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ABSTRACT: Bioinspired electrodes have been constructed by
physiabsorption of two air stable iron porphyrin complexes, one
bearing an imidazole coordination and the other bearing a thiolate
coordination. To control the electron transfer (ET) rate to these O,
reducing electrocatalysts, the complexes were immobilized on edge
plane graphite electrode and alkyl thiol self-assembled monolayer
(SAM) modified Au electrodes with varying chain lengths of the thiols.
Catalyst immobilized SAM modified surfaces were characterized using
surface enhanced resonance Raman spectroscopy (SERRS), and their
electrocatalytic O, reduction properties were investigated using
rotating ring disc electrochemistry (RRDE). While the imidazole
bound complex showed increase in partially reduced oxygen species
(PROS) on decreasing ET rate, the thiolate bound complex showed
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the opposite trend, that is, the value of PROS reduced on decreasing the ET rate. SERRS coupled to rotating disc
electrochemistry (SERRS-RDE) technique helps gain insight into the O, reduction mechanism. The results obtained indicate
that while the imidazole bound iron porphyrin complex reduces O, through an inner sphere mechanism using a high-spin (HS)
Fe' species, the thiolate ligated complex shows an inner sphere as well as outer sphere mechanism using a HS Fe"" and low-spin
(LS) Fe' species, respectively. The PROS formation by a HS Fe' species of this thiolate bound complex increases with
decreasing ET rates while that of a LS Fe' species decreases with decreasing ET rates.

1. INTRODUCTION

Metallo-enzymes containing an iron porphyrin as the prosthetic
group are ubiquitous in nature."” The nature of axial ligands
that are directly coordinated to the iron center of heme protein
active sites play an integral role in modulating the properties
and reactivities of these heme proteins.>™> Myoglobin and
hemoglobin which act as O, storage and transport proteins
have imidazole coordination from histidine residues from the
protein backbone.®”® Cytochrome P450, which hydroxylates
inert C—H bonds using molecular O,, uses thiolate ligation
originating from a cysteine residue.” "> On the other hand
catalase, which catalyzes the decomposition of hydrogen
peroxide into H,O and O,, is coordinated to a phenolate
group in the axial position originating from a tyrosine
residue.”'*"> Changes in the proximal ligation along with
differences in the distal environment of these enzyme active
sites exert different extents of “push” and “pull” effects.'® Thus
investigating the roles of these axial ligands on the electronic
structure and reactivity is an area of general interest. Efforts
have been focused on developing functional mimics of active
sites that reproduce the structural and/or functional properties
of these enzyme active sites. However, a direct comparison
between an imidazole bound and a thiolate bound heme and/or
iron porphyrin centers is often complicated by changes in the
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enzyme active site because of point mutation and/or lack of
appropriately designed synthetic model complexes.

Recently the electronic structure of two structurally
analogous imidazole coordinated (PIM) and thiolate coordi-
nated (PSR) iron porphyrin complexes were compared using
several spectroscopic methods and density functional theory
(DFT) calculations.'” A thiolate coordination shifted the E /,
of the Fe''/Fe' couple ~500 mV more negative compared to
imidazole coordination in solution phase because of covalent
charge donation from thiolate to Fe. Notably, while most of the
synthetic mimics of P430 are found to be unstable in air,"*>!
the thiolate bound iron porphyrin complex bearing a “picket-
fence” architechture (PPSR) is one of the rare examples®>**
which are stable in air. The stability derives from protecting the
thiol group sterically using a “picket-fence” architecture as
originally done by Higuchi and Hirobe.** These complexes
reproduced the spin states and spectroscopic features associated
with thiolate and imidazole bound active sites.

Oxygen reduction reaction (ORR) is an important reaction
not only in life processes, such as biological respiration,zs’26 but
also in energy conversion relevant to fuel cell applications.””
Although Fe porphyrins are known to be ORR catalysts, the
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mechanism of electrochemical ORR and how it is affected by
different axial ligands is not well understood. This multistep O,
reduction involves many intermediates producing superoxide
(le” reduction), peroxide (2e” reduction), and water (4e”
reduction) in aqueous medium depending on the nature of the
electrode and catalysts used. Various such intermediates are
trapped and characterized in solution using biological enzymes
and their synthetic models such as metal-superoxides, metal-
hydroperoxides, and metal-oxo species, and so on upon O,
binding and during its activation and/or reduction under
homogeneous conditions.”'>*"**~*! While synthetic models of
active sites of myoglobin and cytochrome c oxidase render it
easier to detect the intermediates found during O, reduction
using spectroscopic techniques, cytochrome P450 mimics
hardly allow the detection and investigation of intermediates
as most of these are highly unstable in O, even in their oxidized
states.'® ™! Although significant literature is available on C—H
bond hydroxylation reactions in solution,”**~*” little is known
about the O, reduction mechanism of synthetic thiolate bound
porphyrin complexes.*® Such investigations are complicated by
the inherent instability of Fe"-RS™ complexes. But the stability
of PPSR in air can remedy that. Homogeneous catalysis has a
very significant inherent limitation which makes catalyzing
multielectron multiproton processes such as O, reduction
challenging; that is, simultaneous addition of both protons and
electrons from the same homogeneous reaction medium to the
catalyst. The electrons can, and in most cases will, have a
tendency of reducing H" and/or O, present in the medium.
Electrocatalytic O, reduction on edge plane graphite (EPG)
electrode by several iron porphyrin catalysts are reported in the
literature where the catalysts are directly attached on the
electrode surface.*” > This results in facile electron transfer
(ET) rate from the electrode to the catalyst. To control the ET
rate under heterogeneous conditions, self-assembled monolayer
(SAM) modified electrodes have been widely used.’>** %
SAM formation enables one to tune the ET rate to the redox
active site by varying the chain lengths of the linkers.***>%'~%
Immobilization of the catalysts on SAM covered electrodes
provide a good platform to fabricate bioinspired electrodes
where the electrode serves the purpose of the reductase
component of the enzyme by supplying electrons at a tunable
rate to the active site. SAM acts as ET pathway insulating the
subtrates (O,, H") from the electrode which simulates the same
mutually exclusive pathways for electrons and protons observed
in the enzymatic active site. Recently, using a combination of
synthesis and self-assembly, bioinspired electrodes mimicking
the active sites of imidazole bound and thiolate bound iron
porphyrins were reported.** In this study the axial ligands were
grafted on a Au electrode and different Fe porphyrins were
loaded on these to create a dilute monolayer of catalytic sites.
The thiolate bound P450 inspired electrode was found to
generate a high-valent intermediate during O, reduction which
could catalytically hydroxylate inert C—H bonds using
molecular oxygen in pH 7 buffer at room temperature, and
>200 turnovers were observed.®* Recently, a new experimental
setup has been developed where dynamic electrochemistry,
rotating disc electrochemistry (RDE) is coupled to a powerful
spectroscopic tool, surface enhanced resonance Raman spec-
troscopy (SERRS) which allows direct in situ investigations of
the reaction mechanism of electrocatalytic ORR using iron
porphyrin catalysts.*> Using this SERRS-RDE setup and
utilizing a combination of spin and oxidation state marker v,
and v, bands and '¥/1°Q, isotope effects a low-spin (LS) Fe''—
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OOH species and a Fe'V=0 species were identified as
intermediates of O, reduction for some synthetic iron
porphyrin complexes involved in steady state electrocatalytic
ORR.

