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Abstract The oxygen-evolving center (OEC) in photosystem II (PSII) is a unique 
biocatalyst that splits water into electrons, protons, and dioxygen. Recent crystal-
lographic studies of PSII have revealed that the structure of the OEC is an asym-
metric Mn4CaO5-cluster, while the detailed mechanism for the O=O bond formation 
is still elusive mainly due to the complexity of the large protein environment and 
structural uncertainty of the OEC during the catalytic reaction. To understand the 
structure-function relationship and the catalytic mechanism of this natural Mn4CaO5- 
cluster, as well as to develop efficient man-made water-splitting catalysts in artifi-
cial photosynthesis, precise mimics of the OEC are highly required. It is of a great 
challenge to precisely mimic the structure and function of the OEC in the labora-
tory. However significant advances have recently been achieved. One of the most 
important advances is the synthesis of a series of the artificial Mn4CaO4-clusters that 
closely mimics both the geometric and electronic structures of the OEC, which 
provides a structurally well-defined chemical model to investigate the structure- 
function relationship of the natural Mn4CaO5-cluster, and sheds new insights into 
the mechanism of the water-splitting reaction in PSII.  The artificial Mn4CaO4- 
cluster and its variants may open new avenues to develop efficient artificial catalysts 
for the water-splitting reaction by using earth-abundant and nontoxic chemical ele-
ments in the future.
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1  Introduction

Photosynthetic oxygen evolution is a unique function of the photosystem II (PSII), 
which is a pigment-binding, multi-subunit protein complex embedded in the thyla-
koid membranes of plants, algae, and cyanobacteria (Barber 2009; Dau and 
Zaharieva 2009; Junge 2019; Lubitz et al. 2019; Nelson and Yocum 2006; Satoh and 
Wydrzynski 2005; Shen 2015). The reaction center and the key cofactors of PSII 
involved to perform this function are shown in Fig. 1. Upon photoexcitation, the 
primary electron donor (P680) donates one electron to the primary electron acceptor 
(Pheo), producing the P680

+• and Pheo−• charge pair in a few picoseconds (Cardona 
et al. 2012; Diner and Rappaport 2002; Holzwarth et al. 2006; Renger 2012). Pheo−• 
then transfers the electron to the primary and secondary plastoquinones (QA and QB) 
in sequence through the non-heme iron at the acceptor side (Petrouleas and Crofts 
2005; Saito et al. 2013). The high redox potential of P680

+• obtains one electron from 
the secondary electron donor (TyrZ), leading to the formation of a neutral radical 
(TyrZ

•) (Diner and Britt 2005; Styring et al. 2012; Zhang 2007), which then drives 
the water oxidation at the oxygen-evolving center (OEC), in milliseconds at the 
donor side (Lubitz et  al. 2019; McEvoy and Brudvig 2006; Perez-Navarro et  al. 
2016; Yano and Yachandra 2014).

Fig. 1 The reaction center and main cofactors involved for electron transfers and catalytic reac-
tions in PSII (Umena et al. 2011)
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The catalytic oxygen-evolving reaction involves five different redox states (Sn, 
n = 0–4) of the OEC as shown in Fig. 2 (Dau and Haumann 2007; Kok et al. 1970), 
wherein the S0 state is the initial and most reduced state and the S1 state is the dark- 
stable state. The S2 and S3 states are metastable and decay eventually to the dark- 
stable S1 state, whereas the S4 state is a transient state that releases dioxygen and 
decays to the S0 state. Changes of the oxidation valences of the four manganese ions 
occur during the turnover. The oxidation valences for the four manganese ions are 
S0 (III, III, III, IV) or (II, III, IV, IV), S1 (III, III, IV, IV), S2 (III, IV, IV, IV), and S3 
(IV, IV, IV, IV) (Dau et al. 2008; Krewald et al. 2015; Sauer et al. 2008; Yano and 
Yachandra 2014). The calcium is an indispensable cofactor for the function of the 
OEC, and its depletion results in the complete loss of the water oxidation capability 
of PSII, and it can only be functionally replaced by strontium (Koua et al. 2013; van 
Gorkom and Yocum 2005; Yocum 2008). Due to the broad interests in fundamental 
research, as well as potential applications in artificial photosynthesis, the structure 
and catalytic mechanism of the OEC have attracted extensive studies during the last 
three decades (Junge 2019; Lubitz et al. 2019; Pantazis 2018).

