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Introduction

Artificial photosynthesis (AP) is a generic term,which embraces

a range of novel technologies for non-polluting electricity
generation, fuel production, and carbon sequestration, using
solar energy. As the name implies, the inspiration is drawn from
natural photosynthetic systems, which developed in organisms

that were amongst the earliest known to exist on earth.[1] These
natural systems are thus the product of an extremely long
(.2.5 billion years) process of evolutionary refinement.

The aim of artificial photosynthesis is to technologically
reproduce the components of natural photosynthesis on a large
scale, for efficient solar energy conversion. The program offers

the prospect of economic photovoltaic electricity generation
and food production requiring negligible water usage compared
with conventional agriculture.[2] However, in the near term, the

most achievable goal is renewable, economically competitive
electrolytic H2 generation from convenient water sources, such
as seawater. This requires a suitable ‘super catalyst’ for the
anodic, water oxidizing reaction, which is rate limiting in all

conventional electrolytic systems generating H2. In fact nature
has solved this particular problem, within photosynthesis,
almost to the absolute limit of thermodynamic efficiency.

Although the overall photosynthetic conversion of light into
stored chemical energy (sugars, etc.) has many steps, with a
total efficiency in nature of typically 4% or less, the initial

electron transfer steps, notably those related to water

oxidation, are generally very efficient when viewed as isolated
processes.[3]

In all oxygenic photosynthetic organisms (plants, algae,
cyanobacteria, etc.), the primary photosynthetic energy trans-
ducing processes generate an electron flux and an associated
electrochemical gradient across the thylakoid membrane. The

electrons come from water and this oxidation of water to
molecular oxygen is the ultimate source of virtually all bioener-
getic electrons utilized by living creatures. The process occurs

within the oxygen evolving complex (OEC) located in
Photosystem-II (PS II), a large multisubunit membrane-bound
protein complex. The OEC comprizes an oxo-bridged Mn4/Ca

cluster, with associated co-factors, notably a redox active
tyrosine, Yz.[4] All oxygenic photosynthetic organisms share a
common set of ‘core’ membrane proteins in PS II, which include

the D1, D2 reaction centre (RC) proteins and inner chlorophyll a
(Chla) binding proteins.[4] The D1/D2 heterodimer (analogous
to the type II purple bacterial reaction centre[1]), contains the
photo-oxidizable special chlorophyll pair, ‘P680’, as well as the

pigment components associated with the primary light driven
charge separation across the thylakoid membrane (Fig. 1). The
D1 peptide principally ligates the catalytic Mn cluster responsi-

ble for water oxidation, near the donor (lumen in plants)
membrane surface. Extra-membrane proteins, which are more
organism specific, bind near the OEC and are believed to

perform stabilization/regulatory functions.
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Water Oxidation in PS II

The water oxidation process involves three distinct steps, each

operating at an efficiency near the theoretical limit and
unmatched by any related synthetic system (see Fig. 1):

(i) Trapping of light energy by chlorophyll pigments and rapid
energy transfer to the reaction centre (P680), resulting in its
oxidation to P680þ.

(ii) Rapid electron donation to P680þ, through an oxidizable
protein side-chain intermediate (tyrosine 161,YZ, on the
D1 peptide), which stabilizes the charge separation in PS II.

(iii) Oxidation of water to molecular oxygen within the OEC.

This is the most energetically demanding simple reaction
performed by nature, requiring a redox potential per
electron of,0.9V (at pH,7). The redox potential devel-

oped in P680þ is in excess of 1.3V; however, the YZ

intermediate has an operating potential of only 1.0–1.1V,
barely above the thermodynamic limit forOECoperation.[5]

The OEC Mn4/Ca cluster is thus the most efficient anodic
‘electrolysis’ system known. It operates under mild conditions

of temperature, pH, electrolyte background, etc., with a maxi-
mum turnover rate of ,103 s�1 and effective overvoltage of at
most ,0.1V.

It catalyzes the reaction:

2H2O ! 4Hþ þ O2 þ 4e� ð1Þ

which proceeds through five intermediates consisting of four

meta-stable states, labelled S0, S1, S2, and S3, and one short-
lived ‘final’ state, S4, where the subscript refers to the number of

stored oxidizing equivalents in the catalytic centre. Water
remains exchangeable with this site up to S3, and the final

oxidation of two water molecules to dioxygen occurs in a
concerted, four electron step.[6] It is now generally held that
the S states correspond to progressively increasing mean oxida-
tion levels of theMn ions, at least up to S3.

