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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 voltammetric 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 u-oxo-bridged
dimer. On the forward scan this dimer undergoes two
successive one electron reductions at ca.-0.3V and -0.5V
to form a high spin reduced Fe(II) u-oxo-bridyed dimer.

On the reverse scan a two electron oxidation to the




u-oxo Fe(IIl) 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
oXxygen overpotential of c¢a.l150mV is observed and the
active catalyst in this process is the partially reduced
p-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.
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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 Qork
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 voltammetry 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). 8ince 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-methylpyridylporphine on a

silver electrode.
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1.BRIEF REVIEW

1-1. Surface Enhanced Raman 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 1is 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 ylass and quartz cells are
not pernitted. 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.



In 1974, Fleischman et.al. (9), reported an increase
in the intensity of the Raman signal of pyridine adsorbed
on an electrochemically roughened silver surface. Later,
in 1977 Jeanmaire and Van Duyne (10), and Albrecht and
Creighton (11), independently showed that the intensity
of the surface Raman signal is roughly six orders of
magnitude greater than the corresponding solution Raman
signal. This enhancement effect was termed surface
enhanced Raman scattering (SERS). Since the traditional
low intensity phenomena associated with normal Raman
spectroscopy was eliminated, the discovery of this SERS
effect represented the dawn of a new era in research
with Raman spectroscopy. The details of the chemical
analysis of monolayers 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
metal/gas (12-20), colloid/liquid (21-45) and solid/solid
(46-49) interfaces have also been investigated. Since
silver shows the largest enhancement it is the most
common metal surface studied. SERS on electrochemically
prepared gold and copper surfaces have also been reported
(50-58) . Some investigators claim (59) that the SERS

signal on the gold surface is even more intense than on



the silver surface. In addition studies have been
conducted on Pd-as B-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) g3 /Fe(CN) 47 (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.



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 enhancement factors (iii) only specific metal
surfaces are involved and (iv) the first layer enhance-
ment is strong compared to a weak long range enhancement.

Since some form of surface roughness must occur
before the SERS effect is observed there are two rough-
ness-based models that are accepted by many workers.
These are the electromagnetic (EM) and charge transfer
(CT) theories (128). The EM mechanism (129-133) relies
upon small surface irregularities which results in the
enhancement on the electric field, if the incident and
the scattered radiation is in resonance with a normal
mode of conduction electrons in the metal. The CT mecha-
nism (134-139) is based on the presence of SERS active
sites on the surface. Interactions between the metal and
molecule occupying these active sites results in the
increased enhancement. The nature of this interaction
may be due to a resonance Raman enhancement induced by CT
transitions between adsorbed or chemisorbed species and
the metal atoms.

It was suggested (140) that both of these mechanisms
may be operative in the SERS process and an EM enhance-

ment factor of 10+2 to 10*4 was estimated. An example of



this dual mechanism (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
formation of Ag-Cl-py complexes, where the CT mechanism
will be enhanced, or to the formation of colloidal aggre-
gates where the EM enhancement associated with colloid
morphology can be important. However until there is some
means of mapping (142) the surface size distribution
accurately (atomic to micron), controversy over the
relative contribution of the CT and EM theories towards

the enhancement factor will exist.

1-1-2. 8Surface enhanced resonance Raman scattering
(SERRS)

This phenomena involves the observation of the SERS
effect when the SERS active molecule is concurrently RR
active. In this case the electromagnetic (EM, vide
infra) effect and the resonance Raman effect (RRE) con-
tribute to the enhancement factor. This resonance effect
occurs when the wavelength of the exciting laser light
is within the profile of an electronic absorption band of
the molecule. If the exciting frequency is close to an

electronic absorption band, but not within the absorption



profile, the resulting SERS spectra is due to a pre-RRE.
This surface enhanced resonance Raman scattering
(SERRS) effect is very intense., and spectra from very
dilute solutions as low as 10~ %M for the dithiozone anion
has been reported by Pemberton and Buck (119). Jean-
marie and Van Duyne (120) were able to see the SERRS
spectra of crystal violet on a silver electrode with only
a few milliwatts of laser irradiation power. SERRS has
also been used to study the porphyrins and metalloporphy-
rins (121-125) where detailed vibrational analyses of the
structures have been characterized. The SERRS of bio-
chemically important compounds such as hemoglobin, myo-
globin and cytochrome C have been studied (126). Also,
since the fluorescence background 1is quenched during the
SERRS process, detailed surface Raman 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.

1-2.0ptical spectra and electronic structure of metallo-
porphyrins
1-2-1 Introduction

The basic porphyrin macrocycle is shown in Fig.l1.

The ring consists of four pyrrole rings connected by



unsaturated methine carbon atoms at the four corners of a
square. There is an inner 16 membered ring conjugated
with 18 n electrons (143). Transitions involving the
porphyrin n electron system are the dominant contribution
to the electronic absorption spectra. These n electrons
have been termed the "electronic heart” (144) of the
porphyrins.

Metalloporphyrin absorption spectra can be classed
into two basic groups. These are the regqular 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 - Qo'



near 500nm and Q. near 600nm. The latter Q bands are
also called a and b bands respectively. In this case
there is vefy little interaction with the n electrons on
the macrocycle and the rest of the molecule. Examples of
these spectra are common in the tetraphenylporphyrins TPP
(refer to Fig.l for the abbreviations) with the central
metal substituents from Groups I-IV (145-147). Ferrocy-
tochrome 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 metal perturbations of the n-n" transitions.
Examples of these spectra are common in transition metals
of groups VIII and IB with d6-d9 configurations and
filled eg(dn) orbitals. The low spin (8=0) Fe(II)
porphyrins (149-150) e.g.(P)Fe(CO)py (151) and (P)Fe(Py),
(Fig.1l) and TPPAu(IIl) (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
ag,(np,) metal ----> eg(n') ring [examples are the TPP

with the central metal atom substituted with 8Sn(II)



(153), Pb(II) (154), and Bi(III)(155)]1, or a4,(n),a,y,(m)
ring ----» eg(dn) metal. The latter are typical of
transition metals with dl-d9 configurations, some exam-
ples are Fe(II) 8 = 0 e.g. Fe(II)TPP (156), Fe(III)
porphyrins (157) e.g. [TPPFe(III)]),0 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 metal.

1-32-3. Theory of electronic absorption spectra

Gouterman's four orbital model (158) and modifica-
tions for the perturbations qualitatively explains the
porphyrin electronic absorption spectrum. In the D4n
symmetry of the porphyrin macrocycle the n" lowest unoc-
cupied molecular orbitals (LUMO) are degenerate and have
eg symmetry, and the n highest occupied molecular orbit-
als (HUMO) are filled. The HOMO's have nearly the same
energy and are of a;, and aj, symmetry. This orbital
model is illustrated in Fig.2.

The Soret transition results from the large interac-

tion between the ajy ——--> eg and the agy ——-—? eg orbit-

g
als. Addition of the transition dipoles gives rise to
the intense B band and cancellation of the dipoles re-
sults in the weaker Qo band. The Q transition borrows

intensity from vibronic mixing with the Soret transition
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and this gives rise to the Q, side band. Whenever there
is extensive interaction of the n electrons with the
electrons of substituted ligands or the electrons of the
central metal substituent the interpretation of the
absorption spectra involves more than the four orbital
model.

The diagram in Fig.3 explains the observation of the
blue shift in the absorption spectra for the hypsoporphy-
rins. Mixing of the nd(n) metal ----> eg(n') ring will
raise the energy of the eg(n') orbitals. This will
increase the energy agparating the n and the n” orbitals
and the transitions from a;,(n), a,,(n) ---> eg(n')
orbitals. The overlap with the filled dn orbitals and
the eq(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 amount 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 metal substituent.

