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ABSTRACT: Using a combination of self-assembly and
synthesis, bioinspired electrodes having dilute iron porphyrin
active sites bound to axial thiolate and imidazole axial ligands
are created atop self-assembled monolayers (SAMs). Reso-
nance Raman data indicate that a picket fence architecture
results in a high-spin (HS) ground state (GS) in these
complexes and a hydrogen-bonding triazole architecture
results in a low-spin (LS) ground state. The reorganization
energies (1) of these thiolate- and imidazole-bound iron
porphyrin sites for both HS and LS states are experimentally
determined. The A of SC HS imidazole and thiolate-bound
iron porphyrin active sites are 10—16 kJ/mol, which are lower
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than their 6C LS counterparts. Density functional theory (DFT) calculations reproduce these data and indicate that the presence
of significant electronic relaxation from the ligand system lowers the geometric relaxation and results in very low A in these SC
HS active sites. These calculations indicate that loss of one-half a 7 bond during redox in a LS thiolate bound active site is
responsible for its higher A relative to a o-donor ligand-like imidazole. Hydrogen bonding to the axial ligand leads to a significant
increase in 4 irrespective of the spin state of the iron center. The results suggest that while the hydrogen bonding to the thiolate
in the SC HS thiolate bound active site of cytochrome P450 (cyp450) shifts the potential up, resulting in a negative AG, it also
increases A resulting in an overall low barrier for the electron transfer process.

1. INTRODUCTION

Redox-active heme-based active sites catalyze vital life
processes.”” Depending upon the nature of the coordinating
amino acid ligands and the substituent present in the porphyrin
ring these cytochromes can be categorized as cytochrome a, b,
¢ f, and P450.>° The Fe/Fe' redox process is particularly
important for these cytochromes and has been thoroughly
investigated in cytochrome a, b, ¢, and f, where the low-spin
(LS) six-coordinate (6C) heme active sites are involved in
electron transport.”*~* In general, these electron transfer (ET)
active sites have neutral o-donor axial ligands, e.g, histidine
(imidazole headgroup), methionine (thioether headgroup),
etc.” Apart from the 6C LS heme active sites involved in ET,
the redox process is vital for the function of the five-coordinate
(5C) high-spin (HS) heme active sites involved in O,
activation, e.g, heme a; in cytochrome ¢ oxidase (CcO) and
cytochrome P450 (cyp450).'°'® The ET rate from the
reductase component reducing the inactive resting Fe' form
to the active Fe'' form plays a vital role in determining the
kinetics of these active sites. In fact, in the cyp450 family of
enzymes where the heme is bound via an axial cysteine (thiolate
headgroup) ligand this ET process can even be the rate-
determining step (rds) in catalysis."’ ™"
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The kinetics of ET depends on several factors like the driving
force (AG), reorganization energy (4), and ET coupling
element (Hp,).”***" A feature common to most ET sites in
nature is a low 4. Cytochromes involved in ET possess very
small A (30—60 kJ/mol).*>** The total reorganization energy,
J, is the sum of the inner-sphere (4;) and outer-sphere (1)
components, ie, 4 = Ay + Ao >0 Aoy is the energy change
associated with the outer-sphere solvent shell surrounding the
redox molecule.” Heme cofactors embedded in a protein active
site have minimal A,. A is the energy associated with the
equilibrium internal bond vibrations of the redox molecule
when the oxidation and reduction take place.>** 1, depends on
the change in the bond lengths between the oxidized and the
The low 4, of heme
active sites in ET proteins is mainly due to efficient charge

reduced states as expressed by eq 1.

delocalization by the porphyrin ring of the hemin cofactor. This
leads to very little change in bond lengths between the oxidized
and the reduced states leading to lower A
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where K; and Ar; are the force constant and inner-sphere bond
length changes, respectively, associated with the specific bonds
of the respective species.

The active sites of cytochromes g, b, ¢, and f, which are
involved 1n ET, bear neutral axial ligands like thioether and
imidazole.”® There are currently no experimental estimates of
A for the heme active sites bearing anionic axial ligands like
thiolate, the coordinating side chain of the cysteine ligand of
cyp450. Similarly, there is limited information available on the A
of the SC HS active sites of CcO.>** However, ET from their
respective reductase components plays a vital role in the
catalytic cycle. While in CcO ET from the adjacent heme a site
to the catalytic heme a; site is very fast, in cyp450 ET from the
reductase component is the rds in turnover.

In the past few years several bioinspired electrodes have been
reported where both 5C HS***® and 6C LS heme active sites
bound to axial imidazole and thiolate ligands have been
reported.””*® These electrodes not only efficiently reduced O,
to H,O under ambient conditions but also the thiolate-bound
SC HS iron porphyrin bearing bioinspired electrodes can utilize
the high-valent intermediates formed during O, reduction to
oxidize inert C—H bonds of cyclohexane with atmospheric O,
in an aqueous medium with greater than 200 turnovers.”” In
this paper two different iron porphyrin complexes, a*-tetra-2-
(4-ferrocenyl-1,2,3-triazolyl)phenylporphyrinato Iron(II)
(FeFc,) and picket-fence Iron(II) porphyrin (FePf), are
attached to two different SAMs, which result in imidazole-
bound (Imd-SAM, Figure 1) and thiolate-bound (Thiol-SAM,
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Figure 1. Pictorial representation of the catalysts FeFc, and FePf
attached with Imd-SAM and Thiol-SAM.

