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We report the electrocatalytic Oxygen Reduction Reaction on a
rigid Co(i1) porphyrin prism scaffold bridged by Ag() ions. The reac-
tivity of this scaffold differs significantly from previous prism cata-
lysts in that its selectivity is similar to that of monomer (~35% H,0)
yet it displays sluggish kinetics, with an order of magnitude lower
ks of ~0.5 M~! 571, The deleterious cofacial effect is not simply due
to metal-metal separation, which is similar to our most selective
prism catalysts. Instead we conclude the structural rigidity is
responsible for these differences.

Nitrogen-containing macrocycles, especially porphyrins and
related compounds, have long been studied as electrocatalysts
due to their biomimetic nature' and ability to carry out multi-
electron multi-proton processes, for example the Oxygen
Reduction Reaction (ORR).>”” An attractive feature of these
complexes is their ability to carry out four-electron four-proton
(4e/4H) chemistry to take O, to water. Although this can be
challenging on monomeric systems since there are large
coordination number and redox demands for 4e/4H reactivity,
there are examples of effective single-metal catalysts using iso-
corroles.® It is also possible to tune the selectivity of porphyrin
catalysts using pendant bases,” with examples of favouring
2e/2H chemistry'® as well as 4e/4H chemistry.'"'>

One strategy to enforce is 4e/4H chemistry to organize two
porphyrins in a cofacial geometry. A classic example of this
approach is the well-studied FTF4 prism which is ~99% selec-
tive for H,0."> Although metal-metal separation is important,
other structural and electronic elements contribute signifi-
cantly to observed cofacial effects; the selectivity of a structu-
rally related FTF6 prism drops to 31% H,O despite being teth-
ered through the same sites,'* differing only by the inclusion
of two additional methylene carbons in the tethers. Later on,
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Nocera and co-workers showed that porphyrin-porphyrin
angles can affect selectivity by reporting dibenzofuran and
xanthene spaced Pacman porphyrins, which possessed more
rigid linkers as compared to the amide and alkyl groups of the
FTF series.">'® In addition to selectivity, the kinetics of ORR
(standard rate constants and overpotentials) are also influ-
enced by the nature of a given cofacial geometry.

To explore these cofacial effects, we have used coordi-
nation-driven self-assembly over the past five years to generate
a library of catalytically active prisms and structural analogues,
including some of the most selective molecular ORR catalysts
to-date.”” ™ A self-assembly approach is advantageous because
it avoids the correlation between structural complexity and syn-
thetic difficulty that is associated with traditional stepwise
molecular synthesis. Thus, it has been used to construct
a wide variety of metallacycles and cages with various
functionalities.”>* We have exploited the modularity of self-
assembly to include different molecular clips and nuclearities
but in all our designs, dinuclear bridges span the two por-
phyrin sites. An interesting feature that emerged during our
studies is that our four-tethered prisms twist significantly from
idealized D, ;, symmetry, resulting in canted molecular clips
and contracted M-M separations. To the extent that this
motion is dynamic in solution, the metal-metal separation
may differ by up to 1 nm based on crystal structures/calcu-
lations/ideal geometry measurements. Since all of four-
tethered catalysts share this feature,”” we became interested in
designs that rigidify the cofacial core. A recent report by
Shionoya and co-workers*® describes the syntheses of a cofa-
cial Zn,(m,u) porphyrin prism (Zn,Ag, prism) tethered by bis
(bipyridyl)Ag(1) moieties which was used for host/guest chem-
istry but has been unexplored for catalysis. We have adapted
this structure to Co(u) (Co,Ag, prism; Fig. 1) and herein report
the synthesis, characterization, and ORR activity of this rigidi-
fied design.

The synthesis of 2,2"-bipyridinyl-5-carboxylic acid followed a
literature procedure.”® The corresponding aldehyde formed
from a Swern oxidation.?® This aldehyde was then used to syn-
thesize the free base porphyrin and subsequently Zn(u) or Co
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Fig. 1 Selected cofacial catalysts for ORR featuring covalently tethered
architectures (FTF4), dinuclear molecular clips (Rhoxo Prism) and
reported here, Ag(bpy), metal nodes to bridge two Co(i) porphyrin
building blocks.

() metalloporphyrins that could be self-assembled into My(i,
1) prisms. The free-base porphyrin and Zn,(u,i) prism>**® have
been previously reported and the Co,(1,u) prism is novel.

