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Abstract

THE USE OF SURFACE ENHANCED RESONANCE RAMAN SPECTROSCOPY 
AND VOLTAMMETRIC TECHNIQUES TO INVESTIGATE THE CATALYTIC 
REDUCTION OF OXYGEN WITH IRON(III)TETRA-4-N-METHYLPYRI- 
DYLPORPHINE

by

Shanti Prashad-Rywkin

Advisors: Professors Ronald L.Birke and John R.Lombardi

In this thesis SERRS and voltaametric techniques - 
CV, RDE and RRDE are used to elucidate the mechanism of 
oxygen reduction on a silver electrode with iron(III)- 
tetra-4-N-methylpyridylporphine. The results indicate 
that after the oxidation reduction cycle (ORC) at pH = 10 
and 4 the iron porphyrin is adsorbed on the silver sur­
face as a high spin, five coordinated p-oxo-bridged 
dimer. On the forward scan this dimer undergoes two 
successive one electron reductions at ca.-O.JV and -0.5V 
to form a high spin reduced Fe(II) u-oxo-bridged dimer.

On the reverse scan a two electron oxidation to the
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yi-oxo Fe(III) dimer occurs. At pH = 2 only high spin 
reduced Fe(II) monomers are adsorbed on the surface.

At pH = 4 and 10, a shift in the reduction of the 
oxygen overpotential of ca.l50mV is observed and the 
active catalyst in this process is the partially reduced 
H-oxo dimer. A value of n = 4 was calculated for the 
number of electrons involved in this catalytic reaction. 
These results are used to formulate a mechanism for the 
catalytic reduction of oxygen.



Preface

The study of iron porphyrins are of considerable 
interest today particularly because of their use as 
catalysts in decreasing the overpotential of oxygen 
reduction and also because iron porphyrins are the 
principal oxygen carrying agents in hemoglobin. This work 
is centered on the role of iron porphyrin as a catalyst 
for the reduction of oxygen.

The porphyrins are a group of macrocyclic compounds 
that are insoluble in water. Only recently water soluble 
porphyrins have been synthesized, with the substitution 
of ionic groups on the macrocycle. One of these water 
soluble porphyrins - iron(III)tetra-4-N-methylpyridylpor- 
phine was shown to catalyze the reduction of oxygen on a 
carbon electrode. The work in this thesis was pursued 
with the intention of investigating the existence of any 
catalytic activity towards oxygen reduction with this 
iron porphyrin compound on a silver electrode where 
surface enhanced resonance Raman spectroscopy could be 
used to assist in formulating a mechanism to explain this 
process. The techniques used in this work include the 
surface enhanced resonance Raman spectroscopy (SERRS) and
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various voltammetric methods viz. cyclic voltammetry (CV) 
and voltanmetry with the rotating ring electrode (RDE) 
and the ring-disk electrode (RRDE).

The first chapter of this thesis consists of a brief 
review of the background work that is related to the 
subject of this research and it is presented with partic­
ular reference to the resonance Raman spectroscopy of 
porphyrins and the reduction of oxygen using transition 
metal catalysts. This includes SERRS (1-1) followed by 
a discussion of the optical absorption spectra and its 
influence on the RRS (resonance Raman spectra) of metal- 
loporphyrins(1-2, 1-3). Since most of the metalloporphy- 
rins show similar Raman spectral bands, the frequency 
assignment of these bands is explained in sections 1-4 
and 1-5. In section 1-6 a description of the possible 
mechanisms for oxygen reduction and the catalytic activi­
ties of transition metal macrocyclic compounds is pre­
sented.

In chapter two a brief account of the electrochemi­
cal and Raman instrumentation employed in this work is 
outlined. This account includes a description of the 
experimental procedures, and the materials and the re­
agents used.

Finally, chapter three consists of a detailed 
presentation of the SERRS and voltammetric experimental
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results of iron(III)tetra-4-N-»ethylpyridylporphine on a 
silver electrode.
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1.BRIEF REVIEW

1-1. Surface Enhanced Ranan Spectroscopy
The study of the structure of adsorbates at the 

metal electrolyte interface is important in the under­
standing of the mechanism of catalytic, electrochemical 
and biological reactions on surfaces. In recent years 
the use of spectroscopic techniques such as electrore­
flectance (1,2), photoacoustic and photothermal spectros­
copy (3,4), infrared (5,6) and Raman spectroscopy has 
provided valuable information about the structure of 
adsorbed species, in situ, on the surface. The most 
extensively used techniques are Raman and infrared spec­
troscopies, since detailed information is available on 
the vibrational energy levels of the molecule which can 
be correlated with the structure of the adsorbed species. 
However, with mid infrared studies water cannot be used 
as the solvent, and the use of glass and quartz cells are 
not permitted. Thus Raman spectroscopy is the preferred 
method of analysis. The resolution obtained with Raman 
spectroscopy is high and a wide spectral range (4000cm-1) 
can be utilized. The disadvantage with Raman spectroscopy 
is that it suffers from low sensitivity, and for some 
molecules the fluorescence background obscures the spec­
tral details.
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In 1974, Fleischnan et.al. (9), reported an increase 
in the intensity of the Ranan signal of pyridine adsorbed 
on an electrochenically roughened silver surface. Later, 
in 1977 Jeannaire and Van Duyne (10), and Albrecht and 
Creighton (11), independently showed that the intensity 
of the surface Ranan signal is roughly six orders of 
nagnitude greater than the corresponding solution Ranan 
signal. This enhancenent effect was terned surface 
enhanced Ranan scattering (SERS). Since the traditional 
low intensity phenomena associated with nornal Raman 
spectroscopy was elininated, the discovery of this SERS 
effect represented the dawn of a new era in research 
with Ranan spectroscopy. The details of the chenical 
analysis of nonolayers of surface adsorbed species was 
now possible.

The volume of literature available today on SERS 
studies is vast. A large portion of this work has been 
conducted at the metal/electrolyte interface, but the 
netal/gas (12-20), colloid/liquid (21-45) and solid/solid 
(46-49) interfaces have also been investigated. Since 
silver shows the largest enhancenent it is the nost 
common netal surface studied. SERS on electrochenically 
prepared gold and copper surfaces have also been reported 
(50-58). Some investigators clain (59) that the SERS 
signal on the gold surface is even nore intense than on
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the silver surface. In addition studies have been
conducted on Pd-as 0-PdH (60), Li, Na and K-in the matrix 
isolation form (61,62), Al-in island films (63,64), on Ni 
(65-71) and semiconductor electrodes (72-78).

Most of the compounds which have been studied are 
the nitrogen heterocyclics with an unshared pair of 
electrons such as methyl pyridine (79) , bipyridine (81- 
84), pyrazine (85-87), cyanopyridine (88) and methyl 
viologen (89-91) etc. Some studies on non-nitrogen 
containing organic compounds such as benzene (92-99), and 
ethylene (100,101) adsorbed on Ag films in the UHV have 
been reported. SERS of inorganic compounds such as 
Fe(CN)63~/Fe(CN)64-(102,103-107) and metal complexes 
(108-111) have also been studied. In addition SERS
studies have also been extended to organic solvents such 
as acetonitrile(112-114) , N-N dimethylformamide (115,116) 
and propylene carbonate (117,118). Since the SERS effect 
is localized in the vicinity of the metal surface, this 
technique has become useful as a high intensity surface 
analytical probe.

1-1-1. SERS theoretical explanations
Despite the large amount of experimental data avail­

able for SERS, the theoretical explanation for the occur­
rence of this phenomena is still subject to controversy.
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The proposal of an adequate Model must explain why (i) 
the SERS effect for water is weak despite its presence in 
concentrations greater than 55M (ii) the wide range of 
surface enhanceaent factors (iii) only specific aetal 
surfaces are involved and (iv) the first layer enhance­
aent is strong coapared to a weak long range enhanceaent.

Since soae fora of surface roughness aust occur 
before the SERS effect is observed there are two rough­
ness-based aodels that are accepted by aany workers. 
These are the electroaagnetic (EM) and charge transfer 
(CT) theories (128). The EM aechanisa (129-133) relies 
upon saall surface irregularities which results in the 
enhanceaent on the electric field, if the incident and 
the scattered radiation is in resonance with a normal 
aode of conduction electrons in the aetal. The CT aecha- 
nisa (134-139) is based on the presence of SERS active 
sites on the surface. Interactions between the aetal and 
aolecule occupying these active sites results in the 
increased enhanceaent. The nature of this interaction 
aay be due to a resonance Raaan enhanceaent induced by CT 
transitions between adsorbed or cheaisorbed species and 
the aetal atoas.

It was suggested (140) that both of these Mechanisms 
aay be operative in the SERS process and an EM enhance­
ment factor of 10+2 to 10*^ was estiaated. An exaaple of



5

this dual mechanisa (141) was shown when an increase in 
the overall intensity of the SERS spectra was observed 
after the addition of NaCl to a colloidal silver solution 
with pyridine (py) . This increase can be due to the 
foraation of Ag-Cl-py coaplexes, where the CT aechanism 
will be enhanced, or to the foraation of colloidal aggre­
gates where the EM enhanceaent associated with colloid 
aorphology can be iaportant. However until there is some 
aeans of aapping (142) the surface size distribution 
accurately (atoaic to aicron), controversy over the 
relative contribution of the CT and EM theories towards 
the enhanceaent factor will exist.

1-1-2. Surface enhanced resonance Raaan scattering 
(SERRS)

This phenoaena involves the observation of the SERS 
effect when the SERS active aolecule is concurrently RR 
active. In this case the electroaagnetic (EM, vide 
infra) effect and the resonance Raaan effect (RRE) con­
tribute to the enhanceaent factor. This resonance effect 
occurs when the wavelength of the exciting laser light 
is within the profile of an electronic absorption band of 
the aolecule. If the exciting frequency is close to an 
electronic absorption band, but not within the absorption
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profile, the resulting SERS spectra is due to a pre-RRE.
This surface enhanced resonance Raaan scattering 

(SERRS) effect is very intense, and spectra froa very 
dilute solutions as low as 10~^M for the dithiozone anion 
has been reported by Peaberton and Buck (119) . Jean- 
■arie and Van Duyne (120) were able to see the SERRS 
spectra of crystal violet on a silver electrode with only 
a few ailliwatts of laser irradiation power. SERRS has 
also been used to study the porphyrins and aetalloporphy- 
rins (121-125) where detailed vibrational analyses of the 
structures have been characterized. The SERRS of bio- 
cheaically important compounds such as hemoglobin, myo­
globin and cytochroae C have been studied (126). Also, 
since the fluorescence background is quenched during the 
SERRS process, detailed surface Raaan spectra are 
available for compounds where the solution RR spectra was 
impossible to obtain. This was illustrated by Lippitsch 
(127), where the SERRS spectra of bile pigments on Ag 
colloids was observed.

1-2.Optical spectra and electronic structure of aetallo-
porphyrins
1-2-1 Introduction

The basic porphyrin aacrocycle is shown in Fig.l. 
The ring consists of four pyrrole rings connected by
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unsaturated aethine carbon atoas at the four corners of a 
square. There is an inner 16 aeabered ring conjugated 
with 18 n electrons (143). Transitions involving the 
porphyrin n electron systea are the doainant contribution 
to the electronic absorption spectra. These n electrons 
have been teraed the "electronic heart" (144) of the 
porphyrins.

Metalloporphyrin absorption spectra can be classed 
into two basic groups. These are the regular and irreg­
ular porphyrins. The spectra of the regular porphyrins 
can be explained using the n electron theory, and pertur­
bations of the n electrons will result in an irregular
spectra. These perturbations occur when there are
changes in the path of the conjugated ring n electrons. 
These changes depend on the type of ligands (e.g. benzo 
rings fused onto the pyrrole rings) that are substituted 
in the macrocycle, or if there is a strong interaction of 
the n electrons with the d electrons of the central metal 
substituent.

1-2-2. Metalloporphyrin absorption spectra
The regular metalloporphyrin absorption spectra are 

dominated by intense broad n-n* transitions called the
Soret (B) band, near 400nm, and two weaker bands - Q0 ,
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near 500nm and Qv , near 600nm. The latter Q bands are 
also called a and b bands respectively. In this case 
there is very little interaction with the n electrons on 
the macrocycle and the rest of the aolecule. Examples of 
these spectra are common in the tetraphenylporphyrins TPP 
(refer to Fig.l for the abbreviations) with the central 
aetal substituents from Groups I-IV (145-147). Ferrocy- 
tochroae C (148) also display this type of absorption 
spectra.

The irregular porphyrins are classed into two 
groups, the hypso and the hyperporphyrins. The hypsopor- 
phyrins are characterized by a blue shift in the Q and B 
bands of the regular absorption spectra. This shift is 
due to aetal perturbations of the n-n* transitions. 
Examples of these spectra are common in transition metals 
of groups VIII and IB with d®-d^ configurations and 
filled eg (dn) orbitals. The low spin (3*0) Fe(II)
porphyrins (149-150) e.g.(P)Fe(C0)py (151) and (P)Fe(Py)2 
(Fig.l) and TPPAu(III) (152) have hypsoabsorption spectra 
(refer to Fig.l. for the abbreviations). The hyperpor­
phyrins show additional prominent bands in the spectral 
region with wavelengths > 320nm. These additional bands 
may be due to charge transfer (CT) transitions from the
a2U (npz) m e t a l  > eg (n*) ring [examples are the TPP
with the central metal atom substituted with Sn(II)
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(153), Pb(II) (154), and Bi(III)(155)1, or alu(n),a2u(n)
ring --- > eg (dn) aetal. The latter are typical of
transition aetals with d^-d9 configurations, soae exam­
ples are Fe(II) S = 0 e.g. Fe (II) TPP (156), Fe(III) 
porphyrins (157) e.g. [TPPFe(III)]20 and TPPFe(III)Cl. 
CT transitions are also influenced by the presence of the 
type of ligands on the fifth and sixth axial coordination 
positions of the aetal.

