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ABSTRACT: A binuclear manganese molecular complex
[(OH2)(terpy)Mn(μ-O)2Mn(terpy)(OH2)]

3+ (1) is the
most prominent structural and functional model of the
water-oxidizing Mn complex operating in plants and
cyanobacteria. Supported on montmorillonite clay and
using Ce(IV) as a chemical oxidant, 1 has been reported to
be one of the best Mn-based molecular catalysts toward
water oxidation. By X-ray absorption spectroscopy and
kinetic analysis of the oxygen evolution reaction, we show
that [(OH2)(terpy)Mn(μ-O)2Mn(terpy)(OH2)]

3+ is
transformed into layered type Mn-oxide particles which
are the actual water oxidation catalyst.

Electrolysis of water to molecular hydrogen and oxygen is
performed as a simple experiment for high school students

using, e.g., pencil cores as cheap graphite electrodes and a 9 V
battery as the energy source.1 In the future, this schoolbook
reaction may become one of the most important reactions for
mankind because it offers an opportunity to store the excess
electrical energy produced from solar radiation, wind, ocean
currents, and other fluctuating sources in form of molecular
hydrogen or molecules obtained by CO2 reduction.2 Water
oxidation, the anodic process in water electrolysis, clearly is a
key reaction in the transition from an energy economy based
on fossil fuels to one based on renewable energy sources.
However, efficient water oxidation is chemically highly
demanding, especially if the use of precious elements is
avoided.3

Photosynthetic water oxidation in plants and cyanobacteria is
catalyzed by the water-oxidizing complex (WOC) embedded in
the Photosystem II (PSII) cofactor−protein complex. It
contains one calcium and four manganese ions interconnected
by bridging oxygen atoms.4 Since the biological WOC
comprises redox-active Mn ions, particular attention has been
given to synthetic Mn compounds which mimic the WOC of
PSII structurally and functionally.5 Their synthesis has been
directed toward understanding and mimicking the strategies
used so successfully by nature. So far, however, only very few
synthetic Mn molecular complexes have been reported that are
able to catalyze water oxidation in the presence of nonoxo-
transferring oxidants.6 As an alternative to molecular catalysts,
purely inorganic Mn oxides7 and supported Mn complexes8

have been proposed as heterogeneous water oxidation catalysts.
These two research strategies have different advantages: the
opportunities for knowledge-guided design of the ligand system
and fine-tuning of the electron properties of the metal sites in
molecular complexes versus the higher stability and less
expensive large scale synthesis of the amorphous oxides.
Although the perspective for a stable and efficient molecular
catalyst for water oxidation is highly attractive, it still remains
unclear if such a molecule exists as evident from the results
reported further below.
One of the most important molecular Mn complexes that

was reported as a functional model of the WOC in
Photosystem II is [(OH2)(terpy)Mn(μ-O)2Mn(terpy)-
(OH2)]

3+ (1) (terpy = 2,2′:6,2″-terpyridine, Chart 1). First

described in 1999,9 it has been extensively studied since
then.7f,10 Water oxidation activity is found in the presence of
sodium hypochlorite (NaClO)10a,c or potassium oxone
(KHSO5).

10c,11 Both oxidants are working as oxo-transfer
reagents, and their use may be a necessary condition for water
oxidation by 1.10h,12 Yet a reaction resembling the “real” water
oxidation in PSII requires a pure electron-transfer oxidant, and
mostly cerium(IV) ammonium nitrate (Ce(IV)) is used. In the
presence of Ce(IV), O2-evolution activity of 1 was not
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Chart 1. Structure of Complex 1 ([(OH2)(terpy)Mn(μ-
O)2Mn(terpy)(OH2)]

3+) (A) and Top View of Idealized
Layered Mn Oxide (B)a

aWe note that in the catalytically active oxides formed in this study the
structure is highly disordered and most likely contains additional out-
of-plane Mn ions and Mn vacancies.
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detected, but instead there was decomposition of the complex
to MnO4

