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Abstract X-ray absorption spectroscopy (XAS) has be-
come a prominent tool for the element-specific analysis of
transition metals at the catalytic center of metalloenzymes.
In the present study the information content of X-ray
spectra with respect to the nuclear geometry and, in par-
ticular, to the electronic structure of the protein-bound
metal ions is explored using the manganese complex of
photosystem II (PSIII) as a model system. The EXAFS
range carries direct information on the number and dis-
tances of ligands as well as on the chemical type of the
ligand donor function. For first-sphere ligands and sec-
ond-sphere metals (in multinuclear complexes), the deter-
mination of precise distances is mostly straightforward,
whereas the determination of coordination numbers clearly
requires more effort. The EXAFS section starts with an
exemplifying discussion of a PSII spectrum data set with
focus on the coordination number problem. Subsequently,
the method of linear dichroism EXAFS spectroscopy is
introduced and it is shown how the EXAFS data leads to
an atomic resolution model for the tetra-manganese com-
plex of PSII. In the XANES section the following aspects
are considered: (1) Alternative approaches are evaluated
for determination of the metal-oxidation state by compar-
ison with a series of model compounds. (2) The interpre-
tation of XANES spectra in terms of molecular orbitals
(MOs) is approached by comparative multiple-scattering
calculations and MO calculations. (3) The underlying rea-
sons for the oxidation-state dependence of the XANES
spectra are explored. Furthermore, the potential of mod-
ern XANES theory is demonstrated by presenting first
simulations of the dichroism in the XANES spectra of the
PSII manganese complex.
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Introduction

In high-school textbooks it is often stated that in nature
only 20 amino acids are needed as building blocks for the
proteins which facilitate such an enormous variety of bio-
logical functions. This is only half of the truth. Numerous
enzymatic functions require that the alphabet of amino acids
is supplemented by metal ions more or less tightly bound
to the apoprotein. An estimated 30–50% of all enzymes
carry protein-bound metal centers located mostly at the
center of the catalytic site; essentially all proteins involved
in the various bioenergetic pathways (e g., photosynthesis
and respiration) are metalloenzymes [1, 2, 3]. Under-
standing their catalytic function requires detailed insights
into the atomic structure of the metal site (arrangement of
ligand atoms) and in its electronic structure (oxidation
states, orbital occupancies). For characterization of both
the atomic and electronic structure of the biological sam-
ple, X-ray absorption spectroscopy with synchrotron radi-
ation can be employed [4, 5, 6, 7, 8]. In a recent review,
we focused on specific methods to ‘watch’ biological catal-
ysis at metal sites using BioXAS [7]. Here we will explore
the information content of the X-ray absorption spectra
with respect to the nuclear geometry and, in particular, to
the electronic structure of the protein-bound metal ions.

BioXAS method

At present, BioXAS studies mostly involve measurements
at the K-edge of protein-bound transition metals [4, 5, 6,
7, 8]. (There are notable exceptions where spectra were
collected at the K-edge of substrate atoms; for example,
XAS at the bromine or selenium K-edge to investigate sub-
strate binding [9, 10].) By the choice of a specific K-edge,
the method facilitates element-specific investigation of
the X-ray absorbing atom and its ligand environment. Since
investigations on protein samples are exceedingly diffi-
cult at low X-ray energies, there are only a few L-edge
XAS studies on metalloenzymes. If these experimental
problems can be mastered, L-edge BioXAS studies in the
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soft X-ray region can provide insights that are comple-
mentary to the information obtainable by K-edge XAS [11,
12, 13. 14. 15, 16] since by L-edge studies (in contrast to
K-edge XAS) final states of s- and, in particular, d-orbital
symmetry can also be explored. In principle, BioXAS can
be used to investigate protein-bound metal centers of any
kind in all states of the enzyme; the method is neither re-
stricted to specific elements nor to specific oxidation states.
Metalloenzymes in solution, as well as metal centers in
proteins that are embedded in their native membrane en-
vironment, can be studied. Today, high-quality BioXAS
measurements are also feasible at room temperature using
‘quasi-physiological’ experimental conditions [17, 18].

Typically, the ratio between the number of investigated
metal atoms and host atoms (meaning the atoms of the
proteins and the solvent) falls in the range of 10 000–
100 000. Mostly due to this extreme “dilution” of the in-
vestigated metal ion, BioXAS measurements represent a
significant experimental challenge. The involved difficul-
ties can be mastered by using experimental set-ups specif-
ically designed for BioXAS experiments [19]. To cope
with the enormous background absorption of the matrix
atoms, the excitation spectra of the X-ray fluorescence are
mostly recorded using energy-resolving solid-state detec-
tors. Today, using synchrotron radiation, a fluorescence de-
tection mode, and averaging of several energy scans (3–
100), high-quality XAS data can be obtained for protein-
bound metal centers. At a typical bending-magnet beam-
line it may take 30–60 min per scan and 12–24 h to obtain
a single high-quality EXAFS spectrum. Some modern un-
dulator beamlines (e.g., ID26 at the European Synchrotron
Radiation Facility, Grenoble) allow for rapid, synchronous
scans of undulator gap and monochromator so that it be-
comes feasible to collect complete EXAFS scans in time pe-
riods as short as 10 s and high quality spectra in 10–20 min
(see, e.g., [17, 18, 20]). Seemingly, due to the progress at
the synchrotron radiation sources the time period typically
needed to obtain one high-quality spectrum is continu-
ously decreasing thereby significantly increasing the po-
tential of BioXAS for time-resolved studies and fruitful
investigations on metallonenzymes in various states (semi-
stable intermediates of the catalytic cycle, substrate or pH
titrations, etc.; see [7]).

X-ray absorption spectroscopy

In a typical K-edge X-ray absorption spectrum of a transi-
tion metal complex, the first onset of absorption coincides
with transitions of the 1s core electron to d-orbitals. Oc-
currence of p-d mixing may result in a dramatic increase
of the transition probability of these otherwise dipole-for-
bidden transitions and, thus, appearance of a resolvable
pre-edge peak. The pre-edge peak is followed by the edge
region of the spectrum where absorption rises to a maxi-
mum, the “edge peak” or “main edge resonance”. The
structure in the spectra observed within about 40 eV from
the onset of absorption, the X-ray absorption near-edge
structure (XANES), is determined by transitions to bound

states, quasi-bound states, and (partially) localized contin-
uum states with p-orbital symmetry. In molecular sys-
tems, the XANES states are closely related to unoccupied
molecular orbitals (typically of anti-bonding character [21])
as explored in detail in “Results”.

The XANES region of the spectrum is followed by the
EXAFS range (EXAFS, extended X-ray absorption fine
structure) which extends over more than 1000 eV above
the onset of the edge-rise. The EXAFS is best understood
in terms of short-range scattering theories (for references see
[22]). The, in principle, well-established EXAFS analysis
[21, 23, 24] represents the primary tool for structural in-
vestigations in BioXAS.

The final-state wave function obtainable by scattering
theory represents an approximate solution to Schrödin-
ger’s equation. This means that, in principle, this approach
is not limited to the EXAFS range, but also applicable to
the XANES region (for references see [22, 25, 26]). In
this case, however, all relevant single and multiple scat-
tering contributions need to be considered. This can be
achieved by inclusion of an increasing number of multiple
scattering (MS) paths until convergence is reached. This
approach has been successfully used (for references see
[25]), but convergence is not necessarily reached for a trac-
table number of scattering paths. Recently, a real-space,
matrix-inversion full-multiple scattering (FMS) approach
has been presented which avoids the convergence prob-
lem of finite-path calculations ([27]; for reviews see [22,
26]). In combination with self-consistent potential calcula-
tions, real-space FMS calculation seems to be a particularly
promising ab initio method for calculation of XANES
spectra. In the “Results” section, XANES calculations us-
ing the FMS approach (and code) of Rehr and his cowork-
ers [27] are presented and related to insights obtainable by
molecular orbital calculations.

The tetra-manganese complex of photosynthesis

The tetra-manganese complex of oxygenic photosynthesis
represents a protein-bound metal complex of outstanding
biological importance which has been particularly care-
fully studied by X-ray spectroscopy [28, 29, 30, 31, 32,
33, 34]. Using this model system (see Fig. 1), we will dis-
cuss the information content of EXAFS and XANES in
the “Results” section.

Materials and methods

Sample preparation and XAS data collection

PSII-enriched membrane particles and layered XAS samples were
prepared as described in [35, 36, 37, 38]. Fluorescence-detected 
X-ray absorption spectra were collected at beamline D2 of the
EMBL Hamburg outstation (HASYLAB, DESY, Hamburg, Ger-
many) at 20 K using a liquid helium cryostat and an energy-resolv-
ing 13-element solid-state germanium detector as described in [35,
36].
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Integral method for determination of edge positions

The described method has been proposed in [39]. This
“integral method” is similar, but not identical, to the cal-

culation of the first moment of the edge spectrum. We de-
fine an average edge energy according to

Eedge = 1

µ2 − µ1

µ2∫

µ1

E (µ) dµ. (1)

In Eq. 1, the inverse function E(µ) of the spectrum, µ(E),
is integrated. The same value for Eedge is obtained by

Eedge = E (µ1) + 1

µ2 − µ1

E(µ2)∫

E(µ1)

µ2 − µ (E) d E . (2)

For experimental spectra, however, µ(E) is a discrete and,
due to noise contributions, possibly non-monotonic func-
tion. Consequently, the integration (or summation) limits
of the inverse function, E(µ1) and E(µ2), are not uniquely
defined. Therefore, numerical integration is performed us-
ing a function µ̃ (E) defined as

µ̃ (E) =
{

µ1 for µ(E) < µ1

µ2 for µ(E) > µ2

µ (E) else
(3)

for all energy points within an interval [E1,E2]:

Eedge = E1 + 1

µ2 − µ1

E2∫

E1

µ2 − µ̃ (E) d E . (4)

The resulting value of Eedge does not depend on the inter-
val borders, E1 and E2, if they are chosen in a sensible way
(meaning µ(E1)<µ1 and µ(E2)>µ2). However, the Eedge-
value depends on the parameters µ1 and µ2. We have cho-
sen µ1=0.15 and µ2=1.00. The first value was chosen to
ensure that the magnitude of the pre-edge feature does not
affect Eedge significantly; the second value was chosen to
ensure that the determined edge position is not too strongly
affected by the magnitude of the “edge-peak”, the more or
less broad maximum in µ(E) following the rising part of
the edge.

Advantages of the integral method are:

1. The Eedge-value can be determined with high accuracy
even for extremely noisy, single-scan data. Thus, this
methods allows for an immediate control of X-ray in-
duced photoreduction, an important concern in XAS
studies on metalloenzymes.

2. Smoothing of the XANES spectra is not required. If
the data is smoothed, Eedge is found to be essentially in-
sensitive to the extent of smoothing.