Figure 1) iron porphyrin active sites at the same distance from
the electrode. A for the SC HS and 6C LS iron porphyrin active
sites having both imidazole and thiolate axial ligands are
measured by determining the rate of ET at different
temperatures.””*® J for SC HS species are determined to be
very small relative to A for a 6C LS species irrespective of the
nature of the axial ligand (i.e, imidazole or thiolate).
Furthermore, A of LS thiolate-bound species is significantly
more relative to a LS imidazole-bound species. These values are
reproduced using geometry-optimized DFT calculations, and
the nature of the axial ligand, spin state, and hydrogen-bonding
interactions are found to tune A significantly.
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2. EXPERIMENTAL SECTION

Octanethiol (CgSH) and potassium hexafluorophosphate (KPF¢) were
purchased from Sigma-Aldrich. Disodium hydrogen phosphate
dihydrate (Na,HPO,2H,0) was purchased from Merck, and
triethylamine (Et;N) was purchased from Spectrochem India Pvt.
Ltd. All reagents were used without any further purification. Gold (Au)
wafers were purchased from Platypus Technologies (1000 A of Au on
10 A of a Ti adhesion layer on top of a Si(IIl) surface), and silver (Ag)
discs for surface-enhanced resonance Raman spectroscopy (SERRS)
experiments were purchased from Pine Instruments, U.S.A.

All electrochemical experiments were performed using a CH
Instruments (CHI720D electrochemical analyzer). The platinum
counter electrodes, Ag/AgCl (satd. KCl solution) reference electrodes,
and Teflon plate material evaluating cell (ALS Japan) were purchased
from CH Instruments. The SERRS experiments were performed using
the Kr* laser (Sabre Innova, model SBRC-DBW-K) from Coherent,
and a spectrograph (model TrivistaSSS) fitted with an electronically
cooled Pixis CCD from Princeton Instruments was used. The
excitation wavelength used in the Raman experiments was 413.1
nm; the power applied on the surface was around 10—20 mW.

Detailed synthetic procedures of IndC11SH, SHC11SH, and FeFc4
have already been reported.*”*"** FePf was synthesized as reported.*®
Preparation of the surfaces and functionalization of the SAM were
done as previously reported.”” Temperature-dependent CV experi-
ments were done on Au wafers using degassed pH 7 buffer at three
different temperatures, such as 277, 297, and 317 K, in an argon
glovebox.

Ag discs were roughened following the reported procedure®* and
then immersed into the SAM solutions. The SERRS experiments were
done by mounting the discs on a platinum ring disc assembly (Pine
Instruments, U.S.A.). After attaching the catalyst the SAM-modified
surfaces were immersed into the deoxygenated pH 7 buffer kept in a
closed airtight cell fitted with an Ag/AgClI reference electrode and a Pt
counter electrode. In SERRS experiments the oxidized (Ox) and
reduced (Red) spectra were recorded by applying the potentials onto
the surface at 0 and —0.5 V, respectively.

All DFT calculations were performed on the Inorganic-HPC cluster
at IACS using the Gaussian 03 software™ package. Geometries were
optimized with the spin-unrestricted formalism using both the BP86
functional and the 6-311G* basis set.***” Frequency calculations were
performed on each optimized structure using the same basis set to
ensure that it was a minimum on the potential energy surface.

3. RESULTS AND ANALYSIS

3.1. Experimental Investigations. 3.1.1. Cyclic Voltam-
metry (CV). Cyclic voltammograms of the FeFc, catalyst
attached on the Imd-SAM (Figure 1) and Thiol-SAM (Figure
1) are recorded in deoxygenated pH 7 buffer solution. Data
show Fc'/Fc and Fe"/Fe' redox processes (Figure 2 and S1,
Supporting Information) consistent with previous results.”” E, ,,
of the Fc*/Fc and porphyrin Fe'/Fe processes are obtained at
358 + 8 and —214 + 6 mV, respectively, for the Imd-SAM
(Figure 2A and Sla, Supporting Information) and at 355 + 10
and —240 + 8 mV, respectively (Figure 2B and S1b, Supporting
Information), for the Thiol-SAM. In the recent past, it has been
established that the iron center of the FeFc, catalyst binds the
Imd-SAM though the imidazole headgroup and the Thiol-SAM
through an 1omzed thiolate headgroup under these exper-
imental conditions.”” Note that the Fc groups of FeFc, complex
have no direct interaction with the imidazole or thiolate ligands
of the respective SAMs. Thus, E;;, of the Fc'/Fc process
appears at the same potential irrespective of the axial ligand and
serves as an internal redox standard for this system.
Additionally, the integrated charge under the Fc'/Fc process
does not change during these measurements, indicating that
there is no loss of the porphyrin complex during these
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Figure 2. Cyclic voltammograms of FeFc,-attached (A) Imd-SAM and
(B) Thiol-SAM in different scan rates recorded at room temperature
in pH 7 buffer using Ag/AgCl as reference electrode and Pt wire as
counter electrode.

experiments. A noticeable difference in the electrochemical
response of the FeFc, complex is that the extent of peak
separation between the cathodic and the anodic processes
(AEP) is different for the Fc*/Fc and the Fe™/Fe™" processes
between the Imd-SAM and the Thiol-SAM. The Thiol-SAM
functionalized electrode shows much greater AE, relative to the
Imd-SAM-functionalized electrode. AE, reflects the rate of ET
from the electrode to the complex. Since the Fe center of the
porphyrin is directly attached to the SAM through the
imidazole or thiolate group, the distance of this redox-active
center from the surface is likely to be the same. Hence, AE,
should not be affected by the distance of these centers from the
electrode. Alternatively, the rate of ET can depend on the
nature of the axial ligand to the iron. The increased AE, on the
Thiol-SAM likely reflects a slower rate of ET through a thiolate
ligand relative to that through an imidazole ligand in the Imd-
SAM.

