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Abstract 

Light-driven oxidation of water to dioxygen in plants, algae and cyanobacteria is 

catalyzed within photosystem II (PS II) by a Mn4Ca cluster. Although the cluster has been 

studied by many different methods, the structure and the mechanism have remained elusive. X-

ray absorption and emission spectroscopy and EXAFS studies have been particularly useful in 

probing the electronic and geometric structure, and the mechanism of the water oxidation 

reaction. Recent progress, reviewed here, includes polarized X-ray absorption spectroscopy 

measurements of PS II single crystals. Analysis of those results has constrained the Mn4Ca 

cluster geometry to a set of three similar high-resolution structures. The structure of the cluster 

from the present study is unlike either the 3.0 or 3.5 Å-resolution X-ray structures or other 

previously proposed models. The differences between the models derived from X-ray 

spectroscopy and crystallography are predominantly because of damage to the Mn4Ca cluster by 

X-rays under the conditions used for structure determination by X-ray crystallography. X-ray 

spectroscopy studies are also used for studying the changes in the structure of the Mn4Ca 

catalytic center as it cycles through the five intermediate states known as the Si-states (i=0-4). 

The electronic structure of the Mn4Ca cluster has been studied more recently using resonant 

inelastic X-ray scattering spectroscopy (RIXS), in addition to the earlier X-ray absorption and 

emission spectroscopy methods. These studies are revealing that the assignment of formal 

oxidation states is overly simplistic. A more accurate description should consider the charge 

density on the Mn atoms that includes the covalency of the bonds and delocalization of the 

charge over the cluster. The geometric and electronic structure of the Mn4Ca cluster in the S-

states derived from X-ray spectroscopy are leading to a detailed understanding of the mechanism 

of the O-O bond formation during the photosynthetic water splitting process. 
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I. Introduction 

Photosynthetic water oxidation is a fundamental chemical reaction that sustains the 

biosphere. It takes place at a catalytic Mn4Ca site within the oxygen-evolving complex (OEC) of 

photosystem II (PS II), which is embedded in the thylakoid membranes of green plants, 

cyanobacteria and algae.1 Life-supporting oxygen, currently present at 20% in Earth’s 

atmosphere, is a consequence of this process by oxygenic photosynthetic organisms that are able 

to use sunlight as the energy source and water as the primary reductant for the fixation of carbon. 

Only because of the constant regeneration of oxygen through the photosynthetic water oxidation 

reaction is it abundant in the atmosphere. Although three billion years of evolution have created 

many differences between oxygenic photosynthetic organisms, remarkably the OEC has 

remained, to our current knowledge, practically unchanged.  

The heart of the OEC is a cluster of four Mn and one Ca ions (Mn4Ca) that have been 

shown by X-ray absorption spectroscopy to be linked by mono- and di-µ-oxo or hydroxo 

bridges.2-4 The specific protein environment and probably one chloride are also essential for 

optimal water splitting activity, which is driven by light-induced charge separation at the P680 

chlorophyll pigments of the PS II reaction center. During water oxidation the OEC cycles 

through five different oxidation states (Fig. 1), which are known as Si-states (i = 0 to 4), coupling 

the one-electron photochemistry of the reaction center with the four-electron chemistry of water 

oxidation.5 The OEC in the cluster undergoes oxidation in response to electron transfers driven 

by photon absorption by the reaction center pigments. The intermediate oxidized species are 

sufficiently stable to accumulate the oxidizing equivalents needed for the 4-electron transfer of 

the final step. Thus, nature avoids releasing harmful chemical intermediates such as superoxide 

or peroxide during the water oxidation. Once four oxidizing equivalents are accumulated in the 
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OEC (S4-state), a spontaneous reaction occurs that results in the release of O2 and the formation 

of the S0-state. 

The structure of the catalytic Mn4Ca complex has been the subject of intense study ever 

since Mn was identified as an essential element for oxygenic photosynthesis.1,2,6-9 The critical 

questions related to this process concern the structural and electronic state and the changes in the 

Mn4Ca complex as the OEC proceeds through the S-state cycle. The urgent need to develop 

renewable energy resources that are essentially carbon neutral has highlighted the importance of 

learning how water is oxidized to oxygen during photosynthesis.10 The focus of this review is on 

recent results from our laboratory that address these questions, using polarized EXAFS of single 

crystals of PS II,11 range-extended EXAFS,12,13 and resonant inelastic X-ray spectroscopy 

(RIXS).14,15 

 

II. Structure of the Mn4Ca Cluster in Photosynthesis 

A. Single Crystal X-ray Spectroscopy  

A key to understanding the mechanism of water oxidation by the OEC in PS II is the 

determination of the structure of the Mn4Ca cluster, which has eluded both Mn X-ray absorption 

fine structure (EXAFS)3,4,16,17 and X-ray diffraction (XRD) studies18-22 until now. XRD studies 

have provided critical information about its structure; however, even the XRD data of the highest 

resolution presently available at 3.0 Å are insufficient to accurately determine the positions of 

Mn, Ca and the bridging and terminal ligands. This is reflected by the differences in the 

placement of the metal ions and putative ligands in the 3.022 and 3.5 Å21 structures. Moreover, 

there is a serious concern of X-ray induced damage to the Mn4Ca cluster; hence, it is important to 

review the issue of the X-ray dose used in X-ray crystallography and spectroscopy studies. 
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Therefore, before addressing the issue of Mn4Ca models derived from single-crystal X-ray 

spectroscopy,11 we present a brief review of the Mn XANES and EXAFS data that are directly 

relevant to the problem of X-ray damage to the Mn4Ca cluster.23 It is a case study for other 

redox-active metallo-proteins. 

Damage by X-rays: A Case Study for Metallo-Protein Crystallography. At present there 

are discrepancies among the models of the structure of the Mn4Ca complex in the published X-

ray crystallography studies, and inconsistencies with X-ray,24-26 EPR27-29 and FTIR30-32 

spectroscopy data (Fig. 2). This disagreement is predominantly a function of X-ray-induced 

damage to the catalytic metal site.  

It is therefore imperative to monitor the X-ray-induced effects on the electronic and 

geometric structure of the Mn4Ca complex in-situ to monitor the X-ray-induced damage or lack 

thereof of the Mn4Ca complex to validate the structures based on X-ray crystallography. 

