complex was sim-
ulated to be a porphyrine type system101, the NpcCu-Cu interaction is stabilized
in about 86.6 kJ mol−1.

7.8. Dinaphthalenic Ni(II) and Cu(II) Azamacrocycle Complexes
Methyl and Phenyl Substituted

The interaction of dinaphthalenic Ni(II) and Cu(II) substituted complexes
with a smooth copper surface was performed by using the semiempirical method
INDO/1 and simplified molecular models in which substituents were absent38.
The structure of the model compounds is in Figure 14.41.

Figure 14.41. Adsorbate–substrate interaction model for dinaphthalenic Ni(II) and Cu(II)
substitued complexes without substituents. Reprinted by permission of Elsevier B.V.
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Table 14.11. Most relevant Wiberg index values for different interactions

Cu–Cusurface 0.252
Ni–Cusurface 0.400
Cu–N on the surface 0.435
Cu–N free 0.387
Ni–N on the surface 0.286
Ni–N free 0.325

Figure 14.42. Robson-type azamacrocycle complex.

The surface model was identical to that used in the case of a similar study
carried out for azabipiridyl79, naphthalocyanine (NPc) and CuNPc macrocycles
interacting with a copper surface101.

The most relevant Wiberg index values for the isolated and the macrocycle-
cluster interaction systems are displayed in Table14.11.

The stabilisation energy for the macrocycle-surface interaction model in
Figure 14.41 is −2,078 and −2,401 kJ mol−1 for the Cu and Ni complexes, re-
spectively; the M–Cu distance is equal to 2.0 Å for both systems. These data and
the corresponding Wiberg index values for the macrocycle ring indicate that the
adsorbate–substrate interaction is more significant in the case of the Ni complex.
The Wiberg index values are not different for the rest of the macrocycle-copper
surface systems in relation to the free macrocycles, which means that a π elec-
tronic redistribution is produced by the interaction effect, mainly involving the
coordination site of the adduct; the rest of the macrocycle is predicted to be struc-
turally unaltered38.

8. New Trends

Robson type azamacrocyclic complexes in Figure 14.42 are of interest as
new materials and as models of biomolecules. The availability of a wide variety
of planar ligands with different cavities offers the opportunity to study in de-
tail magnetic phenomena, metal ion recognition, encapsulations, transport and
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separation effects, catalytic process, and new molecular devices. Paredes et al.166

reported the study of different Cu(II) complexes with the macrocyclic and hemi-
cyclic ligands, derived from condensation reaction of 2-hydroxy-5-methyl-1,
3-benzenedicarbaldehyde (BDC) with 1,2-diamine-benzene (OPDA). These sys-
tems show a great delocalization and therefore a high planarity of the macrocycle.
These complexes have been characterized by different spectroscopic techniques,
elemental analysis, magnetic susceptibility and electrochemical studies. Less de-
localized systems can be obtained if OPDA is replaced by 1,3-diamino-2-propanol
(DAP)167. Depending on experimental conditions it is possible to obtain four dif-
ferent dinuclear Cu(II) complexes.

Today colloidal metal nanoparticles are starting to be mostly prepared by
using hydroxylamine hydrochloride as reducing agent36. These nanoparticles dis-
play a high uniformity in size and shape. In addition, this kind of colloid could
have advantageous electrochemical conditions on the surface for the detection
of non-polar molecules, since the number of negative charges, mainly due to
the residual chloride ions, should be much lower than in the case of citrate and
borohydride colloids. These additional components interfere the SERS measure-
ments168. The spectral enhancement, if it is verified, depends on both the surface
and the analyte physical and electronic characteristics; moreover, an appropriate
surface is specific for each analyte. This means that new surfaces should be built
for each new adsorbate. Several studies point to employ assembly molecules to
improve the adsorbate–substrate interaction. Recently, functionalized calixarene
molecules have been employed to detect pollutants as polycyclic aromatic hydro-
carbons PAHs169. The enhanced vibrational signals of PAHs were not obtained by
using traditional surfaces due to their nearly absent polarity. The size of the inter-
nal cavity of calixarenes plays an important role when trying with different sizes
of the adsorbates. Also, aliphatic acids of different chain length have been used as
assembly molecules; the spectral enhancement is highly dependent on their chain
lengths. Other self-assembled films as thiols, disulfides, silanes and nitrogen con-
taining compounds on gold, silver and platinum substrates have been received
wide attention.170, 171. The potential use of these molecular films for the study of
electron-transfer kinetics, wetting, corrosion, sensing, and other applications have
been demonstrated172, 173.
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mechanistic aspects of, 127–130