1-2-3. Theory of electronic absorption spectra
Gouteraan's four orbital aodel (158) and modifica­

tions for the perturbations qualitatively explains the 
porphyrin electronic absorption spectrum. In the 
symmetry of the porphyrin aacrocycle the n* lowest unoc­
cupied molecular orbitals (LUMO) are degenerate and have 
eg symmetry, and the n highest occupied molecular orbit­
als (HUMO) ar.e filled. The HOMO'S have nearly the same 
energy and are of alu and a2u symmetry. This orbital 
aodel is illustrated in Fig.2.

The Soret transition results from the large interac­
tion between the alu --- > eg and the a2u ---- > eg orbit­
als. Addition of the transition dipoles gives rise to 
the intense B band and cancellation of the dipoles re­
sults in the weaker Q0 band. The Q transition borrows 
intensity from vibronic mixing with the Soret transition
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and this gives rise to the Qv side band. Whenever there 
is extensive interaction of the n electrons with the 
electrons of substituted ligands or the electrons of the 
central aetal substituent the interpretation of the 
absorption spectra involves more than the four orbital 
aodel.

The diagraa in Fig.3 explains the observation of the 
blue shift in the absorption spectra for the hypsoporphy-
rins. Mixing of the nd(n) ae t a l  > eg (n*) ring will
raise the energy of the eg (n*) orbitals. This will 
increase the energy separating the n and the n* orbitals
and the transitions froa alu(n), a2u(n) -- > eg (n*)
orbitals. The overlap with the filled dn orbitals and 
the eg (n*) orbitals of the porphyrin ring results in a 
reordering of the levels of the n* orbitals and a blue 
shift of the absorption bands will occur. The extent of 
this shift depends upon the aaount of overlap with the 
orbitals and their energy separation. The separation of 
the dn orbitals depends on the ligand field splitting of 
the d orbitals in the central aetal substituent.

Iron porphyrins hypsoabsorption spectral bands are 
particularly difficult to assign because of the presence 
of filled and eapty d levels in the saae energy region as 
the HOMO filled n or with the LUMO n* orbitals. Saall 
shifts in the d levels of the central iron atoa can
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result in major changes in the spectra. The d levels, in 
addition, can be shifted if the iron atom lies out of the 
porphyrin plane, the latter being determined by the spin 
state, the coordination number of the iron and the type 
of ligands occupying the fifth and sixth positions.

The additional CT bands seen in the spectra for the 
hyperporphyrins depends on the charge transfer state 
energy. This varies with the metal, ligand and porphyrin 
substituents. This energy is difficult to estimate since 
precise ways to measure CT energies will be necessary. 
For all Fe substituted porphyrins, except for the Fe(II) 
low spin case there are vacancies in the eg (dn) orbitals.
Therefore CT transitions of the type a^u (n), a2u(n) ---->
eg (dn) are possible and the resulting spectra are d-type 
hyperabsorption spectra. The CT transitions for Fe(III) 
low spin porphyrins are generally at lower energy (159) 
than for the Fe(II) high spin states.

1-3. Resonance Raaan spectra of ■etalloporphyrins1 
1-3-1 Optical spectra and resonance Raaan enhanceaent
(i) B and Q enhancement

The intensity of the Raaan scattering is determined

1. Most of Sections 1-3, 1-4 and 1-5 were quoted from 
references 169 and 258 with more details added for this 
thesis.
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by the transition polarizability tensor (<»„.) which isr°
given by the following equation (160,161):

a = 1/h Z1/h Z
<f|Rp|e><e|R0 |y> ♦ <f|Ra |e><e|Rp|g> ----(1)

e

where Rp and Ru are dipole moment operators with incident
and scattered polarizations indicated by p and o respec­
tively. |y> and |f> are initial and final state wave 
functions, |e> is the wave function of an excited state 
with halfwidth re , vQ is the incident laser frequency; 
and veg and are the transition frequencies. The
first term is more doainant in the RRE since vQ approach­
es veg. The wave functions |g>, |e>, and |f> may be
separated into the electronic and vibrational parts 
using the adiabatic (Born-Oppenheiaer) approximation 
(162,163) giving :
<f|R|e> = <j|Me |v> and <e|R|g> *> <v|Me |i> ....(2)

where |i> and |j> are the initial and final vibrational 
wave functions of the ground electronic state and | v> is 
the vibrational wave function associated with |e>, and Me 
is the electronic transition moment between states |e> 
and |y>. MQ can be expanded into a Taylor series, with 
the first two terms:

where Q is a given normal mode of a molecule. Inserting 
expressions (2) and (3) in equation (1) gives the fist

Me Me° + {6M/6Q)°Q + ...  (3)
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two leading terns in the series:

a p o = A p o + B po ....(4)
These two terns are connonly referred to as the A and B 
terns, can be written as:

A po = (Me°)2 1/h £
1 v

<j|v> < v| i >

vvi_vo+irv

Me° 16M/6QI °+ 1/ti Z 
' v

<j|Q| v>< v|i> + < j | v><
v  • — v  + i rvi vo A,v

. (5)

...(6)

The numerator of the A tern depends on the magnitude 
of the Franck-Condon (F-C) overlap integrals <j|vxv|i> 
and the product of the square of the electronic transi­
tion moment (Me°)^. The F-C terms will be non-zero only 
if the vibration is totally symmetric or if there is 
either a change of frequency or a displacement of the 
equilibrium internuclear separation in the excited state: 
Therefore, with laser excitations within the Soret band, 
where there are strong dipole allowed transitions, only 
polarized modes (where the equilibrium internuclear 
positions of the excited state potential is large) will 
be enhanced and these modes will dominate the RR spec­
trum. Thus only the totally symmetric modes (166,167) 

be subjected to A term enhancement. The totally 
symmetric modes are modes with depolarization ratios 
(p), less than 3/4. The depolarization ratio is defined
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( 1 6 4 )  a s :

p = Ilx /Ix  (7)
where IX1 is the intensity of the scattered light paral­
lel to the plane of the electric vector of the incident 
light and Ij_ is the intensity of the scattered light 
perpendicular to the electric vector of the incident 
light. When p is < 3/4 the modes are polarized (p), p = 
3/4 they are depolarized (dp) , p = » they are inversely 
polarized (ip) and 3/4 < p < » the modes are anomalously 
polarized (ap) (165).

The Hertzberg-Teller approach (168) can be applied 
to evaluate the transition moment derivative (6M/6Q)° in 
equation (6). This can be considered to arise from a 
mixing of the resonant state e and a nearby excited state 
s, giving :
B = <Ms°)<Me°)he8

V_ - vs e
v

vvL ~ yo * irv

(8)

heg = <s|(5H/5Q)|e> where (5H/5Q) is the derivative of 
the Hamiltonian with respect to the normal mode Q.

The magnitude of the B term diminishes with increas­
ing frequency separation of the two states. The enhance­
ment due to the A term will be less intense with excita­
tion in the weakly allowed Q bands of the absorption 
spectra because of the smaller electronic transition
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moment.
The allowed vibrations in the RRS with excitation 

in the Q band (165,170-171) are those which are effective 
in Mixing the two states. This depends on the geometries 
of the states and the allowed symmetries which are given 
by the cross product of the electronic transition repre­
sentations. Since the RRS is dominated by the vibrations 
responsible for mixing the Q and B transitions and both 
of these are of Eu symmetry the allowed symmetries of the 
Q-B mixing vibrations are:

x ^u * Alg + A2g + ®lg + ®2g .... (9)
The modes are ineffective (172) in mixing the transi­
tion moments because of the high symmetry of the mole­
cule, thus the bands seen in the RRS with Q band excita­
tion are mainly depolarized Blg and B2g modes, and A2g 
modes. The B^g and B2g vibrations (p = 3/4) cannot be 
easily distinguished (173) since they are both depolar­
ized, but they can sometimes be identified by comparing 
with the RR spectra of the free base porphyrins, since
the symmetry is lowered - from D4h to D2h, then Blg --->
Alg and B2g -- > Blg. Jahn-Teller activity (171,174-
175) in the metalloporphyrin absorption Q band can also 
contribute to the Blg and B2g modes. The A2g anomalous­
ly polarized RR bands have IX1* 0. These modes have 
antisymmetric tensors and are of rotational symmetry
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(«xy-°yx transforms as Rz) about the porphyrin four-fold 
axis. They couple the x and y components of the B and Q 
electronic transitions respectively, thereby rotating the 
polarization plane of the scattered light by 90°, produc­
ing anomalous polarization (169). In porphyrin RR spec­
tra the high frequency A2g (ap) modes consists of radial 
C-H in phase bending (176) or of alternate bond stretch­
ing and compression around the porphyrin ring. The bond 
alternant modes are expected to be effective in vibronic 
mixing (172).
(ii) Out of plane enhancement

The out of plane porphyrin deformation modes are
expected at low frequencies, < 1100 cm-1, and involve
bending of the in plane bonds. In the °4h representation 
of the molecule only the Eg modes are Raman active but 
vibronic mixing (177,178) of the in plane Eu and out of 
plane A2u electronic transitions (Eu x A2u * Eg) can 
enhance these modes. CT transitions involving the por­
phyrin n and "«tal dn (alg) could also enhance
these modes. An example of this enhancement was seen
(179) with the 841cm"1 out of plane bending vibration of 
the methine C-H bonds in (ImH)2FeI1PP (PP = protoporphy­
rin, refer to Fig.l for the abbreviations) with 457.9nm 
laser excitation. This band was identified due to its 
disappearance upon deuteration at the methine carbon
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atoas. At 457.9na, in (IaH^Fe^PP there are assigned CT
transitions of the type porphyrin n(a^u) ----> Fe
(d^.a^g). The alu orbital concentrates electron density 
on the aethine C atoss (180) and the out of plane Cn~H 
(see Fig.l for the atoa labeling) bending node should be 
effective in vibronic Mixing of the CT transition with 
the nearby in plane B transition.

SyBHetry lowering of the aolecule can also result in 
the enhanceaent of other out of plane aodes. When the
syaaetry of the aolecule is lowered e.g. froa D4h ---->
C4v, all the other out of plane aodes in the D4ll syaaetry 
becoae Raaan active. Soae exaaples of these were seen in 
the 200ca_1 to 400ca~l region (181) where the A^ aodes 
(C4v syaaetry) can be enhanced via the doainant A tern. 
The vibrations belonging to the pyrrole ring folds have 
been identified in the 400ca-*-600ca-* region (182) of
the spectra and their enhanceaent is due also to cou­
pling with the n-n* ring transitions. Syaaetry lowering 
is attributed to the observation (183) of the out of 
plane 255cn-1 and 359ca_1 modes in (IaH)2FeIII0EP) 
(Fig.l). Both of these bands show a 2ca-1 upshift in the 
RR spectrua upbn 54Fe substitution with B band (407.6 na)
excitation. In addition these bands disappear upon
replaceaent of the IaH ligands with CN~. Inequivalence 
of the IaH ligands (due to differences in the Fe-IaH bond
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lengths associated with differences in IaH orientation) 
leading to an asymmetric structure (184) with respect to 
the porphyrin plane could lead to RR activation of these 
out of plane Raaan inactive u aodes. In addition if the 
central aetal atoa aoves out of the porphyrin plane, the 
out of plane aodes can also be enhanced. This was ob­
served (185) with the 330cm-1 node in the RRS spectra of 
MnIIIEP halides (EP = etioporphyrin, Fig.l). In this 
case, this aode has been attributed to an out of plane 
mode, because of its increased intensity with increasing 
size of the halide substituent and presuaably with the 
out of plane displaceaent of the Mn111 central aetal 
atoa. In heaoproteins, direct coupling of the out of 
plane modes to the n-n* transitions can result in the 
loss of the porphyrin airror plane via asyaaetric liga­
tion, protein-induced distortion of the porphyrin rings 
(186), or asyaaetric electrostatic fields in the heae- 
binding region (187).
(iii) Axial Ligand aodes

The central aetal substituent in the porphyrin 
aacrocycle can accoaaodate a 5th or 6th ligand in its 
axial coordination site. Axial ligand binding (188-192) 
has been extensively studied in the iron porphyrin com- 
plexes. Coupling of an N-L bond stretching with the in 
plane porphyrin n-n* transitions can result in the en-
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hanceaent of the M-L stretch. This enhanceaent depends 
on the influence of the M-L bond on the n system of the 
porphyrins. For exaaple if L is a n acceptor ligand 
such as 02 it will coapete with the porphyrin ring for 
back bonding with the iron dn orbitals. This is evident 
in the excitation profile of the Fe-02 stretching mode
of oxyheaoglobin Hb02 (193,194) which is strongly en­
hanced in the B band and aore weakly in the Q band. This 
enhanceaent results froa a coupling of the Fe~02 mode 
with the n-n* transition. This coupling is possible
because 02 is a n acceptor ligand and can coapete with
the porphyrin ring for back bonding with the iron dn 
orbitals.

For weak n acceptors (195) such as iaidazole (IaH) a 
nuaber of porphyrin ring frequencies are perturbed be­
cause of back donation in the low lying n* orbitals from 
the aetal dn electrons. Movement of the iron atoa out or 
in the plane of the porphyrin ring can also alter the 
interaction with the n-n* coupling. The'latter was ob­
served with (2-MeIaH)FeIXPP (Fig.l) where the Fe-InH 
stretch near 200cm-1 is very intense with B band excita­
tion (196). In this aolecule, since the iron atoa is out 
of the porphyrin plane by 0.5A° when the Fe-IaH band is 
stretched the iron atoa moves toward the porphyrin plane 
altering the interaction of the Fe orbitals with the ring
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n and n* orbitals.
CT transitions are also possible since porphyrins 

have partially filled d orbitals. Transitions to and 
fro* the aetal can occur. These aay be either froa the 
alu or a2u filled orbitals to aetal d orbitals or froa 
occupied d orbitals to the vacant eg (n*) porphyrin orbit­
als, the latter process being very weak. When there is 
strong aixing of these orbitals as in the hyperporphy­
rins, enhanceaent of soae of the M-L bands in the RRS 
spectra can occur. For exaaple (197), enhanceaent of the

Fe-OH band via the «2u,alu --- > dn transitions has been
reported for Myoglobin(III)OH [MbIII0H] and Heao- 
globin(III)OH [HbIII0H] heae proteins. Ligand to aetal 
CT transitions can also be responsible for soae M-L 
transitions. These are seen (198) in the Mn(III) porphy­
rins where the absorption at 460na associated with the 
n-n* transitions and n-dn CT transitions are responsible 
for enhancing the Mn-halide stretching frequency.