In this paper we report the formation of bioinspired
electrodes by simple physiabsorption of iron(III) porphyrin
complexes bearing covalently attached imidazole (PIM) and
thiolate (PPSR) ligands (Figure 1) which can catalyze the

Figure 1. Pictorial representation of the catalysts used: PIM (left) and
PPSR (right).

multielectron and multiproton O, reduction.*® Heterogeneous
electrocatalysis under physiological condition is investigated,
and the results provide further insight into a detailed
understanding of O, activation/reduction processes by the
imidazole and thiolate coordinated porphyrin complexes.
Remarkably, while the PROS production by the imidazole
bound PIM increase with decrease in ET rate, the thiolate
bound PPSR complex shows an opposite trend, that is, PROS
decrease with decrease in ET rate.

2. EXPERIMENTAL DETAILS

2.1. Materials. All reagents were of the highest grade commercially
available and were used without further purification. Octanethiol
(C4SH), Hexadecanethiol (C,;SH), potassium hexafluorophosphate
(KPFg), and all buffers were purchased from Sigma-Aldrich. Disodium
hydrogen phosphate dihydrate (Na,HPO,-2H,0) and potassium
chloride (KCl) were purchased from Merck. Au wafers were purchased
from Platypus Technologies (1000 A of Au on S0 A of Ti adhesion
layer on top of a Si(III) surface). Edge plane pyrolytic graphite (EPG)
electrodes and Au discs for the Rotating Ring Disc Electrochemistry
(RRDE) experiments and Ag discs for SERRS and SERRS coupled
with Rotating Disc Electrochemistry (SERRS-RDE) experiments were
purchased from Pine Instruments, U.S.A. The catalysts meso-Mono|o-
S-(N-imidazolyl) valeramidophenyl]-triphenylporphyrinatoiron(III)-
bromide (PIM) and meso-Tris (a,a,a-o-pivalamidophenyl-a-o-5-
thiolatevaleramidophenyl)porphyrinatoiron(III) (PPSR) (Figure 1)
have been prepared following literature reports.'”

2.2. Instrumentation. All electrochemical experiments were
performed using a CH Instruments (model CHI710D Electrochemical
Analyzer). Biopotentiostat, reference electrodes, Teflon plate material
evaluating cell (ALS Japan) were purchased from CH Instruments.
The RRDE set up from Pine Research Instrumentation (E6 series
ChangeDisk tips with AFE6M rotor) was used to obtain the RRDE
data. Surface Enhanced Resonance Raman data were collected using a
Trivista 5SS spectrograph (Princeton Instruments) and using 413.1
nm excitation from a Kr* laser (Coherent, Sabre Innova SBRC-DBW-
K). X-ray photoelectron spectroscopy (XPS) data were collected using
an instrument from Omicron Nanotechnology Gmbh, Germany (serial
number-0571).

2.3. Construction of the Electrodes. 2.3.1. Physiabsorption of
the Catalysts on EPG. A 60 uL portion of catalyst from a 1 mM
solution of the respective catalysts in chloroform (CHCl,) is deposited
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on a freshly cleaned EPG electrode mounted on a RRDE setup. After
the evaporation of the solvent, the surface is thoroughly dried with N,
gas and sonicated in ethanol. Finally before using it for electrochemical
experiments, the modified electrodes are washed with triple distilled
water.

2.3.2. Formation of SAM. Au wafers and discs are cleaned
electrochemically by sweeping several times between 1.5 V to —0.3 V
in 0.5 M H,SO,. Ag discs are cleaned in alumina (size: 1 y, 0.3 , and
0.0 y) and then roughened in 0.1 M KCl solution as described in the
literature.”” SAM solutions are prepared using the concentration of the
thiols as shown in Table 1. Freshly cleaned Au wafers and discs and

Table 1. SAM Solution Preparation Concentrations

thiols used concentration (mM)
CySH 0.4
C1sSH 0.4

freshly roughened Ag discs are rinsed with triple distilled water,
ethanol, purged with N, gas, and immersed in the depositing solution
for around 8 h.

