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Abstract

Adsorption of [(OH2)(terpy)Mn(μ-O)2Mn(terpy)(OH2)]
3+ (terpy=2,2′:6′,2ʺ-terpyridine) (1) onto montmorillonite K10 (MK10) yielded

catalytic dioxygen (O2) evolution from water using a CeIVoxidant. The Mn K-edge X-ray absorption near edge structure (XANES) of the 1/MK10
hybrid suggested that the oxidation state of the di-μ-oxo Mn2 core could be MnIII–MnIV. However the pre-edge peak in the XANES spectrum of 1
adsorbed on MK10 is different from the neat 1 powder. The kinetic analysis of O2 evolution showed that the catalysis requires cooperation of two
equivalents of 1 adsorbed on MK10. The reaction of the [(bpy)2Mn(μ-O)2Mn(bpy)2]

3+ (bpy=2,2′-bipyridine) (2)/MK10 hybrid with a CeIV

oxidant evolved O2. However, the turnover number value was less than unity for 2/MK10, showing that 2 adsorbed on MK10 does not work as a
catalyst. The terminal water ligands could be an important for the catalysis by adsorbed 1. The mechanism of O2 production by photosynthetic
oxygen evolving complex is discussed based on catalytic O2 evolution by 1 adsorbed on MK10.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Water oxidation to evolve O2 (Eq. (1)) is an important and
fundamental chemical reaction in photosynthesis. This reaction
is catalyzed by a unique manganese enzyme so-called oxygen
evolving complex (OEC), whose active site is comprised of an
oxo-bridged tetramanganese cluster including a calcium ion
[1–6]. However, the mechanism of water oxidation by OEC is
still a question under debate [4–6].
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O2 evolution by synthetic manganese complexes as OEC
models is important for providing experimentally proven key
reactions for proposals of the water oxidation mechanism by
OEC, and the several trailblazing works have been reported to
give important key reactions [7–16]. However, clear demon-
strations of catalytic O2 evolution from water by synthetic
manganese-oxo complexes had not been reported.

Several years ago, Limburg et al. reported that O2 is evolved
by the reaction of [(OH2)(terpy)Mn(μ-O)2Mn(terpy)(OH2)]

3+

(terpy=2,2′:6′,2″-terpyridine) (1) with the oxygen donor agent
of NaClO or KHSO5 in an aqueous solution [13,14]. The O\O
bond was hypothesized to be formed by attack on the MnV_O
by a hydroxide in O2 evolution. However, the mechanism of the
O2 evolution is completely unclear, including even dispropor-
tionation of 2ClO−→O2+2Cl

− which is known to be catalyzed
by MnII and other Lewis acids [9]. Nevertheless, their works
have triggered active research fields on syntheses, redox
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Fig. 1. Adsorption isotherms for adsorption of 1 onto (a) MK10 and (b) kaolin.
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reactions, catalyses related to 1 and its derivatives [17–21].
Recently, Baffert et al. reported that electrochemical oxidation
in an aqueous solution of 1 cannot produce O2 [19].

We preliminary reported that the reaction of 1 with a CeIV

oxidant leads to decomposition of 1 to MnO4
− ions without O2

evolution in an aqueous solution, whereas it produces O2

catalytically from water when 1 is adsorbed on kaolin clay [21].
1 adsorbed onto the heterogeneous clay matrix could be
regarded as a functional model of OEC in which a manganese-
oxo cluster located in a microscopically heterogeneous
environment formed by proteins. The observation of O2

evolution might shed light on the unsolved mechanism of O2

production by OEC. Herein a 1/montmorillonite K10 (MK10)
hybrid is prepared to ensure the generality of O2 evolution
catalyzed by 1 adsorbed on heterogeneous clay matrixes, and
evidence of catalytic O2 production from water by adsorbed 1
on MK10. The similar di-μ-oxo Mn dimer [(bpy)2Mn(μ-O)2Mn
(bpy)2]

3+ (bpy=2,2′-bipyridine) (2) was used as a control
compound to discuss the mechanism of O2 production. The
kinetic data for kaolin systems in a preliminary report [21] are
partially included to understand comprehensively the catalysis
by 1 on heterogeneous clay matrixes. The mechanism of O2

production by OEC will be discussed based on catalytic O2

evolution by 1 adsorbed on MK10.