Fig. 2 The turnover of the OEC in PSII (Krewald et al. 2015). The oxidation valences of the four 
manganese ions in each S state are given in Roman numerals in squares. The structure and the 
assignment of each atom of the OEC are provided in the middle of this scheme
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2  Structure of the OEC

Revealing the structure of the OEC has been a long-standing issue in the field of the 
photosynthetic research. Before the appearance of the crystal structure of PSII, most 
structural information of the OEC came from extended X-ray absorption fine struc-
ture (EXAFS) (Dau et al. 2008; Yano and Yachandra 2014) and electron paramag-
netic resonance (EPR) (Cox et al. 2013; Lubitz et al. 2019; Peloquin and Britt 2001) 
investigations and theoretical calculations (Siegbahn 2009). Different structural 
models were proposed to explain the properties of the OEC in PSII (Cinco et al. 
1998; Peloquin et  al. 2000; Tommos and Babcock 1998; Vrettos et  al. 2001). 
Figure  3a shows the structural model proposed by Zhang et  al. in 1999 (Zhang 
2016; Zhang et al. 1999), in which the key component of calcium was suggested to 
be located in the middle of the OEC and be connected with four manganese ions 
through three oxide bridges and two carboxylate groups. This model was the only 
model that successfully predicted the binding mode of calcium in OEC of PSII 
(see below).

The crystal structure data of the PSII have emerged since the beginning of this 
century (Ferreira et al. 2004; Guskov et al. 2009; Hellmich et al. 2014; Kamiya and 
Shen 2003; Umena et  al. 2011; Zouni et  al. 2001). In 2001, Zouni et  al. (2001) 
reported the first crystal structure of PSII from thermophilic cyanobacterium at a 
resolution of 3.8 Å. In 2004, based on the 3.5 Å resolution structure data, Ferreira 
et  al. (2004), for the first time, proposed that the OEC could be comprised of a 
Mn3CaO4 cubane attached with a “dangler” Mn ion via one bridging oxide, forming 
a Mn4CaO4-cluster. However, the detailed peripheral ligands of the OEC were still 
elusive due to the low resolution and the possible reduction induced by X-ray radia-
tion during the crystallographic structural determination (Askerka et  al. 2017; 
Grabolle et al. 2006; Yano et al. 2005, 2006).

Fig. 3 Scheme for the structural model (Zhang 2016; Zhang et al. 1999) (a) and structure (Umena 
et al. 2011) (b) of the OEC
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The detailed structure of the OEC was revealed by the crystal structure of PSII at 
a resolution of 1.9 Å reported by Umena et al. in 2011. All binding ligands of the 
OEC have been clearly resolved, including four water molecules, one imidazole 
group from D1-His332, and six carboxylate groups from D1-Asp170, D1-Glu189, 
D1-Glu333, D1-Asp342, D1-Ala344, and CP43-Glu354, respectively. One additional 
bridged oxygen (O4) between Mn4 and Mn3 in the OEC has been observed (Fig. 3b). 
The whole structure of the OEC is an asymmetric Mn4CaO5-cluster. In this struc-
ture, Ca2+ is located in the middle of the OEC and is connected to the Mn4- cluster 
through three oxide bridges and two carboxylate groups, which is consistent with 
our previous proposal (Fig. 3a) published in 1999 (Zhang 2016; Zhang et al. 1999).

The structure of the OEC (Fig. 3b) was further confirmed by the 1.95 Å resolu-
tion data obtained by an X-ray free-electron laser (XFEL) reported by Shen’s group 
(Suga et al. 2015, 2017, 2019) and other groups (Kern et al. 2018; Young et al. 2016). 
It was also supported by the 2.44 Å resolution reported by Hellmich et al. (2014) and 
1.87 Å resolution reported by Tanaka et al. by using conventional synchrotron radia-
tion source at extremely low X-ray doses (0.03 MGy) (Tanaka et al. 2017).

