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ABSTRACT: Cofacial porphyrin catalysts for the Oxygen Reduction
Reaction (ORR) formed via coordination-driven self-assembly have
so far been limited to designs with fourfold symmetry, where four
molecular clips bridge two porphyrin sites. We have synthesized six
Py,Ph,, (Py = pyridyl, Ph = phenyl) metalloporphyrin prisms (Co*",
Zn*") bridged by molecular clips containing two Rh*" centers. Four
of these structures are lower symmetry, with the Py;Ph and Py,Ph,
prisms containing three and two molecular clips, respectively. The
Co*" species were evaluated for their ORR activity. Cyclic and
hydrodynamic voltammetry studies of heterogeneous catalyst inks in
aqueous media revealed marked differences in selectivity from ~5%
(Py;Ph) to ~37% (Py,Ph,) for the formation of H,0,. The single-crystal X-ray structure of the Zn, Py,Ph, prism shows an offset
between the porphyrin faces. This structural feature may be responsible for the change in selectivity, consistent with previous studies
of covalently tethered cofacial porphyrins that have shown that geometry is a critical determinant of two-electron/two-proton versus
four-electron/four-proton pathways. Extraction of standard rate constants k, for the ORR revealed a cofacial enhancement of ~2
orders of magnitude over mononuclear Co** tetrapyridyl porphyrin. Even though all the prisms described here use the same
molecular clip, the resultant structures, and thus the reactivity for the ORR, differ significantly based on the number and orientation
of pyridyl donor groups on the porphyrins, highlighting how coordination-driven self-assembly can be used to rapidly tune dinuclear
catalysts.

Selective ORR via self-assembly

Bl INTRODUCTION including the ORR. Second, both metals may participate in the
binding of substrates and intermediates, which can lower energy
barriers to afford faster kinetics. Third, if both metals can help
stabilize a key intermediate of one reaction pathway over
another, the selectivity may be greatly influenced. From the
standpoint of studying the activity, these features may support
lower overpotentials, higher faradaic efficiencies, and improved
selectivities compared to mononuclear catalysts.”~'°

That said, it is not a given that two metals will outperform a
mononuclear catalyst. In fact, many cofacial systems still show
significant H,O, production, and it was not until the discovery of
the Co, FTF4 architecture that a macrocyclic catalyst
demonstrated direct four-electron/four-proton chemistry, with
<10% selectivity for H,0,."" Related pillared architectures,
where two porphyrins are linked through a single rigid covalent
bridge, show similar selectivities that are sensitive to the nature

Molecular catalysts for the Oxygen Reduction Reaction (ORR)
can be traced back to the pioneering work by Jasinski in 1964 on
a cobalt phthalocyanine complex as the active component of a
fuel cell run under basic conditions." Over the next half-century,
a wide library of molecular catalysts have been studied under
aqueous and nonaqueous conditions, especially metal-contain-
ing N-macrocyclic complexes.” These studies have established
that mononuclear systems often follow a two-electron/two-
proton reduction to H,O, either in addition to or exclusively
over the four-electron/four-proton reduction to H,O.” In fact,
the original cobalt phthalocyanine catalyst was later measured to
be ~50% selective for hydrogen peroxide, and related systems
can be as high as 98% selective under chemical reduction
conditions for this two-electron/two-proton product.”*
Challenges in the selectivity of catalysts for the ORR
prompted explorations of dinuclear systems which often invoke

biomimetic inspiration from cytochrome c oxidase as the basis Special Issue: Discrete Coordination Cages and Metal | ISR
for effective oxygen reduction.” There are three reasons why Clusters v
dinuclear metals may be better than their mononuclear Received:  April 1, 2022
counterparts. First, multielectron, multiproton inventories are Published: June 14, 2022

more easily managed across two metal centers, which is a
necessary requirement of many small-molecule activations,
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Diphenylene bridge

Anthracene bridge

Figure 1. Literature-reported cofacial cobalt porphyrins for ORR catalysts.

Dibenzofuran bridge

of the bridge (<8% H,0,, diphenylene bridge; <15% H,0,,
anthracene bridge; 12 ~28% H,0,, dibenzofuran brldge1 1), as
shown in Figure 1. These pioneering studies of cofacial
porphyrins implicate the stabilization of a y-peroxo intermediate
as a critical determinant of selectivity.'”