2. Materials and methods

2.1. Materials

Mn(NO3)2, KMnO4, Ce(NH4)2(NO3)6 (Wako Pure Chemical Industries,
Ltd.), terpy, bpy and MK10 (Aldrich Chemical Co. Inc.) were purchased and
used without further purification.

2.2. Syntheses of 1(NO3)3 and 2(ClO4)3, and preparations of 1 and
2/MK10 hybrids

1(NO3)3 was prepared by a procedure reported elsewhere [21]. 2(ClO4)3 was
synthesized according to the literature by Cooper [22]. These complexes were
characterized by IR and UV-visible absorption spectroscopic measurements.

An aqueous solution (0–1.2 mM, pH=4.0) of 1 or 2 was added to an
aqueous suspension (5–15 ml, pH=4.0) of MK10 (50–400 mg). The resulting
suspension was filtrated after stirring for 30 min, and then dried under vacuum to
yield a 1 or 2/MK10 hybrid. The amount of 1 or 2 adsorbed was measured by the
visible absorption spectral change of the aqueous solution before and after
adding MK10.

2.3. Mn K-edge XANES measurements and O2 evolution experiments

Mn K-edge X-ray absorption near edge structure (XANES) measurements
were carried out in a transmission mode at BL-9A (Photon Factory in High
Energy Accelerator Research Organization, Tsukuba, Japan) with a Si(111)
double-crystal monochromator. The ionization chambers filled with N2 for I0
(17 cm) and N2(85%)–Ar(15%) for I (31 cm) were used. High energy X-rays
from high order reflections were removed by a pair of flat quartz mirrors coated
with Rh/Ni that were aligned in parallel. The energy was defined by assigning
the first inflection point of the Cu foil spectrum to 8980.3 eV. Normalization of
XANES analysis was carried out using REX2000 (Rigaku, EXAFS analysis
software). The adequate small portion of an aqueous solution (1.0 M) of a Ce
(NH4)2(NO3)6 oxidant was added to the aqueous solution (pH=4.0) of 1 or 2
and to the aqueous suspension containing the 1 or 2/MK10 hybrid. The reaction
was typically followed in 2.0 ml of a liquid phase volume at pH=1.0 and 25 °C
under the conditions of a large excess (50–100 mM) of CeIV vs. 1 or 2. (The
CeIV oxidant cannot work in solutions over pH=4. The pH of the solution
changes to 1.0 by adding the CeIV solution.) The amount of O2 evolved was
analyzed using a Clark type oxygen electrode (Hansatech Instruments,
Oxygraph OXYG1 and DW1/AD unit). Gas chromatograph (Shimadzu, GC-
8A) equipped with a 5 Å molecular sieve column (argon carrier gas) was used to
analyze the maximum O2 amount evolved.

3. Results

When an aqueous solution of 1 was added to an aqueous
suspension of MK10, 1 was adsorbed onto MK10 by cation
exchange with Na+. The adsorption isotherm of 1 onto MK10
is shown in Fig. 1, including kaolin data [23]. The
concentration (wads/mol g−1) of 1 adsorbed on MK10 rose
up steeply at very low (almost zero) equilibrium concentrations
(ceq/M) of 1 in the solution, indicating the high adsorption
equilibrium constant of 1 onto MK10. The maximum
concentration ((wads)max=0.105 mmol g−1) of 1 adsorbed
onto MK10 was 5 times higher than that (0.022 mmol g−1) for
kaolin. These values are consistent with the cation exchange
capacity of MK10 (0.35 meq g−1) [24] and kaolin (0.02–
0.15 meq g−1) when the trivalent of a 1 cation is taken into
account.