Iron porphyrins hypsocabsorption spectral bands are
particularly difficult to assign because of the presence
of filled and empty d levels in the same energy region as
the HOMO filled n or with the LUMO n* orbitals. Small

shifts in the d levels of the central iron atom 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(IIl)
low spin case there are vacancies in the eg(dn) orbitals.
Therefore CT transitions of the type a;,(m), aj,(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 Raman spectra of -etalloporphyrinsl
1-3-1 Optical spectra and resonance Raman enhancement
(i) B and Q enhancement
The intensity of the Raman 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 ‘“po) which is
given by the following equation (160,161):

oly> + (fIRo|e><e|Rr|9’ eeea(l)

<f|Rr|e><e|R
uro = 1/h Z
e Veg ~ Vo * il‘e Vet * Vo * 1re

where RP and R, are dipole moment operators with incident
and scattered polarizations indicated by ( 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 Fe: Vo is the incident laser frequency;
and v

eg
first term is more dominant in the RRE since Yo approach-

and Vof are the trangsition frequencies. The

€8 Vgg- The wave functions |g>, |e>, and |f> may be
separated into the electronic and vibrational parts
using the adiabatic (Born-Oppenheimer) approximation
(162,163) giving :

<f|R|e> = <j|M,|v> and <e|R|g> = <v|Mg|1> eesa(2)
where |i> and |j> are the initial and final vibrationmal
wave functions of the yround electronic state and |v> is
the vibrational wave function associated with |e>, and Me
is the electronic transition moment between states |e>
and |g>. Me can be expanded into a Taylor series, with

the first two terms:
Mg = Mg® + (3M/3QI°Q + ... ce.(3)

where Q is a given normal mode of a molecule. Inserting

expressions (2) and (3) in equation (1) gives the fist
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two leading terms in the series:
a = A + B : ceed(4)
po po po
These two terms are commonly referred to as the A and B
terms, can be written as:

G|v> <v)i> Y

Apg = (M2 1/h £
v Vvi'vb*irv

Gleiwvrev]id+<ijwvcv|Qlidr]... (6)

McC18M/8QI°+ 1/h &

fo _ .
v Yvi v6+1rv

The numerator of the A term depends on the magnitude
of the Franck-Condon (F-C) overlap integrals <(j|{wv<v|i>
and the product of the square of the electronic transi-
tion moment (Me°)2. 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)

ruill 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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(164) as:

p= I, /1, cee s (T)
where I,, is the intensity of the scattered light paral-
lel to the plane of the electric vector of the incident
light and I 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 (8M/8Q)° in
equation (6). This can be considered to arise from a

mixing of the resonant state e and a nearby excited state

8, giving :

Bpo = (Mg%) (M%) hgg 5 <Jla|wvev|I> + <G wvev|Qid]...(8)
Vg ~ Ve Vi ~ Yo * iI‘V

hes = <s|(6H/6Q)|e> where (8H/38Q) 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. 8Since the RRS is dominated by the vibrations
responsible for mixing the Q and B transitions and both
of these are of E, symmetry the allowed symmetries of the
Q-B mixing vibrations are:

E, x E; = Ajg * Azqg * Byg * Byg eeee(9)
The Alg 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 Bag modes, and Azg
modes. The By, and Byg 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 D4p to Dap. then Blg -——=>
Alg and Bzg -==)> Blg' Jahn-Teller activity (171,174-
175) 1in the metalloporphyrin absorption Q band can also
contribute to the Blg and 529 modes. The AZg anomalous-
ly polarized RR bands have 111‘ 0. These modes have

antisymmetric tensors and are of rotational symmetry



16

(a transforms as Rz) about the porphyrin four-fold

xy Tyx
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 Azg (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 1low frequencies, < 1100 cn'l, and involve
bending of the in plane bonds. In the D4n representation
of the molecule only the Eg modes are Raman active but
vibronic mixing (177,178) of the in plane E, and out of
plane A5, electronic transitions (Bu X Ay, = Eg) can
enhance these modes. CT transitions involving the por-
phyrin n (aj,) and metal 4, (alg) could also enhance
these modes. An example of this enhancement was seen
(179) with the g841cm”! out of plane bending vibration of
the methine C-H bonds in (InH)zFeIIPP (PP = protoporphy-
rin, refer to Fig.1l for the abbreviations) with 457 .9nm
laser excitation. This band was identified due to 1its

disappearance upon deuteration at the methine carbon
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atoms. At 457.9nm, in (I-H)zFeIIPP there are assigned CT
transitions of the type porphyrin nf(a;,) ----> Fe
(dzz.alg). The a;, orbital concentrates electron density
on the methine C atoms (180) and the out of plane Cp-H
(see Fig.1l for the atom labeling) bending mode should be
effective 1in vibronic mixing of the CT transition with
the nearby in plane B transition.

Symmetry lowering of the molecule can also result in
the enhancement of other out of plane modes. When the
symmetry of the molecule is lowered e.g. from Ddh -——>
Cqv’ all the other out of plane modes in the D4h symmetry
become Raman active. Some examples of these were seen in
the 200cm™l to 400cm™! region (181) where the A{ modes
(C4y symmetry) can be enhanced via the dominant A term.
The vibrations belonging to the pyrrole ring folds have
been identified in the 400cm™1-600cm™! region (182) of
the spectra and their enhancement is due also to cou-
pling with the n-n" ring transitions. Symmetry lowering
is attributed to the observation (183) of the out of
plane 255cm™l and 359cm™l modes in (InH)zFeIIIOEP)
(Fig.1). Both of these bands show a 2;’c-'1 upshift in the
RR spectrum updn 54Fe substitution with B band (407.6 nm)
excitation. In addition these bands disappear upon
replacement of the ImH ligands with CN~. Inequivalence

of the ImH ligands (due to differences in the Fe-ImH bond
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lengths associated with differences in ImH orientation)
leading to an asymmetric structure (184) with respect to
the porphyrin plane could lead to RR activation of these
out of plane Raman inactive u modes. In addition if the
central metal atom moves out of the porphyrin plane, the
out of plane modes can also be enhanced. This was ob-
served (185) with the 330cm™! mode in the RRS spectra of
MnIIIEp halides (EP = etioporphyrin, Fig.l). In this
case, this mode has been attributed to an out of plane
mode, because of its increased intensity with increasing
size of the halide substituent and presumably with the
out of plane displacement of the MnIII central metal
atom. In hemoproteins, direct coupling of the out of
plane modes to the n-n" transitions can result in the
loss of the porphyrin mirror plane via asymmetric 1liga-
tion, protein-induced distortion of the porphyrin rings
(186), or asymmetric electrostatic fields in the heme-
binding region (187).
(iii) Axial Ligand modes

The central metal substituent in the porphyrin
macrocycle can accommodate a 5th or 6th ligand in 1its
axial coordination site. Axial ligand binding (188-192)
has been extensively studied in the iron porphyrin com-
plexes. Coupling of an M-L bond stretching with the in

plane porphyrin n-n* transitions can result in the en-
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hancement of the M-L stretch. This enhancement depends
on the influence of the M-L bond on the n system of the
porphyrins. For example if L is a n acceptor 1ligand
such as O, it will compete with the porphyrin ring for
back bonding with the iron d, orbitals. This is evident
in the excitation profile of the Fe-0, stretching mode
of oxyhemoglobin HbO, (193,194) which is strongly en-
hanced in the B band and more weakly in the Q band. This
enhancement results from a coupling of the Fe—oa mode
with the n-n" transition. This coupling 1is possible
because 03 is a n acceptor ligand and can compete with
the porphyrin ring for back bonding with the iron d,
orbitals.

For weak n acceptors (195) such as imidazole (ImH) a
number of porphyrin ring frequencies are perturbed be-
cause of back donation in the low lying n" orbitals from
the metal 4, electrons. Movement of the iron atom 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-MeImH)Fellpp (Fig.1l) where the Fe-ImH
stretch near 200cm™! is very intense with B band excita-
tion (196). In this molecule, since the iron atom is out
of the porphyrin plane by 0.5A° when the Fe-ImH band is
stretched the iron atom 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
from the metal can occur. These may be either from the
a), Or ay, filled orbitals to metal d orbitals or from
occupied d orbitals to the vacant eg(n“) porphyrin orbit-
als, the latter process being very weak. When there is
strong mixing of these orbitals as in the hyperporphy-
rins, enhancement of some of the M-L bands in the RRS
spectra can occur. For example (197), enhancement of the
Fe-OH band via the ajy,,a;, ----> d, transitions has been
reported for Myoglobin(III)OH [MbIIIOH] and Hemo-
globin(III)OH [HbIIIOH] heme proteins. Ligand to metal
CT transitions can also be responsible for some M-L
transitions. These are seen (198) in the Mn(III) porphy-
rins where the absorption at 460nm 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 modes

In the idealized D4 structure of the metalloporphy-
rin, if the substituents on the C, (Fig.l) are treated as
point masses, the 37 atom model has 71 in plane modes

classified as:
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rin-plane = 9Alg + ahzg + 9519 + 9829 + 18E, eee.(10)
If the molecule has a center of symmetry the g modes are
Raman active and the Ey modes are IR active. Spiro
et.al.(199) showed how the stretching and bending of the
internal coordinates contribute to the various normal
modes. This is illustrated in Table 1. The eight Cp-Y
(refer to Fig.l for the atom labeling) stretching and
bending and Ca- Cp stretch are divided into symmetric and
antisymmetric combinations with respect to the C, axes
bisecting the pyrrole rings. The symmetric combinations
are classed as Alg' Blgand Ey,. The antisymmetric modes
are classed as Azg' 529 and E,- The eight Ca—Cn stretch-
es can be similarly divided into the symmetric and anti-
symmetric contributions with respect to the C, axes
bisecting the CaCn=Ca angles. The symmetric modes are
classed as Alg' Bzg and E,. The antisymmetric modes are
classed as Blg' Azg and E,;. The four Cp-C), stretches,
the four M-N stretches and the four symmetric pyrrole
ring deformations are classed as Alg' Blg and E,. The
four C,-X stretches are Alg' Blg and E; and the four
Cp-X bending modes are AZg' Blg and Ey- The remaining
modes are due to deformations of the porphyrin ring.

The first set of complete assignments for a metallo-
porphyrin RRS spectra was done by Abe, Kitawaga et.al.

