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ABSTRACT: The design of efficient electrocatalysts is limited by scaling relationships governing
trade-offs between thermodynamic and kinetic performance metrics. This "iron law” of
electrocatalysis arises from synthetic design strategies, where structural alterations to a catalyst
must balance nucleophilic versus electrophilic character. Efforts to circumvent this fundamental
impasse have focused on bioinspired applications of extended coordination spheres and charged
sites proximal to a catalytic center. Herein, we report evidence for breaking a molecular scaling
relationship involving electrocatalysis of the oxygen reduction reaction (ORR) by leveraging ligand
design. We achieve this using a binuclear catalyst (a diiron porphyrin), featuring a macrocyclic
ligand with extended electronic conjugation. This ligand motif delocalizes electrons across the
molecular scaffold, improving the catalyst’s nucleophilic and electrophilic character. As a result, our
binuclear catalyst exhibits low overpotential and high catalytic turnover frequency, breaking the

traditional trade-off between these two metrics.

B INTRODUCTION

Catalysts are essential to the efficient performance of
technological systems and all living organisms. However,
molecular scaling relationships'~* involving trade-offs between
thermodynamic and kinetic performance metrics can limit their
effectiveness. The Sabatier principle™® indicates that optimal
catalysis occurs when the binding between a catalyst and its
substrate is “just right” and of intermediary strength. In other
words, the interactions should be neither too strong nor too
weak; otherwise, the binding of the reactants or desorption of
the products will limit the reaction rate. Such trade-offs
between thermodynamic and kinetic performance metrics also
apply to electrocatalytic reactions, as exemplified in the
benchmarking of homogeneous molecular electrocatalysts via
comparisons of catalytic Tafel plots”® relating the turnover
frequency (TOF) of a molecular catalyst to the overpotential
(n) (Figure 1a). In this analysis, TOF is the ratio of moles of
product (Njoquer) produced over a set unit of time, in which
the catalyst is stable, versus the moles of total catalysts
contained within the reaction-diffusion layer (N,,), a region
near the electrode surface, where the concentration profiles of
electro-activated versus nonactivated catalysts differ from their
bulk values (eq 1).° Correspondingly, 1 is defined as the
difference in absolute value between the applied electrode
potential (E,,,) and the equilibrium potential of the reaction
being catalyzed (E.q; eq 2)07H
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Figure 1. (a) Examples of catalytic Tafel plots and (b) a plot
correlating the associated maximum turnover frequencies (TOF,,,)
and overpotentials required to achieve half the maximum turnover
frequency (E,). A good catalyst appears off the correlation line
showing a traditional scaling relationship.
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When the activity of an electrocatalyst is limited only by
kinetics associated with the consumption of chemical
substrates—and not by the rate of electron transfer between
the electrode and catalysts or mass-transfer phenomena—the
catalysts at the electrode surface are effectively all in their
activated form. In addition, the concentration of chemical
substrates at the electrode surface will be approximately equal
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to their bulk values.”®'>™'* Under these conditions, the

plateau currents recorded during a voltammogram trace will
not increase if the applied bias potential or scan rate is
increased because the activated catalysts operate at their
maximum turnover frequency (TOF,,,,).

For most catalytic reaction mechanisms where the reaction
is first order in catalyst, TOF,,,, is equal to the observed rate
constant (k,), which is a global rate constant (with units of
s') representing either a composite of constants for the
elementary steps of the catalytic cycle or the rate constant for a
rate-limiting step. As expressed in eq 3, k., is the product of
the concentration of the chemical substrate (C3) and a rate
constant for catalysis (k' ,, with units of mol™ L* s™!), which
takes into account the order of the reaction (x) with respect to
C3.% The relationship between TOF,,,, and TOF is indicated
in eq 1, where F is the Faraday constant, R is the gas constant,
and T is the temperature. Unlike TOF (a potential-dependent
value), TOF,,, is a potential-independent constant providing a
kinetic benchmarking parameter.

TOE,,, = kcat = kéat[Cg]x (3)

The value of TOF,,, also establishes a related thermody-
namic benchmarking parameter termed E_,/,, which is the half-
wave potential of a steady-state catalytic wave and thus the
potential required to achieve half the maximum TOF." By
extension, E_,, is the electrode potential, where half of the
catalysts at the electrode surface are present in their activated
form. As shown in eq 4, the difference in absolute value
between E,/, and E, yields the effective overpotential (17,¢) 0
which corresponds to the “elbow” of a catalytic Tafel plot."’

Mg = lEeq - Ecat/zl (4)

The benchmarking of catalysts using catalytic Tafel plots has
revealed a general trend referred to as an "iron law” of
electrocatalysis where, for a selected electrochemical trans-
formation and chemical substrate concentration, there is a
linear relationship governing trade-offs between the TOF,,,
and E_, parameters (see Figure 1).'°7>° This molecular
scaling relationship is rationalized in terms of structure—
activity relationships, where changes that alter the electro-
philicity of an electrocatalyst to enhance the electron-transfer
energetics adversely affect the basicity/nucleophilicity of the
electrocatalyst. This results in less favorable kinetics for
chemical steps involving the binding of protons or other
electrophiles that are essential reagents in most fuel-forming
reactions and solar photochemistry.”'~>* Although using
electron-withdrawing or electron-donating substituents can
provide Marcusian control**** over both the kinetics and
thermodynamics of charge-transfer reactions involving electron
donor—acceptor interactions, this strategy is fundamentally
limited for electrocatalytic reactions, necessitating the pairing
of electron transfer with bond breaking/forming chemical steps
(including sequential or concerted proton-coupled electron
transfer pathways).”*>* To circumvent this problem, new
strategies for designing effective electrocatalysts are
needed.””*’ Promisin% approaches include using extended
coordination spheres’' ™ for managing and stabilizing
transition states throughout multisubstrate catalytic cycles,
using Coulombic interaction, including substituent groups
bearing cationic charges, for stabilizing reaction intermedi-
ates,>* 3% and using two different ligands to control reduction
potentials and the kinetics of chemical steps.””*" More

recently, it has been postulated that catalysts featuring ligands
with extended z-conjugation®’ (including binuclear com-
plexes) may provide an alternate but complementary approach
to breaking scaling relationships in molecular electrocatalysis;
however, results supporting this have been limited.””*° In the
case of binuclear fused porphyrin complexes,*”*>*”** promis-
ing features include (1) more than one metallic site, (2) a 7-
extended ligand environment capable of delocalizing electrons
across the multimetallic scaffold, and (3) the ability to store
multiple reducing equivalents.