2.3.3. Physiabsorption of the Catalysts on to the SAM. Au wafers
and discs and roughened Ag discs immersed in the deposition solution
are taken out before experiments and rinsed with ethanol followed by
triple distilled deionized water and then dried with N, gas. The wafers
are then inserted into a Plate Material Evaluating Cell (ALS Japan)
and the discs are mounted on a platinum ring disc assembly (Pine
Instruments, U.S.A.). These SAM modified surfaces are immersed in
the CHCI; solution of the catalyst for around 30 min and are then
rinsed with chloroform, ethanol, and triple distilled water followed by
drying with N, gas before the XPS, electrochemical or SERRS
experiments.

2.4. Cyclic Voltammetry (CV) Experiments. All CV experiments
are done in pH 7 buffer (unless otherwise mentioned) containing 100
mM Na,HPO,2H,0O and 100 mM KPF, (supporting electrolyte)
using Pt wire as the counter electrode and Ag/AgClI as the reference
electrode.

2.5. Coverage Calculation. The coverage for a particular species
is estimated by inte§rating the oxidation and reduction currents of the
respective species.6 68

2.6. Partially Reduced Oxygen Species (PROS). The platinum
ring and the Au disc are both polished by alumina powder (grit sizes: 1
#, 0.3 u, and 0.0S ) and electrochemically cleaned and inserted into
the RRDE tip which is then mounted on the rotor and immersed into
a cylindrical glass cell equipped with Ag/AgCl reference and Pt
counter electrodes. The collection efficiency (CE) of the RRDE setup
is measured in a 2 mM K;Fe(CN)4 and 0.1 M KNO; solution at 10
mV/S scan rate and 300 rpm rotation speed. A 20 + 2% CE is
generally recorded during these experiments. The potential at which
the ring is held during the collection experiments at pH 7 for detecting
H,0, has been obtained from the literature.®’

2.7. SERRS. Ag discs are cleaned using Alumina powder (grit sizes
1, 0.3, and 0.05 x) and then roughened in 0.1 M KCI solution using
reported procedures®”’® and immersed in SAM solutions. The
roughened modified Ag discs are then inserted into the RRDE setup
for the collection of SERRS data.”"” Catalysts are physiabsorbed in a
similar manner as described in section 2.3.3. Experiments are done
using an excitation wavelength of 413.1 nm, and the power used at the
electrode surface was around 10—12 mW. While collecting the spectra
at the resting/oxidized state the disc is held at 0 V and at —0.5 V to
obtain a reduced spectrum.

2.8. SERRS-RDE. Preparation of the roughened modified Ag
surfaces and immobilization of catalysts on these surfaces are done
likewise as described in section 2.7. Experiments have been done using
an excitation wavelength of 413.1 nm, and the power used at the
electrode surface is around 10—12 mW. The electrode is rotated at
constant speed of about 200 rpm.*® Similarly, while collecting the
spectra at resting/oxidized state the disc was held at 0 V and at —0.5V
to obtain a spectrum during steady state O, reduction.
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2.9. XPS. XPS is performed on the CgSH modified Au surface
bearing catalyst (physiabsorbed), using Mg Ka radiation (1253.6 V)
for excitation. High resolution scans, with a total energy resolution of
about 1.0 eV, are recorded with pass energy of 20 eV, step size of 0.2
eV. Base pressure of the chamber initially was 1 X 107'° mbar and
during the experiment was ~3 X 107'° mbar. Binding energy spectra
are calibrated by the Ag 3d;,, peak at 368.2 eV. An error of +0.1 eV is
estimated for all the measured values. The surfaces for XPS are
prepared following the same procedure as described in section 2.3.3
and then subjected to XPS experiments.

3. RESULTS

3.1. CV. The CV of the PIM and PPSR complex
functionalized electrodes show well developed Fe''/Fe" CV
both when physiabsorbed on EPG and on CgSH SAM modified
Au in the absence of oxygen (Figure 2). The E,, of the

—PIM
—PPSR
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1{pA)

-04 T T T T T T
0.1 0 0.1 -0.2 03 04 05 -086
V vs Ag/AgCl

Figure 2. CV data of PIM (blue) and PPSR (red) in deoxygenated pH
7 buffer when physiabsorbed on EPG (A) and CgSH SAM modified
Au (B) using Ag/AgCl as reference and Pt wire as counter electrodes
respectively under Ar atmosphere.

porphyrin Fe/Fe!" process of PIM and PPSR, physiabsorbed
on EPG, appear at —300 mV and —230 mV respectively
(Figure 2A). When physiabsorbed on CgSH modified Au
electrode the E, , for the PIM and PPSR complexes appears at
—308 mV and —263 mV, respectively (Figure 2B). In the case
of PIM the redox potential appears at more negative value in
both cases compared to that for PPSR. This is different from
the trend observed in noncoordinating organic solvents where
the E, ,, of thiolate bound iron porphyrin complex (PSR) was
found to be ~500 mV more negative compared to PIM.'” In an
aqueous medium PIM, which has a neutral imidazole axial
ligand and bears an overall positive charge in its resting Fe'"
state, binds a OH™ ligand (to charge neutralize), which will
lower its E,,, significantly relative to the value observed in a
noncoordinating organic solvents. Furthermore, because of the
OH"™ coordination, PIM is six coordinate while PPSR is five
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coordinate under experimental conditions. CV experiments at
different pHs are performed to verify the nature of this
hydroxide ligand. A plot of E,/, vs pH shows a proton coupled
ET (PCET) process (Supporting Information, Figure S1) and
is consistent with an Imd-Fe™-OH™ + ¢~ + H" = Imd-Fe'—
OH, redox equilibrium for PIM. The presence of an axial OH™
ligand is further confirmed by the characteristic Fe—OH
vibration (vide infra). Note that both the oxidation and the
reduction waves are quite broad. This may be due to the
presence of both high-spin (HS) and low-spin (LS) species on
the surface. SERRS is used to understand the nature of the
species (section 3.2).

