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Herein, we report the synthesis, characterization, crystal structure, density functional theory calculations,

and water-oxidizing activity of a pivalate Mn–Ca cluster. All of the manganese atoms in the cluster are Mn

(IV) ions and have a distorted MnO6 octahedral geometry. Three Mn(IV) ions together with a Ca(II) ion and

four-oxido groups form a cubic Mn3CaO4 unit which is similar to the Mn3CaO4 cluster in the water-oxi-

dizing complex of Photosystem II. Using scanning electron microscopy, transmission electron

microscopy, energy dispersive spectrometry, extended X-ray absorption spectroscopy, chronoampero-

metry, and electrochemical methods, a conversion into nano-sized Mn-oxide is observed for the cluster

in the water-oxidation reaction.

Introduction

A manganese–calcium cluster is the active site of water oxi-
dation in Nature and thus, manganese–calcium compounds
are of special interest as water-oxidation catalysts in conjunc-
tion with the conversion of solar energy into chemical energy
in artificial photosynthetic systems. Water splitting towards
hydrogen production is a promising technique to generate
energy from renewable sources.1–4 Although in water splitting
the cathodic reaction is of major interest in hydrogen pro-
duction, anodic water oxidation, being a complicated four
proton–four electron reaction, is important for ensuring the
efficiency of hydrogen generation as it typically requires the
application of large overpotentials.5,6 It is also a process of
relevance to N2 fixation and CO2 reduction as water is the ulti-
mate source of reducing equivalents (electrons and protons)
for these processes.

In plants, algae, and cyanobacteria, Nature uses a unique
water-oxidizing complex (WOC) for water oxidation.7–9 It is a
μ-oxido (μ-O2−) bridged CaMn4O5 cluster, coordinated by car-
boxylate and imidazole from the surrounding amino acids.7–11

So, the use of metal-oxo clusters could be an interesting strat-
egy to mimic the WOC. Only a few stable structural models for
this cluster have been reported.12–18 The closest structural
mimic so far was reported by Zhang et al., but it is unstable in
aqueous solutions.18

There are many molecular systems to catalyze water
oxidation,19–24 and Mn complexes24–33 are among the most
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investigated molecular catalysts for water oxidation. However,
finding kinetically dominant catalysts for the water-oxidation
reaction is a challenge. In the search for a functional mimic of
the natural paragon, a series of Mn12O12(OC)16−xLx(H2O)4 com-
plexes (L = acetate, benzoate, benzenesulfonate, diphenylpho-
sphonate, dichloroacetate) deposited on a fluorine-doped tin
oxide (FTO) glass electrode were investigated as water-oxidizing
catalysts.34 At least a single one-electron oxidation is needed to
activate these catalysts toward water oxidation.34 Why “at least
one-electron oxidation” is needed, can be an enigma. In
general, the reported Mn oxido clusters typically show no water-
oxidation activity or indicate water-oxidation at a high overpo-
tential. Among the synthetic molecular catalysts active in water
oxidation, an [Mn12O12(O2CC6H3(OH)2)16(H2O)4] complex with
high solubility in water is proposed for water oxidation with a
very low overpotential for the onset of water oxidation (334 mV
at pH 6).35 Recently, it has been reported that a homogeneous
Mn cluster shows water oxidation at pH 6 with a turnover fre-
quency of 22 s−1, a high faradaic efficiency of 93% and an over-
potential of only 74 mV for the onset of water oxidation.13

An additional complication hampering the development of
efficient Mn-based molecular catalysts for water oxidation is

the instability of the complexes in the presence of chemical
oxidants.36–38 In many cases, the starting molecular complex is
decomposed into a nano-sized metal oxide as the true catalyst
for water oxidation.37 Regardless of this stability problem,
finding a true molecular catalyst can be important for design-
ing efficient and stable catalysts for water oxidation.39

Herein, an Mn–Ca cluster [Mn6Ca4(μ-O)8(OAc)2-
(Piv)14(HPiv)4(H2O)0.3]·CH3CN (HPiv: pivalic acid) (1) was syn-
thesized, characterized and investigated under electrochemical
water-oxidation conditions. It is interesting that our new syn-
thesized cluster is a dimer of a previously reported
[MnIV

3 Ca2O4(O2CBu
t)8(Bu

tCO2H)4] cluster,17 which shows that
such structures may be aggregated to form multimeric
structures.