The Mn K-edge XANES spectrum of the 1/MK10 hybrid is
shown in Fig. 2, including those of a neat 1 powder and a [(SO4)
(terpy)MnIV(μ-O)2MnIV(terpy)(SO4)] [23] (1a) powder for
comparison. It is well known that the Mn K-edge shifts to a
high energy region by an increase in an oxidation state of Mn
centers in a di-μ-oxo manganese dimer [25]. The near edge
structure of the 1/MK10 hybrid (wads=80 μmol g−1) is closer to
the neat 1 powder rather than the 1a powder, suggesting that the
adsorbed species possesses the di-μ-oxo MnIII–MnIV core.
However, the pre-edge peak around 6540 eV, assigned to a
dipole forbidden 1s→3d transition of the Mn center, is different
between the both, as shown in the magnified spectra in the range
of 6535–6547 eV (inset of Fig. 2). The spectrum of neat 1
exhibited a pre-edge peak at 6539.3 eV, while the spectrum of



Fig. 3. Time courses of the amount of O2 evolved in reactions of 1 and a 50 mM
CeIV oxidant. (a) Aqueous solution of 1 (2.0 μmol; 1.0 mM) (□), (b) aqueous
solution without 1 (×), (c) aqueous suspension of MK10 (75 mg) adsorbing
2.0 μmol 1 (wads=27 μmol g−1) (●) and (d) aqueous suspension of MK10
(75 mg) without 1 (○). Liquid volume, 2.0 ml; pH=1.0.

Fig. 2. Mn K-edge XANES spectra of (a) 1/MK10 with wads=80 μmol g−1, (b) 1
powder and (c) 1a powder. The inset is the magnified spectra for the pre-edge
peak around 6540 eV. The spectrum (c) was cited from reference 23.

662 M. Yagi et al. / Biochimica et Biophysica Acta 1767 (2007) 660–665
the 1/MK10 hybrid exhibited two separate pre-edge peaks at
6539.8 and 6542.2 eV. Pre-edge peak energy corresponds to the
energy difference between the 1s level and the unoccupied 3d
levels of center ions, the latter of which are influenced by the
ligand field [26–28]. The higher pre-edge energy (at 6542.2 eV)
for the 1/MK10 hybrid could be explained by an increase of the
unoccupied 3d levels, possibly due to a distorted local
coordination structure of Mn ions. However, it is also
established that pre-edge peak energy depends on the valence
state of the center ions; pre-edge peak energy shifts to higher
energy with an increase in the oxidation number of iron [29–31]
and manganese [32]. The possible explanation by the higher
valence state could not be excluded for the higher pre-edge
energy of the 1/MK 10 hybrid.

The amount of O2 evolved in the reaction of neat 1 or the
1/MK10 hybrid with a large excess CeIV oxidant in an
aqueous solution or suspension was measured. In the solution
of neat 1, the reaction did not produce O2 at all (Fig. 3a). The
absorption spectroscopic measurements indicated that the
reaction leads to decomposition of 1 to MnO4

− ions possibly
by disproportionation. However, it can be significantly
suppressed by adsorption of 1 onto MK10 [33]. The reaction
of the 1/MK10 hybrid produced a significant amount of O2 (Fig.
3c), in contrast to no O2 evolution for neat 1 in solution. O2

evolution was not observed when using MK10 without 1 as a
control (Fig. 3d), showing that O2 is evolved by 1 adsorbed on
MK10. The amount (nO2/mol) of O2 evolved under the
conditions (1, 1.0 μmol; MK10, 20 mg; CeIV, 1 mmol; liquid
volume, 2 ml) was 6.5 μmol, corresponding to 6.5 of turnover
number (TN) of 1 for O2 evolution. This result shows that 1
adsorbed onMK10 catalyzes O2 evolution. The

18O-labeling O2

evolution experiments corroborated that the oxygen atoms for
O2 evolution are exclusively originated from water [21].