Even with these impressive selectivities and compelling
mechanistic studies, there remain many outstanding questions
about how cofacial porphyrins carry out the ORR. Elucidating
this reactivity requires systematic changes to both physical and
electronic structure that may be difficult to achieve using
covalent approaches that often involve multiple-step syntheses
and multiple chromatographic purifications. These synthetic
challenges and associated low yields have limited the library of
cofacial architectures, which in turn hinders a deeper under-
standing of reactivity and mechanism.' "¢

Our strategy to obtain cofacial catalysts for the ORR has been
to exploit coordination-driven self-assembly'’~"" between
pyridyl-functionalized porphyrins and so-called molecular clips
that arrange two metals with offset and parallel coordination
sites. When combined in solution, metal—ligand bond formatlon
may drive the assembly of cofacial prisms (Scheme 1),”° though

Scheme 1. Simple Illustration of the Coordination-Driven
Self-Assembly of Cofacial Prisms and Various Kinetic
Intermediates That May Form during the Assembly Process

Porphyrin

Molecular clip
building block (P)---

.-~ "building block (C)

2
intermediates

cofacial prism

it is possible to form bowtie-like structures if the pyridyl sites on
a single porphyrin are simply bridged”' or more complex
structures with other building blocks.””** Our group demon-
strated that when suitable metalloporphyrins are used, there is a
significant cofacial kinetic enhancement for both chemical and
electrochemical O, reduction.”* We varied metal—metal
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separation to show changes to selectivity,”” and we continued
to tune the properties of these archltectures through
modification of the molecular clip building blocks.*

To date, the only examples of ORR by coordination-driven
self-assembled catalysts have fourfold symmetry, requiring four
molecular chps to bridge Py, meso-functionalized pyridyl
porphyrins.”* > By changing the number of pyridyl groups,
the stoichiometry of self-assembly necessarily changes, and
herein we explore lower-symmetry prisms. We were particularly
interested in trans-Py,Ph, systems owing to similarities to the
classic Co, FTF4 catalyst as well as Py;Ph systems, since
analogous “three-strapped” covalently tethered porphyrins have
gone essentially unexplored over the past decades. As such, we
carried out a one-pot reaction to generate statistical combina-
tions of meso-functionalized phenyl and pyridyl porphyrins,
enabling us to isolate Py,, Py;Ph, and trans-Py,Ph, building
blocks (Py = pyridyl, Ph = phenyl) for subsequent assembly with
a rhodium-based molecular clip (Rhoxo clip)”” to form Zn, and
Co, prisms. The Co, prisms were evaluated as electrocatalysts
for the ORR under homogeneous and heterogeneous
conditions.

B EXPERIMENTAL SECTION

Chemicals were purchased from commercial sources and used as
received unless otherwise noted below. Solvents were purified using a
solvent-drying system (Pure Process Technology). The rhodium-based
molecular clip was prepared following a literature procedure.”” 'H
NMR spectra were acquired on Varian 300, 400, or 500 MHz
spectrometers. Chemical shifts (§) are reported in parts per million
(ppm) and referenced against the residual proton resonance of the
deuterated solvent. Mass spectra were recorded on an electrospray
ionization (ESI) linear ion trap (LTQ)-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) or by electrospray ionization using a home-
built sprayer into a Bruker SolariX 12 T FTMS (12 T FT-ICR) system
equipped with a dual source. No precautions were taken to exclude air
(O, or water) from self-assembly reactions.

One-Pot Synthesis of Tetrapyridyl-, Tripyridylphenyl-, and
trans-Dipyridyldiphenyl Porphyrins. 4-Pyridinecarboxaldehyde
(0.83 g, 7.5 mmol, 3.0 equiv) and benzaldehyde (0.25 g, 2.5 mmol,
1.0 equiv) were added to S0 mL of propionic acid. The mixture was
brought to reflux while stirring. Freshly distilled pyrrole (0.67 g, 10.
mmol, 4.0 equiv) was then added dropwise over the course of 30 min.
The final mixture was further refluxed for an additional 60 min after
which it was allowed to cool to room temperature and the solvent
volume reduced to half in vacuo. The cooled and reduced solution was
placed in a § °C refrigerator for 30 min. The solid that formed was
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collected by filtration and washed with cold methanol (3 X 20 mL) and
dried under vacuum to afford a crude purple solid. The crude product
contained all three desired porphyrins, and these were further separated
by column chromatography on silica gel with dry loading, initially using
100:1 chloroform/methanol and transitioning to a 20:1 eluent. We note
that in addition to the Py,, Py;Ph, and trans-Py,Ph, porphyrins, the
crude product also contained other variants (e.g., Ph,, Ph;Py, and cis-
Py,Ph,.). The greater the number of pyridyl groups, the slower a given
porphyrin eluted, facilitating separation and isolation (trans-Py,Ph,
first, Py;Ph second, Py, last).