1-4. Metalloporphyrin vibrational spectra.
1-4-1. In plane skeletal aodes

In the idealized D4h structure of the aetalloporphy- 
rin, if the substituents on the CB (Fig.l) are treated as 
point nasses, the 37 atoa aodel has 71 in plane aodes 
classified as:
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rin-plane * 9Alg + 8A2g + 9Blg + 9B2g + 18Eu .-..<10) 
If the aolecule has a center of syaaetry the g aodes are
Raaan active and the Eu aodes are IR active. Spiro 
et.al.(199) showed how the stretching and bending of the 
internal coordinates contribute to the various noraal 
aodes. This is illustrated in Table 1. The eight Cb-Y 
(refer to Fig.l for the atoa labeling) stretching and 
bending and Ca~ Cb stretch are divided into syaaetric and 
antisyaaetric coabinations with respect to the C2 axes 
bisecting the pyrrole rings. The syaaetric coabinations 
are classed as Alg, Blgand Eu . The antisyaaetric aodes 
are classed as A2g, B2g and Eu . The eight Ca-CB stretch­
es can be siailarly divided into the syaaetric and anti- 
syaaetric contributions with respect to the C2 axes
bisecting the Ca-ca~ca angles. The syaaetric aodes are
classed as Alg, B2g and Eu . The antisyaaetric aodes are 
classed as Blg, A2g and Eu. The four Cb-Cb stretches, 
the four M-N stretches and the four syaaetric pyrrole 
ring deforaations are classed as A^g , Blg and Eu . The
four CB-X stretches are Alg, Blg and Eu and the four
CB-X bending aodes are A2g, Blg and Eu . The reaaining 
aodes are due to deforaations of the porphyrin ring*.

The first set of coaplete assignaents for a aetallo- 
porphyrin RRS spectra was done by Abe, Kitawaga et.al. 
(200,201). Their assignaents with aodifications that were
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■ade later is shown in Table 2. The aolecule studied was 
NiOEP since the ring was least perturbed by the effects 
of axial ligand substitution. Since the iron porphyrin 
is related to this work the assignaents aade by Spiro 
et.al. (199) on the FeTPP coaplexes are also shown in 
Table 2. These assignaents are heavily based on isotopic 
substitution. The Ca-CB stretches are sensitive to CB-H/D 
substitution, the Cb~Cb stretches to Cb-H/D substitution, 
14N/15N substitution for the M-N bonds etc. There are 
aany siailarities in the porphyrin spectra despite varia­
tions in the substituents on the aacrocycle. Generally 
the vibrations are within 50cn~* for different substitu­
ents. This has provided enoraous assistance in assigning 
the bands for the RRS of the aore recently synthesized 
water soluble porphyrins.

1-4-2. Peripheral substituent aodes
These aodes are not chroaophoric therefore any 

enhanceaent of their internal nodes depends on coupling 
with the porphyrin n-n* systea. This coupling can be 
either electronic or kineaatic. Electronic coupling can 
be achieved via coupling to the porphyrin n-n* systea in 
either the ground or excited states. This was evident in 
the observation (199) of the phenyl nodes (1600, 1030,
995, and 890 cn_1) (199) in FeTPP. These nodes were



23

identified by their shifts upon phenyl deuteration. It 
was suggested that their enhanceaent nay be due to the 
phenyl interaction with the porphyrin n-n* excited state 
which can be achieved when the phenyl rings rotate into 
the plane of the porphyrin ring (202) and delocalization 
of the electrons occurs via the phenyl ring n systems.

In other cases where electronic coupling cannot 
occur, the substituents can be RR enhanced by nixing with 
the porphyrin skeletal nodes. An example is seen in the 
RRS of the protoporphyrin IX vinyl nodes (203). In this 
molecule, with B band excitation, the C-C vinyl stretch, 
the C-H in plane defornation, and stretching and bending 
of the pyrrole-vinyl C-C bonds are observed.

Bands have been assigned in the 1000-1300cn_1 region 
to the C-H defornation nodes of the ethyl groups in OEP 
(204) . The intensity of these nodes can be attributed to 
kinematic coupling with the Cb-X stretch and other por­
phyrin skeletal nodes.

1-4-3. Out of plane nodes
The 34 out of plane vibrations with the D4h model of 

the metalloporphyrin can be classified as:

** out-of-plane * ^lu + ®*2u + ^®lu + *®2u + ®^g ••••(ID 
Only the 8Eg nodes are Raman active and their observation
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involves coupling with in plane and out of plane elec­
tronic transitions. The Alu aodes are IR active, but if 
the syaaetry of the aolecule is lost for exaaple, by 
inequivalence of the axial ligands and D4h >

c4vfA2u~~>Al' Alu"“>A2' b1u - - > b2 ' b2u  >Bi» Eg-->E)
then all the out of plane aodes becoae Raaan active.
These aodes are all expected at <1000 ci'1 since they
involve no bond stretch but only deforaations of the in
plane aodes.

Choi and Spiro (196) distinguished these out of 
plane aodes in accordance with the local aotions of the 
various structural eleaents of the porphyrin. These are 
(i) the out of plane wagging aodes of the VCB~X and 4Cb-Y 
where Y and X are the substituents, (refer to Fig.l for 
the atoa labeling) the aethine *Ca-CB atoas, and the 
central aetal atoa rM-N (ii) tilting and translational 
aodes of the pyrrole rings and (iii) the internal fold­
ings of the pyrrole aodes. The assignaents of these out 
of plane aodes have been done for NiOEP (205).

The pyrrole tilting aodes are iaportant since it 
transforBS the planar porphyrin aacrocycle to the doaed 
configuration, (Fig.5). Soaetiaes this aode can couple 
with the axial ligand bond stretching. This is seen in 
the IR spectrua of [(IaH)2FeI^I0EP]+ (206) where the Fe 
sensitive bands at 385ca_1 and the 319ca_1 shift upon
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the perdeuteration of the Iaidazole ligands and upon 
and Cm~*H substitution.

In isolated five aeabered aroaatic heterocycles, 
such as pyrrole, there are two out of plane folding aodes 
that are syaaetric and asyaaetric with respect to the two 
fold axis. These occur in the 400-600ca_1 range (207). 
Since there are four pyrrole rings in the porphyrin 
aolecule a total of eight folding aodes are expected, of 
which four are degenerate pairs. For [ (IaH)2Fe***(OEP)]C1 
and iron porphyrin coaplexes (208), ring folding aodes at 
403, 469ca“* and 425, 500ca~* respectively have been
identified.

The reaaining aodes involve wagging of the aethine 
bridges, of the aetal atoa and of heavy substituents, and 
translational and rotational aodes of the pyrrole ring. 
These are all expected to be heavily aixed and occur
below 400ca_1. An exaaple is seen in the shifts in
the 442, 472 and 501ca-1 bands in the B band RRS on 
MbIII(F~) (196) all of which are shifted upon deuteration
at the Ca or Cb atoas of the vinyl group (198) . Coupling
with the pyrrole folding aodes and the out of plane vinyl 
C-H/D deforaations can be attributed to this observation.
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1-5.Frequency and structure correlations for Iron Porphy­
rins.
1-5-1. Core size and spin state frequency Barkers

For the iron porphyrin coaplexes Raaan bands in the 
1450c b '1-1650 c b -1 region are sensitive to the spin 
state of the iron. Bands were identified which were 
sensitive to the core size of the porphyrin which is 
deterained by the spin state of the central aetal Fe 
substituent and the coordination nuaber of the coaplex. 
This effect is illustrated ‘in Fig.4. Iron porphyrins can 
be either of low (Is) or high spin (hs) states. This 
depends on the field strength of the axial ligands. With 
strong field ligands such as IaH, CN~, CO or 02, (refer 
to Fig.l for the abbreviations) the valence electrons 
(FeIII= 5, Fe11* 6) of the central Fe are forced to pair 
up in the three dn orbitals which point away froa the 
axial ligands, the coaplex is low spin and the anti­
bonding d22 and dx^_y2 orbitals are eapty. This results 
in a short M-L bond (=2.00A). To coapensate for this 
energy a larger porphyrin core size results. With weak 
field ligands such as IaH, the antibonding dn orbitals 
are partially occupied and the Fe-L bond length is larger 
resulting in a saaller cere size. Since Fe11 has a lower 
effective nuclear charge and aore extended d orbitals the 
effect is greater than with Fe111 porphyrins. When the
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spin states and coordination number of the porphyrin are 
the saae the core size of the Fe*** compounds are gener­
ally smaller than that of the Fe11 compounds.

The core size also depends on the coordination 
nuaber of the porphyrin. When there are two equivalent 
ligands in the six coordinate (6c) coaplex the iron atoa 
is in the porphyrin plane and the core size expands to 
accommodate this. In the five coordinate (5c) complex 
the Fe atoa is displaced out of the porphyrin plane
toward the fifth ligand. This displacement induces a 
contraction of the porphyrin cavity. The core size order 
is: (6c, Is Fe111) < (6c, Is Fe11) < (5c, hs Fe111) <
(6c,hs Fe***;5c,hs Fe11) < (6c,hs Fe11). This variation 
in the size of the porphyrin ring with changes in the 
spin state of the central iron atom is manifested in the 
changes in the frequencies of certain RRS bands. Changes 
in the methine bridge force constants occur as the por­
phyrin ring expands and contracts, this results in 
changes of the methine bond lengths and angles (211). 
These bands especially of interest are the v(Ca~N), 
v(Ca-Cb) and v(Cb-Cb).

Choi et.al.(211,212), showed that for all the skele­
tal modes above 1450cm-* there is an inverse linear
correlation with core size and the slope of the correla­
tion varies roughly with the contribution of the methine
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bond stretching and the normal aodes. The straight lines 
are described (213, 214) by the following equation :

v - (At - d)  (12)

where v = frequency(cm-*) , d = Ct-N, (Fig.4) the metal 
center to pyrrole nitrogen distance(A°) (this value can 
be deterained by the X-ray crystal structure) and 
Kj_ (ca-1A-*) and A^(A°) are fitting paraaeters specific 
to the ith vibration. The sensitivity of these RR fre­
quency shifts with the core size can be detected with 
relative ease considering a core size change of only 
0.01A° produces a shift of 5-6 cm-1 in most core-size 
sensitive bands.

The relation with the spin-state sensitivity and the 
core size marker has been examined for a wide range of 
aetalloporphyrins - Fe, Nn, Co, Ni and Zn (214). It was 
also shown (215) that this core size calculation does not 
show large deviations for different porphyrin ring sub­
stituents but it is deterained largely by the size on the 
central aetal atoa. Thus the fitting parameters can be 
used to predict core sizes for substituted aetal porphy­
rins and to determine the effect of various axial ligands 
on the core size.



29

1-5-2.Backbonding and doaing affects
Large deviations from the core size plots for some 

porphyrins can be attributed to doming and backbonding. 
Doning can be defined (Fig.5B) as the syiietric movement 
upwards (216) of the pyrrole nitrogen atons froe the nean 
porphyrin plane toward the 5 coordinated central metal 
atom as the atom moves out of the plane. The tilt of the 
pyrrole rings reduces the n conjugation at the methine 
bridges. This can alter the structure of the Ca_cm“ca 
fragment and thus the state of configuration of the 
bonds, causing a change in the Ca~CB stretching force 
constant which produce deviations from the core size 
correlations. In high-spin (2,Me-ImH) Fe^PP the devia­
tions from the core size plots can be attributed to 
doming (212).

The extent of n backbonding can also produce devia­
tions from the core size correlations. An example where 
this occurs was seen in the positive frequency shifts of 
the core size sensitive bands as the ImH ligands in 
(ImH^Fe^PP are replaced with ligands that are more 
effective n acceptors such as phosphines and CO (217). 
The lowering of these frequencies in (ImH^Fe^PP can be 
attributed to the decrease in ring n bonding associated 
with dn donation to the porphyrin n* orbitals.

Ruffling of the porphyrin core can also result in
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deviations. In this case (Fig.5C.) the pyrrole rings 
swivel about the metal-nitrogen bonds reducing the symme­
try to D2d* The lowering of the methine bridge bond 
stretching force constants occurs because of the reduc­
tion of the n orbital overlap. Ruffling also shortens 
the M-N bonds. An example of this was seen (218) in the 
orthorhombic NiOBP with the Ni-N = 1.929A° and in the 
triclinic NiOEP which contains the ruffled form with Ni-N 
= 1.958A°.

1-5-3. Oxidation state marker bands
The skeletal node at around 1380cm-1 for NiOEP (200) 

is due to a pyrrole ring breathing-like mode deformed by 
a large contribution of the Ca~N stretching vibration. 
In this mode 4 pyrrole rings vibrate in phase and 4 N 
atoms are displaced toward the central metal atom. RRS 
studies have shown that this band is dependent on the Fe 
oxidation state (219,220), being 1375cm-1 for Fe*3 and 
near 1355cm-1 for Fe*2 porphyrins. For the Fe*2 complexes 
reduction in the frequency of this Ca~N band may be due
to dn (metal) ---> n* (porphyrin) back donation for low
spin Fe*2 and doming for Fe*2 high spin complexes. Also 
the d orbitals are more extended in the smaller charged 
Fe*2 atom and may interact more with the porphyrin 
filled n orbitals thereby reducing the Ca~N stretching.



31

1-6 Transition metal complexes as catalysts for Oxygen 
reduction
1-6-1 Introduction

The use of transition setal nacrocyclic cospounds 
for the electrocatalytic reduction of molecular oxygen 
was first introduced by Jasinski where cobalt phthalo- 
cyanine (CoPc) adsorbed on carbon and nickel structures, 
was reported to catalyze the reduction of 02. In recent 
years the search for a low cost catalytic oxygen elec­
trode for fuel cells have accelerated the study of var­
ious transition metal macrocycles as possible electroca­
talysts. The best activities were obtained with the N4 
chelates of iron and cobalt. In this section the possible 
mechanisms for 02 reduction are described and the cata­
lytic activities of the iron and cobalt chelated com­
pounds are discussed.

