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Abstract

Photosynthetic water splitting is catalyzed at a Mn4CaO5 complex in the
photosystem II protein (PS II). A fundamental understanding of this reduction-
oxidation reaction requires detailed information on the electronic structure of the
Mn4CaO5 complex and its changes during the water splitting reaction. Important
properties of this electronic structure, relevant for a mechanistic understanding
of the water splitting reaction, comprise the Mn oxidation states, the spin states
and the metal-ligand interactions, which re�ect charge-transfer processes and the
interaction with nearby water molecules. A sensitive method for probing these
properties locally at the Mn4CaO5 complex is X-ray absorption spectroscopy
(XAS) at the Mn L-edge.

In this thesis, Mn L-edge XAS is established for studying the electronic structure
of the Mn4CaO5 complex in PS II, probed in solution and at room temperature,
using an X-ray free-electron laser. With the employed approach, several experi-
mental challenges are addressed. A soft X-ray spectrometer based on re�ection
zone plates is used to collect �uorescence-detected Mn L-edge XAS of PS II in
solution. The zone plates separate the Mn �uorescence signal from the overwhelm-
ing �uorescence background due to oxygen in the sample. The unprecedented
collection e�ciency of this spectrometer allows for recording Mn L-edge XAS
of PS II, traversing the limits of experimental feasibility, set by the low sample
concentrations in the (sub-) millimolar regime. X-ray induced damage to the
radiation sensitive samples due to the ionizing X-rays is addressed and can be
avoided with the use of ultrashort X-ray pulses from X-ray free-electron lasers. A
�rst experimental Mn L-edge XAS spectrum of PS II in solution is found to be free
from X-ray induced damage. The spectrum is consistently assessed with respect
to the expected electronic structure, upon comparison to spectra of multinuclear
model complexes probed under similar conditions.

The information on the electronic structure of 3d transition metal complexes,
as contained in their L-edge XAS spectra, is addressed in a systematic study of
mononuclear metal complexes in solution. Speci�c observables in L-edge XAS
are related to the metal oxidation states, the spin and metal-ligand interactions
in these complexes. The experimental spectra are interpreted in comparison to
spectrum calculations from the semi-empirical crystal �eld and charge-transfer
multiplet approaches and from the ab-initio theoretical restricted active space
approach. In a pivotal study, the latter is used to correlate L-edge XAS spectra
with changes in the local charge and spin densities in the molecules.
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Zusammenfassung

Die photosynthetische Wasserspaltungsreaktion wird am Mn4CaO5 Komplex in
dem Protein Photosystem II (PS II) katalysiert. Ein fundamentales Verständnis
dieser Reduktions-Oxidations-Reaktion bedarf genauer Informationen über die
elektronische Struktur des Mn4CaO5 Komplexes und ihrer Änderungen im Laufe
der Wasserspaltungsreaktion. Die für ein Verständnis dieser Reaktion relevanten
Struktureigenschaften umfassen die Oxidationszahlen der Manganatome (Mn),
den Spin und the Wechselwirkung zwischen Metallzentrum und Liganden. Diese
spiegeln Ladungstransferprozesse sowie Wechselwirkungen mit Wassermolekülen
wider. Eine emp�ndliche Methode zur Untersuchung dieser Eigenschaften des
Mn4CaO5 Komplexes ist Röntgenabsorptionsspektroskopie an der Mn L-Kante.