3. The method is relatively insensitive to variations in the
shape of the X-ray edge that occur without an overall
shift of the edge position.

4. Changes in the determined Eedge are in good qualitative
agreement with the edge-shift estimated by visual in-
spection of the spectra (this is mostly not the case for
the alternative inflection-point method) and the ab-
solute value typically is close to the energy determined
by a simple half-height approach, µ(Eedge)=0.5.
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Fig. 1A, B Scheme of the light-induced PS II reactions. A Arrange-
ment of the relevant redox factors and electron transport paths, and
the direction of the thylakoid membrane normal. B S-State cycling
of the OEC. Following the absorption of a photon by the PSII pig-
ments and ultra-fast excitation energy transfer to a special set of
chlorophylls called P680, electron transfer from P680 to a special
pheophytin molecule is initiated. The primary electron donor P680
is re-reduced by a tyrosine residue (Tyr-161 of the D1 protein),
and the resulting tyrosine radical delivers one oxidizing equivalent
to a part of PSII denoted as oxygen-evolving complex (OEC) or
water-oxidizing complex (WOC). Driven by the one-electron oxi-
dation that results from the absorption of a single photon, the OEC
advances from the Sn-state to the Sn+1-state, where the subscripts
give the number of oxidizing equivalents accumulated by the
OEC. The most oxidized, semi-stable state of the OEC is S3; a fur-
ther one-electron oxidation results in formation of S4, a hypotheti-
cal, transition-state-like intermediate which spontaneously relaxes
to the S0-state concurrently with the release of dioxygen. By appli-
cation of saturating laser flashes of nanosecond duration (single-
turnover flash), the OEC advances synchronously through the cy-
cle by one S-state per flash. For each S-state, possible oxidation
states of the four Mn ions are indicated
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Multiple-scattering XANES calculations

Simulations were performed using the ab initio full-multi-
ple scattering code FEFF8.2 [27]. For simulation of the
[Mn(H2O)6]2+ spectra, two second-sphere OH groups were
considered such that the overall charge of the total cluster
was zero. The same potential was used for all atoms of each
species. The self-consistent field (SCF) calculations of the
potentials in the muffin-tin approximation were performed
for a cluster size covering all 23 atoms, while the full mul-
tiple scattering (FMS) calculations were done for the first
coordination shell only. For the manganese di-µ-oxo dimer,
the SCF potential calculations as well as the FMS calcula-
tions covered the whole structure consisting of 25 atoms;
and the polarization direction was appropriately chosen.
Equal potentials were assigned to ligands with equal
metal–ligand bond length. Further technical details: muffin-
tin overlap of 15%; lmax=3; energy-dependent part of the ex-
change-correlation potential by Hedin–Lundqvist model/
atomic background by von Barth–Hedin model, no imagi-
nary part added; S0

2 set to unity; correlated Debye model
(TDebye=410 K and measurement temperature of 20 K).

Molecular orbital calculations

Molecular orbital (MO) calculations were carried out us-
ing the semi-empirical approach of Zerner and coworkers
[40, 41, 42] which represents a INDO–SCF method
(INDO, intermediate neglect of differential overlap) para-
meterized to reproduce spectroscopic properties of transi-
tion-metal complexes. The restricted Hartree–Fock (RHF)
calculations were carried out for a total charge of the com-
plex of +2 and a spin multiplicity of 6 (high-spin state); the
σ–σ and π–π overlap weighting factors had been 1.267
and 0.585, respectively. Other spin configurations and
configurational interactions (CI) calculations were only
used for control purposes, but were not employed for the
results shown here. All calculation were carried out on a
personal computer using the program Hyperchem (Hyper-
cube, Gainesville, Florida, USA; version 7).

Results and discussion

Extended X-ray absorption fine-structure (EXAFS)

In Fig. 2, the steps are summarized that are typically in-
volved in the extraction of the oscillatory EXAFS [6, 23,
24] from a manganese K-edge spectrum collected for the
PSII manganese complex in its S1-state.

Fourier-isolated EXAFS oscillations

The Fourier isolation approach involves the assumption
that EXAFS oscillations of a distinct coordination shell
can be isolated by back-transformation for a limited range
of the R-space yielding a χ(k) function for the chosen co-

Fig. 2A–F Procedure of extraction of EXAFS oscillations from
experimental XAS spectra. A “Raw” XAS spectrum of the tetra-
Mn complex of PSII in its dark-stable S1-state. For normalization,
firstly the extrapolated pre-edge background is subtracted, yielding
µDat(E). Secondly, µDat(E) is divided by a low-order polynomial
function which models µ0(E), the atomic background absorption
yielding the spectrum shown in (B). For energies ranging from 20
to 550 eV above the absorption onset, the oscillatory EXAFS
structure is extracted by subtraction of either unity or another low-
order polynomial function leading to the χ(E) spectrum (C). After
selection of an appropriate E0, the transition from energy to wave-
number scale yields the EXAFS oscillations in the “k-space”. To
compensate for the fall-off (damping) of the EXAFS oscillations
with increasing k, spectra are often weighted by k3 to yield k3χ(k)
(D). Fourier transformation (FT) of the χ(k) yields the FT magni-
tude as function of the “reduced distance” (R) between absorber
and backscatterer (E); the indicated reduced distance is by about
0.2–0.5 Å shorter than the actual distance between the X-ray ab-
sorbing Mn ions and the backscattering atoms. Multiplication of
the complex Fourier transform with an appropriate window func-
tion (window limits indicated by dotted lines in E) and backtrans-
formation (inverse FT) yields Fourier-isolated EXAFS oscillation
of Peak-II (F)



ordination shell. This is exemplified for peak-II of the FT
located at R~2.3 Å (Fig. 2E), which is mainly attributable
to Mn–Mn distances. The method of Fourier filtering is
widely used in the analysis of EXAFS spectra. However,
care has to be taken to avoid misleading results. Backscat-
tering shells other then the desired may contribute signif-
icantly to the Fourier isolate. If the Fourier isolate shown
in Fig. 2F is simulated using a single Mn–Mn distance of
~2.7 Å, its coordination number, N2.7, is determined to be
1.6 whereas it refines to ~1.25 in simulations of the whole
χ(k) range, and it is found to be close to unity if more
elaborated simulation approaches are used.

EXAFS simulations 
and the coordination number problem

The extracted EXAFS spectra are simulated according to
the “EXAFS equation” [23, 43]. The complex backscat-
tering function and the absorber phase-shift function can
be determined by ab initio calculations on the basis of ex-
act curved-wave theory [44, 45, 46, 47, 48]. In addition to
the single-scattering EXAFS there may be contributions
due to multiple-scattering (MS) paths [46, 49]. Because
the “frequency” of the respective EXAFS oscillations (i.e.,
2R for single-scattering paths) is determined by the total
length of the MS path, MS contributions to the Fourier
transforms of χ(k) become prominent only at R greater
than ~3.5 Å. In the following, multiple-scattering contri-
butions to the EXAFS are not considered.

Simulation of EXAFS spectra involves the determina-
tion of the following parameters by curve-fitting: the (ap-
parent) coordination numbers, Ni (due to the normaliza-
tion, in multi-nuclear complexes Ni represents the average
number of backscatterers “seen” by an X-ray absorbing
atom), the distances between absorber and backscatterers,
Ri,, and the EXAFS Debye–Waller parameters, σi. Fre-
quently, average distances, Ri, between the absorbing atom
and the backscattering atoms of the first, second, and oc-
casionally also of higher coordination spheres can be de-
termined with an accuracy of 0.01–0.03 Å [6, 23, 24]. The
accuracy in the determined number of backscattering atoms
(coordination number), Ni, is often significantly lower
(about 25%) because this parameter is highly correlated
with the corresponding Debye–Waller parameter (σi),
which describes the distance spread in the respective co-
ordination sphere. In the case of highly heterogeneous
backscattering shells (meaning various types of backscat-
tering atoms or significantly non-Gaussian distance spread
within one coordination sphere), it often is difficult to ob-
tain reliable estimates for the coordination numbers Ni

without using constraints or additional assumptions (σi

fixed to physically reasonable values, restriction to chem-
ically reasonable simulation approaches, sequence infor-
mation, etc.). However, the choice of assumptions and con-
straints is debatable (as outlined in the following for the
Mn complex of PSII).

Figure 3 (left, top trace) shows the Fourier transform
(FT) of an experimental EXAFS spectrum of the dark-sta-

ble S1-state of the Mn complex measured at 20 K; the
right column shows the respective EXAFS oscillations in
the k-space. The FT reveals two mayor peaks at reduced
distances of about 1.6 and 2.3 Å which immediately tells
us that at least two absorber-backscatterer distances (of
about 2.0 and 2.7 Å) can be resolved. As peak-II is rela-
tively large, it is likely due to metal–metal (here Mn–Mn)
interactions. A third peak at ~3.2 Å is also well above the
noise level. Simulation of this complex spectrum has there-
fore to involve at least two shells of backscatterers, namely
Mn–O,N and Mn–Mn vectors. (In practice, it is almost
impossible to distinguish between O and N contributions
due to their similar phase functions, whereas sulfur back-
scatterers can often be distinguished.)

An unrestricted simulation of the experimental k3-
weighted EXAFS oscillations (top trace in the right col-
umn of Fig. 3) using only two absorber-backscatterer
shells (Mn–O,N and Mn–Mn) yields coordination num-
bers Ni of 4.10 and 1.29 (Table 1, fit I) and a relatively low
fit quality (RF=25.1%). Both coordination numbers are
problematic as discussed in the following section.

First coordination sphere

A value of NI (O or N backscatterers in the first coordina-
tion sphere) of ~4 per Mn atom implies, when taken at
face value, a tetrahedral or square-planar coordination of
the four Mn atoms in the complex. These coordination geo-
metries are, most likely, incompatible with the XANES
spectrum and also highly unlikely from a chemical point
of view; a coordination number of 5–6 is clearly more
likely.

A more reliable estimate of the coordination number of
low-Z scatterers in the first shell of backscatterers may be
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Fig. 3 Simulation of the EXAFS spectrum of the Mn complex.
Left chart, upper trace: Fourier transform (FT) of the experimental
spectrum (solid line) and result of a six-shell simulation (broken
line, see Table 1); lower traces: the individual FTs of the six simu-
lated backscattering shells. Right chart: the respective k3-weighted
EXAFS oscillations in the k-space. Traces a–g are the k-spectra
presented in the same order as the respective FTs in the left chart
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obtained if EXAFS oscillations weighted by k1 are simu-
lated. Such a fit yields a significantly higher (and more
reasonable) value of NI of ~5.5 (Table 1, fit II). This ob-
servation is explainable if we assume that the atoms in the
first coordination sphere are not appropriately described by
a single backscatterer shell. More than one backscatterer
shell seems to be “hidden” in the k3-weighted EXAFS os-
cillations such that the partially destructive interference of
these oscillations (compare 1.85 Å oscillations and 2.09 Å
oscillations in Fig. 3) mimics a low coordination number
in simulations of k3-weighted spectra. Consequently, the
next refinement step in the EXAFS analysis is the split-
ting of the first backscatterer shell into two Mn–O,N
shells. Therefore, we fixed the sum of the two first-sphere
coordination numbers to the chemically reasonable value
of 5.5, also suggested by the k1-simulations (implying the
presence of 5-coordinated and/or 6-coordinated Mn atoms).
The use of this approach results in a significantly higher
quality of the fit of the k3-weighted spectra (lower RF-value,
successful simulation of the small satellite peak between
peak-I and peak-II).