1-6-2. Mechanisms for oxygen reduction
Yeager (221) and Yeager et.al. (222) showed that 

molecular oxygen reduction can take place via two overall 
pathways, these are:
(i) The direct four electron reduction

In alkaline solutions:

°2 + H2° + 4e ------> 40H” Eq = 0.401V
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In acid solutions:
02 + 4H+ + 4e~  > 2H20 Eq = 1.229V

(ii) The peroxide pathway 
In alkaline solutions:

°2 + H2° + 2e ------ > hc2~ + 0H~ Eo = -°-065V
followed by a further reduction reaction

ho2~ + H20 + 2e“ ------> 30H" EQ = 0.867V

or a decomposition reaction
2H02* ----- > 20H“ + 02
In acid solutions :
02 + H+ + 2e” ------> H202 Ed * 0.67V

followed by either
H202 + 2H+ + 2e"  > 2H20 Eq = 1.77

or
2H202 ) 2H20 + 02

Depending on the number of electrons involved the 
final product of the 02 electroreduction may be H20 or 

h2°2* The use of the rotating ring-disk electrode (RRDE) 
technique, with the ring held at a potential to monitor 
peroxide production at the disk electrode, allows the 
determination of the extent of these pathways toward the 
mechanism. However the separation of these two pathways 
is not always clear since there may be intermediate
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adsorbed states such as 02", 0H2~, °2H_> or °2H2' which 
■ay be involved in the pathways. Different rates of 
desorption of these adsorbed states can complicate the 
■echanisa. This is the reason why the 02 electroreduc­
tion on Pt, the nost extensively studied aetal electrode 
is still not fully understood.

1-6-3 Oxygen reduction on Silver
The reduction of oxygen on Ag electrodes in both 

acid and alkaline solutions have been studied. In alka­
line solutions several studies (267-269) have shown that 
the nuaber of electrons involved in this reaction is 4. 
Shimulova and co-workers (275) studied the reduction of 
oxygen on a Ag- disk, Pt-ring RRDE in KOH solutions and 
did not detect the fornation of H202 at the Pt ring.

It was proposed (276,277) that two two-electron 
reduction processes occur in alkaline solutions. These 
are:

°2 + H20 + 2e"  > OH" + H02"  (13)
followed by the catalytic decomposition of H02~ ions

2H02"  > 20H" + 02  (14)
The 02 produced in equation (14) is recycled via equation 
(13) :

°2 ♦ H20 + 2e"  > OH" + H02"  (15)
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This gives an overall reaction of :
02 + 2H20 + 4e~ ---- > 40H"  (16)

In acid solutions the Mechanism of 02 reduction is 
more difficult to ascertain since problems with Ag disso­
lution occur. In this case (278.279) a reduction process 
is assumed which is similar to that of Pt in acid solu­
tion viz.

02 + 2H+ + 2e~ ---- > H202  (17)

H202 + 2H+ + 2e“ ---- > 2H20  (18)

1-6-4 Iron and Cobalt chelate catalysts
In the work of Collman et.al. (223,224) and Liu 

et.al. (225) the cofacial dicobalt porphyrin was ob­
served to catalyze the 02 reduction reaction. When the 
Co-Co distance was about 4A, where the formation of the 
Co-O-O-Co bridge is possible, the reaction proceeds via 
a 4 electron pathway on graphite substrates in acid
electrolytes. When the distance between the cobalt atoms
is significantly greater or smaller than 4A° the reaction 
proceeds via a peroxide pathway. From these observations
Collman et.al. proposed that the rupture of the 0-0 bond
is crucial in the 4e~ reduction mechanism. Later Yeager 
(226) reported the 4e~ reduction for a planar bi-cobalt 
chelate containing two Co ions adsorbed on graphite.
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These results illustrate that the knowledge of the struc­
ture of the aacrocycle can assist in the elucidating the 
details of the catalytic aechanisa.

The O2 electroreduction catalysis by water soluble 
iron and cobalt aacrocycles such as the phthalocyanines 
and more recently the porphyrins has attracted the atten­
tion of nany investigators. Yeager et.al. (227,228) 
studied extensively the iron and cobalt tetrasulfonated 
phthalocyanines (TsPc). With these coapounds adsorbed on 
a graphite electrode, FeTsPc catalyzes the 4e~ reduction 
of 02 and CoTsPc catalyzes the 02 reduction via the 
peroxide pathway. The differences were attributed to the 
redox potential of the aetal which is related to the 
aechanisa. The aechanisa postulated was:

M(III) Pc + e "  > M(II)Pc ____(19)
M(II) Pc + 02 -----> M(III)Pc .02' ____(20)

M(III)Pc.02_+ e~  > interaediates ....(21)
Steps (2) and (3) are rate Halting and pH dependent.

Reflectance spectroscopy (229) was used to charac­
terize the surface adsorbed species on graphite, Pt and 
Au. In the presence of oxygen, since a different spectra 
was obtained, this was attributed to the foraation of 
an 02 adduct. SCRS was also used to characterize the 
surface species (230-232) on a silver electrode but no 
evidence of the axial ligand aodes were observed, only
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the in plane and out of plane Modes of the TsPc Macrocy­
cle were seen. With the aid of these results it was 
interpreted that the Molecule adsorbs perpendicular to 
the surface and that oxygen adducts (both diHeric or 
MonoMeric) via the central Metal atOM are forMed in the 
presence of oxygen. Melandres et.al.(233) concluded that 
FeTsPc and FePc were adsorbed parallel to the surface 
froa the SERR spectra on Cu and Au. Their interpretation 
was based on the broadening and changes in the intensi­
ties of s o n s  bands with increasing negative potentials. 
These changes were attributed to a lowered syNMetry of 
the adsorbed Molecule.

The use of water soluble Fe and Co substituted 
tetra-N-Methylpyridylporphyrin - TMPyP (Fig.9) for the 
study of oxygen catalysis on glassy carbon electrodes as 
reported by Kuwana et.al. (234,235). Three different EC 
catalytic regeneration MechanisMS were assuMed for FeTm- 
PyP viz.:
(I) Fe (III)TmPyP + e"  > Fe(II)TMPyP ____(22)

2Fe(II)TMPyP + 02 + 2H+  > 2Fe(III)TMPyP +
H202 ____(23)

(II) Reaction (22) followed by
4Fe(II)TMPyP + 02 + 4H+-----> 4Fe(III)TMPyP +

2H20 ____(24)
(III) reactions (22) and (23) followed by
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2Fe(II)TmPyP + H202 + 2H+-----> 2Fe(III)TmPyP +
2H20  (25)

The potential of the 02 reduction appeared to be governed 
by the M(III)/M(II) reduction for both Fe and CoTmPy. 
The stoichiometry of equation (23) was confirmed using 
the RRDE studies where H202 was detected as the product.

These studies clearly demonstrates the ability of the 
iron and cobalt macrocyclic compounds to promote the 
catalytic electroreduction of oxygen.
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Fig.2. Goutenan's four orbital aodel representing the orbitals involved in the electronic absorption spectra of the porphyrins.
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Fig.S Structures of the (1) planar, (B) doted, aid (C) riffled 
coifigiratioi of the porphfrii lacrocycle
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2.EXPERIMENTAL

2-1.Introduction
A brief account of the electrochemical and Ranan 

instrumentation employed in this work will be outlined. 
A description of the experimental procedures, the materi­
als and the reagents used will also be given.

A diagram of the experimental arrangement is shown 
in Fig.6. The order of the experimental procedures is 
shown below :

POLISH ELECTRODE A CLEAN THE CELL 

PREPARATION OP MATERIALS 

ELECTRODE PRETREATMENT 

FOCUS THE LASER 

OPTIMIZE THE SIGNAL

RECORD A STORE THE DATA



46

2-2.Raman instrumentation:
The basic experimental setup for a Rasan instrument 

is shown in Fig.6. The monochromatic radiation sources 
were a Spectra Physics Model 164 Argon ion laser and a 
Spectra Physics Series 2000 Krypton laser. The argon ion 
laser has a strong output at 488.Onm and at 514.5nm, and 
the Krypton laser has a strong output at 647.lnm. The 
laser power was 20mW on the cell for all the SERR experi­
ments. To avoid the possibility of photodecomposition of 
the surface species on the electrode, a high laser power 
was not used. There was no evidence of photodecomposi­
tion in these experiments, since the same spectra can be 
reproduced even after one hour of laser irradiation of 
the electrode. The laser power was measured with a Scien- 
tech 62 power energy meter. Laser plasma lines were 
filtered from the main laser lines using an interference 
filter.

A 90 degree geometry was used for the optical 
configuration as shown in Fig.7. A focusing lens was 
used to focus the incident laser beam at a spot on the 
SERR working electrode. The incident light was at an 
angle of 90 degrees with the optical axis of the mono­
chromator. An additional focusing lens was used to 
collect the scattered light from the electrode surface 
and focus into the entrance slit of the monochromator.
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The Raaan spectra were recorded with a Spex Model 
1401 double aonochroaator with a resolution of about 
2ca-1. Before each experiaent, the zero position on the 
aonochroaator was carefully noted by scanning over the 
laser frequency. During this procedure care was taken to 
block aost of the intense laser light froa entering the 
aonochroaator.

After passing through the aonochroaator systea the 
light was detected by a photoaultiplier tube. Photoaul- 
tiplier signals were aaplified and processed by conven­
tional photon counting electronics. A digital output 
froa this unit was fed to a PDP 8 coaputer. The Raaan 
spectrua can be recorded using an X-Y recorder or saved 
on a aagnetic diskette. The absorption spectra were 
aeasured using a Cary 14 spectrophotoaeter with an X-Y 
chart recorder.

2-3 Blectrocheaical instruaentation
The electrocheaical cell used in this work to study 

SERR scattering on a silver electrode surface is shown in 
Fig.8. This design is convenient to use with a 90 degree 
scattering geoaetry. This cell has an optically flat 
bottoa and side with provisions for inert gas bubbling 
for deoxygenation, a port for adding solution, and a port 
with a stopcock for reaoving solution while the cell is
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still positioned in the spectrometer. The latter fea­
tures are especially useful for flushing out the cell 
with blank electrolyte after adsorption on the electrode 
surface has taken place. This can be done under poten­
tial control of the working electrode without changing 
the optical alignment. This technique is useful to 
separate the Raman scattering of an irreversibly adsorbed 
species from that of an intense RRS in solution.

The cell used for SERS and electrochemical measure­
ments is a three electrode cell consisting of a working 
electrode, an inert counter electrode and a reference 
electrode. The working electrode was constructed from a 
silver wire sealed with epoxy in a Teflon cylinder to 
reduce edge effects. The electrode is cut at a 45 degree 
angle to facilitate the 90 degree scattering angle with 
the incident laser beam entering from the bottom of the 
cell. The surface area of the silver working electrode is 
about 1.5mm^. The counter electrode is a platinum wire. 
The reference electrode is a saturated calomel electrode 
(SCE). All potentials in these experiments are quoted 
relative to the SCE. A Luggin capillary from the refer­
ence electrode was positioned very near to the surface of 
the working electrode to minimize the effects of solution 
resistance.

The basic electrochemical instrumentation (Fig.6)
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consists of a potentiostat and a wavefora generator. The 
potentiostat controls the potential of the working elec­
trode and the wavefora generator can apply a potential 
pulse or a triangle wavefora to the potentiostat input. 
A PAR Model 173 potentiostat and a PAR Model 175 univer­
sal prograaaer wave fora generator were used in SERR 
experiaents. The latter is useful for the oxidation- 
reduction-cycle (ORC), the roughening procedure of the Ag 
working electrode. A PAR aodel 179 digital couloaeter 
was used for recording the charge during the pretreataent 
step.

A BAS Bioanalytical Systeas Potentiostat was used 
for cyclic voltaaaographic experiaents. For the rotating 
ring disc (RRDE) experiaents an RDE3 potentiostat (Pine 
instruaents) was used with a silver disc electrode with 
an area of 0.459ca^ and a platinua ring disc electrode 
(also Pine instruaents). For experiaents where a sil- 
ver-disk-platinua-ring electrode was required, silver was 
electroplated on the Pt disc of the ROE electrode. This 
procedure consisted of holding the potential of the Pt 
disc iaaersed in 1M Ag(N0)3 solution at -0.4V for approx- 
iaately 100s. All pH aeasureaents were adjusted with an 
Orion research digital ionizer aodel 801A.
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2-4.Reagents and materials
Iron(III)tetra-4-N-methylpyridylporphine was pur­

chased from Porphyrin Products (Logan UT.), as the p- 
toluenesulfonate crystal and also as the iodide crystal. 
These coapounds were used without further purification. 
Reagent grade KCl, KOH and HC1 were supplied by Fischer 
Scientific Co. The working electrode was a 99.99% pure 
polycrystalline silver wire.

2-5. Experimental procedures
The saaple solutions were prepared with deionized, 

distilled water. All glassware were cleaned with concen­
trated nitric acid before use. This was done to ensure 
the reaoval of any residual porphyrin adhering to the 
glass. The concentrated stock solutions were refrigerat­
ed (5°C) and stored in the dark. Suitable dilutions were 
aade for the electrochemical, Raaan and absorption meas­
urements. The diluted solutions were subsequently pro­
tected froa light, and used immediately after prepara­
tion. The supporting electrolyte- 0.01N KCl was used for 
all experiments in this work. The pH of the solutions 
were adjusted by the addition of KOH or HC1.

The working silver electrode surface was scrubbed 
with emery paper then polished on a felt with size 0.3
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■icron (Bueler) alumina powder. This produced a smooth, 
shiny mirror like surface. Prior to all experiaents the 
electrode was cleaned ultrasonically for about 5s. The 
electrode was aounted in the cell and an oxidation/reduc­
tion cycle (ORC) applied. This pretreataent step con­
sisted of a pulse starting froa -0.1V to +0.25V to 
-0.1V. Three pulses, each for 5s., were applied to the 
electrode. The total charge passed during this ORC 
process was 300aC. The electrode was then held at each 
respective potential for about 3ain. before the SERR 
spectra were recorded. In this work the electrode without 
the ORC will be referred to as a "smooth Ag electrode," 
and after the ORC in the presence of FeTaPyP as the 
"aodified Ag electrode".