Recently, the structure of the OEC in higher plants (spinach and Pisum sativum) 
has also been revealed by single-particle cryoelectron microscopy (cryo-EM) at the 
resolution of 3.2~2.7 Å (Su et al. 2017; Wei et al. 2016).

The structures of the S2 and S3 states OEC were also reported recently by using 
XFEL. It has been suggested that the structure revealed by XFEL could be corre-
sponding to the native structure of the OEC (Suga et al. 2015). However, consensus 
of the atomic positions of the S1 state OEC revealed by XFEL is still not fully 
reached for all structures with the results of EXAFS spectroscopy studies on active 
sample (Askerka et al. 2017). To evaluate the oxidation valences of the four manga-
nese ions in the structure of the OEC revealed by XFEL, we have carried out bond- 
valence sum (BVS) calculations. BVS method is a popular method in coordination 
chemistry to estimate the oxidation valences of atoms (Brown 2009; Pauling 1929). 
It is derived from the bond-valence model (Pauling 1929), which is a simple yet 
robust model for validating chemical structures with localized bonds or used to 
predict some of their properties. This method has been used extensively to estimate 
the oxidation state of active site in various metalloenzymes, as well (Gatt et  al. 
2012; Liu and Thorp 1993). Table 1 lists the results of the BVS calculations on the 
XFEL’s structures of the OEC in the so-called “native” S1, S2, and S3 states, respec-
tively. Surprisingly, the oxidation valences of the four manganese ions of all these 
states are remarkably lower than that of widely adopted in the field of photosyn-
thetic research (Dau and Haumann 2008; Krewald et al. 2015; Peloquin and Britt 
2001; Yano and Yachandra 2014). It is likely that the reduction of the high oxidation 
valences of manganese ions in the OEC could still take place during the XFEL 
structural determination. If it was the case, one would expect that the XFEL struc-
tures of the OEC would be different from the native structure of these intermediate 
states during the catalytic cycle. Recently, Amin et al. found that structural modifi-
cations of the OEC would take place due to the radiation damage induced by XFEL 
(Amin et al. 2016); particularly, they found that the position of the μ4-oxide bridge 
(O5, Fig. 2) can be significantly disturbed by XFEL.

Mimicking the Mn4CaO5-Cluster in Photosystem II
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3  Mechanism for the Water-Splitting Reaction in the OEC

Based on recent crystallographic studies (Ferreira et al. 2004; Kern et al. 2018; Suga 
et al. 2017, 2019; Umena et al. 2011), spectroscopic investigations (Cox et al. 2014), 
as well as theoretical calculations (Siegbahn 2013; Yamaguchi et al. 2018), different 
proposals for the O=O bond formation have been suggested. Figures 4, 5, and 6 
show three typical models proposed by different groups.

The mechanism in Fig. 4 was suggested by Barber’s group, in which the two 
oxygen of two water molecules (W2 and W3) were proposed to serve as the oxygen 
sources for the formation of the O=O bond. The key feature of this mechanism is 
that the O–O bond is formed by a nucleophilic attack of a calcium-ligated hydroxyl 
group onto an electrophilic oxo of MnV ≡ O or MnIV-O•, derived from the deproton-
ation of the second substrate water molecule. Similar proposals have been suggested 
by other groups (Chen et al. 2015; Vinyard et al. 2015). However, this proposal was 
not supported by recent theoretical calculation reported by Siegbahn (Siegbahn 2017).

The second proposal for the mechanism of the water-splitting reaction was sug-
gested by Ishikita’s group as shown in Fig. 5 (Kawashima et al. 2018). In this mech-
anism, the μ2-oxide bridge (O4) and one water molecule (W1) were suggested to 
provide the oxygen atoms to form the O=O bond. The key feature of this proposal 
is that the O-O bond could be formed through the coupling of a bridged oxo and an 
Mn(IV)-O• oxyl radical. However, the oxidation valences (III, IV, IV, IV) of the four 
manganese ions in the S3 state were not consistent with the widely accepted values 
of (IV, IV, IV, IV).