In this article, we report comparisons of molecular Tafel
plots constructed for chloro[$,10,15,20-tetrakis(4-
methylphenyl)porphyrinato Jiron(IlI) ([FeTTP]CI), a known
monometallic-site porphyrin catalyst for the oxygen reduction
reaction (ORR), versus a binuclear fused iron(IIl) porphyrin,
featuring an extended z-conjugated macrocycle ([Fe,FP]Cl,)
(Chart 1 and Figure 2), and present evidence for breaking a

Chart 1. Molecular Structures of [Fe,FP]Cl, (Left) and
[FeTTP]Cl (Right)

[Fe,FP]CI,

[FeTTP]CI

molecular scaling relationship. In addition, we also report—for
the first time—on the crystallographic structure of [Fe,FP]Cl,
obtained via microcrystal electron diffraction (MicroED)*” and
on the geometries and spin states of the complex in the
solution phase as determined via computational analysis.

B RESULTS AND DISCUSSION

MicroED Crystal Structure. To study the structure of
[Fe,FP]Cl,, we used the cryogenic electron microscopy
method of MicroED, which can determine high-resolution
structures directly from small quantities of micro and
nanocrystalline materials.”” The structure determined using a
solid, crystalline sample of [Fe,FP]Cl, confirms the overall
organization of the molecule, showing the chlorine atoms
bound to each iron atom at a distance of 2.25 A and on
alternate sides of the planar porphyrin macrocyclic ligand
(Figures 2b and 2c). Additionally, the iron atom is positioned
0.52 A above the plane of the porphyrin nitrogens and 0.60 A
above the plane of the macrocyclic ligand. The average Fe—N
distance is 2.13 = 0.01 A (N = 4). These results indicate that
the individual porphyrin units of the fused complex share some
structural similarities with previously reported monometallic
iron(I1T) porphyrins;”' however, the distance between the iron
centers in the fused porphyrin is 9.08 A.

Computational Analysis of Structure and Energetics.
Although the MicroED structure gives direct evidence of the
conformation in the highly ordered crystalline phase, the
catalyst’s structure in solution could deviate. We therefore

https://doi.org/10.1021/jacs.3c08586
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(a)

Figure 2. (a) Example diffraction image from the MicroED data sets collected using [Fe,FP]Cl, is shown, where the ring represents a resolution of
0.90 A. (b) The quality of the resulting MicroED structure can be seen in the potential map calculated for the final refined structure. The potential
map (blue) is contoured at 26. (c) Side view of the [Fe,FP]Cl, structure showing the iron atoms slightly out of the plane formed by the porphyrin
rings. All diffraction data were collected using [Fe,FP]Cl, microcrystals, and data from four well-diffracting crystals were merged for final structure

determination.
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Figure 3. (a) DFT geometry overlaid with the spin density as shown in blue on the [Fe,FP]Cl, complex. (b) Molecular orbitals of the [Fe,FP]Cl,
complex, showing contributions of specific d-orbitals. The inset includes a schematic of the simplified ligand field splitting in a pyramidal
environment with the metal positioned out of the plane. The a-LUMO is a ligand-based orbital due to the lowering of the 7* orbital’s energetics via

extended conjugation.

performed a computational analysis of the [Fe,FP]Cl, complex
in an implicit solvent. This approach also provides information
on the spin-state energetics. Our calculations indicate that the
septet spin state is the most stable state when an implicit
solvent (N,N’-dimethylformamide, DMF) is used (see Table
S4). Figure 3a shows a density functional theory (DFT)-
optimized structure of [Fe,FP]Cl, in the septet spin state and a
configuration where both axial chloride ligands are on opposite
faces of the porphyrin macrocyclic ligand. Although a stable
conformation more closely resembling the crystal structure was
arrived at computationally (see Figures S13a and S13b), we
also found a slightly lower energy conformation in an implicit
solvent (A = 97 meV/9.4 k] mol™!, see Table SS5). In
comparison with the higher energy conformation, the lower
energy conformation displays an out-of-plane deformation of
the fused porphyrin macrocycle, where the mesityl groups
point toward the axial chloride ligands of the iron porphyrin
ring they are attached to, the methylphenyl groups point in

opposite directions with respect to each other, and the Fe
centers maintain an out-of-plane displacement (see Figure
S13c). The differences between the solid- versus solution-
phase structures indicated via computational analysis may arise
from distinctions associated with the environments of these
phases, including differences in molecular dipole moments (see
Section 4 of the Supporting Information (SI) on “Computa-
tional analysis”). However, the relatively small differences in
energy and intrinsic approximations in DFT complicate a
definitive determination.

