
BUNSEN-MAGAZIN · 18. JAHRGANG · 6/2016
ASPEKTE

INTRODUCTION

The evolution of an enzyme that was able to split water into 
molecular oxygen and bound hydrogen was a unique event in 
the development of our planet and higher life on earth. This 
process –  rst developed by simple cyanobacteria and later 
used in identical form by other photosynthetic organisms from 
unicellular algae to higher plants – enabled these species to ef-
 ciently reduce CO2 to carbohydrates, using the abundant water 
as convenient electron source. Via photosynthesis, the energy 
of the sun is stored in energy-rich compounds, which repre-
sents the central metabolic pathway to supply our biosphere 
with energy and biomass. In this process, water splitting leads 
to the release of O2 as waste product. Starting more than 2.5 
billion years ago, this led to the formation of the oxygen-rich 
atmosphere of our planet. This great oxygenation event was 
a catastrophe for most simple life forms that had no defense 
mechanism to cope with the toxic oxygen and thus died and 
 nally disappeared. But at the same time, the presence of O2 in 
the atmosphere stimulated the development of higher, aerobic 
life forms on earth, i.e. organisms that learned to use oxygen 
for their metabolism. Without the earlier invention of oxygenic 
photosynthesis, this development of complex life forms with cel-
lular respiration – including human beings – would not have 
been possible. It is therefore not only of scienti c but also of 
cultural value for mankind to understand how water oxidation 
and oxygen release function in natural photosynthesis.

Mankind bene ts from photosynthesis in many ways. The prod-
ucts of this largest chemical process on earth are the only source 
of food and thus cover our entire energy demand. Furthermore, 
it supplies us with valuable natural materials like wood, paper, 
cotton, peat and biomass in general. Plants also contain many 
important bioactive materials that are used as drugs, in cosmet-
ics, as natural dyes etc. Last but not least, photosynthesis is 
also the source of all fossil fuels – oil, coal and natural gas. It 
can thus be considered the basis of our life on earth.

Over the last 150 years, we have massively used fossil fuels 
to cover the ever-increasing energy demand of our human so-
ciety,[1] which accompanied the industrial revolution in the 19th 
and 20th century. The strong rise in energy consumption in the 
developed and emerging countries has led to a shortage of 
these resources, with the economic, social and political conse-
quences already felt today. Scientists agree[2] that the burning 
of carbon-rich fossil fuels has contributed very signi cantly to 
the increase of CO2 concentrations in the atmosphere and the 
associated anthropogenic climate changes with severe effects 
for our planet and human life. It is therefore one of the great 
challenges of our time to identify and develop alternative sus-
tainable energy resources.[3-6] 

A basic understanding of the ways how nature stores energy 
and in particular uses sunlight to split water could show us 
future ways to harvest and store the sun’s abundant energy 
to satisfy the energy demand of mankind in the future. How-
ever, this requires a global effort in the  eld of “arti cial photo-
synthesis”.[7-9] In the present article, the current knowledge of 
the principles of photosynthetic water oxidation are described, 
which is considered one of the “holy grails” of chemistry.

