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ABSTRACT: Understanding the basic structure of the oxygen-evolving complex (OEC) in photosystem II (PS-11) and the water
oxidation mechanism can aid in the discovery of more efficient and sustainable catalysts for water oxidation. In this context,
we present evidence for the formation of a [(TPA)Mn'V(0)(p-0)Ce!V(NO3)3]* (2) complex (TPA = tris(pyridyl-2-methyl)amine)
by adding aqueous ceric ammonium nitrate to an acetonitrile solution of the [(TPA)Mn"]?* (1) complex. This unique interme-
diate (2) was analyzed using various spectroscopic techniques and electrospray ionization mass spectrometry. Remarkably,
2 closely mimics the structure of MnV(0)(u-0)Ca"(OHz) observed in the OEC of PS-II. Notably, 2 reacts effectively with ferro-
cene derivatives, indicating that redox-active Ce!V binding enhances electron transfer efficiency. Additionally, 2 demonstrates
the ability to perform oxygen atom transfer and hydrogen atom abstraction reactions. The discovery of this reactive
[(TPA)MnY(0)(p-0)CeV(NO3)s]* adduct provides exciting opportunities for investigating the structure of the MnV(0)(p-

0)Cal'(OH2) unit in the oxygen-evolving complex.

INTRODUCTION

The oxygen-evolving complex (OEC) in photosystem II
(PS-11) facilitates one of the most significant and demanding
water-splitting processes.!-3 The OEC consists of a MnsCaOs
cubane cluster, where three manganese atoms are in the
cubane and an additional MnV-oxo atom is linked to Ca?* via
a bridging oxido ligand. This natural architecture incorpo-
rates a high-valent Mn"-oxo species as the crucial active in-
termediate for its function.? In recent decades, numerous
research groups have endeavored to replicate and under-
stand this complex structure by developing high-valent syn-
thetic metal-oxo compounds using heme and nonheme sys-
tems.? However, a limited number of spectroscopically
characterized nonheme MnV-oxo species have been ob-
served thus far, including those supported by salen, TAML
and [Hsbuea]®” ligand frameworks.46 These species have
demonstrated chemical reactivities, including C-H bond ac-
tivation and oxygen atom transfer.5-

Highlighting the ambiguous yet essential role of the cal-
cium ion as a Lewis acid (LA) in the natural OEC, studies
have been conducted with various other redox-inactive
metal ions such as Mg®*, Zn?*, Lu®*, Y3*, Al**, and Sc3* on the
reported high-valent MnV=0 intermediates.'%-13 The gener-
ated Mn'V=0 bound LA species have been observed to alter
the Mn**/Mn?3* potential to higher positive values, thereby
increasing the reactivity of those species.!12 Over the last
two decades, significant progress has been made in under-
standing the mechanisms by which Lewis acids activate
high valent metal-oxo species.!%17 The terminal MnV=0’s

are the most probable sites for outer sphere coordination in
LA-bound Mn-oxo species, particularly in pentadentate
frameworks like N4Py (N4Py = N,N-bis(2-pyridylmethyl)-
N-bis(2-pyridyl)methylamine)), BnTPEN (BnTPEN = N!-
benzyl-N1,N?,N2-tris(pyridine-2-ylmethyl)ethane-1,2-dia-
mine), and DPAQ (DPAQ = 2-[bis(pyridin-2-ylme-
thyl)]amino-N-quinolin-8-ylacetamide)).10.1415
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Scheme 1. (a) Structure proposed for the MnsCaOs cluster in
the S4 state of the OEC in photosystem I1.1.3 Proposed structures
of synthetic high valent metal species bearing tetradentate lig-
and bound to redox-active CelV, (b) [(mcp)Fe!V(0O)(u-
0)CelV(NO3)3]*18 and (c) [(TPA)Mn!V(0)(n-0)CelV(NO3)3]* (2)
(this work).