Electrochemical polymerization strategy,
365

doped electropolymerized polypyrrole
films, design and characterization of,
365–369

doped polythiophene films, design and
characterization of, 365–369

pyrrole or thiophene-substituted
N4-complexes, see Pyrrole or
Thiophene- substituted N4-
complexes, examples of

Electropolymerized N4-macrocyclic-
based films, electrocatalytic and
electroanalytic applications of, 408

electroassisted biomimetic reduction of
molecular oxygen, 408-414

electropolymerized N4-macrocyclic
films as electrochemical sensors for
nitric oxide in solution, 414-417

Electrodeposition processes, 317, 406–408
Electron spin resonance, 89
Electron-transfer processes, 603
Energy

from human activity, 83
and transport consumption, 84

Energy metabolism
basic concepts of, 1–4
nonphotosynthetic forms, 1

Energy-transfer processes, 603–604
ESR, see Electron spin resonance
Ethanol, 1
EXAFS, see Extended X-ray absorption

fine structure spectroscopy
Extended X-ray absorption fine structure

spectroscopy, 89, 91, 98

F

F16PcZn, 486
Face-to-face dimeric structures, 96
FADH2, see Flavinoid adinosine di hydride
Fast atom bombardment mass spectrome-

try, 444
[Fe(CN)5] derivatives, preparation of, 267
2FeCu toward O2and H2O2, biomimetic

analogs reactivity of, 26
Fe(por)NOa , reduction potentials for, 169
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Fe(TPP)(NO), reversible reduction of, 172
Fe(x-TPP)NOa , reduction potentials for

substituted, 170
Fe3O4, 168
Fe-based catalysts, catalytic sites in

FeNx C+
y ions, 112–114

H2:Ar:NH3, 108
FeII/FeIII couple, 92
FeIII/II couple, 171
FeIII–NHOH, see Ferric hydroxylamine

radical adduct
Fe–N4 and Co–N4 macrocycles electrocat-

alysts, for oxygen reduction in PEM
fuel cell conditions

after 1989, 102–107
carbon support influence on catalytic

sites, 116–121
catalytic sites in all Fe-based catalysts,

see Fe-based catalysts, catalytic
sites in different schools of thought,
89–90

and disappearance of metal–Nx –Cy
ions, 100

during 1989, 90
early 1970s, 88
metal catalysts for oxygen reduction, in

acid medium (1992), 98
metal-less catalytic site, reactions at, 96
results from various chelates, 99–100
Savinell, catalysts characterized by, 97
Savy model (1990 to 2000), 94, 96
van Veen model (1990s), 91, 93–94, 115
Yeager model (1992 and 1994), 93, 103

Fe–N4 moieties, 91
Fermentation, 1–2
Fermi-level pinning, phthalocyanine

electrodes in, 482–484
Ferredoxins, 151
Ferric hydroxylamine radical adduct, 158
Ferrous-nitrosyl, FeII–NO, 152
FeTSPc (iron tetrasulfonated phthalocya-

nine), 56
Flavinoid adinosine di hydride, 1
Formic acid, 202
Förster energy transfer rate, 627
Four-electron reduction electrocatalysis,

for molecular oxygen
on adsorbed multilayers of cobalt

tetra-4-pyridylporphyrin, 61
back-bonding of d-electrons from Ru(II)

centers, effect of, 62–64

femtosecond dynamics of, cobalt
porphyrins, 64

FeTSPc surface concentration on, 70
IrOEP adsorbtion on pyrolytic graphite

electrode, effect of, 72
iron macrocyclics catalyses for, 68
optimal Co–Co separation in, 60

Fourier transform infrared (FTIR)
spectroscopy, 89

Free base porphyrin (FBP)-zinc porphyrin
(ZnP) dimers 3 and 4, 624

Free energy, 2
available for respiration, 4

Frenkel excitons, 616–617
Frumkin isotherm, 534
FTIR, see Fourier transform infrared