2 has comparable structure with 1 but no terminal water
ligands. The same O2 evolution experiments were carried out
using 2 in solution and on MK10 to compare with the reactions
of 1. In the solution of neat 2, the reaction with CeIV did not
produce O2, but led to decomposition to MnO4

− ions similar to
neat 1 in solution. For 2/MK10, O2 was evolved by the reaction
with CeIV. However, the TN value was less than unity for
2/MK10 (TN=0.35) under the same conditions as 1/MK10 (2,
1.0 μmol; MK10, 20 mg; CeIV, 1 mmol; liquid volume, 2 ml).
This result shows that 2 adsorbed on MK10 does not work as a
catalyst. The terminally coordinated water ligands could be an
important for the catalysis by adsorbed 1.

The initial O2 evolution rate (vO2/mol s−1) was calculated
from the initial slope of the time course. The vO2 for 1/MK10
and 2/MK10 were plotted vs. the amount (nads) of 1 or 2
adsorbed on MK10 in Fig. 4, including vO2 data for 1/kaolin
and 2/kaolin for comparison. The plots for 1/MK10 (Fig. 4a)
and 1/kaolin (Fig. 4c) gave upward curves at respective low
nads regions, and they departed from the upward curvature
above nads=6.0 and 0.9 μmol for 1/MK10 and 1/kaolin,
respectively. This departure is ascribed to elution of 1 from
MK10 and kaolin into the liquid phase to promote decom-
position of 1 to MnO4

− ions. The upward curvature in the vO2
vs. nads plots is in contrast to the linear plots for 2/MK10
(Fig. 4b) and 2/kaolin (Fig. 4d) showing the first order O2

evolution with respect to 2.
vO2 was analyzed by the kinetic model (Eq. (2)) assuming on

combination between first and second order O2 evolutions with
respect to adsorbed 1:

vO2 ¼ k1nads þ k2n
2

ads ð2Þ

where k1/s
−1 and k2/mol−1 s−1 are first order and second order

rate constants for O2 evolution, respectively. For comparing the
turnover frequency of 1 adsorbed on MK10, vO2 was
normalized by nads to define the apparent turnover frequency,



Table 1
Summary of k1 and k2

Complex Clay Rate constant

k1 k2
(s−1) (mol−1 s−1)

1 kaolin – 3.2 (±0.6)×102

MK10 – 6.5 (±0.5)×10
2 kaolin 5.9 (±0.3)×10−5 –

MK10 4.0 (±0.2)×10−5 –

Fig. 4. Plots of initial rate (vO2/mol s−1) of O2 evolution vs. the amount (nads) of
1 or 2 for (a) 1/MK10, (b) 2/MK10, (c) 1/kaolin and (d) 2/kaolin. 50 mM CeIV;
liquid volume, 2.0 ml; pH=1.0. The inset shows the magnified figure for kaolin
systems. Some vO2 data for (c) 1/kaolin and (d) 2/kaolin were partially cited
from reference [21].
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(kO2)app/s
−1 as Eq. (3). The plots of (kO2)app vs. nads can provide

k1 and k2 from the intercept and the slope, respectively.