LIGHT HARVESTING AND CHARGE SEPARATION IN 
OXYGENIC PHOTOSYNTHESIS

In oxygenic photosynthesis of plants, algae and cyanobacteria, 
sunlight is collected by the light harvesting complexes (LHCs), 
specialized chlorophyll (and carotenoid) containing proteins, 
which show a large variation depending on the type of organ-
ism.[10] The light energy is funneled to a reaction center (RC) 
where charge separation across the photosynthetic membrane 
takes place. In oxygenic photosynthesis, two RCs – photosys-
tem (PS) I and II – work in tandem to create the enormous 
redox span necessary to drive the coupled reactions. This 
process provides electrons with suf ciently negative potential 
needed to reduce NADP  to NADPH, which can be considered 
“bound biological hydrogen”. The electrons for this process 
originate from water oxidation that takes place in PS II. The wa-
ter splitting and subsequent reactions also generate a proton 
gradient across the photosynthetic membrane, which is used 
by the enzyme ATPase to produce ATP, nature’s main energy 
currency, from ADP. In a different cell compartment, ATP and 
NADPH are then used to reduce CO2 to carbohydrates in the 
so-called dark reactions (Calvin-Benson Cycle).[11]
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Fig. 1 shows the dimeric PS II protein,[12] located in the pho-
tosynthetic membrane. Each monomer is made up of 19 pro-
tein subunits. A few important ones are indicated in the  gure, 
including: CP43 and CP47, which bind the core antenna pig-
ments; D1 and D2, which bind all pigments of the reaction cen-
ter and all cofactors of the electron transport chain; and the 
small subunits PsbO, PsbU and PsbV, which stabilize the water 
splitting cofactor. Below, the cofactor arrangement in D1/D2 is 
shown – comprising chlorophylls (PD1, PD2, ChlD1, ChlD2, ChlzD1, 
ChlzD2), carotenoids (CarD1, CarD2), two pheophytins (PheoD1, 
PheoD2), two plastoquinones (QA, QB), one non-heme iron (Fe) 
and also the water oxidizing complex (WOC), a Mn4OxCa cluster 
(see Fig. 2, top). This cubane-like cluster comprises four Mn and 
one Ca ion linked by  ve to six oxygen bridges, depending on 
the state in the water splitting cycle. Remarkably, it also binds 
two water molecules, two at the Ca (W3 and W4) and two at 
the dangling MnA (W1 and W2). The cluster is connected to the 
protein surface via speci c channels for the ef cient uptake of 
water and the release of protons and of molecular oxygen.

In the D1 protein, light-induced charge separation takes place, 
transporting electrons across the membrane to the quinones 
and leaving behind the cation radical of the primary donor, 
P680 , a chlorophyll assembly that has a very high oxidizing 

tial is needed for water oxidation, but is also dangerous since 
this radical cation can, in principle, oxidize neighboring chlo-

Fig. 1: Top: X-ray crystallographic structure of photosystem II (PS II) from 
[12] showing the dimeric character of the 

protein (molecular weight of the dimer: 700 kDa); the two monomers are 
related to each other by a C2 axis. The most important subunits are indicat-
ed, with the D1 protein in yellow carrying the cofactors and the Mn cluster. 
Bottom: Pigment arrangement in one monomer (two branches related by 
a pseudo-C2 axis) showing the primary donor P680 (four chlorophylls: PD1, 
PD2, ChlD1, ChlD2), the electron acceptors pheophytin (Pheo), plastoquinones 
(QA, QB), and the non-heme iron Fe. Additional chlorophylls (Chlz) and carot-
enoids (Car), as well as two redox active tyrosines (YZ, YD) are also indicated. 
Next to the active branch (D1) and close to YZ/P680, the manganese cluster 
Mn4O5Ca is located. For further details see refs. [12-13].

Fig. 2: Top: Structure of the water oxidizing Mn4O5Ca cluster in PS II[12] with 
4 Mn ions (MnA to MnD) and Ca, bridged by oxygen ligands. Three Mn ions, 
the Ca and their bridging oxygen ligands form a distorted cube, the fourth 
Mn (MnA) is dangling. MnA and the Ca carry two water molecules each. The 
coordination of the metal ions by amino acid ligands is also shown. Bottom: 
Water oxidation cycle (Kok cycle)[14] showing the  ve basic S states (S0 to 
S4), the Mn oxidation states, the light-induced 1e - oxidation steps, the proton 
release pattern and the substrate water uptake, besides the reaction times 
for the single electron oxidation steps. Note that here, the “S” stands for 
state, not for the electron spin.

rophylls, certain amino acids, and even water molecules. To 
diminish such side reactions, nature has placed a redox active 
tyrosine residue (TyrZ or Yz) next to P680  that is able to quickly 
donate an electron to this species on a nanosecond time scale; 
thereby reducing the radical cation to its initial state P680. Yz  
is stabilized by losing a proton to a neighboring histidine in a 
reversible fashion, forming a neutral radical (Yz ). Yz  in turn oxi-
dizes the adjacent Mn cluster. It thus acts as a highly ef cient 
interface between the fast charge separation in PS II and the 
slow water splitting process at the Mn cluster,[15] and at the 
same time serves to diminish damage in PS II.