The Zn-based cofacial prism was fully characterized by 'H
NMR to assess symmetry and purity. The integrations matched
expected values the Zn,(u,u) cofacial stoichiometry and agreed
with the literature reported values (Fig. S81). The paramagnetic
nature of the Co,(u,i) prism makes "H NMR less informative
(Fig. S91), but there are significant differences between the
electronic absorption spectra of the Co(u) porphyrin monomer
and the cofacial prism. Thus, reaction progress and purity can
be monitored by UV-Vis spectroscopy. The soret band of the
monomeric Co(un) porphyrin is observable at A;,.x = 416 nm
and upon self-assembly this band undergoes a red-shift to
Amax = 433 nm (Fig. S19%). In addition, the Q-bands of the
monomer appear as a single broad peak centered at 531 nm
whereas these bands separate into two peaks at 551 nm and
587 nm for the prism. The stoichiometry of self-assembly can
be investigated by ESI-MS, especially when clusters corres-
ponding to intact prisms cores are identified, which is often
upon the loss of counterions. We observed: m/z = 1348.9965,
corresponding to [M — 20Tf ", m/z = 1369.0182, corres-
ponding to [M — 20Tf™ + ACN]**, and m/z = 863.0297, corres-
ponding to [M — 30Tf~ + ACNJ** (shown in Fig. $11-137).

The geometry of Zn,Ag, and Co,Ag, prisms were optimized
using ORCA 5.0.3.>” The B97-3c functional and def2-mTZVP
basis set were used for both the geometry optimization and
the frequency calculations.”® The prior report of Zn,Ag, prism
contains a single crystal X-ray diffraction structure that
includes a guest molecule. This geometry, sans guest, was
used as a starting point for optimization.® Our optimized
structures feature M-M separation of 4.65 A and 4.73 A for the
Zn,Ag, and Co,Ag, prisms, respectively (Fig. 2). Furthermore,
examining the displacement vectors, and vibrational modes it
was found that both prisms lacks a low energy (<100 cm™")
twisting mode which bring the two porphyrins together, as we
discussed in our previous work.'® We note that after multiple
attempts at optimization starting from various displaced geo-
metries, there remained a singular imaginary frequency for
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Fig. 2 Optimized structure of Zn,Ag4 prism (B97-3c with def2-mTZVP).
Zn-Zn separation 4.65 A (top); optimized structure of Co,Ag,; prism
(B97-3c with def2-mTZVP). Co—Co separation 4.73 A (bottom).

Zn,Ag, and two for Co,Ag, prisms, which corresponds to the
two porphyrin macrocycles moving towards one another;
however, it does not possess the twisting motion expected for
more flexible cofacial prisms. Ultimately, small imaginary fre-
quencies are not unexpected for a large molecule like these
prisms. Even at the closest point in this vibration, the two
metal centres are never closer than 4.4 A. Visualization of the
frontier orbitals reveals that the HOMO is primarily Ag
d-orbital based for both prisms, while the LUMO is primary a
Gouterman-type porphyrin centred orbital for Zn,Ag, and Co-
based d._,. mixed with porphyrin-based atomic orbitals for
Co,Ag,.

To explore the ORR reactivity of Co,Ag, prism, cyclic vol-
tammetry measurements were carried out under both homo-
geneous and heterogeneous conditions (Fig. 3). For the
former, the CV shows negligible background current when O,
is purged from the cell. When O, is present without a proton
source, a feature consistent with reversible superoxide for-
mation is observed with an E;;, of —1.28 V vs. Fc'/Fc. When
protons are present without an O, source, a catalytic wave
appears at —1 V, which is associated with HER (shown in
Fig. S157). This wave is outside the window where ORR occurs
in this system. When both trifluoroacetic acid and O, are
present, a large current response (onset just below 0 V vs. Fc'/
Fc) is observed, consistent with data collected on our previous
catalysts,"” %> that we assign as catalytic O, reduction (Fig. 3,
top). Heterogeneous CVs were measured under acidic con-
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Fig. 3 (Top) CVs of Co,Ag,; prism under homogeneous conditions.
0.1 mM prism, N, atmosphere (blue); 0.1 mM prism, O, atmosphere
(red); 0.1 mM prism, 100 mM TFA, N, atmosphere (purple); 0.1 mM
prism, O, atmosphere, 100 mM TFA (green). All in acetonitrile with
100 mM TBAPFg. Scan rate: 100 mV s~ (Bottom) heterogeneous con-
ditions. N, atmosphere (purple); O, atmosphere (green). Co,Ag, prism
was immobilized in Nafion inks with carbon black and immersed in
0.5 M H,SO,. Scan rate: 100 mv s™%.

ditions after purging with either N, or O,. No proton reduction
was observed when potentials were swept to 0 V vs.Ag/AgCl.
Under acidic conditions with O, a catalytic response was
observed, consistent with ORR mediated by our Co,Ag, prism
immobilized in an ink of carbon black and Nafion (Fig. 3,
bottom).