In contrast, tetradentate frameworks provide an addi-
tional coordination site alongside the Mn-oxo site, allowing
an incoming LA to bind effectively. Costas and coworkers
established the spectroscopic characterization of
[(mcp)Fe(0)(£-0)CeV(NO3)s]* (mcp = N,N’-dimethyl-N,N’-
bis(2-pyridylmethyl)-1,2-cis-diaminocyclohexane), which
is the closest structural model of the MnV(0)(p-0)Cal active



fragment of the OEC in PS-II (Scheme 1).18 Despite manga-
nese being a key component of PS-II, no studies currently
exist on the closest structural mimic of this component, i.e.,
the presence of terminal Mn=0 and Mn-O-LA units in the
same molecule. Nam and coworkers reported the first CelV-
bound Mn-oxo complex, [(DPAQ)Mn'V=0]*eeeCe!V, by react-
ing [(DPAQ)Mn"(OH)]* with ceric ammonium nitrate
(CAN). The [(DPAQ)Mn!V=0]*eeeCe!V was found to be more
reactive than other redox-inactive Lewis acid bound
[(DPAQ)MnV=0]* complexes.!? In our recent study, we syn-
thesized and characterized a stable [(BnTPEN)Mn'!-O-
CelV(NO3)4]* species.? This species is noteworthy as it can
serve as a surrogate for several other high-valent Mn inter-
mediates, including Mn'V-0-Sc' and Mn"V-OH. The ob-
served equilibrium between two different LA-bound metal-
oxo species, Mn''-0-Ce!V and Mn'V-0-Sc!", with different
stabilities and characteristics in the context of pentadentate
ligands, hint at the possible formation of the closest PS-II
model with tetradentate ligand framework.

Thus, advancing with the increased complexity of multiple
coordination sites in tetradentate neutral ligand design,
specifically those with two cis open coordination sites such
as TPA (TPA = tris(pyridyl-2-methyl)amine), we explored
the possibility of forming a Lewis acid (LA)-bound Mn-oxo
species. CAN, which exhibits versatile properties, could act
as aredox-active LA and an oxidant in the same mixture.1%.2
Herein, we demonstrate that the reaction of
[(TPA)YMn"(NCMe)(OH2)](Cl04)2 (1) with aqueous CAN gen-
erates a unique species [(TPA)Mn!V(0)(n-0)Ce!V(NO3)3]* (2)
in MeCN at 25 °C. This intermediate was characterized using
UV-visible absorption, EPR, resonance Raman, X-ray ab-
sorption spectroscopy (XAS), X-ray photoelectron spectros-
copy (XPS), and electrospray ionization mass spectrometry
(ESI-MS). 180-labelling experiments suggest that both oxy-
gen atoms in the intermediate 2 originate from water. To
the best of our knowledge, species 2 is the first reported LA-
bound MnV=0 within a neutral tetradentate framework.
More importantly, 2 is the closest structural mimic of
MnY(0)(pn-0)Ca''(OHz) found in the OEC of PS-II. The redox-
active Ce(IV) coordination in intermediate 2 makes the Mn
center like a masked Mn(V) species, similar to PS-II. Reactiv-
ity studies, including electron transfer (ET), oxygen atom
transfer (OAT), and hydrogen atom abstraction (HAA), were
performed with species 2, revealing notable reactivity
trends.

RESULTS AND DISCUSSION

TPA ligand was synthesized by following a previously re-
ported method.?! Complex 1 was synthesized by mixing an
equimolar amount of the ligand TPA and
[Mn''(H20)6](ClO4)2 in MeCN at room temperature. 22 White
block-shaped crystals of 1 were obtained by vapor diffusion
of ether into this solution. X-ray crystallography revealed
that 1 is an octahedral complex (Figure 1), with the N atoms
of TPA occupying four coordination sites, while the fifth and
sixth cis sites are occupied by water and MeCN. The average
Mn-Nyy bond distance is 2.244 A, whereas the Mn-Namine
bond distance is slightly longer, at 2.285 A, consistent with
the Mn(II) oxidation state in the high spin configuration.??
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Figure 1. X-ray crystal structures of 1 with 50% ellipsoid prob-
ability level and its bond parameters (left). Hydrogen atoms
were omitted for clarity. CCDC 2367364. (right) Selected bond
lengths are shown in the table.