In order to determine a safe level of X-ray dose for our single-crystal X-ray spectroscopy 

studies, we conducted a comprehensive survey of the effects of radiation dose, energy of the X-

rays, and temperature of irradiation on the structure of the Mn4Ca cluster in single-crystals and 

solutions of PS II.23 These studies have revealed that the conditions used for structure 

determination by X-ray diffraction methods are damaging to the metal-site structure as 

monitored by XANES and EXAFS spectroscopy, for both cyanobacteria and spinach at room 

and lower temperatures.23,33 With the advent of third-generation synchrotron sources, the 

intensity of X-rays available for crystallography has increased considerably, and X-ray damage 

to biomolecules has been a continuing concern. This is a well recognized problem, and various 

steps have been taken to minimize such damage.34 In most crystallography studies it is the loss of 

diffractivity as evidenced by loss of resolution that is used as a measure of X-ray damage.35 
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However, as shown in our study,23 this method is not sensitive to localized damage as is 

prevalent in redox-active metal-containing proteins. We used in situ XANES and EXAFS to 

show that for the Mn4Ca cluster in PS II the damage to the metal site precedes the loss of 

diffractivity by more than an order of magnitude of X-ray dose. Because structure-function 

correlations are routinely made using the structures determined by X-ray crystallography, it is 

important to know that the metal-site structures are indeed intact. This is particularly important 

for radiation-sensitive metallo-proteins. 

The Mn XANES data from PS II single crystals show that, following X-ray doses 

characteristic of the XRD measurements, Mn is reduced to Mn(II) from Mn4(III2,IV2) present in 

the S1-state (Fig. 3). The reduction of Mn is similar in PS II crystals (Fig. 3A) and in solution 

(Fig. 3B), and the quantity of Mn(II) can be accurately quantitated as shown in the Fig. 3C. Fig. 

3D shows typical XANES spectra from Mn complexes in oxidation states II, III and IV. The X-

ray dose used for exposure is from 0.14 - 5.0x1010 photons/µm2 (light-blue to black lines, Fig. 

3A). An average dose of ~3.5x1010 photons/µm2 was used for X-ray diffraction studies. The 

exposure was at 100 K, and all XANES was collected at 10 K at low dose (1x107/µm2). XANES 

and difference spectra show that the increase in amplitude at ~6552 eV provides definite 

evidence for the photo-reduction to Mn(II) in PS II crystals by exposure to X-rays. At a dose of 

2.3x1010 photons/µm2, equal to 66% of the average dose used for diffraction measurements, 80% 

of the Mn in PS II is present as Mn(II). The damage results are summarized in Fig. 4. The dose 

on the abscissa is given in Grays and in photons/unit area, units that are commonly used for 

crystallography and spectroscopy experiments, respectively. 

In addition to Mn reduction, the EXAFS spectrum changes significantly at the dose that 

was used for X-ray crystallography experiments. The spectrum changes from one that is 
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characteristic of a multinuclear oxo-bridged Mn4Ca complex to one that is typical of 

mononuclear hexa-coordinated Mn(II) in solution (Fig. 5).23 The three Fourier peaks (Fig. 5, left 

in red) are characteristic of a bridged Mn4Ca complex. Peak I derives from bridging Mn-oxo and 

Mn-terminal ligand atoms, peak II is from Mn-Mn distances at 2.7 Å characteristic of di-µ-oxo 

bridged moieties and peak III is from mono-µ-oxo bridged Mn-Mn distances at 3.3 Å and Mn-Ca 

distances at 3.4 Å. The dosages corresponding to A, B, C and D are labeled in Fig. 4. The 

Fourier peaks exhibit drastic changes as the percent of Mn(II) increases. Peak II and peak III 

(vertical dashed gray lines) that are characteristic of Mn-Mn, distances at 2.7, 3.3 and 3.4 Å 

decrease and disappear along with peak I that is due to Mn-oxo bridging atoms. At the same 

time, the appearance of a longer Mn-ligand interaction at 2.2 Å is observed. The EXAFS 

modulations (Fig. 5 right) from the intact PS II spectrum contain several sinusoidal components, 

as expected from a bridged multinuclear Mn4Ca complex. The spectrum of sample D is 

significantly different in both frequency and phase of the modulations with just one sinusoidal 

oscillation, as one would expect from a symmetric hexa-coordinated Mn(II) species with one 

shell of backscattering atoms. The spectra from samples A, B and C are intermediate, with 

considerable damping in the amplitude and changes in the frequency components to the spectra. 

The results are similar for PS II solution and crystal samples. 

These X-ray spectroscopy results present clear evidence that there are no specific metal-

bridging or metal-metal interactions in PS II samples irradiated at the average dose used for X-

ray crystallography. This is shown by the disappearance of the Fourier peaks that are 

characteristic of Mn-bridging oxo, and Mn-Mn/Mn-Ca interactions with di-µ-oxo or mono µ-oxo 

bridges, and by the appearance of Mn-O distances characteristic of Mn(II)-O ligand bond 

lengths.  
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The density seen in the X-ray diffraction results is in all probability from the Mn(II)-hexa 

coordinated ions that are distributed in the binding pocket, presumably bound to carboxylate 

ligands and free water. This produces a distribution of metal binding sites and the resultant 

unresolved electron density.  

These studies reveal that the conditions used for structure determination by X-ray 

crystallography cause serious damage specifically to the metal-site structure, resulting not only 

in the reduction of Mn (Figs. 3, 4) but in the disruption of the bridged Mn structure (Fig. 5). The 

results show furthermore that the damage to the active metal site occurs at a much lower X-ray 

dose than that causing the loss of diffractive power of the crystals as established by X-ray 

crystallography. The damage is significantly higher at wavelengths used for anomalous 

diffraction measurements and is much lower at liquid He temperatures (10 K) compared to 100 

K, where the crystallography experiments were conducted (Fig. 4). For future X-ray 

crystallography work on the Mn4Ca complex it will therefore be imperative to develop protocols 

that mitigate the X-ray induced damage. More generally, these data show that in redox-active 

metalloproteins careful evaluations of the structural intactness of the active site(s) is required 

before structure-function correlations can be made on the basis of high resolution X-ray crystal 

structures.  