As further depicted in Figure 3a, our computational analysis
indicates that the six unpaired electrons of the [Fe,FP]Cl,
septet state are localized on the two ferromagnetically coupled
Fe centers, with each center harboring three unpaired electrons
(Mulliken spins of Fe: 2.75 and Cl: 0.24). In accord with the
ligand field splitting of a pyramidal environment with the metal
center plucked out of the ligand plane, the unpaired electrons
localized on the Fe centers and chloride ligands involve a

https://doi.org/10.1021/jacs.3c08586
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Figure 4. (a) and (b) Voltammograms recorded under O, (1 atm) using N,N-dimethylformamide solutions containing increasing amounts of
[DMFH'][OTf] as a proton source (10, 20, 50, 70, and 100 mM) and either [Fe,FP]Cl, (0.30 mM) (panel a, red) or [FeTTP]Cl (0.30 mM)
(panel b, blue) as a catalyst. Voltammograms recorded in the absence of a catalyst (black dash) are included for comparison. All data were recorded
at a scan rate of 100 mV s™' and using solutions containing TBAPF, (0.1 M) as a supporting electrolyte.

seemingly linear combination of the d, d,,, and d,, orbitals of
the iron and the p, orbital of the chloride. This results in the
d,, orbital being the lowest in energy and doubly occupied,
degenerate d,, and d,, orbitals being singly occupied, the d,
orbital being higher in energy than the d,; and d,, orbitals and
singly occupied, and the d,>_ being the most destabilized and
unoccupied. This configuration is further supported by the d
contribution to the a-HOMO (which is the highest singly
occupied orbital, shown in Figure 3b together with a simplified
scheme of the d-orbital splitting), the f/-LUMO (which shows
contributions from d, or dyz), and the a-LUMO+1 (which
shows contributions from dxl_yl).

Monometallic iron porphyrin complexes structurally similar
to [FeTTP]Cl are reported to exist in a high spin state
configuration.”> However, deformation and hydrogen bonding
make conversion to intermediate, quartet states possible.’**
We find, in our calculations, that the sextet (high spin) and
quartet (intermediate spin) states of [FeTTP]CI are nearly
isoenergetic (see Figure S14 and Table S6). This showcases
how sensitive the spin-state energetics of these complexes are
to their connectivity and microenvironments. Nonetheless, for
the fused bimetallic porphyrin [Fe,FP]Cl,, our calculations
show that the intermediate septet spin state is significantly
stabilized in comparison to all other spin states (see Table S4).
This discrepancy between the spin-state energetics of
[FeTTP]Cl versus [Fe,FP]Cl, can be explained by the
significant stabilization of the z* orbital (ie., the a-LUMO)
via extended conjugation, which favors intermediate spin
states.”” The lowering of the 7* orbital energy enables stronger
back bonding and concomitant stabilization of all d-orbitals
with z components (including the d,,, d,,, and d orbitals).
The lowering of the 7* orbital energy via extended conjugation
furthermore results in this energy level dropping below the
d,_, orbital energy, which is a significant difference compared
to the energetics of [FeTTP]Cl This distinction in the
electronic structures of [FeTTP]CI versus [Fe,FP]Cl, would
manifest as a difference in the redox properties of these
complexes. In the case of [FeTTP]Cl, a metal-centered
reduction is favored. Conversely, in the case of [Fe,FP]Cl,, a
ligand-centered reduction could be more prominent. This
divergence in “redox-innocent” versus “-guilty” ligand chemistry
may play an important role regarding the different electro-
catalytic ORR properties of the fused bimetallic versus
monometallic porphyrin complexes reported herein and will

11625

be investigated by leveraging in silico mechanistic studies in
future work.

Although the crystal structure of [Fe,FP]Cl, determined
using the MicroED method shows the two chlorides on
opposing faces of the molecular plane, this may not be the
energetically preferred geometry when the complex is solvated.
Thus, we also determined the structure and energy of the
[Fe,FP]Cl, configuration with both chlorides on the same face
of the porphyrin plane (syn configuration) to compare to the
[Fe,FP]Cl, configuration with the chlorides on opposite faces
of the porphyrin plane (anti configuration). Our computational
results show that in an implicit solvent of DMF, the energy
difference between the [Fe,FP]Cl, syn configuration and anti
configuration is 73 meV/7.0 k] mol™" (see Table S4). The
calculations therefore agree with the crystal structure, at least
in the case of DMF solutions, where an anti configuration is
energetically more accessible.

Electrocatalytic Performance under Varying Chem-
ical Substrate Concentrations. The electrocatalytic per-
formance of [Fe,FP]Cl, and, for enabling comparisons,
[FeTTP]Cl was investigated under 1 atm of O, using DMF
as a solvent, the triflate salt of protonated DMF ([DMFH']-
[OTf]) as a proton source, and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF) as a supporting electrolyte. All
voltammograms were recorded by using an electrochemical cell
equipped with a glassy carbon working electrode wired in a
three-electrode configuration. The equilibrium potentials for
ORR (Eeq 0,/H,0 and Eer
(HA) are indicated in egs 5 and 6."'

z/HzOz) in DMF with a proton source

OZ(DMF) + 4HA(DMF) + 4e =2 ZHZO(DMF) + 4A(_DMF)

E OZ/HZO(DMF)(V vs Fc*/Fc)