To the acetonitrile solution of 1, 50 uL of H20 and 4 eq. of
CAN were added, resulting in the formation of a green-col-
ored stable species (2) with an absorption band at 650 nm
(€650 nm = 550 M~*cm™) (Figure 2). Concentration-depend-
ent studies of CAN indicated that 4 eq. of CAN are necessary
to produce the maximum yield of 2. This result, featuring
the 650 nm species, initially appears similar to the work by
Nam and coworkers reported in 2010. In their study,
[(BQCN)Mn''(OTf)2] reacted with 4 eq. of CAN in acetoni-
trile:water (9:1, vol/vol) mixture, forming a band at 630 nm
(€630 nm = 400 M™*cm™), which was characterized as
[(BQCN)Mn!V=0]2+24
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Figure 2. (a) UV-Vis absorption spectral changes depicting the
formation of 2 (green) after adding 50 pL H20 and 4 eq. of CAN
to 1 mM 1 (black dotted) in MeCN at 25 °C. (b) Absorbance vs
[CAN] plot depicting the formation of 650 nm species in MeCN
at 25 <C.

Positive mode electrospray ionization mass spectrometry
(ESI-MS) was performed to evaluate the speciation during
the reaction of 1 and CAN. The ESI-MS study of 2 shows sig-
nals at m/z values of 702.94 and 739.90, whose isotopic pat-
terns correspond to [(TPA)Mn(0)2Ce(NOs3)3]* and
[(TPA)Mn(0)2Ce(NO3)2(ClO4)]*, respectively. Upon using
H»180, the signals shifted by four mass units to 706.94 and
743.90, indicating that water is the source of oxygen in spe-
cies 2 (Figures 3a, S1, and S2). Additionally, another signal
was observed at m/z = 407.07, corresponding to
[(TPA)YMn"(NO3)]*. The oxidation state of 2 was further val-
idated using X-band EPR spectroscopy at 120 K in acetoni-
trile, which displayed a signal at g = 4.2. This EPR signal in-
dicates the presence of an S = 3/2 species, consistent with
the Mn(IV) oxidation state, which has a d? configuration



(Figure 3b). Additionally, there is a minor g = 2 signal, ex-
hibiting the characteristic hyperfine splitting of 55Mn, origi-
nating from an unidentified Mn(II) species.

Resonance Raman (rR) analysis of 2 was performed using
Aexe = 561 nm at room temperature, revealing a resonantly
enhanced band at 710 cm™, which shifted to 685 cm™ upon
using H,*80. The observed 710 cm™ band closely matches
the Mn=0 vibration of [(BQCN)MnV=0]%* (707 cm™) re-
ported by Nam and coworkers.2* Another isotopically sensi-
tive signal appears at 535 cm™?, which shifted to 505 cm™
upon H,*80 labelling (Figure 3c). The shift of 25-30 cm™ is
consistent with the predicted shift of Mn-0 stretch using
Hooke's law. The presence of two isotopically sensitive
bands at 710 and 535 cm! in the rR spectrum can be at-
tributed to Mn=0 and Mn-0 stretches, respectively.

The Mn K-edge XAS near-edge structures of 1 and 2 show
a pronounced edge shift from 6549.5 to 6552.8 eV, respec-
tively (Figure 3d), consistent with oxidation of the Mn cen-
ter. The edge energy of 2 falls within the range observed for
Mn'V-oxo, Mn'V-hydroxo, and (pn-oxo)manga-
nese(IV)cerium(IV) complexes (6550 - 6552 eV).19.25-31 The
pre-edge region of 2 is also perturbed relative to 1 (Figure
3d and S4). The pre-edge spectrum of 1 consists of a peak at
6541.1 eV (area of 3 units) and a shoulder near 6544 eV,
while 2 shows two peaks of near equal height at 6541.8 and
6543.5 eV (total area of 16 units). The increase in pre-edge
intensity and area for 2 marks a less centrosymmetric envi-
ronment for the Mn center that gives rise to increased Mn
4p mixing into the 3d manifold. We note, for comparison,
that the previously reported (p-oxo)manga-
nese(IV)cerium(IV) complex had a pre-edge peak intensity
similar to that of a Mn'-hydroxo analogue.!® In a separate
XAS study, it was shown that this Mn'-hydroxo complex
had a modest peak area of ~5 units, which was essentially
the same as that of the corresponding Mn" complex.32 Thus,
itis reasonable to conclude that the previously reported (p-
oxo)manganese(IV)cerium(IV) complex has a modest peak
area, potentially less than that of 2. Collectively, the near-
edge properties of 2 lend credence to the Mn!V oxidation
state assignment and further show that the geometry is
markedly perturbed compared to that of 1.