[7] The sequence, with

the accepted pattern of proton loss, is indicated in Fig. 2.
Much detail of the Mn4/Ca catalytic site has now been

revealed by a recent crystal structure of cyanobacterial PS II

to 1.9 Å resolution by Umena et al.[9] building upon earlier
structures at lower resolution (2.9, 3.0, 3.5, and 3.7 Å).[10a–d]

These structures should correspond to the ‘dark stable’ S1 state,

although questions concerning radiation-induced Mn reduction
during the X-ray diffraction (XRD) data collection process
remain.[11]

The 1.9 Å structure allows a full experimental definition of
the ligand environment of each metal in the OEC cluster, at least
for a presumed formal S1 state. Although the protonation state of
individually resolved O atoms is not revealed, the structure is

closely consistent with recent computational models of the
cluster,[12] derived from the protein derived ligation pattern
revealed earlier by the 3.0 and 2.9 Å structures. Notable is the

presence of several water/hydroxide/oxo molecules binding to
the fourth (so called ‘dangler’) Mn, which has only two protein
supplied (carboxylate) ligands. The necessity for such extra O

moieties had been consistently inferred from computational
modelling of the site by several groups.[13–15]

Fig. 3 shows a comparison of the immediate OEC region
from the 1.9 Å structure and our most recent (Petrie et al.

unpublished results) computational modelling of the Mn4/Ca
cluster and ligands (truncated to ligating functional groups, as in
ref. [13]). Mn numbering is according to our previous conven-

tion.[13] This model is a new, but close, variant of those we have
described earlier,[13] which includes two hydroxides rather than
waters near (or ligating to) the ‘dangler’Mn(4), It is amember of

a series we are examining to determine what effects such
alterations may have on the detailed structure and distribution
of oxidation states, within clusters maintaining the same mean

Mn oxidation state for S1 (3.0). The model cluster is maximally
‘hydrated’, in that all potential direct water/hydroxide binding
sites on the metals are saturated. In this instance the oxidation
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Fig. 1. Structure of Photosystem II (PS II) complex near the reaction centre

region, with protein background removed (after ref. [9]). Light energy is

transferred from the chlorophyll antenna regions (CP 43, 47) to the P680

reaction centre special chlorophyll pair, which undergoes photooxidation.

The released electron proceeds to the opposite membrane face and reduces,

throughQA and a non-heme iron centre, amobile plasto-quinone carrier, QB.

The oxidized reaction centre is re-reduced by electrons, ultimately released

from water, through an intermediate electron transfer species Yz (tyrosine).

This stabilizes the charge-separated state against back reaction. TheMn4/Ca

cluster catalyzes thewater oxidation (four electron process) and immobilizes

the reactive intermediates of this reaction. Other pigment, secondary redox

active components of the PS II reaction centre region are indicated (see

ref. [9]).
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Fig. 2. Schematic representation of S state cycle showing water exchange

kinetics from meta-stable intermediate states[6] and proton loss pattern.[8]

S4 state is a transient series of steps (see text).
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state distribution is Mn4
III and this reproduces well the metal–

metal distances seen in the 1.9 Å crystal structure. These
distances are, however, generally longer in the two ‘short’
Mn–Mn vectors (2.8–2.9 Å) than those seen for the S1 state

from extended X-ray absorption fine structure (EXAFS) mea-
surements on PS II membrane samples and crystals with lower
XRD resolution[9,10] (both vectors ,2.7 Å). We have shown,

however, that the latter geometry is also well reproduced
computationally in clusters with the same mean Mn redox
levels of 3.0, but with a III–IV–III–II oxidation pattern for
Mn(1)yMn(4). We believe this redox configuration to be that

most consistent with a range of data on the photosystem, when
functional PS II samples are conventionally prepared for study
by spectroscopic and other techniques.[13c,13d]

It has long been realized, from X-ray absorption near edge
spectroscopy (XANES) and photo-assembly measurements,
that the Mn in the functional OEC site have oxidation levels

significantly above MnII.[16] Furthermore, the S0 and S2 states
have odd numbers of unpaired electrons in the exchange coupled
cluster, with net spin 1/2 ground states arising from a

predominantly antiferromagnetic coupling of theMn ions. They

exhibit Mn hyperfine structured signals in electron paramagnetic
resonance (EPR) spectra at low temperatures (‘multilines’).
This then dictates that the formal oxidation state in S1 is Mn4