For the FePf complex, the FellVI process is observed at —220
+ 7 and —248 + 10 mV for the Imd-SAM and Thiol-SAM,
respectively”’ (Figure S2, Supporting Information). Note that
this complex does not bear the Fc groups present in the FeFc,
complex, and hence, no Fc*/Fc process is observed. The CV
data obtained at different temperatures clearly indicate that AE,
is significantly higher for the Thiol-SAM-bound FePf relative to
the Imd-SAM-bound FePf (Figure S2, Supporting Informa-
tion). E, ;, of the imidazole-bound FeFc, and FePf complexes is
only ~30 mV more positive in an aqueous medium than the
corresponding thiolate-bound complexes due to OH™ coordi-
nation to the former. It is also important to note that the
change in spin state does not seem to affect E;,.>® This may
seem inconsistent with results obtained in cyp450 enzymes,
where E,/, is raised by 100—150 mV upon substrate binding
which changes the GS of the resting ferric state from LS to
HS.***® However, unlike cyp450 where the reduced state has a
HS GS irrespective of the GS of the oxidized state, the reduced

state of thiolate-bound FePf is HS while that of FeFc, is LS
(vide infra).

3.1.2. pH Dependence. Both the FeFc, and FePf catalysts
which are attached to Imd-SAM show pH-dependent E, ),
(Figure S3, Supporting Information, red) between pH 4 and
pH 9.*Since the Fc*/Fc process in the FeFc, complex is pH
independent, any change in the Fe™™ E,, is due to the
presence of ionizable trans water-derived ligand. An approx-
imately 60 mV shift in E,;/, per unit shift in pH is observed
between pH 6 and 8 for Imd-SAM-bound FeFc, and FePf
complexes (Figure S3, Supporting Information, red) character-
istic of a single proton-coupled ET (PCET)*"** process and
consistent with an Ind—Fe™—OH + e~ + H* = Imd—Fe"" OH,
redox equilibrium. In the case of the Thiol-SAM, CV data of
the FeFc, and FePf complex do not show pH dependence
between pH 6 and 8 (Figure S3b, Supporting Information,
green).

3.1.3. Surface-Enhanced Resonance Raman Spectroscopy
(SERRS). SERRS spectra of both the FePf and the FeFc,
complexes (Table 1) are obtained in pH 7 buffer by attaching

Table 1. RR Signatures of the Species Involved

SAM vy (em™)  p, (em™) species
FePf Imd-SAM 1364 1554 Fe'" HS
Thiol-SAM 1364 1554 Fe'' HS
FeFc, Imd-SAM (0 V) 1369 1567 Fe'' LS
Thiol-SAM (0 V) 1371 1568 Fe'' LS
Imd-SAM (—0.5 V) 1358 1558 Fe" LS
Thiol-SAM (—0.5 V) 1358 1559 Fe'' LS

them with the Imd-SAM and Thiol-SAM.”” SERRS data of
FePf complex attached to the imidazole SAM as well as Thiol-
SAM are shown to exist in the HS state27’43’44(Figure S4,
Supporting Information). SERRS data of FeFc, catalyst bound
to Imd-SAM and Thiol-SAM are determined in pH 7 buffer
applying anodic (0 V) and cathodic (—0.5 V) potentials on the
electrode to generate the oxidized and reduced species,
respectively (Table 1). SERRS data of the FeFc, complex
bound to the Thiol-SAM (Figure 3, top) show the v, and v,
bands at 1371 and 1568 cm™, respectively*® (Figure 3, top, red
and brown), when an anodic potential of 0 V is applied. These
values indicate the presence of a LS Fe'™ center. On applying a
reducing potential at the electrode (—0.5 V) the v, and v,
bands appeared at 1358 and 1559 cm™,* respectively, (Figure
3, top, green), indicating the presence of a LS Fe!! center in the
reduced state of the thiolate-bound FeFc, complex. In all of
these cases the sixth axial ligand required to stabilize a LS
ground state is likely the solvent, H,O. SERRS data of the
FeFc, complex-bound Imd-SAM surface (Figure 3, bottom)
show the v, and the v, bands at 1369 and 1567 cm™,
respectively, when the electrode is held at 0 V, indicating that
the Fe in the complex exists in the LS Fe'' state (Figure 3,
bottom, violet and orange).*’Note that the v, and v, region of
the oxidized species is broad, possibly indicating the presence of
some HS Fe along with the LS species, whereas when a
cathodic potential of —0.5 V is applied, the v, and v, bands shift
to 1358 and 1558 cm ™, respectivelzr, indicating reduction of the
LS Fe'™ center to its LS Fe' state™ (Figure 3, bottom, blue).