All the SERR spectra were taken after pretreating 
the Ag electrode in a solution containing the porphyrin 
species and electrolyte. The pretreated electrode was 
then removed, rinsed quickly with the electrolyte at the 
appropriate pH and placed in a Raman cell containing only 
0.01M KCl, thus the spectra of only the surface species 
was observed, without the interference of solution reso­
nance Raman lines. Similar spectra (with lower intensi­
ty) were obtained by pretreating the electrode in a solu 
tion containing the porphyrin and electrolyte then wash­
ing the cell with the bulk electrolyte while maintaining
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the cell at a potential of -0.1V. Because of the large 
amounts of electrolyte required in the latter case to 
completely wash all traces of the porphyrin from the 
solution the "ex situ" method of pretreatment was pre­
ferred. Also it was unnecessary to pretreat the elec­
trode in the presence of the laser light to observe all 
the SERR spectra in this work, since very intense SERR 
spectra were seen when the ex situ pretreatment was done 
in the dark.

For the electrochemical experiments the same ex situ 
ORC was done. The electrode was similarly removed, washed 
and placed in bulk electrolyte and the voltammograms 
obtained for the CV or RRDE experiments with the adsorbed 
species on the electrode were recorded.
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3.RESULTS AND DISCUSSION
3-1.Introduction

In this work Iron(III)tetra-4-N-methylpyridylpor- 
phine, (FeTnPyP) (Pig.9) was chosen to study its effect 
on the reduction of the oxygen overpotential on a silver 
electrode. This conpound is soluble over the pH range 
0-14. SERRS, CV. and RRDE techniques were used to inves­
tigate the nechanisn of the catalysis of oxygen reduction 
with FeTnPyP at pH values of 2,4 and 10. At these chosen 
pH values, FeTnPyP exists in different forms in solu­
tion .

3-2.Absorption spectra of FeTnPyP
The absorption spectra of FeTnPyP show a pronounce 

pH dependence in the visible range (350-700nn). The 
results obtained at pH 2, 4 and 10 are shown in Fig. 10. 
The features observed are typical of nost metalloporphy- 
rins where there is a very intense Soret or B band at 
ca. 400nn and a pair of weaker bands referred to as the 
Qq and Qv or a and b bands, at ca. 500nn and 600nn re­
spectively.

The spectrum at pH = 10 has the typical metallopor- 
phyrin features. The Soret transition, which is the 
orgin of the n-n* transitions is located at 412nm, the Q0 
band is present at 594nn and the Qy band at 640nm. The
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spectra at pH - 2 and pH = 4 show a very coaplex Soret 
region, consisting of a broad envelope of two spectral 
bands, one having a aaxiaa at 418na and another at 400na 
respectively. A siailiar spectrua at pH = 2 with these 
two broad bands has been previously reported (236). The 
split Soret absorption spectra can occur (237) when there 
is near coincidence of the dn and eg energy levels 
(Fig.3). Since these transitions are of such high inten­
sity it aay be the n --- > n* transitions and C-T transi­
tions are highly aixed and this results in two Soret 
bands.

It is also possible that the spectrua at pH - 2 aay 
be due to the presence of aore than one species present 
in the solution. However, redox (238) and Mossabauer 
experiaents (236) indicate the contrary. A linear Beer's 
law plot was also obtained at both wavelength aaxiaa, at 
pH = 2, thus this Soret spectra is not due to aggrega­
tion. The SERRS and CV results (vide infra) also show no 
evidence of aggregation on the surface.

At pH = 4 the split Soret band aay also occur when 
there are aore than one species present in the solution. 
There has been evidence (236,238) of a change of spin 
state occurring at this pH. This aay be accoapanied by 
a change in the coordination nuaber of the central aetal 
atoa which will result in the presence of a ligated
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(aquo) and unligated species in solution.
The intensity of the split bands in the Soret region 

vary with changes in the pH. As the pH increases fron 2 
to 4 the band at ca. 400nn decreases and the band at 
418na increases. One possible explanation for the in­
crease in the 418na band at pH = 4 is that it is due to 
the increased concentration of the ligated species.

The Q0 band appears at 590na and the Qv band at 
640na at pH * 4. There is an additional band at ca. 
515na. This band aay also indicate the presence of the 
ligated species or it aay be due to CT transfer (243) 
bands. The Qq band at pH * 2 appears to be blue shifted 
about 75na. This aay be due to a decrease in the inter­
action of the d orbital of the central aetal iron and the 
n electrons of the porphyrin ring, resulting in an 
increase in the energy and oscillator strength of the 
bands.

3-3. Conclusion
The absorption spectra of FeTnPyP was studied as a 

function of pH. Froa the data presented it is clear that 
there are different species of FeTnPyP present in solu­
tion at the different pH aeasureaents. The results 
indicate that as the pH increases the solution species
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change possibly from a aonoaer to a diner species at pH 2 
and pH 10 respectively. At pH * 4 there is an intermedi­
ate species present, or a Mixture of aonoaer/diner or a
high spin/low spin species. Further classification of 
these species on the surface will be done using the SERRS 
and CV data.

3-4. SERR studies of FeTnPyP in the absence of oxygen
3-4-1. SERR spectra of FeTnPyP at pH * 10

After an ORC of the Ag electrode in an N2 saturated 
solution containing 10-5M to 10_6M FeTnPyP in 0.01M KC1, 
the electrode was reaoved and placed in a SERRS cell 
(Fig.8) containing only N2 saturated 0.01M KC1 and SERR 
spectra were recorded. The results obtained with the 
488nn andd 514.5na laser excitation are very siniliar. 
These excitation frequencies are close to the Soret band 
at 410na (Fig.10), thus the SERRS spectra obtained in 
this work are due to a pre-RR effect. The SERR spectra 
at pH * 10, as a function of potential, in the absence of 
oxygen is shown in Fig.11. The bands observed and their 
assignments are listed in Table 3.

It was not possible to obtain the solution RR spec­
trum of this FeTnPyP compound in solution with the 488nn, 
514.5 or 647nn laser excitation lines since only a broad 
fluorescence band was observed. This band obscured the
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resonance Hasan bands. However, reflection of the inci­
dent 488na laser excitation, froa a saooth shiny. Ag 
electrode in 10~^M to 10~6M FeTaPyP, showed weak Raaan 
bands. This spectra is shown in Pig.12. There is no 
potential dependence of these Raaan bands. To separate 
this solution spectra froa the surface spectra it was 
necessary to conduct the experiaents in this work with 
the porphyrin species absent froa the bulk electrolyte. 
The latter procedure was very iaportant since only a weak 
SERR spectra can be observed when the FeTaPyP is present 
in the solution. This weak spectra can occur when the 
solution RR spectra obscures the spectra of the true 
surface species or when the FeTaPyP in solution absorbs 
aost of the laser light.

Previous studies (247) on the SERRS of FeTaPyP 
failed to indicate a spectra with 488na or 514.5na laser 
excitation and a detailed variation of the spectral 
characteristics (with 407.9na laser excitation) with 
the potiental was not observed. The reasons for the 
differences with these results and that obtained in this 
work aay be due to the different ORC procedures ea- 
ployed, and to the absence of FeTaPyP in the bulk solu­
tion .

The bands of the adsorbed species observed in the 
SERR spectra were assigned by relying heavily on solution
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RR spectra that were done on TPP (239) FeTPP (240) , and 
(FeTPP)20 (241) derivatives. The N-methylpyridyl (N- 
TmPy) peaks were assigned by comparison with the SERS and 
RR studies of the N-methylpyridyl (242,244) cation and 
methyl viologen (245). In addition comparisons were made 
with the solution RR spectra of the FeTmPyP (246,247) 
with 457.9nm and 407.9nm laser irradiation done in previ­
ous studies. The task of assigning all the observed SERR 
bands was not undertaken. The following important obser­
vations (these are summarized in Table 4) about the 
surface band assignments of FeTmPyP at pH = 10 (-Fig.il) 
should be mentioned:
(i) The characteristic oxidation state marker band 
(248,249) for Fe(III) derivatives is seen at 1357cm'1 at 
-0.1V. This band will be referred to as band I in this 
thesis. This band lies very close to the 1360cm'1 
-1370cm'1 range reported by Chottard et.al.(250), and 
also by Spiro et.al (241) for high spin Fe(III) complex­
es. The band is assigned to the Ca-N stretch and it lies 
very close to the 1359cm'1 band seen by Spiro et.al. in 
Fe(III) p-oxo dimers.
(ii) The band at 1555cm'1 (referred to as band III) is 
close to the 1545cm'1-1554cm“1 range observed by Chottard 
et.al. (250) for high spin five coordinate Fe(III) com­
plexes. This band has been assigned the C^-C^ stretch
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(251) and was reported to be core size sensitive. Esti­
mates of the core size can be determined using the equa­
tion :

d = A - v/K  (1)
where d (Ct-N) is the metal center to nitrogen distance 
(Fig. 5) v is the Raman frequency shift and A and K are 
the constants 7.95A-* and 262.5A-1cm-1 respectively as 
determined by Stong et.al.(252) for M(TPP) derivatives. 
These constants can be used since it has been shown that 
(254,259) the N-TmPy substituent has no effect on the 
core size. This size is depends primarily by that of the 
size of the central metal atom. Substituting these values 
in equation (1) above gives a value of 2.03A° for the 
Ct~N distance. This value is very close to 2.02A° deter­
mined by Spiro et.al.(258) for high spin, five coordinat­
ed Fe(III) complexes. This indicates that there is very 
little change in the porphyrin core size of the adsorbed 
species on the Ag surface. If the molecule is attached 
to the surface via the four N-methyl pyridyl groups in a 
caliper effect either parallel or perpendicular to the 
surface, the core size will remain intact. This similiar 
effect with metal derivatives of tetra-4-N-methylpyri- 
dylporphine binding with several nucleic acids has been 
reported by Pasternack et.al.(255 ). The possibility of 
binding to the surface via with the pyrrole nitrogens can
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be excluded because of steric reasons.
(ill) The observation of the N-CH3''' peaks at 1189. 1005, 
791, and 669cm-1 on the surface is additional evidence 
that the Molecule binds to the surface via these groups. 
A previous study (242) on the N-methylpyridinum cation 
indicated that a certain aaount of iodide ions should be 
present in the solution before a SERS spectra can be 
obtained. But in this work very intense SERRS spectra 
were obtained in the absence and in the presence of 
iodide ions in the solution. There is a possibility that 
during the roughening procedure the counter ions - sulfo­
nate or iodide, aay be adsorbed on the active sites which 
enables the positively charged N-aethyl groups to bind to 
the surface.
(iv) The band observed at 365cm-1 (band IV) lies very 
close to the 363cm-1 band seen by Spiro et.al. (241) in 
(Fel'PP)2 0 . This has been assigned to the syaaetric 
Fe-O-Fe stretch by an isotopic substitution with 5 *Fe. 
The only band shift in the resonance Raaan spectrum 
observed after this isotopic substitution was the 363cm-1 
band. To our knowledge this is the first time this band 
has been observed in SERRS on an electrochemically pre­
pared surface. Previous studies (247) on Fe(III) por­
phyrin dimers failed to indicate the presence of this
band on the surface. The reasons may be that in other
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porphyrin compounds the diaer interactions are too weak 
to be observed on the surface or the SERR spectral de­
tails aay have been obscured by the solution RR spectra.

Adar and Srivastava (256) reported that diaer split­
tings of the spectral lines can occur but in our work no 
evidence of this was seen. Spiro et.al. also did not 
report diaer splittings for (FeTPP^O and suggested that 
diaer coupling is not iaportant.
(v) As the potential of the electrode changes to -0.3V 
there are significant changes in the spectra (Fig.11). 
The 1345ca-1 band (band II) which is characteristic of 
high spin Fe(II) coaplexes (241,250) begins to appear. 
Concurrently with this the 365ca_1 Fe-O-Fe stretch shifts 
to a lower, 358ca-1 value. The latter observation can be 
explained in teras of the aolecular orbital description 
of the Fe-O-Fe bond (257) . A diagram of the aolecular 
orbital energy levels is shown in Fig.13. It is clear 
that upon reduction to Fe(II) the additional electron(s) 
is placed in an antibonding orbital. This reduces the 
strength of the Fe-O-Fe bond and thus the frequency of 
the band is lowered. The presence of this 358ca-1 band 
(band IV) with the appearance of the Fe(II) species 
indicates that the reduced species is also a p-oxo- 
bridged diaer (Fig.14). 0

At -0.3V there is still the presence of an Fe(III)
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species on the surface. This is evident with the clear­
ly resolved 1357cm-1 band (band I) on the surface. At 
-0.5V the reduction of this Fe(III) species appears to be 
complete. This can be clearly seen because of the low 
intensities of band I (1357cm-1) and stronger intensity 
of band II at (1345cm-1). Notably, there is no further 
change in the position of the 358cn-1 band at -0.5V.

These results can be explained (Fig.15) if a stereo­
chemical change occurs with the adsorbed species as it 
undergoes reduction on the surface. At -0.1V the 
Fe(III)-Fe(III) p-oxo-bridged diner is strongly attached 
to the surface "side on" (Fig.16) with the p-oxo Fe-O-Fe 
bond parallel to the surface. A partially reduced 
Fe(III)-Fe(II) p-oxo-bridged diner exist on the surface 
at -0.3V. This partially reduced species is also ad­
sorbed parallel to the surface. At -0.5V where a reduced 
Fe(II)-Fe(II) p-oxo-diner is present on the surface, the 
molecule changes its configuration on the surface and is 
adsorbed "face on" (Fig.16) where the p-oxo Fe-O-Fe bond 
is perpendicular to the surface.

The reason why the 358cn-1 band (Fe-O-Fe) does not 
shift to lower frequency on further reduction of the 
partially reduced species at -0.5V but the 1357cm'1 band 
(Ca-N) shifts to 1345cm-1 can be explained. The strongly 
attached oxidized dimer is adsorbed parallel to the
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surface. As the reduction process occur at -0.3V, 
changes in the Fe-O-Fe bond can be easily detected. If 
the completely reduced Fe(II)-O-Fe(II) dimer at -0.5V is 
adsorbed perpendicular to the surface then changes in the 
Fe-O-Fe bond, which is further away from the surface 
cannot be easily detected. However, a change in the Ca~N 
band is visible whether or not the molecule is oriented 
parallel or perpendicular to the surface since in either 
case this band is located the same distance away from the 
surface with at least one portion of the dimer.