(FTIR) spectroscopy
Fusarium oxysporum, 177

G

Gallium(III), 660
Gas diffusion electrodes, 97, 133
GDEs, see Gas diffusion electrodes
Generalized gradient approximation, 578
GGA, see Generalized gradient approxi-

mation
Gibbs free energy, of electron transfer, 533,

552–553, 556
Glucose, 1
Glutathione, 364
Gold sulfur bond, 696
Gold, copper and silver surfaces,

vibrational signals at, 729–731
Gouterman’s assignments, of UV–vis

spectrum bands, 199
Gouy–Chapman model, 520, 559
Greenhouse effect, 191–192, 332
Greenhouse gas, 83
Griffiths models, 127

H

H3PO4equilibration, 92, 94
H3PO4-doped polybenzimidazole, 97
HCo(II)TPP bond, formation of, 235
Heat treatment, of Co- or Fe–N4 chelates,

89–90
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Helicobacter pylori, 11
Helmholz plane, 46
Heme cofactors, 149
Heme/Cu terminal oxidases, 5–11

functional analogs of, 19–24
physiological functions of, 32

Herbicides, 318
Hexaaza-cyclophane

coordinate calculation of, 747–749
systems, 203

Highest occupied molecular orbital, 51,
240–241

Highly oriented pyrolitic graphite surface,
661

High-potential iron–sulfur proteins, 5–7
HiPIPs, see High-potential iron–sulfur

proteins
Histidine–tyrosine, 11
HOMO, see Highest occupied molecular

orbital
HOMO–LUMO energy gap, 52, 439, 442,

446, 625
HOPG, see Highly oriented pyrolitic

graphite surface
Hybrid Zn–H2 dimers, energy transfer data

for, 626
Hydrazine, 342, 345–346

electrochemical data of, 344
phthalocyanine complexes, use of,

345–347
porphyrin complexes, use of, 343–345

Hydrogen fuel cell cars, 84
Hydroxylamine, 346

electrochemical data of, 344
NOx reduction of, 177

Hydroxy-substituted N4-complexes,
electropolymerization of

from aminophenyl, 384–392
from hydroxyphenyl, 384–392
from tetra-amino phthalocyanines,

393–394
from vinyl-substituted porphyrins,

384–392

I

Imidazole-zinc binding, 663
Immiscible electrolyte solutions, 517
IMPS, see Intensity-modulated photocur-

rent spectroscopy

in situ potential-step chronoamperospec-
troscopy (PSCAS), 221

in situ spectroreflectance measurements,
70

INDO/1 method, 783
Indoleamine dioxygenase, 29
Infrared reflection–absorption spec-

troscopy, 728–729
Inner sphere reduction mechanisms, effect

of, 47–51
Insecticides, 318
Intensity-modulated photocurrent

spectroscopy, 488, 498
at F16 PcZn electrodes, 491
at PcZn electrodes, 490–491

IPCE value, 702–703, 708
Iridium chromophore, 672
Iron acetate, use of, 107–108
Iron naphthalocyanine, 56
Iron 1,10-phenanthroline complex (FeIII

Phen3), 115
Iron phthalocyanine, coordinate calculation

of, 751
Iron porphyrin(s), 15–19, 34, 226

catalysts of, 18
moiety of, 22
peroxo complexes, 331

Iron tetrakis(4-N -
methylpyridyl)porphyrin),
49

Iron tetramethoxyphenyl porphyrin
chloride, 91, 108, 113, 120, 123

Iron tetrasulfonated phthalocyanine, 56
IRRAS, see Infrared reflection–absorption

spectroscopy
Isobacteriochlorin (siroheme), 150

cofactor, 151
ITIES, see Immiscible electrolyte solutions

J

J-aggregates, 657–658, 710

K

Ketjenblack EC-600JD, 117
Kohn–Sham/Hartree–Fock (KS/HF)

model, 581
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Koopmans theorem, 581
Koutecky–Levich plots, 13, 15, 23
Kratschmer–Hoffman carbon arc

discharge, 105

L

Labile methylimidazole–ZnP bonds, 258
Lactate, 1
Lamb equation, 536
Landau-Zener transmission coefficient,

557
Langmuir isotherm, 486–487, 534–535
Langmuir-Blodget films, 218, 317
Langmuir-Blodget methods, 287
LANL2DZ, see Los Alamos double zeta

valence
Lattice gas model, 535
Lewis acid, 225
Lindsey-type phenyl-ethynyl linkers, 625
LOMO, 240–241
Los Alamos double zeta valence, 581
Lowest unoccupied molecular orbital, 51
LUMO, see Lowest unoccupied molecular

orbital

M

MI I (TPP)NOa , reduction potentials of,
170

M(II)–N4 complexes reactivity, chemical
effects of

absorption on electrode, effect of,
593–597

metal atom, influence in, 582–585
N4 functionalization, influence of,

585–591
solvent effects in, 591–593

M(III)/(II) redox potential, 51
[µ3-ORu3(OAc)6(py)2] derivatives,

preparation of, 267
1 and 4′-Methylpyridinium-4-pyridine, 261
1-Methylimidazole, 59
2-Mercaptoethanol (HSCH2CH2OH), 364,