(200,201). Their assignments with modifications that were
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made later is shown in Table 2. The molecule 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 assignments made by 8Spiro
et.al. (199) on the FeTPP complexes are also shown in
Table 2. These assignments are heavily based on isotopic
substitution. The C,-C, stretches are sensitive to C,-H/D
substitution, the Cp-C, stretches to Cp-H/D substitution,
14y/15N gubstitution for the M-N bonds etc. There are
many similarities in the porphyrin spectra despite varia-
tions in the substituents on the macrocycle. Generally
the vibrations are within S0cm~l for different substitu-
ents. This has provided enormous assistance in assigning
the bands for the RRS of the more recently synthesized

water soluble porphyrins.

1-4-2. Peripheral substituent modes

These modes are not chromophoric therefore any
enhancement of their internal modes depends on coupling
with the porphyrin n-n" system. This coupling can be
either electronic or kinematic. Electronic coupling can
be achieved via coupling to the porphyrin n-n* system in
either the ground or excited states. This was evident in
the observation (199) of the phenyl modes (1600, 1030,
995, and 890 cm™l) (199) in FeTPP. These modes were
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identified by their shifts upon phenyl deuteration. It
was suggested that their enhancement may 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
nccur, the substituents can be RR enhanced by mixing with
the porphyrin skeletal modes. An example is seen in the
RRS of the protoporphyrin IX vinyl modes (203). 1In this
‘molecule, with B band excitation, the C-C vinyl stretch,
the C-H in plane deformation, and stretching and bending
of the pyrrole-vinyl C-C b>onds are observed.

Bands have been assigned in the 1000-1300cm~! region
to the C-H deformation modes of the ethyl groups in OEP
(204) . The intensity of these modes can be attributed to
kinematic coupling with the Cp-X stretch and other por-

phyrin skeletal modes.

1-4-3. Out of plane modes

The 34 out of plane vibrations with the D, model of
the metalloporphyrin can be classified as:
r out-of-plane = 3A1y * 6Ay, + 5By, + 4By, + BEg ceso(11)

Only the 8Eg modes are Raman active and their observation
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involves’couplinq with in plane and out of plane elec-
tronic transitions. The A,, modes are IR active, but if
the symmetry of the molecule is lost for example, by
inequivalence of the axial ligands and Dgph--->
Cavl(Agqy~=->A1, Aq,-->A3, By, ~->By, By,--->By, Eg-->E)
then all the out of plane modes become Raman active.
These modes are all expected at <1000 cm~l gince they
involve no bond stretch but only deformations of the in
plane modes.

Choi and Spiro (196) distinguished these out of
plane modes in accordance with the local motions of the
various structural elements of the porphyrin. These are
(1) the out of plane wagging modes of the ¥Cyu-X and ¥Cp-Y
where Y and X are the substituents, (refer to Fig.l1 for
the atom labeling) the methine ¥C4-C, atoms, and the
central metal atom ¥M-N (ii) tilting and translational
modes of the pyrrole rings and (iii) the internal fold-
ings of the pyrrole modes. The assignments of these out
of plane modes have been done for NiOEP (205).

The pyrrole tilting modes are important since it
transforms the planar porphyrin macrocycle to the domed
configuration, (Fig.5). Sometimes this mode can couple
with the axial ligand bond stretching. This is seen in
the IR spectrum of [(IlH)QFeIIIOEP]+ (206) where the Fe

gsensitive bands at 385cm~l and the 319cm~! shift upon
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the perdeuteration of the Imidazole ligands and upon 15N
and c_—zn substitution.

In isolated five membered aromatic heterocycles,
such as pyrrole, there are two out of plane folding modes
that are symmetric and asymmetric with respect to the two
fold axis. These occur in the 400-600cm~1 range (207).
Since there are four pyrrole rings in the porphyrin
molecule a total of eight folding modes are expected, of
which four are degenerate pairs. For [(I-H)zFeIII(OEP)]CI
and iron porphyrin complexes (208), ring folding modes at
403, 469cm~1 and 425, 500cm~1 respectively have been
identified.

The remaining modes involve wagging of the methine
bridges, of the metal atom and of heavy substituents, and
translational and rotational modes of the pyrrole ring.
These are all expected to be heavily mixed and occur
below 400cm~ 1. An example is seen in the shifts in
the 442, 472 and S0lcm™! bands in the B band RRS on
MbIII(F~) (196) all of which are shifted upon deuteration
at the C, or Cp, atoms of the vinyl group (198). Coupling
with the pyrrole folding modes and the out of plane vinyl

C-H/D deformations can be attributed to this observation.
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1-5.FPrequency and structure correlations for Iron Porphy-
rins.
1-5-1. Core size and spin state frequency markers

For the iron porphyrin complexes Raman bands in the
1450c-’1-1650 cn'l 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
determined by the spin state of the central metal Fe
substituent and the coordination number of the complex.
This effect is illustrated ‘in Fig.4. Iron porphyrins can
be either of low (1ls) or high spin (hs) states. This
depends on the field strength of the axial ligands. With
strong field ligands such as ImH, CN~, CO or 04, (refer
to Fig.l for the abbreviations) the valence electrons
(Felll=-"5, rell= 6) of the central Fe are forced to pair
up in the three dn orbitals which point away from the
axial ligands, the complex is low spin and the anti-

bonding dz2 and dx2 2 orbitals are empty. This results

-y
in a short M-L bond (=2.00A). To compensate for this
energy a larger porphyrin core size results. With weak
field ligands such as ImH, the antibonding d, orbitals
are partially occupied and the Fe-L bond length is larger
resultin§ in a smaller ccre size. Since Fell has a lower

effective nuclear charge and more extended d orbitals the

effect is greater than with Felll porphyrins. When the
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spin states and coordination number of the porphyrin are
the same the core size of the Felll compounds are gener-
ally smaller than that of the FeII compounds.

The core size also depends on the coordination
number of the porphyrin. When there are two equivalent
ligands in the six coordinate (6c) complex the iron atom
is in the porphyrin plane and the core size expands to
accommodate this. In the five coordinate (5c) complex
the Fe atom 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, 1s Felll) ¢ (6c, 18 Fell) ¢ (5¢c,hs Felll) «
(6c.hs Felll;sc,hs Fell) <« (6c.hs Fell). 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(C,-N),
v(C,-Cp) and v(Cp-Cyp).

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 modes. The straight lines
are described (213, 214) by the following equation

v =K (Af - d) ceen.(12)

where v = frequency(cn'l), d = C,-N, (Fig.4) the metal
center to pyrrole nitrogen distance(A®) (this value can
be determined by the X-ray crystal structure) and
Ki(c-°1A'1) and A;(A®) are fitting parameters 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
sengsitive bands.

The relation with the spin-state sensitivity and the
core size marker has been examined for a Qide range of
metalloporphyrins - Fe, Mn, Co, Ni and 2n (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 determined largely by the size on the
central metal atom. Thus the fitting parameters can be
used to predict core sizes for substituted metal porphy-
rins and to determine the effect of various axial iigands

on the core size.
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1-5-2.Backbonding and doming effects

Large deviations from the core size plots for some
porphyring can be attributed to doming and backbonding.
Doming can be defined (Fig.5B) as the symmetric movement
upwards (216) of the pyrrole nitrogen atoms from the mean
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 C,-Cp-C_,
fragment and thus the state of configuration of the
bonds, causing a change in the Ca-Cp stretching force
constant which produce deviations from the core size
correlations. In high-spin (2,Me-I-H)FeIIPP 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
(IlH)zFeIIPP are replaced with ligands that are more
effective n acceptors such as phosphines and CO (217).
The lowering of these frequencies in (Inﬂ)zFeIIPP 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 Djpq-. 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 NiOEP 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 mode at around 1380cm™! for NiOEP (200)
is due to a pyrrole ring breathing-like mode deformed by
a large contribution of the C,-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~1l for Fe*3 and
near 1355cm™! for Fe*? porphyrins. For the Fe'? complexes
reduction in the frequency of this CaN band may be due
to d,(metal) ---> n* (porphyrin) back donation for 1low
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 C,a-N stretching.
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1-6 Transition metal complexes as catalysts for Oxygen

reduction
1-6-1 Introduction

The use of transition metal macrocyclic compounds
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 O, reduction are described and the cata-
iytic 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:

02 + Hgo + 40 ----—-- > 40H™ EO = 0.401v
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In acid solutions:

Oy + 4H® + de” ------ >  2H0 E, = 1.229v
(ii) The peroxide pathway

In alkaline solutions:

Oy + HyO + 2e” ------ >» HO;” + OH™ E, = -0.065V
followed by a further reduction reaction

H02° + H20 + 2¢ -----—- > 30H™ Eo = 0.867v
or a decomposition reaction

2“02- ----- > QOH- + 02

In acid solutions :

0, + HY + 2¢7 ------ > Hgy0, E, = 0.67V
followed by either

HyOp + 2HY + 27 ------ > 2HZ0 E, = 1.77

or
3Hx0; ------ > 3H;0 + Oy

Depending on the number of electrons involved the
final product of the 0, electroreduction may be H 0 or
Hy0,. 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 O, OH,”, OjH , or OyjH,;, which
may be involved in the pathways. Different rates of
desorption of these adsorbed states can complicate the
mechanism. This 1is the reason why the O, electroreduc-
tion on Pt, the most extensively studied metal electrode

is still not fully understood.