. H.O 2 A 4
= +060 - 22 Plog ot 4] — 0.0592pK 3
4 Po,[HA]
(s)
Oxpour) + 2HA@m) + 20 = HZOZ(DMF) + 2A(pmp)
Ee 6,/ Hzoz(DMF)(V vs Fc/Fc)
0.0592 H.O.1[A P
= +006 - 28%10g TLOIRL o 55050k
2 By, [HA]
(6)
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Figure 5. (a) and (b) Voltammograms recorded under O, (1 atm) and at increasing scan rates (100, 500, 1000, 1500, 2000, and 2500 mV s™")
using N,N’-dimethylformamide solutions containing either [Fe,FP]ClL, (0.14 mM) (panel a, red) or [FeTTP]Cl (0.14 mM) (panel b, blue) as a
catalyst. Voltammograms recorded in the absence of a catalyst (black dash) are included for comparison. All solutions contained [DMFH*][OTf"]
(100 mM) as a proton source and TBAPF, (0.1 M) as a supporting electrolyte. (c) Catalytic current versus scan rate plots obtained from
voltammetry measurements using either [Fe,FP]Cl, (0.14 mM) (red circles) or [FeTTP]Cl (0.14 mM) (blue triangles) as a catalyst. The catalytic
currents are reported at potentials determined via analysis of the first derivative of corresponding voltammograms (see the Experimental Section for
details). At sufficiently high scan rates, these currents approach scan-rate-independent values indicated by the dashed horizontal lines labeled
catalytic plateau current (ipl). The error bars indicate standard deviations obtained from triplicate measurements (see the SI).

Voltammograms recorded using 0.30 mM solutions of
[Fe,FP]Cl, in the presence of increasing concentrations of
[DMFH'][OTf"] (ranging from 10 to 100 mM) display a
peak-shaped cathodic wave that reaches an acid-concentration-
independent, limiting current intensity before shifting to less
negative peak potentials at the higher acid concentrations (~50
to 100 mM in [DMFH*][OTf"]; Figure 4a). These results are
consistent with conditions where the current becomes limited
by diffusion of O,.">>> At the higher acid concentrations, the
anodic shifting of the peak feature is attributed to the more
rapid consumption of substrate O,. In other words, the
catalytic TOF increases with acid concentration and the
concentration of O, near the electrode surface becomes
depleted earlier in the voltammogram scan. These results are in
stark contrast to those obtained using [FeTTP]Cl as the
catalyst (Figure 4b). Rather than a peak-shaped feature that
increases in intensity and then shifts to less-biased electrode
potentials with increasing acid concentration, the voltammo-
grams recorded using [FeTTP]Cl display a plateau-shaped
cathodic wave at lower and higher acid concentrations. These
results indicate conditions where the consumption of chemical
substrates by the catalysts limits the electrocatalytic activ-
ity.'">>> However, currents arising from uncatalyzed O,
reduction at the glassy carbon electrode surface—as observed
in control experiments performed in the absence of an added
catalyst (black dashed lines in Figures 4a, 4b, and S15)—are
prominent upon polarizing the working electrode more
negative than ~ —1.6 V versus the O,/H,0O equilibrium
potential (E.qo,/m,0; Figure S15).

11626

Following the linear sweep voltammetry experiments used to
obtain data shown in Figure 4a, the glassy carbon working
electrode was rinsed with DMF containing 0.1 M TBAPF, to
remove any physisorbed species before immersing the
electrode in a fresh solution of DMF sparged with oxygen (1
atm) and containing 20 mM [DMFH*][OTf ] as a proton
source and 0.1 M TBAPF4 as a supporting electrolyte.
Voltammograms recorded using these rinsed electrodes show
no additional current observed beyond the background
recorded using a freshly polished glassy carbon working
electrode under the otherwise identical experimental con-
ditions, indicating the absence of heterogeneous, electro-
deposited catalysts™*>* (see Figure S16).

Electrocatalytic Performance under Varying Scan
Rates. To construct catalytic Tafel plots and better understand
our results recorded in the presence of varying concentrations
of acid (Figure 4), we investigated the scan rate dependence of
voltammogram waveforms recorded using either [Fe,FP]Cl, or
[FeTTP]Cl (Figure S). In these experiments, the relative
thickness of the diffusion layer—the region in the vicinity of an
electrode where the concentration of chemical substrates
differs from their bulk values*' —depends on the time scale of
the voltammogram scan (i.e., the experimental scan rate). At
faster scan rates, the thickness of the diffusion layer is relatively
narrower, enabling fluxes of chemical substrates and currents
higher than those recorded at slower scan rates and when
diffusion of chemical substrates limits the electrocatalytic
activity.
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Figure 6. (a) Catalytic Tafel plots constructed from the values of TOF,,,, and E_,,/, recorded using N,N"-dimethylformamide solutions containing
either [Fe,FP]Cl, (red) or [FeTTP]CI (blue) in the presence of O, (1 atm), [DMFH'][OTf ] (100 mM), and TBAPF, (0.1 M). The shaded
areas indicate standard deviations from the mean values. Overpotential is calculated using a 20 mM concentration of water in N,N-
dimethylformamide. (b) logTOF,,,, versus overpotential at E,/, plot constructed using data included in panel a for [Fe,FP]Cl, (red circle) and
[FeTTP]CI (blue triangle). Data obtained using chloro[5,10,15,20-tetrakis[4-(triftuoromethyl) phenyl]porphyrinato Jiron(III) ([FeTpCF;PP]Cl), a
porphyrin catalyst featuring electron-withdrawing fluorine groups, (green square) or chloro[$,10,15,20-tetrakis(4-methoxyphenyl)porphyrinato]-
iron(III) ([FeTpOMePP]Cl), a porphyrin catalyst featuring electron-donating methoxy groups, (orange diamond) are included for comparison.
The error bars indicate the standard deviations from the mean values. The black line with a slope of 54 mV/dec indicates a traditional scaling
relationship for benchmarking a related series of iron porphyrin oxygen reduction reaction catalysts.' @37