III

or Mn2
IIIMn2

IV, or combinations equivalent to these. The mean
oxidation levels in the other S states are then determined by
adding or removing electrons. We have labelled the above two

possibilities the ‘low and high’ oxidation state paradigms,
respectively.[13d] At present, the high oxidation state assignment
is generally favoured, based principally on empirical interpreta-
tion of Mn X-ray absorption spectroscopies applied to PS II in

the S1 state and S states generated by single turnover flash
advance.[7,16] However, we have recently shown, using a new
time dependent density functional theory (TDDFT) approach,

that the results from the most extensively used X-ray absorption
technique, Mn K edge analysis, are consistent with the low
oxidation state paradigm,[17] when metal ligand environment

effects are computationally accounted for.
The fact that the available structural data on the Mn cluster

geometry can also be accommodated within a low oxidation
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Fig. 3. Comparison of the oxygen evolving complex (OEC) region of the 1.9 structure of Umena et al.[9] and our latest computational

modelling of this structure (Petrie et al., unpublished results, computational methodology as in ref. [13]) in the S1 state. Table shows

distance comparisons formetal–metal vectors defining cluster structure. ThemeanMnoxidation state in the calculated structure is 3.0,with

a pattern of (MnIII)4. This is believed not to be the distribution in the enzyme S1 state as commonly prepared, for which the distribution is

(III, IV, III, and II).[13c,13d] Green boxed waters in the 1.9 Å structure are proposed substrate species, while starred oxy groups onMn(4) are

terminal waters (in S0) able to undergo deprotonation (see text).
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state model, particularly for the most studied S1 intermediate, is

very significant when considering possibilities for the water
splitting mechanism which operates within the site. To date all
such detailed proposals, arising mainly from computational

chemistry,[12,14,15] have assumed the high oxidation state para-
digm and require one or both substrate water molecules to
undergo progressive deprotonation throughout the S cycle. It
is unclear, however, that this is consistent with the known

pattern of substrate water exchange kinetics,[6] which we exam-
ine further below.

Water Oxidation and Mn Chemistry

Water oxidation occurs intimately within a local protein envi-

ronment composed almost entirely of chemical species formed
from hydrogens bonded to first row atoms (C, N, and O). These
groups generally require similar energies for electron removal to

that for water itself. Thewater splitting processmay therefore be
likened to ‘setting a fire in a wicker basket, without burning the
basket’. There are two features of the OEC which then seem to

us particularly relevant regarding its possible chemical
mechanism.

(1) Although the oxidized reaction centre, P680þ, has a redox
potential of ,1.3–1.4V, this is immediately ‘detuned’ to
1.0–1.1V on passage through Yz, before communicating
directly with theMn cluster in the OEC, whichmust operate

at a level close to 0.9V.
(2) The atoms coordinated to Mn and Ca in the OEC are almost

exclusively oxygens, from hydroxy species, oxo bridges,
and carboxylate protein side chains. There is only a single

N-binding ligand (out of ,21) from the His 332 imidazole
side chain. This is the lowest known N/O ligation ratio for
Mn in a protein, when the Mn oxidation states exceed II.

Examination of Scheme 1 (after Yamaguchi and Sawyer[18])
shows that the immediate ‘detuning’ of the redox potential byYz

serves to protect the ‘basket’, by essentially excluding the
possibility of forming dangerous, reactive intermediate species
like H2O2 or O2

� (or even OH�), but at the cost of enforcing a

concerted, four electron process for the water oxidation chemis-
try which must operate in an almost ‘activationless’ manner
(i.e., low overvoltage). Furthermore, there is currently a large

body of chemical experience with synthetic polynuclear Mn
clusters of high (III, IV) formal redox level (e.g., see ref. [19]).

H2O O2
•�H2O2HO• O2

�0.86 V versus NHE

�1.20 V  

�1.35 V  

�2.20 V �0.50 V  �0.89 V �0.16 V

�0.36 V

Scheme 1. Redox potentials at pH 7.0 and 298K for the oxidation of H2O. Potentials are listed for oxidations

ranging from one to four electron steps. Standard state of all species is unit activity (after Yamaguchi and Sawyer[18]).

(a) 

IV IV IV IV III IV IV III III IV III

(c) (b) 

A

B

OEC OEC

O2
IV

Fig. 4. A: Representative recent water oxidation catalysts: (a) Co-phosphate edge-sharing molecular clusters of

Nocera et al.[21a] (b) B-site of Co3O4 spinel from nanostructured Co oxide on silica.[21c] (c) Surface of aMn–O layer

in K birnessite (microclusters in Nafion).[21e] In all cases, metal (Co, Mn) ions are shown in blue and bridging

oxygen atoms in red in the online version. Superimposed in (b) and (c) is an X-ray structure of theMn–O core of the

Photosystem II (PS II)-oxygen evolving complex (OEC) shown in yellow in the online version (from ref. [10c]) (the

Ca ion in the PS II-OEC has been excluded for clarity). Figures after ref. [22]. B: Possible reaction sequence for