Results and discussion
Synthesis and crystal structure

The reaction of KMnO4, Mn(OAc)2·4H2O, Ca(OAc)2·H2O and
pivalic acid in acetonitrile gave red crystals of 1. The complex
was characterized by elemental analysis, spectroscopic

Fig. 1 The WOC in PSII (from ref. 9) (a). Structure of 1 (b and c). The cubic unit for 1 is shown by black lines (b and c); the hydrogen atoms, dis-
ordered parts and solvent molecules are removed for clarity. Image (a) is from ref. 9. Copyright (2015) by Springer Nature Publishing Group.
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methods, and single-crystal X-ray diffraction. In the FT-IR spec-
trum of 1, the strong bands at 1639–1714 cm−1 are due to the
vibration of the C–O groups of coordinated carboxylate groups.
The broadband at 3447 cm−1 can be attributed to the O–H
group of coordinated pivalic acid ligands, which is involved in
hydrogen bonding interactions (see the Experimental section
for FTIR details). The structure of 1 with the atom-numbering
scheme is shown in Fig. 1 and the selected bond lengths and
angles around the manganese ions are summarized in Tables

1 and S1† Single-crystal X-ray analysis indicated that 1 is a
neutral centrosymmetric Mn6Ca4 cluster wherein the metal
atoms are coordinated by the oxido ligands and carboxylate
groups of pivalate and acetate anions. The asymmetric part of
1 contains an Mn3Ca2 cluster (see Fig. 1b). The acetate anions
coordinated to Ca2 act as a bridging group between the two
parts of the cluster. All of the manganese ions in 1 are Mn(IV)
ions and have a distorted octahedral geometry with an MnO6

coordination environment. The bond lengths around the Mn

Table 1 Comparison between the bond lengths and metal–metal distances in the crystal structure of compound 1 and the WOC in PS II9

Bond 1 WOC PSII 1 (DFT) Bond 1 WOC PSII 1 (DFT)

Mn1−Mn2 2.745(1) 2.68(5) 2.739 Mn2−O1 1.879(2) 1.82(7) 1.865
Mn1−Mn3 2.728(1) 2.70(3) 2.719 Mn2−O2 1.859(2) 1.83(7) 1.856
Mn2−Mn3 2.855(1) 3.20(8) 2.857 Mn2−O4 1.856(2) 2.02(6) 1.850
Mn1−Ca1 3.399(1) 3.47(3) 3.443 Mn3−O1 1.895(2) 1.90(2) 1.894
Mn2−Ca1 3.389(2) 3.40(6) 3.527 Mn3−O3 1.838(3) 1.90(12) 1.823
Mn3−Ca1 3.377(2) 3.32(3) 3.428 Mn3−O4 1.863(2) 2.20(14) 1.871
Mn1−O1 1.890(2) 1.80(5) 1.881 Ca1−O2 2.444(2) 2.54(8) 2.547
Mn1−O2 1.844(2) 2.70(1) 1.841 Ca1−O3 2.483(3) 2.61(3) 2.518
Mn1−O3 1.813(2) 1.87(8) 1.796 Ca1−O4 2.574(3) 2.67(6) 2.696

Fig. 2 Continuous CVs of 1 on FTO in 25.0 mL of phosphate buffer (1.0 M, pH = 11.0) (a and b). The current vs. scan plot for the continuous CVs at
1.8 V (c). Amperometry was performed in the presence of 1 at 1.8 V in 25.0 mL of phosphate buffer (1.0 M, pH = 11.0) (d).
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ions are in the range of 1.81–1.98 Å, which is the normal range
reported for Mn(IV) complexes.19–24 Three Mn(IV) ions together
with a Ca(II) ion and four oxido groups form a cubic Mn3CaO4

unit, which is similar to the Mn3CaO4 unit observed in the
water-oxidizing complex (WOC) of Photosystem II (PSII) (see
Fig. 1). Similar to the WOC of PS II, the Mn(IV) ions are con-
nected together by oxido and carboxylate groups with the
Mn1⋯Mn2, Mn1⋯Mn3 and Mn2⋯Mn3 distances of 2.745(1),
2.728(1) and 2.855(1) Å, respectively. Table 1 shows the com-
parison of the geometrical parameters around the metal ions
in 1 with those in the Mn3CaO4 unit of the WOC of PS II which
indicates that the atomic distances in 1 are very close to the
geometrical parameters of the Mn3CaO4 unit of the WOC in
PS II.