The integration of the current under the Fe™ " process yields
the surface coverage of the functionalized electrodes, that is, the
number of the electroactive species present (Table 2). The PIM

1I1/11

Table 2. Calculated Surface Coverages (mol/cm?)

catalyst EPG CgSH

PIM (1.08 + 0.08) x 107" (2.69 + 0.03) x 1072
PPSR (12 + 0.02) x 107 (3.52 + 0.05) x 1072

complex shows coverage of around 1.08 X 107" mol/cm?* and
2.69 X 1072 mol/cm” on EPG and C¢SH surfaces, respectively.
For the PPSR complex the coverages on EPG and CgSH are
found to be 1.2 X 107" mol/cm? and 3.52 X 107'2 mol/cm?,
respectively. These values indicate a very dilute layer of catalysts
are present on the electrodes and not a multilayer which yields
coverages that are 2 orders of magnitude higher.”” Similar
results were obtained in previous reports which utilized this
approach.®*7*

3.2. SERRS. SERRS data were collected by physiabsorbing
the catalysts on CgSH modified roughened Ag electrodes. The
SERRS data of PIM in the resting oxidized state show the
oxidation and spin state marker v, and v, bands at 1360 cm™
and 1553 cm™’, respectively, indicatin% the presence of a HS
Fe'" species (Figure 3A, red; Table 3). 76 A Lorentzian fit of
these data indicates the presence of a minor LS Fe™™
component (Supporting Information, Figure S2). The v
band appears at 396 cm™ (Supporting Information, Figure
S3). When reduced, a HS Fe'' species is generated with the v,
and v, bands appearing at 1347 cm™' and 1543 cm™,
respectively (Figure 3A, black).”>’” Complete conversion of
the Fe'" species does not occur as is reflected in these bands
(Supporting Information, Figure S4). The LS Fe" component
(v, at 1565 cm™) remains at this potential. This may be
expected as the LS Fe'" complex at the potential at which the
SERRS is performed (—0.5 V), which will have a lower
potential than a HS Fe' complex, is not completely reduced.
Additionally, the E, /, is slightly lower in the roughened Ag disc
relative to that on Au discs (Supporting Information, Figure
SS).

The SERRS data of the oxidized PPSR show the v, band
appears at 1362 cm™' and v, appears at 1552 cm™" (Figure 3B,
red and Supporting Information, Figure S6). The values
correspond to a HS Fe'™ species. Lorentzian fit of the data
indicate the presence of weak peaks corresponding to LS Fe™
species (Supporting Information, Figure S6). The vg band
appears at 391 cm™' (Supporting Information, Figure S3)
which is lower than that observed for PIM. Upon reduction the
v, and v, bands shift to 1352 cm™ and 1558 cm ™!, respectively
(Figure 3B). These bands are very broad which clearly indicate
the presence of a mixture of species. Lorentzian fit of the data
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Raman Intensity

1310 1360 1410 1460 1510 1560

I PPSRI —oXidized
1352 — —reduced
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Figure 3. SERRS data of PIM (A) and PPSR (B), in the high
frequency region, when physiabsorbed on CySH modified roughened
Ag electrodes under oxidizing (red) and reducing (black) conditions in
pH 7 buffer under anaerobic atmosphere. (C) SERRS data of PIM
(green) and PPSR (red) in the low frequency region under resting
(oxidized) condition.

Table 3. SERRS Data of the Complexes Physiabsorbed on
CgSH SAM*“

marker bands (in cm™)

complexes Uy A
PIM oxidized 1553, 1566 1360, 1365
reduced 1543, 1564 1347, 1362
PPSR oxidized 1552, 1565 1362, 1365
reduced 1558, 1552, 1566 1352, 1362, 1367

“The values in bold denote the most intense components. The
components are obtained from the best fits of the data.
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Figure 4. LSV of PIM (A) and PPSR (B) physiabsorbed on EPG in air saturated pH 7 buffer at a scan rate of SO mV/s at multiple rotations using
Ag/AgCl as reference and Pt wire as counter electrodes. Koutecky—Levich plots of the respective catalysts are given in black bold line in the inset of
the figures. The theoretical plots for 2e™ and 4e™ processes are indicated by the dotted and dashed lines respectively.

indicates the presence of HS Fel, LS Fe', some unreduced HS
Fe'" species and LS Fe' species (Figure 3B, black and
Supporting Information, Figure §7).7>77

The SERRS data in low frequency region of PIM and PPSR,
in their resting state under aqueous condition, clearly show
features unique to these complexes (Figure 3C). A peak at 452
cm™" in the case of PIM represents a characteristic band of the
Fe"—OH stretching frequency where the Fe center is 6C and
axially ligated to a imidazole group and is HS in nature.”® This
is consistent with the PCET behavior of PIM and eliminates
the possibility of any oxo-bridged complex.”” PPSR shows
distinct peaks at 341 cm™' and 639 cm™' (Figure 3C and
Supporting Information, Figure S8) which probably correspond
to Fe-SR and C—S stretching frequencies, respectively, of a HS
thiolate bound iron porphyrin complex as observed for other
thiolate bound HS synthetic mimics and native cytochrome
P450 enzyme active site.'”*" These Fe—S and C—S vibrations
disappear upon reduction and reappear on reoxidation
eliminating the possibility of dissociation of the thiolate ligand
on reduction (Supporting Information, Figure S8). Note that a
band around 345 cm™! is also seen in the low frequency region
for both PIM and PPSR (for PPSR, the band overlaps with the
Fe-thiolate stretching vibration) corresponding to out-of-plane
deformation (y,,,) of any porphyrin macrocycle.*"**