Figures Sa and Sb show voltammograms recorded under 1
atm of O, and with increasing scan rates (from 100 to 2500
mV s7'). For these measurements, relatively high concen-
trations of chemical substrates with respect to the catalysts (i.e.,
100 mM [DMFH*][OTf"] and 3.1 mM O,""*" versus 0.14
mM in either [Fe,FP]Cl, or [FeTTP]Cl as the catalyst) were
used to further disfavor the depletion of the chemical substrate
concentrations at the electrode surface during experiments
performed at the relatively higher range of scan rates.”*"*~"*
Under these conditions, the voltammograms recorded using
[Fe,FP]Cl, display a peak-shaped cathodic wave, with an
initially scan-rate-dependent intensity, which transforms to a
plateau-shaped wave at the higher scan rates and approaches a
scan-rate-independent limiting value (Figures Sa and Sc). By
contrast, the voltammograms recorded using [FeTTP]Cl in
place of [Fe,FP]Cl, display an initially plateau-shaped cathodic
wave rather than a peak-shaped feature (Figure Sb). None-
theless, the catalytic currents recorded within the plateau-
shaped region also approach scan-rate-independent limiting
values upon increasing the scan rate, albeit at relatively lower
limiting current intensities and scan rate requirements (Figure
Sc). Background currents arising from uncatalyzed O,
reduction at glassy carbon electrodes (black dashed lines in
Figures Sa, Sb, S17, and S18) have been reported to
complicate the observation of ideal S-shaped waveforms and
the determination of TOF
these background currents via collecting voltammograms
recorded in the absence of an added catalyst.°”" For this
reason and as indicated in Figure Sc, currents recorded using

max values without accounting for

no added catalysts were subtracted from those recorded using
an added catalyst to yield the catalytic current.

The catalytic plateau currents (ipl values) measured when
the electrocatalytic activity is not limited by the rate of electron
transfer between the electrode and catalysts or mass-transfer
phenomena enable the determination of related TOF,,, values
via analysis of /i, ratios (eqs 7 and 8),”%"1*7!* where ip is a
peak current measured in the absence of a chemical substrate

(see the Experimental Section for further details).
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Benchmarking of Catalysts Using Catalytic Tafel
Plots. Surmising a mechanism where initial electron transfer
is followed by a rate-determining chemical step,'’ which is
proposed for other iron porphyrin ORR catalysts,®”*
measurements of i,/i, values yield TOF,,, values of (2.06 +
0.03) x 10* s! for EFeZFP]CIZ and (7 + 3) x 10* s7* for
[FeTTP]Cl. The more than 2 orders of magnitude difference
between the TOF,,,, values measured using [Fe,FP]Cl, versus
[FeTTP]Cl shows the enhanced electrocatalytic activity of the
fused porphyrin cannot be accounted for by a simple doubling
of iron active sites per catalytic unit (i.e., halving the value of
TOF,,,, measured using [Fe,FP]Cl, still yields a TOF,,,, value
that is more than 2 orders of magnitude greater than that
measured using [FeTTP]CI) (see Figures S26—S28). These
TOF,,,, values result in corresponding E_,,/, values of —1.229
+ 0.006 V vs E  o,/n,0 2nd —1.174 & 0.002 V vs E., 0,/1,0 for

[Fe,FP]Cl, and [FeTTP]C], respectively. In comparison with
the catalytic Tafel plot of [FeTTP]Cl—constructed from the
related TOF . and E_,;/, values using the relationship given in
eq 9—the catalytic Tafel plot obtained using [Fe,FP]Cl, has
no overlapping points and is shifted to the upper left of the
Cartesian coordinate (Figure 6a). Further, a correlation plot of
the logT OF,,,, vs corresponding overpotential at E_/, values
shows that the benchmarks for [Fe,FP]Cl, break the scaling
relationship and deviate from the correlation slope previously
measured at 54 mV/dec for a series of iron porphyrin ORR
catalysts (Figure 6b).'**37¢

TOE,,,
TOF =

F F
1+ exp[E(EerZ/HZO - Ecat/Z)]exp(_Erl>

(9)
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Determination of Product Distribution via Rotating
Ring-Disk Electrode Analysis. ORR product distribution
was investigated via rotating ring-disk electrode methods
(Figure 7; see the Experimental Section for further details). In

Disk Potential

e \/\/\/

145V vs E om0

300 pA [

+0.05 V VS Epq om0

Disk Current

Ring Potential

Ring Current

20 30 40 50
Time (s)

Figure 7. Rotating ring-disk electrode data recorded under O, (1
atm) at a scan rate of 100 mV s™' and using either [Fe,FP]Cl, (0.1
mM) (red) or [FeTTP]Cl (0.1 mM) (blue) as a catalyst, N,N'-
dimethylformamide solutions containing [DMFH*][OTf"] (20 mM)
as a proton source, TBAPF, (0.1 M) as a supporting electrolyte, and a
S mm diameter glassy carbon working disk electrode rotating at 1000
rpm. Currents recorded in the absence of a catalyst (black dash) are
included for comparison.

these experiments, the percentage of peroxide branching (%
H,0,) is defined as the moles of H,O, produced per total
moles of products (H,0, and H,0; eqs 13 and 14).
Alternately, information on the fraction of current driving a
specific electrochemical transformation is given by the faradaic
efficiency (FE; eqs 16, 17, and 18). %H,0, and related FE
values are plotted versus varying applied electrode potentials
(ranging from —1.2 to —1.45 V vs Eqq Oz/HzO) in Figures S31c

and S31d, respectively. These results indicate that the averaged
%H,0, values are 6.3% (FE = 3.3%) for [Fe,FP]Cl, and 4.5%
(FE = 2.3%) for [FeTTP]CL For comparison, previous reports
involving structurally related iron porphyrin complexes yielded
%H,0, values below 15%."°

B CONCLUSIONS

We demonstrate that m-extended macrocycles provide a
promising structural motif and design element for preparing
electrocatalysts. We report evidence of breaking a molecular
scaling relationship involving oxygen reduction catalysis.
Voltammetry measurements performed using varying proton
source concentrations and scan rates indicate that the iron-
iron-fused porphyrin complex achieves TOF_,, and E_/,
values that deviate from traditional scaling relationships and
thus appear to the upper left of the conventional correlation
slope obtained from catalytic Tafel plots.