The two-shell approach to model the first-sphere lig-
ands yields two fit minima with similar RF-values but clearly
different coordination numbers, distances, and Debye–
Waller parameters (Table 1, fits III and IV). These appar-
ently different solutions describe a similar distance distri-
bution of the ligands in the first coordination sphere. Not
only the average Mn–ligand distance (1.88 and 1.90 Å in
fits III and IV, respectively) is similar, but also the overall

distance distribution function, which is given by the sum
of two Gaussian functions centered at Ri and Rii with
widths σiiand σii,, respectively [23] (common peak at 
1.85 Å and shoulder at around 2.05 Å, not shown). This
means that the two solutions to the fit problem confer
essentially the same structural information.

Because several Mn ions in the complex are engaged
in di-µ-oxo bridges , Mn–O distances of bridging oxygens
and of terminal ligands contribute to the EXAFS. Values
for Mn–µO of 1.75–1.85 Å, for Mn(III)–Oterm. of 1.95–
2.30 Å, and for Mn(IV)–Oterm. of 1.85–2.00 Å can be ex-
pected. (Also, it can not be ruled out that a chloride is a
manganese ligand [50].) The presence of all these ligands
in the first coordination sphere implies a large distance
spread. The two fit results (fit III and fit IV) seem to rep-
resent alternative descriptions of this distance spread which
is, due to its apparent asymmetry, not well described by 
a single Gaussian function (meaning a single shell of 
EXAFS backscatters).

At present, a definitive answer towards the question of
how to model optimally the EXAFS of the first coordina-
tion sphere of Mn in the PSII complex can not be given.
Additional information on the direct Mn ligands, possibly
from high-resolution protein crystallography data, is needed.
In any event, high-quality simulations for chemically rea-
sonable coordination numbers of Mn are only obtainable
by using two significantly different distances in the first
coordination shell.

Table 1 Parameters obtained by simulations (curve-fitting) of spectra of the Mn complex in its S1-state. Fits were performed for
k3-weighted EXAFS oscillations (fit range, 20–540 eV above E0 value of 6547.8 eV; amplitude reduction factor, S0

2=0.85)

Fit Shell Ni Ri 2σ2
i RF ΘR, angle with 

(per Mn) (Å) (Å2) (1–3.5 Å) membrane 
(%) normald

I Mn-O,N 4.10 1.86 0.020 25.1 n.d.
Mn-Mn 1.29 2.72 0.005

IIe Mn-O,N 5.44 1.86 0.030 18.5 n.d.
Mn-Mn 0.87 2.71 0.001f

III Mn-O,N 4.76c 1.85 0.019 19.6 n.d.
Mn-O,N 0.74c 2.08 0.008
Mn-Mn 1.25 2.72 0.006

IVa Mn-O,N 3.22c 1.83 0.011 19.3 n.d.
Mn-O,N 2.28c 2.00 0.019
Mn-Mn 1.29 2.72 0.006

V Mn-O,N 4.8b 1.85 0.019 9.8 62°
Mn-O,N 0.7b 2.09 0.005 45°
Mn-O,N 2.5b 3.66 0.010 64°
Mn-Mn 1.06 2.71 0.003 71°
Mn-Mn 0.5b 3.12 0.003b 81°
Mn-Ca 0.5b 3.32 0.003b 45°

aDifferent value of E0=6549.4 eV has been used in fit IV
bParameters fixed in the simulation
cCoordination numbers coupled to yield a sum of 5.5
dAngles of the respective vectors have been determined from the
joint simulation of four spectra measured at 15°, 35°, 55°, and 75°
(Iord=0.47)

ek1-weighting has been used
f2σ2 has been restricted to values ≥0



Second coordination shell

As discussed elsewhere [7, 34, 38], a Mn–Mn distance of
~2.7 Å is characteristic for di-µ-oxo bridged Mn pairs.
Consequently, the value of N2.7 gives the number of di-µ-
oxo bridges in the Mn complex of PSII, which is of criti-
cal relevance for structural models. As shown in Table 1,
both the two and the three shell simulations of the
k3-weighted spectrum yield similar Mn–Mn distances of
~2.7 Å and values of N2.7 of ~1.25 (fits I, II, IV). It is the
latter value (obtained by several groups [32, 33, 34]) that
has caused the ongoing discussion on whether N2.7 is truly
1.0 [34, 38] or 1.5 [33, 51]. A value of 1.0 suggests that
there are two di-µ-oxo bridged pairs in the complex
(dimer-of-dimers model) whereas a value of 1.5 could in-
dicate that there are three such pairs.

To obtain clues on the precise value of N2.7, we have
studied the stepwise disassembly of the Mn complex in-
duced by biochemical treatments [52] or by exposure to a
sudden temperature jump [38]. By the latter approach, a
series of EXAFS spectra has been obtained which has
been simulated additionally taking into account indepen-
dent information on the presence of longer Mn–Mn dis-
tances and of the presence of a Ca atom close to Mn [38,
53, 54, 55]. Thus, a simulation approach could be devel-
oped which comprises six shells of backscatterers, namely
three shells of O,N atoms, two shells of Mn–Mn interac-
tions, and one Mn–Ca shell [38, 56]. The further coordi-
nation shells account mainly for features in the FT that oc-
cur above ~3 Å (part of peak-II and the whole peak-III of
the FT shown in Fig. 3). These features are not simulated
by the two- and three-shell approaches. (From a value of
the FT of close to zero at around 3 Å, it can be deduced
that interference phenomena due to several EXAFS oscil-
lations with closely spaced frequencies contribute to the
spectrum.) Figure 3 depicts the individual contributions of
all simulated shells to the EXAFS spectrum. The spec-
trum is dominated by the Mn–O,N interactions in the first
coordination sphere (Fig. 3, trace b) and by the Mn–Mn
interactions in the second coordination sphere (Fig.3,
trace e). It is clearly seen that the Mn–Mn and Mn–Ca
vectors with ~3.1 and 3.3 Å lengths give rise to EXAFS
oscillations with similar amplitude and frequency but with
a relative phase shift close to 180° (Fig. 3, traces f and g).
This means that the contributions of the heavy backscat-
terers around 3.2 Å to the EXAFS spectrum are extremely
small; their presence can be deduced only on the basis of
independent information. Table 1 (fit V) lists the simula-
tion parameters that are obtained by the six-shell ap-
proach. By the inclusion of three additional shells a sig-
nificant reduction of the RF-value (by a factor of about 2
compared to the three-shell approach) to a value smaller
than 10% is obtained. It should be noted that the number
of free fit parameters is reasonably low only because of
the constraints used.

In contrast to the two- and three-shell approaches, the
six-shell simulation of the EXAFS spectrum produces a
value of N2.7 close to one (Table 1), thus indicating the
presence of only two di-µ-oxo bridged Mn pairs in the com-

plex. This seemingly clear-cut result, however, might orig-
inate from the use of incorrect constraints (with respect to
the heavy backscatterers around 3.2 Å). A more unbiased
determination of N2.7 is certainly desirable. Investigations
on the temperature-dependence of the EXAFS spectra did
confirm that the EXAFS Debye–Waller factor measured
at 20 K is purely of static origin (meaning essentially no
dynamic contributions due to vibrational movements at 
20 K, unpublished results), but, at least in this particular
case, this finding does not contribute to a solution of the
coordination number problem.

As noted above, the coordination number (N) and the
Debye–Waller factor (σ) are strongly correlated, meaning
that different combinations of Ni and σi may lead to fits of
similar quality. However, the N–σ correlation depends on
the k-weighting factor that has been used. It has been
shown [24, 57] that for simultaneous simulation of k1- and
k3-weighted EXAFS oscillations, i.e., minimization of a
common error sum, a unique set of Ni and σi parameters
can be found. To investigate the effect of different k-weight-
ing factors on N2.7, the S1-state spectrum, which has been
weighted by either k1 or by k3 (Fig. 4A, solid lines), was
simulated using an unbiased approach involving only two
shells of backscatterers. The value of N2.7 was either al-
lowed to vary independently, or was fixed to values between
0.75 and 1.75 (the coordination number of the Mn–O shell
was fixed to 5.5). Simulations with unrestricted N2.7 yield
fit minima at a value of ~1.25 in the case of the k3-weighted
spectrum and of ~0.75 in the case of the k1-weighted spec-
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Fig. 4A, B Comparative simulation of k1- and k3-weighted EXAFS
oscillations of the Mn complex using a two-shell approach. A The
respective Fourier transforms (solid line data, broken line simula-
tion). B Plot of the Debye–Waller parameters for variation of the
coordination number of the Mn–Mn distance of ~2.7 Å (N2.7). The
inset shows the quality factors, RF, of the respective simulations



trum (Fig. 4A, broken lines). A higher value of N2.7 of
0.87 was obtained if the Debye–Waller factor of this shell
was restricted to positive values in the k1 simulation, com-
pare Table 1. Figure 4B shows a plot of the Debye–Waller
parameter (2σ2) of the 2.7 Å Mn–Mn vector versus N2.7.
By interpolation of the 2σ2-values obtained by simulations
of k1- and k3-weighted spectra, a clear crossing point at
N2.7=1.06 is obtained. A similar value has been obtained
in the six-shell simulation. This value represents the com-
mon minimum of the k1- and k3-fit. The two error factors
(inset in Fig. 4B) also show a crossing point at N2.7~1.
Using the approach proposed in [24, 57], the simulation 
of k1- and k3-weighted spectra points towards a value of
N2.7 close to one, implying the presence of two di-µ-oxo
bridged Mn pairs in the complex.

In summary, a single experimental EXAFS spectrum car-
ries information on the (average) absorber-backscatterer
distances, which are readily determined if well-adapted
simulation approaches are used. We estimate that the typ-
ical accuracy is better than 0.02 Å for the atoms in the first
coordination sphere and for heavy backscatterers in the
second coordination sphere. A reasonable accuracy in the
determined coordination numbers can be obtained by us-
ing elaborated simulation approaches based on indepen-
dent information from other sources (chemically reason-
able motifs, spectroscopic experiments, protein crystal-
lography, etc.). An improvement in the accuracy also can
be achieved by the simulation of differently k-weighted
EXAFS spectra. In the case of the Mn complex of PSII in
its S1-state, such an approach yields coordination numbers
of N(Mn–O,N)=5–6 and of N(Mn–Mn)2.7=1. Fourier iso-
lation approaches for EXAFS simulation are likely to be
misleading when multinuclear metal complexes are con-
sidered. Further improvement in the accuracy of the fit
parameters may result from the simultaneous simulation
of a series of XAS spectra obtained by variation of exper-
imental parameters as outlined in the next section.