The Fourier transform (FT) of EXAFS data for 2 shows
prominent peaks at 1.3, 1.7, 2.3, and 3.4 A (Figure 3e). The
large peak at the long distance of 3.4 A suggests that there
is a heavy atom-scatterer a long distance from the Mn cen-
ter. For comparison, bis(u-oxo)dimanganese(II,IV) com-
plexes typically show a heavy-atom scatterer peak from the
MneeeMn interaction at an FT EXAFS distance of ~2.3 A.33
The FT EXAFS spectrum of 2 resembles that of the (u-
oxo)manganese(IV)cerium(IV) complex of Nam and co-
workers, which displayed a similarly intense peak at ~3.3 A
that was fit with a Ce scatterer at 3.67 A.1% Our fits of the FT
EXAFS data show that the peak at 3.4 A can be nicely accom-
modated by a Ce atom ~3.7 A from the Mn center (Figure 3e
and S3, and Table S2). The inner FT EXAFS peaks can be well
fit considering an O shell at 1.80 A, N shells at 2.04 and 2.34
A and a C shell at 2.91 A (Table S2). We explored fits that
split the two-atom oxygen shell into separate scatterers, but
these fits result in Debye-Waller factors less than 0, which
is not realistic. Thus, the O scatterer at 1.80 A and the Ce
scatterer at 3.7 A provide strong support for the presence of

a (u-oxo)manganese(IV)cerium(IV) unit. Although the FT
EXAFS data do not provide evidence for a short O distance
consistent with a Mn=0 unit, it is possible that the data do
not allow us to resolve a Mn=0 and the O of the (p-oxo)man-
ganese(IV)cerium(IV) unit. Therefore, the UV-Vis, EPR, XAS,
rR, and ESI-MS techniques collectively reveal the existence
of the (TPA)MnVO(u-O)CeV species in solution, which
closely resembles the structure of the oxygen-evolving com-
plex (OEC) in PS-IL
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Figure 3. (a) ESI-MS analysis of 2 (top) and 180-2 (bottom).
Condition to generate 2 /180-2: 1 + 50 uL H20/H2180 + 4 eq.
of CAN at 25 °C in MeCN. (b) X-band EPR spectrum of 2 at
120 Kin MeCN. Condition to generate 2: 2 mM 1 + 50 pL. H20
+ 4 eq. of CAN at 25 °C in MeCN. (c) Resonance Raman spec-
tra (Aexe = 561 nm) of 2 (green) and 180-2 (red) in MeCN at
25°C. # Indicate MeCN peak. Condition to generate 2 /180-2:
3mM 1 + 50 uL H20/H2180 + 4 eq. of CAN at 25 °C in MeCN.
(d) Mn K-edge near-edge spectra of 1 and 2. Inset: pre-edge
features. (e) Fourier transforms of EXAFS data for 2 (blue
circles) with a fit (red trace) described in Table S2. The inset
shows the raw EXAFS data (blue circles) and fit (red trace).

