SPECIAL SECTION

22. (a) Marcus, R. A, J. Phys. Chem., 1989, 93, 3678; (b) Marcus,
R.A,J Chem. Phys., 1965, 43, 679.

23. (a) Hasharoni, K., Levancn, H., Tang, J., Bouman, M. K,
Norris, J. R., Gust, D, Mcore, T. A. and Moore, A. L., J. Am.
Chem. Sac., 1990, 112, 6477, (b) Gust, D. and Moore, T. A.,
Science, 1989, 244, 35; (¢) Gust, D., Moore, T. A., Moore,
A. L., Barrett, D., Harding, L. O., Makings, L. R., Liddell,
P., DeSchry Ver, F. C., Van der Anweraer, M., Banasson, R, V.
and Rongee, M_, J 4Am. Chem. Soc., 1988, 110, 321,

24. Gust, D., Moore, T. A. and Moore, L. A., in Photochemical and
Photochemical-conversion and Storage of Solar Energy
(ed. Tian, Z. W. and Cao, Y.), Int. Pub. Beijing, 1993, pp. 113,

25. Maruyama, K. and Osuka, A., Pure Appl. Chem., 1990, 62,
1511.

26. (a) Sundstrom, V. and Gillbro, T., J. Chem. Phys., 1988, 8, 237,
(b) Herz, A. H., Adv. Colloid. Sci., 1977, 8, 237.

27. Schuler, K. E., Weiss, G. H. and Oppenheimn, 1., in Stochastic
Processes in Chemical Physics, MIT Press, Cambridge, Mass.,
USA, 1977,

ACKNOWLEDGEMENT. The authors are thankful to the
Department of Nen-Conventional Energy Sources, Government of
India, New Delhi for the support.

Received 19 April 1994

Multielectron transfer water oxidation catalysts as
models for photosynthetic oxygen evolving centre

Ramasamy Ramaraj* and Masao Kaneko**'

* School of Chemistry, Madurai Kamaraj University, Madurai 625 021, India
** Department of Chemistry, Ibaraki University, Bunkyo, Mito, 310 Japan

Oxygen evolution is one of the most important
processes in photosynthesis. Several proposals have
been made to elucidate the role of manganese ions
and the mechanism involved in photosynthetic
oxygen evolution, Metal oxides such as RuQ,, PtO,,
etc have been initially reported as oxygen-evolving
catalysts,. However, redox chemistries and
mechanisms associated with such catalysts were
difficult to evaluate and they are nonsspecific.
Although several manganese complexes are reported
as models, the manganese model complexes show that
they are active for water oxidation only im the
heterogencous state since each metal centre in such
systems acts as one-electron oxidant only and the
four-electron water oxidation is efficienily coupled in
the heterogeneous system. In recent times, by
choosing proper chemical model systems, the

SOLAR energy conversion is becoming increasingly
important and urgent as an alternative new energy
resource since the global environmental problems such
as CO; increase have come to be serious. Photosynthesis
15 an excellent photochemical model for achieving
artificial solar energy conversion systems, for which
water oxidation is the most important primary step to
provide electrons to the whole system to produce
energy-rich reduction compounds'™. Water oxidation in
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mechanism of oxygen evolution as a model for water
oxidation centre in photosystem II has been studied.
The report of dimer [(bpy):(H;O)Ru-0O-
Ru(HZO)(bpy);]‘H' with aquo ligands has shown the
way to look for molecular catalysts which are well
characterized. In a further understanding, poly-
nuclear metal complexes like Ru-red and Ru-brown
are found to be efficient catalysts for water
oxidation. Although monomeric [Ru(bpy):(H;0);]**
could not oxidize water, it was found that other
monomeric ruthenium complexes are active for water
oxidation as two-electron oxidant in both homoge-
neous as well as in heterogencous systems. The
visible light splitting of water with such catalysts has
been achieved by a system mimicking photosystem II.
In this review we present artificial model systems for
photosynthetic oxygen evolution.

photosystem Il of the green plant photosynthesis is the

essential reaction to pump electrons from water
molecules to biological systems (eq. (1)).
2H,0 -» 05+ 4H" + 4de” (1)

AG = 575 kJ/mol O,.