2H2O-H2O2-O2, involving Jahn–Teller mobilization of Mn–O bond (see text).
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Mostly, however, these have significant, often dominant levels

of N ligation (N/O ,2 per metal centre), along with oxo
bridging. The N ligation helps to stabilize high Mn oxidation
levels (IV, V), facilitating synthesis. By contrast, the predomi-

nantly O ligation in the OEC is notable because nature had the
option to choose otherwise. Certainly N ligation to Mn, using
histidine imidazoles or even heme or chlorin macrocycles (as in
Jacobsen catalysts[20]) would have been easily possible in the

photosystem protein matrix. Thus the high O ligation level is
likely important, functionally. Because oxygen, either oxo or
carboxylate derived, is a significantly harder ligand than N, so

less stabilizing of high Mn oxidation states, the inference from
this structural feature alone is that the Mn oxidation levels are
likely to be at the lower, rather than higher, end of the above two

ranges of oxidation state possibilities, while being consistent
with the thermodynamic requirements for water oxidation.

Over the last decade, synthetic, self-assembled inorganic
catalysts, based on Mn or Co, exhibiting efficient water electro-

lytic (or electro-photocatalytic) function have been devel-
oped.[21] Fig. 4A illustrates some examples. The catalysts
have oxygen bridged polynuclear, extended structures, resem-

bling in some cases known mineral forms. We have recently[22]

surveyed these and noted the similarities within their repeating
units of motifs strongly resembling the compact oxo-bridged

core of the Mn ions in the OEC. We do not at present know
which components of these structures actually bind water
molecules or execute catalytic function. Nonetheless, some

general reaction possibilities may be suggested from the known
chemistry of Mn and Co, which we return to in more detail
below.

Prior to these developments, an extensive body of research

had occurred (the previous two decades) on the use of deposited
hydrated metal oxide surfaces for the anodic component of
electrolytic cells (e.g., see ref. [23]). The most promising

systems included oxides of the abundant transition metals from

the first row, as well as Ru. Although detailed molecular and

structural elucidation of these systems is yet to occur, important
bulk physical characterizations were obtained: notably accurate
mid-point potentials for successive redox changes of the metals

in the hydrated oxide matrices. Some relevant data are given in
Table 1. What is striking about these potentials is that, despite
uncertainties of oxy-hydroxides being reasonable but not exact
models for the OEC etc., only the Mn values are consistently

poised, from oxidation level II to IV, to fit precisely into the
narrow gap of redox potentials required for OEC function. To
our knowledge, Mn is unique in the periodic table in this regard.

The basis of the ‘constant potential’ effect is presumably the
ability of Mn centres in the hydrated oxide environment to
compensate for charge increase by release of protons from

probably terminally bound water/hydroxy groups, to maintain
a near invariant redox potential of the ions with increasing
formal oxidation state. This is consistent with the progressive
oxidation behaviours of two broadly similar Mn oxo/alkoxo

bridged binuclear complexes shown in Table 2. One possesses a
terminal, deprotonatable H2O group ligated to a Mn, while the
other does not.

Although the effect is not quite as dramatic as for the oxy-
hydroxides, single proton loss from a terminal H2O group
maintains successiveMn single electron redox potentials within

,0.2V, while the absence of such compensation causes the
second single electron potential to be nearly a volt higher than
the first. Also it is notable that the potentials for the L2 complex,

which has aN/O ligand ratio of,0.6, are substantially larger, all
else being equal, than those for the L1 complex, where the N/O
ratio is 2. With predominant O ligation and the opportunity for
charge compensation through proton loss from terminal

hydroxy species, redox potentials are maintained close to 0.9V,
even for this (limited) system which is not particularly close,
chemically, to the OEC Mn cluster. In total, the above observa-

tions speak closely of the existence of a broad, generic principle
operating with oxo-Mn chemistry, which makes it uniquely
suitable for operation within the water oxidase site in PS II. The

Mn ligand environment should be mainly oxygen-based to
establish potentials near 0.9V for oxidation states from II to
IV, and terminal H2O groups should (initially) be present
to permit redox ‘levelling’ through progressive proton loss as

the S states advance.
Examination of Table 1 shows that, although Mn is able

to execute almost ‘exact’ redox levelling through proton loss,

Co functions ‘well’ and this likely contributes to the effective-
ness of the system discovered recently by Nocera et al.[21a]

(Fig. 4A-a). In addition both Mn and Co share other features

likely relevant to their utility in water oxidase catalysts. In their
III and IV oxidation states, with predominantly O ligation,

Table 1. One/two-electron redox potentials for selected transition

metal bulk oxy-hydroxides

E0 reduction potentials (V versus normal hydrogen electrode)

CoupleA Fe Co Mn Ru

III/II 0.27 0.87 1.0 0.24B

IV/III .1.0 1.48 1.01 0.9

IV/II 1.18 0.9 0.0

V/IV 1.15

AFrom ref. [23] and references therein.
B(aq.) Ru3þ/Ru2þ.