X-ray absorption linear dichroism spectroscopy (XALDS)

More reliable structural parameters than obtainable from
the analysis of a single EXAFS spectrum can be obtained if
several EXAFS spectra are simultaneously simulated un-
der minimization of a common error sum. Such an ap-
proach is commonly termed joint-fit or global data analy-
sis (see [38] and references therein). Obviously, these spec-
tra have to be distinctly different. Variations in the EXAFS
spectra, which reflect variations in the structure of the
metal complex under investigation, may be obtained in
time-resolved studies or if sample parameters such as tem-
perature, substrate concentration, assembly state or integrity
of the complex, and redox state are continuously varied
[7, 38].

Another approach involves the use of non-crystalline,
but uni-directionally oriented samples where the metal
complex has a preferential orientation in space with respect
to the sample normal. Such an orientation can frequently
be achieved in the case of membrane proteins. PSII-con-

taining membrane fragments are deposited (by paint-dry
techniques [5, 58, 59] or by centrifugation [35, 36] onto a
flat surface (typically a polymer foil) in a way that the mem-
brane plane becomes oriented mainly in parallel to the
plane of the substrate surface. Using these samples, the
linear dichroism can be investigated by collecting spectra
at several excitation angles, ΘE, an approach denoted as
angle-dependent XAS, polarized EXAFS, or X-ray ab-
sorption linear dichroism spectroscopy (XALDS). In ear-
lier work [60], we have derived a description of the linear
dichroism in the EXAFS on the basis of exact curved-
wave theory EXAFS [44, 47, 61, 62]. The theory de-
scribed in [60] allows determination of ΘR (the angle be-
tween absorber-backscatterer value and membrane nor-
mal) by a joint-fit of spectra collected for several distinct
values of ΘE (the angle between the electric field vector of
the linearly polarized X-ray beam and the sample normal)
provided that independent determination of an order pa-
rameter characterizing the mosaic spread characteristics
has been possible. For perfectly unidirectionally oriented
samples 0<Iord<1; Iord=1. Two advantages are associated
with the joint-fit approach: (i) application of the curved-
wave theory to EXAFS data obtained for partially ori-
ented systems becomes feasible, and (ii) there is a signifi-
cant reduction in the number of independent fit parame-
ters (in comparison to separate fits of the individual spec-
tra collected at various excitation angles).

Figure 5 shows the Fourier transforms of two experi-
mental EXAFS spectra of the Mn complex in its S1-state,
which have been measured on partially oriented PSII-
membrane fragments at angles ΘE of 15° and 75°. The
two mayor peaks reveal a pronounced dichroism. The
finding that the FT magnitudes of both peaks increase at
larger angles suggests that the corresponding absorber-back-
scatterer vectors (Ri) are at angles ΘR with the sample nor-
mal, which are significantly larger than the magic angle
(i.e., 54.73° [63]) of linear dichroism spectroscopy. Simu-
lation of four spectra measured at angles of 15°, 35°, 55°,
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Fig. 5 Fourier transforms of EXAFS spectra of the Mn complex
in its S1-state measured at angles ΘE of 15° and 75°. The simulated
spectra (broken lines) have been obtained by using a six-shell ap-
proach similar to the one shown in Table 1



and 75° using the above described joint-fit approach and
employing six shells of backscatterers (compare Table 1,
fit V) yields the ΘR-values of these distance vectors with
the membrane normal (M) listed in Table 1. Apparently, the
Mn–O,N vectors are at average angles with the membrane
normal that are close to the magic angle. All Mn–Mn in-
teractions are roughly perpendicularly oriented with respect
to the membrane normal. The putative Mn–Ca vector is at
an angle with the membrane normal that is slightly smaller
than the magic angle.

Derivation of an atomic resolution model

The construction of three-dimensional models of the atomic
structure of the Mn complex has become feasible by com-
bination of the information obtained (i) by analysis of
conventional EXAFS spectra, (ii) the angular information
from the described dichroism analysis and (iii) by other
means (biochemical, spectroscopic, and crystallographic
results) [7, 38, 56]. It should be noted that the parameters
determined from EXAFS analysis do not allow for the
building of a truly unique model. Various steric isomers
can not be discriminated nor can the absolute orientation
(rotation by 180°) of the complex with respect to the pro-
tein matrix be determined from EXAFS data alone. The
combination of the recently obtained structural informa-
tion of the Mn complex from protein crystallography at an
intermediate resolution of 3.8 Å [64] with the information
from EXAFS analysis [7, 38, 56] suggests a structure of
the Mn complex in its S1-state, as drawn in Fig. 6. Other
structural models have been proposed; some of these have

been constructed on the basis of different interpretations
of XAS data [51, 65, 66]. For a discussion of the dimer-
of-dimers arrangement versus the monomer–trimer arrange-
ment see [38]. If the EXAFS coordination number of the
2.7 Å Mn–Mn distance were 1.5, a model involving three
di-µ-oxo bridges connecting the four Mn ions would be in
agreement with the EXAFS. As discussed above, there is
mounting evidence that the EXAFS coordination number
is indeed 1.0, suggesting the presence of only two di-µ-
oxo bridges, but the above considerations do not represent
fully definitive proof. We think that the structural model
depicted in Fig. 6 is in good agreement with both protein
crystallography and EXAFS data. It represents a useful
working hypothesis for the structure of the PSII man-
ganese complex in its S1-state.

X-ray absorption near-edge structure (XANES)

XANES of Mn oxides and the PSII-Mn complex

In Fig. 7A, the XANES spectra of simple manganese com-
pounds (mostly oxides) are shown. In all these compounds
the ligand atoms of the first coordination sphere of man-
ganese are oxygens. The manganese is mostly six-coordi-
nated; only in the permanganate ion do we find four-coor-
dinated manganese in a tetrahedral coordination geome-
try. The formal Mn oxidation state varies between +2 and
+7. Visual inspection of Fig. 7A immediately reveals: 
(1) An increase in the formal oxidation state is related to 
a shift of the X-ray edge position to higher energies, and
(2) the shape of the spectra in the edge region differs
clearly between all the compounds shown. Correlations
between the formal manganese oxidation state and edge
positions have been confirmed for extended sets of model
compounds [28, 32, 67, 68, 69].

XANES analysis has been used for numerous metallo-
enzymes to obtain insights into the metal-oxidation state
and its coordination geometry. In the following we will
use the XANES spectra of the water-oxidizing manganese
complex of oxygenic photosynthesis as an example that
facilitates a detailed discussion of the serious problems in-
volved in the determination of oxidation states by analysis
of XANES data.
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Fig. 6 Structural model of the Mn complex of PSII in the S1-state.
The figure shows the combination of the electron densities derived
from protein crystallography (solid surrounding lines and meshes
taken from [64]) with the results of EXAFS analysis. Top view
viewed along the membrane normal onto the membrane plane.
Side view rotated by 90°. Two di-µ-oxo bridges between Mn atoms
and a mono-µ-oxo bridge between the Mn pairs are depicted. The
location of the Ca atom is tentative, however, compatible with the
EXAFS data [38, 55, 56]. The different lengths of the two Mn–Mn
interactions in the di-µ-oxo bridged pairs has been derived from a
refined analysis of LD–EXAFS spectra [78] and is in agreement
with the results obtained for a partially disassembled complex [38]



Figure 7B shows the XANES spectra of the tetranu-
clear manganese complex of PSII for four different semi-
stable intermediates of the catalytic cycle (for experimen-
tal details see Iuzzolino et al. [35]). The spectra shown
here correspond to the spectra recently presented in [34].
Visual inspection of Fig. 7B suggests that for each of the
oxidizing S-state transitions the absorption edge shifts by
0.5–1 eV to higher energies. An edge-shift of this magni-
tude can be anticipated for the single-electron oxidation of
one out of four manganese ions. However, in addition to
the edge-shift, the shape of the absorption edge changes
upon each S-state transition (Figs. 7B and 8). In particular,
the S2→S3 transition is accompanied by a significant change
in the edge shape. A shoulder present at about 6550 eV in
the S2-state spectrum disappears upon the S2→S3 transi-
tion and a new shoulder (or peak) is formed at about 6559 eV
(Figs. 7B and 8). These changes in the edge shape lead to
a particularly strong shift to higher energies in the initial
rising region of the absorption edge (for µ(E)<0.5, see
Fig. 7B) but, in clear contrast to the other S-state transi-
tions, essentially no shift is detected for µ-values around
unity.

Determination of changes in the nuclear geometry
(structural changes) and electronic structure (metal-oxida-
tion states, orbital occupancies, formation of ligand radi-

cals) is a prerequisite for unambiguous elucidation of the
mechanism of photosynthetic water oxidation. In particu-
lar, the unresolved question of whether the S2→S3 transi-
tion is linked to a manganese-centered oxidation or
whether a ligand radical is formed has led to conflicting
mechanistic proposals. In [31, 34, 35] it is concluded that
the magnitude of the up-shift of the absorption edge ob-
served upon the S2→S3 transition is comparable to the
edge-shift found for the other oxidizing S-state transi-
tions; consequently manganese-centered oxidation ap-
pears to be the more likely option. In [70, 71], X-ray edge
positions were defined as the position of the first inflec-
tion point (zero-crossing of the second derivative of µ(E),
see Fig. 8) and it was found that the edge-shift observed
upon the S2→S3 transition is significantly smaller than the
edge-shift determined for the other oxidizing S-state tran-
sitions. This finding has been interpreted as an indication
for the absence of manganese oxidation and the occur-
rence of a ligand-centered oxidation process. Comparison
of the recent XANES data by Dau et al. in [34] and by
Messinger et al. in [71] shows that there are no major dif-
ferences in the data itself. Thus, even though similar
XANES spectra have been obtained for the S2- and S3-
state, there are conflicting interpretations with respect to
manganese oxidation on the S2→S3 transitions. The seem-
ingly inconsistent interpretation of similar data highlights
the need for a discussion of the information content of the
edge spectra. We will present and discuss attempts to re-
late edge position and shape to the formal manganese ox-
idation state, the ligand geometry, and the (necessarily closely
related) electronic structure.
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Fig. 7 A Mn XANES spectra of seven Mn model compounds
(mostly oxides). B XANES spectra of the Mn complex of PSII in
four S-states. The normalized absorption values, µ1 and µ2, repre-
sent limits in the integration for the determination of the K-edge
energy by the integral method (see “Materials and methods”)