582
Macrocycle orientation on metal surfaces,

spectroscopic analysis of

of azabipiridyl and its Co(II), Ni(II) and
Cu(II) complexes, 756–762

of bis(phenylhydrazine)-1,10-
phenanthroline and its Cu(II)
complex, 754–756

of cyclam and cyclamdione and their
Cu(II) complexes, 753–754

of miscellaneous macrocycles, 773–780
of naphthalocyanines, 762–768
of phthalocyanines, 768–770
of porphyrins, 770–773

Mammalian respiratory electron transfer
chain, 3

Manganese phthalocyanines, 44
Marcus theory, of electron transfer, 557,

631, 633
Me–N4 chelates, 88
meso-(phenylpyridyl)porphynato zinc,

properties of, 256
meso–meso linked dimers, 660
meso-tetrakis(4-

sulfonatophenyl)porphyrinato)cobalt(II),
66

meso-tetrakis(N -methyl-4-
pyridiniumyl)porphyrinatoRu(II),
66

MeTAA, see Metal-dibenzo-tetra-aza-
annulene

Metal tetraphenyl porphyrins, 88
Metal to ligand charge transfer state, 682
Metal-dibenzo-tetra-aza-annulene, 88
Metal-imidazole bonds, 19
Metallomacrocyclics, catalytic activities

of, 41
Metallophthalocyanines, 315, 364

chemical reactivity of, 581–582
Metalloporphyrins (macrocyclic M-N4

complexes), 315
electron transfer properties of, 439

Metalloporphyrins, catalytic and
electrocatalytic properties of

hydrocarbon oxidation, 279–281
tetraelectronic reduction of O2, 281–287

Metal–N4 chelates, 44–45
Methanol, 44, 104

tolerance, of metals, 92
Methemoglobinemia, 159
Methyl iodide, 226
Methyl viologen, 151
MeTPP, see Metal tetraphenyl porphyrins
MHJ, see Molecular heterojunctions
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Mitochondrial matrix, 2
MLCT state, see Metal to ligand charge

transfer state
M-N4 complexes, electrochemically

inactive, 316
Molecular heterojunctions, 703
Molecular oxygen, 41

four-electron reduction, electrocatalysis
of, see Four-electron reduction
electrocatalysis, for molecular
oxygen

inner sphere reduction mechanisms,
46–57

reduction pathways for, 42–46
two-electron reduction catalysts for

reduction of, 57–60
Molluscicides, 318
Mono, di, and electropolymerized phthalo-

cyanine complexes in methanol,
behavior of, 238

Monofluorinated cyclam, 209
Monomeric M-N4 complexes, 317–318
Monooxygenase enzymes, of cytochrome

P-450, 363
Monte Carlo simulations, 535
Mössbauer spectroscopy, 88–89, 91
Multicharged porphyrins into pre-

electropolymerized polypyrrole
films bearing functional groups,
immobilization of, 380–384

Multiporphyrin surface assemblies, 696
covalent attachment of, 697–699
Langmuir-Blodgett multilayers of,

699–705
porphyrin films of, 705–710

N

[Ni3(X)](ClO4)6 complex, 217
[NiF(NH3)4(CO)]+, triplet state of, 209
NADH, see Nicotinamide adinosine

dinucleotide hydrogen
Nafion®, 85, 92, 227, 242

inclusion, 218
Nature selected tetrapyrrolic macrocycles,

604
NBS, see N -Bromosuccinamide
Near infra-red (NIR) transient absorption

spectroscopy, 630

Near-surface defects, 488
Nesseria gonorrhoeae, 11
Nesseria meningitides, 11
Neutron reflectivity, 533
Ni and Cu tetrasulfophthalocyanine under

CO2 atmosphere, process of, 221
Ni Cyclam systems and electrochemical

reduction of CO2, 204–215
carbon-bonded Ni(II) complex,

formation of, 206
at mercury electrodes, 206
of Ni(II)/Ni(I) redox couples, 213–215
of Ni(III)/Ni(II) redox couples, 213–215
stereochemical effect of substituents,