XPS data obtained on PPSR physiabsorbed on C;SH SAM
modified Au surface after being immersed into an aqueous
medium (Supporting Information, Figure S9) show the
presence of two types of S 2p ionizations at 163.5 and 162.7
eV.*** Note that thiol S 2p binding energy appears at 170
eV.*>® The S 2p peak at 162.7 eV is characteristic of thiolate S
atom bound to Au at the SAM interface,*> and the S 2p
ionization at 163.5 eV is characteristic of Fe'—SR species.”*
The Fe 3p ionization at 58.9 eV is characteristic of an Fe'™
complex.*® XPS also shows the presence of three different types
of carbon (aliphatic C at 284.5 eV, aromatic C at 285.3 eV and
carbonyl C at 286.2 eV) and oxygen (originating from carbonyl
oxygen) present in the complex (Supporting Information,
Figure S9). Thus both the SERRS and XPS data confirm the
presence of an Fe"—SR bond in the PPSR complex
immobilized on SAM and exposed to aqueous environment.
Note that the XPS data on the electrochemically reduced
surfaces could not be obtained using the currently available
experimental setup.
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The SERRS data for the two catalysts under resting and
reduced state are summarized in Table 3. The data suggest clear
differences in the spectra of these two catalysts reflecting the
difference in the nature of the iron center. The oxidation and
spin states of the metal center depend on the axial coordination
and also on the coordination number. Note that the vy
vibration represents the symmetric Fe—N,, . stretch and
appears at 396 cm™! in PIM and shifts to 391 cm™ in PPSR.
While the absolute values are different, this trend of lowering vg
vibration in the case of thiolate coordination is consistent with
previous data obtained on PIM and PSR complexes in
homogeneous organic solutions (Supporting Information,
Figure $3)."” This reflects strong covalent donation from the
anionic thiolate ligand weakening the Fe—N, . bond. The
data indicate that while the PIM complex is mostly HS in both
oxidized and reduced state, the PPSR complex has a significant
population of the LS state in both oxidation states. It may be
expected that a thiolate bound Fe™ porphyrin complex will
show a LS component at room temperature. However
observation of a significant LS Fe'' component is rather rare
in the P450 literature.””*®

3.3. Electrocatalytic O, Reactivity. 3.3.1. EPG. O,
reactivity of these catalysts under physiological conditions was
studied using a heterogeneous approach. In the presence of O,
in pH 7 buffer, in a linear sweep voltammetry (LSV)
experiment, a large electrocatalytic O, reduction current is
observed at negative potentials for both the catalysts when
physiabsorbed on EPG (Figure 4 and SA). At these potentials
the iron porphyrin catalysts are reduced to Fe' (Figure 2A).
The data indicate that for PPSR, the O, reduction occurs at
more negative potentials, although the reduction potential of
Fe™ couple is positive, compared to PIM. This implies that
the potential defining step of ORR for PIM and PPSR catalysts
are different and it is not the Fe' to Fe' reduction step.

3.3.1.1. RDE. The electrocatalytic O, reduction at different
rotation rates (RDE) have been performed for both PIM and
PPSR, which not only helps in determining the number of
electrons involved in ORR but also provides a direct proof of
the stability as well as durability of these catalysts on the
electrode surfaces (Figure 4). The O, reduction current
increases with increasing rotation rates following the
Koutecky—Levich equation, I™' = i ' + i, where i is the
potential dependent kinetic current and i is the Levich
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current.”” i is expressed as 0.62nFA[O,](Dg,)* @' *v™%,
where 7 is the number of electrons transferred to the substrate,
A is the macroscopic area of the disc (0.125 cm?), [O,] is the
concentration of O, in an air saturated buffer (0.26 mM) at 25
°C, Dg, is the diffusion coefficient of O, (1.8 X 107> cm?® s7!)
at 25 °C, w is the angular velocity of the disc, and v is the
kinematic viscosity of the solution (0.009 cm? s™') at 25 °C.*°
The plot of I"! at multiple rotation rates vs the inverse square
root of the angular rotation rate (@™"?) is linear. The slopes
obtained from the experimental data for PIM closely matches
with the theoretical slope predicted for a 4e™ process (Figure
44, inset). However, for PPSR the slope suggests the value of n
to be 325 + 025 (Figure 4B, inset and Supporting
Information, Figure S10). The values of n obtained indicate
that under very fast ET O, undergoes almost complete 4e”
reduction to H,O by PIM but not by PPSR (vide infra). Note
that the SERRS data clearly show that there are two species on
the electrodes in both the oxidized and the reduced states. Thus
the RDE data, where the rotation rates are varied (i.e., the O,
flux is varied), may be complicated by differential O, binding
rates of the two species present. To gain further insight into the
ORR mechanism electrocatalytic O, reduction by PIM and
PPSR at fast (EPG), slow (CgSH modified Au), and very slow
(CSH modified Au) ET rates were investigated.

