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Multinuclear molecular catalysts mimicking natural photosynthesis have been shown to facilitate water
oxidation; however, such catalysts typically operate in organic solutions, require high overpotentials and
have unclear catalytic mechanisms. Herein, a bio-inspired hexanuclear iron(i) complex I, Feg(pz-O),(p2-
OH),(bipyalk),(OAc)s (Hybipyalk = 2,2°-([2,2'-bipyridine]-6,6'-diyl)bis(propan-2-ol); OAc = acetate) with
desirable water solubility and stability was designed and used for water oxidation. Our results showed that
I has high efficiency for water oxidation via the water nucleophilic attack (WNA) pathway with an overpo-
tential of only ca. 290 mV in a phosphate buffer of pH 2. Importantly, key high-oxidation-state metal—oxo
intermediates formed during water oxidation were identified by in situ spectroelectrochemistry and
oxygen atom transfer reactions. Theoretical calculations further supported the above identification.
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Reversible proton transfer and charge redistribution during water oxidation enhanced the electron and
proton transfer ability and improved the reactivity of I. Here, we have shown the multimetal synergistic
and electronic effects of catalysts in water oxidation reactions, which may contribute to the understanding
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1 Introduction

The water-splitting reaction for hydrogen generation is poten-
tially an efficient method to realize the goal of carbon neu-
trality.' However, applications of this reaction are largely
limited by the sluggish water oxidation half-reaction.>
Oxidizing water to molecular oxygen has unfavorable thermo-
dynamics and requires overcoming a large kinetic barrier
involving the transfer of four electrons and four protons.>*
These complex processes are conducted efficiently by multi-
nuclear CaMn,Os clusters in photosystem II (PSII) with a
change in the protonation state of the bridging oxygen to
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and design of more advanced molecular catalysts.

facilitate successive oxidation steps without a prohibitive
potential increase.>® Furthermore, this unique natural catalyst
can scatter the accumulated charge on the four Mn atoms
through multimetal synergy to achieve a high oxidation state
that promotes O-O bond formation during water oxidation.”
This natural event involving the synergistic effect of multime-
tal centers is an ideal prototype template for research on artifi-
cial water splitting.® Artificial water oxidation catalysts based
on the noble metals Ru’ and Ir'® have been proven to have
high activity and stability. However, owing to the low abun-
dance of noble metals, noble-metal-free catalysts are now
essential. Despite some progress on Mn,"' Co'? and Cu,"” a
limiting feature is their lability, particularly in acidic media.
Over the years, there has been some research progress on
activity and stability of these catalysts.'* Acidic solutions are
the preferred media for water electrolysis because their high
proton concentrations facilitate hydrogen production."?
However, water oxidation in acidic media suffers from sluggish
reaction kinetics. Therefore, developing active and durable
multinuclear metal water-oxidation electrocatalysts for use in
acidic solution is highly desirable.

Iron plays important roles in biology, including the trans-
port and storage of O, in heme, and catalytic nitrogen
reduction in nitrogenase (Fe;Mo cluster)."® Recently, a few
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polyiron complexes have been reported as electrocatalysts in
water oxidation. Masaoka and coworkers studied three penta-
nuclear iron complexes in a neutral acetonitrile/water mixture
and achieved high water oxidation activity exceeding that in
nature."”” Sokolov and coworkers investigated the activity of a
hexanuclear iron cluster in neutral and basic borate buffer
solutions."® In the multielectron transfer water oxidation reac-
tion, charge accumulation and distribution on multiple iron
atoms effectively cause multiple redox states and encourage O-
O bond formation."® High-oxidation-state metal-oxo inter-
mediates are often indispensable in water oxidation and
require stabilization by an appropriate ligand design.>
However, many critical issues regarding the use of multinuc-
lear catalysts remain unresolved, including the use of organic
solvents as electrolytes and the formation of heterogeneous
active species during water oxidation.”' In this regard, it is
necessary to develop multinuclear iron-based molecular water
oxidation catalysts with high efficiency and good stability in
acidic aqueous solutions.

In this study, we designed and synthesized a water-
soluble hexanuclear iron(m) complex I, Feg(ps-O)y(j-OH),
(bipyalk),(OAc)s (H,bipyalk = 2,2'-([2,2"-bipyridine]-6,6"-diyl)bis
(propan-2-ol); OAc = acetate). A bipyalk ligand with strong elec-
tron-donating groups can improve the stability of high-oxi-
dation-state intermediates formed during water oxidation.'?
Complex I exhibits outstanding water oxidation activity and
stability under acidic conditions (TOF of 2.9 s~*). The high-oxi-
dation-state Fe™=0 intermediates formed during water oxi-
dation are directly observed through in situ spectroelectro-
chemistry as well as oxygen atom transfer experiment, and con-
firmed by the TD-DFT-calculated electronic absorption spec-
trum. The WNA mechanism is the most promising pathway for
water oxidation under acidic and neutral conditions, as proven
by kinetics studies and supported by density functional theory
(DFT). Furthermore, DFT calculations indicate that the multi-
metal synergy in complex I can reduce the free energy barrier
to boost the water oxidation activity, which is structurally and
electronically mediated through reversible proton transfer on
1-OH and charge redistribution. This study promotes the
understanding of the catalytic mechanism in water oxidation,
and provides crucial insights into the design of high-perform-
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ance multinuclear molecular electrocatalysts. Furthermore,
this multinuclear iron-based molecular catalyst could be used
as a model to gain a deeper understanding of the catalytic
mechanism of heterogeneous iron oxides.