The prolonged stability of 2 at room temperature allowed
us to isolate the intermediate as a solid material. However,
all our efforts to crystalize species 2 were unsuccessful thus
far. X-ray photoelectron spectroscopy (XPS) was carried out
on the isolated solid of 2 and on 1 to determine their ele-
mental compositions. The Mn 2p XPS spectrum of 1 displays
two peaks for Mn 2p3;2 and Mn 2pi1/2 at 641.19 eV and
652.08 eV, (Figure 4a) corresponding to Mn" species.3* The
peak at 645.30 eV is a satellite peak. The N 1s XPS (Figure
S5) showed two peaks at 399.10 eV and 399.92 eV at-
tributed to the amine and pyridine N from the ligand.35 The
Mn 2p XPS spectrum of species 2 displays two peaks at
binding energies 642.50 eV and 654.23 eV, corresponding
to the Mn 2ps3/2 and Mn 2p1,2, respectively (Figure 4a). The



positive shift of 1.40 eV in binding energy as compared to 1
indicates the higher oxidation state of Mn in 2. The peaks
were well assigned for the Mn'Vaccording to the literature.3*
The Ce 3d XPS was deconvoluted into Ce 3ds;2 and Ce 3ds/2
peaks. The peaks at 886.00 eV, 904.44 eV and 917.06 eV
were attributed to the Ce!V center (Figure 4b).3¢ In addition,
two peaks at 882.06 eV and 899.70 eV were observed for
the Ce could be originated from the free Ce(IIl) compo-
nent.3¢ The peak area ratio of Ce!V/Ce!' was determined to
be (2.8), suggesting a higher amount of Ce!V. In addition, the
N 1s XPS of 2 revealed three peaks at 399.80 eV, 401.86 €V,
406.81 eV assigned for the (pyridine N), (amine N), and (ni-
trate N) (Figure S6).35 The O1s XPS also showed three peaks
at532.32eV,530.36 eV and 533.73 eV corresponding to the
M=0, M-0 bonds and N-O (of nitrate), respectively (Figure
$6).37 Altogether, the XPS analyses on the isolated solid of 2
revealed the existence of Mn(IV) and Ce(IV) centers, which
is also supported by XAS analysis in solution.
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Figure 4. (a) Comparison of Mn 2p XPS spectra of com-
plexes 1 (Mn 2ps,z at 641.19 eV and Mn 2p1,2 at 652.08 eV)
and 2 (Mn 2ps3/z at 642.50 eV and Mn 2p1/2 at 654.23 eV)
showing the positive shift of 1.40 eV in 2 pointing towards
higher binding energy suggesting the presence of Mn'. * In-
dicates satellite peak. (b) Ce 3d XPS spectrum of 2 (886.00
eV,904.44 eVand 917.06 eV were attributed to the Ce!V) de-
picting the presence of Ce!V with higher peak intensity.

Reactivity of 2 in Electron transfer reactions

The electron transfer reactivity of 2 was investigated us-
ing various ferrocene derivatives, and the resulting ferroce-
nium equivalents were determined. After reacting with 2,
ferrocene and acetyl ferrocene produced three oxidizing
equivalents of the corresponding ferrocenium, indicating
that the potential of 2 is greater than 0.64 V vs. Ag/AgCl
(Figure S7). In contrast, diacetyl ferrocene resulted in only
2 oxidizing equivalents of ferrocenium, as it is a weaker re-
ductant. The observation that only 2 equivalents of diacetyl
ferrocenium are derived from 2 suggests that the one-elec-
tron reduced species of 2 has a potential lower than 0.93 V
vs. Ag/AgCl.

Reactivity of 2 in OAT and HAA reactions

The oxygen atom transfer (OAT) reactions and hydrogen
atom abstraction (HAA) reactions for 2 were conducted us-
ing triphenylphosphine (PPhs) and trisubstituted phenol
derivatives. The reaction rates of 2 with different substrates
were measured by analyzing the decay of the 650 nm ab-
sorbance band. Pseudo-first-order rate constants (Kobs)
were calculated by reacting 2 with substrates at various
concentrations. The relationship between the rate of reac-

tion (kobs) and the concentration of the substrate ([sub-
strate]) allowed for the estimation of second-order rate
constants (kz). Following reactions with PPhs, species 2
yielded triphenylphosphine oxide and 1 as organic and in-
organic products, respectively, in MeCN at room tempera-
ture. To the resultant solution, the addition of 4 eq. of CAN
regenerates intermediate 2 (Figure S13). The experimental
kz value for PPhs is 1.3 M~*s™* (Figure S8). Additionally, 2
reacts with thioanisole; however, our attempt to obtain k
for thioanisole was unsuccessful due to precipitate for-
mation in the reaction mixture.