The reduced form of the dimer may prefer the perpen­
dicular adsorbed configuration on the surface since the 
additional electron is placed in the dxy orbital of the 
high spin d5 Fe, this may cause some repulsion from the 
surface due to the increase in the core size. The in­
crease of the Fe-O-Fe bond length may also strain the 
molecule when it is adsorbed perpendicular to the sur­
face. The existence of this stereochemical change occur­
ring with the reduction is substantiated from the CV 
(vide infra) results. The possibility of the second 
process (at -0.5V) involving a monomer can be discarded 
since the reduction of a monomer is expected to occur at 
less negative potentials compared to the reduction of a 
dimeric species. Since the SERRS spectra at -0.3V indi­
cate a reduction of a dimeric species, the reduction
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process at -0.5V should involve a diaer.
The core size aarker band at 1555ca-1(band III) 

shifts to 1542ca-1 when the reduction is coaplete. Using 
a siailar calculation described previously with equation
(1) the Ct~N distance is calculated to be 2.08A°. This 
result parallels that observed by Spiro et.al. (258), 
where an increase in the core size occurs when the charge 
on the central aetal atoa decreases. This can be ex­
plained in teras of the Fe(II) atoa having a weaker 
positive charge since it has aore extended d orbitals and 
this pushes the iron atoa into the plane of the porphyrin 
ring and thus increases the core size. Also, since this 
band lies in the range of frequencies characteristic of 
high spin coaplexes, the reduction of the Fe(III) species 
on the surface takes place without a change in spin 
states.

In suaaary at pH * 10 there is a high spin, five 
coordinated Fe(III) p-oxo diaer adsorbed parallel to the 
surface at -0.1V. At ca. -0.3V. there is a partially 
reduced Fe(III)-Fe(II) diaer. The diaer is coapletely 
reduced at ca.-0.5V. and this reduced species is adsorbed 
perpendicular to the surface. The diaer in its reduced 
fora is also in the high spin state.
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3-4-2. SERR spectra of FeTaPyP at pH ■ 4
The SERR spectra of FeTaPyP at pH = 4 is shown in 

Fig.17. The spectra are very siailar to that obtained at 
pH = 10 (Fig.11), except for a slight shift and differ­
ences in the intensity of the lines and soae new lines 
which appear in the spectra.

The Fe-O-Fe band (band IV) is at 368ca~* and it 
shifts to 360ca-1 at -0.3V. The oxidation and reduction 
state aarker bands are at 1359ca-1 and 1345ca-1 respec­
tively. As the potential varies these bands behave in the 
8 aae Banner as the spectra at pH = 10. The presence of 
diaers on the surface at this pH is very surprising since 
the diaer foraation in solution exist at pH values great­
er than 7 (236,238,261). However, when the porphyrin 
aolecule is adsorbed on the surface the presence of the 
positively charged N-aethyl groups can repel hydrogen 
ions froa the surface resulting in a higher surface pH 
which aay assist in the diaer foraation. This siailar 
effect (280) has been observed with pyridiniua ions. In 
addition previous studies in solution (261,262) also 
indicate that the diaer foraation is dependent on the pH 
and the ionic strength.

The presence of a ligated aquo aonoaer species was 
not observed on the surface, since there is no evidence 
of a redox process occurring on the surface at potentials
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less negative than -0.3V where the diaer reduction 
occurs. Soae new lines appear in the spectra at pH = 4 
(Fig.17) at 859, 1433, 1495 and 1595cm-1 when compared
with the similar spectra at pH = 10 (Fig.11)

In summary at pH = 4 and pH - 10 the SERRS spectra
have very siailar spectral characteristics.

3-4-3.SERR spectra of FeTaPyP at pH * 2.
The SERR spectra at pH - 2 is shown in Fig.18. At

this pH the first noticeable feature is the absence of 
band IV (358cm-1) in the low frequency region (a summary 
of the band assignments and the results are shown in 
Table 5). There is only the in plane porphyrin deforma­
tion mode visible at 405cm-1. Also band I (1357cm-1) is 
not present on the surface and band III appears as a 
broad band centered at 1550cm-1. Band II (1342cm-1) is 
also noticeable at -0.1V. These bands correspond very 
well with the adsorption of a high spin Fe(II) monomeric 
species on the surface at -0.1V.

The observation of the Fe(II) species on the surface 
is consistent with previous results (238) which show a 
redox reaction of an FeTmPyP species, in acidic solu­
tions, with a half wave potential of -0.012V. Because 
of the limitations of the use of the Ag electrode this 
redox reaction could not be electrochemically observed.
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Notably there is no change in spin state occurring as 
the potential changes. The disappearance of the 1345cn-1 
band at -0.4V nay be due to the extraction of the iron 
aton fron the surface bound species, or to a reorienta­
tion of the adsorbed molecule possibly towards an "edge 
on** node of adsorption via one N-nethylpyridyl group.

3-5. SERR studies of FeTaPyP in the presence of oxygen
The SERR spectra of FeTnPyP at pH = 2, 4 and 10 were 

recorded in the presence of oxygen. These studies were 
done to investigate if there are any changes in the 
structure of the porphyrin adsorbed species in the 
presence of oxygen.

When the ORC and scanning procedures are done in the 
presence of oxygen (i.e. air saturated solutions) at pH * 
10 and 4 the sane spectra are seen as in the absence of 
oxygen. Since the spectra obtained with oxygen are nore 
intense, these spectra are reported in this work. The 
SERR spectra at pH - 10 in the presence of oxygen are 
shown in Fig.19 and conparing this data with the spectra 
in the absence of oxygen in Fig.11, it is clear that the 
frequency positions of the bands are alnost identical and 
the only difference is that in the presence of oxygen, 
the spectral lines are nore intense.
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The SERR spectra at pH = 4 (with oxygen) are exactly 
the sane as pH = 10 whether or not oxygen is present 
(vide supra). When the latter spectra (Fig.19) is con- 
pared with the SERR spectra at pH =* 4 in the absence of 
oxygen (Fig.17) sone slight differences can be seen. In 
the presence of oxygen the band at 165cm-1- is nissing and 
a new band at 1511cm-1 appears; the band at 859cm-1 in 
the absence of oxygen shift to 877cm-1 in the presence of 
oxygen; and in the absence of oxygen new bands at 
1433cm-1 and 1455cm-1' appear. The SERR spectra at pH = 2 
are the same in the presence and in the absence (Fig. 17) 
of oxygen.

From these results with B band excitation it is 
clear that the presence of oxygen has little or no effect 
on the SERR spectra at pH ■ 2 and 10. The increase in 
the intensity of the spectra may be due to adsorption of 
0 2~ ions which can occur during the roughening steps. 
This can modify the SERR active sites which can result in 
the enhanced adsorption of FeTmPyP. This effect being 
more pronounced at pH = 4. The CV results (vide infra) 
also show a similiar modification of the surface sites at 
pH = 4.
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3-6. SERRS of FeTaPyP with Q band excitation
The SERRS spectra were also recorded with the 647nn 

laser irradiation. The reason for doing this was to sort 
out the crowded regions in the spectra. In addition it 
is expected that enhancement of the antisymmetric nodes 
can be seen on the surface with the Q band excitation if 
the symmetry of the aolecule is intact. These nodes are 
otherwise difficult to separate froa the symmetric modes 
since all the SERRS lines are depolarized.

The SERR spectra with the 647nm laser irradiation at 
pH * 10 and 2 is shown in Fig.20 and Fig.21 respectively. 
The relative intensities of the bands obtained with 488nm 
and 647nm excitation at pH = 2 and pH - 10 are shown in 
tables 5 and 3 respectively. Careful examination of the 
relative intensities of these bands reveal that at -0.1V 
at pH = io (Table 3) the antisymmetric modes eg. 819, 
1031, and 1317 cm-1 and at pH * 2 (Table 5) 815, 1015,
and 1317cm-* show enhancement in the Q region. In 
addition the intensity of many of the symmetric modes 
are weaker with the Q band excitation, with the exception 
of the bands at 215, 1013, and 1353cm-*. This observa­
tion lends additional support for the assumption that the 
molecule is adsorbed parallel (Fig.15) to the surface at 
-0.1V at pH = 4 and 10 where it is more symmetric than 
when the molecule is adsorbed perpendicular to the sur­
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face. McMahon et.al.(260) suggested that adsorption of 
a porphyrin diaer parallel to the plane of the porphyrin 
ring would result in significant perturbation of the 
electronic state energies. This is clearly seen with the 
presence of the symmetric 1357cm-1’ (Table 3) oxidation 
state marker band with both 488na and 647na excitation at 
pH = 10 at -0.1V.

It is expected that the proposed stereochemical 
change that occurs at -0.5V (Fig.15) at pH = 4 and 10 
would result in an increased enhancement of the intensi­
ty of the antisymmetric modes with Q band excitation. 
Unfortunately this is difficult to discern since there is 
a general decrease in the intensity of the spectra with 
increasing negative potentials.

The SERRS spectral bands obtained at pH = 2 are 
listed in Table 5. In this case there is a smaller 
correlation with the relative increase in intensities of 
the symmetric modes with B band excitation and the corre­
sponding decrease with Q band excitation. The intensi­
ties of the symmetric modes at-240, 405, 671, 701, 861, 
1133, 1255, and 1550 cm- 1 do not show a comparable de­
crease in intensity with the Q band excitation. This may 
be due to the adsorption of the monomeric species in both 
the parallel and the perpendicular forms at pH - 2 at 
-0.1V.



74

3-7. Conclusion
The SERRS spectra at pH = 10 and 4 in the absence of 

oxygen indicate the adsorption of a five coordinate, high 
spin Fe(III) p-oxo-diaer at -0.1V. This Molecule is 
adsorbed with the Fe-O-Fe bond parallel to the surface
i.e. attached to the surface "side on". At -0.3V the 
diaer undergoes a one electron reduction to fora a par­
tially reduced Fe(III)-O-Fe(II) p-oxo-diaeric species. 
At -0.5V an additional one electron reduction occurs to 
fora a coapletely reduced high spin Fe(II)-O-Fe (II) 
species. This reduced species change its orientation and 
is adsorbed with the Fe-O-Fe bond perpendicular to the 
surface i.e. attached "face on" via the four N-aethylpy- 
ridyl groups of one porphyrin ring in a caliper effect. 
SERR spectra with Q band excitation provides additional 
evidence for this stereocheaical change after the reduc­
tion taKes place.

At pH * 2 only high spin Fe(II) reduced aonoaers are 
adsorbed on the surface at -0.1V. There was no evidence 
of any other electrocheaical processes occurring at aore 
negative potentials. In the presence of oxygen the SERR 
spectra at pH - 10 are exactly the saae as that of pH - 
4. The spectra at pH = 10 and pH = 2 in the presence of 
oxygen are the saae as that in the absence of oxygen.
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There are slight differences in the SERR spectra at pH = 
4 in the presence and in the absence of oxygen.

3-8. Electrochemistry of FeTmPyP 
3-8-1. Introduction

The cyclic voltammetry (CV) of FeTmPyP at pH 2,4 and 
10 was studied. The purpose of this investigation was to 
achieve a better understanding of the SERRS data and 
possibly to correlate the SERRS and CV results to explain 
the surface phenomena. CV studies were also done in the 
presence of oxygen (i.e. air saturated solutions) to 
investigate the effect of FeTmPyP on the catalytic 
reduction of the oxygen overpotential. In addition, RDE 
and RRDE studies were done to investigate the product/s 
of the oxygen reduction.

Since the SERRS results were performed on a modified 
electrode, a similar ex situ ORC procedure was used to 
obtain the electrochemical results. This involved rough­
ening the electrode in the presence of a solution of 2 x 
10_4M FeTmPyP in 0.01M KC1, after removal, the electrode 
was carefully washed with 0.01M KC1 at the desired pH. 
The electrode was placed in the electrolyte at a given 
pH and the voltammogram was recorded. The roughening 
procedure was exactly the same as that employed for 
obtaining the SERRS spectra, i.e. three repetitive pulses
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starting froa -0.1V to +0.25V to -0.1V. The potential 
was held constant for 5s at +0.25V. In this work when 
the roughening procedure was done in the presence of 
FeTaPyP the electrode is referred to as the aodified 
electrode, where FeTaPyP is iaaobilized on the silver 
surface. When the ORC step is done in the absence of 
FeTaPyP the electrode is referred to as the pretreated 
electrode. The saooth electrode is a highly polished Ag 
surface.

3-8-2.CV results of FeTaPyP
The CV results on the aodified electrode are shown 

in Fig.22. In this case the roughening step was done in 
the presence of 02 and the aodified Ag electrode was 
placed in a solution where 0 2 was reaoved, by degassing 
with nitrogen. The nitrogen was passed over a catalyst 
of previously heated, finely divided copper and was 
saturated with distilled water before bubbling into the 
solution. Voltaaaograas as shown in Fig.22 were then 
recorded. There is no porphyrin present in these solu­
tions; thus the electrocheaical processes shown here 
represent only that of the adsorbed species and/or inter­
actions of the adsorbate near the adsorbate/solution 
interface. Three cases at pH * 2, 4 and 10 were consid­
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ered. At pH » 10, whether or not the ORC step was done 
in the presence or in the absence of oxygen, the saae 
voltaaaograas were obtained. When the roughening proce­
dure was done in the presence of oxygen, at pH * 4 and 
1 0 , the voltaaaograas are exactly the saae irrespective 
of these differences in the pH. There are soae slight 
differences in the CV at pH * 4 when the ORC step was 
done in the presence and in the absence of oxygen. These 
results are all parallel with those obtained froa the 
SERRS experiaents, and this is an indication that there 
is soae correlation with the SERRS and CV data.

The CV (Fig.22) at pH » 4 and 10 show two waves on 
the cathodic sweep and one wave on the return scan. The 
first wave (wave I) that appears at -0.3V at pH 3 4 and 
1 6 , correlates very well with the first one electron 
reduction of the p-oxo-diaer as seen in the SERRS spec­
tra. The wave at ca. -0.5V (wave II) is interpreted to 
be a second one electron reduction of the p-oxo-bridged 
diaer. The return wave (wave III) at -0.38V is the two 
electron oxidation of the Fe(II)-Fe(II) diaer. The 
reaction scheae in Fig.15 illustrates these processes 
that occur at waves I,II and III.