2 Results and discussion
2.1 Catalyst characterization

Single-crystal X-ray diffraction analysis demonstrated that
complex I is a centrosymmetric hexanuclear iron complex as
shown in Fig. 1a. The crystallographic data for complex I are
presented in Table S1.} These six Fe(ur) atoms in complex I are
composed of two isosceles triangular [Fes;(j15-0)]”" units
bridged by two p,-OH and four acetate groups (Fig. 1b), unlike
the edge-sharing connected [Fe;(j1;-O)]" in the hexanuclear
iron complex synthesized by the Sokolov group.'®
Furthermore, the two p,-OH groups are on opposite sides of
the mean plane through the six iron atoms, which is different
from the hexanuclear iron complexes synthesized by the
Lippard group, forming a twisted boat conformation with both
hydroxo bridges pointed toward the same side.”>** The Fe-O
distances and Fe-O-Fe bond angle support the presence of a
hydroxo bridge in Fe—(j1,-O)-Fe units, consistent with reported
structures bearing p-OH units.>»*® This assignment was
further supported by the FT-IR spectrum of complex I
(Fig. S2aft); the vibrations of bridging OH groups (p,-OH) and
O groups (j3-O) were observed ca. 1135 cm™" and 806 cm ™,
respectively.”®>® During water oxidation, the hexacoordinated
centers are more likely to be attacked by water molecules than
the heptacoordinated species.”® In addition, the coordinated
acetate ions interacts strongly with water molecules, increasing
water solubility and decreasing barriers to water oxidation,*’
which are essential characteristics of an effective molecular
water oxidation catalyst.

The presence of the hexanuclear iron core of complex I was
established using electrospray ionization-mass spectrometry
(ESI-MS, Fig. S2bft). The prominent ion peaks of complex I in
methanol at mass-to-charge (m/z) ratios of 701.4911 and
475.3239 with an isotopic pattern are attributed to the doubly
(M — OAc™ + 2H" + 2Na"]*", calculated m/z of 701.4829) and
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Fig. 1 (a) X-ray crystal structure and (b) schematic representation of the molecular structure of complex I. Color scheme: Fe (green), O (red), N
(blue), and C (gray); all hydrogens are omitted for clarity. (c) >’Fe M&ssbauer spectroscopy of complex I. Color scheme: simulation (blue), doublet |

(D1, red), doublet Il (D2, green).
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triply (M — OAc™ + 2H" + 3Na']*", calculated m/z of 475.3184)
charged fragments of complex I, respectively. The corres-
ponding ions were also observed in water (m/z 701.4913 and
475.3244). The iron oxidation state may change during the
electrospray process,*' which is supported by the LOBA results
(Fig. S2ct). The high-phase purity of complex I was also con-
firmed using powder X-ray diffraction (Fig. S3af). The *’Fe
Mossbauer spectrum clearly reveals the presence of two
slightly different iron(m) sites (Fig. 1c, the velocity was cali-
brated relative to a-iron). In addition, the spectrum was fitted
with two symmetric quadrupole doublets with area ratio of
2:1, coinciding with the isosceles triangular [Fe;(y3-0)]"" geo-
metry in complex I. The two quadrupole doublet distributions
have similar isomer shifts (IS) of 0.41 and 0.43 mm s, but
are distinguished by their average quadrupole splittings (QS),
centered at 1.12 and 0.77 mm s~ ' for D1 and D2, respectively.
Similar isomer shifts of the two iron sites are typical of iron(u)
in a trinuclear p-oxido iron(m) complex.’* The difference in
quadrupole splitting between the Fe sites arises from the
different coordination environments between FeO, and
FeO;N, sites.>® Additionally, the Mdossbauer spectrum indi-
cates the presence of high spin Fe (S = 5/2) in complex 1.** The
observed y\T at room temperature is 9.7 cm® K mol ™, which
is less than the expected value of this spin assignment
(Fig. S3bt). The reason is probably that the magnetic moment
is considerably affected by the coordination sphere and the
antiferromagnetic between the hexanuclear iron atoms.'®
Similar results have been reported based on multinuclear oxo-
bridged Fe(m) systems.**"