In both of the above cases upon reoxidation of the reduced
species by applying an anodic potential of 0 V the SERR spectra
obtained are identical to that of the oxidized species in these
cases, indicating that the redox process is chemically reversible
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Figure 3. SERRS data of FeFc, attached to ImdC,;SH-CsSH SAM
(bottom) and SHC,,;SH-C;SH SAM (top). Data were recorded in pH
7 buffer using Ag/AgCl as reference electrode and Pt wire as counter
electrode. Oxidized (Ox) and reduced (Red) spectra were taken by
maintaining the potential at 0 and —0.5 V, respectively; reOx means
reoxidized spectrum generated after oxidizing the reduced species.

under these conditions. Thus, the SERRS data indicate that
while the FePf complex bound to imidazole and thiolate axial
ligand mainly exists as a HS species, the FeFc, complex mainly
exists as 6C LS species.”” Further, the PCET process involved
in both FeFc, and FePf bound to Imd-SAM suggests that there
is OH™ ligand trans to the axial imidazole ligand in the ferric
state.

3.1.4. Electron Transfer kinetics. The rate of heterogeneous
ET (kapp)45’30’46 from the electrode to the iron porghgrin
complexes*’~* is determined using Laviron’s method.***"~5?
The separation between the oxidized and the reduced peak
potentials (AE,) at different scan rates (Figure 4 and S5,
Supporting Information) is required to determine k,,, using
Laviron’s approach.”™>>

3.1.4.1. Apparent Rate Constant of ET (kgpp). k,,, of FeFc,
and FePf is determined after attaching them to two different
SAM surfaces such as Imd-SAM and Thiol-SAM through
imidazole and thiolate linkages, respectively. Using Laviron’s
method from the cathodic and anodic peak potentials the
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Figure 4. Plot of peak potential (E,) vs In(v) for FeFc,-attached (A)
ImdC11SH-C8SH SAM and (C) SHCI11SH-C8SH SAM in pH 7
buffer at room temperature. Plot of AE, vs log (v) for FeFc-attached
(B) ImdC11SH-C8SH SAM and (D) SHC11SH-C8SH SAM at same
condition. EA and EC are anodic and cathodic potentials, respectively.

transfer coefficient (@) can be determined using eqs 2 and 3,
respectively>® >

E,. = E — (RT/anF)ln[a/Iml] )
E,, = E+ [RT/(1 — a)nF]n[(1 — a)/Iml] 3)

where E,. and E,,, are the cathodic and anodic peak potentials,
respectively, and E is the formal potential of the redox-active
species; here it is the E;,. R, T, n, and F have their usual
meaning. From this formulation m can be designated as

m = (RT/F)(k,pp/n0) 4)

kqpp is the apparent ET rate constant, v is the scan rate in V/s,
and n = L.

Equations 2 and 3 can be simplified using eq 4 as
E,.,=E- (RT/anF)In[anF/RTk_ ] — (RT/anF)In(v)
©)

aPP:|

E,, = E + [RT/(1 — a)nF]n[(1 — a)nF/RTk,,)]

+ [RT/(1 — a)nF]In(v) (6)

The plot of E,. and E,, with respect to In(v) is linear. The
ratio of the slopes of the cathodic and anodic peak potentials
yields the value of a (Figure 4 and SS, Supporting
Information). Further, a values for the FeFc, and FePf
complexes attached with two different SAM surfaces (Imd-
SAM and Thiol-SAM) are determined at three different
temperatures. Determination of k,,, at different temperatures
allows evaluation of the reorganization energies (vide infra).
The result shows that the FeFc,-attached Imd-SAM has «a
values of 0.46, 0.51, and 0.50 at 277, 297, and 317 K
respectively (Table 2).

Table 2. Experimentally Determined E, 5, &, k,,,, and 1 of
FeFc, and FePf Catalysts Attached to the ImdC,;SH—C;SH
and SHC,;SH—C¢SH SAM Surfaces

a
pH 7 buffer E;, (mV) 277K 297K 317K A (kJ/mol)
ImdC,,SH-FeFc, —214+6 046 051 050 290 + 07
SHC,,SH—FeFc, —240 + 8 0.53 0.52 0.56 232 + 0.5
ImdC,,SH—FePf =220+ 7 0.48 0.48 0.5§ 10.6 + 0.4
SHC,,SH—FePf —248 + 10 0.47 0.55 0.56 16.0 £ 0.8

k,pp is determined using the equation

logk, = alog(l —a) + (1 — a)log a — log(RT /nFv)

app
—a(l - a)nFAEP/Z.:’)RT ?7)

AE, = 23RT/a(1 — a)nFlalog(l — a) + (1 — a)loga
— log(RT/nFv) — log k,,] (8)

where AE, is the separation between the peak potentials.
The plot of AE,, versus log(v) produced a straight line. Kypp is
determined from the intercept of this line. Using the values of a
for the FeFc,-attached SAM surfaces k,,, values are calculated
using eq 8 to be 5.3, 6.93, and 8.46 s~* for Imd-SAM and $.32,
6.40, and 7.74 s7! for Thiol-SAM at 277, 297, and 317 K,
respectively. Similarly, k,,, of the FePf complex is determined
to be 6.60, 7.64, and 8.12 s for Ind-SAM and 4.3, 5.2, and
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5.71 s7! for Thiol-SAM, respectively, at 277, 297, and 317 K.
Thus, the data clearly indicate that as the temperature increases
AE, of the iron porphyrin center of these complexes decreases
and the k,,, values increase.