In addition, 2 displays significant HAA reactivity towards
trisubstituted phenols such as 4-X-2,6-di-tert-butylphenol
(4-X-2,6-DTBP) (X = H, OMe, 'Bu, and Me). The observed k:
values are 70 M~s™* for 4-OMe-2,6-di-tert-butylphenol, 0.1
M™%s7? for 4-Me-2,6-di-tert-butylphenol, 1.5 x 107> M~*s™*
for 4-Bu-2,6-di-tert-butylphenol, and 1 x 107 M™*s™? for
2,6-di-tert-butylphenol (Figure S9). These observed k2 val-
ues decrease with increases in the phenols' O-H bond dis-
sociation energy (BDE). A linear relationship is evident
when plotting the log(kz) against the BDE of the O-H bond,
indicating that as the BDE decreases, the reaction rate in-
creases (Figure 5a). Also, the faster rates obtained using dif-
ferent electron-donating substituents results in a negative
slope of p = -5. 2 in the Hammet analysis, indicate the elec-
trophilic character of 2 (Figure 5b).
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Figure 5. (a) The plot of BDEo-nvs. log kzand (b) Hammett cor-
relation for the reaction of 2 with para-X-substituted phenol
derivatives at 25 °C.

Literature reports suggest that the oxidation of phenols
using high-valent metal species typically results in the for-
mation of phenoxyl radicals. These radicals then undergo
further radical coupling reactions to form dimerized prod-
ucts.3839 Product analysis was conducted using ESI-MS
spectrometry, which suggests the formation of a dimerized
product DPQ (~30%) in the case of 2,6-di-tert-butylphenol
(Figure S10). However, in the case of 4-OMe-2,6-DTBP and
4-'Bu-2,6-DTBP the corresponding UV-vis absorption spec-
tra revealed the formation of phenoxyl radical (71% of 4-
Me0-2,6-DTBP®, and 94% of 2,4,6-TTBP*®) that gradually
formed 2,6-di-tert-butyl-1,4-benzoquinone (BQ) as the
product (Figure S11, S14). For 4-Me-2,6-DTBP the 2,6-di-
tert-butyl-4-methylene-2,5-cyclohexadienone product was
identified from ESI-MS studies (Figure S14g).

To put our studies into a broader context, we employed 4-
CN-phenol, a substrate with a strong O-H bond (BDEo.u =
93.1 kcal/mol), to compare reactivity with high-valent man-
ganese intermediates, namely (BnTPEN)Mn(III)-O-Ce(IV)
and [(BQCN)Mn!V=0]%*, both of which were generated with
CAN, These reactions indicate that intermediate 2 exhibits



a comparable rate constant (kz of 0.028 Mt s-1at 25 °C) to
that of the (BnTPEN)Mn(I11)-0-Ce(IV) species (k2 of 0.027
M-t stat 25 °C) (Figure S12). However, due to precipitate
formation, we could not measure the k: value for the reac-
tion between [(BQCN)MnV=0]2* and 4-CN-phenol. Alterna-
tively, we successfully measured the k2 values for the reac-
tivity of 2,6-DTBP with these intermediates. Notably, 2 (k2
of 0.01 M1 s1at 25 °C) demonstrated a 7-fold and 60-fold
reduction in k2 when compared to the (BnTPEN)Mn(III)-O-
Ce(IV) (k2 of 0.073 M1 st at 25 °C) and [(BQCN)MnV=0]%*
(kz of 0.672 M stat 25 °C) species, respectively (Figure
S12). The relatively lower reactivity rates of 2 and
(BnTPEN)Mn(III)-0-Ce(IV) compared to [(BQCN)Mn!V=0]2+
imply that steric hindrance from the bulkier bound Lewis
acid (cerium) adjacent to the active site is impacting the re-
activity. The modest reactivity of 2 can also be attributed to
the presence of two anionic ligands (the terminal and bridg-
ing oxo groups), which would tend to suppress the oxidizing
power of the Mn!V center. In this sense, 2 bears resemblance
to the oxohydroxomanganese(IV) complexes of Busch*? and
Costas, which showed low reactivity compared to oxoman-
ganese(IV) complexes with neutral pentadentate ligands.