Fig. 8 Second derivatives of the XANES spectra of the Mn com-
plex of PSII shown in Fig. 7B. The inflection-point energies are
marked (i0 to i3); the vertical line is drawn through the first inflec-
tion point of the K-edge (zero crossing of the 2nd derivative) of the
S2-state spectrum. The asterisk marks the position of the shoulder
in the S2-state, which disappears upon the S2-S3 transition; the dou-
ble cross labels a shoulder (or peak) appearing in the S3-state
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Empirical approaches to determine oxidation states

To establish an empirical relation between the X-ray edge
position on the one hand and the formal oxidation state on
the other hand, the edge position is typically quantified,
meaning cast into a single energy value. We will discuss
three distinctly different approaches to determine this edge
energy (Eedge):

1. The half-height method, where the value of Eedge is
equal to the energy corresponding to a µ-value of 0.5
of the normalized spectra (crossing point of the edge
spectra and the horizontal line labeled 0.5 in Fig. 7B)

2. The inflection-point method, where the value of Eedge

is equal to the inflection-point energy, as determined
by the (first) zero-crossing point of the second deriva-
tive (see Fig. 8)

3. The integral method, where the value of Eedge repre-
sents the mean value of the energy in the edge region
(for details see “Materials and methods”)

Figure 9 depicts the correlation between the edge energy
and the assumed oxidation state for the edge spectra shown
in Figs. 7A and B, using either of the three discussed
methods for determination of edge energies. For the set of
spectra presented here, a reasonably good, linear correla-
tion between edge energy and (mean) oxidation state is
obtained (Fig. 9A, C) by using the integral method or the
half-height approach. Edge energies determined by the in-
flection-point method appear not to correlate well with the
oxidation state (Fig. 9B). In the future, we intend to com-
pare the three methods using a more extended set of model
compounds.

Since noise contributions to the XANES spectra can-
not be fully avoided, extensive smoothing of the spectra is
frequently required and the sensitivity of the determined
Eedge-value to the smoothing procedure needs to be con-
sidered. The half-height approach requires interpolation
of the discrete spectra to obtain a quasi-continuous func-
tion such that the energy value corresponding to a value of
0.5 can be determined precisely. Typically, this interpola-
tion involves moderate smoothing of the spectra. The
edge-energy is found to be relatively insensitive to the ex-
tent of smoothing (results not shown) unless intermediate
peaks or pronounced shoulders are present in the spectra
at a µ-value close to 0.5. In such “pathological” cases,
however, a pronounced dependence of the Eedge-value on
the smoothing parameters has to be anticipated. For an ap-
propriate degree of smoothing, the Eedge-value is only
moderately sensitive to noise contributions.

Using the integral method, smoothing of the experi-
mental results is not required even for highly noisy data
sets (see “Materials and methods”). If smoothing proce-
dures are applied, we find the Eedge-value to be essentially
insensitive to the extent of smoothing (results not shown).
Empirically we found that even for low-quality, single-
scan spectra the Eedge-value can be determined with an ac-
curacy of better than 0.1 eV (see, e.g., [17]; Grabolle et
al., manuscript in preparation).

For precise determination of an Eedge by the inflection-
point method, the second derivative needs to be calcu-

lated. Noise contributions are pronouncedly enhanced by
calculation of the second derivative, meaning that its cal-
culation without interpolation and significant smoothing
is mostly impossible. The edge energies determined by
the inflection-point approach are highly sensitive to the
extent of smoothing (Fig. 10). As illustrated by the fol-
lowing discussion, this smoothing sensitivity of the in-
flection-point method is not merely of academic interest,
but is one aspect of a long-standing and highly controver-
sial discussion on the character of the S2→S3 transition of
the PSII manganese complex.

Fig. 9A–C Relation between formal oxidation state and edge en-
ergy. The edge energies were determined either by the half-height
method (A), by the inflection point method (B), or by the integral
method (C). In B, for some Mn oxides two or three inflection
points were determined; all inflection points are shown, but only
the first inflection points are connected by a solid line. The pres-
ence of the so-called multi-line EPR signal in the S2-state is sug-
gestive that, in the S2-state, the average manganese oxidation state
is either 3.25, Mn3(III)Mn(IV), or 3.75, Mn2(III)Mn2(IV). The
edge energies for the PSII manganese complex are depicted using
the second oxidation state assignment for the PSII manganese
complex in its S2-state, i.e., Mn2(III)Mn2(IV), and assuming that
each oxidizing S-state is coupled to oxidation of one out of four
manganese ions. In C, both alternatives for the oxidation state as-
signment of the S2-state are shown
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The one-electron oxidation of manganese has been
found to be accompanied by an up-shift of the X-ray edge
by 2–4 eV ([28, 32, 34, 67, 68, 69, 72]; see also Figs. 7
and 9). Thus, for the oxidation of a single manganese ion
in a tetranuclear manganese complex we can anticipate an
edge-shift by 0.5 to 1 eV. The S1→S2 transition is com-
monly assumed to involve the Mn(III)→Mn(IV) oxidation
of a single manganese ion. For this transition we do in-
deed find an edge-shift around 0.8 eV, which is relatively
insensitive to the extent of smoothing. For the S0→S1
transition, however, the inflection-point approach sug-
gests an edge-shift of more than 1.5 eV for typical
smoothing intervals ranging from 1 to 6 eV (see Fig. 10).
This means that an unbiased inspection of the inflection-
point shift for the S0→S1 transition is suggestive of a two-
electron oxidation, a presumption that is clearly unreason-
able in the light of EPR results [66, 73, 74, 75, 76, 77].
For the S2→S3 transition, it has been reported that the
edge-shift is clearly smaller than the S1→S2 shift [70, 71]
whereas others found it to be of comparable magnitude
[31, 34, 35]. Using the inflection-point method, depend-
ing on the extent of smoothing, both results can be ob-
tained for the same data set. The answer to the question 
of whether the S2→S3 edge-shift is significantly smaller
than the S1→S2 shift seems to oscillate between “no” (at
a, c, and e in Fig. 10) and “yes” (at b and d in Fig. 10). 
In conclusion, the unreasonably large S0→S1 shift and 
the extreme smoothing dependence of the S2→S3 shift
indicate that particular caution is advisable when using
the inflection-point method for analysis of oxidation-state
changes.

The integral method is smoothing-insensitive, but it in-
volves the integration limits µ1 and µ2 which had been cho-
sen to be 0.15 and 1.0, respectively ([39, 78]; see also
“Materials and methods”). The spirit of the integral method
requires that the µ1-µ2 interval covers a major fraction of
the rising part of the edge, meaning that the difference be-
tween µ1 and µ2 should be clearly greater than 0.6. Fur-
thermore, µ1 needs to be positive and µ2(E) needs to exist
in all relevant sample and reference spectra. Thus, only

limited variations of µ1 and µ2 are conceivable. To explore
the sensitivity of the Eedge to the integration limits, the
edge positions for the PSII manganese complex in its var-
ious S-states were calculated using the most extreme vari-
ations of µ1 and µ2 that may be still reasonable (Table 2).

Fig. 10 Inflection-point energies of the XANES spectra of the 
Mn complex of PSII determined by the second-derivative method
(Fig. 8) for various degrees of smoothing prior to derivative cal-
culation

Table 2 Influence of the µ1- and µ2-parameter of the integral
method on the edge-energy values determined for the PSII man-
ganese complex in its various S-states. Edge energies were deter-
mined by the integral method for the spectra shown in Fig. 7B us-
ing the µ1- and µ2-values indicated in the first two columns. The
S1-state edge energy is shown for the dark-stable S1-state in the
third column. The shift in the edge energy obtained for the three
oxidizing S-state transitions are given in the fourth to sixth
columns

µ1 µ2 S1 S0→S1 S1→S2 S2→S3

0.00 0.85 6549.72 0.60 0.65 0.82
0.00 1.00 6550.45 0.64 0.69 0.71
0.00 1.15 6551.18 0.62 0.75 0.58
0.15 0.85 6551.13 0.78 0.75 0.80
0.15 1.00 6551.74 0.80 0.78 0.68
0.15 1.15 6552.40 0.75 0.83 0.53

Fig. 11 A Experimental XANES spectra of Mn(III)O and Mn(IV)O2
and calculated spectra for three linear combinations of these spec-
tra with different weightings of the compounds (75:25, 50:50,
25:75). The absorption values, µ1 and µ2, represent limits in the in-
tegration for the determination of the K-edge energy by the integral
method. B The K-edge energy as determined by three different
methods versus the mean oxidation state of the various Mn(III)O–
Mn(IV)O2 mixtures



Inspection of Table 2 reveals that for all combinations
of µ1 and µ2, the edge-shifts observed upon the S0→S1,
S1→S2, and S2→S3 transitions are greater than 0.5 eV and
smaller than 0.85 eV, suggesting that sensitivity to the 
integration limits is reasonably low. Noteworthily, the
most pronounced deviation between the magnitude of the
S1→S2 shift and the S2→S3 shift is obtained for a µ2-value
of 1.15. This µ2-value is not of general use because the 
µ-value of 1.15 is not necessarily reached, as demonstrated
by the XANES spectrum in Fig. 11 obtained for 50% MnO2.

The problems in using the inflection-point method for
analysis of oxidation-state changes of the PSII manganese
complex may be related to the fact that the PSII man-
ganese complex is a tetranuclear complex. The normal-
ized X-ray absorption spectrum of a multinuclear com-
plex containing several X-ray absorbing atoms is obtained
by averaging the absorption spectra, µi(E), of the individ-
ual X-ray absorbing atoms. In a more general sense, if n
species of the X-ray absorbing atom are present, the X-ray
absorption spectrum of the sample is given by a linear
combination of the individual spectra according to:

µ (E) =

n∑

i=1
Ciµi (E)

n∑

i=1
Ci

(5)

where µi(E) and Ci denote the absorption spectra and con-
centrations of the individual species, respectively. For a
mixture of species, a method would be useful that relates
a parameter, Pedge, extracted from the X-ray edges, rea-
sonably well to the averaged oxidation state. This edge
parameter should reflect the position of the X-ray edge,
but its dimension needs not to be an energy. Ideally, such
a method for determination of edge energies is linear in
the concentrations of the individual species, such that the
Pedge-value of the sample equals the averaged P i

edge-values
of the individual species. Thus,

Pedge =

n∑

i=1
Ci Pi

edge

n∑

i=1
Ci

. (6)

The above equation is exactly valid for all methods that
involve determination of Pedge according to:

Pedge =
E2∫

E1

g (E) µ (E) d E . (7)

A particularly simple choice would be to use the absorp-
tion at a single distinct energy, Es, in the rising part of the
edge as a measure of Pedge [meaning g(E)=δ(E-Es) and thus
Pedge=µ(Es)]. For example, in [18, 20] the absorption at
6551.5 eV is used as a measure of the changes in the mean
oxidation state, thus ensuring validity of Eq. 7. However, for
an extended set of model compounds the use of µ(Es) does
not result in good correlation between the Pedge and the ox-
idation state. The definition of a g(E) function that ensures
a good correlation between Pedge and the mean oxidation is

a desirable future development. At present, however, we
need to acknowledge that none of the three methods for
determination of edge energies obeys Eq. 7, meaning that
no method is strictly linear with respect to the species con-
centrations. Empirically we find that the integral method
provides a smooth and relatively linear relation between
the edge energy determined for a composite spectrum and
the concentration of the individual species, whereas the
inflection-point method fails completely in this respect.