To achieve photosynthesis, a minimum of 475 kJ energy
per mol of evolved oxygen (or per consumed carbon
dioxide) must be introduced in the system. The ability of
green plants to produce molecular oxygen from water
using sunlight energy is a mystery which remains to be
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explained at the molecular level. In artificial photo-
syuthesis, the goal is to mimic the ability of green plants
or other photosynthetic organisms in their use of
sunlight to produce high energy chemicals®. It is a
chemically difficult problem to account for the
complexity of natural photosynthetic reactions. In the
field of artificial photosynthesis, attempts are currently
being made to design molecular units that mimic the
function of the oxygen-evolving centre (OEC), a key
constituent of the plant photosystem I1.

Water oxidation in photosynthesis

Joseph Priestley demonstrated in 1771 that green plants
could ‘purify’ air made ‘foul’ by animals. Since the
early experiments, there have been considerable efforts
to understand how green plants can efficiently bring
about photo-oxidation of water' ™, This study has been
highlighted by major advances in our understanding of
molecular components essential for the photosynthetic
process. These advances led to a more rational design
and synthesis of a variety of complex molecular systems
aimed at increasing the efficiency of charge transfer and
charge separation in the molecular level’. The other
major development culminated in the recent crystalliz-
ation and direct structure determination of the in vivo
bacterial photosynthetic centres®.

Photosynthetic oxygen evolution is associated with
photosystem 11 as shown in Figure 1. To form one
molecule of oxygen it is necessary to remove four
electrons from two water molecules. The potential of the
four holes must be higher than + 0.82 V vs NHE at pH
7. Therefore, in green plants, ¢ither four reaction centres
cooperate together to bring about the evolution of one
oxygen molecule, or charge storage occurs within a
single reaction centre to carry out water oxidation.

In the photosynthetic oxygen-evolving centre, the
oxidation state is represented by the so-called S-state
model (5 =the redox state of the oxygen-evolving
system and also to express the charge accumulation

PSII Thylakoid

membrane

Figure §. Water oxidation centre in photosynthesis (photosystem [1)
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process) (scheme 1). In this scheme, P680 is chlorophyll
a molecule; Z is the electron donor and O the electron
acceptor in PS-II. It 1S envisaged that holes are
accumulated as S, state after successive four-electron
oxidation of Sp by photoinduced charge separation
occurring successively at the photoreaction centre.

4 7 Peso a2 4 z Pesot O —

L I' P680 R~ —»

S 5 59 S3  §
N \A_%&.% \4 » 42 PEBOQ7
B- e~ e- e

Scheme 1.

Involvement of Mn ions in the photosynthetic
oxygen evolution

Evidence has been accumulated linking the oxygen
evolution process with the presence of manganese 1ons
in chloroplasts'™. There is considerable support for the
binding of at least four Mn ions to the oxygen evolution
centre in a variety of photosynthetic organisms. The
most highly resolved submembrane that exhibits high
oxygen evolution activity contains a tightly associated
reaction centre in which Mn ions are present as a protein
complex.

Despite considerable variability in oxygen evolution
rate there remains good agreement that four Mn ions are
present in PS-II membrane having optimal activityl""?’s.
One report of two Mn ions in spinach PS-[I° has now
been shown to be an underestimate, and a revised value
of about four Mn in PS-II is now reported'®'’. The
requirement of four Mn/PS-II for optimal activity would
not necessarily imply that all four Mn 10ns are involved
in water oxidation.

A speculative scheme (Figure 2) has been suggested
for the involvement of four Mn ions in water oxidation,
and this scheme considers the fact that protons are
released at other stages in the cycle and not just at the
Sy — So transition. It seems likely that the four
coordinated Mn jons in the proposed complex could be
sufficiently close (only few A) to facilitate the O-O
bond formation without the involvement of free radicals.
It would be expected that spatial distances must be very
short between the redox centres to allow the formation
of an O-0 bond for oxygen evolution.