In 1 the Ca(II) ions have a CaO8 coordination environment.
Two Ca ions (Ca1 and Ca2) are connected together by the oxido
ligands and oxygen atoms of bridging acetate groups. The same
acetate ligand also acts as a bridging group between two Ca2
ions and consequently, it is a bridging group between three Ca
ions. The Ca1⋯Ca2 and Ca2⋯Ca2i distances are 4.109(2) and
3.818(2) Å, respectively. There is an acetonitrile solvent molecule
in the crystal packing of 1, which is stabilized by hydrogen
bonding interactions. The Ca2 atom and the –CH3 groups of
one of the pivalic acid molecules connected to Ca1 are dis-
ordered. In the structure of 1 the disordered parts and also the
hydrogen atoms are eliminated for clarity as shown in Fig. 1.

To model the atomic coordinates, density functional theory
(DFT) calculations were conducted for the gas-phase molecular

Fig. 3 (HR)TEM images of 1 before the water-oxidation reaction (a–c). TEM-EDX (d) and SAED (e) for 1 before the water oxidation reaction.
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structure of 1 at the b3pw91/6-31+G* level of theory using
Gaussian16.40 Anti-ferromagnetic coupling was taken into
account by the broken-symmetry approach and appropriate
assignment of molecular fragments. Due to the large size of
the model (330 atoms), normal mode analysis was not feasible.
Relevant atom–atom distances are listed in Table 1. Occupied
frontier orbitals are dominated by contributions from the
oxygen atoms of the Mn3Ca clusters and adjacent carboxylate
groups, whereas unoccupied frontier orbitals are dominated
by contributions from the Mn and O atoms (see Fig. S1 and
S2†).

Water oxidation studies

To study the behaviour of 1 as a possible catalyst for electro-
chemical water oxidation, small crystals of 1 were placed (see
the ESI†) on the surface of an FTO-coated glass electrode. By
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive spectrometry (EDX), X-ray
absorption near edge structure (XANES), extended X-ray
absorption fine structure (EXAFS), chronoamperometry, and
other electrochemical methods, it is indicated that for such a
cluster, not the molecular compound but the nano-sized Mn

Fig. 4 (HR)TEM images of 1 after the water-oxidation reaction (a–c). TEM-EDX (d) and SAED (e) for 1 after the water-oxidation reaction.
Amperometry was performed in the presence of 1 at 1.8 V in 25.0 mL of phosphate buffer (1.0 M, pH = 11.0).
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oxide formed at high pH upon the application of oxidizing
potentials is the true catalyst for water oxidation.

At pH = 7, no water oxidation was observed even at a high
overpotential (>1 V; all data reported vs. NHE). At pH = 11 and
a low overpotential, no water oxidation was observed. However,
at pH = 11 and a high overpotential (>1 V), a catalytic wave was
observed in the CV with continuously increasing amplitudes
during the first 50 cycles (Fig. 2a and b). These electrochemical
experiments show, as previously reported,41 that the Mn clus-
ters need “an activation” potential to initiate water oxidation.
Such activation could be achieved by a sequence of CVs. We
have tried to find why an activation potential is needed for this
Mn cluster. The continuous CV of 1 showed the growth of the
peaks related to Mn(II)/(III) and Mn(III)/(IV) at 0.63 and 1.19 V,
respectively (all data in the paper were reported vs. NHE). We
attribute these peaks to Mn oxidation in Mn oxides (Fig. 2b).41

Chronoamperometry (1.8 V for 1.5 hours in 1.0 M phos-
phate buffer, pH 11) shows an immediate increase after apply-
ing the potential (Fig. 2d). This increase is probably because of
the formation of a more active catalyst for the water-oxidation
reaction. After 700 s the conversion is almost completed and
after this time the newly formed compound would be respon-
sible for electrocatalytic water oxidation.