2.2 Water oxidation performance studies

Owing to advantageous water solubility of complex I, its water
oxidation performance in aqueous phosphate buffer was
explored using cyclic voltammetry (CV). According to related
reports, buffer ions (e.g., phosphate buffer) may act as proton
acceptors during water oxidation (Fig. S4at), which plays a
vital role in boosting the catalyst activity.*® As shown in
Fig. 2a, the catalytic waves from the ligand solution and blank
phosphate buffer are negligible, while the irreversible anodic
current in complex I is clearly enhanced compared to that in
the background, which is attributable to the water oxidation
process. These results demonstrate that complex I engaged
effectively in water oxidation. Although, the required oxidation
of iron was not observed for the signal overlap with the water
oxidation current, it was proven by differential pulse voltam-
metry (DPV, Fig. 2b) measurements.’” This redox behavior is
in line with the wave obtained in an anhydrous acetonitrile
(N,-saturated, Fig. S4bt) that have been assigned to the Fe"™
couple according to previous report.’® The occurrence of
reversible proton transfer on p,-OH within our proposed water
oxidation cycle (as discussed later) may account for the obser-
vation of only one oxidation peak in both the CV and DPV
results.>*? Upon adding 5% H,O to the acetonitrile solution of
complex I, the oxidation current considerably increased
(Fig. S4ct), consistent with an electrocatalytic water oxidation
process. Importantly, complex I exhibited significant catalytic
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Fig. 2 (a) CVs of complex | in pH 4 and pH 7 phosphate buffer, ligand
and blank electrolyte. Voltammograms were collected on a glassy
carbon (GC, 0.07 cm?) electrode at a scan rate of 50 mV s~% (b) DPV
curves of complex | in phosphate buffer of different pH values; Inset:
corresponding Pourbaix diagram. (c) Plots of the ratio of i, to iy as a
function of the inverse of the square root of the scan rate v, showing a
linear relation. (d) CVs of complex | (0.25 mM) in a phosphate buffer (pH
4, 50 cycles, 1 cm? FTO electrode, 50 mV s™). Blue solid line: the elec-
trode after 50 scans followed by rinsing and replacement in a fresh
background solution; blue dashed line: fresh electrode in blank pH 4
phosphate buffer.

current in phosphate buffers of pH 2-6 (Fig. 2a and Fig. S4d¥),
implying that complex I is a suitable water oxidation catalyst
for use in acidic conditions. The catalytic current increased
with increasing pH because the reaction is thermodynamically
favorable under high pH conditions.*® The significant change
of catalytic current at pH values below 5 may be related to pro-
tonation of the hydroxyl functionality of I. The experimental
PK, values of complex I were found to be pK,; ~ 4.0 and pK,,
~ 4.8, respectively (Fig. S5at). The DFT calculations suggest
that the protonation of a bridging OH is energetically more
unfavorable (by 0.03 eV) than that at the terminal site of clea-
vage of a bridging acetate group (Fig. S5b-dt). The pK, values
of various intermediates were calculated according to the
literature,*"** see below.

To elucidate the water oxidation kinetics of complex I, CVs
of complex I at different catalyst concentrations and various
scan rates were performed at pH 4 and pH 7 (Fig. S6 and S77).
The catalytic currents varied linearly with the catalyst concen-
trations, indicating that the catalytic process involved a single-
molecule catalytic species (the inset in Fig. S6 and S71).** In
addition, the first-order relation between the peak current (i)
and square root of the scan rate (v/) indicated the presence of
a diffusion-controlled electrocatalytic process (Fig. S6 and
S71).** These results were consistent with the catalytic mecha-
nism suggested by DFT calculations, as discussed later. By
plotting ica/i, versus v™"'?, the keye (TOF) of complex I was cal-
culated to be ca. 2.4 s~ for pH 4 and 2.2 s™* for pH 7 using
eqn (S5)7 (Fig. 2c¢), both slightly smaller than those calculated
later in FOWA (ca. 2.9 s™' and 2.8 s~ for pH 4 and pH 7,

This journal is © The Royal Society of Chemistry 2024
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respectively). The Tafel slope for complex I was ca. 75 mV
dec™ and ca. 78 mV dec™" under pH 4 and pH 7, respectively
(Fig. S8 and Table S27). These results show that complex I exhi-
bits high catalytic activity for electrocatalytic water oxidation
(even under acidic conditions), surpassing that of well-known
Fe-based catalysts (compared in Table S37).

To gain further insights into the mechanism of O, pro-
duction in water, the electrocatalytic capacity of complex I for
water oxidation at pH 2-10 in phosphate buffered aqueous
medium was studied (Fig. 2b and Fig. S4df). The inset in
Fig. 2b shows the E-pH relationship (Pourbaix diagram) from
DPV measurements. The oxidation waves were pH-dependent
with a Nernstian slope of —57 mV per pH, corresponding to
that of a proton-coupled electron transfer (PCET) process.*®
The one-electron nature of the redox event was further con-
firmed by the CPE experiment (Fig. S11c}).*® In a pH range of
6-10, the relationship between onset potentials of catalytic oxi-
dation and pH of the examined aqueous solutions exhibited a
Nernstian slope of —56 mV per pH, consistent with the 1H"/
1le~ procedure in the Pourbaix diagram.?”” The CVs of complex
I in different pH phosphate buffers showed that complex I can
catalyze water oxidation in acidic aqueous solution with a
small onset potential of ac. 290 mV (pH 2), further indicating
that complex I is a suitable catalyst for acidic water oxidation.
This overpotential was lower than that of previously reported
Fe-based molecular compounds under acidic conditions
(Table S371).*®

2.3 Catalyst integrity studies in water oxidation

For water oxidation to proceed, the catalysts require providing
coordination sites for water molecules to access the inner
sphere of metal ions.*® In this way, structural integrity of mole-
cular catalysts during the removal of the coordination ligands
is a critical issue, especially under harsh reaction conditions.>
Therefore, it is very important to identify the active species
probably arising from the transformation of the initial mole-
cule for understanding catalysis.>*