3.3.1.2. RRDE. RRDE has been used to calculate the amount
of PROS produced because of incomplete reduction of O,. In
this technique any O, or O,” produced in the modified Au
working electrode due to le™ or 2e” reduction of O, is radially
diffused, because of the hydrodynamic current created by the
rotation, to the ring, which is held at 0.7 V, where these are
oxidized back to O, .**°! This results in an oxidation current in
the ring, and the ratio of the catalytic current of the ring (i)
and the disc (i.) yields the % of PROS produced. In a generally
accepted mechanism generation of PROS entails hydrolysis of a
Fe"—0,” species produced during O, reduction in the aqueous
environments. Note that no current is detected in the ring
when O, is reduced to H,O by the catalyst. PIM produces
about 3.5 + 1% PROS when physiabsorbed on EPG, whereas
PPSR produces 19 + 1.5% PROS (Figure S and 6). Note that
these results are independent of rotation rates of the electrode
(Supporting Information, Figure S11).”> This may reflect the
higher trans effect of the thiolate ligand, compared to the
neutral imidazole ligand, which leads to facile hydrolysis of Fe'™
bound O,~ (oxy adduct) or OOH (peroxy adduct) species.64 A
value of n = 3.25 O, reduction by PPSR on EPG relative to n =
4 reduction by PIM is consistent with the higher amount of
PROS generated by PPSR relative to PIM (Figure 4).
Interestingly, for PIM, the inflection point of the i is at the
same potential as the inflection point of i. Alternatively, for
PPSR, the inflection point of the i is offset from the inflection
point of i, by ~70 mV (Figure SB). This is mechanistically
significant (vide infra). It should be noted that the increase of
ring current after the inflection potential does not arise from
the O, reduction of the bare electrode surfaces, that is,
background (Supporting Information, Figure S12).

3.3.2. SAM. To probe the O, reduction mechanism, the
selectivity of O, reduction was studied under slow ET by
physiabsorbing on CgSH and C;,SH SAM modified Au
electrodes. In the presence of O, in pH 7 buffer both the
catalysts, physiabsorbed on CgSH SAM, show large electro-
catalytic current at negative potentials similar to those observed
when physiabsorbed on EPG (Figure 7). When physiabsorbed
on C;(SH SAM, neither of the catalysts show saturation in the
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Figure S. (A) RRDE data of PIM and PPSR, showing the disc and Pt
ring currents, physiabsorbed on EPG in air saturated pH 7 buffer at a
scan rate of 10 mV/s and rotation speed of 300 rpm, using Ag/AgCl
reference and Pt wire counter electrodes. (B) The corresponding first
derivative plots of the disc and ring currents of PIM and PPSR as
shown in A.
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Figure 6. Percentage of PROS formed by PIM (green) and PPSR
(orange) in air saturated pH 7 buffer under fast (EPG), slow (CgSH
SAM on Au), and very slow (C,,SH SAM on Au) electron fluxes using
Ag/AgCl reference and Pt wire counter electrodes. Rotation speed =
300 rpm, scan rate = 10 mV/s. Error bars indicate standard deviation
from the mean.

O, reduction current because the slow ET rate shifts the
saturation to a more negative potential (Supporting Informa-
tion, Figure S13). The Tafel slopes of the ORR current for both
PIM and PPSR are ~400 mV/decade increase in current
(Supporting Information, Figure S14) indicating that the
electron flux to these physiabsorbed catalysts are comparable.
RRDE is used to estimate the amount of PROS formed under
these moderate (~10° s™! in CoSH)*** and slow (~4—6 s~
C,6SH)*>*® ET rates.”® PIM produces 10 + 0.5% and 16 + 1%
PROS when physiabsorbed on CgSH and C;(SH SAM,
respectively. Thus, with a decrease in the ET rate an increase
in the PROS formation is observed for PIM (Figure 6). This is
in good agreement with previous reports of synthetic imidazole
ligated iron porphyrins where, under slow ET, PROS
production increases.”” In the case of PPSR, a decrease in
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Figure 7. (A) RRDE data of PIM and PPSR, showing the Au and Pt
currents, physiabsorbed on CgSH SAM in air saturated pH 7 buffer at a
scan rate of 10 mV/s and rotation speed of 300 rpm, using Ag/AgCl
reference and Pt wire counter electrodes. (B) The corresponding first
derivative plots of the disc and ring currents of PIM and PPSR as
shown in A.

PROS formation is observed with decrease in the ET rate.
When physiabsorbed on CgSH SAM PPSR produces about 15.5
+ 0.5% PROS, while in C,,SH it shows about 11 + 1% PROS
(Figure 6). Such decrease in PROS with decrease in ET flux has
not been observed before, that is, this is an opposite trend
compared to PIM or other reported O, reducing iron
porphyrin complexes (Figure 6).”” This opposite trend in
PROS production of PIM and PPSR suggests that these two
complexes, differing in the axial ligation, reduce molecular O, in
different mechanistic pathways. In situ SERRS experiments
were performed to understand this effect (vide infra).

The inflection point and saturation of the disc current
matches closely the onset of the ring current in the case of PIM
(Figure 7). This implies that the PROS (i,) are a side product
of the catalytic cycle operative during O, reduction (i.). This,
however, is not the case for PPSR. There is a distinct lag
between the catalytic current and the ring current. This is better
represented in the first derivatives of i, and i. A maximum/
minimum in the first derivative represents an inflection point in
the currents. The inflection points of i. and i, are the same for
PIM (Figure 7B, blue and light blue) when, for PPSR, the
inflection point of i, is at ~70 mV lower potential than i,
(Figure 7B, orange and yellow). This implies that (a) the PROS
production is not solely the part of the catalytic cycle of O,
reduction for PPSR which occurs at the onset of the
electrocatalytic current and (b) another cathodic process ~70
mV lower than the O, reduction process is responsible for
PROS production. Since, by definition, PROS production must
be associated to O, reduction, there must be another
electrocatalytic O, reduction step at ~70 mV lower potential.
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Judging by the greater PROS production at this potential this
step is less selective toward a 4e” O, reduction.