The enhanced activities of binuclear molecular complexes
could arise from multiple structural properties, including the
electronic couplings between catalytically active sites, extended

conjugation in the ligand scaffolds, through-space electrostatic
stabilization of reduced intermediates by the second metal site,
and cooperative binding during activation of substrates.*® We
look forward to further leveraging experimental and computa-
tional approaches in ongoing work to understand better the
structure—activity relationships governing the performance of
fused porphyrin catalysts, including to what extent ligand-
versus metal-centered redox chemistry and spin-state effects
influence the electrocatalytic reaction coordinates.

B EXPERIMENTAL SECTION

Materials and Synthesis. All compounds were synthesized from
commercially available starting materials. Unless noted otherwise, all
reagents were purchased from commercial suppliers and used as
received without further purification. Solvents were obtained from
Fisher (dichloromethane, hexanes, and methanol) or Aldrich (DMF)
and were distilled under nitrogen over appropriate drying reagents
before use.”” [DMFH*][OTf™] was prepared as a white, crystalline
solid following a previously reported method®® and stored in a
nitrogen dry glovebox.

[FeTTP]Cl and meso-f doubly fused 5,24-di(p-tolyl)-10,19,29,38-
tetramesitylporphyrin (free-base fused Jpor hyrin, FP) were synthe-
sized following reported methods. %79°5,10,15,20-Tetrakis[4-
(trifluoromethyl)phenyl]porphyrin (TpCF;PP) was synthesized via
condensation of pyrrole with 4-(trifluoromethyl)benzaldehyde in the
presence of BF, diethyl etherate using the Lindsey method.”"”*
5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin (TpOMePP) was
synthesized via condensation of pyrrole with 4-(methoxy)-
benzaldehyde in refluxing propionic acid using the Adler—Longo
method,” followed by treating with dichlorodicyanoquinone (DDQ)
to oxidize the remaining chlorin.”* [Fe,FP]Cl,, [FeTpCF;PP]Cl, and
[FeTpOMePP]Cl were synthesized following a modified version of a
reported method®>”>7¢ (see the SI for further details). The
synthesized compounds were structurally characterized using matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), ultraviolet—visible (UV—vis) spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, proton nuclear
magnetic resonance ('H NMR) spectroscopy, and homogeneous
electrochemical analysis.

Mass Spectrometry. Mass spectra were obtained using a Voyager
DE STR MALDI-TOF mass spectrometer or a Bruker microFlex LRF
in positive ion mode and employing transtrans-1,4-diphenyl-1,3-
butadiene as a matrix.

UV—vis—NIR. All ultraviolet—visible—near-infrared (UV—vis—
NIR) spectra were recorded using a Shimadzu SolidSpec-3700
spectrometer with a deuterium (D,) lamp for the ultraviolet range and
a WI (halogen) lamp for the visible and near-infrared.

FITR. FTIR spectra were recorded using a Bruker Vertex 70. Unless
otherwise stated, all samples were embedded in a matrix of KBr, and
the spectra were collected in transmission mode using 64 scans, 1
cm™! resolution, a GloBar MIR source, a broadband KBr beam
splitter, and a liquid-nitrogen-cooled MCT detector. Background
measurements were obtained from air, and baselines were corrected
using the rubber band method. All data were processed using OPUS
software.

Nuclear Magnetic Resonance. '"H NMR spectra were recorded
by using a Varian MR400 spectrometer operating at 400 MHz. Unless
otherwise stated, all spectra were recorded at room temperature using
deuterochloroform as a solvent and tetramethylsilane as an internal
standard.

MicroED. Samples for MicroED analysis were prepared by adding
a lacey carbon-coated EM grid to a vial containing a sample of
powdered [Fe,FP]Cl,. The grid was removed; the excess powder was
gently removed by tapping the tweezers holding the grid, and the grid
was loaded into a Titan Krios cryo-TEM equipped with a CETA-D
camera (Thermo Fisher) for MicroED data collection. Data were
collected and processed using the standard MicroED methods
described below. Crystals were identified on the grid using imaging
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at low doses with low magnification. Initial diffraction patterns were
collected in diffraction mode, and those crystals that showed quality
diffraction were then used to collect full diffraction data sets using
continuous rotation of the microscope stage.”” Diffraction data were
indexed, integrated, and merged using XDS,”® with four crystals being
merged into the final combined data set. The SHELX suite’” and the
ShelXle GUI* were used to solve and refine the structure of
[Fe,FP]Cl,. Data collection and refinement statistics can be found in
Table S1, and the structure has been deposited with the CCDC as
entry 2264458.

Computational Methods. DFT calculations were performed
with the Gaussian 16 simulation package®' using the B3LYP
functional,*”®* including dispersion interactions with the D3
dispersion corrections based on the Becke—Johnson damping
function.**™® The basis set included the def2tzvp basis for Fe atoms
and def2svp for all other elements.*® Geometry optimizations based
on the ‘Geometries, Frequencies, Noncovalent interactions extended
Tight Binding’ (GFN-xTB) method were performed to get
approximate minimum energy structures using the standalone
program provided by Grimme’s group.”” Implicit DMF solvent was
included using the analytical linearized Poisson—Boltzmann model.**
A combination of GFN-xTB and DFT was used to perform an
exhaustive screening of spin states that determine Gibbs free energy
differences in transition metal complexes (Tables S4 and S6).°° A
simplified model, where the p-methyl substituents on the phenyl rings
are replaced with hydrogen atoms, was used to avoid convergence
issues arising from the low energy rotation barriers of the methyl
groups (see Figure S12). Table S4 reports electronic energies, free
energy correction terms, and Gibbs free energies of the two different
configurations in different spin states. To compare to the crystal
structure, an optimization of the full model in the septet spin state and
the anti configuration was performed as well, starting from both the
crystal structure and GFNxTB %eometry. Visualizations were done
using the ChimeraX program.”* >

