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ABSTRACT: A cationic manganese porphyrin, Mn"™-TDMImP, is an efficient, homogeneous, single-site water oxidation
electrocatalyst at neutral pH. The measured turnover frequency for oxygen production is 32 s~'. Mechanistic analyses indicate that
Mn"(0)(OH,), the protonated form of the corresponding trans-Mn"(Q), species, is generated from the Mn"'(OH,), precursor in a
2-e” two-proton process and is responsible for O—O bond formation with a H,O molecule. Chloride ion is a competitive substrate
with H,O for the Mn"(0O)(OH,) oxidant, forming hypochlorous acid with a rate constant that is 3 orders of magnitude larger than
that of water oxidation. The data allow the construction of an experimental energy landscape for this water oxidation catalysis

process.

he oxidation of water to molecular oxygen (O,) in
photosystem II (PS II) converts solar photons to an
electrical potential that is subsequently utilized to reduce CO,
to biomass. This energy-demanding reaction is catalyzed by the
Mn,Ca oxygen-evolving complex (OEC), which accumulates
four oxidizing equivalents in each cycle before the key O—O
bond formation and subsequent O, evolution occur.' Synthetic
analogues of the OEC have provided a large inventory of
metal-based water oxidation catalysts (WOCs).” Among these,
manganese WOCs are mostly multinuclear;’ single-site Mn
catalysts are rare but have shown suggestive reactivity.™"
Mechanistic and computational studies have shown that a
high-valent Mn"=0 species is capable of making an O—O
bond via intermolecular or intramolecular pathways,**”
supporting the hypothesis that O—O bond formation at a
single-site high-valent Mn center is feasible.”°
The water-soluble, cationic manganeses porphyrin Mn
TDMImP [1; TDMImP = $,10,15,20-tetrakis(1,3-dimethyli-
midazol-2-yl)porphyrin] is unusually well-behaved and has
enabled a comprehensive understanding of this redox system.
The steric hindrance of the dimethylimidizolium groups
prevents dimerization, and the positive charges near the
porphyrin meso-carbon atoms both increase the Mn oxidation
potentials and lower the Mn—OH, pK, values. A high-valent
trans-dioxomanganese derivative, Mn"(O),-TDMImP (2), is
stable at alkaline pH, allowing its characterization by
spectroscopic means.” Further, oxo transfer between 2 and
halide ions (Cl and Br) was found to be fast and reversible.® At
neutral and alkaline pH, these equilibria favor the formation of
2. Direct measurement of these equilibrium constants revealed
that the redox potential of the Mn"(0O),/Mn"(OH,), couple
is only 100—200 mV below that of H,0,/H,0 at acidic pH."
Furthermore, heterolytic O—O bond cleavage of a hydro-
peroxo species, HOO-Mn"™-TDMImP (3), to form 2 was
found to have a very low activation enthalpy (AH* = 4.2 kcal/
mol).” Together, these results suggested that the reverse
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process, O—O bond formation, could also be facile (Scheme

1).

Scheme 1. Interconversion of 3 and oxoMn"-TDMImP
Complexes (2 and 4)

TDMImPMnV=0 2: L = 0%
4:1L=0OH,

TDMImPMn"-O-OH 3: L = OH,

Here, we describe an electrochemical WOC process by this
manganese porphyrin (1) at neutral pH. An unusually fast
turnover frequency of 32 s™' has been observed that involves
Mn"(0)(OH,) (4) and its conjugate base, Mn"(0O), (2).
Chloride ion is a competitive substrate with H,O for the
oxidant 4, having a rate constant ~10°-fold faster than that of
water oxidation. These results have afforded an unusual
opportunity to construct an energy landscape for this Mn-
WOC.