210–211
Ni plaque, 88
Ni porphyrin catalyst reactions, role of,

316
Ni(III)/Ni(II) redox couple, 214–215
Nickel N4-complexes in alkaline solution,

electrodeposited films of, 395–401
Nickel(II) complexes, molecular structures

of, 197
Ni(III)/Ni(II) couple in NiPc catalyzed

reactions of, 316
NiPPIX complex, 321
NiRs, porphyrinoid structures of, 150
Nitrates and nitrites

phthalocyanine complexes, use of,
341–342

porphyrin complexes, use of, 339–341
Nitric oxide, chemical reactions of

heme protein models, 174
small molecule catalysts, 168–173

Nitrite reductases, 149
assimilatory, 151–155
dissimilatory, 155–156

Nitroxyl-adducts, 151
Nonbiomimetic substrates, electrochemical

reduction of nitrate, 178
nitrous oxide, 178–180

Noncovalent species of multiporphyrinic
assemblies

axial bond formation, 659–667
exocyclic coordination complexes as

linkers, 667–674
hydrophobic interactions in, 654–658
multiporphyrin assembling with

nonporphyrinic electron acceptors,
679–684

templated assembling in, 674–679
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Non-noble metal electrocatalysts, in PEM
fuel cells, 130–137

in fuel cell single membrane electrode
assemblies, 136

in gas diffusion electrode, 135
in thin films, 134

Norit BRX, 88–89
Norit SX Ultra, 119
NOx reductases, 150, 157–159

electrochemical investigations of, see
Electrocatalytic nitrite reductions;
Nitric oxide, chemical reactions of;
Hydroxylamine, NOx reduction of;
Co-denitrification; nonbiomimetic
substrates, electrochemical reduction
of redox chemistry of, 150

Nicotinamide adinosine dinucleotide
hydrogen (NADH), 1

O

β-octahalogenao-meso-tetrakis, 452
[µ3-ORu3(OAc)6(py)2] derivatives,

preparation of, 267
O2 in Earth’s atmosphere, concentration

of, 4
O2 reduction

biomimetic electrocatalytic, 13
by 2aCu-free (Fe-only) catalysts, 28
electrocatalytic, 128–129
generalization of, 15–16
kinetic mechanism of, 26–27
Steady-state polarization curve for, 97
Ulstrup model, 52–53
Yeager and coworkers model, 90–91

O2 to H2O, reduction of, 4
O2-bridged Fe(II) porphyrin

[PFe(III)O2Fe(III)P]ad , 67
OEGDA, see Oligoethylene glycol

dicarboxylic acid
Oligoethylene glycol dicarboxylic acid,

710
O–O bond homolysis, 17
Optimal Co–Co separation, 60
Organohalides, 318
µ-Oxo-

dimanganese(III)octaethylporphyrin,
67

Oxygen reduction in PEM fuel cell
conditions

Fe-N4 and Co-N4 macrocycles
electrocatalysts for, 88–91

non-Pt based catalyst for, 83–87
Oxygen reduction, biomimetic catalysis of,

12–15, 33
CuB , physiological role of
heme/Cu site, functional analogs of,

19–24
iron porphyrins, 15–19

P

P450 CYP119 protein, 164
PAA, see Polyacryclic acid
Pacman porphyrins, 685
PAMAM, see Polyamidoamine dendrimers
PAN, see Polyacrylonitrile
Pauling models, 127
Pb gas diffusion electrode, preparation of

amalgamated, 218
PCM, see Polarizable continuum model
PcZn electrodes, kinetic data of, 492
PEFC, see Polymer electrolyte fuel cells
PEI, see Polyethyleneimine
PEM fuel cell polarization curves, at 80◦C,

118
Perdew–Burke–Erzerhof (PBE) exchange-

correlation functional, 578
Permethylated β-cyclodextrin, 655
Peroxide pathway in acid, 42
Peroxide yield

for Co-based catalysts, 122
for Fe-based catalysts, 122

Phosphoric acid, 58
Photoelectrochemical electrode kinetics

intensity-modulated photocurrent
spectroscopy, 488–491

photocurrent transient methods,
484–488

Photoelectrochemical reactions, essentials
of, 468–469

n-doped electrodes, 469
p-doped electrodes, 469

Photogenerated high-energy electron
vacancies, 467

Phthalocyanine complexes
organohalides and pesticides, 321–322
phenols, 322
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Phthalocyanine electrodes, photocurrent
directions of, 474–478