Table 2. One electron redox potentials for two Mn l2-oxo-bridged dimers

E0 reduction potentials (V versus normal hydrogen electrode)

CoupleA L1Mn–O2 –MnL1
B L2Mn2(H2O)

C L2Mn2(H2O)
C-L2Mn2(HO)

C

[III]2/[III, IV] 0.285 0.74 0.74

[III, IV]/[IV2] 1.085 .1.6D 0.95E

AFrom ref. [24].
BL1: (2-(2-pyridyl)ethyl)bis(2-pyridylmethyl)amine.[24a]

CL2: 2-hydroxy-1,3-bis(3,5-Cl2-salicylideneamino)propane.[24b]

DNo de-protonation this step.
EDe-protonation this step.
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Mn and Co have redox potentials sufficient for four electron

oxidation of water at neutral pH. XANES data show that the
mean redox levels in the oxidized catalytic states are ,þ3.2
and ,þ3.7 for the Co phosphate and Mn birnessite catalysts,

respectively.[25,21e] Redox potentials for Co in the II–III couple
are likely similar to those for Mn in the III–IV couple (Table 1)
within the layered hydrated oxides, so the two catalyst systems
function as near equivalently poised. An additional important

similarity then exists between the Mn and Co systems, whose
detailed significance we are currently examining. Both ions
have a co-ordinatively stable configuration of the 3d orbitals in

a higher oxidation state (d3 for MnIV and low-spin d6 for CoIII),
but a Jahn–Teller destabilized configuration in the next lowest
oxidation level (high-spin d4 forMnIII and low-spin d7 for CoII).

This allows a possible reaction pathway, illustrated schemati-
cally for the Mn case in Fig. 4B. An initial two-electron

oxidation of two adjacently ligated water/hydroxy groups (the
most difficult step) generates a peroxo group bound between

two oxo-bridged metals in the higher oxidation state, with the
electrons initially reducing other high-valent ions in the cluster.
Internal electron (and possibly proton) transfer switches one of

the peroxo bound metal ions to the lower, Jahn–Teller active
oxidation state, which permits weakening of one metal–peroxo
bond and then rapid final oxidation of the singly bound peroxo

group to O2. For Co, this may involve facile interconversion of
CoII between octahedral and tetrahedral coordination, a well
known process in CoII chemistry.

Mechanistic Implications for the Mn Cluster in the OEC

Water molecules are thus expected to play two key roles in the

catalytic function of the OEC. One obviously is to provide the
substrate for the reaction, but the second, to provide the ter-
minal ligand groups for redox levelling, is equally crucial. It is

not obvious, however, whether these roles can be combined, the
substrate species also providing the redox levelling through
progressive proton loss, or whether distinct water molecules are

separately employed for each function. Within the inorganic
catalysts it seems reasonable that either could apply as there is
no immediately obvious (to the authors) chemical advantage
to either strategy. However, examination of the 1.9 Å OEC

structure from Fig. 3 suggests that nature has chosen the second
of the two above options. Four O groups, which are not bridges,
are identified as being closest to the likely reactive portion of

the cluster. Two (green box) are spatially close in a ‘cleft’ like
region, involving Ca and Mn(1), Mn(3), and Mn(4), without
being obviously fully ligated to any Mn. They are almost cer-

tainly waters, suggested by their bond lengths to nearby
metals (2.4–2.8 Å). The second two (starred) are clearly ligated
to Mn(4) alone, with bond lengths (,2.1 Å) which indicate that

they would probably be waters in the lowest S state(s). This
arrangement is suggestive of ‘separate roles’ for the respective
water species, with those on Mn(4) being the redox levellers.
That there are two such groups on Mn(4) and that these are the

only likely candidates for leveller function, from the XRD
structure, means that Mn(4) might progress through two redox
steps (i.e., from II to IV) as the S cycle advances. From the data

in Table 1 this is plausible, while maintaining a cluster oxida-
tion potential near 0.9 V.