Structure of the Mn4Ca Complex from Polarized EXAFS of PS II Crystals. PS II 

membranes can be oriented on a substrate such that the membrane planes are roughly parallel to 

the substrate surface. This imparts a one-dimensional order to these samples; while the z axis for 

each membrane (collinear with the membrane normal) is roughly parallel to the substrate normal, 

the x and y axes remain disordered.36 Exploiting the plane-polarized nature of synchrotron 

radiation, spectra can be collected at different angles between the substrate normal and the X-ray 
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e-vector. The dichroism of the absorber-backscatterer pair present in the oriented samples is 

reflected in, and can be extracted from, the resulting X-ray absorption spectra.17,24,37-39 This is 

possible because the EXAFS amplitude is proportional to ~cos2θ, where θ is the angle between 

the X-ray e-vector and the absorber-backscatterer vector. The EXAFS of the oriented PS II 

samples exhibits distinct dichroism, from which we have deduced the relative orientations of 

several interatomic vector directions relative to the membrane normal and derived a topological 

representation of the metal sites in the OEC. However, because the samples are ordered in only 

one dimension, the dichroism information is available only in the form of an angle with respect 

to the membrane normal. For EXAFS measurements, this means that the absorber-backscatterer 

vectors can lie anywhere on a cone defined by the angle the vector forms with the membrane 

normal. 

Further refinement can be performed if samples with three-dimensional order, i.e. single 

crystals, are examined instead of oriented membranes.40,41 These studies have been able to 

significantly expand the X-ray absorption spectroscopic information available for these systems 

over what is gleaned from studies of isotropic samples.  

We have developed the methodology for collecting single-crystal XAS data from PS II. 

XAS spectra were measured at 10 K using a liquid He cryostat or cryostream, and an imaging 

plate detector placed behind the sample was used for in situ collection of diffraction data and 

determination of the crystal orientation (Fig. 6). EXAFS experiments with PS II require a 

substantially lower X-ray dose than XRD measurements, and the onset of radiation damage can 

be precisely determined and controlled by monitoring the Mn K-edge position, thus allowing the 

collection of data from the intact Mn4Ca cluster of PSII. In addition, EXAFS provides metal-to-

metal and metal-to-ligand distances with high accuracy (~0.02 Å) and a resolution of ~0.1 Å. 
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Mn- and Ca-EXAFS studies of frozen solutions of PSII preparations have provided accurate 

distances and numbers of Mn-Mn, Mn-Ca, and Mn/Ca-ligand vectors in the Mn4Ca cluster and 

have led to the development of several possible structural models for the Mn4Ca cluster 

We have reported the polarized EXAFS spectra of oriented PS II single crystals, which 

result in a set of similar high-resolution structures for the Mn4Ca cluster (Fig. 7).11 These were 

derived from simulations of single-crystal polarized spectra based on the experimentally 

observed dichroism. These structural models are dependent only on the spectroscopic data and 

are independent of the electron density from X-ray diffraction studies. In order to discriminate 

between symmetry-related structural models that are possible because of the presence of a non-

crystallographic C2 axis, the cluster was placed within PS II taking into account the overall shape 

of the electron density of the metal site and the putative ligand information from X-ray 

crystallography, including IR and EPR studies. The center of mass of the structural models was 

translated to the center of electron density attributed to the Mn4Ca cluster in the 3.0 Å XRD 

structure.22 The models were not optimized with respect to the electron density, or rotated with 

respect to the crystal axes, as that would change the dichroic characteristics. Of the four options 

shown in Yano et al,11 it is possible to rule out Model I on the basis of oriented membrane 

EXAFS data.13,24 The other three models, II, IIa and III, in the putative ligand environment are 

shown in Fig. 8A. However, we caution that the ligand positions (Fig. 8B) are tentative, because 

they are likely to be affected by radiation damage, as are the positions of the metal atoms from 

XRD.23,33 

The structure of the Mn4Ca cluster from the polarized EXAFS study of PS II single 

crystals is unlike either the 3.022 or 3.5 Å21 resolution X-ray structures and other previously 

proposed models. The comparison of the experimental data with the polarized EXAFS spectra 
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calculated for the XRD models at 3.521 and 3.0 Å22 resolution is shown in Fig. 9A. A comparison 

of Model II from polarized single crystal EXAFS is overlayed from models derived from the X-

ray crystal structures at 3.0 and 3.5 Å in Fig. 9B. The disagreement is notable; it is most likely 

due to the X-ray damage to the Mn4Ca cluster during XRD measurements.23 We emphasize that 

these differences are in the overall structure and orientation of the cluster, and not just in the 

details of the coordinate positions of the atoms. 

The polarized EXAFS study of PS II single crystals demonstrates that the combination of 

XRD and polarized EXAFS can be used to construct a high-resolution model of the Mn4Ca 

cluster, that is not compromised by radiation-induced damage to the cluster. 

 

B. Range-extended X-ray absorption Spectroscopy  

EXAFS spectra of metallo-protein samples are normally collected as an excitation 

spectrum by electronically windowing the Kα emission (2p to 1s) from the metal atom.42-44 The 

solid-state detectors used over the past decade have a resolution of 150-200 eV, making it 

impossible to discriminate the fluorescence of the absorbing atom (Mn in our case for PS II) 

from that of the following element (Fe in PS II) in the periodic table. Unfortunately, because of 

the presence of Fe in the PS II samples we have been limited to a k of about 12 Å-1, that places an 

inherent limit on the resolution of Mn distances to ~0.15 Å, because spatial resolution in EXAFS 

is inversely related to the spectral range. We have overcome this limitation by using a high 

resolution crystal monochromator,45 that has a resolution of 1 eV. Using the crystal 

monochromator, we were able to collect EXAFS spectra well beyond the Fe K-edge to k=16.5 Å-

1, improving the distance resolution to ~0.1 Å (Fig. 10). We have shown the feasibility of the 

range-extended EXAFS method and collected data without interference from Fe in the sample.12  
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We can now fit two short Mn-Mn distances in the S1 and S2 states; while earlier solution 

EXAFS studies could discern only one distance of ~2.7 Å. We have also collected range-

extended polarized EXAFS data using oriented PS II membranes. These studies also show the 

heterogeneity clearly; the Mn-Mn distance is ~2.7 Å or 2.8 Å depending on the angle the X-ray 

e-vector makes with the membrane normal. Interestingly, for the first time we were able to 

resolve the FT peak at ~3.3 Å into one Mn-Mn vector at ~3.2 Å and two Mn-Ca vectors at ~3.4 

Å that are aligned at different angles to the membrane normal.13 

In Fig. 11A Fourier transforms (FTs) of the range-extended EXAFS for PS II in isotropic 

solution and in oriented membranes in S1 state are compared. Peaks, labeled I, II, III correspond 

to the shells of backscatterers from the Mn absorber. Peak I contains the Mn-O bridging and 

terminal interactions, peak II corresponds to the di-µ-oxo-bridged Mn-Mn moieties, and peak III 

has information about the mono-µ-oxo-bridged Mn-Mn and Mn-Ca interactions. Increased 

spectral resolution results in the detection of the orientation dependence of peaks II and III.  