In der vorliegenden Arbeit wurde Röntgenabsorptionsspektroskopie an der
Mn L-Kante zur Untersuchung der elektronischen Struktur des Mn4CaO5 Kom-
plexes in PS II etabliert. Diese Untersuchungen wurden in wässriger Lösung und
bei Raumtemperatur mit einem Röntgen-Freie-Elektronen-Laser durchgeführt.
Hierzu wurden verschiedene experimentelle Hürden adressiert. Ein auf Re�ex-
ionszonenplatten basierendes Weichröntgenspektrometer wurde erfolgreich zur
Aufnahme �uoreszenzdetektierter Absorptionsspektren an der Mn L-Kante von
PS II eingesetzt. Die Zonenplatten trennten die Fluoreszenz von Mn von der do-
minierenden Fluoreszenz des Sauersto�s in der Probe. Die für dieses Experiment
unübertro�ene Detektionse�zienz des Spektrometers ermöglichte die Aufnahme
eines ersten Spektrums von PS II. Bisherige, durch die geringe Probenkonzen-
tration im (Sub-) millimolaren Bereich gegebenen Machbarkeitsbeschränkungen
wurden somit überwunden. Durch ionisierende Röntgenstrahlung induzierte
Beschädigungen der Probe können unter Verwendung der ultrakurzen Röntgen-
impulse des Freie-Elektronen-Lasers unterbunden werden. In einem ersten, an
der Mn L-Kante von PS II gemessenen Absorptionsspektrum konnten somit keine
Hinweise auf strahlungsinduzierten Schaden festgestellt werden. Zum Vergleich
wurden Spektren von multinuklearen Modellkomplexen unter ähnlichen Bedingun-
gen gemessenen. Der Vergleich zeichnet bezüglich der erwarteten, elektronischen
Struktur des Mn4CaO5 Komplexes ein konsistentes Bild.

In einer systematischen Studie mononuklearer 3d Übergangsmetallkomplexe
wurde untersucht, inwiefern deren Absorptionsspektren Hinweise auf ihre elek-
tronische Struktur geben. Somit konnten charakteristische Observablen im
Spektrum mit den Oxidationszahlen, dem Spin der Komplexe und den Metall-
Liganden Wechselwirkungen korreliert werden. Die experimentellen Spektren



wurden unter Zuhilfenahme semiempirischer Kristallfeld- und Ladungstransfer-
Multipletrechnungen sowie ab inito theoretischer Rechnungen interpretiert. In
einer wegweisenden Studie wurden letztere dazu verwendet, für die Mn L-Kante
berechnete Röntgenabsorptionsspektren mit lokalen Ladungs- und Spindichten im
Molekül zu korrelieren.
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"Die Energie ist tatsächlich der Sto�, aus dem alle Elementarteilchen, alle
Atome und daher überhaupt alle Dinge gemacht sind, und gleichzeitig ist die

Energie auch das Bewegte. (...) Die Energie kann als Ursache für alle
Veränderungen der Welt angesehen werden."

Werner Heisenberg,
Physik und Philosophie, 1970.
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1 Introduction

1.1 Photosystem II and the Mn4CaO5 Complex

Ever since life has started populating our planet, the energy, abundantly available
from visible sun light [1] is harvested by photosynthetically active cells and is con-
verted into biochemically accessible forms of energy, stored in the binding energy
of organic molecules. This process, known as photosynthesis, is summarized by the
net equation

6CO2 + 12H2O + light energy→ C6H12O6 + 6H2O + 6O2 ↑ . (1.1)

Photosynthesis is known to occur in plants, algae and cyanobacteria. [2]

Equation (1.1) expresses the net e�ect of a sequence of sub-reactions which is
initiated with the absorption of energy from visible sun light, followed by the
splitting of water molecules (H2O) and the release of molecular oxygen (O2) to the
atmosphere. This sub-reaction,

2H2O + light energy→ 4 e− + 4H+ + O2 ↑, (1.2)

will herein be referred to as the water splitting reaction. [3]