The third mechanism was suggested by Siegbahn based on theoretical calcula-
tions (Siegbahn 2013)(Fig. 6). The main feature of this proposal is that the μ4-oxide 
bridge (O5) serves as the active site for the O=O bond formation. Some recent crys-
tallographic results (Suga et al. 2019) and spectroscopic studies (Cox et al. 2014) 
show experimental evidence to support this proposal in some degree; however, it is 
still an open question whether the Mn1 is the active site for the binding site of the 
second substrate water molecule. According to this mechanism, remarkably, the 
release of O2 from the S4 state would result in the formation of four unsaturated 

Table 1 Bond-valence sum (BVS) calculations on the structures of the OEC revealed by X-ray 
free-electron laser (XFEL) at different resolutions in different S states. Roman numerals in 
parentheses indicate the assignment of the possible oxidation valences of four manganese ions in 
the OEC based on BVS calculations. All atomic coordinates were taken from the first monomer of 
photosystem II in the crystal structure data with PDB-IDs: 4UB6, 6DHF, 6JLK, 6DHO, and 6JLL, 
respectively

Resolution of PSII
S1 (1.95 Å)
(4UB6)

S2 (2.08 Å)
(6DHF)

S2 (2.15 Å)
(6JLK)

S3 (2.07 Å)
(6DHO)

S3 (2.15 Å)
(6JLL)

Mn1 3.075 (III) 3.232 (III) 3.204 (III) 3.901 (IV) 4.300 (IV)
Mn2 3.237 (III) 4.316 (IV) 3.775 (IV) 4.193 (IV) 3.852 (IV)
Mn3 2.980 (III) 3.784 (IV) 3.347 (III) 3.232 (III) 3.243 (III)
Mn4 2.318 (II) 3.139 (III) 2.597 (III) 2.932 (III) 2.531 (III)
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metal ions, namely, three five-coordinated manganese (i.e., Mn1, Mn3, Mn4) and 
one six-coordinated calcium (Zhang and Kuang 2018), which could certainly 
require much high activation energy. Thus, one would expect that the dioxygen 
release could be the rate-limited step during the catalytic cycle, which is inconsis-
tent with the fast release of the O2 observed in natural system (Haumann et al. 2005; 
Junge 2019). It is also noted that the suggestion of the protonated μ4-oxide bridge 
(i.e., OH) for O5 has not been supported by the theoretical studies from other group 
(Ishikita 2019).

As mentioned above, although various mechanisms for the water-splitting reac-
tion have been proposed (Barber 2017; Chen et  al. 2015; Isobe et  al. 2012; 
Kawashima et al. 2018; Krewald et al. 2016; Siegbahn 2013; Vinyard et al. 2015), 
the detailed mechanism for the O=O bond formation is still fully unknown (Junge 
2019; Pantazis 2018) due to the complexity of the huge protein environment and the 
dynamic structural changes of the OEC during the water-splitting reaction. In this 
regard, therefore, precise structural information for different S states of the OEC is 
highly required in the future (Kern et al. 2018; Suga et al. 2017, 2019; Young et al. 
2016; Zhang and Kuang 2018).

Fig. 4 One possible mechanism for the water-splitting reaction by OEC suggested by Barber’s 
group. Significant changes during the catalytic cycle are given in red color. Mn and Ca are shown 
in brown and green, respectively. Roman numerals indicate the oxidation states of manganese ions
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4  Challenge for the Synthesis of the OEC in Laboratory