Figure 11B shows polar plots of the Napp plotted (solid circles) with respect to detection 

angle (θ). By fitting the angle dependence of the amplitude (Napp) the number of backscatterers 

(Niso) and the average orientation <φ> for that shell of scatterers can be determined. Analysis of 

the orientation dependence of the ~2.7 Å Mn-Mn vector results in two Mn-Mn interactions at an 

average angle of <φ> = 61±5°, with respect to the membrane normal. The ~2.8 Å Mn-Mn vector 

has one Mn-Mn interaction at an angle of <φ> = 64±10° with respect to the membrane normal. In 

this way we independently derived that the three Mn-Mn distances of ∼2.7 Å and ∼2.8 Å are 

present in a 2:1 ratio in PS II samples in the S1 state. 

The range-extended EXAFS method allowed us to resolve the complex nature of the 

Peak III containing at least two peaks, IIIA and IIIB, having different distances of 3.2 Å and 3.4 
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Å. Previous Ca EXAFS studies of native PS II,46 Sr EXAFS of Sr-substituted PS II,47 and Mn 

EXAFS of Ca-depleted PS II48,49 have shown the contribution of both Mn-Mn (~3.2 Å) and Mn-

Ca (~3.4 Å) vectors to FT peak III. Peak IIIB can be assigned to the Mn-Ca vector and peak IIIA 

to the Mn-Mn vector; moreover, the dichroic behavior of the peak IIIB is strikingly similar to 

that reported previously for the Mn-Sr vector.24 The dichroism of these peaks shows that the Mn-

Mn vector at ~3.2 Å is at ~20° to the membrane plane, while the Mn-Ca vector at ~3.4 Å is 

aligned at ~18° to the membrane normal (Fig. 11C). 

We have extended these studies to the S0 and S3 intermediate states of the enzymatic 

cycle, and the preliminary results show that there is a significant change in the structure of the 

Mn complex in the S3 state. This result has important implications for choosing between the 

many mechanisms that have been proposed for the water oxidation reaction. In conjunction with 

the data from single-crystal XAS studies, these studies promise to reveal the changes that occur 

in the structure of Mn4Ca catalyst as it cycles through the S-states and the mechanism of water 

oxidation. 

 

III. Electronic Structure of the Mn4Ca Cluster  

In addition to the geometric structure, a detailed electronic structure of the Mn4Ca cluster 

is required before some key questions for understanding the mechanism of photosynthetic water 

oxidation can be addressed. They are: 1) whether all four oxidizing equivalents necessary to 

oxidize water to O2 accumulate on the four Mn ions of the OEC, 2) do ligand-centered oxidations 

take place before the formation and release of O2, and 3) what are the oxidation state assignments 

for the Mn during S-state advancement.50  
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To understand the mechanism of water oxidation in detail, it is crucial to know whether 

the extracted electrons accompanying each S-state transition are directly derived from bound 

water, from the Mn atoms, or from any other parts of the OEC.51 Several spectroscopic methods, 

such as EPR,52-58 FTIR,30-32,59-62 XAS,2,16,63 and UV spectroscopy,64 have been used to address the 

oxidation state of Mn in each S-state (Fig. 1). EPR spectroscopy has shown that the S0 and S2 are 

characterized by spin S=1/2 ground states, exhibiting multiline EPR signals (MLS).65-69 The S1 

and S3 are characterized by parallel-polarized EPR signals, indicating integral spin ground 

states.70-73  

X-ray absorption near edge structure (XANES) has been used extensively to investigate 

the oxidation state of Mn during the S-state transition.74-76 There is a consensus that Mn-centered 

oxidation occurs during the S0 to S1, and S1 to S2 transitions. However, there is still controversy 

concerning the involvement of Mn oxidation in the S2 to S3 transition.50,63,75,76 Within the context 

of localized oxidation, the formal oxidation state of the native S1 state has been assigned to 

Mn(III2,IV2) and S2 to Mn(III,IV3). Some groups have proposed Mn(III3,IV) in the S2 state and 

therefore Mn(III4) for the S1 state,53,77 although most spectroscopic evidence does not support this 

assignment.29,78 Uncertainty remains in the case of the S0 and S3 states. In the S0 state, one of the 

questions is whether Mn(II) is present, in which case the oxidation states are Mn (II,III,IV2),69 or 

whether the oxidation states are Mn (III3,IV).26 In the S3 state, there is controversy about whether 

a Mn-centered oxidation occurs,63,76 or whether a ligand-centered oxidation takes place before O-

O bond formation and release of molecular oxygen.74,75,79,80 

The disagreement concerning the S2 to S3 transition has led to two different types of 

proposed O2 evolution mechanisms, with one type incorporating the oxidation of ligand or 

substrate in the S3 state and the other type invoking Mn oxidation during the S2 to S3 transition.51 
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Fundamental differences in the chemistry of O-O bond formation and O2 evolution exist between 

these two types of mechanisms. 

Mn X-ray absorption K-edge spectroscopy (1s-3d,4p) (XANES) and Kβ X-ray emission 

spectroscopy (XES) (3p-1s) of Mn, including the newly introduced resonant inelastic X-ray 

scattering spectroscopy (1s-3d,2p-1s) have been used to address these questions about the 

oxidation states and the electronic structure of the Mn4Ca cluster.50 

 

A. Mn K-edge absorption and Kβ emission Spectroscopy 

The XANES and Kβ XES flash patterns from a comprehensive study75 are shown in 

Figure 12 that has led to important conclusions about Mn oxidation states. Both spectroscopies 

show a clear shift in the spectra between the samples given 0 and 1 flashes. This shift is to higher 

energy for XANES spectroscopy and lower energy for Kβ XES indicating the presence of Mn 

oxidation during the S1 to S2 transition. The small change between samples given 1 and 2 flashes 

in both spectroscopies provides strong support for the S2 to S3 transition proceeding without a 

Mn-centered oxidation. On the next transition, S3 → [S4] → S0, O2 is released, shifting the 

position of the spectra of samples given 3 flashes to lower energy for XANES spectroscopy and 

higher energy for Kβ XES. These flash patterns are explained by the proposed oxidation states of 

the Mn cluster in the S0, S1, S2, and S3 states, as shown in Fig. 1. These oxidation states are: S0: 