However, another light-induced process that occurs in PS II is 
even more dangerous, for which nature has not found a perfect 
solution to prevent it. This is the creation of triplet states, e.g. 
of the chlorophylls in the core antenna via intersystem cross-
ing or in the RC via (triplet) radical pair recombination. While 
carotenoid molecules are present in PS II to suppress (quench) 
triplet chlorophyll formation, these states can still react with 
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triplet oxygen (3O2) formed in the water oxidation process yield-
ing singlet oxygen (1O2). This very aggressive species can react 
with the pigments and the protein, resulting in damage of the 
D1 protein subunit of the PSII supercomplex, which thus has 
a mean life time of only 30 minutes under normal light condi-
tions. Nevertheless, with a remarkable ef ciency (2 ms turn-
over time), it performs about 106 reaction cycles before it must 
be replaced. Fortunately, the organisms performing oxygenic 
photosynthesis have developed an ef cient repair mechanism 
for the PS II supercomplex by replacement of the D1 protein. [16]

In summary, PS II is a water:plastoquinone oxidoreductase.[17] 
The products are molecular oxygen (O2), protons and reduced 
plastohydroquinone that are deliberated. The light-induced pro-
cess in PS II is very ef cient, with a quantum yield of over 90% 
and an energy ef ciency of about 20%.

STRUCTURE AND BASIC FUNCTION OF THE WATER 
OXIDIZING COMPLEX IN PS II

The geometric structure of the Mn cluster has only become avail-
able recently due to the X-ray crystallographic work of Jian-Ren 
Shen and colleagues (see refs. [12-13]). Earlier structures[18-20] suf-
fered from radiation damage that caused a reduction of the Mn 
ions in the intense X-ray beam that leads to (partial) disintegra-
tion of the complex,[21] blurring the electron density of the clus-
ter. The recent structures of the Mn4O5Ca cluster avoid this prob-
lem, accurately resolving all its direct amino acid ligands (Fig. 2, 
top). In collaboration with colleagues at our institute, we have 
investigated the cluster using theoretical (DFT) methods,[22] also 
evaluating the protonation of the cluster in great detail. [23] This 
work showed that in particular the position of one of the oxygen 
bridges, O5, had to be corrected with respect to the X-ray struc-
ture. Interestingly, during certain states of the catalytic cycle, O5 

can take two positions of almost equal energy, which changes 
the precise electronic properties of the cofactor. These two forms 
are termed the “open cubane” and “closed cubane” structures 
(Fig. 3). The investigation of the protonation states showed that 
one of the water ligands bound to MnA is deprotonated (OH -). 

It was discovered by Pierre Joliot almost half a century ago[25] 
that PS II releases oxygen after four consecutive light  ashes. 
This shows that four light-induced trans-membrane charge 
separation events are necessary before one O2 molecule is 
formed and released. The result is in complete agreement with 
the fact that the oxidation of two water molecules to produce a 
single molecule of O2 is a 4-electron process, 

 2 H2O  O2
- (1)

whereas the charge separation across the membrane is a 
1-electron process. The oxidizing equivalents for the water oxi-
dation reaction are stored transiently by the the tetranuclear Mn 
cluster, an insight that came from Bessel Kok.[14] His so-called 
Kok cycle (S-state cycle) of water oxidation, shown in Fig. 2 (bot-
tom), comprises  ve distinct states, S0 to S4, which differ by the 
number of electron holes transiently stored in the cofactor, as 
indicated by their subscript. The cycle is driven by four light ab-
sorption events (h ), by which electrons are withdrawn from the 
metal ions and protons are released to prevent the accumula-
tion of positive charges and thus a “Coulomb explosion” of the 
cluster. Experimental data indicates that the two substrate wa-
ters are bound at different times in the cycle[26]. O2 is released in 
a concerted reaction in the last reaction step. Kinetic measure-
ments show that the reaction times lie in the micro- to millisec-
ond range; the complete cycle turns over in about 2 ms.