3.4. SERRS-RDE. SERRS-RDE data of the catalysts were
obtained by rotating the electrode at constant rotation speed
(200 rpm) and applying a constant potential of —0.5 V at the
electrode, that is, under steady state condition.®®> SERRS-RDE
data of PIM in the oxidized condition is same as discussed in
section 3.2 (Supporting Information, Figure S2). In the
presence of O, in pH 7 buffer, when the electrode is held at
reducing potential (i.e, at —0.5 V), the v, band at 1565 cm™
corresponding to a LS Fe species is found to increase in
intensity (Figure 8).”° Along with the Fe'! species some HS

| PIM I
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Figure 8. (A) SERRS-RDE data of PIM, physiabsorbed on C4SH
modified Ag electrode, in the high frequency region under oxidized
(orange) and steady state (blue) conditions in air saturated pH 7
buffer using Ag/AgCl reference and Pt wire counter electrodes,
rotating the electrode at 200 rpm. (B) The v, and v, bands of the
steady state spectra along with the fits showing different components.

Fe' species, corresponding to v, and v, bands at 1350 cm™ and

1548 cm™, respectively, can also be observed (Figure 8). Thus
during steady state O, reduction a LS Fe™ sgecies and a HS
Fe'l species are accumulated on the electrode.””

SERRS-RDE data of PPSR were collected using similar
experimental conditions like those for PIM. Under oxidizing
potential similar distribution of products were observed as
discussed in section 3.2. During steady state electrocatalytic O,
reduction conditions the v, bands at 1344 cm™, 1354 cm™),
and 1367 cm™! and v, bands at 1543 cm™!, 1556 cm™), and
1566 cm™' increase in intensity (Figure 9). These bands
correspond to HS Fe'° LS Fel, and LS Fel species,
respectively.”> Alternatively, the v, band at 1361 cm™ and v,
band at 1551 cm™" (HS Fe™™) remain which implies that either
the initial HS Fe' species is not reduced fully under the applied
potential or a HS Fe™ species accumulates on the electrode
surface after catalytic ORR cycle during steady-state turnover.
Note that among these species LS Fe' has higher intensity than
others (Figure 9B). This could indicate higher resonance
enhancement and/or a greater population, the latter being
more likely. Thus in addition to the HS Fe" and LS Fe™" species
produced in PIM during steady state O, reduction, a LS Fe"
species is produced in PPSR.
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Figure 9. (A) SERRS-RDE data of PPSR, physiabsorbed on C4SH
modified roughened Ag electrode, in the high frequency region under
oxidized (red) and steady state (green) conditions in air saturated pH
7 buffer using Ag/AgCl reference and Pt wire counter electrodes,
rotating the electrode at 200 rpm. (B) The v, and v, bands of the
steady state spectra along with the fits showing different components.

4. DISCUSSIONS

A combination of electrochemical and spectroscopic techniques
has been used to investigate the reactivity of imidazole ligated
and thiolate ligated iron porphyrin complexes physiabsorbed on
electrode surfaces. The only difference in their structural
pattern is the “picket-fence” type architecture present in PPSR
which stabilizes this complex in an oxic environment.”® The
spectroscopic results obtained in this study indicate that in an
aqueous environment both these species mostly exist as HS
Fe'" in their resting state. When reduced electrochemically in
an anaerobic aqueous environment a unique LS Fe'' species is
observed for PPSR in addition to a HS Fel species, whereas,
under same conditions a HS Fe' species is observed for PIM.
Occurrence of a thiolate bound LS Fe species is rare and has
been reported in cytochrome P450 enzymes CYP119 and
CYP102.*” A previous report with PIM and PPSR in a
homogeneous nonaqueous solution showed that, in the resting
oxidized ferric state, PPSR exists as a six coordinate LS Fe'l

species in a coordinating solvent while PIM remains HS under
the same conditions.'” The tendency of an anion, that is,
thiolate ligand, to stabilize a 6C LS Fe'" species was rationalized
by a unique iron t,, to porphyrin 7* back bonding interaction
which was operative only in the presence of a 7 donor thiolate
ligand. The same argument may be presented in case of the
thiolate bound LS Fe" species encountered in this study. Fe'
having lesser Z than Fe' will have higher 3d orbital energies
which will result in better back bonding interaction in the
former. In fact, while all SC Fe"" heme enzymes bearing axial
thiolate ligand are HS, several 6C Fe' heme enzymes bound to
an axial thiolate ligand were found to be LS.”

During electrocatalytic O, reduction at steady state, SERRS-
RDE data of PIM shows build up of HS Fe" and LS Fe™
species on the electrode surface (Figure 8). This LS Fe'™
species may suggest the formation of either Fe"'~0,™ or Fe''—
OOH species (iii, iv; Scheme 1A), though conclusive
assignments cannot be made without isotope labeling with
80, saturated buffer. No Raman bands could be observed at
1371-1373 em ™! and 1570—1575 cm™ region, characteristic of
Fe'V=0 species."°”'*" Thus O, binding to the HS Fe' species
and decay of the LS Fe'" species are the slowest steps in the
ORR catalyzed by imidazole bound Fe-porphyrin.