Mn4(II,III,IV2) or Mn4(III3,IV), S1: Mn4(III2,IV2), S2: Mn4(III,IV3), S3: Mn4(III,IV3)•, where 

the superscript dot represents an oxidation that is not Mn centered. Recent 55Mn ENDOR studies 

show that the oxidation states in the S0 state are Mn4(III3,IV).28,29 
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However, one has to be aware that the Mn K-edge position cannot be simply an indicator 

of the oxidation state. Due to the extent of the metal 4p orbital, this orbital overlaps with p 

orbitals of the ligands, either through σ- or π-bonding. Consequently, XANES is sensitive not 

only to the oxidation state but also to the ligand environment of the metal. However, compared to 

XANES, Kβ XES is primarily dependent on changes in oxidation state rather than differences in 

the overall ligand environment. This was illustrated by a detailed XANES and XES study of 

multinuclear Mn complexes prepared in different oxidation states and with different geometric 

structures.81,82 

 

B. X-ray Resonant Raman or Resonant Inelastic X-ray Scattering (RIXS)  

The description of the Mn4Ca cluster in the various S-states in terms of the formal 

oxidation states is very useful, and Mn K-edge XANES has been the conventional X-ray 

spectroscopic method for determining the oxidation states. However, it is also important to 

understand the electronic structure of the Mn cluster in more detail, and we are using the 

technique of X-ray resonant Raman or X-ray inelastic scattering spectroscopy (RIXS) that has 

potential for addressing this issue. The RIXS data are collected by scanning the incident energy 

(1s to 3d/4p absorption (ν) followed by 2p-1s emission (f)) to yield two-dimensional plots that 

can be interpreted along the incident energy axis or the energy transfer axis, which is the 

difference between the incident and emission energies (Fig. 13).83 In case of a 3d transition metal 

ion like Mn, the decay with the highest probability after 1s core hole creation by X-ray 

absorption is a radiative 2p to 1s transition (therefore, called 1s2p RIXS). This process can be 

viewed as an inelastic scattering of the incident photon at the Mn atom. The energy difference 

between the initial state to the intermediate state is equivalent to the K-edge pre-edge transition 
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(ν), and the difference between the initial state and the final state (ν-f) is comparable to L-edge 

spectroscopy. While the K-edge spectrum is a measure of the charge density of the metal, L-edge 

spectrum has information about the spin state of the metal also, due to the strong (2p, 3d) 

multiplet interaction. Hence, RIXS is sensitive not only to the metal charge density, but also to 

the metal spin state. In general, L-edge spectroscopy is difficult for biological samples because 

of severe radiation damage caused by the higher X-ray absorption at lower energy, and 

additionally experiments need to be carried out under ultra-high vacuum conditions. In RIXS, L-

edge-like spectra are obtained, but the excitation energy is the same as for K-edge spectroscopy. 

It also allows us measurement of spectra at 10 K in the presence of an exchange gas atmosphere. 

Hence, RIXS spectroscopy can circumvent some difficulties in the K-edge and L-edge 

spectroscopy, and the method is suitable for biological samples. 

We have compared the spectral changes in the RIXS spectra between the Mn4Ca cluster 

in the S-states,14 Mn oxides,15 and Mn coordination complexes (Fig. 14). The results indicate 

clear differences in how the protein environment modulates the Mn atoms, leading to stronger 

covalency (see below) for the electronic configuration in the Mn4Ca cluster compared to that in 

the oxides or coordination complexes.  

The RIXS two-dimensional data are best shown as contour plots (Fig. 14A,B,C). The 

comparison of Mn(II), Mn(III), Mn(IV) and PS II in the S1 and S2 states shows that both states 

contain a mixture of oxidation states Mn(III) and Mn(IV). The integrated cross sections along the 

Raman or energy transfer axis are the L3-like edge (2p to 3d) (Fig. 14D, left). The integrated 

cross sections along the incident energy are the Mn K pre-edge (1s to 3d) transition (Fig. 14D, 

right). It is clear from Fig. 14 that Mn in the S1 state contains oxidation states III and IV; thus 
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providing confirmation, in combination with EPR results, for the (III2,IV2) assignment for the S1 

state. 

The 1st moment of the spectrum integrated along the incident energy axis (see Fig. 14D) 

was calculated for all the S-states and compared with the 1st moments obtained from Mn oxides 

and Mn coordination compounds in formal oxidation states of (II), (III) and (IV). 

In RIXS, the 1st moments along the incident energy and energy transfer axes define ‘the 

center of gravity’ energy. The 1st moments were calculated for each spectrum using the 

following equation, 1st moment = ΣEjIj/ΣIj, where, Ej and Ij are the energy and fluorescence 

intensities of the jth data point.  

As observed in Mn oxides, the 1st moment along the incident energy (Mn K pre-edge) 

increases as the Mn oxidation state increases due to the decrease in charge density on the Mn 

(Fig. 15A). The 1st moment shift for the series of Mn oxides follows the formal oxidation state in 

a linear manner. This suggests that the charge density or effective number of 3d electrons, 

! 

n
3d

eff , is 

directly connected to the effective number of unpaired 3d electrons (spins) in these compounds. 

The concept of using the effective number of electrons, 

! 

n
3d

eff , localized on a specific atom has 

been suggested before by numerous authors (reviewed in Glatzel et al.83) to explain spectral 

shapes in core hole spectroscopy (see below), such as 1s2p RIXS spectroscopy at the K pre-edge. 

Covalency can also be deduced from the RIXS spectra, as it can be included in ligand field 

multiplet theory that have been used for simulating the spectra. This is done by considering 

ligand-to-metal charge transfer using configuration interaction, where the Mn K pre-edge 

configurations can be described by a c1

! 

1s3d
5 +c2

! 

1s3d
n+1
L  excited state configuration mixing 

(L denotes a hole in a ligand orbital) where c1 and c2 are coefficients describing the magnitude of 

admixture of the respective configuration (covalency). The coefficients c1 and c2 can be derived 
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in a fit of the experimental spectra.84-86 It can be more illustrative to describe this using an 

electron density picture, where it can be expanded in terms of atomic orbitals that can be used to 

determine the charge (and spin) with fractional orbital population numbers because valence 

electrons in covalent systems are shared between several atoms. We can thus assign an effective 

number of electrons to the metal ion 3d shell, 

! 

n
3d

eff , in the 1s excited state. A more complete 

description of this is included in Glatzel et al.14 and references therein. 

The interpretation of the 1st moment shift along the energy transfer direction is more 

complicated, because it is also affected by the final-state interaction. This arises from the (2p, 3d) 

electron-electron interaction, which is the exchange energy for electrons with parallel spins (see 

Glatzel et al., 2004 for details14). 