Firstly, the structural stability of complex I in aqueous
buffer was verified by spectroscopic studies. The NMR spectra
at pH 2 in phosphate-buffered D,O was comparable to that in
neat D,O (Fig. S9t). After 72 h, no insoluble product was
found (considering the solubility of H,bipyalk), indicating
that no decomposition of complex I occurs in acid con-
ditions. The presence of acetate groups on complex I is indi-
cated by a distinctive IR peak at ca. 1275 cm™" (Fig. S10a-
ct),”* which remained almost unchanged in different pH con-
ditions. The pH-dependent UV-Vis spectrum (Fig. S10et)
shows two strong absorption bands at 235 nm to 310 nm,
corresponding to the L-n — L-rn* transitions of the aromatic
bipyalk ligand (L). The TD-DFT-calculated electronic absorp-
tion spectrum of complex I is in good agreement with the
experimental observations (Fig. S10ff). The UV-Vis spectra of
complex I remained unchanged over time (throughout 72 h)
in phosphate buffer (Fig. S10gt), showing that complex I is
sufficiently stable for use as a water oxidation catalyst. The
Raman spectra (Fig. S10df) also showed that complex I is

This journal is © The Royal Society of Chemistry 2024
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sufficiently stable for use as a water oxidation catalyst. These
results suggest that the main structure of the complex
is maintained under these conditions. However, complex
decomposition is complex and may not be excluded under
more long-time oxidation reaction and stronger acidic con-
ditions (pH < 2).**

Under catalytic conditions, the stability of complex I and its
possible deposition were evaluated by control experiments and
spectroscopic techniques. Multiple successive CV scans were
performed in phosphate buffer with 0.25 mM complex I using
FTO (fluorinated tin oxide, with an exposed area of 1 cm?®) as
the working electrode. After 50 cycles, the catalytic current in
pH 4 phosphate buffer slightly decreased (Fig. 2d), while the
CV curves in pH 7 phosphate buffer almost overlapped
(Fig. S11at). After multiple CV scans and long-term constant
potential electrolysis (CPE), the electrode was rinsed with de-
ionized water and recycled in a fresh buffer solution without
catalyst. No discernible catalytic activity was observed after re-
cycling compared with the initial background CV curve
(Fig. S11a and bf). Stable catalytic current and inactive elec-
trode after CPE suggest that no FeO, nanoparticles or film
formed at the surface of the electrode,> which also might not
be detected due to the weakly adsorption of the decomposition
components.”" During long-term CPE (Fig. S11bt) at 1.70 V vs.
NHE, the current first slightly decreased and then remained
almost constant for 5 h at pH 2. The surface compositions of
the FTO electrode and phosphate buffer containing complex I
after CPE were further investigated. In DLS analysis (dynamic
light scattering, Fig. S11d}), no heterogeneous nanoparticles
in the phosphate buffer were detected after water oxidation.
The concentrations of Fe ions in the phosphate buffer contain-
ing complex I did not change before and after the CPE, as con-
firmed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES, Table S4t), indicating that complex I was
not decomposed during water oxidation. According to X-ray
photoelectron spectroscopy (XPS, Fig. S12a-ct) analysis, no
new species were deposited on the electrode surface during
water oxidation by comparing the spectra of the immersed
FTO electrode (no voltage applied) and blank FTO. The SEM
and UV-Vis analysis (Fig. S12d-f}) of the FTO electrodes also
confirmed the homogeneous catalysis process. To further rule
out the formation of catalytically active surface deposits,
electrochemical quartz crystal microbalance (EQCM) experi-
ments were carried out in pH 4 and 7 phosphate buffer. The
results show no significant change in the oscillation frequency
of the electrode in the presence of complex I (Fig. 3a and
S13at), which indicates that catalytically active species stay
homogeneous and suggests that they are molecular in nature.
The formation of heterogeneous species (e.g., FeO,, Fe(PO,);,)
depends on the solution conditions, especially the pH value.
The current results support the molecular nature of complex I
and its good stability (under the current operation) during
water oxidation at low pH values as proposed with the Fe com-
plexes by Lau, Fukuzumi et al.,>>** which was further corrobo-
rated by differential electrochemical mass spectrometry
(DEMS, see below).
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Fig. 3 (a) Results of EQCM experiment of 0.25 mM complex | in pH 4
phosphate buffer. (b) Plot of calculated kp and kywna vs. [cat.] for FOWA
at pH 4. (c) DEMS signals of O, products during water oxidation (1.70 V
vs. NHE) by complex | (0.25 mM) in phosphate buffer (pH 7) containing
H,0 and H,'0 (97 atom% *20). (d) High-performance liquid chrom-
atography (HPLC) profiles of electrolyte (acetonitrile, with 5% H,O, 0.1
M Et4NClO,4 and 1 mM MPS) after CPE (1.70 V vs. NHE) for 2 h.