XPS for 1 performed before CV showed O, C, Mn and Ca on
the surface (Fig. S3†). The Mn 2p area consists of a spin–orbit
doublet attributed to the Mn 2p3/2 and Mn 2p1/2 states at around
642 and 652 eV, respectively, which are mainly composed of Mn
(IV)42 (Fig. S3†). As reported previously, the Ca 2p region was
observed at 347 eV and has well separated spin–orbit components
(Δ = 3.5 eV). The O 1s spectrum can be deconvoluted into several

peaks, and each peak corresponds to the binding energies of μ-O,
OH− and H2O. The C–C bond and carboxylate groups were
observed in the C 1s area. In the XPS spectra of complex 1
obtained after the electrochemical water-oxidation reaction (after
chronoamperometry at 1.8 V for 1.5 hours in 1 M phosphate
buffer, pH 11), there are no significant changes, however, K 2p dis-
played the presence of potassium on the surface of the compound
after the reaction (see Fig. S4†). Other techniques, however, indi-
cate that there are more significant changes in the material.

The SEM-EDX data for 1 obtained after chronoamperometry
indicated that the compound contains C (∼33.43%), O (46.96%),
Mn (∼15.26%) and Ca (∼4.36%). Thus, the formula of the surface
of FTO in the presence of 1 can be written as Mn3.5CaC7.7O10.77.
These changes are accompanied by the changes in morphology.
After the water-oxidation reaction, the nanoparticles (ca.
20–30 nm) with no well-defined morphology were observed on
the surface of FTO. These nanoparticles were aggregated to form
a complicated structure (Fig. 3 and S5†). Before the water-oxi-
dation reaction, in a few areas, HRTEM indicated the lattice
fringes with interplanar distances of 3.0–3.4 Å related to 1, which
is consistent with the powder XRD data (2Θ = 26–29°). The
selected area electron diffraction (SAED) pattern shown in Fig. 3
consists of diffuse rings that indicate a pattern typical of 1.

The (HR)TEM images of the mechanically separated solid
from the operated FTO after water oxidation at 1.8 V for
1.5 hours displayed a highly amorphous material (Fig. 4).
SAED also showed a pattern typical of an amorphous material.

In the next step, X-ray absorption spectroscopy (XAS) was
performed to determine the structural changes after the water-
oxidation reaction at the atomic level. The XANES experiment

Fig. 5 XANES spectra (a) and Fourier-transform of EXAFS (b) spectra of the synthesized complex 1 (black) and the operated sample under ampero-
metry conditions (blue; amperometry was performed in the presence of 1 at 1.8 V in 25.0 mL of phosphate buffer (1.0 M, pH = 11.0), respectively.
The thick lines show experimental data, and the thin red lines show simulations. The phase shift was not corrected. The k3-weighted EXAFS oscil-
lations are shown in Fig. S7.† The fit parameters for the simulations are given in Table S2.† The identified structural motifs are displayed schemati-
cally. Color codes are the following: manganese, purple, oxygen, red and carbon, grey. In summary, X-ray absorption spectroscopy shows that after
the operation, 1 converts to MnOx which is likely the dominant water-oxidizing catalyst.
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showed that the average oxidation states of 1 and the operated
sample are the same (Mn3.9+; Fig. 5a and S6†). However, after
the operation, the shape of the edge changed, suggesting the
structural changes in the material.

The Fourier transform of the EXAFS-spectra of 1 before and
after the operation showed a high main Mn–O peak that in both
cases corresponds to octahedrally coordinated Mn ions. This
peak can be simulated by one Mn–O shell at 1.89 Å for 1 and for
the operated sample (after amperometry at 1.8 V for 1.5 hours).
The second peak in the Fourier transform (appearing at a
reduced distance of 2.3 Å in Fig. 5b) originates mainly from Mn–
Mn coordination at a 2.77 Å average distance for 1 and at 2.81 Å
for the operated sample (Table S2†) and likely corresponds to di-
μ-oxo bridged Mn ions. A smaller third peak at a reduced dis-
tance of 2.9 Å is visible only for 1 and can be simulated by Mn–
C and Mn–O shells at 2.91 and 3.16 Å, corresponding to the C
and O atoms of the pivalic acid ligands and to O along the main
diagonal of the cubic unit. These shells are missing from the
operated sample, and therefore we conclude that the pivalic acid
ligands are no longer connected to the Mn centers.