To probe the ORR selectivity of these catalysts, rotating-ring
disk electrode (RRDE) studies were performed. As with the
heterogeneous CV experiments, the catalyst was immobilized
in an ink of Nafion and carbon black and affixed to the glassy
carbon disk. For RRDE measurements to calculate % H,0,,
the ring and disk currents were collected at a rotation rate of
2500 rpm where both ring and disk show an appreciate
current response. Fig. 4 (top) shows representative data and
the ratios of these currents may be used to calculate the fara-
daic efficiency of H,0, (see ESI eqn (S5)f). Hydrodynamic vol-
tammetry may also be used to determine the standard rate
constant for a process; as such, Koutecky-Levich analysis was
conducted with the linear sweep voltammograms shown in
Fig. 4 (bottom). We summarize these results along with a
recently reported prism bridged by Rh-based molecular clips
and CoTPyP monomer (Table 1). Our catalysts that use dinuc-
lear molecular clips to bridge the porphyrin centers are better
than monomer both in terms of selectivity and kinetics. For
example, our most recently reported Co, Rhoxo prism is 85.5%
selective for H,0, and has a ks value that is two orders of mag-
nitude greater than CoTPyP. In contrast, the Co,Ag, prism here
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Fig. 4 (Top) Hydrodynamic voltammograms of Co,Ag, prism at scan
rates of 20 mV s%; (bottom) LSV at different rotation rates. Co,Ag,
prism was immobilized in Nafion inks with carbon black and immersed
in 0.5 M H,SO4. The ring potential was held at 1 V.

Table 1 Parameters of Co, prism inks determined by electrochemical
analyses

Prism Eeaz® Eonset” Napp % H,0, %H,0° k¢ (M™'s7™)
COTPyP 014 028 2.8 61.3% 387% 3.5(3)x 10°
Co,Rhoxo 0.27 040 3.9  14.5%  85.5%  2.6(2) x 10
Co,Ag, 0.28 040 2.7  655%  34.5% 5.0(8)x107!

“Potential in V vs. Ag/AgCl. ®Determined based on the following
(%H,0,)

100
on equation: iy = nFAKpe[Os] cat.

equation: Napp =4 — 2 . €100 — % H,0, 9 Determined based

is less selective than monomer (34.5% versus 38.7%, respect-
ively), and its standard rate constant is an order of magnitude
lower at 5.0(8) x 107 M~ s™" versus 3.5(3) x 10° M~ 57",

These results are significant because the Co,Ag, prism pos-
sesses the same cofacial geometry as many of our highly selec-
tive prisms and even shares a similar metal-metal separation.
Simplistically, the cofacial enhancement is attributed to the
presence of two metals at a separation that enable both to par-
ticipate in key transformations that ultimately break the O-O
bond to form water rather than preserving it to generate H,O,.
That said, it is known that metal-metal separation is not the
sole factor that governs selectivity and other structural
elements are important. For example, when the porphyrin
rings become offset, the mode by which O, interacts may
differ resulting in a mechanistic shift. This has previously
been explored by Chang and co-workers,>® and more recently
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we demonstrated this effect using self-assembly with lower-
symmetry prisms.>> The Co,Ag, prism demonstrates that a
slipping of the rings is not the only way to disrupt the e'p*
pathway. The bpy moieties result in more rigidity than when
4-pyridyl donors are used. We observe a twisting of the por-
phyrin faces when dinuclear clips are used in self-assembly. As
the D, , symmetry descends to D,, the molecular clips adopt
canted arrangements but can continue to bridge between two
pyridyl sites. We have observed typical porphyrin—porphyrin
twists from single crystal X-ray structures. In contrast, the
square-planar Ag(1) nodes of the Co,Ag, prism cannot adopt
the same canted angles. If the bpy moieties are perpendicular
to the porphyrin planes, the prism possesses idealized D, j
symmetry with a maximum metal-metal separation. Twisting
the porphyrins away from an eclipsed geometry would break
the square planar environment at the Ag(1) sites. The difference
in directionality of the 4-pyridyl coordination vectors (parallel
to the porphyrin plane) versus the chelate planes of the bpy
moieties (perpendicular to the porphyrin plane) enables the
former to twist, and the latter to remain essentially eclipsed.

Conclusions

We have expanded our library of self-assembled cofacial por-
phyrin catalysts for ORR beyond dinuclear molecular clips to
include single-ion nodes between bipyridyl moieties by adapt-
ing a known Zn,(u,) core to a catalytically active Co,(i,mu)
variant. This new prism was fully characterized and is a com-
petent electrocatalyst for ORR. Although the metal-metal sep-
aration is similar to our previous catalysts that are highly selec-
tive for four-electron four-proton chemistry, the Co,Ag, prism
is slightly less selective than CoTPyP monomer. In addition,
the standard rate constant as measured by RDE experiments is
an order of magnitude lower than monomer and three orders
of magnitude smaller than our prisms bridged by dinuclear
clips. We rationalize these differences on the basis of struc-
tural rigidity, where the Ag(1) bpy nodes are rigid and enforce
an eclipsed orientation of the porphyrin faces. These result
compliments our recent findings that lower-symmetry porphyr-
ins can significantly tune selectivity and kinetics and further
highlight how the modularity of self-assembly is a power
feature to design and study polynuclear catalysts based on
structural tuning (metal-metal separation, stoichiometry of
assembly, electronic structure, and now rigidity).
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