The kinetics of substrate water exchange with the OEC site

during S state turnover provide insight here. Hillier and
Wyrzynski[6] have determined the exchange rates of substrate

water with the OEC cluster in all S states. The results are

summarized in Fig. 2. Basically, in all metastable S states, two
distinct exchange rates are seen, a ‘fast’ and a ‘slow’ rate. The
slow rate, which presumably corresponds to the more tightly

bound substrate species and for which the data are best resolved,
exhibits a counter-intuitive behaviour. It (and the fast rate)
generally show no monotonic change in the exchange kinetics
as might be expected from a progression of H2O, OH

�, to O2–

substrate species, bound toMn sites of ever increasing oxidation
level. Rather, the resolved kinetics are quite similar in all S states
except S1, where the tighter bound water exchanges ,100 fold

more slowly than in the other states. These data appear to us
particularly constraining and point strongly towards a mecha-
nism in which the substrate waters are distinct from the redox

levelling waters throughout the S cycle (to S3 at least).
We have shown computationally[13d] that this pattern of

substrate water exchange is energetically consistent with the
low oxidation state model and a cluster configuration in which

the substrate waters are located as in Fig. 3, with neither directly
ligating Mn(4), as is proposed in all other mechanistic
models.[12] In S1 the strongly bound water actually becomes

an hydroxide, through transfer of a proton to an oxo bridge
joining Mn(3) and Mn(4), which reverses in S2 (see ref. [13d]
and Fig. 5). Our published and most recent studies (summarized

in Fig. 5) suggest that the two oxy species on Mn(4) are both
waters in S0, but progressively deprotonate, so that by S3 at least
one and probably both have become hydroxides, with one of

these now forming an hydroxo bridge toMn(3). This structure is
consistent with EXAFS studies,[7,16] which detect a significant
re-arrangement of the cluster in S3. The structural change has
been interpreted as formation of an additional short (,2.8 Å)

Mn–Mnvector in S3, slightly longer than the two,2.7 Å vectors
seen in S1 and S2.

[16]

Fig. 5 also indicates the Mn oxidation state sequence sug-

gested by our modelling. Consistent with the discussion above
on redox levelling, it is Mn(4) that contributes most to redox
accumulation up to S3, with Mn(1) and Mn(2) remaining

invariant at the III level. OnlyMn(2), which is ‘ligand saturated’
within the cluster and does not communicate directly with any
exchangeable water/hydroxide group, undergoes oxidation
(from the III to IV level) on the S0-S1 transition. Thus, the

general ‘insensitivity’ of the substrate water binding to the
increasing level of redox accumulation in the OEC cluster is
readily understood. Furthermore, proton loss in S3 is from the

terminal water groups on Mn(4), adjacent to a likely proton exit
channel commencing at Asp 61, which has been previously
identified in the structure.[26] The putative proton channel also

contains a Cl� ion. This proposal is further supported by
computational modelling suggesting Asp 61 as the natural
‘proton exit’ point within the cluster (see ref. [27] and Fig. 6).

In S3 the cluster oxidation state configuration is III, IV, III,
and IV. In principle, the transient S4 state could involve a further
Mn oxidation, but evidence from several sources suggests now
that this is unlikely (see ref. [12] for discussion). The ‘S4’ state is

in fact a resolvable sequence, whose total duration of ,50–
200ms, appears to be PS II preparation dependent,[28] involves
several steps[29] including ,1 proton release (t1/2, 30ms)[30]

and involves no detectable change in mean Mn oxidation level
from S3 on the microsecond time scale.[7,30] Yz is very probably
oxidized throughout, as there is no detectable kinetic distinction

(at the tens of microseconds level) between O2 release and
Yz
� re-reduction.[31] Furthermore, at the beginning of the S4
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‘sequence’ the substrate is present as two water molecules,

essentially as they existed in S3. This suggests that the actual,
concerted four electron O2 forming reaction may be regarded
formally as:

2H2OþMnðIV2 III2ÞðS3Þ þ Y
�
z ! O2 þ 4Hþ ðpH � 6Þ

þMnðIII3 IIÞðS0Þ þ Yz :

ð2Þ
Based on theMn hydrated-oxy data in Table 1 and the known

potential for the Yz/Yz
� couple, the DG for this reaction is

,�0.6 eV. This is modestly exothermic, given the size of the

free energy flows involved (,4 eV), but entirely reasonable for
a singularly demanding reaction which nature achieves with an
efficiency we cannot yet match. Recent O2 back pressure

measurements with PS II[32] indicate that the water splitting
reaction is poised at least 200mV above the reversible limit. At
present there appears thus to be no thermodynamic need to

invokeMn oxidation levels higher than amean value of 3.5 in S3
to achieve water oxidation.

Kinetically the O2 formation reaction proceeds very effi-

ciently, with a low (probably ,40 kJmol�1) activation barrier.
In particular, extensive computational studies by Siegbahn and

others[14,15] have shown that the only facile mechanism for O–O

bond formation satisfying the above reaction barrier limitation
involves a formal O� radical attack on a water or hydroxy
species, which our own work to date broadly supports. This
step is readily achievable in the above cited, high Mn oxidation

state models, because the substrate water(s) there undergo(es)
progressive de-protonation during the S cycle (as proposed
in these models), or enter effectively as hydroxide at a late

stage. This contrasts with the picture advanced here, which is
more naturally consistent with the OEC substrate water
exchange behaviour, where these waters are fully protonated

up to and including S3. However,managing the necessary proton
removal–exchange during the S4 sequence, while retaining a
sufficiently low reaction pathway energy profile, is then
challenging.