The photosynthetic oxygen evolution proposed’® based
on the early experimental data i1s shown in Figure 3. [t
visualizes a structural conversion of a MnsO¢ ‘adaman-
tane’-like complex to a MnyO4 ‘cubane’-like complex as
the mechanism of photosynthetic oxygen evolution. As
each manganese ion is proposed to be anchored on the

CURRENT SCIENCE, VOL. 66, NO. 10, 25 MAY 1994



SPECIAL SECTION

So 5 52
i Mt o i M o T M
3! 3 1-*2 h"J 31- 34 2 h\! 3,. 3‘ DHZ
M Mn —T—P Mn Mn —————— Mn Mn
, 2 OH, 7+ b OH™ 90 OH
M H* Mn b
L J L J B " 3
EH\ H.%ﬂ
_an' MpZ' y
L G ’
Mn3 I'--in3 - hv an an*
7* / 3 oH*
L Mn 4 W0y L M -
5 $3

Figure 2. A model for the mechanism of photosynthetic water
oxidation ¢entre shown as S-state.
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Figure 3. A scheme for the structural change of manganese complex
shown as S-state transitions.

protein matrix via three N or O ligands, one would
expect that the positions of the four manganese ions
would remain essentially fixed in this model. In the
proposed structural conversion between an MnyO4
structure and an MnsOg¢ structure, the positions of the
four manganese ions need only very little change, if at
all, 10 accommodate the change in O ligand environment
for O, liberation from S, (Figure 3).

Model systems for photosynthetic oxygen
evolution

Catalyst for water oxidation

It is reasonable to choose manganese compounds as
possible catalysts for water oxidation by taking the
photosynthetic oxygen evolution as a model. Previous
attemnpts to realize such water oxidation included oxo-
bridged dinuclear manganese complexes and manganese
porphyrins!**, Although a number of manganese
complexes have been proposed as model complexes for
water oxidation, the evolution of oxygen has hitherto
never been observed'®

CUKRRENT SCIENCE, VOL. 66, NO. 10, 25 MAY 1994

It was reported that oxygen was evolved with a strong
one-electron oxidant Ru(bpy);,’ at pH 8 without any

catalyst'’, but later no oxygen evolution was observed
with Ru(bpy)i* in the absence of a catalyst'®"”. It is now

known that Ru(bpy);” is able to bring about four-elec-

tron oxidation of water to oxygen if it is coupled with a
solid catalyst such as RuQ, and PtO,'*? (scheme 2).
Even though oxygen evolution 15 realized using model
systems, the mechanism of oxygen evolution and the
catalytic activity of this solid catalyst systems are still
unclear. These solid catalysts are heterogen¢ous in
nature and their redox chemistries are difficult to study.
They are non-specific and active for hydrogen evolution
as well. It is necessary to design and study a chemical
model of the photosynthetic oxygen evolution, to
understand the mechanism of oXxygen formation from
two water molecules in a homogeneous solution as well
as in a heterogeneous state?

hv

Ru(bpy)gz ~———» Ru (bPY) + AT
T (decom nsed
product )
DzﬁéH‘ ZHZG
Scheme 2.

Model manganese complexes

In chloroplasts of green plants there is a loosely bound
pool of Mn ions that act as a multlelectron transfer
catalyst for the oxidation of water to oxygen . Many
models for the participation of manganese ions have
been proposed based on available data and on
thermodynamic considerations of the properties of
manganese and water'S. It was reported’® that the dioxo-
bridged dinuclear manganese complex was able to
decompose water photolytically, but the initial claims of
success on photolytic dioxygen evolution had to be
withdrawn?’. Later, it was found that dinuclear
manganese complexes oxidize water during formation of
visible oxygen bubbles when suspended in water as a
heterogeneous catalyst in the presence of an oxidant
such as Ce(1V) ion, However, the same complex cannot
oxidize water when used in a homogeneous solution™*
The monomeric Schiff base manganese complexes were
reported as model complexes for photosynthetic oxygen
eva!unonm“. Oxygen electrode was mainly used to
detect dissolved oxygen in solution, but this oxygen
electrode 15 sensitive to temperdture changes caused by
photolysis®’. 1t has now been found that these Schiff
base complexes of manganese become insoluble upon
addition of Ce(lV) ions, and the solid complex oxidizes
water by the Ce(IV) oxidant with the formation of
visible oxygen gas bubbles®, The redox potentials of
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these manganese complexes show that they can be used
only as one-electron transfer agents for water oxidation.