In order to better understand the structure and properties of the OEC, as well as to 
develop highly efficient and cheap artificial catalysts for the water-splitting reaction 
to overcome the bottleneck of artificial photosynthesis, many groups have tried to 
synthesize the OEC in laboratory since the end of last century. However, it was a 
great challenge for chemists to synthesize the entire structure of the OEC in labora-
tory due to several reasons (Zhang 2015, 2016): (1) It is very difficult to incorporate 
Ca2+ into the Mn4-cluster through μ-oxo bridges, because the affinity of Ca2+ to μ- 
oxo is significantly weaker than that of Mn ion. In general, only a multi-manganese 
cluster, instead of the manganese-calcium heterometallic cluster, can be synthe-
sized. (2) The core structure of the OEC is an asymmetric Mn4Ca-cluster. It was 
unknown whether such a structure could be synthesized in a chemical system. (3) 
The ligands of the biological OEC are mainly composed of carboxylate groups and 
water molecules, which are drastically different from the multi-pyridine ligands 
used in most previous chemical model systems (Kärkäs et al. 2014; Limburg et al. 
1999; Mullins and Pecoraro 2008; Tsui et al. 2013). (iv) The redox potential of the 

Fig. 5 The second proposal for the O=O bond formation involving the μ2-oxide bridge (O4) and 
W1. Significant changes during the catalytic cycle are given in red color. Mn and Ca are shown in 
brown and green, respectively. Roman numerals indicate the oxidation states of manganese ions
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OEC is very high (+0.8 ~ +1.0 V vs. NHE) (Dau and Zaharieva 2009; Vass and 
Styring 1991) due to the presence of the high oxidation states of the manganese ions.

A large number of artificial Mn complexes have been reported in the literature 
(Dismukes et al. 2009; Gerey et al. 2016; Limburg et al. 1999; Mukhopadhyay et al. 
2004; Mullins and Pecoraro 2008; Najafpour et al. 2016; Paul et al. 2017). Among 
them, tetra-manganese complexes containing Mn4O4-cubane (Chakov et al. 2003, 
2016; Dismukes et al. 2009; Kanady et al. 2011; Ruettinger et al. 1997) (Fig. 7) are 
attractive, because the oxidation states of the four manganese ions are (III, III, IV, 
IV) similar to that of the OEC in the S1 state (Fig. 2). The peripheral ligands in these 
artificial complexes, however, it is remarkably different to that of the OEC compos-
ing mainly of carboxylate groups (Umena et al. 2011).

Significant advances for the synthesis of the OEC have emerged since 2011. 
Agapie’s group reported the first artificial Mn3CaO4-cluster using a multi- 
pyridylalkoxide ligand (Fig. 8a, b) (Kanady et al. 2011). The same group reported a 
series of analogues or derivatives (Tsui and Agapie 2013), for example, the artificial 
Mn3CaAgO4-complex (Kanady et al. 2014) (Fig. 8e, f). In 2012, Christou’s group 
reported the Mn3Ca2O4-complex with one Ca2+ attached to the Mn3CaO4 cubane 
(Mukherjee et al. 2012) (Fig. 8c, d). Distinct from previous Mn3CaO4-complexes, 

Fig. 6 The third proposal for the O=O bond formation involved the μ4-oxide bridge (O5). 
Significant changes during the catalytic cycle are given in red color. Mn and Ca are shown in 
brown and green, respectively. Roman numerals indicate the oxidation states of manganese ions
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Fig. 7 Structures of two artificial clusters containing Mn4O4-cubane. (a) Mn4O4L(CH3CO2)3 com-
plex (L  =  1,3,5-tris(2-di(2′-pyridyl)oxymethylphenyl)benzene) (Kanady et  al. 2011); (b) 
Mn4O4[(CH3)2AsO2]6 complex (Chakov et al. 2016). Mn, O, N, As, and C are shown in purple, 
orange, blue, dark green, and yellow, respectively. For clarity, all the hydrogen atoms are not 
shown. Distances are given in Å