General Metalation Procedure. A mixture of free-base porphyrin
(100 mg, 0.16 mmol, 1.0 equiv) and M(OAc), (M = Co, Zn) (0.64
mmol, 4.0 equiv) in DMF was refluxed for 5 h. The reaction mixture was
poured into water to precipitate a crystalline product, which was filtered
and washed with water (3 X 10 mL) and then ethanol (3 X 10 mL) and
then characterized by ESI-.LTQ-MS. Zn Py,Ph: (M + H') m/z =
680.150. Zn Py,Ph,: (M + H*) m/z = 679.160. Co Py;Ph: (M + H*) m/
z=674.227. Co Py,Ph,: (M + H") m/z = 673.146 (as shown in Figures
$17-520).

General Self-Assembly Procedure. The stoichiometry of
porphyrin, Rhoxo clip, and AgOTf used in self-assembly reactions
was dictated by the number of pyridyl groups. For Py, prisms, 4.0 equiv
of the chloro-ligated molecular clip was combined with 2.0 equiv of
tetrapyridyl porphyrin in the presence of 8.8 equiv of AgOTf. For the
Py;Ph prisms, 3.0 equiv of the chloro-ligated molecular clip was
combined with 2.0 equiv of tripyridylphenyl porphyrin in the presence
of 6.6 equiv of AgOTf. For the Py,Ph, prisms, 2.0 equiv of the chloro-
ligated molecular clip was combined with 2.0 equiv of tetrapyridyl
porphyrin in the presence of 4.4 equiv of AgOTf. Self-assembly was
achieved by first combining a quantity of chloro-ligated Rhoxo clip with
AgOTfin 10 mL of methanol with the exclusion of light. This solution
was stirred for 3 h, prompting the formation of AgCl which was
removed via filtration through a pipet plugged with glass fiber. The
filtrate was added directly to a suspension of the desired porphyrin in 5
mL of methanol. This final mixture was refluxed for 48 h upon which it
was cooled and filtered once more through a pipet plugged with glass
fiber to remove any insoluble byproducts, and the remaining solvent
was removed by rotary evaporation. The crude product was
recrystallized by dissolution in methanol and the addition of diethyl
ether. Purified cofacial prisms were dried under vacuum for at least 12 h
prior to spectroscopic or electrochemical analysis.

Self-Assembly of the Zn, Py, Prism.

Rhoxo clip (41.31 mg, 0.065 04 mmol, 4.000 equiv), AgOTf (34.09 mg,
0.1327 mmol, 8.160 equiv), and ZnTPyP (22.16 mg, 0.032 49 mmol,
1.998 equiv) in 12.0 mL of methanol. Yield: 62.37 mg (0.013 00 mmol)
of the Zn, Py, Prism, 80.00%. "H NMR (500 MHz, CD;0D) §9.02 (d,
] =5.6 Hz, 8H pyridyl), 8.92 (d, ] = 4.6 Hz, 8H pyrrolic), 8.89 (d, ] = 4.6
Hz, 8H pyrrolic), 8.54 (d, J = 5.5 Hz, 8H pyridyl), 8.49 (dd, ] = 5.8, 2.2
Hz, 8H pyridyl), 8.08 (dd, ] = 5.6, 2.2 Hz, 8H pyridyl), 1.93 (s, 120H
Cp*). UV—vis (MeOH): soret band A,,,,, = 422 nm, Q bands 4,,,, = 556,
596 nm.
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Self-Assembly of the Co, Py, Prism.

Rhoxo clip (41.14 mg, 0.064 77 mmol, 4.000 equiv), AgOTf (33.83 mg,
0.1317 mmol, 8.131 equiv), and CoTPyP (21.80 mg, 0.032 27 mmol,
1.993 equiv) in 12.0 mL of methanol. Yield: 49.77 mg (0.010 37 mmol)
of the Co, Py, Prism, 64.28%. UV—vis (MeOH): soret band 1, = 415
nm, Q-band 4, = 535 nm.

Self-Assembly of the Zn, PysPh Prism.

Rhoxo clip (10.0 mg, 0.0158 mmol, 3.00 equiv), AgOTf (9.09 mg,
0.0354 mmol, 6.60 equiv), and Zn Py;Ph porphyrin (7.15 mg, 0.0105
mmol, 2 equiv) in 15 mL of methanol. Yield: 15.2 mg (0.003 86 mmol)
of the Zn, Py;Ph Prism, 73.4%. '"H NMR (500 MHz, CD;0D): § =
9.28—7.44 (m, SOH; pyrrole, pyridyl, phenyl Ar—H), 2.00—1.80 (m,
90H; Cp* CH,). UV—vis (MeOH): soret band A,,,, =421 nm, Q-band
Amax = 556 nm, 596 nm.
Self-Assembly of the Co, Py;Ph Prism.