1-6-3 Oxygen reduction on S8ilver

The reduction of oxygen on Ag electrodes in both
acid and alkaline solutions have been studied. 1In alka-
line solutions several studies (267-269) have shown that
the number 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 formation of H,0, at the Pt ring.

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

0y + HyO + 2 ----- > OH™ + HOp™ .....(13)
followed by the catalytic decomposition of HOZ' iqns
2HO,~™ ----- > 20H7 + 05 ....(14)
The O, produced in equation (14) is recycled via equation
(13):
Oy + Hp0 + 27 --—--- > OH™ + HO,™ ceee(15)
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This gives an overall reaction of :
02 + 2"20 + 43- “““ > 40H eeas(16)
In acid solutions the mechanism of O, 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.
0y + 3H + 2¢7 ----- > Hy0, e (17)

HyOg + 2H® + 2¢”  ----- > 2H.0 e..{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 0, reduction reaction. When the
Co-Co distance was about 4A, where the formation of the
Co-0-0-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 macrocycle can asgsist in the elucidating the
details of the catalytic mechanism.

The O, electroreduction catalysis by water soluble
iron and cobalt macrocycles such as the phthalocyanines
and more recently the porphyrins has attracted the atten-
tion of many investigators. Yeager et.al. (227,228)
studied extensively the iron and cobalt tetrasulfonated
phthalocyanines (TsPc). With these compounds adsorbed on
a graphite electrode, FeTsPc catalyzes the 4e reduction
ot O, and CoTsPc catalyzes the O, reduction via the
peroxide pathway. The differences were attributed to the
redox potential of the metal which is related to the

mechanism. The mechanism postulated was:

M(III)Pc + e ----- > M(II)Pc ....(19)
H(II)PC + 02 ———— > M(III)?C.OZ- ....(20)
M(III)Pc.02'+ e ----- > intermediates ....(21)

Steps (2) and (3) are rate limiting 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 formation of
an O, adduct. SERS8 was also used to characterize the
surface species (230-232) on a silver electrode but no

evidence of the axial ligand modes 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 dimeric 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
from the SERR spectra on Cu and Au. Their interpretation
was based on the broadening and changes in the intensi-
ties of some bands with increasing negative potentials.
These changes were attributed to a lowered symmetry 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(II1I)TmPYP + ¢ = -—-—===- > Fe(II)TmPYP ....(22)
2Fe (II)TmPYP + Oy + 2H® ----- > 2Fe(III)TmPyP +

Hp0g ....(23)
(II) Reaction (22) followed by
4Fe (II)TmPyP + O3 + 4H ----- > 4Fe(III)TmPyP +
2H30 ....(24)

(III) reactions (22) and (23) followed by
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2Fe (II)TMPYP + Hy0, + 2H'----- > 2Fe (III)TmPyP +
2H0  ....(25)
The potential of the 03 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 H,0, 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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TABLE 1

Local mode contributions ©of the Rasan active modes in the norsmal
modes of D4, type metslloporphyrin.

Mg 43¢ g 839
viCy-M), VIC, =N ge v(Cy-X)g viCy=N) gy
viCa~Cply v{Ce=Chplas viC,~Cpl, viCe=Cp)las
viCa-Cylg viCa=Calas viCa~Calas viCa=Caly
€p-Cp Cp=Cp
v(Cy-X) v(Cy-X)
vicy-T), vICy-Y) gy viCy-Y), viCyH-Y)
aicy-Y), alCy-Y) gy alcy-Y), a(Cp-Y) oy
a{Cy-X) 4(Cy-X)
PYT.def. pyr.def.
por.def. 3 por.def. por.def. 3 por.def.
Abbrevistions:

v{(A-D) A-D bond stretch, d(A-B) A-B bond bending. es- asymmetric
o-symmetric, pyr-pyrolle, por-porphyrin, def-deformation. BSee
Fig.1 for the positioms of C,.C).C, and the substituents X end Y.
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Tedle 2
A2 band assigumente (m™l) fer MITPP end (PeTPP) 0

Symmetry Aseigument wiT? Pe(TPP) 0
Mg Co-X 203 a8
[ 1873 188
€=y un 1008
Co-¥ 1372 1289
Cy-Y 3180
-G 1004 1480
$(por) 880
S(por) + vin-N) 374¢ . 390
sicy-1) 1000 1087
8, (ring) o
v(Fe-O0-Fe) )
Mg €e=<s 1380 11
€Sy 1342 13
Cy-N 1329 1234
€y ns0
8 (por) 03¢
8y Co=Ca 1600 1361
-y 1950 2498
Co-¥ 1302 1n
8 4 380
(RN ~62 1299
$(por) 880
sicy-v) 108 1007
S(por) < viN-m) s 287
8y (ring) 'Y7)
52 Cy-X 123
Ca=Ca 149
Ca=Cp 1372 1368
Co-¥ 1]
N ns0 1014
8 (por) 98
.(C.'Y’ 1109
§(por) 198

Soe Pig.1 for the pesitions of C.. .
Refer to Table $ for upxmtu‘oc‘te

b:.‘ substituests v.X.
por; and for the subecript a.

abbreviations §, v,
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LRSS PR P P PR PR PR PR PR
BB NN eV BV NP P R
N 8 N B Ne Bt Me Et Ne Bt Ne Bt
" B N B Bt Bt Rt Rt Bt Bt Bt Bt

o ph 3 pp B B B B B B B B

Abbreviations: Ne = O _, Bt = CB G'. Vs ﬂ-ﬂ’

preteperphyria 11 4
etioperphyris 1 <
ostasthylperphyria OLP
tatraphonylperphyrin TPP

« P = C_R COON

ph » phenyl; 1aN = iajdaszole, 3-Nelall = S-gethylisidasele, py =

prridine - ligands that can ecewpy the St and/er 6th pesiticns

is the ovatral setal ates.

Fig.1. Structure of the porpbyrin sacrocycle and its derivatives.
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Fig.2. Goutersan's four orbital model representing the orbitals
involved in the electromic absorption spectra of the porpbyrins.
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Fig.3. Diagras illustrating the occurrence of the hypso-absorption

spectra in low spin PelIll) porpbyrins
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Fig.4. Perspective dravings sbowing the variation of tbe iron porpbyrin
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Fig.5 Structures of the (A) planar, (B) dozed, and (C) ruffled
confiquration of the porphyrin macrocycle
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2. EXPERIMENTAL

2-1.Introduction

A brief account of the electrochemical and Raman
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 & CLEAN THE CELL

PREPARATION OF MATERIALS

ELECTRODE PRETREATMENT

POCUS THE LASER

OPTIMIZE THE SIGNAL

RECORD & STORE THE DATA
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2-2.Raman instrusentation:

The basic experilentél setup for a Raman 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 488.0nm and at 514.5nm, and
the Krypton laser has a strong output at 647.1lnm. 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 Raman spectra were recorded with a Spex Model
1401 double monochromator with a resolution of about
2cm~l. Before each experiment, the zero position on the
monochromator was carefully noted by scanning over the
laser frequency. During this procedure care was taken to
block most of the intense laser light from entering the
monochromator.

After passing through the monochromator system the
light was detected by a photomultiplier tube. Photomul -
tiplier signals were amplified and processed by conven-
tional photon counting electronics. A digital output
from this unit was fed to a PDP 8 computer. The Raman
spectrum can be recorded using an X-Y recorder or saved
on a magnetic diskette. The absorption spectra were

measured using a Cary 14 spectrophotometer with an X-Y

chart recorder.

2-3 Electrochemical instrumentation

The electrochemical 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 geometry. This cell has an optically flat
bottom and side with provisions for inert gas bubbling
for deoxygenation, a port for adding solution, and a port

with a stopcock for removing solution while the cell is
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still positioned in the spectrometer. The latter fea-
tures are egspecially 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 1.5mm2. 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 waveform generator. The
potentiostat controls the potential of the working elec-
trode and the waveform generator can apply a potential
pulse or a triangle waveform to the potentiostat input.
A PAR Model 173 potentiostat and a PAR Model 175 univer-
sal programmer wave form generator were used in SERR
experiments. The latter is useful for the oxidation-
reduction-cycle (ORC), the roughening procedure of the Ag
working electrode. A PAR model 179 digital coulometer
was used for recording the charge during the pretreatment
step.

A BAS Biocanalytical Systems Potentiostat was used
for cyclic voltammographic experiments. For the rotating
ring disc (RRDE) experiments an RDE3 potentiostat (Pine
instru-ents) was used with a silver disc electrode with
an area of 0.459c-3 and a platinum ring disc electrode
(also Pine instruments). For experiments where a sil-
ver-disk-platinum-ring electrode was required, silver was
electroplated on the Pt disc of the RDE electrode. This
procedure consisted of holding the potential of the Pt
disc immersed in 1M Ag(NO),; solution at -0.4V for approx-
imately 100s. All pH measurements were adjusted with an

Orion research digital jionizer model 801A.
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2-4.Regents 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 compounds were used without further purification.
Reagent grade KCl, KOH and HCl were supplied by Fischer
Scientific Co. The working electrode was a 99.99% pure

polycrystalline silver wire.