Fig. 8 Structures of artificial complexes containing Mn3CaO4 cubane. (a) Core structure of the 
Mn3CaO4-complex; (b) whole structure of the Mn3CaO4-complex (Kanady et al. 2011); (c) core 
structure of the Mn3Ca2O4-complex; (d) whole structure of the Mn3Ca2O4-complex (Mukherjee 
et al. 2012); (e) core structure of the Mn3CaAgO4-complex; (f) whole structure of the Mn3CaAgO4- 
complex (Kanady et al. 2014). Distances are given in Å units; Mn, Ca, Ag, O, N, F, S, and C are 
shown in purple, green, gray, orange, blue, green yellow, bright yellow, and yellow, respectively. 
For clarity, all hydrogen atoms are not shown
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the peripheral ligands of the Mn3Ca2O4-complex are pivalic anions or neutral pivalic 
acid, closely mimicking the peripheral carboxylate ligands of the OEC in PSII. In 
these artificial complexes, all the manganese ions are in IV oxidation state, and the 
typical bond lengths for Mn-O and Ca-O are in the range of 1.8–1.9 Å and 2.4–2.7 Å, 
respectively. The distances of the Mn…Mn and Mn…Ca are in the range of 
2.7–2.8 Å and 3.2–3.5 Å, respectively. In 2014, Zhang’s group reported a heterome-
tallic cluster containing two MnIV

3SrO4-cluster linked by one μ2-oxide bridge (Chen 
et al. 2014), which mimics the three types of oxide bridges (μ2-oxide, μ3-oxide, and 
μ4-oxide) and the Mn3SrO4 cubane of the Sr2+-containing OEC (Koua et al. 2013) at 
the same time.

It should be pointed out that although all complexes shown in Figs. 7, 8, and 9 
have mimicked some key structural motifs of the Mn3CaO4 or Mn3SrO4 cubane in 
the OEC, until recently, it remains a great challenge to synthesize the entire Mn4Ca- 
cluster with similar ligands as seen in the OEC of PSII.

5  Closer Mimicking of the OEC

Inspired by the assembly processes of the OEC in PSII (Dasgupta et al. 2008; Zhang 
et al. 2017), we successfully prepared the first artificial Mn4Ca-cluster (Zhang et al. 
2015) (Fig. 10b, d). It was synthesized through a two-step procedure using inexpen-
sive commercial chemicals. The first step was to synthesize a precursor through a 
reaction of Bun

4NMnO4 (Bun  =  n-butyl), Mn(CH3CO2)2•(H2O)4, and 
Ca(CH3CO2)2•H2O (molar ratio of 4:1:1) in boiling acetonitrile in the presence of an 
excess of pivalic acid. The second step was to treat the precursor with organic base 
(pyridine) in ethyl acetate, leading to the formation of final product.

Fig. 9 Structure of the Mn6Sr2O9-complex (Chen et al. 2014). (a) Whole structure of the Mn6Sr2O9- 
complex; (b) core structure of the Mn6Sr2O9-complex; Mn, Sr, O, N, and C are shown in purple, 
cyan, orange, blue, and yellow, respectively. For clarity, all the methyl groups and all the hydrogen 
atoms are not shown
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The core structure of the artificial Mn4CaO4-complex contains a Mn3CaO4 
cubane attached with a dangler Mn ion forming an asymmetric Mn4CaO4-cluster, 
which is exactly the same as the OEC’s structure proposed by Ferreira et al. in 2004. 
The surrounding ligands of the Mn4CaO4-cluster are provided by eight (CH3)3CCO2

− 
anions and three exchangeable neutral ligands (two pivalic acid and one pyridine 
molecules), similar to the peripheral ligands of the OEC (Fig. 10c).

It should be pointed out that the structure of the artificial Mn4CaO4-cluster is 
well-defined and effect from the X-ray radiation reduction is limited mainly due to 
the absence of water as solvent in the crystal of the artificial Mn4CaO4-complex. 
BVS calculations have clearly shown that the oxidation states of the four manganese 
ions of the artificial Mn4CaO4-complex are (III, III, IV, IV), which are essentially 
the same as that proposal for the S1 state (Fig. 2).