3.1.4.2. Reorganization Energy (3). The reorganization
energy 2! is determined from the values of kqpp determined at
different temperatures.***" The temperature dependence of the
ET reaction can be understood using an Arrhenius plot of

In[k,,,/T"*] vs T' (Figure $) derived from the Marcus
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Figure 5. Arrhenius semilogarithmic plots of (k,,,T"/?) vs 1/T for
FeFc, and FePf-attached ImdC;;SH—CySH SAM (Imd-SAM, orange)
and SHC,;SH—CgSH SAM (Thiol-SAM, green).

density-of-states model applied for the ET process.*>>' From

the slope of the Arrhenius plot the value of A can be determined

assuming that A is temperature independent. The reorganiza-

tion energy can be calculated using the following equation
A= —4.03 d(ln[k /7)) 7d[T )

app

©)

The A values are determined from the slope of the plot of
d(ln[kapp/Tl/Z])/d[’I'_l]3o’51for the FeFc, and FePf complexes
attached to Imd-SAM and Thiol-SAM (Figure S). The FeFc,
complex attached to Imd-SAM and Thiol-SAM has 4 values of
29.0 + 0.7 and 23.2 + 0.5 kJ/mol, respectively (Table 2).
Similarly, A values for the FePf complex attached to Imid-SAM
and Thiol-SAM are determined to be 10.6 + 0.4 and 16.0 & 0.8
kJ/mol, respectively (Table 2).

In summary, 4 of the FePf and the FeFc, complexes attached
to either Imd-SAM or Thiol-SAM is experimentally deter-
mined. 4, thus determined, represents the total A (i.e., A, + 4,).
However, for sterically protected iron porphyrin complexes, 4,
can be very little; thus, the value of A determined
experimentally may represent mostly 4.>* The experimental
data indicate that A values of the LS sites are, in general, higher
than those of the HS sites. In the LS sites model the ET sites
present in nature may be expected to have a lower A. Thus,
additional factors must be responsible in determining 4 of these
active sites, and these are analyzed using DFT calculations.

3.2. DFT Calculations. Experimental data allowed deter-
mination of A for both SC HS (FePf) and 6C LS (FeFc,) iron
porphyrin complexes with imidazole and thiolate as the axial

ligands. DFT calculations®> ™’ have been performed on a series
of hypothetical complexes which vary in its axial ligation
(imidazole vs thiolate), spin state (SC HS vs 6C LS), and
hydrogen bonding (Figure 6, Table 3). Addition of an axial

II. DFT Calculations
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Figure 6. Structure of theoretically calculated iron porphyrin
complexes and Cyp450. Dotted bonding represents the H bonding
(HB): P = porphyrin moiety, Imd = imidazole, and W = water; red =
oxygen, blue = nitrogen, yellow = sulfur, gray = carbon, and white =
hydrogen.

water ligand to the imidazole-bound SC HS model (PFelmd)
results in the H,O- and imidazole-bound LS model
(PFeImdW). Introducing a hydrogen-bonding interaction
from a water molecule to the bound imidazole ligand in the
PFelmd model results in the PFeImd-1HB model. Addition of
one hydrogen bond to the bound imidazole plus two hydrogen
bonds to the bound H,O ligand from noncoordinated H,O
molecules in the PFeImdW model results in the PFeImdW-
1HB and PFeImdW-3HB models, respectively. The thiolate-
bound (modeled by SEt) active site follows a similar
nomenclature. Additionally, the geometries of the HS
substrate-bound and LS resting active site of cyp450 have
also been modeled (cyp450 HS and cyp450 LS in Figure 6).
values of all these complexes are calculated and compared with
the experimental results. A can be classically related to the
distortion of the geometry of a system during the ET
process”*> (eq 1). Thus, a smaller change in the optimized
geometries of the oxidized and reduced species can be expected
to yield a smaller A. The calculated A values for the PFeImdW
and PFeSEtW models are in good agreement with previous
calculations by Ryde et al.>

The theoretically estimated 4, values (Table 3) for the SC
HS PFeSEt and 6C LS PFeSEtW models are 9.6 and 20.3 kJ/
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Table 3. Theoretically Predicted Ar and A for Different Iron
Porphyrin Models along with the Cytochrome P450 Model”

Ar (pm)
models Fe—Oy Fe—N, 4 Fe—S Fe—N, 4 (kJ/mol)
PFelmdW 52 16 0.4 8.7(29.0)
PFeImdW-1HB 4.3 0.5 0.3 8.7
PFelmdW-3HB 8.2 -0.3 0.7 i
PFeSEtW 8.6 10.0 1.3 20.3(23.2)
PFeSEtW-1HB 6.9 11.s 0.8 24.1
PFeSEtW-3HB 5.9 11.9 1.4 29.0
Cyp450-LS 4.5 10.3 1.8 47.3
PFelmd 5.0 13 10.6 (10.6)
PFelmd-1HB 54 1.1 12.5
PFeSEt 42 07 9.6 (16.0)
PFeSEt-1HB 31 0.7 14.5
Cyp450-HS 9.0 45 17.4

“HB = hydrogen bond, P = porphyrin, and W = water; LS = pink
shade and HS = blue shade; experimental values in bold.

mol, respectively. These values are marginally lower than the
experimental estimates (Table 2) of 16.0 + 0.8 and 23.2 + 0.5
kJ/mol for the thiolate-bound SC HS FePf and the 6C LS
FeFc, active sites, respectively. 4;; of an imidazole-bound 5C
HS model is calculated to be 10.6 kJ/mol, which is remarkably
close to the experimental value of 10.6 + 0.4 kJ/mol for the
imidazole-bound HS FePf active site. On the contrary, 4
calculated for the PFeImdW model is 8.7 kJ/mol, which is
significantly lower than the experimentally determined value of
29.0 = 0.7 kJ/mol for the LS FeFc, complex. The deviation of
the calculated A for the imidazole-bound LS FeFc, complex
from the computed value clearly indicates that there are
additional contributions to the experimental value of 4, and
these are considered below.