A significant catalytic current developed at an onset
potential of ~1100 mV versus Ag/AgCl (Figure 1A) during
scanning of the cyclic voltammogram (CV) of 1 mM 1 in 0.1
M Na-Pi buffer at pH 7. A plot of the catalytic current
measured at 1400 mV versus the concentration of 1 gave a
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Figure 1. (A) CV curves for 1 mM 1 in 0.1 M Na-Pi at pH 7 in H,O (red), D,O (dashed red), and a buffer background (black). The SWV curve
(blue) shows redox waves at 20, 750, and 1370 mV, assigned to Mn"™"/Mn", Mn"/Mn™, and Mn"/Mn", respectively. Inset: Plot of i, at 1400 mV
versus [1] and the best linear fit (red). (B) Plot of the O, faradaic (right) and normalized (left) yields as a function of [CI7] (best fit to eq 1, red).
(C) Nernstian plots of the potential versus pH for the Mn"(0)(OH,)/Mn"™(OH,), (red) and Mn"(0),/Mn"(OH,), (blue) couples. The red
and blue lines are the best linear fits. The H,0,/H,0 (black) and HOCI/CI™ (green) couples are shown for comparison.

linear correlation (Figure 14, inset) similar to the Co analogue
Co-TDMImP," indicating that 1 is a single-site catalyst."' O,
evolution was observed with 1 under the same electrolytic
conditions with a faradaic yield of ~70% using a Clark
electrode (Figure S1). By contrast, electrolysis at pH 9
afforded the trans-dioxomanganese(V) complex 2 (Figure S2).
A smaller catalytic current was observed when WOC was
carried out in D, O, indicating a solvent kinetic isotope effect of
3 (see Figure 1A and the Supporting Information, SI), typical
of a concerted O-atom-proton transfer process.”™'”'” The
normalized catalytic current decreased with increasing scan
rate (v) from 10 to 500 mV/s (Figure S3A), indicating that
O—O0 bond formation is rate-determining.”> A plot of ic,/igg
(catalytic current/diffusional current) for the Mn™™ couple at
20 mV) versus 1/v"2 gave a linear correlation (Figure S3A),
allowing a kg,sp,0 value of 32 s7! for the WOC to be

calculated.'” Foot-of-the-wave analysis afforded 42 s~ (Figure
S3B),”™'* comparable to an immobilized manganese porphyrin
dimer described by Naruta et al.* and ~2 orders of magnitude
faster than other Mn-based systems.'” Only 1 was observed
during electrocatalysis; negligible decomposition was observed
over hours of turnover (Figure S4). A series of controls
demonstrated that 1 is a homogeneous catalyst, not a precursor
of any oxide species (Figures $5—57)."°

We then examined the effect of added chloride ions on the
water oxidation activity. At pH 7, the thermodynamic 2-e~
oxidation potential of Cl~ is ~90 mV (2 kcal/mol) lower than
that of H,0."” A significant increase of the catalytic current
was observed upon the addition of Cl™ to 1 (Figures S8 and
S9); added nitrate had no effect. Moreover, the faradaic yield
of O, evolution exhibited a 3-fold nonlinear decrease upon the
addition of Cl~ ion from 0 to 0.1 M (Figure 1B). Clearly,
chloride ion is a competitive substrate with H,O, intercepting
the reactive Mn oxidant. In such a competition, the faradaic
yield of O, evolution can be expressed as eq 1

-1
kz, ca [CI]

0,% =
2k 0 [H,0]

obs,H,0 _
2ko’bs,HZO + kobs,Cr

(1)

where k)1 0 and k, ¢~ are second-order rate constants for the
oxidation of H,O and CI7, respectively. The data shown in
Figure 1B fit well to eq 1, with a value of k) ¢ /k; 13 0 of 2.1 X
10%, fitting the Swain—Scott nucleophilicity parameters for
chloride-in-water reactions.'® With kops,0 = 32 s~ for water
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oxidation, k) ¢~ was determined to be 1.2 X 10° M~ ' s at pH
7. The ratio ky ¢ /k, 11,0 thus corresponds to a difference of 4.5

kcal/mol in the activation free energy for these two reactions.