In Fig. 11, edge energies were determined for spectra
obtained by combining the spectra of Mn(II) in MnO and
Mn(IV) in MnO2. The integral method results in a smooth,
slightly curved relation between the mean oxidation state
and the edge energy. The half-height method provides a
less smooth, but in this particular example, almost linear
relation. For the inflection-point method, however, the edge
energy stays at exactly the Mn(II) value, up to a Mn(IV)–
Mn(II) mixing ratio of 50%; then the edge energy “jumps”
to the Mn(IV) value. The complete failure of the inflec-
tion-point method in providing an at least approximately
linear relation is not explainable by exceptionally pro-
nounced changes in the edge shape. The MnO and the MnO2
spectra differ clearly in the edge position, but hardly in the
edge shape.

Also, for other combinations of spectra we find that the
integral method delivers a smooth and approximately lin-
ear relation between the mean oxidation state, whereas the
inflection-point method mostly fails completely (results
not shown). Typically, the half-height method often per-
forms reasonably well, but in some cases pronounced de-
viations from linearity are observed.

In conclusion, the choice of an appropriate method for
determination of edge positions is of clear importance.
For multinuclear complexes or other mixtures of several
species of the X-ray absorbing atoms, the inflection-point
method is clearly not suitable for determination of the
mean oxidation state. In contrast, the half-height and, in
particular, the integral method seem to provide a relatively
smooth and at least approximately linear relation between
edge energy and mean oxidation state (but full linearity
according to Eq. 6 is achieved by neither method).

To obtain an estimate of the oxidation state of the in-
vestigated transition metal system, it may frequently be
useful to compare an appropriately determined edge en-
ergy with the edge energies of a series of suitable model
compounds. However, it remains doubtful whether a gen-
eral method can be found that relates a single edge energy
in a fully unambiguous way to the mean oxidation state of
several metal ions in a principally unknown ligand envi-
ronment. Furthermore, by reducing the highly structured
XANES spectra to a single number (e.g., the Eedge-value)
a vast amount of potentially useful information on the
metal site may be lost. We feel that an evaluation of
XANES spectra on the basis of an improved understand-
ing of the physical meaning of changes in edge position
and shape is desirable. Some aspects of the question of how
XANES spectra depend on the ligand geometry and the
electronic structure of the metal center are explored in the
following section.
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Simulations approach towards XANES 
and electronic structure

Using self-consistent potentials and full-multiple scatter-
ing calculations as implemented in FEFF8 [27], we calcu-
lated XANES spectra for the octahedrally coordinated
Mn(II)–hexaquo complex (Fig. 12, for technical details
see “Materials and methods”). The ab initio simulations were
carried out using standard parameters (see “Materials and
methods”); no efforts were made to minimize differences
between experimental and calculated spectra by adjusting
parameters. As visible in Fig. 12, the calculated spectra
resemble the experimental spectrum (inset in Fig. 12) rea-
sonably well.

To investigate the influence of the coordination geom-
etry, one of the six water ligands was omitted without
changing the Mn–O distances and bond angles of the re-
maining five water ligands. Even though the five-coordi-
nated complex does not represent a realistic structure, we
did chose this procedure to discriminate between bond-
length effects and coordination geometry influences. The
following changes are observed upon the transition from
the six-coordinated to the (hypothetical) five-coordinated
complex:

1. A decrease in the magnitude of the main resonance
around 6553 eV (edge peak)

2. Occurrence of a shoulder around 6547 eV
3. An increase in the magnitude of the pre-edge feature at

around 6541 eV

The first effect is easily understood in the framework of
XAFS-scattering theory; a decreased number of backscat-
tering atoms results in a decrease in the magnitude of the
associated scattering resonance. A comparably simple ex-
planation for the second and third effect in terms of scat-
tering theory is not possible.

To obtain insights in the electronic basis of the changes
described above and in the relation between the multiple-
scattering picture, on the one hand, and the molecular-or-
bital picture, on the other hand, we carried out MO calcu-
lations using the semi-empirical approach of Zerner [40,
41, 42]; for details see “Materials and methods”. Again,
standard parameters were used and no efforts were made
to obtain improved agreements with the experimental re-
sults by varying calculation parameters. To relate the vir-
tual MOs to the K-edge X-ray absorption the following ra-
tionale has been used.

It is assumed that the K-edge absorption involves the
transition of a single manganese 1 s-core electron to a par-
tially occupied or fully unoccupied molecular orbital (vir-
tual MO); multiple excitation processes are neglected.
Furthermore, it is assumed that the MOs of the Mn ion in
its ground state represent a reasonably good approxima-
tion to the final-state MOs in the presence of a core-hole.
This approximation appears to be relatively severe. How-
ever, by MO calculations using the so-called (Z+1)-anal-
ogy we find that the influence of the core-hole is not neg-
ligible, but sufficiently small to justify its neglect in the
context of the present, mostly illustrative calculations.
The same holds for the influence of configurational-inter-
action calculations. In the X-ray spectra, the position of
the first maximum (or shoulder) of the weak pre-edge fea-
ture (at ~6541 eV) corresponds to the transition to the
lowest singly occupied MO, which for high-spin man-
ganese ions is the lowest-lying 3d-orbital. For comparing
energy levels, we use the position of this first pre-edge
shoulder as the zero-point of the energy axis of the X-ray
spectra and the energy of the lowest-lying singly occupied
MO as the energy-zero for the MO energies. The MO en-
ergies obtained are shown as labels at the vertical axis of
Fig. 13A (six-coordinated Mn) and of Fig. 13B (five-coor-
dinated).

The bar lengths in Fig. 13A and B give the relative
contributions of the atomic orbitals (AO) of manganese to
the linear combination of AOs used to describe the MOs;
selected orbitals are depicted in Fig. 14. For each MO, the
sum of the contributions of the manganese AOs and the
ligand AOs amounts to unity, meaning that a vanishing bar
length indicates purely ligand-centered orbitals. The five
lowest-lying MOs are singly occupied whereas all the other
MOs in Fig. 14 are unoccupied (virtual) orbitals. The three
lowest-lying MOs are almost pure manganese d-orbitals
of t2 g-symmetry; the absence of any ligand contributions
(bar length close to unity) indicates that these are non-bond-
ing orbitals. The next two MOs resemble manganese d-or-
bitals of eg-symmetry; the non-vanishing contribution of
ligand orbitals indicates anti-bonding character. In Fig. 14,
three groups of degenerate MOs with significant contribu-
tions from manganese p-orbitals are found (at 9.7, 12.4
and 12.7 eV). These three groups of MOs differ mostly in
the orbital coefficients of the water ligands, but they all
represent p-type anti-bonding orbitals.

In K-edge spectra almost exclusively final-state wave-
functions with p-orbital symmetry at the X-ray absorbing
atom contribute to the transition probability. Therefore,

575

Fig. 12 Calculated XANES spectra for the [Mn(H2O)6]2+ complex
and a hypothetical [Mn(H2O)5]2+ complex. The five-coordinated
complex was obtained by omission of one water ligand of the six-
coordinated complex resulting in a hypothetical, perfectly square-
pyramidal complex. In both complexes all Mn–O distances are
2.19 Å, a value obtained by EXAFS analysis of an experimental
spectrum of the hexaquo complex. The inset shows the XANES re-
gion of the experimental spectrum of the Mn–hexaquo complex
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we assume that, to a first approximation, we will find res-
onances in the X-ray spectrum at energies which corre-
spond to the MOs with significant contributions of unoc-
cupied manganese p-orbitals (black bars in Fig. 13). The
contribution of the ligand orbitals to the transition proba-
bility is neglected, since the p-character of these orbitals
with respect to the 1 s initial-state wavefunction can be as-
sumed to be weak. This means that, according to Fig.
13A, the closely spaced transitions around 11 eV should
give rise to a major resonance in the X-ray spectra at around
11 eV (weighted average of the MO energies in Fig. 13),
above the first pre-edge shoulder. In the experimental
spectra and in the spectra calculated by means of multiple-
scattering (MS) theory the dominating resonance (edge
peak) is found around 12 and 13 eV, respectively.

The above rationale involves relatively severe approx-
imations; the surprisingly good agreement between the
MO calculations and the experimental results might be
partially fortuitous. Nonetheless, the MO calculations il-

lustrate that the main X-ray resonance can be assigned to
transitions to anti-bonding MOs with significant contribu-
tions of atomic 4p-orbitals of the X-ray absorbing man-
ganese. Because no π-character of these antibonding MOs
is detectable (see Fig. 14), the main edge resonance can be
considered to be a σ*-resonance (at least in this particular
example).

The transition to the five-coordinated complex changes
the orbital occupancies significantly (Fig. 13B). Whereas
essentially no mixing between manganese orbitals is ob-
served for the six-coordinated complex, we obtain signif-
icant s-p and also some p-d mixing in the five-coordinated
complex. In particular, the anti-bonding s-orbital at ~7 eV
gains significant p-character and a small amount of s-p-d
mixing is observed for one of the anti-bonding d-orbitals.
Thus, the MO calculations predict a resonance in the X-ray
spectrum at about 7 eV and a small increase of the pre-
edge magnitude. These predictions seem to be in agreement
with the results obtained by scattering theory (Fig. 12).
The s-p mixing of the MO at ~7 eV can explain the shoul-
der in the rising part of the X-ray edge (at 5–8 eV), which
had been calculated for the five-coordinated complex by
scattering theory. Therefore, we assign the shoulder in the
multiple scattering calculations of the five-coordinated com-
plex to pronounced s-p mixing of manganese 4p-orbitals,
a necessary consequence of the transition from the sym-
metrically six-coordinated complex to the five-coordinated
complex with square-pyramidal coordination. The small
increase of the pre-edge peak predicted by the MS calcu-
lations for the five-coordinated complex (see Fig. 12)
seems to correspond to the increased p-d mixing found by
the MO calculations.