−.10f,i,13

In contrast to the homogeneous water oxidation catalysis by
1 where the effect of Ce(IV) is still under debate,10q high
activity toward water oxidation in the presence of Ce(IV) has
been verified for 1 adsorbed on clays.10f,g,i,k,13 According to
Narita et al.,10f this prevents the decomposition of 1 to MnO4

−

upon Ce(IV) treatment. However, the UV−vis diffuse
reflectance and Mn K-edge XANES spectra suggested that
the complex may be modified when it is adsorbed on the clay
surface.10f It was also reported that the 16-line EPR signal
typical for dimanganese(III,IV) complexes, and observed for 1
in solution,9 was not observed for the clay (montmorillonite)
hybrid.10k Dimerization is discussed in the literature as possible
structural change as 2 equiv of oxidized 1 were suggested to
cooperatively catalyze water oxidation.14 Formation of a
tetranuclear complex with a μ-oxo-bridged linear core structure
upon dimerization of the oxidized 1 was observed in solution,15

but the conclusions if the dimer can catalyze water oxidation
are controversial.10l,12,15

Another possibility is that the strong Ce(IV) oxidant induces
decomposition of the molecular complex, and purely inorganic
metal oxide is formed. To our best knowledge this option has
not been thoroughly investigated yet. The likely reason for that
is that methods like Raman, UV−vis, FTIR, NMR, or EPR
spectroscopy cannot be conclusive either because the molecular
precursor and the formed oxide both contain the same
Mn(μ-O)2Mn motif and cannot be clearly distinguished or
due to the amorphous character of the resulting oxide which
makes it invisible for many techniques (no defined spectral
fingerprints).
Here we use X-ray absorption spectroscopy (XAS) to study

the structure of 1 before and after deposition on clay as well as
after treatment with Ce(IV). As XAS is a bulk-sensitive
technique which can be used to elucidate the structure of
noncrystalline materials, we could clarify a pivotal question
regarding water oxidation by molecular catalysts: Does the
complex stay molecular or is a water-oxidizing oxide material
formed?
After its synthesis,13 1 was deposited on clay (montmor-

illonite, Mt), as described in the Supporting Information,
resulting in the 1@Mt hybrid. To investigate its structure
before and after Ce(IV) treatment, we collected X-ray
absorption spectra at the Mn K-edge (details are given in the
Figure S2). The X-ray absorption near-edge structure (XANES,
Figure 1) indicates that deposition on clay causes reduction of
the Mn ions from a mean oxidation state of 3.5 of the binuclear
MnIII,IV complex to ∼2.6 in 1@Mt, as calculated from the
detected edge energies16 (Figure S3). The treatment with
Ce(IV) induces Mn reoxidation back to the original level of
∼3.5. However, as judged by the shape of the XANES spectra,
the 1@Mt hybrid after Ce(IV) treatment differs clearly from
the molecular complex and resembles a layered Mn oxide
(Figure 1).
The observed change in the mean Mn oxidation state relates

to structural changes of 1, which are visible in the extended
X‑ray absorption fine-structure (EXAFS, Figure 2). The EXAFS
spectrum of the initial molecular complex is well compatible
with the crystal structure (Table S1), proving the intactness of
the starting material. The spectrum of 1@Mt, however,
indicates a structural change. The Mn−Mn distance increases
from 2.72 Å in 1, which is typical for di-μ-oxo-bridged MnIII−
MnIV ions,5d to 3.09 Å in 1@Mt (Table S1). Increase of the

bond lengths is observed also for the O/N ligands in the first
Mn coordination sphere and is explainable by the reduction of
the Mn ions suggested by the XANES spectra. Indications for
structural changes upon deposition of 1 on Mt have been found
before by UV−vis absorption13 and EPR spectroscopy.10k

Changes in XANES and UV−vis spectra upon deposition of 1
on mica clay were reported, although Mn reduction was not
observed.10f We may speculate that montmorillonite support
can induce decomposition of the complex and partial ligand
oxidation by the Mn(III,IV) ions. Incomplete decomposition of
mixed Mn complexes induced by Al(III) salt was reported
previously.17 The averaged oxidation state of 2.6 together with
the metal−metal distance of 3.09 Å, and the presence of carbon
ligands suggests that upon deposition on montmorillonite, the
structure of 1 changes, but the molecular complex does not
simply degrade by formation of Mn(II) ions which are ligated
by groups of the clay material and water molecules, in line with
the results of a previous investigation based on EPR analysis.10k

Such a partial decomposition where most likely the ligands are

Figure 1. XANES spectra of 1 before deposition on montmorillonite
(molecular complex, black line), after deposition on montmorillonite
(1@Mt hybrid, green line), and after Ce(IV) treatment (1@Mt/
Ce(IV), red line). For comparison the spectrum of the Mn−Ca oxide
reported in ref 7d is shown (dotted red line).