2.4 Water oxidation mechanistic studies

As shown in Fig. S13b,7 the catalytic performances of complex
I in both H,O and D,O were studied, yielding a calculated
kinetic isotope effect (KIE) value of ca. 2.0, which suggests that
O-H bond cleavage is involved in the rate-determining step
(RDS) of water oxidation, which is consistent with the charac-
teristics of a WNA mechanism.”>® The kinetic performance of
complex I was evaluated by foot of the wave analysis (FOWA)
based on catalytic water oxidation waves, as shown in Fig. 3b
and Fig. S14.f The observed reaction rate constant Kwna
remained almost unchanged at different concentrations of
complex I at both pH 4 and pH 7, which is suggestive of the
first-order dependence of the catalytic reaction kinetics for
potential reaction mechanism.>®

The O, evolved during the CPE experiment was quantified
to be ca. 6 pmol (pH 2) and ca. 75 pmol (pH 7) using gas
chromatography, respectively. The faradaic
efficiency and turnover number of water oxidation catalyzed by
complex I was measured as ca. 94% and 30, respectively.
Rotating ring-disk electrode (RRDE, Fig. S15af) measurements
revealed that no current of H,O, oxidation was observed at the
Pt ring electrode, indicating highly selective oxidation of water
to oxygen by complex L'> To confirm the source of oxygen,
differential electrochemical mass spectrometry (DEMS) was
performed to measure the O, generated during water oxidation
(1.70 V vs. NHE) by complex I in phosphate buffer (pH 7) con-
taining H,'°0 and H,'®0 (97 atom% '®0). Fig. 3c indicates
that both oxygen atoms in the evolved O, are generated from
water. Under alkaline conditions, the oxygen source for O-O
bond formation may be quite different according to previous
reports.”>” The catalytic ability and stability of complex I under
acidic conditions were demonstrated by DEMS. As shown in
Fig. S15b,t the evident O, signal supports that complex I can
catalyze water oxidation to release O, even at pH 2, which was

maximum
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also confirmed by gas chromatography. In addition, no CO,
was detected, demonstrating that acetate groups in complex I
without being oxidized and that molecular nature of the cata-
Iytic process under these oxidative conditions.

The in situ spectroelectrochemistry of complex I was exten-
sively studied to elucidate the reaction kinetics and mecha-
nism. In a blank phosphate buffer, no new absorption peak
was detected at the catalytic voltage (1.70 V vs. NHE,
Fig. S16at). The time-dependent absorbance of complex I at a
constant potential showed no change in the UV range
(Fig. S16b).t Evidence of the formation of water oxidation
intermediates was observed in the visible range, and a weak
band at 637 nm emerged (Fig. S16¢ct), which was assigned to
high-oxidation-state Fe™=0 intermediates. This result was
consistent with the previous study on Fe-based water oxi-
dation®® and further confirmed by the TD-DFT-calculated elec-
tronic absorption spectrum (Fig. S16d}). The calculated
absorption peak at approximately 620 nm was contributed by
electron excitation from O (the first attack water molecule)-2p
to Fe-3d, and intra-atomic Fe 3d-3d transitions. When electro-
lysis was stopped, the spectrum reverted back to the initial
state before the potential was applied, indicating high stability
of the catalyst. Conversely, the absorption spectrum of
complex I remained unchanged at 1.30 V vs. NHE (Fig. S16eT¥),
consistent with the CV results in which no water oxidation
signal appeared at this voltage. Specifically oxidation of methyl
phenyl sulfide (MPS) to methyl phenyl sulfoxide (MPSO) via an
oxygen atom transfer reaction is one of the characteristic fea-
tures of Fe™V=0 species.”® The oxidation product MPSO was
detected in the electrolyte after CPE for 2 h by high-perform-
ance liquid chromatography (HPLC, Fig. 3d), demonstrating
the formation of Fe'V=0 intermediates during water oxidation.
For comparation, no Fe™"=0 species could be generated in
blank electrolyte and in the presence of a Fe salt (Fig. S16f}).

2.5 Density functional theory (DFT) calculations and
theoretical analysis

2.5.1 Reversible proton transfer in water oxidation. The
mechanism of the catalytic process was further investigated by
DFT calculations. Hettersheid and coworkers proposed that O-
O bond forms via a SET-HA (single-electron transfer hydroxide
attack) mechanism, and the utilization of redox-active ligands
facilitates the ability to delocalize an electron in the n system
of the ligand without the need to raise the oxidation state of
the metalcenter.®® Bernhard, Collins and coworkers reported
that Fe-TAML (tetraamido macrocyclic ligand) can efficiently
catalyzes the oxidative conversion of water to dioxygen via
Fe™V-0-Fe" dimer intermediate, and improved catalyst per-
formance was associated with increasingly electron-withdraw-
ing substituents on the TAML.®' Lloret-Fillol and coworkers
proved the kinetic unviability of mononuclear Fe™(O) species
to perform the O-O bond formation event at room temperature
by theoretical calculations because of the high endergonic
nature of the intermediates formed after the O-O bond for-
mation.®” They also pointed out that introduction of an
internal base in iron complex can reduces the energy of the O-

This journal is © The Royal Society of Chemistry 2024
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O bond formation barrier. So, this gives us more inspiration to
explore the detail of water oxidation mechanism of complex I,
as well as encourages us to explore whether the O-O bond for-
mation can be achieved through intramolecular proton trans-
fer with low activation free energy.