Below the WOC onset potential, CV and square-wave
voltammogram (SWV) features were observed at 20 mV (AE
=70 mV) and 750 mV (Figure 1A), assigned to the Mn"™/"
and Mn"""!"' couples, respectively.”” Importantly, an additional
SWV wave at 1370 mV, assigned to Mn"/Mn", lies under the
catalytic wave, indicating that this Mn" species is the reactive
WOC oxidant. SWV measurements of these three redox
couples from pH 3.0 to 8.5 (Figure S10 and Table S1) provide
several key mechanistic insights. The Mn"™/™ potential shifts
significantly with the pH, while those for Mn*/" and Mn""/"
were relatively unchanged. The measurement of these 1-e~

potentials thus allows us to calculate the 2-e~ Mn"/™ potential
(eq 2).
V/IV v/
E(Mn"/M) = E(Mn""") + E(Mn™'™)
2 2)

The plot of E(Mn""™) (red points) versus pH gave a linear
correlation (Figure 1C). The slope of —61 mV/pH clearly
indicates that the Mn"'/Mn" oxidation is associated with the
transfer of two protons. Catalyst 1 is a diaqua species,
Mn"(OH,), at pH 7, with previously determined pK, values
of 7.8 and 8.7." Thus, the active species generated at the
electrode surface is inferred to be an oxo—aqua complex (4)
from this Nernstian plot slope. This species (4) has also been
proposed as the active oxidant in the oxygenation of Br™ in our
previous studies because of the obvious acid catalysis.”'* The
oxo—hydroxo complex Mn"(0)(OH) is not likely because it
requires the transfer of 2e” + 3H* from Mn"(OH,), and the
corresponding Nernstian plot slope would be —90 mV/pH. A
stable dimeric bis{fMn"(O)(OH)] porphyrin also required acid
to produce O,, further implicating 4.”>*

We propose the mechanism depicted in Scheme 2 to explain
this Mn-mediated WOC. Generation of the reactive oxo-Mn"
species 4 requires the transfer of two electrons and two
protons from a Mn'"'(OH,), resting state (Figure 1C).
Nucleophilic attack of H,O at the manganyl oxygen atom in
4 would then form an O—O bond and generate the well-
characterized HOO-Mn™ species 3, which undergoes further
oxidation to produce O,.” Meanwhile, the known reaction of
Mn"(0), (2) with CI” as a competing substrate, forming
hypochlorite,”” would divert Mn" directly back to Mn',
reducing the yield of O,. A fraction of 4 diffusing from the
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Scheme 2. Proposed Mechanism for Water Oxidation
Catalyzed by 1
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electrode surface forming 2° would also lower the faradaic
yield of O,.

Oxo transfer between 2 and CI™ or Br™ (eq 3) is fast and
reversible, with measurable, pH-dependent equilibrium con-
stants (Figure 1C, blue points).®

Mn"(0), + X~ + 4H" 2 Mn"(OH,), + XO (3)

A slope of —121 mV/pH (blue line) indicates a 2e” + 4H*
process, consistent with its assignment to the Mn"(O),/
Mn"(OH,), couple. Figure 1C clearly shows that 4 is more
oxidizing than 2 at neutral pH with a free energy difference of
~180 mV (4.1 kcal/mol). Over the entire pH range studied,
the potential of the Mn"(O)(OH,)/Mn"™(OH,), couple is
~60 mV lower than that of the H,0/H,0, couple,
corresponding to a AG® deficiency of only ~1.4 kcal/mol for
water oxidation. At neutral pH, the oxidation of CI” by 4 is
thermodynamically favorable. By contrast, the Mn"(O),/CI~
equilibrium greatly favors Mn"(0), (2) + cr®