Rhoxo clip (10.0 mg, 0.0158 mmol, 3.00 equiv), AgOTf (9.09 mg,
0.0354 mmol, 6.60 equiv), and Co Py;Ph porphyrin (7.17 mg, 0.010S
mmol, 2 equiv) in 15 mL of methanol. Yield: 13.4 mg (0.00340 mmol)
of the Co, Py;Ph Prism, 64.7%. UV—vis (MeOH): soret band A,,,, =
416 nm, Q-band 4,,,, = 535 nm.

Self-Assembly of the Zn, Py,Ph, Prism.

Rhoxo clip (10.0 mg, 0.0158 mmol, 2.00 equiv), AgOTf (9.09 mg,
0.0354 mmol, 4.40 equiv), and Zn Py,Ph, porphyrin (10.7 mg, 0.0158
mmol, 2 equiv) in 15 mL of methanol. Yield: 20.3 mg (0.000 658
mmol) of the Zn, Py,Ph, Prism, 83.5%. 'H NMR (500 MHz,
CD;0D): § = 9.20—8.76 (m, 26H; pyrrole, pyridyl, phenyl Ar—H),
8.76—858 (m, 10H; pyrrole, pyridyl, phenyl Ar—H), 8.45—8.04 (m,
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Scheme 2

Cp* 1. + 8.8 AgOTf
Bh/CI - 8 AgCl
o 0 MeOH, 3 h _
4 // { -
00
ci-Rh
\Cp*
M Py4. M=Zn, Co
Ccp* 1.+ 6.6 AgOTf
\Bh/CI -6 AgCl
o ,\O MeOH, 3 h _

Reflux
2 days

M Py,Ph

1.+ 4.4 AgOTf
-4 AgCl
MeOH, 3 h

Reflux
2 days

M PyZPhZ

M, Py;Ph Prism

Mz PyZPhZ Prism

16H; pyrrole, pyridyl, phenyl Ar—H), 1.92 (s, 60H; Cp* CH;). UV—vis
(MeOH): soret band A, = 422 nm, Q-band A, = 558, 596 nm.
Self-Assembly of the Co, Py,Ph, Prism.
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Rhoxo clip (10.0 mg, 0.0158 mmol, 2.00 equiv), AgOTf (9.09 mg,
0.0354 mmol, 4.40 equiv), and Co Py,Ph, porphyrin (10.6 mg, 0.0158
mmol, 2 equiv) in 15 mL of methanol. Yield: 15.3 mg (0.004 98 mmol)
of the Co, Py,Ph, Prism, 63.2%. UV—vis (MeOH): soret band 4,,,, =
416 nm, Q-band A,,,, = 535 nm.

Electrochemical Analysis. All electrochemical experiments were
performed using a BioLogic SP-300 bipotentiostat. TBAPF¢ was
recrystallized three times from ethanol and dried for at least 48 h in
vacuo before use in nonaqueous experiments. Acetonitrile was dried
using a Pure Process Technology solvent system. Cyclic voltammo-
grams (CVs) under homogeneous conditions were carried out in
acetonitrile with 100 mM concentration of TBAPF, as a supporting
electrolyte. A glassy carbon working electrode (3 mm diameter) and a
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Pt wire counter electrode were used. A nonaqueous Ag/AgNO;
reference electrode was used. At the completion of experiments,
ferrocene was added to the cell to convert all nonaqueous potentials to
Fc*/Fc.

For heterogeneous films in aqueous media, nanopore water was used
to prepare 0.5 M H,SO, solutions, which served as both the proton
source as well as the electrolyte. A glassy carbon working electrode (3
mm) and a Pt wire counter electrode were used. The reference was an
aqueous Ag/AgCl (3 M KCl) electrode.

For hydrodynamic voltammetry, a Pine MSR rotator was used with a
glass carbon disk, Pt ring, and ring-disk electrode. Scan rates were 100
mV/s for CVs and 20 mV/s for linear sweep voltammograms.
Selectivities were determined by holding the ring at a 1.0 V potential
to reoxidize any H,O, that formed. The collection efficiency of the
RRDE electrode was established using K;Fe(CN),4 to enable the use of
eq 1.