2-5. Experisental procedures

The sample solutions were prepared with deionized,
distilled water. All glassware were cleaned with concen-
trated nitric acid before use. This was done to ensure
the removal 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
made for the electrochemical, Raman and absorption meas-
urements. The diluted solutions were subsequently pro-
tected from light, and used immediately after prepara-
tion. The supporting electrolyte- 0.01M KCl was used for
all experiments in this work. The pH of the solutions
were adjusted by the addition of KOH or HCl.

The working silver electrode surface was scrubbed

with emery paper then polished on a felt with size 0.3
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micron (Bueler) alumina powder. This produced a smooth,
shiny mirror like surface. Prior to all experiments the
electrode was cleaned ultrasonically for about 5s. The
electrode was mounted in the cell and an oxidation/reduc-
tion cycle (ORC) applied. This pretreatment step con-
sisted of a pulse starting from -0.1V to +0.25V to
-0.1V. Three pulses, each for 5s8., were applied to the
electrode. The total charge passed during this ORC
process was 300mC. The electrode was then held at each
respective potential for about 3min. 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 FeTmPyP as the
"modified 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 KC1l, 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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Fig.8. Cell used for SERRS and electrochenical experinents
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3.RESULTS AND DISCUSSION
3-1.Introduction
In this work Iron(III)tetra-4-N-methylpyridylpor-
phine, (FeTmPyP) (Fig.9) was chosen to study its effect
on the reduction of the oxygen overpotential on a silver
electrode. This compound is soluble over the pH range
0-14. SERRS, CV, and RRDE techniques were used to inves-
tigate the mechanism of the catalysis of oxygen reduction
with FeTmPyP at pH values of 2,4 and 10. At these chosen
pH values, FeTmPyP exists in different forms in solu-

tion.

3-2.Absorption spectra ot FeTmPyP

The absorption spectra of FeTmPyP show a pronounce
pH dependence in the visible range (350-700nm). The
results obtained at pH 2, 4 and 10 are shown in Fig.10.
The features observed are typical of most metalloporphy-
rins where there is a very intense Soret or B band at
ca. 400nm and a pair of weaker bands referred to as the
Qo and Q,, or a and b bands, at ca. 500nm and 600nm 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 QQ

band is present at 594nm and the Q, band at 640nm. The
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spectra at pH = 2 and pH = 4 show a very complex Soret
region, consisting of a broad envelope of two spectral
bands, one having a maxima at 418nm and another at 400nm
respectively. A similiar spectrum at pH = 2 with these
two broad bands has been previously reported (236). The
split Soret absorption spectra can occur (237) when there
is8 near coincidence of the dn and ey energy levels
(Fig.3). 8ince these transitions are of such high inten-
sity it may be the m ----> n" transitions and C-T transi-
tions are highly mixed and this results in two Soret
bands.

It is also possible that the spectrum at pH = 2 may
be due to the presence of more than one species present
in the solution. However, redox (238) and Mossabauer
experiments (236) indicate the contrary. A linear Beer's
law plot was also obtained at both wavelength maxima, 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 may also occur when
there are more than one species present in the solution.
There has been evidence (236,238) of a change of spin
state occurring at this pH. This may be accompanied by
a change in the coordination number of the central metal

atom 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 from 2
to 4 the band at ca. 400nm decreases and the band at
418nm increases. One possible explanation for the in-
crease in the 418nm band at pH = 4 is that it is due to
the increased concentration of the 1ligated species.

The Qo band appears at 590nm and the Q, band at
640nm at pH = 4. There 18 an additional band at ca.
515nm. This band may also indicate the presence of the
ligated species or it may be due to CT transfer (243)
bands. The QQ band at pH = 2 apéears to be blue shifted
about 75nm. This may be due to a decrease in the inter-
action of the d orbital of the central metal 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 FeTmPyP was studied as a
function of pH. From the data presented it is clear that
there are different species of FeTmPyP present in solu-
tion at the different pH measurements. The results

indicate that as the pH increases the solution species
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change possibly from a monomer to a dimer species at pH 2
and pH 10 respectively. At pH = 4 there is an intermedi-
ate species present, or a mixture of monomer/dimer 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 FeTmPYP in the absence of oxygen
3-4-1. SERR spectra of FeTmPyP at pH = 10

After an ORC of the Ag electrode in an Ny saturated
solution containing 1075M to 106M FeTmPyP in 0.01M KC1,
the electrode was removed and placed in a SERRS cell
(Fig.8) containing only N, saturated 0.01M KCl and SERR
spectra wWere recorded. The results obtained with the
488nm andd 514.5nm laser excitation are very similiar.
These excitation frequencies are close to the Soret band
at 410nm (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.1l1l. The bands observed and their
assignments are listed in Table 3.

It was not possible to obtain the solution RR spec-
trum of this FeTmPyP compound in solution with the 488nm,
514.5 or 647nm laser excitation lines since only a broad

fluorescence band was observed. This band obscured the
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regsonance Raman bands. However, reflection of the inci-
dent 488nm laser excitation, from a smooth shiny. Ag
electrode in 107 5M to 10~ 6M FeTmPyP, showed weak Raman
bands. This spectra is shown in Fig.12. There is no
potential dependence of these Raman bands. To separate
this solution spectra from the surface spectra it was
necessary to conduct the experiments in this work with
the porphyrin species absent from the bulk electrolyte.
The latter procedure was very important since only a weak
SERR spectra can be observed when the FeTmPyP 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 FeTmPyP in solution absorbs
most of the laser light.

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

The bands of the adsorbed species observed in the

SERR spectra were assigned by relying heavily on solution



61

RR spectra that were done on TPP (239) FeTPP (240), and
(FeTPP) 50 (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.1l1)
should be mentioned:

(i) The characteristic oxidation state marker band
(248,249) for Fe(III) derivatives is seen at 1357cm~! 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 8piro et.al (241) for high spin Fe(III) complex-
es. The band is assigned to the C,-N stretch and it lies
very close to the 1359cn'1 band seen by Spiro et.al. in
Fe(III) pm-oxo dimers.

(i) The band at 1555cm™! (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(IlI) com-

plexes. This band has been assigned the Cp-Cp 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-wkK il (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" 1 and 262.5A lcm1 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
C.-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.

(iii) The observation of the N-CH,* peaks at 1189, 1005,
791, and 669cm™! 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 amount 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, may be adsorbed on the active sites which
enables the positively charged N-methyl groups to bind to
the surface.

(iv) The band observed at 365cm~l (band IV) lies very
close to the 363cm~! band seen by Spiro et.al. (241) in
(FeTPP)zo. This has been assigned to the symmetric
Fe-O-Fe stretch by an isotopic substitution with S4Fe.
The only band shift in the resonance Raman spectrum
observed after this isotopic substitution was the 363cn'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(lIII) 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 dimer interactions are too weak
to be observed on the surface or the SERR spectral de-
tails may have been obscured by the solution RR spectra.

Adar and Srivastava (256) reported that dimer 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 dimer splittings for (FeTPP)ZO and suggested that
dimer coupling is not important.
(v) As the potential of the electrode changes to -0.3V
there are significant changes in the spectra (Fig.1l1l).
The 1345cm~! band (band I1I) which is characteristic of
high spin Fe(II) complexes (241,250) begins to appear.
Concurrently with this the 365cn'1 Fe-0O-Fe stretch shifts
to a lower, 358cm~! value. The latter observation can be
explained in terms of the molecular orbital description
of the Fe-O-Fe bond (257). A diagram of the molecular
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-0O-Fe bond and thus the frequency of
the band is lowered. The presence of this 358cm~l band
(band IV) with the appearance of the Fe(II) species
indicates that the reduced species is also a u-oxo-
bridged dimer (Fig.14). 0

At -0.3V there is still the presence of an Fe(III)
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species on the surface. Thislis evident with the clear-
ly resolved 1357cm™l band (band I) on the surface. At
-0.5V the reduction of this Fe(IIl) species appears to be
complete. This can be clearly seen because of the low
intensities of band 1 (1357cn'1) and stronger intensity
of band II at (1345cm~1). Notably, there is no further
change in the position of the 358cm~! 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 dimer is strongly attached
to the surface "side on" (Fig.16) with the u-oxo Fe-0-Fe
bond parallel to the surface. A partially reduced
Fe(III)-Fe(Il) p-oxo-bridged dimer 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) u-oxo-dimer is present on the surface, the
molecule changes its configuration on the surface and is
adsorbed "face on" (Fig.16) where the pn-oxo Fe-0-Fe bond
is perpendicular to the surface.

The reason why the 358cm™! band (Fe-0-Fe) does not
shift to lower frequency on further reduction of the
partially reduced species at -0.5V but the 1357cn'1 band
(C4-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-0-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 C,-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. 8Since 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 dimer.