Phthalocyanine electrodes, surface defects
in

Fermi-level pinning, 482–484
photoelectrochemical electrode kinetics,

see Photoelectrochemical electrode
kinetics

Phthalocyanine oxide semiconductors,
sensitization of

of electrodeposited semiconductor thin
films, 496–501

of nanoparticulate semiconductors,
494–496

Phthalocyanine thin films
accommodation coefficients and other

constants values of, 488
frontier energy levels of, 473–474
higher excited states, role of, 478–480
preparation of, 470–471
reactant adsorption, 481–482
semiconductor characteristics of,

471–473
sensitization of, 494–501
surface defects, 482–494

Phthalocyanines and porphyrins com-
plexes, in supramolecular systems,
225–243

using Co phthalocyanines-poly-4-
vinylpiridine, 229–230

Furuya and Matsui model, 231
Kapusta and Hackerman model, 229
Mahmood and coworkers model, 231
Meshituka and coworkers model,

228–229
modified electrode, formation of,

234–235
using transition metal phthalocyanines

or porphyrins, 230
urea formation in, 233
Zhang and coworkers model, 229

Phthalocyanines complexes, 220–221
Pillared dicobalt cofacial porphyrins

complexes, 60
Picket fence porphyrin, 58
Pillared dicobalt cofacial porphyrins

complexes, 60
Platinum, 85–86
PMF, see Potential modulated fluorescence
Polarizable liquid/liquid interface

distribution of, 520–523

neat liquid/liquid boundary, structure of,
518–520

Polarizable continuum model, 579, 581
Polyacryclic acid, 710
Polyacrylonitrile, 90
Polyamidoamine dendrimers, 168
Polyethyleneimine, 710
Polymer electrolyte fuel cells (PEFC), 58
Polymerized Co tetraamino phthalocya-

nines, 44
Polypyrrole-alkylammonium polymers,

380
Polystyrene latex beads (PS), 168
Polytetrafluorethylene, 232
Porphyrin and salen complexes

organohalides, 318–321
phenols, 321

Porphyrin complexes, for thiol detection
axial ligands, effects of, 327
central metals, effects of, 326–327
electrode modification, other methods

of, 327–329
ring substituents, effects of, 326

Porphyrin complexes, in carbon dioxide
reduction

carbon monoxide oxidation, 337
Lewis and Brφnsted acids, effects of,

335–336
M“0” porphyrin catalysts, effect of,

332–335
ring and central metals, effect of

changes, 336–337
Porphyrin films, electrochemical

of dip-coated films, 288–289
of electrostatic assembled films (EAF),

289–296
polymeric films, 296–299

Porphyrin films, photoelectrochemical
properties of, 299–301

Porphyrin iron (III) chloride, 223
Porphyrin oligomers, 648
Porphyrin triads, 642

rotaxane, 673
Porphyrin-based compounds

photoelectrochemical techniques,
application of, 529–532

time-resolved spectroscopy, application
of, 529–532

transitions and excited states in, 523–526
ultrafast relaxation in, 526–529
Porphyrin-fullerene dyads, 697



Index 811

Porphyrinic chromophore, energy transfers
of, 605

excited states, 610–616
excitons, nature of, 616–617
in photosynthesis, 618–622
limitations of, 623
linking of, 617–618
molecular electronics challenges, 622
transition moments, 606–609

Porphyrinic chromophore, excited states of
dexter mechanism, 615–616
electron transfer stage, 612–613
energy transfer stage, 613–614
Förster mechanism, 614–615
lifetime of, 611

Porphyrins complexes in solution, 221–225
Porphyrin-sensitised liquid/liquid in-

terfaces, photoelectrochemical
reactivity at as Galvani potential
difference function, 550–560

origin of, 545–550
photocurrent relaxation dynamics,

560–566
photo-oxidation processes, 545–547

Potential modulated fluorescence, 533, 540
Printex XE-2, 117
Prokaryotic cytoplasm, 2
Protein film voltammetry (PFV), 151
Proton-releasing reactions, 2
Protoporphyrin (hemin), 150
Prussian blue derivative, 104
PSCAS, see in situ Potential-step

chronoamperospectroscopy
Pseudomonas aeruginosa, 155
Pseudomoras stutzeri, 177
Pt metals in PEM fuel cells, 85–87
PTCDA, see Pyrolyzed perylene

tetracarboxylic dianhydride
Pyrolyzed perylene tetracarboxylic

dianhydride, 107
Pyrrole or thiophene-substituted

N4-complexes, examples of
electropolymerized pyrrole and

thiophene-substituted porphyrins,
375–377

electropolymerized pyrrole-substituted
phthalocyanines, 377–379

electropolymerized pyrrole or
thiophene-substituted schiff bases
and related derivatives, 379–380