——— x 100

. ring
lask T

% H,0, =

(1)

Catalyst ink film preparation: In a 2-dram vial, 1.0 ymol of catalyst,
5.5 mg of carbon black, 100 4L of ethanol, and 500 uL of methanol were
sonicated for 1 h. The solvent was then evaporated in vacuo, followed
by the addition of a 70 uL Nafion solution (5% w/w in isopropyl
alcohol) and 600 yL of ethanol, and the suspension was sonicated for 1
h. The Nafion catalyst ink was then pipetted onto the working
electrode. When CVs were acquired using a 3 mm working electrode, 2
UL was drop cast onto the surface and allowed to stand in air until dry.
In the case of the larger glassy carbon disk for the ring-disk electrode, 3
UL was used to completely cover the surface.

Crystallography. Single crystals of the Zn, Py, Prism were grown
by vapor diffusion of diethyl ether into a solution of the prism in
CH,Cl,. Crystals were small, red, cubic blocks (0.06 X 0.06 X 0.08
mm?). The datum crystal was mounted on a glass fiber, and the data was
collected on a Bruker-APEXII diffractometer, with a Mo rotating anode,
and a APEXII area detector at 100 K. Even with 120 s exposures,
diffraction intensities beyond 1.2 A were not measurable. This is not
uncommon for crystals of these architectures. A series of w-scans were
used to cover reciprocal space. Beyond weak diffraction, the first
evidence of a problematic structure was the difficulty associated with
data indexing. Indexing was performed using APEX3, and several
possible unit cells were found.”® Ultimately, a tetragonal cell was
selected and used in data reduction. Integration and scaling were also
performed in the APEX3 software package. The space group was found
to be P422; the assignment was made on the basis of E? statistics and the
successful refinement of the structure. Structure solution was
performed using SHELXT?® via intrinsic phasing, and least-squares
refinement was done with SHELXL*® in the Olex2 (ver. 1.5) software
package.®'

The structure refinement of the Zn, Py, Prism was notably
challenging. The asymmetric unit consisted of 1/8th of a formula unit,
along with numerous solvent/triflate counterions. Attempts at
modeling the solvent and counterions were ineffective. The crystal
exhibited a layered structure with alternating layers of prisms and
heavily disordered solvent and counterions. After all other options to
model at the very least the counterions were exhausted, a solvent mask
was applied in Olex2 to address the disordered layers. A single void
space of 7732 A was found which contained 1907 e per unit cell. On
the basis of the charge neutrality and the number of electrons, we
assigned the contents of the void space to 8 triflate anions and 32
CH,Cl, solvent molecules. These sum to 1928 e™ per unit cell, in good
agreement with the number of electrons found by the solvent mask. We
have elected to assign the entire void space to be CH,Cl,; however, we
cannot rule out the possibility, and indeed likelihood, that diethyl ether
also contributes to the disordered solvent layers. Nevertheless, this does
not detract from the final conclusion that the desired cofacial
architecture has indeed been synthesized in the expected confirmations
and stoichiometry.
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Single crystals of the Zn, Py,Ph, Prism were grown by the slow
evaporation of methanol. Crystals were red blocks. The crystal (0.071 X
0.168 X 0.233 mm®) was mounted on a Rigaku XtaLAB Synergy
diffractometer coupled to a Rigaku Hypix detector with Cu Ka
radiation (1 = 1.541 84 A) from a PhotonJet microfocus X-ray source at
100 K. The diffraction images were processed and scaled using the
CrysAlisPro software.>> Structure solution and refinement were
performed as outlined above for the Zn, Py, Prism.

The refinement of the Zn, Py,Ph, Prism was significantly more
straightforward than that of the Zn, Py, Prism. The prism crystallized
in P2,/c with two half-fragments in the asymmetric unit. The first
fragment showed no disorder, while the second showed disorder in one
of the Rhoxo molecular clips and its corresponding pyridyl group.
Specifically, a rocking motion led to positional disorder over two
positions. The occupancy was allowed to freely refine and adopted a
70:30 ratio. Of the four expected counterions, two were found in the
electron density map, while the other two remained disordered in the
solvent accessible void space. Attempts to model the remaining two
triflate counterions were unsuccessful, so a solvent mask was applied.
Two independent voids were found with volumes of 2690 and 168 A3
containing 26 and 930 e™ per unit cell, respectively. The larger void was
assigned 8 triflates anions and 20 methanol molecules per unit cell (944
e”), and the smaller 1.32 methanol molecules (24 e”). With Z = 4 and
Z' = 1, the two triflates in the asymmetric unit correspond to 8 per unit
cell; this totals the expected 16 anions per unit cell necessary for charge
neutrality.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. These self-
assembly reactions proceeded as expected for metal—pyridyl-
based self-assemblies. Chloride is often problematic for such
architectures as it can displace metal—pyridyl bonds, and so its
removal using a standard AgOTT salt metathesis enabled clean
self-assembly of all six porphyrin prisms as illustrated in Scheme
2. All six assemblies occurred with relatively high isolated yields,
spanning 60—84%. We note that for the Py, assembly, if
reactions are carried out in a sealed NMR tube, the only
significant species observed in the 'H NMR is the prism as
shown in Figure 2. DOSY spectra of the crude reaction mixtures
also support clean and near quantitative assembly as only a single
diffusion is observed for all nonsolvent peaks (Figure S8).