The similarity between the artificial Mn4CaO4-cluster and OEC was further sup-
ported by the observation of four redox transitions revealed by cyclic voltammo-
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(Zhang et al. 2015) (b, d). Distances are given in Å units; Mn, Ca, O, N, and C are shown in purple, 
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gram (CV) measurements (Fig. 11). The redox potential of ~ 0.8 eV (vs. NHE) for 
the S1 → S2 transition of artificial Mn4CaO4-complex is close to the estimated poten-
tial of the corresponding OEC redox transition (≥0.9 V) (Dau and Zaharieva 2009; 
Vass and Styring 1991) but is remarkably different from that of the previously 
Mn3CaO4-complex without a dangling Mn ion (Kanady et  al. 2011). This result 
indicates that the dangler manganese ion could play a crucial role in tuning the 
redox potential of Mn4CaO4-cluster.

Moreover, the one-electron oxidation of the artificial Mn4Ca-complex gave rise 
to two distinct EPR signals (g = 4.9 and g = 2.0) (Zhang et al. 2015) (Fig. 12a), simi-
lar to the g ≈ 4 and g = 2.0 EPR signals (Fig. 12b) observed in PSII for the OEC in 
the S2 state (Boussac and Rutherford 2000; Boussac et  al. 2018; Dismukes and 
Siderer 1981; Pantazis et al. 2012; Peloquin and Britt 2001). In the field of photo-
synthetic research, the latter two EPR signals have been considered as fingerprint 
spectroscopic characteristics to evaluate the structure and function of the 
OEC. Therefore, the experimental observation of two EPR signals strongly sug-
gested that the artificial Mn4Ca-cluster could have similar electronic structures as 
that of the OEC.

Fig. 11 Cyclic voltammogram (CV) of artificial Mn4CaO4-complex in Fig. 10 (Zhang et al. 2015). 
Potentials vs. NHE; scan rate of 100 mV/s. Peak positions of CV waves are in red and estimated 
midpoint potentials are in blue. The likely oxidation states of the four Mn ions in various oxidation 
states of artificial complex are indicated using black numbers
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Considering the close mimicking of both the atomic and electronic structures as 
well as the redox properties of the OEC, we expect that the artificial Mn4CaO4- 
cluster should be able to serve as a catalyst for the water-splitting reaction. Indeed, 
a remarkable catalytic current was observed during the CV measurement in the 
presence of artificial Mn4CaO4-complex and 1% water in acetonitrile (Zhang et al. 
2015) (Fig.  13a). The artificial Mn4CaO4-complexes can also catalyze oxygen- 
evolving reaction efficiently by using (CH3)3COOH (tert-butyl hydroperoxide) as an 
oxidant in acetonitrile with the presence of 4.5% water (Chen et al. 2017) (Fig. 13b). 
However, these artificial complexes are very sensitive to the experimental condi-
tions. Quantification of the catalytic reaction has been difficult due to the rapid 
degradation of the catalyst in the presence of water in solution, making it difficult to 
quantify the catalytic reaction. The calcium in the artificial complex has been found 
to be easily dissociated, leading to the formation of multi-manganese complexes.

To improve the stability of the artificial Mn4CaO4-cluster, recently, we have pre-
pared two new Mn4CaO4-clusters with exchangeable solvent, acetonitrile and N,N- 
dimethylformamide (DMF) (Chen et al. 2019), on the calcium as shown in Fig. 14. 
Remarkably, the replacement of one or two ligands on the calcium by organic sol-

(A)

(B)

Artificial Mn4Ca-cluster

Natural Mn4Ca-cluster

Fig. 12 EPR signals induced from the one-electron oxidation of the artificial Mn4CaO4-cluster 
(Zhang et al. 2015) (a) and the OEC in S2 states (Peloquin and Britt 2001) (b). Catalytic activity of 
the artificial Mn4CaO4-cluster
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vent molecules does not modify the core structure and oxidation valences of the four 
manganese ions, as well as main peripheral environment ligands. More importantly, 
these new Mn4CaO4-clusters become much stable in the polar solvent, which may 
provide great opportunity to investigate the catalytic activity of the artificial 
Mn4CaO4-cluster in the future.