Pyrrolic nitrogens, 447

β-Pyrrole brominated metalloporphyrins
electrochemical behavior of, 446–448
electrochemical oxidation behavior of,

450–452
electroreduction behavior of, 448–450
spectroelectrochemical studies of,

453–456
β-Pyrrole brominated porphyrins, water

soluble, 440, 453
electrochemical behavior of, 452–453
synthesis of, 445

β-Pyrrole halogenated complexes,
441–442

β-Pyrrole halogenated meso-
tetraarylmetalloporphyrins,
439

synthesis and characterization of,
442–444

β-pyrrolic hydrogens, 19

Q

QELS, see Quasi-elastic laser scattering
Quantum chemical calculations, 198
Quasi-elastic laser scattering, 533,

535–536
Quinol, 5–6, 10, 17

R

[Ru(bpy)2Cl]+ groups, 226
[Ru(edta)] derivatives, preparation of, 267
[Ru(NH3)5] derivatives, preparation of,

267
RAIRS, see Reflection-absorption infrared

spectra
RAS, see Reflectance anisotropy

spectroscopy
Red emitting poly(2-methoxy-

5-(2-ethylhexyloxy)-1,4-
phenylenevinylene), 706

Reflectance anisotropy spectroscopy, 700
Reflection-absorption infrared spectra, 729
Respiration cycle, 1
Respiratory oxygen reduction, catalysis of

cytochromes bd, 11–12
Heme/Cu terminal oxidases (HCOs),

5–11
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Rhodopseudomonas palustris, 621
Robson type azamacrocyclic complexes,

789–790
Rodentcides, 318
Rotating ring-disk electrode, 14, 121
Rotating-copper-disk electrode techniques,

207
Rotaxane porphyrin triads, 673
RRSS-Ni(2,3,9,10–tetramethyl-

cyclam)2+, 210, 212
Ru(II)pentaamino complexes, 61
Ru(III/II) process, 275
Ru(NH3)+2

5 groups, 62
Ruthenated Co porphyrins, 64
Ruthenium dimethylsulphoxide complexes,

261
Ruthenium porphyrins, 667
RuTMPyP, see meso-tetrakis(N -methyl-4-

pyridiniumyl)porphyrinatoRu(II)

S

S-acetyl group, 693
Salen complexes, electropolymerized films

of, 401–406
Sandwich type dimers, 692
Schiff bases, 364
Second-harmonic generation, 519

of metalloporphyrins adsorption at
water/DCE interface, 540–541

SEIRA, see Surface-Enhanced Infrared
Absorption

Selective sensors, 315
Self-assembled monolayers, 317
SERS, see Surface-Enhanced Raman

Scattering
SFG, see Sum frequency generation
SHG, see Second-harmonic generation
Single occupied molecular orbital
SiR, see Siroheme sulfite reductases
Siroheme sulfite reductases, 151
SOMO, see Single occupied molecular

orbital
Spin-coating, 317
Stark spectroscopy, see Electroabsorption

spectroscopy
Stokes shift, 629
Sulfite reductases, 149
Sulfur dioxide and sulfur oxoanions

electrocatalytic detection of, 330
phthalocyanine complexes, use of,

331–332
porphyrin complexes, use of, 330–331

Sum frequency generation, 520
Supramolecular porphyrins, as electrocata-

lysts
by axial coordination, 256–260
using peripheral pyridyl-substituents,

260–265
Supramolecular porphyrins, redox

potentials of, 275
Surface defects, in phthalocyanine

electrodes
Fermi-level pinning, 482–484
photoelectrochemical electrode kinetics,

see Photoelectrochemical electrode
kinetics

Surface vibrational spectroscopy, 726
infrared reflection–absorption spec-

troscopy, 728–729
reflection–absorption infrared spectra,

729
Surface-Enhanced Infrared Absorption,

728
Surface-Enhanced Raman Scattering,

728
Surface-Enhanced Infrared Absorption,

728
Surface-Enhanced Raman Scattering, 728

T

(TMPyP)MnIII, 452
(TMPyPBr8)MnII, 452
(TPP)MnCl, 451
(TPPBr8) Zn, 445, 457
(TPPBrx ) FeCl, 455
(TPPBrx )Co, 452, 457
(TMPBr8)MnIIICl derivative, 441
(TMPyPBr8)M, 440, 445
(TPPBr4) H2, 444
(TSTPPZn+TSPcZn)/ZnO, 500
2,3,12,13-tetrabromo-5,10,15, 20-