Although the Co, prisms are paramagnetic and thus NMR
information is of limited value, the Zn, analogues could be fully
characterized by '"H NMR to support symmetry and purity,
along with DOSY NMR to gain information about the number
of species in solution. In all cases, 'H NMR was consistent with

| T 44n
e A 28h
b ‘ A
' 20 h
S U S | L #I & 4h
Y A | i #l 1h
U A | i #l 025h
y: | . l Oh
9.0 g2 ! 4.0 2.0 0.0

Porphyrin region Clip region (ppm)

Figure 2. Time-evolution of the self-assembly of the Zn, Py, Prism
monitored by '"H NMR in a J-Young tube (CD;0D, 500 MHz). Peak
intensities of the porphyrin region are scaled independently from the
clip region. * corresponds to Cp* in the free molecular clip, and # is the
analogous Cp* resonance for the prism.
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7 Zn, Py,Ph, Prism

Figure 3. Single-crystal structures of the Zn, Py, Prism (left) and the Zn, Py,Ph, Prism (right) illustrating the cofacial porphyrin arrangement and the
effect of twisting and offset of the porphyrin planes on the metal—metal separation. Solvent molecules, counterions, and H atoms omitted for clarity.

our anticipated cofacial porphyrin architectures being octarho-
dium (Py, prisms), hexarhodium (Py;Ph prisms), or tetrarho-
dium (Py,Ph, prisms). The resonances corresponding to
protons on the Cp* occur between 1 and 2 ppm; the resonances
associated with pyridyl-, phenyl-, and pyrrolic-protons occur
between 7.5 and 10 ppm. The high symmetry of the Py, prism
results in well-resolved peaks and a relatively simple overall
spectrum. The features corresponding to the a- and -protons of
the pyridyl groups, which are iconic in metal—pyridyl
coordination-driven self-assemblies, can be seen clearly but are
more complex in the Py;Ph and Py,Ph, prisms owing to their
reduced symmetries. The Py;Ph and Py,Ph, structures break the
symmetry of the pyridyl protons, so additional peaks and
splitting are observed (see Figures S4 and S5). For all three Zn,
prisms, every peak aside from those from solvents show the same
diffusion, consistent with all protons being found on the same
size species (DOSY NMRs, Figures S7—S10). Whereas NMR
establishes purity and provides information about symmetry,
ESI-MS is commonly used to investigate the stoichiometry of
self-assembly since it is often possible to detect peaks that
correspond to intact architectures that are charged by virtue of
the loss of counterions. Indeed, for all six prisms, we find peaks
that support our structural assignments of four, three, and two-
clipped cofacial porphyrins for Py, Py;Ph, and Py,Ph,,
respectively (Figures S11—-S16).

Crystallography. Single crystals suitable for X-ray diffrac-
tion were successfully grown for both the Zn, Py, and Zn,
Py,Ph, prisms (Figure 3). The observed structure of the former
matches what we would anticipate from earlier syntheses of
related architectures.”® Two porphyrins are held in a cofacial
arrangement, bridged by four molecular clips. The two Zn**
metal centers are separated by a distance of 4.33 A and reside on
the crystallographic fourfold rotation axis. The planes generated
by the pyrrolic N atoms are 3.88 A apart, suggesting that the
Zn** cations pucker ~0.23 A above the plane of the porphyrin N
atoms. The Zn** coordination environment can best be
described as distorted square pyramidal. Four pyridyl N-donors
and a single O-donor from either a poorly resolved axial
methanol or water molecule complete the coordination sphere.
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The twist angle between the upper and lower porphyrin rings is
13.3°, resulting in a shortening of the M—M separation from the
theoretical maximum of 5.57 A based on the Rh—Rh distance in
the molecular clip and a 0° twist angle.