ðkO2Þapp ¼ vO2=nads ¼ k1 þ k2nads ð3Þ

For 1/MK10 and 1/kaolin, the plots of (kO2)app vs. nads gave
the straight lines with significant slopes passing through the
near origin at nads<6.0 μmol and at nads<0.9 μmol, respec-
tively, as shown in Fig. 5. The significant slope and the almost
zero intercept suggest that O2 is predominantly evolved by a
Fig. 5. Plots of (kO2)app vs. the amount (nads) of 1 or 2 for (a) 1/MK10, (b)
2/MK10, (c) 1/kaolin and (d) 2/kaolin. The conditions were indicated in Fig. 4.
bimolecular reaction of adsorbed 1. The best fitting of Eq. (3) to
the (kO2)app data yielded k1 and k2 values summarized in Table
1. The k1 values are close between 2/MK10 and 2/kaolin,
whereas the k2 value (3.2×102 mol−1 s−1) for 1/kaolin is 4.9
times higher than that (6.5×10 mol−1 s−1) for 1/MK10. This
result shows that second order O2 evolution strongly depends on
the clay matrix though first order one is almost independent of
it. The higher k2 for 1/kaolin can be explained by localized
adsorption of 1 on the kaolin surface. For the XRD pattern of
MK10 any intense peak cannot be observed in the range of
2θ=0–15 degree, which is consistent with a card house
structure of MK10. 1 is supported to be adsorbed in an
interlayer of the card house structure. The XRD pattern of
kaolin, exhibiting an intense sharp peak at 2θ=12.4 degree, did
not change by adsorption of 1, suggesting that 1 is adsorbed
onto the surface of kaolin. This results in a localization of 1 on
the kaolin surface, making cooperative interaction for O2

evolution easier.
4. Discussion

The first order O2 evolution by 2 adsorbed on MK10 could
involve decomposition because 2 does not work as a catalyst. It
might be explained by either O\O coupling of di-μ-O bridges
or attack of outer-sphere water onto a μ-O bridge in high
oxidation species, probably including μ-OU radical bridges. A
coupling of di-μ-OU radical bridges in a Mn(μ-O)2Mn unit was
proposed by Yachandra et al. as a possible mechanism of O2

production in OEC taking a hint from EXAFS data [1].
Although the di-μ-O bridges must be activated by adsorbing
onto the MK10 for O2 evolution, the activation mechanism is
still under consideration.

The second order O2 evolution catalyzed by 1 adsorbed on
MK10 suggests that cooperation of two equivalents of 1 is
required for the catalysis. The adsorption of 1 onto MK10
results in its higher concentration than that in its solution,
making the cooperative interaction for the catalysis easier. The
k2 values that are strongly dependent on the clay matrix could
support the cooperative interaction. The non-catalytic activity
and the first order O2 evolution by 2 imply that the terminal
water ligand on 1 is involved for catalysis. The O2 evolution
may take place by intermolecular coupling of oxo groups on Mn
ions that could be originated from terminal water ligands on 1.
The detailed spectroscopic measurements will be needed to
identify the key oxo group on the Mn ion involved in O\O
bond formation.
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The present O2 evolution catalyzed by 1 adsorbed on MK10
might give some insights into the O2 evolution mechanism by
OEC. The cooperative catalysis by two equivalents of 1 might
imply that, for O2 production by OEC, an O\O bond is
formed by coupling of oxos coordinated on Mn ions rather
than attack of outer-sphere water onto an oxo coordinated on a
Mn ion. The orientation of oxos on Mn ions and distance
between them might be precisely controlled by proteins for
OEC, contrasting with the present artificial model in which the
cooperative interaction is randomly supported by MK10. The
catalysis by 1 on MK10 does not need a Ca2+ ion. The
possibility is given that Ca2+ may play a role in photoactiva-
tion or incorporation of water substrate to the Mn cluster,
rather than be directly involved in O\O bonding formation for
OEC.

5. Conclusion

The artificial model of photosynthetic OEC was yielded by
adsorption of 1 onto MK10. The present paper illustrates
evidence of catalytic O2 evolution from water by 1 adsorbed
on MK10. The kinetic analysis suggested that O2 evolution
occurs by a bimolecular reaction of 1 adsorbed on MK10. It
requires cooperative interaction of two equivalents of 1
adsorbed. The mechanism of O\O bond formation was hypo-
thesized to involve intermolecular coupling of oxo groups on
Mn ions that could be originated from the terminal water ligands
on 1 in the O2 evolution. O2 evolution by 2 adsorbed on MK10
was a first order reaction with respect to 2. However, it did not
work as a catalyst. Insight into the O2 evolution mechanism by
OEC was provided based on catalytic O2 evolution by 1 on
MK10.
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