Compound 1 is an interesting model for the WOC in PSII.
Unlike other close structural mimics of the Mn4CaO5 cluster in
PSII (e.g. complex from Zhang’s group18), this complex is
stable in aqueous solutions – a basic requirement to be used
as a water-oxidizing catalyst. However, a high overpotential is a
problem for this cluster as at a high overpotential, the cluster
is decomposed. It is clear that the polypeptide around the Mn
cluster is important for both the stabilization of the Mn4CaO5

cluster in the biological system and the decrease in the overpo-
tential for water oxidation.7–9,43 Also, it seems that the
decomposition reaction is an important issue in the WOC of
PSII, but Nature uses a complicated self-healing mechanism to
repair the biological water-oxidizing cluster.44

Conclusions

In conclusion, we reported an artificial model for the WOC in
PSII. We suggest that the carboxylate groups bound to a large
hydrophobic complex could host Mn3Ca units as observed in
PSII. However, under water-oxidation conditions, the cluster is
decomposed to Mn oxide and the latter is likely responsible for
the observed water-oxidation activity. Compared to the WOC in
PSII, such artificial models would need to have a very stable
ligand or the cluster should oxidize water at a lower overpoten-
tial to prevent ligand oxidation. Alternatively, a self-healing
mechanism would be needed for sustained activity. Channels to
remove H+ and O2 and for access to water molecules, as they
exist in PSII, may be necessary for these artificial models.

Experimental
Materials and instrumentation

KMnO4 (Merck; Reag. Ph. Eur.), Mn(OAc)2·4H2O (Sigma-
Aldrich; ≥99%), Ca(OAc)2·H2O (Sigma-Aldrich; ACS reagent,

≥99.0%) and pivalic acid (Merck; synthesis grade) were pur-
chased from Sigma-Aldrich or Merck companies. TEM was
carried out with an FEI Tecnai G2 F20 transmission electron
microscope (TF20 200 kV). SEM and EDX were carried out with
a VEGA\TESCAN-XMU. X-ray powder patterns were recorded
with a Bruker, D8 ADVANCE (Germany) diffractometer (CuKα

radiation). Electrochemical experiments were performed using
an EmStat3+ from the PalmSens Company (the Netherlands).
Fluorine-doped tin oxide (FTO) and Pt foil were used as a
working and an auxiliary electrode, respectively. Elemental
analysis (carbon, hydrogen, and nitrogen) was performed
using a Carlo ERBA Model EA 1108 analyzer.

Synthesis of [Mn6Ca4(μ-O)8(OAc)2(Piv)14(HPiv)4(H2O)0.3]·CH3CN (1)

1 was synthesized from the reaction of KMnO4 (4 mmol), Mn
(OAc)2·4H2O (2 mmol), Ca(OAc)2·H2O (2 mmol) and pivalic acid
(20 mmol) in acetonitrile by using a branched tube. Mentioned
amounts of materials were added to the main arm of the
branched tube and the tube was carefully filled with acetonitrile.
The tube was sealed and the reagent containing arm immersed
in an oil bath at 60 °C. Firstly, the solution was colorless, but
after 5 hours its color changed to dark-purple and then to dark
red. Some amounts of cubic-shaped red crystals were formed in
the cooler arm after about 12 hours and their amount increased
after three days. The crystals were filtered off, washed with a
little amount of cooled acetonitrile and dried at room tempera-
ture. Yield: 80%. Anal. calc. for C96H175.60Ca4Mn6NO48.30 (MW =
2606.72): C, 44.23; H, 6.79; N, 0.54; Ca, 6.15; Mn, 12.65. Found:
C, 44.37; H, 6.84; N, 0.39; Ca, 6.09; Mn, 12.72%. FT-IR (Nujol,
cm−1): 3447 (m, br), 2958 (vs), 2855 (vs), 1714 (s), 1690 (s), 1639
(vs), 1559 (vs), 1510 (m), 1483 (vs), 1459 (s), 1411 (vs), 1374 (s),
1346 (s), 1222 (vs), 1030 (w), 938 (w), 896 (w), 869 (w), 786 (w),
758 (w), 619 (vs), 594 (s), 534 (m), 447 (m).