Single crystals of the Zn, Py, Prism were twinned, and the
inversion matrix was successfully used to relate the two twin
domains (i.e., a racemic twin). This confirms that both helical
isomers (M and P) were present in the crystal. The batch scale
factor was refined to 0.50(S) indicating essentially equal
contributions from each domain. Visualizing the packing of
the crystal revealed a layered structure, wherein there are
alternating layers of ordered cofacial prisms and disordered
solvent and triflate counterions. The layers of highly disordered
solvent and counterions help to explain the generally poor
diffraction and the diffuse scattering observed in the 0l and 0kl
precession images (see the Supporting Information). The
precession image in the 1k0 plane clearly illustrates the fourfold
symmetry of the lattice and lacks strong diffuse scattering,
indicative of the long-range ordering of the prism units down the
crystallographic c-axis. The observed diffraction is similar to that
of other layered structures in the literature.”

Descending from four molecular clips to two results in a
dramatic change in the orientation of the porphyrins. The Zn-
centers of the Zn, Py,Ph, Prism were found to adopt a “slipped”
conformation where the porphyrin units were laterally offset in
space, rather than the coaxial configuration observed for the Zn,
Py, Prism. The unit cell was found to have four formula units (Z
= 4), with Z’ = 1; however, instead of one full formula unit, we
found two independent half-formula units. As such, there are
two measurable Zn—Zn distances, 5.647 and 5.592 A, the latter
corresponding to the formula unit with the disordered clip. The
larger Zn—7Zn distance results from a different tilting motif in the
molecular clip.

Electrochemical Analysis. Cofacial porphyrins are known
to catalyze two pathways of oxygen reduction: the four-electron/
four-proton reaction to generate water (eq 2) and the two-
electron/two-proton reaction to form hydrogen peroxide (eq
3):
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Figure 4. CVs of Co, prisms under homogeneous conditions. Blue: 0.1
mM prism, N, atmosphere; red: 0.1 mM prism, O, atmosphere; green:
0.1 mM prism, O, atmosphere, 100 mM TFA. In all cases, dry
acetonitrile with 100 mM TBAPF, was used. Scan rate: 100 mV/s.

acid, which we used as a proton source in our nonaqueous
experiments. The noncatalytic features are shown in more detail
in Figures S22 and S23, where complex reduction events
associated with porphyrin and clip-centered redox chemistry
occur. When these catalysts are subjected to potentials below 0
V vs Fc*/Fc, a large current response is observed which we
ascribe to catalytic O, reduction. To confirm that the ORR
catalysis was occurring because of the Co, cores and not a
different self-assembly component, CV experiments were also
carried out with the Zn, analogues under the same conditions.
No catalytic responses were observed for all three Zn, species.
We note that the catalytic response does difter between the Co,
prisms, with the Co, Py, Prism and the Co, Py;Ph Prism
exhibiting more positive E_,/, values relative to the Co, Py,Ph,
Prism, though all three prisms show similar onset potentials.
To further explore the reactivity of the Co, prisms for the
ORR, we immobilized the catalysts in an ink of Nafion and
carbon which enabled the fabrication of heterogeneous
electrodes on glassy carbon disks for experiments to extract
faradaic efficiencies and kinetic information. The CVs of these
inks are shown in Figure S, run under aqueous conditions with
0.5 M H,SO, as a proton source and as a supporting electrolyte.
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the homogeneous experiments, where all three prisms have
similar onset potentials, but the Co,Py,Ph, Prism has a more
negative E_,; ,.

To establish the selectivity of these catalysts for the ORR,
rotating-ring disk electrode (RRDE) studies were carried out.
The ring and disk currents measured for the three prisms
collected at 2500 rpm are shown in Figure 6. These current
responses were used to calculate the faradaic efficiency of H,O,
production, which are shown in the lower plot of Figure 6. In
addition to the prisms, we measured the selectivity of cobalt
tetrapyridyl porphyrin (CoTPyP), which formed ~60% H,0,,
consistent with our previous investigations.”> All three prisms
showed a significant enhancement in selectivity relative to
CoTPyP, where the two-electron/two-proton pathway is clearly
suppressed. The most selective of the prisms was the Co, Py;Ph
Prism, which had an H,O, faradaic efficiency of 4.6% taken as
the average across all applied potentials. The Co, Py, Prism also
strongly favors four-electron/four-proton chemistry, with an
average of 15% H,0,. The selectivity of the slipped Co, Py,Ph,
Prism for H,0, is notably higher, averaging 35% across all
applied potentials. Since the Co, prism is expected to be
isostructural with the Zn, analogue, we ascribe this difference in
selectivity to the slipped or offset arrangement of the porphyrin
faces. There is some precedent for this as the selectivities of Co,
FTF4 and alkyl-modified variants, which have essentially coaxial
metalloporphyrins, are <10% H,O,, but when “slipped” versions
are made where the metals are offset, the % H,O, skyrockets to
80—85%.”° The long-standing explanation for this effect is that
the nature of Co—O—0—Co binding within the cofacial cleft
determines if subsequent proton and electron transfer results in
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Figure 6. Hydrodynamic voltammograms of the three Co, prisms using
RRDE at scan rates of 20 mV/s (top). Selectivities of the three prisms
and CoTPyP based on the faradaic efficiency of H,0O, generation in 0.5
M H,SO, at 2500 rpm (bottom).