Figure 2. Fourier transformation (FT) of the EXAFS spectra of
molecular complex 1 (black), 1@Mt hybrid (green), and 1@Mt after
Ce(IV) treatment (red). The original EXAFS spectra are shown in the
Figure S4. Thin lines represent the experimental spectra, and thicker
lines represent the simulations with the parameters listed in Tables 1
and S1.
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dissociated may represent a crucial preliminary step for the
formation of Mn oxide phase upon Ce(IV) treatment.
The Ce(IV) treatment not only causes Mn reoxidation

(Figure 1) but also pronounced structural changes signified,
inter alia, by appearance of a strong peak in the Fourier-
transformed EXAFS spectra at a reduced distance of 2.5 Å
(Figure 2), which corresponds to a real distance between Mn
ions of 2.86 Å (Table 1). Distances of 2.86 Å are indicative of

di-μ3-oxo bridging between high-valent Mn ions. This means
that two octahedrally coordinated Mn ions share two of their
oxygen ligands (‘di-μ-oxo-bridging’ or ‘edge-sharing MnO6
octahedra’) and that an extended structure of edge-sharing
octahedra facilitates μ3-oxo bridging (one oxygen is bound to
three Mn ions).18 In 1, the initial binuclear complex, the Mn−
Mn distance is shorter (2.72 Å) because of di-μ2-oxo instead of
di-μ3-oxo bridging.
Extended structures of edge-sharing octahedra result in

layered Mn oxides, as found in birnesites.18c In perfectly
ordered and infinitesimally extended layered-oxide structures as
shown in Chart 1, each Mn ion would be connected by di-μ3-
oxo bridges to 6 neighboring Mn ions resulting in an EXAFS
coordination number of 6 for the shortest Mn−Mn distance. In
1@Mt/Ce(IV), the coordination number is around 3 implying
a significant disorder or fragmentation of the layered oxide.
Formation of a layer-type Mn oxide is further confirmed by
detection of a 5.7 Å distance, which corresponds to a linear
Mna−(μ-O)2−Mnb−(μ-O)2−Mnc motif (distance between
Mna and Mnc of 2 × 2.86 Å, as indicated in Figure 2).
Moreover, the “diagonal” distance of a layered oxide (about 5
Å, see Figure 2) is well resolved. The atom−atom distances
detected in 1@Mt/Ce(IV) are very similar to those reported
for other catalytically active, layered Mn oxides7d (Figure S6).
However, the relatively high coordination numbers point to a
comparatively better ordered structure (or larger layer
fragments). Still the formed Mn oxide can not be detected by
powder diffraction measurements, inter alia due to the strong
Bragg reflections from the clay support (Figure S7). The Mn−
Mn distances of 3.1 and 3.8 Å previously assigned to di-μ-oxo
bridging to an out-of-plane Mn ions in a Mn4(μ-O)4 cubane
structure and mono-μ-oxo bridging to Mn ions above layer
vacancies, respectively, might be detectable in 1@Mt/Ce(IV),
but with coordination numbers close to the detection limit
(Table 1).
In the EXAFS spectrum of 1@Mt after Ce(IV) treatment,

the terpyridine ligands are not detectable. Ce(IV) in the high
concentrations used in water oxidation reaction can easily
decompose the organic ligands.19 Oxidation of 1 upon Ce(IV)

treatment or exposure at low pH and CO2 evolution stemming
from ligand decomposition was previously reported in
solution.20 We also investigated a second mixed-valent
Mn(III,IV) complex, namely [(cyclam)Mn(μ-O)2Mn-
(cyclam)]3+ (2, cyclam = 1,4,8,11-tetrazacyclotetradecane).21