Since four electrons are required to form oOne oxygen
molecule, water oxidation can be achieved only when
the one-electron processes can be efficiently coupled
(eq. (2)). This is obviously not the case in a homo-
gengous phase, but is so in a heterogeneous phase.

21,0

4Mn" -~ Mn'Y 5 4Mn'Y - Mn'Y
aMn' - Mn'Y + 0, + 4H". (2)

The heterogeneous water oxidation system described
here is of special interest with regard to oxygen
evolution in photosynthesis, The probable role of
heterogeneity is to bring oxygen atoms of two water
molecules into close proximity to form an O-0 bond at
the manganese complex where the bound peroxide is
binuclearly complexed’”. It was earlier suggested'™'%%
that the microheterogeneous environment around
manganese and the close proximity of manganese atoms
to one another are responsible for water oxidation in
photosynthesis. It is conceivable that four molecules of
manganese complex may be oxidized by four Ce(IV)
ions to produce a four-electron depletion centre in the
aggregated Mn complex. The oxidizing centre would
realize four-electron oxidation of two molecules of
weakly bound water with subsequent evolution of

oxygen (scheme 3).
H
!H
H
H

H
AH*
—(-H O—H
=) -0=H
\
H
o 1 ) 7.
H
00
)
HH
Scheme 3.

Model ruthenium complexes

It has been suggested that the oxo-bridged ruthenium
complex, [(bpy):(H;0)Ru-O-Ru(H,0)(bpy),]*, leads to
oxidation of water upon oxidation by four equivalents of
Ce(1V)**** and this provided a basis for the catalytic
oxidation of water, Unlike RuQ, and Pt0;,” the
dinuclear ruthenium complex is well characterized™.

738
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The interesting aspects of this oxo-bridged dimer
complex are the presence of two ruthenium centres with
two aquo ligands and multiple redox states with suitable
redox potential to catalyse water oxidation. Oxygen
evolution by water oxidation with dimer ruthenium
complex in the presence of strong oxidant such as
Ce(lV) was studied by mass spectrum and gas
chromatography® . It was also reported’™* that the
substituted  2,2'-bipyridine complexes of dimer
ruthenium complexes acts as water oxidation catalysts in

combination with Ru(bpy)?mmp]ex photolytically (eq.
(3)). However, during

Ay 4Ru(bpy);’ +4S02%"

4Ru(bpy)?* +28,04"

Catalyst

+2H,0
(Ru v _ .R.u HI)

b

0, +4H" +4Ru(bpy)s” (3)

photolysis, Ru(bpy)? undergoes decomposition to

produce a dimer complex which catalyses water oxida-
tion in the subsequent reaction, Dimer plays the role of a

catalyst in the oxidation of water by Ru(bpy)i+ albeit

with a very small yield®.

The electrochemical properties of dimer ruthenium
complexes show that these complexes can be used as
multielectron  transfer catalystsﬂ'ﬁ. The dimer
complexes are stable in the Ru"'-Ru'" oxidation state
and easily form Ru'-Ru’ upon ¢lectrochemical or
chemical oxidation. Recently, the existence of higher
oxidation state Ru'—-Ru’ has been characterized by
resonance Raman spectroscopy?’. The higher oxidation
state of one molecule of the ruthenium complex (Ru'—
Ruv) recalizes four-electron water oxidation to evolve
oXygen in a homogeneous solution with the formation of
Ru"-Ru'™. A picture of the water oxidation redox cycle
using the dimer is shown in scheme 4. This scheme
supports the discussion that the loosely bound water
molecule in the protein bound manganese would tead to

4Ce(Iv) 4Ce(Ill)

RS N rollly, L,RuY MRUVL,

L
2 | | |
H20 LHZO H.0 Hs QO
450 -4LH°
02 '\
0 0
\ /' \
Lad” mdL LR RS
2y, )2 M.
O—~—-0 0 0O
Scheme 4.
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water oxidation as discussed in the case of dimer
manganese complex.