The core size marker band at -1555cm~1l(band III)
shifts to 1542cn'1 when the reduction is complete. Using
a similar calculation described previously with equation
(1) the C,-N distance is calculated to be 2.08A°. This
result parallels that observed by Spiruv et.al. (258),
where an increase in the core size occurs when the charge
on the central metal atom decreases. This can be ex-
plained in terms of the Fe(II) atom having a weaker
positive charge since it has more extended d orbitals and
this pushes the iron atom 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 complexes, the reduction of the Fe(III) species
on fhe surface takes place without a change in spin
states.

In summary at pH = 10 there is a high spin, five
coordinated Fe(III) up-oxo dimer adsorbed parallel to the
surface at -0.1V. At ca. -0.3V. there is a partially
reduced Fe(III)-Fe(II) dimer. The dimer is completely
reduced at ca.-0.5V. and this reduced species is adsorbed
perpendicular to the surface. The dimer in its reduced

form is also in the high spin state.
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3-4-2. SERR spectra of FeTmPyP at pH = 4

The SERR spectra of FeTmPyP at pH = 4 is shown in
Fig.17. The spectra are very similar to that obtained at
PH = 10 (Fig.11), except for a slight shift and differ-
ences in the intensity of the lines and some new lines
which appear in the spectra.

The Fe-O-Fe band (band IV) is at 368cm™! and it
shifts to 360cm™! at -0.3V. The oxidation and reduction
state marker bands are at 1359cm~l and 1345cm~1 respec-
tively. As the potential varies these bands behave in the
same manner as the spectra at pH = 10. The presence of
dimers on the surface at this pH is very surprising since
the dimer formation in solution exist at pH values great-
er than 7 (236,238,261). However, when the porphyrin
molecule is adsorbed on the surface the presence of the
positively charged N-methyl groups can repel hydrogen
ions from the surface resulting in a higher surface pH
which may assist in the dimer formation. This similar
effect (280) has been observed with pyridinium ions. 1In
addition previous studies in solution (261,262) also
indicate that the dimer formation is dependent on the pH
and the ionic strength.

The presence of a ligated aquo monomer 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 dimer reduction
occurs. Some 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 similar spectral characteristics.

3-4-3.8ERR spectra of FeTmPyP 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 1V (358c-'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™ ). Also band I (1357cm™l) is
not present on the surface and band III appears as a
broad band centered at 1550cm™l. Band II (1342cm™l) 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 -0.1vV.

The observation of the Fe(II) species on the surface
is consistent with previous results (338) 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 1345cm-1
band at -0.4V may be due to the extraction of the iron
atom from the surface bound species, or to a reorienta-

tion of the adsorbed molecule possibly towards an "edge

on” mode of adsorption via one N-methylpyridyl group.

3-5. SERR studies ot FeTmPyP in the presence ot oxygen

The SERR spectra of FeTmPyP 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 same spectra are seen as in the absence of
oxygen. Since the spectra obtained with oxygen are more
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 comparing this data with the spectra
in the absence of oxygen in Fig.l1ll, it is clear that the
frequency positions of the bands are almost identical and
the only difference is that in the presence of oxygen,

the spectral lines are more intense.
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The SERR spectra at pH = 4 (with oxygen) are exactly
the same as pH = 10 whether or not oxygen is present
(vide supra). When the latter spectra (Fig.19) is com-
pared with the SERR spectra at pH = 4 in the absence of
oxygen (Fig.17) some slight differences can be seen. 1In
the presence of oxygen the band at 165cm~ ! is missing and
a new band at 1511cm~l 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~! 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
02' 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
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3-6. SERRS of FeTmPYyP with Q band excitation

The SERRS spectra were also recorded with the 647nm
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 modes
can be seen on the surface with the Q band excitation if
the symmetry of the molecule is intact. These modes are
otherwise difficult to separate from the symmetric modes
since all the SERRS lines are depolarized.

The SERR spectra with the 647nm laser irradiation at
pPH = 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 = 10 (Table 3) the antisymmetric modes eg. 819,
1031, and 1317 cm™l and at pH = 2 (Table 5) 815, 1015,
and 1317cm~!l 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™1. This observa-
tion lends additional support for the assumption that the
molecule is adsorbed parallel (Fig.15) to the surface at
-0.1vV at pH = 4 and 10 where it 1s 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 dimer 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~l (Table 3) oxidation
state marker band with both 488nm and 647nm 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 cn'l 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.
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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) u-oxo-dimer at -0.1V. This molecule is
adsorbed with the Fe-0O-Fe bond parallel to the surface
i.e. attached to the surface "side on". At -0.3V the
dimer undergoes a one electron reduction to form a par-
tially reduced Fe(III)-O-Fe(ll) u-oxo-dimeric species.
At -0.5V an additional one electron reduction occurs to
form a completely reduced high spin Fe(II)-0-Fe(II)
species. This reduced species change its orientation and
is adsorbed with the Fe-0-Fe bond perpendicular to the
surface i.e. attached "face on" via the four N-methylpy-
ridyl groups of one porphyrin ring in a caliper effect.
SERR spectra with Q band excitation provides additional
evidence for this stereochemical change after the reduc-
tion takes place. _

At pH = 2 only high spin Fe(II) reduced monomers are
adsorbed on the surface at -0.1V. There was no evidence
of any other electrochemical processes occurring at more
negative potentials. In the presence of oxygen the SERR
spectra at pH = 10 are exactly the same as that of pH =
4. The spectra at pH = 10 and pH = 2 in the presence of

oxygen are the same 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 ot FeTmPyP
3-8-1. Introduction

The cyclic voltammetry (CV) ot 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" %M FeTmPyP in 0.01M KCl, after removal, the electrode
was carefully washed with 0.01M KCl 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



76

starting from -0.1V to +0.25V to -0.1vV. The potential
was held constant for 58 at +0.25V. In this work when
the roughening procedure was done in the presence of
FeTmPyP the electrode is referred to as the modified
electrode, where FeTmPyP is immobilized on the silver
surface. When the ORC step is done in the absence of
FeTmPYP the electrode is referred to as the pretreated
electrode. The smooth electrode is a highly polished Ag

surface.

3-8-2.CV results ot FeTmPyP

The CV results on the modified electrode are shown
in Fig.22. 1In this case the roughening step was done in
the presence of 05 and the modified Ag electrode was
placed in a solution where 0y, was removed, 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. Voltammograms as shown in Fig.22 were then
recorded. There is no porphyrin present in these solu-
tions; thus the electrochemical 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 same
voltammograms were obtained. When the roughening proce-
dure was done in the presence of oxygen, at pH = 4 and
10, the voltammograms are exactly the same irrespective
of these differences in the pH. There are some 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 from the
SERRS experiments, and this is an indication that there
is some 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 = 4 and
10, correlates very well with the first one electron
reduction of the u-oxo-dimer 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 u-oxo-bridged
dimer. The return wave (wave III) at -0.38V is the two
electron oxidation of the Fe(II)-Fe(II) dimer. The
reaction scheme in Fig.15 illustrates these processes
that occur at waves I,II and III.

The SERRS data (Fig.l11l) supports this interpretation
of this reaction schenme. In the SERRS spectra the Fe-0-

Fe bond at 358cn'1 and the 1345c-'1 Fe(II) oxidation
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state marker bands are observed at -0.3V. The partially
reduced species at -0.3V is supported by the presence of

the 1345 ([Fe(II)) and the 1357cm™! [Fe(III)] bands. At
-0.5v, the decrease in intensity of the 1357cm~ 1 band
and the corresponding increase in intensity of the
1345cm~ 1 indicates the presence of an additional reduc-
tion process taking place. However, at -0.5V the Fe-O-Fe
band at 358cm~ 1! does not shift to lower frequency - this
is expected (vide supra) if an additional electron is
placed in an antibonding molecular orbital (Fig.13). If
the adsorbed porphyrin dimer changes from a "side on"
configuration where the Fe-0O-Fe bond is parallel to the
surface to a "face on" configuration where the Fe-0-Fe
bond is perpendicular to the surface, during the reduc-
tion process (Fig.16) then the Fe-O-Fe band is further
awvay from the surface in the reduced species and changes
in this bond length are harder to detect.

S8ince there is only one wave visible on the return
scan (wave III, Fig.22) this must correspond to the 2e”
oxidation of the dimer. The corresponding Fe(III) spe-
cies generated from wave III is the same as the
Fe(III)-0O-Fe(III) species represented in wave I (Fig.15)
since repeated scans (Fig.23) show exactly the same 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:

E,I + EpII = 2EpIII

p
-0.26V + -0.46V = 2(-0.36V) = -0.72V

Note: E_.I corresponds to the peak potential of wave I.

P
The rest of the symbols have a similar meaning.

This reformation of the original Fe(III)-O-Fe(III)
adsorbate at wave I11 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 SERR8 active sites.