Electrocatalytic water oxidation

We evaluated the water oxidation activity of 1 by immobi-
lizing it onto nickel foam (NF) using a Nafion binder to cre-
ate the 1@NF electrode. This electrode was tested for elec-
trocatalytic water oxidation in a 1.0 M KOH solution. The re-
sults showed that 1 exhibited excellent activity, achieving a
current density of 10 mA/cm? at an overpotential of 360 mV
(Figure 6). For comparison, we evaluated the water oxida-
tion performance of Mn(II)Cl: salt on nickel foam using the
same procedure, and it demonstrated poor activity. The
electrocatalytic water oxidation performance of 1 sur-
passed that of previously reported Mn-based complexes.*2
47 For instance, [Mn"(H20)2(X)2(dcbpy)] immobilized on a
gold electrode achieved a current density of 1.6 mA cm™2 at
an overpotential of 310 mV.#? Similarly, MnLz (where
HL = (E)-3-hydroxy-N'-(pyridin-2-ylmethylene)-2-
naphthohydrazide) on a carbon paste electrode (CPE) ex-
hibited an overpotential of 565 mV to reach a current den-
sity of 10 mA cm™2.43 Mn'-salophen complexes immobilized
on CPE achieved the same current density with overpoten-
tials between 345 and 420 mV.* Beyond Mn-based com-
plexes, Ni and Sb corrole complexes immobilized on nickel
foam displayed overpotentials of 330 mV and 360 mV, re-
spectively, for 10 and 50 mA cm™?2 current densities.#546 Ad-
ditionally, ruthenium azobis(benzothiazole) complexes on
carbon cloth reached 10 mA cm™2 with overpotentials rang-
ing from 326 to 370 mV.*” Among the reported systems, 1
demonstrated an efficient catalytic performance.

To further investigate the water oxidation process, chron-
oamperometric testing was conducted, revealing the pro-
duction of approximately 0.27 mmol of O, after 30 minutes
(Figure 6). Additionally, headspace Raman spectroscopy
detected a vibrational band at 1556 cm™ (Figure S15),
which corresponds to the 0=0 stretching mode of dioxygen
generated during the water oxidation process. These data
indicate the promising potential of complex 1 for applica-
tions in electrocatalytic water oxidation reactions.
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Figure 6. (a) Water oxidation activity of 1 compared with
Mn(II)Clz in alkaline medium. Inset: A digital photograph
showing the oxygen production from 1@NF. (b) Plot for the
produced oxygen under chronoamperometric testing.

CONCLUSION

Over the past few years, numerous PS-1l model complexes
have been synthesized in attempts to replicate its function
in water oxidation. A particularly successful result was re-
ported for an iron-based oxygen-evolving complex,
[(mcp)FeV(0)(n-0)CeV(NO3)3]*. However, the present
study is unique in its utilization of manganese to develop a
model complex that closely resembles the structure of the
OEC in PS-II, given that Mn is the primary constituent of PS-
II. This study investigates the generation of
[(TPA)Mn"(0)(p-0)CeV(NOs)s]* (2) by introducing aque-
ous CAN to an acetonitrile solution of the [(TPA)Mn!]2*
complex, which employs a tetradentate ligand with two cis
coordination sites. This unique intermediate 2 was thor-
oughly analyzed using UV-visible spectroscopy, EPR, XPS,
XAS, rR, and ESI-MS. Complex 2 is an even closer structural
mimic of the active site fragment of PS-II, i.e., MnV(0)(u-
0)Cal'(OHz). Notably, 2 reacts with Fc and AcFc, yielding 3
equivalents of the corresponding ferrocenium ions, sug-
gesting that 1 gained three oxidizing equivalents upon its
reaction with CAN. Additionally, complex 1 demonstrated
promising electrocatalytic water oxidation activity, achiev-
ing a current density of 10 mA/cm? at an overpotential of
360 mV. Furthermore, 2 demonstrates the capability to per-
form oxygen atom transfer and hydrogen atom abstraction
reactions. Complex 2 holds the potential to afford a deeper
understanding of the role of Lewis acid, which could con-
tribute significantly to the advancement of artificial photo-
synthetic systems.