It is interesting that the linearly oxo-bridged trinuciear
ruthenium complexes, [(NH;)rO—Rug H; }4-O-
Ru(NH; )5] , (called Ru-red Ru'.Ru"Y , and Ru-
brown, Ru™'—Ru"'—Ru' ) are better catalysts for water
oxidation than dimer ruthenium complexes in homo-
gencous as well as in heterogeneous states®*!. It has
been repurted”H that the difference in Mossbauer and
electronic spectra of cations of Ru-red and Ru-brown
are consistent with the charge distribution indicated in

eq. (4).

v
Rum }Ruw _ RulII _Ru (4)

&

Ru_Ry!Y—

Ru-ted
In neutral and
alkaline conditions

Ru-hbrown
in acidic condition.

1t has also been reported that reduction of Ru-brown
(RuV-Ru"-Ru'"} to Ru-red (Ru™-Ru'V—Ru"™) evolved
oxygen', However, the ¢yclic voltametric data show
that Ru-red exhibits five reversible ste vps of electron
transfer behaviour to produce Ru'-Ru ~Ru" and this
higher oxidation state trimer catalysed water efficiently
to evolve oxygen®"*' (scheme 5). The Ru-brown formed
in the first cycle is highly stable and catalyses water
oxidation in the presence of excess Ce(IV) in the cyclic
process.

R 0—Re0—RWY 2120 Ru—-U—-Ru 0—Ru
« 4Ce(IV} ”20 H2°
relY _ 0_Rulll _o—gglY -2H°
(Ru-brown)
charge v

delocalization

Rull. g—prutL 9 —RuUY

02" ] v

Hu \\RU‘L—- O Ruv —— i ) " 9] =1
N 0 o

0~—0
Schema 5.

Earley and Fealey® studied the kinetics of the
reductiop of Ru-brown by hydroxide ion. They
suggesled that the attack of Ol™ ion on the central
ruthenium atom in Ru-brown would be the most
probable step for which no symmetry restriction is to be
anticipated, and that the reduction leads to the formation
of Ru-red. According to Endicott and Taube* a gpin-

CURRENT SCIENCE, VOL. 66, NO. 10, 25 MAY 1994
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paired d *jon (Ru ) can accommodate seventh ligand in
the coordination sphere; these authors assume that Ru'"
also forms seven-coordinated species as kinetic inter-
mediates. The first water molecute would attack the
central Ru¥ atom in the trimer and the second one co-
ordinates at one of the terminal Ru” atoms (scheme 3).
This intermediate may lead t¢ the formation of an O-0O
bond followed by release of oxygen and the reformation
of the Ru-brown. The formation of an O-O bond in
the linearly oxo-bridged trimer may cause a distortion of
the Ru—O-Ru bond from 180°. Such a distortion of the
Ru~0O-Ru bond from linearity has been reported in the
oxo-bridged dimer and in any ethylenediamine analogue
of Ru-red trimer®*3> %4748

These results show that polynuclear ruthenium
complex works as an efficient multiclectron transfer
catalyst in homogeneous and heterogencous states to
realize the four-electron oxidation of water to evolve
oxygen. In a polynuclear metal complex, charge
delocalization and stabilization as well as the close
proximity of metal centres explain the mechanisms of
oxygen formation through O-0O bond formation from the
loasely bound two-water molecules.

A number of monomeric rutheninm complexes of
sterically hindering diimine ligands have been prepared,
and the catalytic activity of these monomer complexes
towards water oxidation has been studied”’. None of
these complexes displayed catalytic activity for oxygen
formation from water in the presence of Ce(1V). Based
on their observations, they concluded that a multi-
metallic system is required to achieve water oxidation to
oxygen. It has been quite rational that only the poly-
nuclear complexes were considered as candidates for
water oxidation because the reaction is a four-electron
process.

Water uxldation by the monomeric complex,

[Ru(H,0)(py)L2)*" (py = pyridme L = 2-(phenylazo)
pyridine), was reported™, and the mechanism was

proposed (scheme 6); but oxygen was analysed only by

r g

e
M
K
®
<
>4

Schaeme 6.