Linear Sweep Voltammetry and Cyclic Voltammetry. All
voltammetry measurements were performed using a Biologic SP-300
potentiostat, a glassy carbon (3 mm diameter) working electrode, a
platinum counter electrode, a silver wire pseudoreference electrode,
and a conventional three-electrode cell. The electrode potential of the
silver wire pseudoreference electrode was determined by using the
ferrocenium/ferrocene (Fc*/Fc) redox couple as an internal standard.
Electrochemical analysis grade TBAPF; electrolyte was obtained from
Aldrich and stored in a desiccator containing calcium sulfate (CaSO,)
as a desiccant. The supporting electrolyte concentration of all
electrochemical measurements was 0.1 M TBAPF, and the working
electrode was cleaned between experiments by polishing with alumina
(50 nm diameter) slurry, followed by rinsing with 18.2 MQ-cm water
and then acetone. The resistance of the solution between the working
electrode and the reference electrode (also called the uncompensated
resistance, R,) was determined using the zero internal resistance
(ZIR) technique before linear sweep voltammetry, and 85% of the
uncompensated resistance was accounted for during the experiments.
For kinetic analysis, the solution containing a catalyst was analyzed in
the presence of [DMFH'][OTf ] (10—100 mM) added as a freshly
prepared 2 M stock solution in DMF.

Calculations of k., TOF ., Ecatsar Eeqr and 5. TOF,,,,, values
were experimentally determined using S-shaped voltammograms
recorded in the presence of oxygen and an acid, where the ORR
activities are limited only by the kinetics of the catalytic reaction as
opposed to the diffusion of chemical substrates. The concentrations of
chemical substrates and catalysts are related to the catalytic plateau
current (iPl) of an S-shaped voltammogram by eq 10751214

ipl = ncatFACcat \Y chat (10)

where n, is the number of electrons involved in the catalytic process
(in this case four), A is the electrode surface area, C_, is the
concentration of the catalyst, and D is the diffusion coeflicient for the
catalyst. k,, (with units of s™") is the observed, global rate constant
expressed as a product of the concentrations of the chemical

substrates (C3) and the rate constant for catalysis (k' ,, with units of
mol™ L* s™!), which takes into account the order of the reaction (x),
with respect to C3, as expressed in eq 3. As indicated in eq 11,
catalytic currents were determined by subtracting the currents
measured in the absence of a catalyst from the currents measured
in the presence of a catalyst under otherwise identical experimental
conditions.

catalytic i = i measuered with catalyst — i measuered without
catalyst (11)

Although this subtraction is useful to account for contributions
from the increasing charging currents that accompany increasing scan
rates,” the prevalence of the cathodic feature at applied electrode
potentials more negative than ~ —1.6 V vs E.;0,/m,0 (recorded when

using a glassy carbon working electrode either in the presence of an
added catalyst or with no added catalysts) contributes to the deviation
from an ideal S-shaped voltammogram waveform. Therefore, a current
within the plateau-shaped region of a voltammogram response, where
the first derivative of the catalytic current yields a local minimum, was
selected to (1) report the corresponding catalytic plateau current, iy,
and (2) identify the potential for reporting the values of catalytic
currents in plots of catalytic current versus scan rate (see Section 5.4
of the Supporting Information file, regarding determinations of
maximum turnover frequencies, catalytic half-wave potentials, and
catalytic plateau currents, for further details).

Eq 10 can be divided by the Randles—Sevcik equation (eq 12),
which describes the dependence of peak current (ip) on the scan rate
(v) for a reversible redox process measured in the absence of a
chemical substrate. In the Randles—Sevcik equation, n, represents the
number of electrons involved in the redox event (in this case one).

nPFvD

i, = 0.4463n FAC,,, (12)

The i, values were experimentally determined from the cathodic
peak currents recorded in the absence of a chemical substrate at a scan
rate of 100 mV s~', analyzed using a peak analysis function of the
software EC-lab and a linear regression baseline. In this work, we
describe the redox states of [Fe,FP]CL, [FeTTP]Cl, [FeTpCF,PP]-
Cl, and [FeTpOMePP]Cl using the monikers [Fe,FP]", [FeTTP]",
[FeTpCF;PP]", and [FeTpOMePP]", respectively, where n gives
information on the relative number of electrons transferred to or from
the charge neutral [Fe,FP]°, [FeTTP]°, [FeTpCF,PP]° or
[FeTpOMePP]° metalloporphyrin complex. The overlapping and
electrochemically irreversible features of the [Fe,FP]**/[Fe,FP]'* and
[Fe,FP]"*/[Fe,FP]° redox couples complicate the determination of i,.
Thus, the peak current of either the [Fe,FP]°/[Fe,FP]'", [FeTTP]OP
[FeTTP]'", [FeTpCF,PP]°/[FeTpCF;PP]'", or [FeTpOMePP]%/
[FeTpOMePP]'~ redox couple, which shows a well-separated,
electrochemically reversible redox feature, was used to evaluate i,
The resulting ratio of iy/i, allows the determination of k,, (which is
equal to TOF,,,,) without independent measurement of the diffusion
coefficient via eqs 7 and 8.%'*7'* E../, was taken as the half-wave
potential derived from plots of catalytic current versus applied
electrode potential.