On a microscopic level, photosynthesis is performed by a number of proteins,
nature's molecular "machines". A key player in photosynthesis is the photosystem
II protein (PS II), [4] where photosynthesis is initiated with the absorption of
visible photons from sun light and with the subsequent water splitting reaction. In
plant cells, PS II is situated in folded stacks of lipid membranes (the thylakoids),
together with other proteins relevant for photosynthesis. [2] The structure of PS
II is shown in Figure 1.1A. The protein embeds a number of chromophores such
as chlorophyll (green highlights in Figure 1.1A), where sunlight is absorbed. The
oxygen evolving complex (OEC; circle mark in Figure 1.1A), a Mn4CaO5 complex
bound within PS II, is the essential functional site where the water splitting
reaction is catalyzed. [2, 3, 4] This complex consists of four manganese atoms
(Mn), �ve oxygen (O) and one calcium atom (Ca) in a quasi-cubane geometry.
Its geometric structure is shown in Figure 1.1B, as resolved for the dark-adapted
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1 Introduction

Figure 1.1: (A) Structure of the photosystem II (PS II) protein with di�erent func-
tional groups highlighted. [4] The circle in (A) marks the oxygen evolv-
ing complex (OEC). The geometric structure of this Mn4CaO5 complex
is shown in (B), as replotted from the structural data published in ref.
[5] for PS II in the dark-adapted S1 state. Figure (A) was adapted
with permission from Yano et al., Chem.Rev. 114, 4175-4205 (2014).
Copyright (2014) American Chemical Society. (Further permissions
related to the material excerpted should be directed to the ACS).

S1 state of PS II. [5]

Inspection of reaction (1.2) allows for assessing the chemical distinctiveness of
this reduction-oxidation (redox -) reaction: To perform this reaction, four electrons
need to be transferred from two water molecules to a suitable reaction partner in
PS II � the Mn4CaO5 complex. Clearly, the oxygen evolving Mn4CaO5 complex
appears to be the ideal reaction site for the charge transfer necessary to catalyze
the water-splitting reaction and the concomitant synthesis of molecular oxygen:
The complex contains four Mn atoms, known to easily adopt oxidation states
ranging from MnII to MnIV (with a formal charge ranging from +2 to +4) with
comparably low redox-potentials. [7]

This hypothesis was substantiated by Kok et al. in the late 1960s who studied
the biochemical response of PS II to sequences of visible light �ashes, [8] where
after each fourth light �ash an increase in the protein's oxygen yield is observed.
Kok et al. interpreted this observation as evidence for a "linear four step mech-
anism in which a trapping center, or an associated catalyst, (S) successively
accumulates four + charges. The S4+ state produces O2". [8] This notion of a
catalyst S was later identi�ed with the Mn4CaO5 complex. With an improved illu-
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Figure 1.2: (A) Reproduction of Kok et al.'s original �ash experiments of photo-
system II, where upon every fourth visible light �ash an increase of the
oxygen yield is detected. (B) A modern version of the PS II protein's
photocycle with characteristic time-scales and assignments of Mn oxi-
dation states. In the dark, the protein stabilizes in the S1 state (gray).
Upon sequential �ashing with visible light (1F − 4F ), the protein ad-
vances in a series of intermediate states. Figure (A) was adapted from
L. V. Pham and J. Messinger, Biochimica et Biophysica Acta 1837
1411-1416, Copyright (2014), [6] with permission from Elsevier. Fig-
ure (B) was adapted with permission from Yano et al., Chem.Rev.
114, 4175-4205 (2014). [4] Copyright (2014) American Chemical Soci-
ety. (Further permissions related to the material excerpted should be
directed to the ACS).
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mination scheme, these observations were later re�ned, as shown in Figure 1.2A. [6]

A modern version of Kok et al.'s interpretation is known as the photocycle of
PS II or the "Kok-cycle", and is shown in Figure 1.2B. In the dark, the protein
stabilizes in the "dark-adapted" S1 state. From there, with each light �ash
(1F through 4F) the protein evolves through a sequence of intermediate states,
S1 → S2 → S3 → S4 → S0. Importantly, upon each transition, the oxidation
state of at least one Mn atom in the Mn4CaO5 complex changes. [9] Eventually,
in the transition from the S3-state (via the intermediate S4-state) to the S0-state
the water-splitting reaction takes place with the consequent release of molecular
oxygen.