Conceivably, two types of pu-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 2e  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 up-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 monomeric. The return wave III correspond to the
2e” oxidation of the completely reduced Fe(II)-O-Fe(Il)
dimer. Thus, the CV data provides additional evidence
for the presence of two orientations of a u-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 dimer (wave III)
is irreversible and it becomes more reversible at higher
scan rates. This 1is evident from 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 information from this data.

In addition the CV results on a smooth Ag electrode
at pH = 10 and pH = 4, with the FelmPYP present in the
bulk solution (Fig.24) were ill defined since many proc-
esges (266) occur which involve interaction of both bulk
and surface adsorbed species. However when the CV was

recorded with the modified 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 more

apparent at higher scan rates. The additional waves seen
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in FPig.24 and Fig.25 could not be identified. It was
suggested (281) that these peaks may arise from the
reduction of the other Fe(III) adsorbed species since
their reduction potentials can vary over several hundreds
of millivolts or this may 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 same 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 0O, 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
same reaction scheme (Fig.15) is occurring due to the
presence of waves I,II and III.

At pH = 2, the CV on a modified 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 dimer is not seen with the CV results. There is
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only one peak visible at -0.48V. This may be due the
extraction of the Fe atom from the porphyrin plane, or a
further reduction of the Fe(II) monomer. However the
further reduction of the Fe(II) species i.e. a shift of
the 1342c-'1 band to lower frequency. However the RR
spectral studies of characteristic frequencies for Fe(l)
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) monomeric species (vide
infra) with the SERRS data.

The adsorbate at pH = 2 on the modified 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 may be an
indication that the adsorption of a reduced monomeric
porphyrin is less stable than the oxidized dimer. On the
modified Ag electrode, (Fig.28) with FeTmPYyP 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 modified electrode with FeTmPyP

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 FeTmPyP in the bulk solution. However, at pH
= 32 the surface processes occurring on the modified
electrode (Fig.27 at 25 mV/s)are the same as that with
FeTmPyP present in the bulk. When the porphyrin is
present in the bulk solution at pH = 2 (Fig.28) the
adsorbate is more stable and more reversibly adsorbed and

the currents generated are larger.

3-9. Conclusion

In summary the use of the SERRS and electrochemis-
try of FeTmPyP have been successfully employed to identi-
fy the surface species adsorbed a silver electrode.
These results provide support for the reaction scheme

proposed in Fig.20.



84

3-10.Catalytic oxygen reduction with FeTmPyP

The role of FeTmPyP as a catalyst for the reduction
of the oxygen overpotential was investigated. A modest
catalysis of about 150mV at pH 4 and pH 10 by the modi-
fied electrode was observed. This is shown in Fig.30.
There is also some increase in the height of the cur-
rent.

At pH = 2 there 18 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(OH), 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 may be due to the absence
of these adsorbates.

Two oxygen reduction waves are observed at pH = 2



85

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 H;0, is more labile in
acidic media.

A direct 4e  reduction process (vide infra) with the
catalyst to form Hzo occurs at pH = 4 and 10 therefore
only one reduction wave is visible 1in 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 0O,
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) + 1/205 + 2H* ----> Fe(III)-O-Fe(III)
+ Hy0

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 Fig.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 H,0 is the
product of the reaction in all three cases. In addition
the amount of Hy0, 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 H202 produced.
The results are shown in Fig.31. The current produced at
thq 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, 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) + Oy ----- >Fe(III)-O-Fe(III) + 02-
(iii) 047 + Hy0 + e- ------ > HO,~ + OH”

_ _ Ag(ad) _
(iv) HO,” + H,0 + 267 ------ > 30H
Overall: 0, + 4de- + 2H,0 ----- > 40H™

The partially reduced intermediate generated in
step (i) is involved in this mechanism since the 0,
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 02' 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)-0,"
porphyrin species which is adsorbed perpendicular ("face
on") to the surface and thus render the six coordinate

section (where the 02' is attached) of the dimer diffi-
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cult to detect with the SERRS spectra. The process
representing step (ii) can occur more easily if the
partially reduced dimer tilts away from the surface
(Fig.15) with the Fe(II) section of the molecule farther
away from the Ag surface providing a means for the 0, to
react with the dimer. This reaction will not occur with
the oxidized form of the dimer in step (i) since this
dimer is adsorbed parallel to the surface and in addition
the SERRS spectra does not indicate the presence of a six
coordinate dimer. In step (iii) the 05" reacts with
H,0. This is a common reaction that occurs during
oxygen reduction in basic solutions (270,222) where the
superoxide ion is a possible intermediate in the reaction
scheme. The reaction represented in step (v) occurs via

adsorbed silver intermediates on the surface.

3-11. Conclusion

In this thesis we have shown that FeTmPyP adsorbed
on a Ag electrode catalyze the O, reduction wave by
shifting the peak potential by = 150 mV 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) dimer. The
catalytic reduction occurs via an EC mechanism and
involves a 4e- reduction of 03 to form Hy0. In acidic

media where a reduced Fe(II)-O-Fe(II) u-oxo dimer is
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adsorbed on the Ag surface a catalytic shift in the peak

potential of the 02 reduction wave was not observed.
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TABLE )

Comparison of the spin etate and oxidation state marker
and Fe(Ill) porphyrin complexes with

bands for some Fe(II)
FeTaPyP.

Oxidation and spin CN
state of iron

Fe(111) b.s. ]
Fe(III) h.s. S
Pe(III) h.s. s
Fe(II) h.s. ]
Fe(II) h.s. s
Pel(lI) h.s. 5
Fe(ll) h.s. ]

Coapound

{(TPP)Fe) 30
(TPP)FeCl
[ (TaPyP)Fe) ;0

(TPP)Pe(2-Melmil)

(TPP)Fe(1.2.DiMelIn)

[ (TwPyP) Pe) 30

(TwPyP) Pe (H30)

8Spin state

sarker band

15883,
1585,
1888,

1541,
1539,
1942,

15%0,

1813
1514
1511

1498
1499
1495

1483

Oxidation state
marker band

13%9
1366

1359 This work
pli=10,-0.1V

1242
1344

1342 This work
pR=10,-0.5V

1342 This work
pit=2,-0.1V

Abbreviations: CN, coordination number: h.s., high spin: 2-MelmH,

= 2-methyl imidazole:
-~ substituents on the

llzlbimx-l -
fifth position.

1,32Dimethylinmidazole
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TABLE ¢

Comparison of the SERRS spectral bande (cm~l) obtained with laser
excitations 488.0ns and 647ne for PeTaPy at pi = 10. The band
assigneents for the solution AR spectrum with 406.7nm laser
excitation are shown.

RRs pae10® Sand M.!montb SERRS (~0.1V) SERRS(-0.1V)
406.7nm 488.0na 647nn
193 v
2%0 vw,p 8(por) ev(re-N) Alg 237 vw 315 w
307 w
viFe-0-Fe)€ Mg S 362 >
3N e )99 a
513 w 517 w
%92 v
720 vv, p Alq 719 » Mnis
7 v
023 w», dp 'xg or l3° 019 sh M9 w
857 w
806 w, dp 84 (por) l" 875 »
905 w, p 84 (por) ‘lo 903 o
%1 v
1010 w Vg lCq-Cy) Ajg 1005 s 1013 &
pyr 8(C-K) . Ayg 1057 w
1098, p 8, (Cp-M) Ayg 1093 w
8,4(CH-M) 8y 1031 o
1190 a, p  S(pyr) « vIN'—CH3) A 1109 8 11985 v
1220 9. p $(pyr) Mg 1215 0 1318 w
8(Cy-pyr) Ajg 1249 0
12377 =, 4p vg(Cy=N) '19 1283 w
Ve (Ca-Cp! '3¢ 1317 w
1357 9. p vg (Co-M) Arg 1357 o 1393 »
1417 w
S(pyr) Mo 1512 v
v(Cp-Cp) LI 1465
1554 9, p vICp-Cp) Mg 1933 0 1855 »
1599 v
1641 8 (pyr) ‘1' 1639 o 1641 «

Table % hae explanations for the abbreviations used: a:re-
terence 246, b: the notstion for the band sesignments are
the sase as that used in reference 246. c: reference 241.
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Cosparison of the SERRS spectral bande (cn~1) obtained with laser
excitations ¢00.0ma and 647aa for FeTelPyP. The Daad aseigumeats
for the solutiom RR spectra vwith 406.7aa laser emcitatioa are
shown.