For the work described in this article, TOF is not affected by the
concentrations of the reaction products of ORR, and changing the
concentration of water in an organic solvent (including DMF) would
have only a relatively small effect on the corresponding overpotentials
(for example, a difference of 10 mM versus 30 mM in H,O equates to
~14 mV difference in overpotential). In this article, Eeqoym,0 18

calculated using a 20 mM concentration of H,O in DMF (consistent
with a previous study reporting an average value of 20 + 10 mM
residual water in DMF as determined via Karl Fischer titration
methods).'¢

The values of TOF,,, and E_,/, for each catalyst were obtained via
a minimum of triplicate voltammetry measurements (see Figures S21,
§22, $23, and $24) and application of the relationships given in eqs 7
and 8. Using these TOF,,,, and E_,,/, values, catalytic Tafel plots were
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constructed utilizing the relationship given in eq 9. The solid lines in
the catalytic Tafel plots indicate averaged values, and the shaded areas
indicate standard deviations.

Deviation from the ideal S-shaped voltammogram waveform is
caused by several possible side phenomena, including consumption of
the chemical substrate, deactivation of the catalyst, product
adsorption to the electrode surface, and background product
formation at the electrode.'”” Such side phenomena complicate
determinations of TOF,,,, and E_;/, values, and caution is advised
when interpreting nonideal waveforms. Nonetheless, for the work
reported herein, the variation in the values of TOF,,,, and E,/, for a
given catalyst (ie, [Fe,FP]Cl, [FeTTP]Cl, [FeTpCF;PP]Cl, or
[FeTpOMePP]Cl) is within the experimental error of measurements
over a 100 mV span of the plateau current region and has no major
effect on the reported values of log TOF,,,, or E_,./, (see Figure S25).

Rotating Ring-Disk Electrode (RRDE) Experiments. All
measurements were performed under O, (1 atm) using DMF
solutions containing [DMFH*][OTf"] (20 mM) as a proton source
and TBAPF, (0.1 M) as a supporting electrolyte. The disk electrode
was a glassy carbon disk electrode (S mm diameter), and the ring
electrode was a platinum ring electrode (purchased from Pine
Research). The platinum ring electrode was polished by hand using a
3 pum diamond polishing compound on a Nylon polishing cloth, then
using 1 ym diamond polishing compound on a Nylon polishing cloth,
and then using 1 ym diamond polishing compound on a MicroCloth
polishing pad. Following the polishing, the platinum ring electrode
was rinsed with 18.2 MQ-cm water and then sonicated in 18.2 MQ-
cm water. The potential of the glassy carbon disk electrode was swept
from —0.75 V vs E.0,/m0 (=02 V vs Fc'/Fc) to —1.45 V vs

Eeqo,/m,0 (—=0.9 V vs Fc*/Fc) at a scan rate of 100 mV s™', and the
platinum ring electrode was polarized at +0.05 V vs E.0,/m,0 (+0.6 V

vs Fc*/Fc) to oxidize the H,0, produced at the glassy carbon disk
electrode. The voltammograms shown in Figures S31 and S33 were
recorded before adding ferrocene as an internal standard, whereas the
data shown in Figures 7 and S32 were recorded in the presence of
ferrocene.

The percentage of peroxide or water branching (%H,0, or %H,0,
respectively), defined herein as the moles of H,0, or H,O produced
per total moles of products (H,0, and H,0), respectively, was
calculated using eqs 13 and 14, where igq is the disk current, iy, is
the ring current, and N is the RRDE assembly’s collection efficiency.
Although eqs 13 and 14 were initially derived for heterogeneous
catalysts, they can be applied to homogeneous catalysts, provided the
limiting ring and disk currents are independent of rotation rate.”” The
values of i;,; used in eqs 13 and 14 were determined by measuring the
total current at the ring electrode and subtracting the background
current (ie, the ring electrode current measured when the disk
electrode is polarized at potentials where no catalytic activity is
observed). N was independently determined using DMF solutions
containing ferrocene (1.0 mM) and by sweeping the potential of the
glassy carbon working disk electrode from —0.3 to +0.5 V vs Fc*/Fc
at a scan rate of 100 mV s™' to oxidize ferrocene and polarizing the
platinum ring electrode at a constant potential of —0.3 V vs Fc*/Fc to
reduce the ferrocenium produced at the disk electrode (see Figure
S34). These measurements to determine N were performed under an
argon atmosphere in solutions containing TBAPF¢ (0.1 M) as the
supporting electrolyte. Eq 15 was used to calculate the value of N,
which is expressed as an average and using values taken from
measurements recorded at rotation rates of 400, 900, 1600, and 2500
rpm and with applied electrode potentials between +0.2 and +0.5 V vs
Fc*/Fc to yield N = 22.5%.

2iin,
100(7*‘)
%H,0, = ————

Tring

N

igigk T

(13)

11630

pubs.acs.org/JACS
. iting
100{ igg——
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g + (14)
N= l—g
Liisk (15)

Information about the fraction of current driving a specific
electrochemical transformation is given by the faradaic efficiency,
FE, which is the ratio of the amount of chemical product (N’) to the
total amount of charge passed during the reaction (Q) multiplied by F
and the number of electrons required to form the product (n’) (eq
16). The FE for the formation of peroxide (FEyy o) and the FE for the

formation of water (FEy,o) can also be calculated from %H,0, and %

H,O using eqs 17 and 18, respectively.

n’ X N’ (mol) X F(C mol ")

FE =
Q(0) (16)
2 X %H,0,
FEy; o, = 100 X
2 2 X %H,0, + 4 X %H,0 (17)
4 X %H,0
FEy o = 100 X =100 — FEy ,
2 2 X %H,0, + 4 X %H,0 22
(18)
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