tetraphenylporphyrin, 444
Tafel slope, for Fe- and Co-based

electrocatalysts, 130
TAP, see Tetraazaporphyrin
TBP, see Tetrabenzoporphyrin
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TCBQ, see Tetrachloro benzoquinone
TCNQ, see Tetracyanoquinodimethane
TDDFT, see Time dependent density

functional theory
Teflon-bonded electrodes, cyclic

voltammograms of, 93
Teraphenylporphyrin, 579–580
Tetraazaporphyrin, 579–580
Tetrabenzoporphyrin, 575, 579–580
β-Tetrabrominated porphyrins, 441
Tetracarboxylic FePcTc, 100
Tetrachloro benzoquinone, 554, 561
Tetracyanoquinodimethane, 105
Tetrakis-5,10,15,20-methyl pyridinium

zinc porphyrin photosensitizer,
704–705

Tetrakiscarboxyphenyl porphyrin 170,
films of, 707

Tetrametallated pyridyl porphyrins
electrochemical characterization,

272–278
spectroscopic characterization, 269–271
syntheses, 267–269

Tetraphenylporphyrin iron(III) chloride,
224

Tetra-ruthenated porphyrins, 225
Tetrasulfonated phthalocyanines

(TSPcMt), metal complexes of, 496
Thin mercury films, 218
Thiocyanade, 342

electrochemical data of, 340
potentiometric determination of, 343

Thiols
electrocatalytic detection of, 324–325
using phthalocyanine complexes,

323–326
using porphyrin complexes, 323–329

Time dependent density functional theory,
624

TiP(O2), see Titanium porphyrin peroxo
complexes

Titanium porphyrin peroxo complexes, 331
Tl gas diffusion electrode, preparation of

amalgamated, 218
ToF SIMS analysis, 125
Toluene, 673
Toxic nitrophenols, 318
TPP, see Teraphenylporphyrin
TPPFe-O-FeTPP, see Iron porphyrin(s),

peroxo complexes
Trichloroacetic acid, 318

Trimetallic nickel compounds, 217
Trisimidazole-ligated Cu, 33
TSPcSi(OH)2, 498
Tunneling electron microscopy, 55

U

UATM, see United atoms topological
model

United atoms topological model, 581
Unmetallated tetrakis, 178
UV–Vis spectrum, 199
UV–visible titrations, 661

V

van der Waall’s interactions, 68
van Veen’s model, 100
Vanadyl-5,14,23,32-tetraphenyl-2,3-

naphthalocyanine, 781
Voltammetric current analysis, 154
Vostok Antarctica ice core, 84
Vulcan 3H, 88
Vulcan XC-72, 91, 116
Vulcan XC72R carbon black, 85

W

Wannier–Mott excitons, 616–617
Water-soluble porphyrins, at liquid/liquid

interface, 532–534
adsorption of ionic porphyrins, 534–536
electrocapillary curves of, 536–539
interfacial molecular orientation of,

540–545
Wiberg index values, 784, 786–789
Wolinella succinogenes, 154, 178
Wroblowa analysis, 122–123

X

XANES spectra, 99
XPS, see X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy, 89



814 Index

Z

(ZnP)3–ZnP–H2P–C60 hexad (48), 646
Zinc bacteriochlorin, 678
Zinc bis-dipyrrin (DIPY) complex,

670–671
Zinc porphyrin, 630–631

energy donors, 641
guest, 655

Zirconium phosphate, 709
Zn azabipy complex, 196

ZnO/TSPcZn hybrid thin films, 497
ZnP–H2P–C60 triad 49, 646–647
ZnP–Ir–AuP triad, 263
ZnP–R–FeClP species, 634
ZnTPP moiety, 680, 682
ZnTPPC, 536, 538

potential dependence of, 546
QELS spectra for, 539

ZnTPPS–ZnTMPyP ion pair, 539,
550–551, 557, 559, 561

Zn–Zn homodimers, 628
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