cleavage of the O—O bond, necessary to generate water, or not,
resulting in hydrogen peroxide. A rigid coaxial geometry favors
cis binding, whereas an offset geometry favors trans binding.*®
Proposed mechanisms differ in the literature. Some summaries
invoke a Co(II1)—O—O—Co(III) y-superoxo as the key species
that can either be protonated to favor the H,O pathway or
reduced to the p-peroxo for the H,O, pathway.”> Other
pathways still complete four-electron, four-proton cycles from
the p-peroxo.”* That said, it is clear that a cofacial cleft is not an
absolute requirement for four-electron chemistry, and related
monomeric systems are emerging that are significantly selective
for water, as demonstrated recently with isocorroles.””

In addition to measuring faradaic efficiencies, we subjected
our heterogeneous catalyst inks to Koutecky—Levich analyses of
the ORR to ultimately determine standard rate constants (k).
These results are summarized in Table 1. When the
heterogeneous inks were prepared, the amount of CoTPyP
added to the mixture was twice the amount of the prisms, so that
the number of Co sites was kept constant in all materials. Thus,
any changes to kinetics are ascribed to cofacial enhancements

Table 1. Parameters of Co, Prism Inks Determined by
Electrochemical Analyses

Ecat/l Eonset
(Vvs (Vs
Ag/ Ag/ .
prism AgCl) AgCl) N, %H,0, %H,0” kS (M's")
Co, Py, 024 039 37  145%  855%  23(2) X 10
Co,Py;Ph 027 0.40 39 46%  954%  2.6(2) x 10*
Co, 020 032 33 372%  628%  2.0(3) X 10
Py,Ph,
CoTPyP 014 028 28  613%  387%  3.5(3) X 10°
“ . . ) (% H,0,)
Determined based on the following equation: N,,, = 4 — 2-— 2=~

100
100 — % H,0,. “Determined based on the following equation:

ik = nFAkhet[OZ]Fcat'
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and not because there are two cobalt sites per prism. The
standard rate constants of all three prisms are 2 orders of
magnitude greater than that of the monomeric CoTPyP. Among
the prisms, the k; values are all similar in magnitude. On the one
hand, this suggests that the slipped geometry of the Co, Py,Ph,
Prism, which had such a notable influence on selectivity, does
not manifest in significantly different kinetics. On the other
hand, because the selectivities are so different, the standard rate
constant for this low-symmetry prism has contributions from the
two-electron/two-proton pathway that are not captured to
nearly the same degree in the current response of the Co, Py;Ph
Prism, for which the four-electron/four-proton pathway
dominates. Thus, although it is fair to say that the kinetics are
similar, there is no way to decouple the two pathways to
compare rate constants exclusively for water production.
Nonetheless, because the Co, Py;Ph Prism has the largest
standard rate constant and is most selective for the more
challenging four-electron/four-proton pathway, this prism is
highly effective in catalyzing the ORR. Maintaining a coaxial
Co—Co arrangement along with opening up one of the clipped
sites has a clear influence.

B CONCLUSION

We have expanded the library of self-assembled cofacial
porphyrins to include two-clipped and three-clipped architec-
tures capable of catalyzing the ORR. The Zn, variants were used
to aid in structural characterization, which helped to establish
that the prisms formed from Py;Ph porphyrins were structurally
rigid with coaxial cofacial arrangements whereas the Py,Ph,
analogues adopted slipped geometries where the two porphyrin
faces were offset. Our coordination-driven self-assembly
approach enabled us to form these species in high isolated
yields of 60—849% with evidence of near quantitative assembly in
solution. The Co, prisms were evaluated as electrocatalysts for
the ORR, revealing cofacial enhancements to both kinetics and
selectivity over mononuclear CoTPyP. The strength of the
cofacial effects differs with the geometry/stoichiometry of self-
assembly, most notably for H,O, selectivity, with the Co, Py;Ph
Prism forming only ~5% of this two-electron/two-proton
product. Although there is a notable enhancement to the
standard rate constants for each prism, the differences between
the prisms are minor. Work is underway to better understand
these cofacial effects and the mechanism of the ORR in these
self-assembled catalysts, especially in the context of how O,
binds (within the cofacial cleft or to an external face) and if key
reduced intermediates may be characterized.
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