Cyclic voltammetry and amperometry

For the investigation of the electrochemical behavior of 1,
cyclic voltammetry (CV) in a three-electrode cell was performed
in which Ag/AgCl, a platinum sheet, and FTO were used as the
reference, the counter, and the working electrode, respectively.
3.0 mg (1.25 μmol) of 1 was added to 30 mL of water and dis-
persed by sonication and then this dispersed mixture (30 µL)
was dropped on an FTO electrode (1.0 cm2) and dried at
ambient temperature. Then, 10 µL of Nafion solution (10% in
methanol) was dropped on the catalyst surface and dried at
room temperature. Cyclic voltammetry was performed in the
range of 0.0 to 1.6 V (vs. Ag/AgCl) at room temperature and at a
50 mV s−1 scan rate in phosphate buffer (1.0 M, pH = 11). 50
cycles of measurement were continued to follow the cluster be-
havior in a long-term operation. The same measurement was
performed for FTO without 1. After the electrochemical
measurement, all potentials were converted to the NHE refer-
ence electrode scale.

XAS measurements

3.0 mg (1.25 μmol) of 1 was added to 30 mL of water and dis-
persed by sonication and then this dispersed mixture (30 µL)
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was dropped on an FTO electrode (1.0 cm2) and dried at
ambient temperature. Then, 10 µL of Nafion solution (10% in
methanol) was dropped on the catalyst surface and dried at
room temperature. The amperometry measurement at 1.8 V
for two hours was performed in a solution of phosphate buffer
(1.0 M, pH 11) and by using Ag/AgCl and a platinum sheet as
the reference and auxiliary electrodes, respectively. XAS
measurements (EXAFS and XANES) at the manganese K-edges
for the obtained sample after amperometry and for the sample
before amperometry were performed at the KMC-3 beamline at
the BESSY II synchrotron facility (Helmholtz-Zentrum Berlin,
Germany) at 20 K using a liquid-helium cooled cryostat
(Oxford-Danfysik).

The angle between the sample surface and the incident
beam was approximately 45°. Fluorescence-detected X-ray
absorption spectra at the manganese K-edge were collected
using a 13-element Ge detector (Ultra-LEGe detector, Canberra
GmbH) installed perpendicular to the incident X-ray beam.
Elemental analyses were carried out using a PerkinElmer 240
elemental analyzer. Atomic absorption analyses were done by
using Varian Spectra AA-220 equipment.

X-ray crystallography

The diffraction data for 1 were collected at 80(2) K on a
κ-geometry four-circle diffractometer (Xcalibur R diffract-
ometer with a Ruby CCD detector equipped with an Oxford
Cryosystems open-flow nitrogen cryostat), using graphite-
monochromated Mo Kα radiation (λ = 0.71073 Å). Data were
corrected for Lorentz, polarization and absorption effects.
Data collection, cell refinement and data reduction and ana-
lysis were carried out with CryAlis PRO. The structure was
solved with SHELXS-201845 and refined with the full-matrix

least-squares procedure on F2 using SHELXL-2018,46 with an-
isotropic thermal parameters for all non-hydrogen atoms.
Hydrogen atoms were found in the difference Fourier maps or
were included using geometrical considerations. In the final
refinement cycles, all H atoms were repositioned in their calcu-
lated positions and refined using a riding model. The structure
plots were prepared using Diamond.47 Crystallographic data
for the crystal are listed in Table 2.

Crystallographic data (excluding structural factors) for struc-
tural analysis have been deposited with the Cambridge
Crystallographic Data Centre, no. 1920522 for 1.†
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