The experimental 4 determined for the imidazole-bound LS
iron porphyrin complex is 29 kJ/mol, which is indeed
significantly larger than the A value for a model without
hydrogen bonding calculated here and elsewhere.”* Note that
the SERRS data show the presence of some HS contribution in
the Imd-SAM FeFc, species (Figure 3). However, the HS A
(FePf) is 10.6 kJ/mol and does not explain the high A for the
Imd FeFc, complex. The pH dependence of E,;,, for the
imidazole-bound system clearly indicates that reduction of the
imidazole-bound iron porphyrin complex is a PCET
process.””*"** ). of a PCET process can be approximately
evaluated using Griffith’s model>*™*® and is expressed as

v 5
/11’5 - Z f}r +f]p (Aq])

j

(10)

A is the summation of the individual contribution of the six
(for LS) or five (for HS) Fe—ligand modes (j) which are
assumed to be harmonic. The equilibrium force constants (K; in
eq 1) of the jth mode are designated as f and f? for the
reactant and product, respectively, and Ag; (Ar; in eq 1) is the
difference in the reactant and product equilibrium bond lengths
for the jth mode.>

In soybean lipoxyzenase the change of Fe—L bond lengths
during a PCET redox process, involving a similar Fe"-OH +
H* + e~ — Fe''-OH, equilibrium, was greater than 0.2 A and
resulted in 4, of 76 kJ/mol>® However, the optimized
geometries (Table S2, Supporting Information) indicate that
the Fe—N,,, (NPOr represents the pyrrolic nitrogen) and Fe—
Nimq distances change by <0.02 A during the redox process.
Thus, the contribution to 4;, from these normal modes should
be negligible as A is directly proportional to the square of the
change in bond length upon redox (eq 1). In the case of
imidazole-bound FePf, the reduced state is HS 5C, i.e., the H,O
formed after protonation of the OH™ dissociates and thus the
mode which contributed significantly to the A, in soybean
lipoxygenase vanishes (the f/ = 0) in imidazole-bound FePf.
This is why the experimental value of A is very close to the
theoretical estimate of the ET only value. However, this is not
the case for the imidazole-bound FeFc, as its LS GS entails
binding of the H,O axial ligand in the reduced state. While the
calculated changes in the Fe—N,,, and Fe—Nj,4 bond lengths
are negligible with the change of oxidation states (Table S2,
Supporting Information), the Fe—OH, mode can contribute to
A of this PCET process. This contribution to PCET can be
roughly estimated using the calculated force constants (using
the calculated vibrational frequencies) and the calculated
change in distance (0.02 A, Table S2, Supporting Information)
to be 28.8 kJ/mol, which is very close to the experimental value
obtained for the imidazole-bound LS FeFc, active site (29.0 kJ/
mol). Note that a PCET process in a LS Os™ aquo complex
was found to increase A; by 6.8 kJ/mol due to a change in the
distance during the redox process between a covalently
immobilized proton donor and a hydroxide ligand of a
covalently immobilized Os center.’” Such contributions are
not likely to affect A,; measured here as the proton donors are
the solvent molecules which occupy the distal cavity due to
noncovalent hydrogen bonding with the triazoles in FeFc,.

When hydrogen bonding to the thiolate ligand (does not
show PCET, Figure S3, Supporting Information, green) is
modeled in these calculations, A values increase to 24.1 and
14.5 kJ/mol from 20.3 and 9.6 kJ/mol for the 6C LS and the
SC HS thiolate-bound models, respectively (Table 3). These
values are in reasonable agreement with the experimental data
(23.2 and 16.0 kJ/mol for LS and HS, respectively, Table 2).
Thus, successful modeling of the experimental A values for a
thiolate-bound iron porphyrin complex entails explicit inclusion
of hydrogen-bonding interaction between the thiolate ligand
and the water molecules of the solvent. Inclusion of H bonding
to the axial water ligand (Figure 6, FePSEtW-3HB) increases
the calculated 4;, from 24.1 (H bonding to thiolate only) to
29.0 kJ/mol (H bonding to thiolate and axial water molecules).
The 5 kJ/mol increase of A due to H bonding to the axial water
ligand in the thiolate-bound models is significantly lower than
the 14 kJ/mol increase calculated for the imidazole-bound
model. This correlates well with the fact the change in the bond
distances upon redox in the FePImdW-3HB relative to the
FePImdW-1HB model is greater than the change in bond
distances between the FePSEtW-3HB and the FePSEtW-1HB
models. It is unclear at this point if the apparent disagreement
between the calculated A, of the FePSEtW-3BH model and the
experimental A of FeFc, on thiol-SAM reflects inadequacies of
the theoretical method or the hypothetical models used. The
fact that the experimentally measured A of the SC thiolate- and
imidazole-bound FePf and 6C imidazole-bound FeFc, can be
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adequately reproduced in theory after including H bonding and
PCET effects suggests that it is the latter.