Generally on an EPG electrode, where the catalyst is directly
immobilized on the conducting surface, the O—O bond
cleavage reaction, which requires transfer of electron(s) to
the initial Fe'—0,™ species formed, is facile and thus minimum
amount of PROS is produced. Slowing down the ET rate by
immobilizing the catalyst on octanethiol SAM (kgr for CeSH
SAM is ~10° s71)?¥%%* gllows enough time for the competing
hydrolysis reaction. This leads to formation of PROS (Scheme
1A). If the ET rate is further slowed down by immobilizing the
catalyst on hexadecanethiol SAM (kg for C;(SH SAM is ~4—6
s71)*>% the probability of the hydrolysis reaction increases
further increasing the amount of PROS production. This trend
has been observed for all O, reducing iron porphyrin based
electrocatalysts reported to date.’>'®> The fact that slowing
down ET leads to increased PROS suggests that the species
responsible for PROS production is not produced by ET. If that
were the case, then slowing down ET would automatically
lower PROS production. Rather, in this case, PROS production
is a competing reaction of the species responsible for PROS
production (iii, Scheme 1) which dominates when the ET rate
is slowed down. The hydrolysis of the Fe'"—O, species fits the
description of the competing reaction. As the ET rate is
reduced the hydrolysis rate, which remains constant, dominates
and produces greater PROS.

Scheme 1. Oxygen Reduction Scheme of PIM (A) and PPSR (B) Immobilized on a Surface
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During O, reduction by PPSR under steady state condition,
in addition to the HS Fell, HS Fe', and LS Fe'l species present
on the surface, a significant amount of LS Fe' species is
observed (Figure 9). This species is also observed when the
PPSR complex is reduced in the absence of O,. Thus, this LS
Fe' species is likely to be OH,—Fe'-SR (the sixth ligand is
invoked to be H,O as it is the solvent). There are only few
reports of native cytochrome P450 enzymes where a LS Fe'
state has been observed. In those rapid auto-oxidation rates are
observed as well, that is, Fe!! + O, — Fe'' + O,™. In the RRDE
setup the O,  species produced because of auto-oxidation is
detected in situ as PROS. The data indicate that in PPSR the
PROS decrease as the ET rate decreases. Note that in case of
C,sSH SAM the ET rate is very slow irrespective of the catalyst
used, as reflected from the similar Tafel slopes obtained for
PIM and PPSR during O, reduction (Supporting Information,
Figure S14), and is thus the rate determining step in the
catalytic ORR. This is contrary to all observations made to date
where PROS production increases with decrease in ET rate.'%*
One likely scenario is in addition to a normal 4e”/4H" O,
reduction process catalyzed by a HS Fe'' species at the onset of
0, reduction, there is an additional O, reduction by a LS Fe''
species at ~70 mV lower potential. It is logical that a LS Fe™"
process will have a lower potential than a HS Fe™™ process.
Note that, the presence of HS and LS species were indicated by
the SERRS data obtained in both oxidized and reduced states.
Binding of O, to this LS Fe' species, in the case of inner sphere
mechanism, entails the breaking of a Fe—OH, bond of a 6C LS
Fe' species with a tzgéeg0 configuration which can be expected
to be thermodynamically uphill (Scheme 2) making O, binding

Scheme 2. Alternate O, Reduction Pathway of PPSR in Case
of Formation of a LS Fe'' Species

OH, OH, 0,
| e | 0, |
Fell —> Fel | — Fell
i i Very slow i )
sn') = SR') binding SR’ &
1 | o, ¥
as shown in
¥ Scheme 1
PROS

slow.'® Rather, outer sphere O, reduction generating O,
(detected by RRDE) where the rate of PROS production
increases with increase in ET rate and vice versa (as more LS
Fe" species will accumulate on the surface) is consistent with
SERRS-RDE and RRDE data. There are several reports on both
heme and nonheme Fe" complexes showing outer sphere le”
0, reduction."®™'% More importantly the active sites of cyt
P450 CYP 101, CYP 102, and CYP 119 show some population
of the LS Fe' state, and these indeed exhibit high outer sphere
rates of auto oxidation by 0,*” Fe'l LS after reducing O,
through an outer sphere mechanism gets oxidized to Fel LS,
which immediately takes up e~ and gets reduced to Fe" LS
species (Scheme 2). Thus both LS Fe'" and LS Fe' species will
be present on the electrode during steady state as observed in
the SERRS-RDE data.

At the potentials where the outer sphere O, reduction by the
LS Fe'' state of the PPSR complex is operative, the inner sphere
0, reduction by the HS Fe'' species, which starts at more
positive potentials, is operative as well. Thus the PROS
observed represent a summation of the PROS produced by the
individual processes. Since resonance Raman in not quantitative
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it is hard to estimate the relative rates of the outer sphere and
the inner sphere O, reductions from the intensities of the v,
and v, bands corresponding to the HS and LS Fe species
observed on the electrode during steady state O, reduction.
However if the outer sphere O, oxidation rate of the LS Fe
species were fast then (a) a much higher amount of O,~ would
be detected in the RRDE experiments and (b) the SERRS-RDE
data would not be dominated by the LS Fe'" species (i.e., it will
not accumulate on the electrode during steady state turnover if
its reaction with O, is fast); both these observations suggest
that the rate of outer sphere reduction of O, by the LS Fe
species is relatively smaller than the rate of inner sphere O,
reduction by the HS Fe' species.

5. CONCLUSION

In summary, the SERRS, RRDE, and SERRS-RDE data indicate
that a neutral imidazole axial ligand bound PIM complex uses
the HS Fe/™ couple to reduce O, whereas the anionic thiolate
axial ligand bound PPSR complex uses both HS and LS Fe'/™
couples, the LS Fe'! potential being lower than the HS Fe™"
potential. A HS Fe' species (with an open axial coordination)
have a tendency toward inner sphere reduction of O, to H,O
where the O, binding and either a PCET to a Fe''—0, ™ species
or the O—O bond cleavage of a Fe'—~OOH species are the
slowest steps in ORR. A LS Fe' species (only observed in
PPSR) likely reduces O, to O,  using an outer sphere
mechanism. As the rate of ET from the electrode to the catalyst
is reduced, the ORR by a HS Fell species produces more PROS
while ORR by a LS Fe' species produces less PROS.
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