For Mn coordination compounds, the 1st moment position along the incident energy axis 

(Mn pre-edge) shifts more towards lower energy compared to those of the Mn oxides (Fig. 15B), 

which indicates that Mn coordination compounds have much stronger covalency compared to the 

Mn oxides. The changes per oxidation state in the 1st moment positions are more pronounced 

between the Mn oxides than those between the Mn coordination compounds consistent with a 

stronger covalency in the coordination complexes. It is worth noting that the two Mn(III) 

complexes do not have similar 1st moment positions. This can be explained by the presence of 

one counter ion in Mn(III)(Cl-Salp). The [Mn(III)(Cl-Salp)(CH3OH)2] is positively charged. 

When the complex contains a counter ion, it behaves like a more ‘oxidized’ form than its formal 

oxidation state; therefore, the energy difference between the Mn(III)(Cl-Salp) and 

Mn(IV)(sal)2(bipy) is much smaller. This in fact confirms that the 1st moment analysis reflects 

the effective number of electrons on Mn. 
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The 1st moment of the incident energy for PS II is lower than those for the Mn(IV) 

coordination complex and larger than or similar to those for the Mn(III) coordination complexes 

(Fig. 15B), which supports the mixed oxidation states of Mn (III) and Mn(IV) in the S1 and S2 

states assigned earlier by the EPR and XANES studies. As observed in the PS II S1 and S2 

contour plots and line plots (Fig. 14), the spectral changes during the S1 to S2 transition is subtle 

due to the oxidation state changes of one Mn out of four Mn. The 1st moment shift between S1 

and S2 states is a factor of 7-8 smaller than that between Mn(III)(acac)3 and Mn(IV)(Sal)2(bipy). 

The magnitude of the spectral change “per Mn ion” between Mn(III)(acac)3 and 

Mn(IV)(Sal)2(bipy) (both are neutral complexes, without any counter-ion) is twice as large as 

that between the S1 to S2 states, when we consider that there are four Mn present in PS II. 

We thus find that the electron that is extracted from the OEC in PS II between S1 and S2 is 

strongly delocalized, consistent with strong covalency for the electronic configuration in the 

OEC. The data collection of the S0 and S3 RIXS spectra is currently in progress (unpublished 

data). The preliminary result indicates that the S0 spectrum has a weaker peak compared to the S1 

state, having a more pronounced low energy component. In the S2 to S3 transition, peak intensity 

becomes stronger and the spectral feature is altered. The orbital population change eff

dn3!  per 

change in oxidation state between the S2 and S3 states is half as much as that between S0 and S1, 

or S1 and S2 transitions, indicating that the electron is removed from a more covalent form or 

even more delocalized orbital during this transition.  

 

IV. Mechanism of Photosynthetic Water Oxidation 

There are many proposed mechanisms for the photosynthetic water oxidation reaction 

and the formation of the all important O-O bond.51,87,88 The two favored mechanisms for water 
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oxidation by the OEC are: i) nucleophilic attack on a Mn(V)≡O or Mn(IV)=O• terminal ligand by 

Ca bound water or hydroxide;89 or ii) reaction of a bridging/terminal Mn-oxo unit with 

predominant radical character with an oxo/hydroxo/water ligand of Ca/Mn or an exogenous 

H2O.79  

The RIXS data shows that the trend for the OEC/Mn4Ca cluster as it is oxidized is 

towards more delocalization of charge. These data,50 along with other studies,75,90-92 run counter to 

the idea of one highly charged Mn(V) in the cluster as an intermediate involved in water 

oxidation. Most Mn(V)≡O complexes known at present are all low-spin,93,94 contrary to the Mn 

cluster in PS II which is high-spin all the way to the S3 state.65-70,72,73,95-100 It has also been noted 

that breaking a Mn(V)≡O bond, a prerequisite for the release of dioxygen, would be more 

difficult from a low spin configuration. 

The structural changes observed by EXAFS during the S2 to S3 as observed in the Mn-

Mn79 and Mn-Ca(Sr)101 distances are significant. It is hard to rationalize such structural changes 

in the Mn-Mn/Ca distances without significant involvement of the bridging O atoms.  

We hypothesize that during the S2 to S3 transition the oxidation is predominantly from a 

bridging oxygen ligand triggering the structural changes in the OEC. We think that the observed 

structural changes in the S2 to S3 transition are compatible with primarily a ligand centered 

oxidation. It is hard to rationalize the changes in the Mn-Mn and Mn-Ca distances during the S 

state transitions, especially during the S2 to S3 transition, without significant involvement of the 

bridging O atoms. Theoretical analysis of the OEC indicate that the formation of a low-lying 

ligand oxygen radical precursor state may be required for forming the O-O bond.102,102,103 To 

reach this state, a structural rearrangement is needed at the S2 to S3 transition and the changes in 

the Mn-Mn distances require a model that involves a bridging oxygen atom. 
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Future Studies 

As presented in this review, the combination of XRD and polarized EXAFS on single 

crystals has several advantages for unravelling structures of X-ray damage-prone, redox-active 

metal sites in proteins. X-ray crystal structures at medium resolution are sufficient to determine 

the overall shape and placement of the metal site within the ligand sphere, and refinement by 

means of polarized EXAFS can provide accurate metal-to-metal and metal-to-ligand vectors. In 

addition, different intermediate states of the active site (including different metal oxidation 

states), which may be difficult to study with X-ray crystallography at high resolution, can be 

examined. The role of ligands in determining the structure and activity of the cluster is also a 

subject for X-ray spectroscopic investigations using site-directed mutants. The structural model 

from polarized EXAFS from the S1 state presented here will provide a framework for studying 

the structure of the higher S-states. The study of the structural and electronic structure changes in 

the catalytic Mn4Ca cluster in the higher S-states of solution and crystals by X-ray spectroscopic 

methods, now underway, promises to provide a reliable foundation for the investigation of the 

mechanism of the O-O bond formation during photosynthetic water oxidation. Understanding 

natures design in the structure of the Mn4Ca cluster and the mechanism of water oxidation will 

inform in the design of biomimetic catalysts for water splitting.  
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Figure Captions 
 

Figure 1 

The S-state cycle and the proposed oxidation states of the Mn cluster in the S-states. The 

multiline EPR signals for the S0 and S2 states and the g-values of the EPR signals identified with 

S0, S1, S2 and S3 (for spinach) are also shown.  