In general, the calculated A value increases with greater in
change in bond length (Ar, eq 1) irrespective of the nature of
the axial ligand, spin state of the metal, and extent of hydrogen
bonding included in the model. For example, Ar for the
PFeImdW model is lower than Ar of the PFeSEtW model,
resulting in a lower A in the former (Table 3), consistent with
previous reports. The lower Ar for the imidazole-bound
complex relative to that of a thiolate-bound complex can be
explained by consideriré% the differences in the nature of the
RAMO (Figure 7)** ® involved in a LS iron porphyrin

7~NH
C]KDI\)

7~NH @S5
m\)
© bond order oxidation state w bond order
0 111 0.5
0 11 0

Figure 7. Redox-active molecular orbital (RAMO) diagram for Imd-
and thiolate-bound Fe—P complexes.

complex having imidazole and thiolate axial ligands. Figure 7
shows that the singly occupied t, orbital is the RAMO involved
in a Fe™" process in a LS iron complex. Thiolate being a 7-
donor ligand utilizes this RAMO for 7 bonding with the Fe.
The covalent bonding between the thiolate Sy, and the t,
SOMO of the Fe' center is clearly depicted in its contour. The
donor thiolate S, orbital (the bonding orbital) being occupied,
the singly occupied t, orbital (the antibonding orbital) provides
a bond order of 0.5 to the Fe—S 7 bond. The ¢ bond involves
the unoccupied d,> orbital (the antibonding orbital) and hence
has a bond order of 1. As the RAMO is filled in the reduced Fe"
state (d° configuration) the 7 bond is lost, which results in
significant elongation of the Fe—S bond. Thus, the redox
process is associated with a change of Fe—S bond order of 0.5,
which results in a large Ar of the Fe—S bond. Alternatively,
imidazole does not have a very strong 7 bond with the t, orbital
(mixing of imidazole nitrogen < 1%). Thus, in the case of
imidazole, there is no change in iron imidazole bond order,
which is why Ar of the iron imidazole bond is significantly less
than that observed for the thiolate axial ligand in the LS state.

The calculated Jj for thiolate-bound SC HS iron porphyrin
complex is 9.6 kJ/mol, which varies very little on changing the
axial ligand from thiolate to imidazole. Thus, the large
difference in A between an imidazole-bound iron porphyrin
and a thiolate-bound iron porphyrin in the LS state is not
observed in the HS state. Figure 8 shows that the RAMO in the

Aqge = 0.90, Agp,, =0.10, Aq,,g =0
Aqg, = 0.89, Aqp,, = 0.11, Aqgy, =0

Aqg. =020
Agp,, = 0.74
Aqpg = 0.06

} 9
S PFe!'lmd-not relaxed
Aqg. =0.11\ TGeumetric Relaxation
Aqp,, = 0.67

AQg =021 Aqypq =0.07
Aqgg = 0.22

d,, =90% Fe
d,, =89% Fe

}Nan bonding-> no change in BO

[ ]
4 >

PFe''Imd PFe''SEt PFe!'SEt-not relaxed

Figure 8. Spin density model for imidazole- and thiolate-bound Fe—
porphyrin complexes in the HS state.

HS square pyramidal complexes is the d,, orbital.®" This orbital
is nonbonding in nature, and the DFT-calculated wave
functions for the PFeImd and PFeSEt models show 90% and
89% d,, character, respectively. Thus, addition on one electron
to this RAMO during reduction will reduce the Z 4 of the Fe by
~0.9. This in turn will induce a large change in the geometry of
the complex, resulting in large 4. However, the calculated wave
functions for the reduced PFelmd and the PFeSEt complexes in
their oxidized geometry (reduced relaxed in Table SI,
Supporting Information) show very little change in the charge
of the Fe center. In fact, the difference in electron densities of
the oxidized and reduced wave functions in the PFelmd
complex indicates that the electron density on the ring is
increased by ~0.74 e. The charge on the Fe center and on the
imidazole axial ligand is increased by 0.20 and 0.06 e,
respectively (Figure 8). Thus, ~74% of the additional electron
density gained during the reduction process is delocalized into
the 7 orbitals of the ring, and only 20% is retained on the iron
even when the geometry of the reduced PFeImd model is not
allowed to relax. Further geometric relaxation (reduced in
Table S1, Supporting Information) produced very little charge
redistribution relative to the reduced relaxed state. Similar
analysis of the reduction process of the PFeSEt model reveals
that addition of one electron to the d,, RAMO will lead to an
increase of 0.9 e electron density on the Fe center. However, as
the wave function is allowed to relax, keeping the geometry
intact (reduced relaxed in Table S1, Supporting Information),
the electron density on the Fe center increases by only 0.11.
The rest is delocalized on the ligands. In addition to the 7z
orbitals of the porphyrin ligand, the thiolate ligand aids the
delocalization of the electron density of the reduced state
significantly as its electron density increases by 0.21 e. Thus,
only 11% of the additional charge gained upon reduction is
retained on the Fe, 21% is delocalized on the thiolate, and the
rest (~67%) is delocalized on the porphyrin ligand. The wave
function does not change significantly when the geometry of
the reduced PFeSEt model is allowed to relax (reduced in
Table S1, Supporting Information). Thus, large electronic
relaxation owing to the delocalization of the additional charge
density gained upon reduction into the porphyrin ligand (for
PFeImD) and the axial thiolate ligand (for PFeSEt) reduces the
change in geometry of this reduced state, thereby reducing /.
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4. DISCUSSION