6  Implications for the Mechanism of the Water-Splitting 
Reaction in OEC

Artificial Mn4CaO4-clusters shown in Figs.  10 and 14 have mimicked the main 
structural motifs of the OEC, which could provide distinct structural insight into 
understanding the principle of the OEC. Firstly, the successful isolation of different 
artificial Mn4CaO4-complexes demonstrates that the Mn4CaO4-cluster is thermody-
namically stable, supporting the proposal that the Mn4CaO4-cluster could be an evo-
lutionary origin of the natural OEC by Barber previously (Barber 2016). Secondly, 
from the structure of artificial Mn4CaO4-cluster, one can clearly see that the μ4-O2− 
bridge (O5) is tightly bound to four metal ions (one calcium and three manganese 
ions). This is a position less prone to be removed or replaced, indicating that the 
similar μ4-O2− bridge (O5) in OEC could not be directly involved in serving as an 
oxygen source to form the O-O bond. Interestingly, Kawashima et al. recently have 
proposed that the μ2-O2− bridge (O4) in OEC (Fig. 5), instead, may play a role as the 

Fig. 13 Catalytic properties of the artificial Mn4CaO4-cluster. (a) CV measurement of artificial 
Mn4CaO4-complex in acetonitrile with different amounts of H2O (Zhang et al. 2015). The inset 
shows the CV without H2O (0% H2O). Potentials are referenced to NHE; scan rate, 100 mV/s. (b) 
Oxygen-evolving reaction catalyzed by artificial Mn4Ca-complex (50 μM) in acetonitrile with the 
presence of (CH3)3COOH (1 M) and 4.5% water in acetonitrile at 25 °C (Chen et al. 2017). A 
Clark-type O2 electrode was used to detect the release of dioxygen
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substrate binding site to form the O-O bond (Kawashima et al. 2018). In this pro-
posal and some previous suggestions (Barber 2017; Chen et al. 2015; Vinyard et al. 
2015), the Mn4CaO4 fragment does not undertake significant changes during the 
water-splitting reaction, which is consistent with the isolation of the stable artificial 
Mn4CaO4-cluster described here. It should be pointed out that the μ2-O2− (O4) in 
OEC is absent in the artificial Mn4CaO4-cluster, which is replaced by a bridging 
carboxyl group in the latter. Obviously, the further investigation of this missing μ2- 
O2− bridge in artificial Mn4Ca-cluster would provide new insights into the mecha-
nism for the O-O bond formation during the OEC turnover.

Fig. 14 Crystal structures of two new artificial Mn4CaO4-complexes with exchangeable solvent, 
acetonitrile (a, b) and N,N-dimethylformamide (c, d) on the calcium (Chen et al. 2019). Dashed 
lines indicate the hydrogen bonds. Mn, Ca, O, N, C, and H are shown in purple, green, orange, 
blue, yellow, and cyan, respectively. Distances are given in Å. The oxidation states of four manga-
nese ions are obtained by the BVS calculation. For clarity, all the methyl groups of pivalic acid are 
omitted, and only the H atoms involved to form hydrogen bonds are shown
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7  Conclusion

Although the crystallographic studies of PSII have revealed the structure of the 
OEC, the detailed mechanism for the water-splitting reaction is still elusive due to 
the complexity of the large protein environment and structural uncertainty of the 
intermediate states of the OEC during its turnover. To understand the structure- 
function relationship and the catalytic mechanism of this natural Mn4CaO5-cluster, 
as well as to develop efficient man-made water-splitting catalysts in artificial photo-
synthesis, many artificial complexes have been synthesized to mimic the OEC in the 
laboratory. One of the most important advances is the synthesis of a series of the 
artificial Mn4CaO4-clusters that closely mimics both geometric and electronic struc-
tures of the OEC, which provides a structurally well-defined chemical model to 
investigate the structure-function relationship of the natural Mn4CaO5-cluster, and 
sheds new insights into the mechanism of the water-splitting reaction in PSII. This 
new advance may open new avenues to develop efficient artificial catalysts for the 
water-splitting reaction by using earth-abundant and nontoxic chemical elements in 
the future.
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