 

Figure 2 

Structural models of the Mn cluster containing short 2.7 to 2.8 Å Mn-Mn distances characterized 

by di-µ-oxo bridges and 3.3 Å Mn-Mn distances characterized by mono-µ-oxo bridges. The 

numbers in parentheses denote the number of short (2.7 to 2.8 Å) and long Mn-Mn (~3.3 Å) 

distances, respectively. The topologically equivalent motifs to those proposed from X-ray 

crystallographic analyses at 3.0 and 3.5 Å are (A) on top left22 and (B) right21, respectively. (C, 

D) Three short (2.7 to 2.8 Å) and one long (3.3 Å) Mn-Mn distances (bottom) are required to 

satisfy the solution12,13 and single-crystal EXAFS (bottom).11 Of these motifs only one option on 

the extreme right ( D, bottom) has the requisite numbers of short and long Mn-Mn distances with 

the correct relative orientation to satisfy the dichroism observed in the single-crystal polarized 

EXAFS spectra.11 

 

Figure 3 

A) Mn K-edge shift of PS II crystals as a function of X-ray dose at 13.3 keV (0.933 Å) and 100 

K (top), and the difference spectra (below). The spectrum at the highest inflection point energy is 

from an undamaged PS II crystal.  

B) A similar trend in the XANES (top) and the difference spectra (below) is seen for PS II 
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solutions.  

C) The changes in the XANES spectra from an intact PS II sample as a function of addition of 

10% increments of the XANES spectrum of aqueous Mn(II) (top), and the corresponding 

difference spectra (below) (light-blue to black lines). The similarity between the difference 

spectra in A, B, C is striking, showing the photo-reduction of the Mn(III2,IV2) in native PS II to 

Mn(II).  

D) A comparison of Mn K-edge spectra from two tetranuclear complexes, 

[Mn4O3(OAc)4(dbm)3]104,105 and [(Mn2O2)2(tphpn)2](ClO4)4
106,107 in oxidation states Mn4(III3,IV) 

and Mn4(III2,IV2) and Mn(II) in aqueous solution. The K-edge spectra from the complexes in 

higher oxidation states are similar to that from an intact PS II sample. The figure was adapted 

from Yano et al.23 

 

Figure 4 

Increasing Mn(II) content in PS II due to radiation damage. (Solid blue line) Mn(II) content in 

PS II crystals as a function of X-ray irradiation at 13.3 keV (0.933 Å). The irradiation was 

carried out at 100 K. The conditions are similar to those during X-ray diffraction data collection. 

(Dashed blue line) The damage profile for PS II solution samples is very similar to that seen for 

crystals, although slightly higher for the same dose. EXAFS spectra of samples shown in Fig. 5 

are at levels of damage denoted (on the right) by A, B, C and D (0.05, 0.1, 0.3 and 1.4x1010 

photons/µm2 at 13.3 keV and 100 K). An average dose of ~3.5x1010 photons/µm2 was used for 

X-ray diffraction studies. (Dashed green line) The generation of Mn(II) is considerably greater 

when the X-ray irradiation is at 6.6 keV (1.89 Å) which is the energy at which the anomalous 

diffraction measurements for PS II were conducted. (Solid blue line) The Mn(II) produced by 
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damage in crystals is considerably decreased when the irradiation is conducted at 10 K. The 

figure is adapted from Yano et al.23 

 

Figure 5 

Spectral changes of PS II Mn EXAFS due to radiation damage. 

(left) The Fourier transform of the EXAFS spectrum from an intact PS II solution sample is on 

top (red). The FTs from PS II solution samples exposed to 0.05, 0.1, 0.3 and 1.4x1010 

photons/µm2 at 13.3 keV and 100 K, and containing 25 (blue), 35 (dark blue), 45 (green) and 

90% (black) photo-reduced Mn(II) are labeled A, B, C and D respectively. An average dose of 

~3.5x1010 photons/µm2 was used for X-ray diffraction studies. 

(right) Corresponding k3-space EXAFS spectra of PS II samples. The figure is adapted from 

Yano et al.23 

 

Figure 6 

The experimental set-up used for single-crystal X-ray absorption experiments. The PS II crystal 

was placed in a liquid He cryostat at a temperature of 10 K at ambient pressure. The Mn XANES 

or EXAFS spectrum was measured as a fluorescence excitation spectrum using a 30-element 

energy-discriminating solid-state Ge detector placed at 90˚ to the incident beam. Downstream of 

the X-ray beam and the PS II crystal is the MAR 345 image plate detector that was used for 

obtaining the diffraction pattern from which the orientation matrix of the PS II crystal was 

determined by indexing the reflections. The incident X-ray beam is defined by the slits in the left 

foreground, and the I0 ion chamber which is behind the slits is used to measure the intensity of 
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the incident beam. A shutter that protects the sample from damage during spectrometer motion is 

behind the ion chamber and before the cryostat. 

 

Figure 7 

High-resolution structural models for the Mn4Ca cluster in PS II from polarized EXAFS. The 

Mn4Ca models II. IIa and III (from Yano et al.11 are shown on the right. Each model is 

compatible with the polarized Mn EXAFS spectra of single crystals of PS II (see Figure 9A, 

bottom). The Mn4 motif common to the three structures is shown at upper left. The models are 

shown in the orientation in which they should be placed in the PS II membrane according to the 

axis system shown at upper right. The Mn atoms are shown in red. The distance between MnC 

and MnD atoms is ~2.8 Å (indicated by blue oxo bonds), and the distance between the MnA and 

MnB atoms, as well as the MnB and MnC atoms, is ~2.7 Å. The distance between MnB and MnD is 

~3.3 Å. The Ca atom (green sphere) is ~3.4 Å from two Mn atoms. The bridging motif to Ca is 

not well defined by our experiments; therefore, dashed lines connect the Ca atom to the two Mn 

atoms at ~3.4 Å. In the middle are the FTs from the calculated polarized EXAFS spectra of the 

three models, and these compare well with the FTs from the experimental polarized EXAFS 

spectra shown in the bottom of Fig. 9A. 

 

Figure 8 

A) The structural models II, IIa and III are placed in the ligand environment from the X-ray 

diffraction data of Loll et al.22 at a resolution of 3.0 Å. The center of mass was translated to the 

center of electron density attributed to the Mn4Ca cluster in the XRD structure. This was carried 

out without any rotation of the models. 
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B) A schematic diagram of model II with the view along the membrane plane, with putative 

ligands from the electron density. Bonds between Mn and the bridging oxo are shown as solid 

green lines. Bonds to putative terminal ligand atoms from amino acids and to Ca atoms are 

shown as dotted lines (black – <3.0 Å, blue – >3.0 Å). 