We are currently engaged in a computational examination of
possible reaction pathways for O–O bond formation, which are
consistent with the above limitations. These will be reported

separately, but already some factors are clear:

(1) The calculations indicate that for O–O bond formation to

occur, at least three protons must be removed from the
substrate waters. The first is presumably lost (electrostati-
cally) during the ,30 ms step, following oxidation of Yz,

H�

S0 S1

S2 S3

H�

Mn oxidation states (III/III/III/II): (III/IV/III/II):

(III/IV/III/III): (III/IV/III/IV):

0

�1�1

0

Eb ∼ 80–90 kJ mol�1

Eb � 50 kJ mol�1

1

2

3 4

Fig. 5. Computational structures of the oxygen evolving complex (OEC) cluster in the four quasi-stable S states, S0–S3,

according to our most recent published proposals for the total charge and protonation levels in the site. These are from our

descriptions of the Type II structure, suggested as the ‘active’ geometry during functional turnover.[13c,13d] De-protonation

of terminal water on Mn(4) occurs on the and S2-S3 transition consistent with the known proton loss sequence in

Photosystem II (PS II) (Fig. 2), while several possibilites (including fromMn(4)) are being explored for loss on the S0-S1
transition. Recent calculations (Petrie et al., unpublished results) suggest that the second deprotonation in S3 triggers

formation of an extra hydroxo-bridge betweenMn(3) andMn(4), as inferred from extendedX-ray absorption fine structure

(EXAFS) (see text). Indicated are the Mn oxidation levels in the water oxidizing complex (WOC) and typical binding

energies (Eb) for the substrate water molecules (‘fast’, Eb, 50 and ‘slow’ Eb, 80 kJmol�1). The transferred proton in S1,

responsible for the very slow substrate exchange in S1 is indicated (white square in the online version).Roman numerals are

for Mn 1y4 oxidations states. Red figures in the online version indicate total cluster charge.
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before the main chemistry has commenced. Because of the
progressive deprotonation of the terminal waters on Mn(4),

one proton from the substrate waters may transfer, at
minimal net energy change, to the leveller hydroxide on
Mn(4). One further proton may readily transfer to the

Mn(3)–O–Mn(4) bridge, a step which our modelling sug-
gests actually occurs in S1, but then reverses (temporarily)
in S2 and S3 (Fig. 5). The system obviously is ‘tuned’ to

readily permit this transfer. It appears also necessary that
one proton be transferred, probably in a coupled electron/
proton step, to Yz

�. The likely necessity for involvement of

such a component in the water splitting reaction pathway
has long been recognized.[33]

(2) The resolved lag (up to ,200ms) in the step; S3þYz
�-

S0þYz appears to be the time required to establish the

correct geometry for the coupled e�/Hþ transfer to the
phenoxy group of Yz

�. Full DFT modelling of the local
structure indicates that this must occur by proton exchange

through one intervening water molecule (Fig. 6). These
factors contribute to the larger re-organization energy
required for electron transfer to Yz

� on the S3-S0 step,

compared with the lower S state transitions, for which
the Yz

� re-reduction kinetics are generally an order of
magnitude quicker.[31]

Towards the Design of Biomimetic Catalysts

The ultimate aim of this work is to use our understanding of
existing catalysts, particularly PS II, to design new catalytic

components with activities approaching those of the natural

system, but suitable for industrial-scale electrolytic H2 pro-
duction. This will be challenging and directed by outcomes of

our present investigations. The particular directions employed
here into understanding the organization and catalytic detail of
the OEC are unique and will drive our computational explora-

tion of the possibilities. One novel strategy based on our
understanding of the OEC to date is illustrated in Fig. 7.
As outlined above, our computational work now strongly sug-

gests that most redox accumulation actually occurs in Mn(4),
outside the m3-oxo-bridged sub-cluster (Fig. 7a). Thus Mn(4)
acts as a ‘battery’ and therefore may be catalytically unneces-

sary. It might be replaced by another constant voltage electron
sink (i.e., an electrode). A smaller metal cluster, such as that
indicated schematically in Fig. 7c, could then function as the
water oxidase. This system involves an open-edged cubane like

our model of the OEC. Initially, computations will aim to
establish:

(i) Theminimum nuclearity of the catalytic cluster, i.e., (Mn)3,
(Mn)3/Ca, etc. AMn dimer is not suitable,[34] but establish-
ing function in a Mn trimer would have a huge synthetic

advantage.
(ii) The nature and connectivity of the bidentate bridges. These

could be phosphinate groups (like the cubane catalyst of

Dismukes et al.[35]) attached to covalently linked aromatic
or aliphatic moieties. Links could be chemically equivalent
(ab, a0b0) or inequivalent (a0a, b0b) to enforce an open-edged
structure.