As all the intermediates and their corresponding free
energy changes are shown in Fig. 4, three possible water oxi-
dation pathways were considered: path 1 and path 2 for the
water nucleophilically attack mechanism (WNA)'? and path 3
for the intramolecular oxo/oxo coupling mechanism. As
shown in Fig. S17a and b,{ after Fel in I is nucleophilically

View Article Online
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attacked by the first H,O, the bridging acetate ligand changes
its coordination mode from bidentate to monodentate.®® The
Fe"'-OH-Fe""-OH, species (II) is formed with a lower free
energy change by breaking of the Fe1-O3 bond (AG = 0.56 eV,
Fig. S18t) instead of breaking of the Fe1-O5 bond (AG = 0.79
eV). The longer bond distance of Fe1-O3 (O3 of C-O in
acetate ligand, 2.041 A) affords a lower bond energy than
Fe4-04 (04 of C=O0 in acetate ligand, 2.027 A). These results
indicate that Fe1-O3 is more likely to break to form II and
thus initiate the catalytic cycles. Then II undergoes a PCET
process to form Fe™-OH-Fe™V-OH species (III) (AG = 0.49

a 00
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00
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Fig. 4 (a) Possible schematic of the proposed catalytic cycles by complex I. Intramolecular proton transfer during (b) Ill — IV, and (c) VII - VIII. (d)
Energy diagram for the proposed water oxidation cycles with the Feg model complex I.
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eV). Accordingly, two possible pathways are considered for
the reaction to proceed from III to the superoxo species Fe™-
OH-Fe™-00 (VIII).

In path 1, the catalytic cycle ensues that III undergoes intra-
molecular proton transfer from the bridging hydroxide (p,-OH
between Fel and Fe4) to the -OH on Fel (Fig. 4b), and affords
Fe"™-0-Fe™-OH, species (IV) (AG = —0.46 eV). In this step, oxi-
dation state of Fel changes from 1V to III, while oxidation state
of Fe3 changes from III to IV. Subsequently, two consecutive
one-electron transfers coupled with proton transfer occur to
afford Fe™-0O-Fe™-OH species (V) and then reactive Fe™-O-
Fe™V=0 species (VI). The calculated free energy increase for
these two steps are 1.64 eV and 1.11 eV, respectively. The for-
mation of a key high-oxidation-state Fe™=—0 intermediate
(species VI) was identified by in situ spectroelectrochemistry
results (Fig. S16¢t) and was supported by the TD-DFT-calcu-
lated electronic absorption spectrum (Fig. S16d+t) as discussed
above. In addition, the Fe1-O1 bond in VI (1.654 A) is shorter
than that in V (1.801 A), indicating that a Fe1=01 double
bond may be formed after deprotonation, consistent with the
charge distribution results discussed later. Species VI under-
goes another water nucleophilic attack on the Fe'™V=0O oxyl
species to generate hydroperoxo Fe™-O-Fe™-OOH intermedi-
ates (VII) (AG = 1.73 eV), which turns out to be the rate-limit-
ing step in the catalytic cycle. In VII, the presence of the rela-
tively weak peroxy bond results in relatively low stability and
therefore in the highest energy necessary for O-O bond for-
mation during the catalytic cycle. Afterward, species VII under-
goes intramolecular proton transfer from -OOH back to the
bridge oxygen atom (p,-O between Fel and Fe4) to yield VIII
(Fig. 4c), overcoming a small activation barrier of only 0.12 eV.
The deprotonation of bridging hydroxide as well as proton
extraction by bridging oxide during the oxygen evolving tran-
sition in this process may be the key features of water oxi-
dation in PSIL.®* Furthermore, the relatively long Fe1-O1 bond
in VII (1.843 A) and VII (1.850 A) indicates weak bond
strength, facilitating the release of O, during water oxidation.
Finally, Fel is attacked by a new H,0, accompanied by the
release of an O, molecule and the regeneration of I (AG = 0.34
eV), thus restarting the catalytic cycle. In addition, in all the
intermediates (except VI), a typical hydrogen bond is formed
between H (from the attack water molecule) and dangling O
(from the disconnected acetate ligand), which contributes to
the good stability of the intermediates and may enhance the
water oxidation performance.®® The deprotonation of the brid-
ging hydroxide in path 1 appears to be thermodynamically
favorable for a dramatic free energy decrease of 0.46 eV from
III to IV. In path 2, no intramolecular proton transfer occurs.
After the formation of III, three successive PCET processes
take place, forming Fe'V'~OH-Fe"'=0 (AG = 1.21 €V), Fe"-OH-
Fe'V-O0H (AG = 1.97 eV) and species VIII (AG = 0.47 €V) inter-
mediates. The O-O bond formation appears to be the rate-lim-
iting step in the catalytic cycle with a large activation free
energy of 1.97 eV, which is 0.24 eV greater than that in path 1.
Therefore, path 1 from III to VIII is more energetically accessi-
ble than path 2.
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A second possible mechanism of intramolecular oxo/oxo
coupling within binuclear’® and pentanuclear'” iron com-
plexes was considered (Fig. 4a, path 3), which in different with
WNA mechanism in path 1 and 2. Complex I is simultaneously
attacked by two H,0 molecules, and the acetate ligand is com-
pletely detached. The detached acetate ligand captures one H
from H,0 and is divorced from the catalytic system. The
remaining OH and the other H,O then bind to the two
exposed Fe atoms (Fel and Fe4) to form HO-Fe"-OH-Fe™-
OH, (AG = 9.91 eV). Throughout the oxidation process, each
step of the intramolecular oxo/oxo coupling pathway (path 3)
has a relatively higher energy barrier than that of two WNA
pathways. In addition, the extremely high energy (AG = 9.91
eV) required for the desorption of the acetate ligand clearly
reduces the thermodynamic feasibility of the intramolecular
oxo/oxo coupling mechanism (path 3) compared to the WNA
mechanism. On the other hand, both the KIE (KIE ~ 2.0) and
catalytic behavior (catalytic currents varied linearly with
varying catalyst concentrations) of complex I indicate that the
intramolecular oxo/oxo coupling pathway of O-O bond for-
mation via the diiron sites O=Fe""-0-Fe""=0 or O=Fe"-0-
Fe'=0 can be excluded."® Correspondingly, the catalytic
process for complex I may follow a single-site reaction path for
0O-0O bond formation involving the nucleophilic attack of an
external water molecule and the formation of a high-oxidation-
state iron-oxo intermediate, which is also supported by the
FOWA techniques discussed above. Another possible pathway
of water oxidation through H,O insertion into the Fel center
was found to be energetically less favorable without breaking
the bond between Fel and the O in the acetate ligand, as
shown in Fig. S19.1 Thus, path 1, via the WNA mechanism, is
the most favorable for water oxidation by complex I, in terms
of both DFT calculations and experimental results. It is worth
pointing out that additional possible catalytic mechanisms
involving a radical localized on the metal, buffer ions, etc.,
may also contribute to the O-O bond formation.