Fig. 3: DFT-optimized structures of the Mn4O5Ca cluster in the S2 state. Note 
that the “closed cubane” and “open cubane” structures have almost the 
same energy but different positions of the MnIII ion (MnA vs. MnD, respec-
tively) and different total (effective) spin ground states. This explains the two 
EPR signals observed for this state, shown below ( rst derivative), around  
= 4.1 ( eff =5/2; no hyper ne structure) and around  = 2 ( eff = ½; multiline 
signal). The bottom trace shows simulations of the two absorption signals. 
Figure adapted from refs. [22, 24].

Fig. 4: Gibbs energy (in eV) required to oxidize water in aqueous solution 
(left) and in the WOC of PS II (right). Note that in the WOC, water is not oxi-
dized by sequential single-electron removal from substrate water. Instead, 
the Mn cluster is oxidized by four successive oxidation events, the two at-
tached substrate water molecules release the protons (for charge neutral-
ity), and O2 is released only in the last step after O-O bond formation in a 
concerted reaction. Thereby, high energy steps are avoided and the redox 
process is leveled. Figure adapted from ref. [27].
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The reason why the Mn4OxCa cluster functions in this way is two-
fold: (i) The energetic cost of water splitting is lowered by  rst 
storing oxidi zing equivalents and then performing the 4-elec-
tron chemistry (Fig. 4); (ii) this sequence avoids the formation 
of reactive oxygen species (ROS) intermediates from partial 
oxidation of substrate water, which are highly reactive and can 
destroy the PS II protein complex. Instead, the Mn ions (and/
or their ligands) are oxidized four times by the neighboring ty-
rosine YZ  triggered by four charge separation events in PS II, 
before the cluster removes four electrons from two bound water 
molecules in a concerted reaction leading to O2 release and 
regeneration of the original starting state of the Mn cluster. The 
Mn cluster thus solves the problem of how to couple the very 
fast light reaction (ps time scale) and the slow catalytic reaction 
(ms time scale) of the 4-electron water oxidation chemistry.

THE ELECTRONIC STRUCTURE OF THE Mn4OXCa CLUSTER

A detailed understanding of the catalytic water-oxidation reac-
tion requires, besides the spatial structure and the kinetics 
and energetics of the reaction, a profound knowledge of the 
electronic structure, i.e. the distribution of the electrons in the 
cluster, in all consecutive reaction steps. The oxidation and spin 
states of the Mn ions, representing the total number and con-
 gu ration of electrons in the Mn valence orbitals, give a sim-
pli ed description thereof. Together with the magnetic interac-
tions between the spin-bearing Mn ions, depending to a large 
part on the metal ligands, especially the bridging ones, they 
provide a comprehensive picture of the respective electronic 
state, which governs the chemical and catalytic properties of 
each S state.