The system would operate at Mn redox levels equivalent

to the OEC which is close to charge neutral. A functioning

Yz

Asp 61

Proposed proton channel

Fig. 6. Fully optimizedDFT computationalmodel of the Photosystem II (PS II) water oxidizing complex region (220 atoms).[27]

Large white spheres: Mn; large black sphere: Ca; medium red spheres: O; medium blue spheres: N; black spheres: C atoms of

terminal amino-acid groups frozen during optimization. The two substrate water molecules are boxed (as in Fig. 1) and one water

molecule (blue star) separates these from the phenoxy group of Yz. An incipient ‘proton wire’ (dashed blue) is seen to connect the

substrate waters to Yz, although this is still an S0 state calculation. The convenient location of the terminal water groups onMn(4)

to the suggested proton exit channel, commencing at D61, is obvious and emerges naturally in the calculations (dashed red)

(colours shown in the online version).
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POLYMER MEMBRANE
(Sulfonic acid type etc.)

CATHODE
Ni Alloy etc.

CONCEPTUAL H2 - O2
GENERATOR

ANODE:

POLYMER
ELECTRODE
Mn catalytic
complexes
bound to surface
∼1015 cm�2

CATHODE

Mn Site Turnover: 103 s�1 (PSII)
Site Density: 1015 cm�2

Current Density: ∼0.7 A  cm�2

Cell Voltage: ∼1.3 V
Operating Temp: 50–70�C
Energy Consumption: ∼3–3.3 kWh per m3 H2
(with waste heat input) 

Fig. 8. Hypothetical design for a H2 generating electrolysis system, using anode surfaces incorporating catalytic clusters as in

Fig. 7. If comparable catalytic behaviour of the synthetic clusters to the natural oxygen evolving complex (OEC) centre is

assumed, overall system performance operating with saline water at neutral pH is as indicated. The cathodic (H2) releasing

reaction is not in fact limiting and could be implementedwith existingmaterials (e.g., see ref. [37]). The sulfonic acid electrolyte

membrane would be based on existing technologies (Nafion etc., e.g., see ref. [2]). Diagram after Pace.[2]

Catalytic end

Electrode

Electrode
Ca

Mn
Mn4

a

Mn3
Mn2

Mn1

Ca
Mn

Mn

b1

a1

b

Charge
accumulating

end  

(b) OEC structure  

(c) Biomimetic complex

4

3 2

1

(a) OEC
organization

Fig. 7. (a) Diagrammatic location of the two ‘water populations’ in the oxygen evolving complex (OEC) structure proposed

here, defining the catalytic and charge accumulating regions. (b) Schematic OEC structure (from Fig. 5, catalytic region boxed).

(c) Possible biomimeticwater oxidase construct based on themolecular form of theOEC. The ‘charge accumulating’ function is

now provided by an electrode surface.
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system could then be incorporated directly onto a conducting

polymer/glassy carbon support, or some other immobilizing
substrate surface (e.g, ref. [36], Fig. 8). This approach aims
specifically to develop efficient catalysts for the anodic reac-

tion in water splitting, which if successful might be useful in
several applications requiring this type of electrochemistry.
Thus Nocera et al.[37] have recently described an integrated
system, involving both photo-electric components to generate

electric current and catalytic surfaces (anode, cathode) for
water electrolysis. The anodic surface is that derived from their
in situ self-assembling and repairing Co phosphate surface.

It seems likely to us, however, that any application involving
catalysts of the type envisaged in Fig. 7 would be more suitable
for large scale, high throughput systems, operating with electric

power from any, including grid supplied, source (as in ref. [2]).
Totally ‘light excluded’ operation should improve component
lifetime, vital since flow through operation to limit gas mixing
and promote convective proton flux through the two flowing

liquid compartments would make a self assembling/repairing
electrode surface, as in ref. [37], less straight forward to
implement. In principle, if the immobilized biomimetic water

oxidizing complexes operated at or near the efficacy of theOEC
centre, in both turnover rate and over-potential, a high perfor-
mance for H2 generation would be achievable. This is summa-

rized in Fig. 8. The OEC actually operates in an environment
with significant (�10�3

M) halide ion (Cl�) background, with-
out anion oxidation. If this insensitivity to Cl2 generation could

also be retained at high electrode current densities, the system in
Fig. 8 could operate with a variety of readily available water
sources.
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