Although the sequence of reaction mechanisms in photosynthesis is understood
to some degree, the details on where and how exactly the water splitting reaction
is catalyzed in the Mn4CaO5 complex are hitherto unresolved and several mech-
anisms are discussed in the literature. [4, 5, 10] A mechanistic understanding of
the water-splitting reaction could inspire the design of sustainable energy sources.
These solutions could, in the future, be based on man-made photosynthetic sys-
tems. [1, 11, 12, 13, 14, 15, 16, 17]

1.2 X-ray Methods for Probing the Mn4CaO5

Complex

Understanding the water-splitting reaction in PS II requires detailed information
from two complementary perspectives on the Mn4CaO5 complex � the geomet-
ric structure and the electronic structure. Information on the changes in both
structural perspectives throughout the photocycle can help to build a complete
mechanistic picture of the water splitting reaction.

X-ray based methods are ideal to study the geometric and the electronic struc-
ture of a molecule. X-rays wavelengths on the order of 1Å (10−10 m) allow for
probing matter on the atomic scale. Moreover, X-ray spectroscopic techniques are
element-speci�c and sensitive to the electronic structure of the probed molecule.
This local atomic information is necessary to investigate the chemical interactions
during the water splitting reaction locally in the Mn4CaO5 complex.

This section gives an overview on important X-ray based techniques and on the
geometric and electronic structural information accessible with these techniques.
With this brief overview, X-ray absorption spectroscopy (XAS) at the Mn L-edge is
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singled out as directly sensitive to electronic structural properties of the Mn4CaO5

complex in PS II and the experimental challenges are lined out.

1.2.1 X-ray Di�raction � Geometric Structure

The �rst aspect, the geometric structure, is expressed by the relative nuclear
coordinates of the atoms in a molecule. Experimentally, the geometric struc-
ture of proteins, as prepared in a crystallized form, can be resolved with X-ray
di�raction (XRD) using high-brilliance X-ray sources. With XRD experiments
at storage-ring based synchrotron radiation (SR) sources, the structure of PS II
in the dark-adapted S1 state could be resolved. [18, 19] However, X-ray induced
sample damage can corrupt these measurements at storage-ring based sources due
to the ionizing nature of X-rays. [20, 21] At these sources, a clear dependence
of structural changes in the sample on the absorbed X-ray dose was observed.
[22, 23] The limitations set by dose-dependent sample damage were overcome
with the advent of ultrashort, intense X-ray pulses from X-ray free electron lasers
(XFELs), [24, 25] allowing to collect di�raction data of biological samples before
the mechanisms of X-ray induced sample damage take place. [26, 27, 28, 29]
Using this "di�ract-before-destroy" or also "probe-before-destroy" concept, [30]
damage-free high-resolution structures could be determined for PS II, recently, in
the dark-adapted S1 state, [31, 32, 33, 5] reveiling structural di�erences to the
data recorded at storage-ring SR sources. [19] Lately, X-ray di�raction data of PS
II in the two-�ash illuminated S3-state could be used to exclude a possible water
binding site at the Mn4CaO5 complex. [5] Most recently, X-ray di�raction data of
all meta-stable S-states of PS II and of two transient states in the S3 → S4 → S0

transition could be resolved. [10] At a spatial resolution of around ∼ 2Å these
data can be used to exclude possible reaction pathways for the water-splitting re-
action, as suggested earlier, [34, 4] and to suggest a possible site for the formation
of dioxygen at the Mn4CaO5 complex.

Optical pumping with sequences of visible laser �ashes [35] can, thus, be used to
prepare PS II in its metastable intermediate states. Structural di�erences were ob-
served in XRD data of several intermediate states [5, 36] and, recently, in transient
states during the water splitting reaction. [10] Conceptually, this demonstrates
the potentials of optical-pump X-ray-probe schemes for time-resolved studies of
the water-splitting reaction in PS II, using X-ray based methods.