An experimental method to investigate these properties is elec-
tron paramagnetic resonance (EPR) spectroscopy. It exploits a 
fundamental property of matter, which is that unpaired elec-
trons have an intrinsic angular momentum (spin), which can be 
excited by microwave radiation in a magnetic  eld. The unpaired 
electron spin also interacts with other electron and nuclear spins 
as well as with local electric  eld gradients, making it a sensi-
tive reporter of its chemical environment. It is thus analogous 
to other magnetic spectroscopies such as nuclear magnetic 
resonance (NMR). Since the Mn ions are open-shell species, i.e. 
exhibit orbitals with single electron occupancy, whereas most of 
the electrons of the protein and solvent surrounding are paired, 
the EPR signals of the Mn4OxCa cluster can be detected selec-
tively. For the states S0, S1, S2 and S3, EPR experiments revealed 
different effective total spins Seff of ½, 0, ½ (see ref. [28]) and 
3 [29], which result from the speci c coupling of the electron spins 
of the four Mn ions via super-exchange interactions. Importantly, 
as super-exchange mechanisms depend on how the Mn ions 
are connected, the spin states provide information about how 
the structure of the cofactor evolves during the S-state cycle. 
In the S2 state, besides the low-spin Seff = ½ form, showing the 
characteristic Mn multiline signal around g = 2, [30] the cluster 
can also be found in a high-spin Seff = 5/2 form, as evident 
from the corresponding EPR signal around g = 4.1 (Fig. 3). [31-34] 
The two electronic structures are an immediate consequence of 
the different spatial conformations that have been found and 
characterized by DFT calculations (see above): “closed cubane” 

(Seff = 5/2) and “open cubane” (Seff = ½).[22] The effective spin 
Seff is thus a crucial parameter for describing a particular state 
of the cluster and assigning it a spatial structure. For the S3 
state (Fig. 5), by measuring the Rabi oscillations via a spin 
 nutation experiment, it was possible to unambiguously deter-
mine the effective spin Seff to be 3.[29]

Fig. 5: W-band (94 GHz) EPR spectrum of the WOC in the S3 state, showing 
an eff = 3 ground state. The spectrum is dominated by the zero- eld splitting 
(ZFS), effective in high-spin systems. The subspectra of the different EPR 
multiplets with the respective  transitions are shaded in color. On top, 
a spin nutation experiment is shown, performed at the high  eld transition 
|2>  |3> (indicated by an asterisk in the bottom panel). The nutation is 
compared with the corresponding experiment performed for the YD radical 
( eff = 1/2), clearly showing that the S 3 state is high spin, effectively carrying 
6 unpaired electrons ( eff = 3). Figure adapted from ref. [29].

Moreover, the effective electron spin of the cluster interacts with 
the spins of magnetic nuclei, such as 55Mn, 1H/2H, 14N and 17O. 
These interactions can be detected and analyzed using dou-
ble resonance experiments, which are able to directly resolve 
nuclear spin transitions, similar to NMR experiments (see ref. 
[28]). 55Mn electron-nuclear double resonance (ENDOR) allowed 
for the characterization of the S0, S2 and S3 states based on 
electron spin coupling models. This led to the assignment of the 
Mn ion oxidation states, yielding MnIII

3 MnIV for S0,[35] MnIIIMnIV
3 for 

S2,[35-37] and MnIV
4  for S3.[29] By combination of the 55Mn ENDOR 

results with DFT computations, oxidation states could even be 
assigned to the individual Mn ions, and reliable spatial mod-
els of these states be identi ed (Fig. 9).[24, 38] Furthermore, bio-
chemical modi cations of the Mn4OxCa cluster, such as the ex-
change of the Ca  ion for Sr  (Mn4OxSr) or its complete removal 
(Mn4Ox), provided further insight into the conformation and num-
ber of ligands of individual Mn ions (coordination geometry) in 
the S2 state (Fig. 6)[37] and information about the role of the Ca  
ion. Its removal has no substantial effect on the EPR parameters 
of the S2 state; the Ca  ion is thus not crucial for maintaining 
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its electronic structure. [39] Instead, the Ca  ion might serve as 
stage for the delivery of water molecules to the reaction site, 
affect the function of YZ,[15] and introduce the property of struc-
tural  exibility allowing the cofactor to toggle between the differ-
ent motifs of the open and closed cubane structures. This latter 
property has recently been proposed as crucial for substrate 
binding (see below).

ters, besides the four H2O/OH- molecules (Fig. 2, top) directly at-
tached to the cluster,[12, 23] are oxygen bridges within the cluster 
as well as possible water molecules binding at a later point in 
the catalytic cycle. Experimental techniques to investigate the 
substrates other than X-ray diffraction are EPR and vibrational 
(infrared) spectroscopy as well as detection of the O2 molecules 
generated by time-resolved mass spectrometry (MS). The latter 
showed that the two substrate water molecules bind in different 
S states and at different sites.[26] A slowly exchanging water (Ws) 
binds in S0, while a fast exchanging water (Wf) reaches its  nal 
binding site at a later stage in the cycle.