The SERRS data (Fig.11) supports this interpretation 
of this reaction scheae. In the SERRS spectra the Fe-O- 
Fe bond at 358ca-1 and the 1345ca_1 Fe(II) oxidation
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state Barker bands are observed at -0.3V. The partially 
reduced species at -0.3V is supported by the presence of 
the 1345 [Fe(ll)] and the 1357c*-1 [Fe(III)] bands. At 
-0.5V, the decrease in intensity of the 1357c*-1 band 
and the corresponding increase in intensity of the 
1345c*-1 indicates the presence of an additional reduc­
tion process taking place. However, at -0.5V the Fe-O-Fe 
band at 358c*-1 does not shift to lower frequency - this 
is expected (vide supra) if an additional electron is 
placed in an antibonding aolecular orbital (Fig.13). If 
the adsorbed porphyrin diaer changes fro* a "side on" 
configuration where the Fe-O-Fe bond is parallel to the 
surface to a "face on" configuration where the Fe-O-Fe 
bond is perpendicular to the surface, during the reduc­
tion process (Fig.16) then the Fe-O-Fe band is further 
away fro* the surface in the reduced species and changes 
in this bond length are harder to detect.

Since there is only one wave visible on the return 
scan (wave III, Fig.22) this *ust correspond to the 2e~ 
oxidation of the diaer. The corresponding Fe(III) spe­
cies generated fro* wave III is the saae as the 
Fe(III)-0-Fe(III) species represented in wave I (Fig.15) 
since repeated scans (Fig.23) show exactly the sa*e waves 
I,II, and III. The interpretation of these results which 
is illustrated in Fig.15 is also supported by the poten­
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tials at which these reactions occur - from the Gibbs 
free energy consideration:
EpI ♦ EpII = 2EpIII
-0.26V + -0.46V = 2(-0.36V) * -0.72V

Note: EpI corresponds to the peak potential of wave I. 
The rest of the syeboIs have a siailar meaning.

This reformation of the original Fe(III)-O-Fe(III)
adsorbate at wave III could not be detected with the
SERRS spectra when the potentials are reversed (i.e. 
after the spectrum at -0.7V was recorded then the poten­
tial was switched to -0.1V to recreate the original
spectrum at -0.1V.). This was probably due to a disrup­
tion of the SERRS active sites.

Conceivably, two types of p-oxo-dimeric species can 
be adsorbed on the surface, where one is strongly and the 
other is weakly adsorbed (260) and waves I and II could 
each correspond to a 2 e~ reduction of the dimers to form 
the same product. However this possibility can be exclud­
ed since repeated CV scans (Fig.23) show two cathodic
waves. If wave II represents the reduction to another 
dimeric species (i.e. other than a p-oxo-bridged dimer) 
or a monomeric species, then more than one wave should be 
seen on the return scan. In addition, the reduction of 
the monomer species is generally easier than the dimeric 
species so this would exclude the possibility of wave II
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being aonoaeric. The return wave III correspond to the 
2e“ oxidation of the coapletely reduced Fe(II)-O-Fe(II) 
diaer. Thus, the CV data provides additional evidence 
for the presence of two orientations of a p-oxo dimeric 
species adsorbed on the surface.

The scan rate dependence with the current for waves 
I, II and III at pH * 10 is shown in Fig.23. At slow 
scan rates the oxidation current of the diaer (wave III) 
is irreversible and it becoaes aore reversible at higher 
scan rates. This is evident froa the variation of the 
shape of wave III with the scan rate. This can occur if 
the rate constant for the oxidation is high. However, 
because of the large background currents, and differences 
in the electrode surface area that occurs after the 
roughening procedure, it is very difficult to extract any 
kinetic inforaation froa this data.

In addition the CV results on a saooth Ag electrode 
at pH = 10 and pH = 4, with the FeTaPyP present in the 
bulk solution (Fig.24) were ill defined since aany proc­
esses (266) occur which involve interaction of both bulk 
and surface adsorbed species. However when the CV was 
recorded with the aodified electrode with the porphyrin 
present in the bulk solution (Fig.25) it is very clear 
that waves I, II and III are present, and wave II is aore 
apparent at higher scan rates. The additional waves seen
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in Fig.24 and Fig.25 could not be identified. It was
suggested (281) that these peaks aay arise froa the
reduction of the other Fe(III) adsorbed species since 
their reduction potentials can vary over several hundreds 
of aillivolts or this aay be due to ring reductions (281) 
of the porphyrin ring.

When the roughening procedure was done in the ab­
sence of oxygen at pH * 4 the results are not the saae as 
when the electrode is roughened in the presence of oxy­
gen. This is illustrated in Fig.26. At pH * 4 there is 
another wave at ca. -0.66V. This wave could not be 
identified using the SERRS data, however this wave 
indicates that the presence of O2 affects the active
adsorptive sites/ adsorbate and this could be a reason
for the slight differences observed with the SERRS spec­
tra at pH * 4 in the presence and absence of oxygen. The 
CV results in the presence of oxygen also indicate the 
saae reaction scheae (Fig.15) is occurring due to the 
presence of waves I,II and III.

At pH - 2, the CV on a aodified electrode (Fig.27) 
does not show a redox process occurring at -0.1V. This 
correlates very well with the SERR spectra (Fig.18) which 
shows a reduced iron porphyrin species adsorbed on the 
surface as far as -0.5V. Also, the presence of a reac­
tion of a diaer is not seen with the CV results. There is
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only one peak visible at -0.48V. This aay be due the 
extraction of the Fe atoa froa the porphyrin plane, or a 
further reduction of the Fe(II) aonoaer. However the 
further reduction of the Fe(II) species i.e. a shift of 
the 1342ca“* band to lower frequency. However the RR 
spectral studies of characteristic frequencies for Fed) 
species has not enjoyed a success as that with Fe(II) and 
Fe(III) porphyrins. The adsorbate at pH = 2 has been 
identified as a high spin Fe(II) aonoaeric species (vide 
infra) with the SERRS data.

The adsorbate at pH = 2 on the aodified electrode is 
not stable. This is evident since repeated scans 
(Fig.27) show a disappearance of the peak at -0.48V and 
the appearance of a new peak at -0.30V. This aay be an 
indication that the adsorption of a reduced lonoaeric 
porphyrin is less stable than the oxidized diaer. On the 
aodified Ag electrode, (Fig.28) with FeTaPyP present in 
the bulk, a peak at -0.48V can be seen on the anodic scan 
and another peak at -0.42V on the reverse scan. The 
current for both of these peaks are linear with the 
square root of the scan rate. This is shown in Fig.29. 
Thus, these waves are diffusion controlled.

Contrary to the results obtained at pH = 10 and 4, 
the CV at pH * 2 on the aodified electrode with FeTaPyP 
present in the bulk does not separate the processes
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occurring with the Modified electrode and those involving 
the interaction with the porphyrin present in the bulk
solution. This is clearly evident when the CV in Figs.22
and 25 are compared for pH = 10 and Figs.27 and 28 at pH =
2. At pH = 10 waves I, II and III are visible in Figs.22
and 25 together with other processes related to the 
presence of FeTaPyP in the bulk solution. However, at pH 
= 2 the surface processes occurring on the aodified 
electrode (Fig.27 at 25 aV/s)are the saae as that with 
FeTaPyP present in the bulk. When the porphyrin is 
present in the bulk solution at pH - 2 (Fig.28) the 
adsorbate is aore stable and aore reversibly adsorbed and 
the currents generated are larger.

3-9. Conclusion
In suaaary the use of the SERRS and electrocheais- 

try of FeTaPyP have been successfully eaployed to identi­
fy the surface species adsorbed a silver electrode. 
These results provide support for the reaction scheae 
proposed in Fig.20.
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3-10.Catalytic oxygen reduction with FeTmPyP
The role of FeTaPyP as a catalyst for the reduction 

of the oxygen overpotential was investigated. A nodest 
catalysis of about 150aV at pH 4 and pH 10 by the modi­
fied electrode was observed. This is shown in Fig.30. 
There is also soae increase in the height of the cur­
rent .

At pH = 2 there is a larger increase in the current 
level after the roughening procedure. This can be 
attributed to an increase in the area of the electrode. 
Considering the ratios of the currents observed on a 
smooth and a pretreated (Table 6 ) surfaces, a rough 
estimate of a factor of 1 . 1 in the increase of the area 
was calculated. On the pretreated electrode at (Fig.30) 
at pH * 2 there is no reduction in the overpotential of 
the oxygen reduction. This may be due to the absence 
of adsorbates (267,268) such as Ag(OH), Ag(0H) 2 which 
exist on the Ag surface in alkali solutions. Some stud­
ies (269-272) have indicated that these adsorbates con­
tribute to the catalytic reduction of oxygen. In acidic 
solutions where these adsorbates are not present, the 
absence of catalytic activity aay be due to the absence 
of these adsorbates.

Two oxygen reduction waves are observed at pH * 2
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compared to one reduction wave at pH = 4 and 10. These 
two waves represent two two-electron reduction processes 
(refer to section 1-6-2) in acidic solutions. These two 
processes are favorable since H2O 2 is more labile in 
acidic media.

A direct 4e~ reduction process (vide infra) with the 
catalyst to form H2O occurs at pH * 4 and 10 therefore 
only one reduction wave is visible in Fig.30. A reduc­
tion in the overpotential is observed only at pH > 4 and 
10, not at pH * 2. This may be due to the presence of the 
U-oxo dimer on the surface. In addition, since the O2 

reduction occurs negative to the partial reduction of the 
dimer, the EC mechanism that was postulated for the 
catalysis of the oxygen reduction (238,264-265), can be 
.assumed in this case viz:
(1) Fe(III)-O-Fe(III) + le~ --- > Fe(III)-O-Fe(II)
(2)Fe(III)-O-Fe(II) ♦ l/202 ♦ 2H+ --- > Fe(III)-O-Fe(III)

* h 2o
The product of the reaction (2) was estimated using 

the RDE and RRDE technique. This electrochemical tech­
nique was used since the background currents obtained 
with CV were too large to estimate the current levels 
accurately. With the RDE curves the background current 
was negligible. These results are shown in Fig.31. From 
Fig.31 the value (n) of the number of electrons involved
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in equation (2 ) can be calculated using a plot of the 
current vs. the rotation rate. This is shown in the 
Levich plot in Pig.32 with data in table 7 and the 
calculations are shown in appendix 1. In all three cases 
at pH = 10 i.e on the smooth, pretreated and the modified 
electrode n = 4 was calculated for the oxygen reduction 
reaction. This is a clear indication that H20 is the 
product of the reaction in all three cases. In addition 
the amount of H2 0 2 produced was investigated using a 
RRDE. In this case the disk was Pt electroplated with 
silver and the ring was Pt. The ring was held at a 
potential of +-0.7V vs SCE to monitor any H2 02 produced. 
The results are shown in Fig.31. The current produced at 
the ring in all three cases- on the smooth, pretreated 
and modified electrode was very small indicating that 
hydrogen peroxide formation was negligible. An assump­
tion was made that the Ag plated Pt disk behaves in the 
same manner as a bulk Ag disk. The basis for this as­
sumption was that the catalytic reduction of oxygen on 
the silver plated Pt (smooth, pretreated, and modified 
surfaces) yielded the same CV results - a reduction in 
the oxygen overpotential of 150mV, as that with the bulk 
Ag disk .

With the above results a reasonable mechanism for 
the catalytic reduction of oxygen can be formulated.
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However caution must be exercised in this interpretation 
since many of the details of the mechanism for 0 2 reduc­
tion still lack definitive experimental evidence to prove 
their validity.
{i)Fe(III)-O-Fe(III) + e- -----> Fe{III)-O-Fe(II)
(ii)Fe(III)-O-Fe(II) + 02 ---- >Fe(III)-O-Fe(III) + 02~
(iii) 02~ ♦ H20 + e- ----- > H02" + 0H“

Ag(ad)
(iv) H02 + H20 + 2e~  > 30H

Overall: 02 + 4e- ♦ 2H20  > 40H”
The partially reduced intermediate generated in 

step (i) is involved in this mechanism since the 0 2 

reduction potential appears negative to this peak poten­
tial i.e. negative to -0.3V. The reaction in step (ii) 
regenerates the Fe(III) dimer involved in step (i). It 
is difficult to determine in this case whether 0 2~ is 
generated in step (ii) since the SERRS spectra did not 
show any evidence of 0 - 0  bonding to the surface adsorbed 
species nor was there evidence of a six coordinate re­
duced dimer on the surface. It appears that reaction (ii) 
is an outer sphere redox process. On the other hand the 
product of step (ii) might be an Fe(III)-O-Fe(III)-02~ 
porphyrin species which is adsorbed perpendicular ("face 
on") to the surface and thus render the six coordinate 
section (where the 0 2~ is attached) of the dimer diffi-



88

cult to detect with the SERRS spectra. The process 
representing step (ii) can occur aore easily if the 
partially reduced diaer tilts away froa the surface 
(Fig.15) with the Fe(II) section of the aolecule farther 
away froa the Ag surface providing a Beans for the 02 to 
react with the diaer. This reaction will not occur with 
the oxidized fora of the diaer in step (i) since this 
diaer is adsorbed parallel to the surface and in addition 
the SERRS spectra does not indicate the presence of a six 
coordinate diaer. In step (iii) the 02- reacts with 
H20. This is a coaaon reaction that occurs during 
oxygen reduction In basic solutions (270,222) where the 
superoxide ion is a possible interaediate in the reaction 
scheae. The reaction represented in step (v) occurs via 
adsorbed silver interaediates on the surface.