The Nernstian electrochemical behavior and turnover
kinetics for WOC reported here, along with our previous
results describing the O—O bond scission kinetics for Mn'"-
OOH and equilibrium data for reversible chloride oxidation by
this same manganese porphyrin, present an opportunity to
construct an experimentally determined energy landscape for
the key manganese species involved in this WOC and
competitive inhibition by a chloride ion. The differences in
AG (Scheme 3, red numbers) can be calculated from the
Nernstian plots in Figure 1C. The activation energy for O—O
bond heterolysis (14.7 kcal/mol) derives from the kinetics of
the conversion of 3 to 2.” Also the 4.5 kcal/mol difference in
the activation energies for the oxidation of water and Cl™ to
form 6 can be calculated from the ratio (2.1 X 10%) of the rate
constants for these two reactions determined in the present
work. We assumed that the O—O bond cleavage and formation
reactions proceed through a similar transition state. Both
reactions involve the transfer of a single proton: a “push—pull”
mechanism in the former case” and deprotonation of water in
the latter case, which is the microscopic reverse.

The trans-dioxo-Mn" porphyrin 2 is the most stable species
at pH 7, while its oxo—aqua form 4 is 4.1 kcal/mol higher
(Scheme 3). This prototropy is consistent with the
experimental findings that reactions of 1 with chemical
oxidants (H,0, and ClO™) above pH 7 yield 2, not 4, as
the detectable product in solution, as we have reported.””” The
reverse processes, namely, the oxygenation of H,O and CI” by
2 at pH 7, are both endergonic and kinetically disfavored
according to the experimental data in Scheme 3. By contrast,

Scheme 3. Energy Landscape (kcal/mol) for the
Interconversions of Mn-TDMImP Species Involved in H,O
and CI™ Oxygenation Reactions at pH 7 with Experimentally
Determined Thermodynamic (Red) and Kinetic (Blue)
Values (See the SI for Derivations)
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the reactive species 4 is nearly isoenergetic with Mn"-OOH
(3) and Mn"-OCI, enabling O—O or O—CI bond formation
by 4. Electrochemical oxidation is a unique way of generating 4
at the electrode surface. Significantly, the oxidation of H,O by
4 is facile and only slightly endergonic. The activation barrier
for O—O bond formation is 4.5 kcal/mol higher than that of
the formation of an O—CI bond, despite the fact that the
difference in the driving force for the two reactions is only 2
kcal/mol. This difference probably reflects the higher intrinsic
nucleophilicity of chloride over water."

This Mn-WOC system is less reactive than the Co
analogue,lO which we attribute to the relative stabilities of 4
and an oxocobalt(IV) porphyrin cation radical. Very recently,
an oxomanganese(V) corrole was found to mediate WOC in
nonaqueous solutions.”” The aqueous system 1 shows a faster
O—0 bond formation rate (~0.6 vs 0.0044 M~' s™') and a
lower activation free energy (16.1 vs 22.2 kcal/mol) compared
to the manganese corrole system.

The observation that chloride interferes with O, formation is
intriguing. The role of CI™ near Mn4 in PS II is unclear. It has
been proposed that Cl™ is involved in a hydrogen-bonding
network that facilitates a proton-transport pathway near the
OEC of the PS IL.>° While this loosely bound chloride seems
to be located too far away to be directly associated with Mn4,”’
a functional role has been considered.?> A role for the HOCI/
CI™ couple as a 2-e~ redox “buffer” could be suggested from
the results presented here.

In summary, 1 catalyzes electrochemical water oxidation at
neutral pH and is one of the most active single-site manganese
water oxidation electrocatalysts reported to date. This Mn
system is based on characterized intermediates, directly
measured kinetics, and measured equilibrium constants. The
results reveal that a transient species 4 generated at the
electrode surface is responsible for O—O bond formation with
water. A chloride ion was found to compete with water,
reacting with 4 10°-fold faster than H,O. The electrochemical,
kinetic, and equilibrium data for the various Mn-TDMImP
species allow the construction of an experimentally determined
energy diagram for H,O and CI”~ oxygenation that may afford a
more quantitative understanding of these reactivities.
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