The FePf and the FeFc, complexes allow determination of the
ET rates and more specifically A for the Fe!' process with
different biologically relevant axial ligands in both HS and LS
states (Table 1). Additionally, the systems chosen helped
investigate the effect of hydrogen bonding on A. A determined
for these complexes varies between 10 and 30 kJ/mol (ie.,
between 0.1 and 0.4 eV). The lowest A are recorded for HS 5C
thiolate- and imidazole-bound iron porphyrin complexes (10—
16 kJ/mol). The LS 6C iron porphyrin complexes have 4 on
the order of 30 kJ/mol. There are several reports of A for 6C LS
iron porphyrin complexes and heme proteins, and the values
are on the order of 70—90 and 40—60 kJ/mol, respectively.'®**
The values of 4 (4 = 4, + 4,,) recorded in the active sites of
protein are lower than those of complexes in solution due to
reduction of the A, component in the protein active site, a key
role played by the protein active site in lowering 4 of these ET
active sites.”> The values of the imidazole- and thiolate-bound
6C LS active sites obtained using the FeFc, complex are 23—29
kJ/mol, which are very similar to those obtained for 6C LS ET
sites. The solvent accessibility to the iron center in these
complexes, which is sterically protected by the “picket” on one
side and SAM on the other side, is thus minimal. Cytochrome ¢
when attached to SAM shows a similar decrease in 4 to 25 kJ/
mol relative to its value of 40 kJ/mol in solution due to poorer
access of solvent to the active site upon attachment of the
protein on the surface.”

While reports of A on SC HS active site or complexes are
scarce, Guiles reported a 4 of 70 kJ/mol for hemoglobin.®” The
values obtained here are 10.6 and 16 kJ/mol using the FePf
complex bound to imidazole and thiolate, respectively.
Assuming that these complexes bear a sterically protected
iron center has low A contribution to A as indicated above,
these are the first experimental estimates of A, of HS SC
thiolate- and imidazole-bound iron porphyrin complexes. This
may also suggest that there is significant A, contribution in the
SC HS hemoglobin active site; however, more analysis of this
phenomenon is definitely warranted. DFT calculations indicate
that the low A of the HS 5C sites are derived from significant
electronic relaxation (>70% of the charge density change during
redox is localized on the 7 orbitals of the porphyrin ring, Figure
8) involved in the redox process which lowers the geometric
relaxation keeping A; low. A similar reduction of A due to the
presence of an effective electronic relaxation process has been
proposed for iron sulfur proteins.>

Theoretical estimations of A, of 6C LS iron porphyrin
complexes with neutral Imd axial ligand agree well with
previous estimates.” Additionally, these calculations indicate
that the A, values of 6C LS thiolate-bound complexes are more
than those of 6C LS imidazole-bound complexes. The higher 4;
of 6C LS thiolate-bound complexes correlates well with greater
changes in Fe—S bond lengths in these complexes relative to
their imidazole counterparts. This is due to the fact that the
SOMO of a LS ferric center is a d,,, orbital, which is
antibonding with respect to a m-donor ligand like thiolate.
Reduction to the ferrous state entails occupying this
antibonding orbital, which leads to loss of a 7 bond and
elongation of the Fe—S bond length and results in increased /.

The results and analysis presented here indicate that
hydrogen-bonding interactions to the axial thiolate and water
ligands result in an increase in A. Inclusion of hydrogen bonding
to the axial thiolate ligand is calculated to enhance A, by 40%

and 20% in the SC HS and 6C LS models, respectively. While
the contribution of A, cannot be completely neglected in these
experiments, these calculations indicate that inclusion of a
hydrogen-bonding interaction alone resulted in A;; values which
are in reasonable agreement with the experimental results.
Although there are no experimental data of the A of cyp450,
calculations indicate that 4, of the SC HS site is only 17.4 kJ/
mol and that of the 6C LS is 47.3 kJ/mol. The former is very
similar to the value experimentally determined for the 5C HS
thiolate-bound FePf complex (16.0 kJ/mol) and that of the
computational model PFeSEt-1HB-HS (14.5 kJ/mol) where
one hydrogen bonding to the axial thiolate ligand is modeled.
Note that the cyp450 active site is indeed characterized by the
presence of a hydrogen-bonding interaction to the axial
cysteine ligand.®*~%% 1, for the 6C LS cyp450 site is calculated
to be 47.3 kJ/mol, which is significantly more than that of the
HS site due to the loss of 0.5 7 bond order and presence of
hydrogen bonding to the thiolate as well as the axial water
ligand.

Thus, while hydrogen bonding raises the reduction potential
it also increases 4;; by ~8 kJ/mol (~83 mV), i.e., from 9.6 kJ/
mol in PFeSEt to 17.4 kJ/mol (~180 mV) in cyp450 HS. This
is likely to have an intriguing effect on ET barrier. AG of the
ET between cyp450 in its substrate-bound SC HS form and its
reductase component is estimated to be —0.1 V.°® Note that it
is estimated that the conserved hydrogen-bonding shifts the
formal potential of the SC HS active site positive by 0.170 V,
ie, it is essential to result in a negative AG for the ET
process.”” However, the rate of ET varies exponentially with the
sum of AG and 1 (AG* = (AG + 1)*/4kT)*' The
contribution of 4; to the exponent, enhanced due to hydrogen
bonding, is estimated to be 0.18 V in the SC HS substrate-
bound state of cyp450. Thus, H bonding to the axial thiolate
ligand in cyp450 not only raises the potential, resulting in a
favorable AG for ET, but also is likely to raise 4 opposing the
negative AG for ET and minimize the exponent term in the ET
rate.
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