EXPERIMENTAL DETAILS

Synthesis of Complex 1

The synthesis of the ligand was conducted following a lit-
erature method.?! To a 2 mL acetonitrile solution of the
TPA ligand (0.45 mmol), an equimolar amount of
[Mn"(H20)6](Cl04)2 was added, and the mixture was
stirred for 4 hours. Subsequently, half of the solvent was
evaporated using a rotary evaporator. A white precipitate
formed upon the addition of diethyl ether. The precipitate
was then washed with diethyl ether and dried under re-
duced pressure. White block-shaped crystals suitable for
X-ray crystallographic analysis were obtained by allowing
diethyl ether to diffuse into the acetonitrile solution of 1
over two days.



Sample preparation for EPR experiments

To generate 650 nm species, 2 mM 1 was treated with 4 eq.
CAN and 50 pL water, generated 2 in acetonitrile. The mix-
ture was subsequently frozen in liquid nitrogen, and EPR
measurements were taken at 120 K.

Sample preparation for resonance Raman experiments

To generate 650 nm species, 3 mM 1 was treated with 4 eq.
CAN and 50 pL water in acetonitrile and resonance Raman
spectrum was recorded at 25 °C with 561 nm excitation
wavelength. For 180 labelling experiment, 50 pL H2!80 was
used instead.

Sample preparation for ESI-MS experiments

Positive mode ESI-MS data was recorded using 1 mM 1
with 4 eq. CAN and 50 pL water in acetonitrile at room
temperature. For 180 labelling experiment, 50 pL H2!80
was used instead.

Sample preparation for XAS experiments

To make an XAS sample for 2, a stock solution of 200 mM
ceric ammonium nitrate (CAN) was prepared in acetoni-
trile at room temperature. The solution was sonicated for
approximately 10 minutes, until transparent. 20 pL of dis-
tilled water and 198 pL of the CAN stock solution were
added, respectively, to a 5.5 mM solution of 1 in 1.8 ml
CH3CN. After filtering this solution with a PTFE filter (0.45
um), roughly 0.5 mL of the filtered solution was immedi-
ately transferred to an XAS cup and frozen in liquid nitro-
gen. The UV-Vis spectra collected for the same stock solu-
tion showed the formation of 2. The XAS sample of com-
plex 1 was made by preparing a 10 mM solution of 1 in 2
ml acetonitrile and transferring roughly 0.5 mL of this so-
lution to an XAS cup that was flash frozen in liquid nitro-
gen. Before collecting XAS data, both samples were stored
in liquid nitrogen.

Sample preparation for XPS analysis

For XPS analysis, a solid sample of 2 was isolated. In a con-
centrated solution of 2 (15 mM), the addition of diethyl
ether led to the formation of a green precipitate. This pre-
cipitate was washed with diethyl ether, dried and subse-
quently isolated as a green solid for XPS analysis.

Preparation of 1@NF and Mn(II)Cl2@NF electrodes

A solution of compound 1 (5 mg) was prepared by dissolv-
ing it in 50 pL of acetonitrile, followed by the addition of
10 pL of a 0.05 wt% Nafion solution in ethanol. The mix-
ture was subjected to sonication for 5 minutes and subse-
quently applied onto nickel foam (NF) via drop-casting. Af-
ter deposition, the 1@NF composite was dried at 50 °C for
6 hours. Its performance in water oxidation was then eval-
uated. A similar procedure was employed for the prepara-
tion of Mn(II)Clz@NF, substituting 5 mg of Mn(II)Cl2 salt
in place of 1.
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