solutico RRE®  Aseigament SERRS(-0.1V) SERRS(-0.1V)
pliel.) 40¢.7nm 400nm 6470
193 w
240 w,p S{por) + v(Pe-N) Mg 1 v 219 w
Nl w NS w
IS w,p Sipor) < Sipyr) ‘10 WS e 4083 »
09 v 818 w
604 vw,p Au 8715 w
64 vw.p S(pyr) « B(C-N'-CHy) Ay, 61w 6 v
717 w,p ‘lg 701 w 73
793 w.p PYT v(C-C) + viIN®-CNy) Ayg 795 @ 7% w
02) e.4p Mg OF By, 01s »
806 v.dp 84 (por) B 861 v 867 vw
95 a
1010 w.,p vgl(Cq-Cy! Mg 10138
1032 m.dp 8gq(Cp-M) [ P9 1015 »
10%¢ vw.dp pyr ${C-R) Mg 1087 v
1090 w».dp 8,(Cy-M) Ayg 1093 v
1104 w®.dp 84(Cy-N) 'lg 1133 vv
1190 w»,p S(pyr) o v(N'-C-By) Ay 1191 s 1193 »
1220 e.p $(pyr) A“ 1217 » 1215 »
1252 s.p s(Cy-pyr) Ayg 1381 0
1277 e.dp vg(Cq-N) LT 1398 v
1292 e.dp Vae (Ca=Cp) B3y 1317 v
1361 a.p velCq-) Ayg 1342 0
1368 sk
1407 w
1448 op vglCqa=Cp) Ayg
1493 o.4p viCy-Cp) .li 1407 w
1318 w.dp S(pyr) Mg
1584 =,p viCy-Cp) Ayg 1830 s 1542 8
1991 w
1641 =p $(pyr) Ayg 1639 0 1641 »

Abbrevistioms: p,polarised: dp.depolarised; o,0trong; o,sedium;
v.wveak; vw.very wesk: sb.shoulder; por.porphyrim core; pyr, "
::;:gm:dt::umm: v, otr:teﬂu: §. ben@ing / deformation;
s denmote antis t
gomttv:ly. - S+ yamaetric asd symsetric wsodes
® notations used for the bend assignment porph
are the same used 1n Ref.346. nee of the Yria core
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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.

wl/z(r.p.n) II/A(uA/cmz)
Smooth Pretreated Modified
6.86 221.78 243.96 213.47
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 the RDE experiments on a Ay disk at
pPH = 10 on a swooth, pretreated and modified
electrode.

The yraphs shown in Fiy.32 were plotted from this data.

wl/z(r.p.m) Il/A(uA/cnz)

Smooth Pretreated Modified
6.86 221.78 243.96 213.47
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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Fig.9. Structure of FeTaPy
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Fig.10. Electronic absorption spectra of FeTaPy at pll = 2
=y Pl = 4 ——, and pE = 10 ===,
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Fig.11 SERRS spectra of FeTuPy at pl = 10 is the absence of
axvgen with laser excitatios of $32.0m
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Fig.12 Spectra of FeTwPy at pl = 10 obtained from the reflection
at a saooth, shiny Ag electrode with laser excitation of 488.0nm
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Fig.13. Walsh diagras shown schesatically representing the mole-
cular orbitals of the w-oxo iron porphyrin dimer at (a} the
linear Fe-0-Fe bond and (b) the Fe-0-Fe bond at the observed

agle of 174.9
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Fig.14 Structure of the u-oxo-bridged FeTwPy dimer. The ligands
are omitted for clarity.
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Fig.15 The reduction of the metal center in the iron porpbyrin
diser, (FeTwPy),0 imaobilized on a Ag surface. The detalis of
the molecular structure are omitted for clarity



102

Fig.16 Possible orientations of the (Alside oo and (B) face oo
configuration of FeTwPy adsorbed on Ag. The ligands are omitted
for clarity.



103

Fig.17 SEIR spectra of PeTaPy at pll = 4 in the absence of azyges
vith laser excitation = 405.00
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Fig.18 SERR spectra of FeTaPy at pH = 2 in the absence of oxygen
with laser excitation = 438.0mn
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Pig. 19 SEXR spectra of Pefuly at pl = 10 in the presence of
oxygen with Jaser excitation = 448.0m
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Fig.20 SERR spectra of FeTuPy at pB = 10 s the preseace of
oxygen vith laser excitation = 647.0gs
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Fig.21 SERR spectra of FeTaPy at p = 2 in the presence of oxygen
vith laser excitation = 647.0ns
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Potentis! (V)

Fig.22 Cyclic voltammograms of FeTwPy on a modified Ag surface
at different pH values.

in this case FeTmPy was immobilized on the surface in the
presence of oxygen and the scan was done in the bulk oloctroMc

in the absence of oxygen. The area of the electrode was 1 Smm?*

pH = 10, scanrate = 150mV/sec, at full scale 2uA

pH = 4, scan rate = 150mV/sec, at full scale 2uA
<oote pH = 2, scanrate = 26mV/sec, at full scale 1UA




109

4.0
]
3.0 - ’-‘gs
" “
o <
'l ‘e
o" ‘\. /
| 4 iy s f
2 o 4 “ “ d - .'
‘ P ’, o” N -~ “., 0/ ’
.' - ‘e ..‘o.". .'.
g 4 ~ - P
L4 2« ooounso ™
- .‘ /
1.0L4 -
o
/s
¢
.4
Ptd
O-OW- "o:"
Y / ',.‘o
. e® o
o%s”
o'. o’
| - s
1.0 .'0."o
) r .J"O "‘
L— o"' "'.
o o
“s‘ "" ./
-2 o <3 .‘.Q "‘ "
. ‘0... e ,o’ d"
.... ".o
1Y o
R
=3.0 | P | FURE W T | 2 1 2

=0.2 0.4 -0.6 -0.8 -1.0 -1.2

Fig.23 The scan rate dependence of PeTaPy on a modified Ag
electrode at pE = 10.

FeTmPy was immobilized on the surface in the presence of oxygen
and the scan was done in the absence of oxygen. The scan rates
are (in mV/sec): 28, 80, and 150 on the 1uA/inch fll scale;
250, 300 on the 2uA/inch full scale.
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Pig.24 Cyclic voltammogram of FeTwPy on a smooth Ag surface with
PeTaPy present in the bulk solution at pl = 10 in the absence of

oxygen.

The conditions are: 2116‘M FeTmPy in 0.01M KCl at scan rates (in
mV/sec) 50, 100, and 300 with current at 2uA/inch full scale.
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Fig.25 Cyclic voltammogram of FeTapy on a modified Ag electrode
vith PeTaPy present in the bulk solution at pE = 10 in the
absence of oxygen

The conditions are: 2x10 M FeTmPy in 0.01M KC} at scan rates (in
mV/sec) 50, 100, and 300 with current at 2uA/meh full scak.
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Fig.26 Cyclic voltamsogram of FeTaPy on a modified Ag electrode
at plil = 4 in the absence of oxygen.

At scan rate 100mV/sec current = Jul/inch full scale.
Al scan rate 300mV/sec currem = 2uA/inch full scale.
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Fig.27 Cyclic voltammogram of PeTaPy on a modified Ag electrode
at pi = 2 in the absence of oxygen.

The voltammograms are shown at scan rates 26 and 50 mV/sec.
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Fig.28 Cyclic voltamsogram of FeTwPy op a modified Ag electrode
vith FeTsPy present in the bulk solution at pE = 2, in the
absence of oxygen

At scan rates of 25 and SO mV/sec the current is 1uA full scale.
At 100mV/sec the current is 2uA full scale.
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Fig.29 Graph of the variation of the peak curremt vs. the scan
rate for FeTuPy on a sodified Ag electrode with FeTwPy presest in
the bulk solution at pB = 2 in the absence of axygen.

——e—=Current gt ~0.5V; ——=Current at -0.43V on the reverses scan
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Pig.30 Cyclic voltammograms on different Ag surfaces showing the
catalysis of oxygen reduction at various pll measurements in air
saturated solutions.

— smooth Ag surface; -~-=- pretreated Ag surface; —svee
modified Ag surface. Scan rate 50mV/sec and the curr'ont is
2uA full scale in all the graphs
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Fig.31. Rotating ring-disk current-voltage graphs on different Ag
surfaces at pl =10 in air saturated solutions.

———— gmOoth Ag surface; ——=== pretreated Ag surface; e
modified Ag surface.
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Fig.32 Levich plot of tbe current vs. the rotation rate for
different Ag surfaces at pi = 10 in air satarated solutions.

—— SMmooth Ag; —— prestreated Ag; —see- modified Ag surfaces
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Appendix I

RRDE CALCULATIONS

On a silver disk electrode the limiting current is relat-
ed to the rotation rate by the following Levich equation

(273,279).

x

I, = 0.620nFAD 2/ 3u1/23y"1/6¢
where i; = limiting current (A) for O, reduction

n = # of electrons

F = Faradaic constant = 9.6486 x 10% C/equiv.

A = geometric area of the electrode = 0.459cm? (Pine
Instruments Inc.)

D, = diffusion coefficient = 2.6 x 10”5 cm?/s

w = rotation rate (rad s~ 1)
v = kinematic viscosity = 0.01 cnz/s
Co' = concentration of reactant (air saturated)
= 0.24 x 1075 Moles/cm3

A graph of I /A vs wl/2 gives a slope =
nx [0.620FD°3/3V'1/6C°']
i.e. slope = n x 27.14 x 0.3236

The value 0.3236 (2n/60)1/2 jg a correction factor
to rad s~! since the graphs are plotted with the unit of

r.p.m. for the rotation rate. The 10°® factor for the

microamp unit that is used in the graphs for the current
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cancels with a 10‘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 1in
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 = 4.
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