2.5.2 Synergistic and electronic effects for enhancing water
oxidation. The electronic structure of the intermediates in
path 1 was investigated because it will considerably affect the
water oxidation activity of the catalyst. The differential charge
density (Ap) distribution (Fig. 5a-d) reveals the electronic char-
acter during the deprotonation processes. The deprotonation
of bridging hydroxide (II — IV) coupled with a PCET process
led to a clear electron transfer from the t,, orbitals to e, orbi-
tals in both Fel and Fe4, indicating a higher spin polarization
of Fel and Fe4 in the formed IV. After the first deprotonation
of the attacking water molecule (-Fe1-OH, — -Fe1-OH), there
was an electron accumulation on the c-bonding orbital of Fel-
01, indicating the presence of a stronger -bond in V (1.801 A)
than in IV (2.080 A). The favorable eg occupancy and stronger
o-bonds are beneficial to stabilize water oxidation intermedi-
ates.® In addition, the obvious charge redistribution in IV may
maximize the Fe 3d-O 2p covalency in V, allowing complex I to
serve as an active catalyst for water oxidation.®® Subsequently,
the second deprotonation of the attacking water molecule
(-Fe1-OH — -Fe1=0) leads to the electron accumulation on

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt02749c

Published on 11 October 2024. Downloaded on 1/9/2025 4:05:35 AM.

Dalton Transactions

View Article Online

Paper

Fe6

d vii e f
04 44
o -o-Fel
2 5 -o-Fe2
-
—_— 3 /‘\ Fe3
E g 01 S =X \ Fed
2 2] E N Fe5
® 1) D
w ;3 -2 Fe6
c
-3 9 Fe1-Fe6
0, release = -44
deprotonation ?;:“:;’i:: deprotonation m:;:: 0, release
=47 T T T —6-— T T T T T
v Vv Vi vil 1 1} v \' Vi vil

Reaction coordinate

Reaction coordinate

Fig. 5 Differential charge density distribution for (a) disconnecting H in the bridging hydroxide (u,-OH between Fel and Fe4) in Il, (b) disconnecting
H2 in 1V, (c) disconnecting H1 in V and (d) absorbing the OH (—O2—-H3) group in VII. Electron accumulation and depletion are represented by yellow
and blue, respectively. Color scheme: Fe (blue), O (red), N (yellow), C (gray), and H (white); all hydrogens (except in water molecules and the bridging
hydroxide) are omitted for clarity. The isosurface values are set to +0.005 e Bohr™>. (e) Adsorption energy for the adsorbate (blue line) and the bond
length of Fel-O1 (orange line) in corresponding intermediates of path 1. (f) Atomic magnetic moment (m) for six Fe atoms in pristine complex | and

the intermediates of the WNA mechanism.

the t,; orbitals of Fel and the n-bonding states, indicating
the formation of a ¢ and = double bond between Fel and O1
in VI. Finally, electron depletion around Fel shows that
n-bonding disappears again when VI is attacked by the
second H,O to generate VIIL In addition, the distinct Ap near
hydrogen (H1 in Fig. 5c, H3 in Fig. 5d) and the dangling O
atom of the acetate ligand indicate that they are stabilized by
the formation of a specific hydrogen bond in V and VIL.®®
These charge redistributions in complex I as well as the
orbital interaction between Fel and O1 could affect the bond
strength (Fig. 5e) and water oxidation performance.®®
Furthermore, the oxygen adsorption energy (E.qs) in the key
intermediates of path 1 is given (Fig. 5e) by the coupling of O
2p to the d electrons, which is a good descriptor for water oxi-
dation.®” The fluctuation trend of the adsorption energy is
consistent with the change in the Fe1-O1 bond length in the
structural analysis (Fig. S171). This suitable tendency helps to
stabilize water oxidation intermediates and promote the
release of O,, thereby ultimately enhancing the water oxi-
dation performance.®®

The electron transfers (accumulation and depletion) of the
six Fe atoms in path 1 is studied by Bader charge analysis. The
electron accumulation and depletion of the six Fe atoms
(Fig. S207) share a self-consistent tendency with the spin vari-