The above considerations demonstrate that, with re-
spect to the position of resonances, the MO calculations
result in predictions that are consistent with the results of
advanced ab initio calculations done in the framework of
MS theory. Both methods represent approximate solutions

Fig. 13A, B Contributions of AOs of manganese to the singly oc-
cupied and fully unoccupied MOs. Calculation were done for:
A six-coordinated manganese of [Mn(H2O)6]2+ (octahedral coordina-
tion geometry),and B five-coordinated manganese of [Mn(H2O)5]2+

(square-pyramidal coordination). The MOs are linear combination
of AOs; the bar lengths represent the respective squared coeffi-
cients of the AOs of manganese. The squared orbital coefficients
are shown for all singly occupied and fully unoccupied MOs; the
orbital coefficients of the occupied orbitals are not shown. The
MO energies are measured relative to the energy of the lowest-
lying, singly occupied MO (E0

d); these energies are given as labels
on the left side of the bars. For each MO, the sum of the squared
orbital coefficients of manganese and its ligands is unity meaning
that shorter bars indicate an increased contributions of the ligand-
AOs whereas bar lengths close to unity indicate the absence of sig-
nificant ligand contributions (non-bonding orbitals). In the five-co-
ordinated complex (B), several metal AOs may contribute to a sin-
gle MO; the four MOs where significant mixing of manganese
AOs is observed are marked by an arrow. The asterisks mark the
MOs which are shown in Fig. 14



of Schrödinger’s equation for a complex multi-electron
problem. The scattering theory focuses on the description
of the semi-bound and continuum states of the photoelec-
tron, whereas the chemical bonding is only considered in
a highly approximate way. The MO approach focuses on
the MOs of localized bonding and anti-bonding states. In
contrast to scattering theory, the MO approach does not
readily provide a full XANES spectrum. To obtain a
XANES spectrum, a (more or less empirical) convolution

of the resonances of the MO calculations is required to
simulate the superposition and mixing of the MO-pre-
dicted localized states and the continuum states [79, 80,
81]. Therefore, in general, scattering theory seems to be
the more natural approach to obtain a description of the
XANES spectra. We feel that its combination with MO
calculations may turn out to be useful to translate features
observed in the XANES spectra into information on the
MO structure of the metal center.

The analysis of changes in the XANES spectra may fa-
cilitate conclusions on changes in the coordination geom-
etry. For example, the changes in the XANES spectra pre-
dicted for a transition from five- to six-coordinated man-
ganese resemble qualitatively the changes observed upon
the S2→S3 transition for the PSII manganese complex
(Fig. 7B), thus supporting the hypothesis presented else-
where [34].

In the following section, the influence of bond lengths
and oxidation state changes is investigated using the mul-
tiple scattering approach.

Simulations on the bond-length/
oxidation-state dependence

In the six-coordinated complex discussed above, the
Mn–O bond length was varied and spectra were calculated
(Fig. 15A). We observe a pronounced bond-length depen-
dence of the resonance position and, consequently of the
X-ray edge (Fig. 15B). Experimentally [82, 83, 84] and
theoretically [81, 85] a bond-length dependence of the
resonance position has been derived for various elements.
Mostly the relation between the resonance position, Eres,
and the bond length, R, has been found to follow the equa-
tion:

Eres = A + B
/

R2. (8)

The lines in Fig. 15B were obtained by using Eq. 8. Using
simplified scattering considerations, the bond-length de-
pendence of the XANES spectra can be easily understood
if we consider, to a first approximation, the peak-reso-
nance to correspond to the first maximum of the single-
scattering EXAFS oscillation. For decreasing distances
the position of the first maximum moves to higher k-val-
ues and, thus, higher energies. Simple quantitative consid-
erations lead to Eq. 8 ([21] p 242).

Qualitatively, the bond-length dependence is also eas-
ily understood in terms of MOs. Shorter bond lengths cor-
respond to stronger bonding and thus to more negative en-
ergies of the bonding MOs and, concomitantly, to an in-
crease in the energy of the anti-bonding MOs. Therefore,
as discussed above, the peak resonance and the edge posi-
tions are shifted to higher energies. Furthermore, the con-
tribution of the p-orbitals of the X-ray absorbing metal to
the bonding MOs may increase and their contribution to
the anti-bonding MOs may decrease. The decreased con-
tribution to the anti-bonding MOs will, in tendency, cause
an additional contribution to the up-shift of the X-ray
edge.
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Fig. 14 Selected MOs of the six-coordinated (left row) and the
five-coordinated (right row) manganese complex. In the contour
plots (contour level of 0.045), the contour surface is either light or
dark shaded to indicate the sign of the wave-function in the re-
spective region. For further details, see legend of Fig. 13



We feel that, at least for Mn coordinated exclusively by
O,N ligands, the bond-length dependence of the X-ray ab-
sorption spectrum is the major reason for the oxidation-
state dependence of the X-ray edge spectra. For oxygen or
nitrogen ligands of six-coordinated manganese, typically
the bond lengths decrease with increasing oxidation state
by 0.1–0.2 Å per one-electron oxidation. The bond-length
dependence of the XANES thus translates into an oxida-
tion-state dependence of the X-ray edge position.

Are there further influences of the metal-oxidation state
on the XANES spectra? Even though the one-electron ox-
idation of a metal ion is not coupled to a corresponding in-
crease in positive charge (see, e.g., [86]), a minor increase
may occur. Assuming that an increase in the oxidation state
results in an increase in the positive charge carried by the
X-ray absorbing atom, we can anticipate a lowering of the
energy level of the 1 s core electron. The lower 1 s-energy
should cause a comparable shift of all pre-edge and edge
resonances to higher energies. However, at least in the
case of manganese, the observed shift in the pre-edge po-
sition is significantly smaller than the shift in the edge po-
sition; mostly the pre-edge shift is below the detection
limit (see Figs 7B and 8). Seemingly, this electrostatic hy-

pothesis can not explain the experimentally observed
edge-shifts (or only a minor fraction of it).

Upon oxidation of the metal, the number of vacant non-
or anti-bonding MOs of d-orbital characteristic increases.
Thus, an increased number of transitions to unoccupied
d-orbitals and a corresponding increase in the pre-edge
magnitude can be anticipated. However, a clear correlation
between the pre-edge magnitude and the formal oxidation
state is not observed. In K-edge spectra, the pre-edge
magnitude is mostly determined by the transition proba-
bility of the formally dipole-forbidden transitions. Thus,
even subtle changes in the extent of p-d mixing may eas-
ily override the influence of an increased number of tran-
sitions. Nonetheless, in the future, elaborate quantitative
analyses of the fine-structure of the pre-edge feature based
on multiplet or MO calculations could result in insights in
the electronic structure in general and the oxidation state
in particular. We also note that, in comparison to K-edge
spectra, L-edge spectra should reflect the number of va-
cant d-orbital sites more directly, and might even allow
for “d-hole counting” [12].

By combining the oxidation-state dependence and the
calculated bond-length dependence, we obtain edge-shifts
which are by about 30% smaller than the experimentally
observed edge-shifts. In [87] also, the calculated edge-shifts
are significantly smaller than the experimentally determined
ones. We have investigated the dependence of the calculated
spectra on pure changes in the oxidation state of the com-
plex. Since the FEFF code used for the MS calculations de-
livers problematic results if the atom cluster considered in
the self-consistent field calculation carries a significant net
charge, we mimicked the oxidation state by removing an
appropriate number of H atoms from the water ligands [88,
89]. The resulting edge-shifts are minimal (clearly less than
0.5 eV per oxidation state), whereas the corresponding MO
calculations suggest a more pronounced up-shift in the ener-
gies of anti-bonding orbitals (not shown). We consider it to
be possible that a (putative) “direct electronic influence” of
the oxidation state is underestimated when using the present
FEFF code (for possible inadequacies of the presently
available MS codes for XANES calculations see [26]).

Linear dichroism in the XANES spectra

To demonstrate the potential of XANES analyses, we will
present first attempts to understand the experimental re-
sults on the linear dichroism in the XANES spectra of par-
tially uni-directionally oriented samples (see EXAFS sec-
tion).

In Fig. 16, the spectra collected on PSII membrane par-
ticles for angles between the X-ray electric field vector and
the sample normal of 15°, 35°, 55°, and 75° are shown.
We observe that, in comparison to the 15° spectrum, the
edge position is shifted to higher energies in the 75° spec-
trum by about 0.7 eV. The magnitude of the pre-edge peak
is maximal at 75° and minimal at 15°.

In a first attempt to qualitatively model the dichroism
in the XANES data, we used a highly simplified structural
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Fig. 15A, B Dependence of calculated XANES spectra on the
Mn–O bond length. A XANES spectra for a hypothetical, perfectly
octahedrally coordinated Mn(H2O)6 complex calculated for vari-
ous bond lengths ranging from 2.4 Å to 1.8 Å (from right to left,
increase in the bond length). B Dependence of edge-peak position
(circles) and edge energy determined by the integral method
(squares) on the Mn–O bond length. Solid lines have been calcu-
lated using Eq. 8 and values of A=6537.7 eV, B=75.1 eV/A2, for
the edge-peak position, and of A=6536.1 eV, B=57.9 eV/A2, for
the edge energies



model derived from the EXAFS results. In its S1-state, the
PSII manganese complex seems to consist of two di-µ-oxo-
bridged Mn2 units (see Table 1, Fig. 6). The LD–EXAFS
analysis shows that in both units the angle between the
membrane normal and the Mn–Mn vector is around 70°
(Table 1). The dichroism in the first-sphere EXAFS oscil-
lations could indicate that the Mn2(µ–O)2 plane is parallel
to the membrane plane rather than perpendicular ([36],
Fig. 5, Table 1). The XANES analysis suggests that the
Mn complex in its S1-state is a Mn2(III)Mn4(IV) complex
(Figs. 7B and 9). To judge whether the FMS calculation
can capture the main trends observed in the experimental
spectra, we used a model where the two Mn2(µ–O)2 units
of the Mn(III)2Mn2(IV) complex are modeled by a single
Mn(III)–(µ–O)2–Mn(IV) unit with the Mn–µO plane be-
ing exactly in parallel to the membrane plane, as shown in
Fig. 17A. The bond lengths of the six-coordinated Mn ions
were chosen to resemble bond lengths of related synthetic
compounds. The Mn–O bond lengths of Mn(IV) were sig-
nificantly shorter than the corresponding Mn(III) bond
lengths, and all Mn–µO distances were significantly
shorter than the Mn–O distances of the terminal ligands
(see Fig. 17A). The number of OH ligands was adjusted
such that the overall charge of the complex is zero; the in-
dividual atom charges (not shown) are determined in the
course of the self-consistent potential calculation by the
FEFF8 code. XANES spectra were calculated for various
orientations of the X-ray electric field vector. For the
XANES spectra (Fig. 17B), the angle between electric
field vector and the membrane normal was varied in the
plane defined by the membrane-normal direction (perpen-
dicular to the Mn–µO plane) and the vector connecting
the two Mn ions; orientation averaging was not employed.