 

Figure 9 

A) Comparison of the experimental Mn EXAFS dichroism from single-crystals of PS II with the 

polarized spectrum calculated from the proposed structures from XRD studies. There are clear 

differences between the experimental spectra shown in the bottom panel and those calculated 

from the XRD coordinates for the Mn4Ca cluster at 3.5 Å resolution (top panel)21 and 3.0 Å 

resolution (middle panel).22 The intensity and the dichroism pattern of FT peaks I, II and III (3.5 

Å structure) and of FT peaks II and III (3.0 Å structure) are significantly different from the 

experimental data (bottom panel). For the 3.0 Å resolution structure the µ-oxo bridges were not 

resolved in the electron density. Hence, only FT peaks II and III, with contributions from Mn 

and/or Ca, are shown.  

B) Comparison of Model II for the Mn4Ca cluster derived from polarized Mn EXAFS with the 

models derived from the X-ray crystal structures at 3.0 Å22 and 3.5 Å21 resolution. The spheres 

represent Mn (red), Ca (green) and the bridging oxygen ligand atoms (gray) for Model II from 

polarized EXAFS of single crystals, and Mn (violet), Ca (cyan) and the bridging oxygen ligand 

atoms (yellow) for the X-ray crystal structures. (a, b) Comparison of Model II with the 3.0 Å 

resolution structure for the Mn4Ca cluster. a: The view is along the membrane plane. b: The view 

is onto the membrane plane from the cytoplasmic (stromal) side. (c, d) Comparison of Model II 
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with the 3.5 Å resolution X-ray structure for the Mn4Ca cluster. c: The view is along the 

membrane plane. d: The view is onto the membrane plane from the cytoplasmic side 

 

Figure 10 

A) The schematic for the crystal monochromator used in a backscattering configuration. 

B) Left: X-ray fluorescence of Mn and Fe, Above: Mn Kα1 and Kα2 fluorescence peaks, with 

natural linewidth of ~5 eV, split by 11 eV. The multi-crystal monochromator with 1 eV 

resolution is tuned to the Mn Kα1 peak (red spectrum). Below: fluorescence peaks of Mn and Fe 

as detected using Ge-detector. The fluorescence peaks are convoluted with the electronic 

window resolution of 150-200 eV of the Ge detector (black and green spectra for Mn and Fe 

fluorescence). This method of detection cannot resolve Mn Kα1 and Kα2 fluorescence peaks. 

Note different energy scales for the schemes shown above and below. Iron is an obligatory 

element in functional PS II complexes. Right: Comparison of the PS II Mn K-edge EXAFS 

spectrum from an S1 state PS II sample obtained with a traditional 30-element energy-

discriminating Ge-detector with a spectrum collected using the high-resolution crystal 

monochromator. Use of the high-resolution detector eliminates the interference of Fe and 

removes the limit of the energy range for Mn EXAFS data collection. 

 

Figure 11 

A) Fourier Transform (FT) of Mn K-edge EXAFS spectra from isotropic solution and oriented 

PS II membrane samples in the S1 state obtained with a high-resolution spectrometer (range-

extended EXAFS). Angles indicate orientation of the membrane normal with respect to the X-ray 

e-field vector. 
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B) Polar plot of the X-ray absorption linear dichroism of PS II samples in the S1 state. The Napp 

values (solid circles) for oriented membranes are plotted at their respective detection angles (θ). 

The best fits of Napp vs. θ are shown for the various Mn-Mn vectors as solid lines. 

C) The orientation of the average Mn-Ca (~3.4 Å) and the Mn-Mn (~3.2 Å) vectors relative to 

the membrane normal. The figure was adapted from Pushkar et al.13 

 

Figure 12 

Oscillation of XANES inflection point energies (I.P.E.) and that of first moments (E) of the Kβ 

emission spectra from the 0F to 3F samples of spinach PS II (BBY). The figure was adapted 

from Messinger et al., 2001.75  

 

Figure 13  

(Left) The energy level diagram for the RIXS experiment. The excitation is from a 1s to 3d level 

(ν), and the emission detected is from a 2p to 1s level (f). In RIXS, which is two-dimensional 

spectroscopy, both the excitation energy (ν) is scanned (1s to 3d and 1s to 4p) using the beamline 

monochromator and the emission energy (f) is scanned across the Ka lines (2p to 1s) with a high 

resolution analyzer. Both monochromator and analyzer have ~1 eV bandwidth. The difference 

(ν-f) between the incident energy (ν) and the emission energy (f) gives the L-edge-like spectrum. 

Thus using K-edge energies one can collect L-edge-like (2p to 3d) spectra.  

(Right) A three-dimensional plot showing the resonant inelastic X-ray spectrum. Abscissa is the 

excitation energy (ν) across the 1s-3d energy range of the spectrum (K pre-edge). The 1s-3d K-

edge fluorescence excitation spectrum is plotted in the back of the three dimensional spectrum 
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for reference. Ordinate is the difference between the excitation (ν) and emission energy (f) (L-

edge-like).  

 

Figure 14 

A) Contour plots of the 1s2p3/2 RIXS planes for four Mn oxides in oxidation states II, III and IV, 

and B) the four molecular complexes MnII(acac)2(H2O)2, MnIII(acac)3, [MnIII(5-Cl-

Salpn)(CH3OH)2]+ and MnIV(sal)2(bipy), and C) the S1 and S2 states. Abscissa is the excitation 

energy and ordinate is the energy transfer axis. D) On the left are integrations of the 2D plot 

parallel to the ordinate which yields L-edge like spectra. The intense feature at 640 eV 

corresponds to transitions to J=3/2 like states (L3 edges) and the feature at 655 eV corresponds to 

J=1/2 like states (L2 edges). On the right are integrations parallel to the energy transfer axis 

which yield K pre-edge spectra. The figure was adapted from Glatzel et al., 2004.14 

 

Figure 15 

A) First moment positions in the 1s2p3/2 RIXS plane for the Mn oxides, and B) the coordination 

complexes and PS II in S1 and S2 states. A linear fit for the Mn oxides is shown as a dotted line in 

(A). The same Mn oxide line is also indicated in (B) for a comparison to the slope of Mn 

coordination complexes and PS II data. Along the incident energy axis the plot gives an ordering 

of the systems in terms of the effective number of 3d electrons. The figure was adapted from 

Glatzel et al., 2004.14 
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Synopsis 

Photosynthetic water oxidation is a fundamental chemical reaction that sustains the biosphere. 

This reaction is catalyzed by a Mn4Ca cluster in photosystem II present in plants, algae and 

cyanobacteria. X-ray spectroscopy studies have been important for identifying the electronic and 

geometric structure of this complex and in determining the changes that are involved in the 

catalytic cycle, thus for understanding the basic principles that nature uses to oxidize water to 

dioxygen using light. 