This journal is © The Royal Society of Chemistry 2024

ation (Fig. 5f). Specifically, the Fe atoms lose more electrons
with a corresponding increase in spin polarization. Notably, all
the Fe atoms display electron depletion during the deprotona-
tion of bridging hydroxide (I — IV), which indicates an
increase in the electronegativity of Fe atoms, especially for Fe1l
and Fe4. The higher electronegativity of Fel and Fe4 can acti-
vate bridge oxygen atom (p,-O between Fel and Fed4) as a
proton acceptor to promote intramolecular proton transfer (VII
— VIII).*® Moreover, a similar “bridging hydroxide effect” has
been proposed for the oxygen evolving complex of PSII, which
may counteract the voltage increase in the subsequent
required metal oxidation step.’*®® The simultaneous change
in electronegativity among six iron atoms indicates a possible
synergistic effect in complex I during the catalytic reaction.
The multimetal synergy behaviors are embodied not only in
the synergetic electron transfer, but also in the synergetic spin
variation. The spin density (defined as spin-up density minus
spin-down density) distribution for all intermediates is shown
in Fig. S21.1 An antisymmetric spin polarization is observed in
pristine complex I with Fel, Fe2, Fe5 spin-up polarized and
Fe3, Fe4, Fe6 spin-down polarized, which is the more stable
coupled state in multinuclear complexes with a bridging oxo
ligand."® After the deprotonation of bridging hydroxide, the
spin polarization of Fel and Fe4 in IV exhibits a notable
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increase compared to that of I and II, which is consistent with
the Ap distribution results discussed above. After the second
deprotonation process of H,O, a dramatic spin variation
occurs on Fel-Fe4; the antisymmetric spin polarization is
broken, while Fe5 and Fe6 remain almost unchanged in V, VI,
and VII. Conventional spin flip usually results in a large
energy barrier; here, the spin variation of Fel is promoted via
the synergistic behavior achieved by the electron transfer
between multiple iron atoms, which is not accessible in mono-
nuclear counterparts.”®

Spin variation during the catalytic process can be more
easily distinguished in the atomic magnetic moment (m) plots
shown in Fig. 5f. Obviously, the deprotonation of bridging
hydroxide leads to a dramatic increase in the spin polarization
of Fel in IV compared with III. The higher spin polarization of
Fel improves the electron transfer ability and reactivity, facili-
tating the catalytic process through the WNA mechanism.®®
Interestingly, as the spin polarization of Fel changes in
different intermediates, that of the other three hexacoordi-
nated Fe (Fe2, Fe3, and Fe4) changes correspondingly, while
the spin polarizations of heptacoordinated Fe5 and Fe6
remain almost unchanged. Notably, Fe4 exhibits the opposite
direction of spin polarization variation with a similar magni-
tude to Fel, consistent with the Ap distribution results dis-
cussed above. Specifically, when the spin polarization of Fel
changes drastically, the total net spin polarization of the inter-
mediates changes very little (green line in Fig. 5f) through the
synergistic spin variation of other iron atoms. Such multimetal
synergy, achieved in multinuclear catalysts to activate and
promote catalytic reactions, is widespread in nature.”® The
reason for the cooperative spin variation of Fel-Fe4 is prob-
ably that the four hexacoordinated Fe atoms have highly hybri-
dized 3d-orbitals (Fig. 5a-d). The different bonding behaviors
of Fel in different intermediates influence the hybridization
between the orbitals of all four Fe atoms and lead to electron
redistribution on the 3d-orbitals, as shown in the differential
charge density distribution. It is also observed (Fig. $227) that
there are obvious spin redistributions on the different d-orbi-
tals of Fe1-Fe4 during the deprotonation process. These iron
atoms (Fe1l-Fe4) jointly transfer electrons with the adsorbate
(-OH,, -OH, -0, and -OOH) to promote electron transfer, and
thus keep the total spin state relatively stable during deproto-
nation processes. Therefore, the synergistic and electronic
effects between multiple iron atoms in enhancing water oxi-
dation activity are proven.

3 Conclusions

In this work, the hexanuclear iron(u) complex I was designed
and the outstanding water oxidation performance of complex I
under acidic conditions (pH 2 phosphate buffer) was verified.
In situ spectroelectrochemistry provided direct experimental
evidence of the key high-oxidation-state iron-oxo intermedi-
ates formed during the water oxidation process. On the basis
of kinetics studies and DFT calculations, the WNA mechanism
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was proposed as the reaction pathway of water oxidation by
complex I.

Reversible proton transfer plays an important role in high-
efficiency water oxidation. First, the deprotonation of brid-
ging hydroxide can increase the electronegativity of the six
iron atoms, and enhance spin polarization to activate the
adsorbate and promote the reaction. Second, the significantly
hybridized orbitals enhance the electron and proton transfer
ability, and thus resulting in charge redistribution, which
affects the bond strength, endowing complex I with outstand-
ing catalytic performance. More importantly, the multimetal
synergistic spin variation in the water oxidation process keeps
the total spin polarization relatively stable, which is respon-
sible for the high efficiency and stability of the catalyst. The
present study investigated the roles of synergistic and elec-
tronic effects between metal centers in catalysis, which can
provide a deeper understanding of the catalytic mechanism
of water oxidation.
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