It is less prone to Ce(IV)-induced degradation possibly relating
to the closed organic ligand shell without the terminal water-
coordination sites present in 1 (Figure S1). The incomplete
oxide conversion of 2@Mt upon Ce(IV) treatment (Figure S5
and Table S2) correlates with a lower O2-evolution activity
(Figure S8). The ligand type generally may be a determinant of
amount and type of Mn oxides formed from precursor
complexes.22 Interestingly the O2 production rate for 1@Mt
hybrid seems to increase with time. This suggests some
progressive increase in the catalytic activity of the film
consistent with continuous degradation/oxide formation in
the time course of Ce(IV) treatment.
Summarizing the above discussion, the XANES and EXAFS

analyses show that upon Ce(IV) treatment, a disordered or
fragmented, layered Mn oxide of the birnesite type is formed.
On the contrary for 1@Mt, Yagi et al.10f concluded that a
dimeric form of 1 catalyzes water oxidation based on a linear
increase of the turnover frequency (TOF in mol O2/s·mol Mn)
with increasing of concentration of the complex. However,
manganese oxides@clay hybrids with similar water oxidation
activity can be obtained starting not from complex 1 but from
simple Mn salts, e.g., Mn(NO3)2@Mt.8d (TOF for 1@Mt
hybrid with the typical in this study loading of
0.35 mmolMn·gr clay

−1 is ∼0.06 mmolO2
·molMn

−1·s−1) The

oxides formed from Mn salts exhibit the same linear relation
between TOF and Mn concentration8d (Figure S9), suggesting
that the experiment of Yagi et al. cannot be interpreted as a
clear evidence for a formation of a molecular dimer. A possible
alternative explanation of the observed dependence is the need
of cooperative interaction of a relatively high number of Mn
ions of the oxide in order to facilitate efficient accumulation of
oxidizing equivalents. Such accumulation of oxidizing equiv-
alents before onset of O−O bond formation is known from
biological water oxidation of oxygenic photosynthesis.3,23

For water oxidation by 1@Mt, we determined an activation
enthalpy of 60 kJ (Figure S10). This figure compares well with
values recently reported for water-oxidizing Mn oxides24 and
also supports the statement that the oxide formed upon Ce(IV)
treatment of 1 is the catalytically active material.
In conclusion, by Mn K-edge XAS and kinetic analyses of

1@Mt treated with Ce(IV) we show that the active catalyst for
water oxidation clearly is not a molecular complex but a layer-
type Mn oxide formed on clay upon treatment with the Ce(IV)
oxidant. Most likely for first-row transition metals in general,
Ce(IV) is a strong promoter of formation of water-oxidizing
high-valent oxides from molecular complexes or from low-
valent oxide particles.25 As Ce(IV) is very often used as a
nonoxo-transferring oxidant, control experiments are generally
indispensable to exclude that the putative water oxidation
catalysis by a molecular complex originates from a catalytically
active oxide formed upon oxidant treatment. The question
remains open whether in the future a true molecular Mn-based
water oxidation catalyst can be designed that offers a
technological perspective.

Table 1. Parameters Obtained by Simulation of the k3-
Weighted EXAFS Spectra of 1 after Deposition on Clay and
Treatment With Ce(IV)a

shell N R [Å] σ [Å]

Mn−O 6.0b 1.87 ± 0.01 0.07 ± 0.01
Mn−Mn 3.2 ± 0.7 2.86 ± 0.01 0.05 ± 0.01
Mn−Mn 0.4 ± 0.5 3.10 ± 0.05 0.06b

Mn−Mn 0.8 ± 0.4 3.81 ± 0.03 0.06b

Mn−Mn 1.6 ± 0.8 4.99 ± 0.03 0.06b

Mn−Mnc 3.3 ± 0.6 2 × 2.86b 0.06b

aThe 68% confidence interval of the respective fit parameter is
indicated. bNot varied in the least-squares fit of the EXAFS spectra.
cMultiple scattering paths were included in the simulation.
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