3-11. Conclusion
In this thesis we have shown that FeTaPyP adsorbed 

on a Ag electrode catalyze the 02 reduction wave by 
shifting the peak potential by = 150 aV in the positive 
direction. This catalytic effect was seen at pH = 4 and 
pH = 10. The SERRS spectra indicate that the active 
catalyst is the p-oxo Fe(III)-O-Fe(III) diner. The 
catalytic reduction occurs via an EC aechanisa and 
involves a 4e- reduction of 02 to fora H20. In acidic 
media where a reduced Fe(II)-O-Fe(II) p-oxo diaer is
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adsorbed on the Ag surface a catalytic shift in the peak 
potential of the O2 reduction wave was not observed.
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nui 3
Coaparlaon of tha apln atata and oxidation atata aarkar 
banda for aoaa ra(III and Pa(IIX) porphyrin ooaplaxaa with 
raTnPyP.
Oxidation and apln CM Conpound 
atata of iron
Pa(IIII h.a. 
ra(III) h.a. 
Pa(III) h.a.

Pa(II) h.a. 
Pa(II) h.a. 
Pa(ZI) h.a.

Pa(II) h.a.

3 f(TPP)Pa)aO 
5 (TPP)raCI 
5 ((TnPyP)Pa)20

5 (TPP)Pa(2-HaIaH)

■pin atata Oxidation atata 
narkar band narkar band
1553, 1513 1359
1555, 1514 1366
1555. 1511 1359 Thla work

pa-io ,-o .iv
1541. 1496 1342

5 (TPP)Pa(1.2.DlMala) 1539, 1499 1344
5 [(lfcPyP)Pa)jO 

5 (TnPyPiralMjO)

1542, 1495 1342 Thla work
pB-10.-0.5V

1550, 1413 1342 Thla work 
pH-2.-0.1V

Abbraviatlona: CN, coordination nuabar; h.a., high apln; 2-HaIaH. 
■ 2-aathyl lnidaxola; l,2,DlHaIn, ■ 1,201nathyllaldasola
- aubatltuanta on tha fifth poaitlon.
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TtkMLt 4

Coapariaoo o f tha IEMI apoctral band* <cn_1I obtalnad with laaar 
a x c lta tlo o a  494 .Ona and 447aa for PaTBPy at p i •  10. Tba band 
aaalgaam ta for tba ao lu tlon  M apactrua with *04.Tom laaar 
a x d ta t lo a  ara abown.

I l l
409,

pb>10a
. 7na

•and Aaalgnaont* •E>R4(-0.1V) 
499 .Ona

193 w

9E*K9<
447na

290 w .  P 9(por) *v(Pa-N) *10 237 vu 

307 v

219 u

v(ra-0 -P a)c *1* 399 a

397 a

913 w

342 ab 

399 a 

917 w 

992 «
720 vu. p Aly 719 a 71) n 

793 u
923 a. dp *14 or »2g 919 ah 919 «

997 u
949 w. dp 9s (por) • ig 979 a
•09 »». P 9a (por) Alfl 903 a

991 w
1010 w v,(C .-C b > 

pyr 9IC-H)
Al0
Alg

1009 a 

1097 u

1013 a

10 ft a . p 9,<Cb-m

»aa«c b'"»
Al«

•a*

1093 v

1031 a
1190 a . P 4(pyr) ♦ »(N*-CBj) Alfl 1199 a 1199 w
1220 a. P 4(pyr)

•«C .-pyr)
A10

Alg

1219 a 

1249 a

1219 u

1277 a . dp

va a ,c a -c b»

• ig

•a*

129) u 

1317 u

1)97 a. P wal®a"**

6 (pyr) 

v(Cb-Cb)

Al9

Alg

•if l

1397 a 

1417 v 

1911 u

1393 a 

1449 a

1994 a. p v(Cb-Cb) Alg 1999 a 

1999 u

1999 a

1941 9(pyr> Aiy 1939 a 1441 u

Tabla 9 baa axplanations for tba abbravlatlooa uaad; a tra-  
faraoca 249. bt tba notation  for tba band aaalgnaanta ara 
tba aaaa aa that uaad In rafaranca 249. e i rafaranca 241.



92

I M U  *

Coapariaoo of tbo m i l  apoctral b u l l  ( c o '1) obtalaad a itb  laaar 
a a c ita tlo o a  4t* .0aa aad II7h  for riW yl. Tb# baad aaaipopaata
tor tbo a o lu tloo  U  opactra v ltb  101 .7mm laaar a a c lta tio o  ara 
abova.

•o lu t lo o  RR9* Aaaipaaaet om oai-O .lV ) BBRRO(-O.IV)
p a-1 .1  40ft.Taa 4»»oo *47oo

lft) a
240 a .p *<por> * v(Pa-H) * lg 241 a 219 a

111 M )19 a

)*S a .p •<por) * ft(pyr) Al0 409 a 409 a

•09 a Sift a

•04 <«*.P Al» S79 a

••4  '« .P *<pyr) * »(C-»*-CRj) Alg C71 a •a* a

717 ".P *10 701 a 71) a
7ft) *».P pyr v(C-C) ♦ Al0 799 a 7*9 a

•2 ) a.dp Alft or *3g •IS a

•at a.dp • ( lpor) ■l* •ftl a •C7 1m

••9  a

1010 a.p w,IC ,-C .l Al« 101) a

1022 a.dp »„<C b-m *20 1019 a

lo s t va.dp pyr »<C-R) Aio 1097 a

10ft* a.dp • ,(C b-R) Al« 109) a

1104 a. dp • ,(C b-b) • lo 11 )) va

1190 a .p •(pyr) ♦ v (» * -C -lj) Aio 1191 a 119) a

1220 o .p •(pyr) Alft 1217 a 1219 a

12S2 a.P •(C .-p yr) Aio 1291 a

1277 a.dp v ,(C ,-m • lo 1299 a

12*2 a.dp vaa*c a"c b* *2g 1)17 va

l) f tl a.P » ,(C ,-« ) Aio 1)42 a

lift* ab

1407 a
144* a .p va ,c a*Cb) Aio
149ft a.dp v(Cb-Cb) • lo 1497 a
191* a.dp •(pyr) Aio
1994 a .p v(Cb-Cb) Aio 1S90 a 1941 a

19*1 a
1*41 a .p *(pyr) Aio 10)9 a 1*41 a

Abbroviatloaai p .p o la r ised ; dp .depolarised ; a . atroop; a .oed iu o;
rt-afcwiWftrj por.porpbyrla oora; pyr. B- 

aetb y lp yrld la lu a  troop: » . atratcbioft; ft. boadlao /  d eforaatloa;
aa aad a daaota a a tla y a a a itr ie  aad a y oaetr lc  oodaa

raap aetlva ly . a Rot.24ft.
Tba ao ta tioea  uaad for tba boad saaloaaoata o f  tba porpbyrla oora 
ara tbo aaaa uaad la  Rat.24ft.
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Table 7 : Data for the RDE experiments on a Ag disk at 
pH ■ 10 on a smooth, pretreated and modified
electrode.
The graphs shown in Fig.32 were plotted from this data.

w1/2 (r.p.m) Ij/AfuA/cm2)

Smooth Pretreated Modified
6 . 8 6 221.78 243.96 213.47
9.64 320.20 343.08 325.27

13.67 457.43 487.92 487.92
16.70 548.91 602.29 589.58
21.59 777.63 752.20
25.56 914.86 853.87
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Table 7 : Data for Che RDE experiments on a Ag disk at 
pH - 10 on a smooth, pretreated and modified
electrode.
The graphs shown in Fig.32 were plotted from this data.

w1/2 (r.p.m)

Smooth
6 . 8 6 221.78
9.64 320.20
13.67 457.43
16.70 548.91
21.59
25.56

/A(pA/cm2)

Pretreated Modified
243.96 213.47
343.08 325.27
487.92 487.92
602.29 589.58
777.63 752.20
914.86 853.87
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Fig.9. Structure ol FeTtPy
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Fig. 10. Electronic absorption spectra of Feltfy at pE * 2  , pB * 4 - - $ and pH * 10.
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Fig. 12 Spectra of FeTkFy at pH = 10 obtained froi the reflection at a snooth, shiny Ag electrode vitb laser excitation of 488.0m
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Fig. 13. Valsb diagrai sbovn scbeiatically representing tbe lole- 
cular orbitals of tbe i-o*o iron porphyrin diaer at (a) tbe 
linear Fe-O-Fe bond and (b) tbe Fe-O-Fe bond at tbe observed 
angle of 171.5
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Fig. 14 Structure of tbe u-oxo-bridged FeTiPy diier. Tbe ligands are oiitted for clarity.
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Fig. 15 Tbe reduction of tbe aetal center in tbe iron porphyrin diner, (FeTiPy)2 0 iuobilized on a Ag surface. Tbe detalis of tbe lolecular structure are oiitted for clarity
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Fig. 16 Possible orientations of tbe (A)side on and (B) face on configuration of FeTtPy adsorbed on Ag. Tbe ligands are oiitted for clarity.
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Fig.IISERR spectra of FehPy at pH > 2 in the absence of oxygen with laser excitation = 488.Oni
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Fig.21 SERR spectra of FeTiPy it pB * 2 in the presence of oxygen 
witi laser excitation = 647.0m
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Fig.22 Cyclic voltauograas of FeTiPy oo a aodified Ag surface at different p8 values.
In this easa FaTmPy was immobilized on tha surface in the 
presence of oxygen and the scan was done in the bulk electrolyte 
in the absence of oxygen. The area of the electrode was 1.6mm*
 pH - 10, scan rate - 160mV/sec, at full scale 2uA
 pH • 4, scan rata - 150mV/sec, at fuK scale 2uA
>M »» pH • 2, scan rata - 26mV/sec, at fuK scale luA
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Fig.23 The scan rate dependence of FeTiPy on a lodified Ag electrode at pH * 10.
FeTmPy was immotoffzed on tha surfaca in tha praaanca of oxygen 
and tha scan was dona in tha absanca of oxygon. Tha scan rates 
ara (in mV/sac): 25, 60, and 160 on tha luA/inch fuN scale;
250,300 on tha 2uA/inch fuR seals.
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Fig.24 Cyclic voltanograi of FeTlPy oo a saooth Ag surface with FeTiPy present in the bulk solution at pH * 10 in the absence of 
oxygen.
The condition* art: 2x1(?*M F«TmPy in 0.01 M  KCI at scan rata* On 
mV/sac) 50,100, and 300 with currant at 2uA/inch ful seal*.
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Fig.25 Cyclic voltanograi of FeTipy od a aodified Ag electrode with FeTiPy present in the bulk solution at pH = 10 in the absence of oxygen
Tb* condition* arc: 2x10 M FoTmPy in 0.01 M KCI at scan rato* On 
mV/*ac) 60,100, and 300 with currant at 2uA/mch ful scat*.
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Fig.26 Cyclic voltanogru of FeTtfy on a oodified Ag electrode at pS * 4 in the absence of oxygen.
At »can rata 10OmV/aac currant • 1 uA/inch fuN acata.
At scan rata 300mV/aae currant * 2uA/inch fuM acata.
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Fig.27 Cyclic voltanograi of FeTiPy on a aodified Ag electrode at pB = 2 io the absence of oxygen.
Tha vottammograms are shown at scan rates 26 and 50 mV/sec.
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Fig.2« Cyclic voltanograi of FeTiPy oo a aodified Ag electrode with FeTiPy present in the bulk solution at pH * 2, in the absence of aiygen
At scan ratas of 26 and 50 mV/eec the current is 1uAfu* scale.
At lOOmV/sec the current is 2uAfuM scale.



1 1 5

5.6

4.2

2.8

1.4

Scan rata& (mV/s)fc

Fig.29 Graph of the variation of the peak current vs. the scan rate for FeTiPy oo a Kdified kg electrode with FeTiPy present in 
the bulk solution at pB = 2 in the absence of oxygen.
 -Currant at ~0.5Vj 1 "Currant at “0.43V on thi ravaraa acan
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Fig.30 Cyclic voltauograis on different Ag surfaces shoving the catalysis of oxygen reduction at various pfl neasureients in air 
saturated solutions.
—  amooth Ag aurfaca; pratraatad Ag aurfaca; -
modifiad Ag aurfaca. Scan rata 60mV/aac and tha currant ia 
2uA full acala in all tha grapha
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Fig.31. lotatiog riog-disk current-voltage graphs oo different Ag surfaces at pB =10 in air saturated solutions.
— —  smooth Ag ourfaco; pretraated Ag aurfaca; ■»■«»
modified Ag aurfaca.
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Fig.32 lericb plot of the current us. the rotation rate for 
different lg surfaces at pi = 10 in air saturated solutions.
■" amoothAg; praatroatodAg; -— »» modModAgaurfacaa



1 1 9

Appendix I

RRDE CALCULATIONS

On a silver disk electrode the Uniting current is relat­
ed to the rotation rate by the following Levich equation 
(273,274).

I1 = 0.620nFADo2/3w1/2v"1/6Co*
where iĵ * Uniting current (A) for 02 reduction 
n = ff of electrons
F * Faradaic constant = 9.6486 x 10** C/equiv.
A =* geonetric area of the electrode =* 0.459cn2 (Pine

Instrunents Inc.)
DQ = diffusion coefficient * 2.6 x 10- 5 cn2/s
w * rotation rate (rad s~*)
v s kinenatic viscosity * 0 . 0 1 cn2/s
CQ* * concentration of reactant (air saturated)

* 0.24 x 10~ 6 Moles/cn3 
A graph of Ij/A vs w1 ^ 2 gives a slope = 
n x [0.620FDo2/3v'1/6Co*] 
i.e. slope = n x 27.14 x 0.3236

The value 0.3236 (2n/60)3-̂ 2 is a correction factor 
to rad s-1 since the graphs are plotted with the unit of 
r.p.n. for the rotation rate. The 10- 6 factor for the 
nicroanp unit that is used in the graphs for the current
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cancels with a 1 0 -6 constant in the equation.
The graphs and the data are shown in Fig.32 for the 

results at pH = 10. On a smooth Ag disk n 
34.0581/0.3236 x 27.14 = 3.88 = 4.

On a pretreated Ag disk n = 36.04/0.3236 x 27.14 
4.103. If a factor of 1.1 is used for the increase in 
the area of the electrode n = 4.103/1.1 = 3.73.

On a modified Ag disk n = 34.134/0.3236 x 27.14 =
3.89. If a factor of 1.1 is used for the area increase n 
= 3.89/1.1 = 3.54.

In all the three cases described above n s 4.
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