voltammetry, The present authors have found that
mononuclear ruthenium-amine complexes such  as
[Ru(N1i3)s(H,0))’" and [Ru(Nl))>" catalyse oxygen
evolution by water oxidation €ven under homogeneous
conditions®™*,  The monomeric  ruthenium-amine

complexes easily form higher oxitdation state complexes
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(Ru") upon electrochemical or chemical oxidation, and
the redox potentials of the ruthenium-amine complexes
showed that they can be used as oxidant for water
oxidation®'. These monomeric compiexes can act as
two-electron oxidant, so that it might be able to bring
about the four-electron oxidation of water to oxygen if
two molecules of the complex can be coupled in the
intermediate step. Considering the coordinated water
molecule in the complex [RU(NHj)j(HQO)]3+ or a
seventh coordinated water molecule in the complex
[Ru(NH;)ﬁ]3+, water oxidation process was explained
(scheme 7). Two molecules of the water-coordinated
monomeric Ru" complex would lead to the formation of
a peroxo-bridged dinuicear ruthenium complex, Ru-O-
O-Ru, and then the intermediate would release one
molecule of oxygen. Such a peroxo-bridged ruthenium
complex is not known; however, the oxo-bridged
dinuclear ruthenium complex, [(NH;3)sRu—0O—
RU(NH:{)E]J-: has been repﬂrtedﬂ.

L ] L
- L L L L l L
2 Ry f——2 / RV /-——-,/ Ru IV
S IRY LA B (O —
R | |
H, O 0 0
0
| v
/ R/
L L -i L
L L L
+ 2HM,0
5 / FE.UIII/*__ 2 /'___/
L——L 0,
H,0
Scheme 7.

Electrochemical water oxidation using metal
complexes

The photosynthetic model metal complexes have been
used in the electrochemically-catalysed oxygen evolut-
ion>, since chemical oxidation of the catalysts often
leads to its decomposition’>>°. Electrochemical water
oxidation is usually carried out by using metal elect-
rodes. When the water oxidation catalyst such as the
dimer/trimer ruthenium complex or the dimer
manganese complex was coated on a graphite electrode
by using a polymer membrane, electrocatalytic oxygen
evolution was observed (scheme 8).

Photochemical water cleavage by water oxidation
catalyst mimicking photosystem 11

Water oxidation using semiconductor electrodes is an

important subject not only relevant to conversion of

140

o — e g

(n+d )+

L 3
M 02 + 4H
e,
“,
n-+
M EHZD
—
Nafion
membrane
Scheme 8.

solar energy into chemical energy but also to the
understanding of photosynthesis® > %, One of the most
important studies on the artificial photosynthetic
processes is concerned with photosystem II I which
water is oxidized by visible light to evolve oxygen;
however, very few studies have been carried out.
Efficient wvisible light cleavage of water with
simultaneous evolution of hydrogen and oxygen has
been achieved by a system mimicking photosystem 1I.
This system was composed of a CdS photoanode
modified with a Nafion membrane incorporating a
highly active water oxidation catalyst like Ru-red, Ru-
brown or dinuclear manganese complex . A Nafion
membrane was coated on the CdS surface and then the
Nafion-coated CdS was dipped in a solution containing
water oxidation catalyst to adsorb the complex imnto the
membrane. Water photolysis was carried out using the
CdS/Nafion/Ru-red complex electrode. Irradiation of the
electrode induced gas evolution. The results showed that
the ratio of the evolved H,/O; was almost 2. The water
oxidation process to evolve oxygen at the CdS/
Nafion/Ru-brown is shown in scheme 9 in conjunction

-V, Potential
(NHE.pH:?)

o o©
v

FtuV-RuV-Ru -: fDT &H*
- Pt
Nafion membrane

c O

n-CdsS

Madel PS5l

‘___.—.___—.—_-_..)
Model water oxidation
centre

Schemeo 9.
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with photosystem 11 oxygen-¢volving centre. Thus,
visible light water photolysis has been Successfully
carried out by a system mimicking photosystem II.

Concluding remarks

Water oxidation to evolve dioxygen is an important
primary step in photosynthesis. In this review it has been
shown that water is oxidized both in heterogenceous and
homogeneous systems using metal complex as catalysts.
The involvement of multimetal centre has been
demonstrated to achieve the four-¢lectron process of
water oxidation. Water photolysis by semiconductor
photoanode coupled with water oXidation catalyst was
achieved mimicking photosystem [I. In the photo-
chemical solar energy conversion system, it is important
to couple four-electron water oxidation catalyst with
photoexcitation centre in a membrane t0 mimic the
natural photosynthetic membrane processes.
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