For the detection of water molecules in the WOC, EPR spec-
troscopy makes use of interactions with nuclear spins, pref-
erentially 17 O in PS II samples with isotope-labeled H2

17O as 
the solvent. Methodological and instrumental developments in 
our laboratory allowed us to characterize the 17 O signals in the 
S2 state using electron-electron double resonance (ELDOR)-de-
tected NMR (EDNMR) at high frequency (94 GHz), which yields 
signi cantly better sensitivity compared with 17O ENDOR (Fig. 
7).[40] Through spectral simulations, we could identify the -oxo 
bridge O5 to be an exchangeable ligand in the S2 state (Fig. 
8).[40-42] Based on the following, O5 represents the most prob-
able candidate for the twofold deprotonated substrate Ws: (i) 
It is the only exchangeable 17O nucleus bound both to Mn and 
Ca, a requirement imposed by MS experiments.[43] (ii) Similar 
timescales for the exchange in the S2 state were found both for 
Ws in the MS (see ref. [26]) and for O5 in the EPR experiments. 
The later binding substrate water Wf has not yet been detected 
directly in experiments. However, recent EPR data indicate an 
OH- to be bound to MnD in close vicinity to O5 in the S3 state, 
consistent with DFT computations (Fig. 9).[29] It has recently 
been proposed that this OH- as the second substrate is intro-

Fig 6: Multiline X-band (9 GHz) EPR (top) and Q-band (34 GHz) 55Mn ENDOR 
(bottom) spectra for the low-spin S 2 state (  = ½, Fig. 3) of PS II samples 
with Ca2+,[37] with Sr2+ replacing the Ca2+,[37]  and after Ca2+ removal.[39] In 
EPR and ENDOR, only small differences are detected for the three samples, 
indicating that Ca2+ does not signi cantly affect the electronic structure of 
the spin-coupled Mn4 cluster.

FROM IDENTIFICATION OF THE SUBSTRATE WATER 
MOLECULES TO THE REACTION MECHANISM

Knowledge of the binding and dynamics of substrate water mol-
ecules is crucial for formulating the reaction mechanism of pho-
tosynthetic water oxidation. Structures from X-ray diffraction up 
to now have not been able to provide this information as they 
do not resolve the substrates in the S states directly preceding 
the O-O bond formation. Further candidates for substrate wa-

Fig. 7: W-band EDNMR of PS II in the S2 state (top) compared to the cor-
responding ENDOR experiment (bottom). The sample buffer had been ex-
changed with H2

17O (90% enrichment) for 30 min (3x) in the dark prior to 
 ash-advancement to the S2 state (red traces). Similar experiments were 
also performed for the S0 and the S3 state (not shown). EDNMR spectra are 
also shown for H2

16O buffer (black trace), containing only 14N signals (from 
histidine His332, see Fig. 2, top). The 17 O EDNMR signals were obtained in 
20 min, whereas the respective 17O ENDOR of the same sample took several 
hours.[40] Figure adapted from ref. [40].
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duced to this site by toggling between the open and closed 
cubane structures and is thus derived from W2, one of the ter-
minal ligands of MnA (compare structure S3’ in Fig. 9). Other 
possibilities for the origin of Wf are Ca -bound W3 or W4 or an 
additional water molecule binding to the cluster later than S2.