Comparison of Fig. 17B and Fig. 16 shows that the an-
gle-dependent changes in the edge position and in the pre-
edge magnitude are qualitatively reproduced by the calcu-
lations. The extent of the linear dichroism (meaning the
excitation angle-dependence of the XANES spectra),

however, is clearly greater in the calculated than in the ex-
perimental spectra. This is not surprising for the following
reasons:
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Fig. 16 XANES spectra of the Mn complex of PSII measured at
excitation angles (θE) of 15°, 35°, 55°, and 75° on partially ori-
ented PSII membrane particles. The inset shows the pre-edge re-
gion on an expanded energy scale

Fig. 17 A Structure of a hypothetical di-µ-oxo-bridged manganese
complex. The numbers indicate the distances between Mn and its
ligands in Å units. B Calculated XANES spectra for 4 angles be-
tween the electric field vector of the X-ray beam and the Mn–Mn
vector. The inset shows the pre-edge region on an expanded scale.
C Calculated XANES spectra for the individual Mn(III) ion and
Mn(IV) ion of (A) for an excitation angle of 55°. The edge-posi-
tion of the Mn(III) and Mn(IV)–XANES differ by ~2.8 eV (half-
height energies)



1. The samples used in the actual XAS experiment have
not been perfectly oriented. The order parameter [60]
was close to 0.5 indicating that the magnitude of the
dichroism in a perfectly oriented sample would be
greater by a factor of two.

2. In the PSII manganese complex the Mn2(µO)2 plane
certainly is not perfectly parallel to the membrane
plane.

3. The samples had been only uni-directionally oriented
such that appropriate angle averaging of calculated
XANES spectra is required for any quantitative com-
parison with experimental results. (We are currently
working on a method to employ available MS–XANES
codes for fully quantitative simulation of the XANES
dichroism of partially uni-directionally oriented sam-
ples; Liebisch & Dau, manuscript in preparation).

The main features of the observed and calculated XANES
dichroism are explainable by considering the orientation
and properties of the relatively short Mn–µO bonds. To
explain the angle-dependence of the edge qualitatively,
simple single-scattering considerations are sufficient. The
short bond lengths of the Mn–µO bonds are preferentially
probed when the excitation angle, ΘE, approaches 90°. On
the other hand, for ΘE-values close to 0° the amplitude of
the single-scattering XAFS mostly is determined by the
longer bonds of the terminal ligands. Due to the bond-
length dependence of the edge position (Fig. 15, Eq. 8),
we can predict an increase in the edge position with in-
creasing ΘE. (Using the MO picture, we may conclude
that the short Mn–µO bonds correspond to higher energies
of the respective antibonding p-type MOs which are ori-
ented along the Mn–µO or Mn–Mn axes. Transitions to
these high-energy MOs are not excited by X-rays with the
electric field vector being perpendicular to the Mn2(µO)2
plane.)

On the basis of multiple considerations, it has been
concluded that the pre-edge magnitude of the PSII man-
ganese complex is significantly increased in comparison
to the pre-edge magnitude found for mono-nuclear man-
ganese complexes due to the presence of the di-µ-oxo-
bridges [90]. We feel that the angle-dependence of the
pre-edge magnitude can also be attributed to a coordina-
tion geometry involving short Mn–µO bonds and dis-
tinctly longer bonds between the Mn and its terminal lig-
ands. This geometry partially breaks the inversion sym-
metry at the X-ray absorbing manganese and facilitates
increased p-d-mixing. Consequently, the pre-edge feature
gains significant intensity. The p-d-mixing will involve
mostly p-orbitals of the Mn2(µ–O)2 plane. These p-or-
bitals will affect the X-ray absorption strongly only for
ΘE-values close to 90°, resulting in an increased pre-edge
magnitude for ΘE-values approaching 90°.

In general, the FEFF code used seems to overestimate
the magnitude of the pre-edge feature of six-coordinated
manganese by a factor of about two. This is not particu-
larly surprising because the MS calculations can be antic-
ipated to be of lower precision for low-lying bound states.
Comparison of the simulated Mn–hexaquo spectra and the

Mn2(µ–O)2 spectra shows that, in both cases, the pre-edge
magnitude is clearly greater than in the corresponding ex-
perimental spectra. However, the MS calculations cor-
rectly predict a significantly higher pre-edge feature in the
di-µ-oxo-bridged manganese complex.

We consider this preliminary work on the simulations
of the linear dichroism in the XANES spectra to be
promising. In the future, an iterative cycle of EXAFS
analysis, model building, LD–XANES simulations, and
comparison between data and calculations may turn out to
be useful for derivation of detailed structural models of
the metal complex and its ligand environment (work in
progress).

Conclusions

XAS spectroscopy can provide a wealth of information on
the nuclear geometry and electronic structure of protein-
bound metal complexes, which is frequently not accessi-
ble by other means. However, not all aspects of interest
can be addressed by the BioXAS method and the infor-
mation carried by the spectra is not always easily ex-
tracted, as summarized in the following sections.

EXAFS distances

The EXAFS part of the X-ray absorption spectrum pro-
vides the primary tool for development of atomic-resolu-
tion structural models. Its major strength is that bond
lengths can be determined at an accuracy that is typically
better than 0.02 Å. This is superior to accuracies normally
available from protein crystallography by approximately
one order of magnitude. A limitation of the EXAFS method
is that it is a short-range method. First-sphere ligands are
nearly always seen, more distant atoms may be resolv-
able, and atoms more than 5 Å away cannot usually be de-
tected. Heavy backscatterers (e.g., transition ions) at dis-
tances below 4 Å are mostly visible, an important benefit
in investigations on multinuclear metal complexes. In the
case of ligand shells with a broad distribution of dis-
tances, EXAFS also has only limited bond length resolu-
tion and often only the average bond length can be deter-
mined at high accuracy. If the first coordination sphere
consists of two distinct distance-groups of atoms with the
two mean distances differing by at least 0.1 Å, then the
two distances can be resolved individually, a situation fre-
quently encountered in metal centers with O,N ligands on
the one hand, and sulfur ligands on the other hand (see,
e.g., [91]). If the radial distribution function of the metal
ligands is broad, but without well-resolved maxima, then
the average distance and an approximate description of
the distance distribution function (or radial distribution
function) can be extracted from the EXAFS data.
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EXAFS coordination numbers

The accurate determination of coordination numbers by
EXAFS analysis is not readily achieved. Due to the typi-
cal inaccuracy of 20%, the distinction between (e. g.) co-
ordination by five or six first-sphere ligands cannot be
made solely by analysis of a single EXAFS data set. Fur-
thermore, in the case of extremely broad distance distri-
butions within a single coordination sphere, the error in the
coordination number may clearly exceed 20%, if inappro-
priate simulation approaches are used. An improved de-
termination of coordination numbers can result from the
comparative or joint analysis of extended sets of EXAFS
data obtained by different k-weighting of data, use of ac-
tive-site mutants, pH or substrate titration, time-resolved
investigations, temperature-dependent XAS measurements,
angle-dependent measurements on oriented samples (po-
larized or LD–EXAFS), etc. Furthermore, XANES analy-
sis may also contribute to solving of the coordination num-
ber problem.

Atomic resolution models

The development of atomic resolution models of the metal
site mostly requires input from various sources (sequence
information or mutant studies, identification of ligating
residues, complementary results by other spectroscopic tech-
niques or protein crystallography, extensive XAS studies
involving, e.g., metal depletion and replacement by other
elements). Only if (partially) oriented samples or single
crystals of an appropriate space-group are available, can
information on the orientation of the metal complex with
respect to the tertiary structure of the protein become ac-
cessible by linear dichroism EXAFS studies (polarized or
angle-dependent EXAFS).

Structural information in XANES

The K-edge XANES spectra carry significant structural in-
formation. The use of the edge position as a ruler for the first-
sphere bond length is not of high interest due to its inferior
accuracy (about ±0.1 Å versus ±0.02 Å in EXAFS). How-
ever, XANES analysis seems to be superior to EXAFS
with respect to the determination of first-sphere coordina-
tion numbers and, in particular, coordination geometries.
By comparison with model compound spectra and/or cal-
culations, the structural information of the XANES may
become accessible. Recently the fit of XANES spectra by
variation of structural parameters has also been approached
[92, 93].

XANES and electronic structure

In the MO picture, the edge region of K-edge spectra reflects
transitions to non- and anti-bonding MOs with (some)
p-orbital character. It should be noted that the relevant

MOs are closely related, but not identical to the ground-
state MOs of the metal complex. For quantitative XANES
analysis, less approximate considerations may be required,
which account for the influence of electronic relaxation,
core-hole screening, and other multi-electron effects. Due
to the interdependence of nuclear geometry and electronic
structure, a quantitative description can be obtained by us-
ing advanced multiple scattering (MS) theories. Current
MS theory may not cover all relevant aspects of the elec-
tronic structure and its relation to the XANES spectra (see
also [26]); further improvements are desirable.

Oxidation-state dependence of XANES

Empirically, a correlation between K-edge position and ox-
idation state is frequently found. However, the K-edge edge
spectra are not directly related to the oxidation state of the
transition metal. Neither the metal charge nor the occu-
pancy of non- and anti-bonding d-orbitals affect the edge
position directly. A major cause of the K-edge shift seems
to be an increase in the bonding strength of the first-sphere
ligands causing an up-shift in the energy of the anti-bond-
ing orbitals and a decrease in the bond length. We note
that for protein-bound manganese the situation may be
less intricate than in other systems: metal-localized valen-
cies seem to prevail so that the integrated spin density of
the individual high-spin Mn ions (and thus the number of
singly occupied non- and anti-bonding d-type MOs) cor-
responds directly to the respective oxidation state. How-
ever, especially in the presence of sulfur ligands, spin den-
sity may also reside on first-sphere ligands of the transi-
tion metal so that (1) the true metal oxidation state is no
longer well-characterized by a single integer number and
(2) an increase in the (overall) oxidation state of the com-
plex does not necessarily result in shortening of the metal–
ligand bonds. Other X-ray spectroscopy techniques (for
review see [94]), such as L-edge spectroscopy, inelastic
X-ray scattering and, perhaps, analysis of the Kβ fluores-
cence (including site-selective XAS) may provide more
direct access to the metal oxidation state. The general
value of these techniques for investigations on protein-
bound metal centers still needs to be shown.

Methods of XANES analysis

The most used approach to relate XANES spectra and for-
mal oxidation state is purely empirical. It has been suc-
cessfully used, but unambiguous results are not necessar-
ily obtained. Only small edge-shifts can be anticipated,
especially in the case of multinuclear complexes, and the
choice of the method used to determine edge-positions gains
critical importance. In the future, more advanced XANES
analysis methods involving MS and/or MO calculations
could allow for unambiguous oxidation state assignments,
and more of the information carried by the XANES on the
electronic structure and the nuclear geometry may be-
come accessible.
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