As a consequence of the above results, only those mechanisms 
in which the O5 bridge represents the early binding substrate 
Ws come into consideration for the catalytic cycle of the enzy-
matic water oxidation reaction (Fig. 9, see refs. [8-9, 24]). Ws prob-
ably binds in the form of an OH- in the S0 state, being deproton-
ated completely during the subsequent oxidation step to S1. In 
the S3 state, the other substrate binding site at MnD is being oc-
cupied by an OH- ligand. A further oxidation and deprotonation 
step leads to S4. There are two possible scenarios with regards 
to the respective oxidation site: (i) the substrate Wf (ligand cen-
tered) or (ii) an Mn ion (metal centered). Thereby, a MnIV-oxyl 
or a MnV-oxo moiety, respectively, would be generated, and the 
O-O bond formation would either proceed as a radical coupling 
or via a nucleophilic attack. An oxo-oxyl coupling has already 
been proposed nearly ten years ago by Per Siegbahn (see ref. 
[44]). Further details of a catalytic cycle based on the latest  nd-
ings are depicted in Fig. 9.

CONCLUSIONS FROM WATER OXIDATION IN PS II FOR AN 
EFFICIENT ARTIFICIAL PHOTOSYNTHESIS

The properties of the WOC in PS II described above represent 
valuable design features of bioinspired molecular catalysts for 
water oxidation. The following ones are considered essential 
for such catalysts:

Fig. 8: Analysis of the 17O EDNMR (single-quantum transitions) shown in Fig. 7. 
Three classes of oxygen ligands were assigned: the largest 17O splitting belongs 
to the exchangeable -oxo bridge O5, the smaller ones to the H2O/OH- mol-
ecules as indicated. Several independent experiments identify the largest 17O 
interaction to originate from O5.[40-43] On top, the Mn cluster is shown indicating 

-oxo bridges and bound H2O/OH - molecules. Figure adapted from ref. [4 0].

Fig. 9: Water splitting cycle based on spectroscopic and theoretical work (see refs. [8-9, 24]), detailing the structures of the Mn cluster in the different S states, 
the water binding events and the O-O bond formation and O2 release. Switching of the preferred total spin state con guration of the cluster is thought to take 
place in S2 from low to high spin and between S4 and S0 from high back to low spin, indicated by the diagonal line dividing the green and blue boxes. This may 
be necessary for the formation of triplet dioxygen 3O2

 in the  nal step of the cycle. Figure adapted from ref. [24] .
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1. The material of the catalyst must be abundant, easily acces-
sible, inexpensive (i.e. no precious metals), non-toxic, suf-
 ciently stable under working conditions and should thus 
be scalable.

2. The required four oxidizing equivalents must be stored in 
the catalyst to couple the fast 1-electron photochemical 
reaction with the slow 4-electron chemical water oxidation 
process.

3. The binding of the two substrate water molecules should 
take place at two well-de ned neighboring metal centers, 
accompanied by their successive deprotonation and activa-
tion.

4. The redox steps of the catalytic metal centers should be of 
similar magnitude and in the range of 1 eV, and should  -
nally lead to a concerted water oxidation, O2 formation and 
release in order to avoid reactive oxygen intermediates. This 
requires sequential release of protons.

5. A functional matrix is needed mimicking the protein for ef-
 cient transport of water to the reaction site, release of oxy-
gen and for proton management (as in PS II).

6. In the photochemical act, a light-induced species must be 
generated with suf cient oxidative potential to oxidize water 

7. Effective coupling of the charge separation with the cata-
lytic center is necessary to diminish the overpotential (as 
via YZ in PS II). 

8. The catalyst should be stable; in case of destruction, a 
mechanism of self-repair or healing should be in place to 
avoid deactivation of the catalyst.

At present, it is still a great challenge to create a catalyst that 
ful lls all the above criteria and could thus compete with the 
Mn cluster in PS II. The future will show if at least part of the 
points can be ful lled. For examples of water splitting chemical 
catalysts see refs. [45-49]. 
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