1.2.2 X-ray Spectroscopy � Electronic Structure

Element-speci�c X-ray spectroscopic approaches can sensitively probe the local
electronic structure of transition metal complexes, [37] and several approaches
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have been used to study the electronic structure of the Mn4CaO5 complex in PS
II. [4] In this thesis, the term "electronic structure" comprises, in particular, the
metal oxidation states and the spin, as well as the interactions between Mn and
directly bound neighbouring atoms, the ligands.

An important experimental technique, that is explicitly not based on X-rays but
is often used to study the spin state of transition metal complexes and metallopro-
teins, is electron paramagnetic resonance (EPR) spectroscopy. [38] With respect
to the electronic structure of the Mn4CaO5 complex in PS II, these measurements
are limited exclusively to those intermediate states in the photocycle which can be
stabilized after freeze-trapping the protein (e.g. the S1- and S2-enriched states).
[39] Their interpretation requires advanced theoretical methods. [40, 41] Transient
states in the S3 → S4 → S0 transition cannot be freeze-trapped and are, hence,
inaccessible with EPR spectroscopy.

X-ray spectroscopy at the Mn K-edge, using hard X-rays, is a well established
technique to probe the metal-centered optical transitions to or from core-excited
states with a 1s core-hole. At the Mn L-edge, using soft X-rays, transitions to
or from core-excited states with a 2p core-hole can be probed. The simpli�ed
one-electron transitions characteristic for these methods are summarized in the
left and right hand sides of Figure 1.3, respectively. Typical transitions at the
Mn K-edge are probed with hard X-rays at photon energies of around ∼6.5 keV,
those probed at the Mn L-edge use soft X-rays with photon energies on the order
of ∼640 eV.

X-ray absorption spectroscopy (XAS) at the Mn K-edge probes the 1s → 4p
(1s → np) and the 1s → 3d transitions and is historically named the X-ray ab-
sorption near edge structure (XANES) [42] or the near edge X-ray absorption �ne
structure (NEXAFS). [43] In Mn K-edge XAS, the 1s→ 4p (1s→ np) transitions
are dipole-allowed and appear as a steep edge, the "main-edge". The 1s → 3d
transitions are quadrupole-allowed and typically appear as weak pre-edge features,
several eV below the main-edge and about two orders of magnitude less in intensity.
The absorption energy of the main-edge and the intensity of the pre-edge features
are sensitive to the Mn oxidation states: In the step-wise transition from the S0 to
the S3 intermediate states of PS II, the main-edge shifts to higher photon energies,
as the average Mn oxidation-state increases. [44] Moreover, the peak structure and
the intensity of the pre-edge feature is sensitive to the metal-ligand interactions.
[45] In pre-edge data of the intermediate S0 to S3 states of PS II, this pre-edge
peak showed pronounced intensity variations, pointing out to potential changes in
the coordination number, the ligand environment and Mn oxidation states. [4]
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Oscillations at the high-energy-side of Mn K-edge XAS are due to the extended
X-ray absorption �ne structure (EXAFS). [46] EXAFS measurements at the Mn
K-edge of the Mn4CaO5 complex provide detailed information on the metal-ligand
bond distances in the complex and can be used to augment the structural infor-
mation derived from XRD experiments. [47, 48, 49]

X-ray emission spectroscopy (XES) at the Mn K-edge probes the �uorescent
dipole transitions, �lling the 1s core-hole subsequently after X-ray absorption at
the Mn K-edge. Various groups of transitions can be probed with Mn K-edge XES
at di�erent spectral regimes. [50, 51] Kα1,2 XES probes the 2p → 1s transitions
and shows little spectral sensitivity to the local electronic structure of transition
metal complexes. [51] The Kβ1,3 and Kβ′ main lines probe the intense 3p → 1s
transitions, which show a distinct sensitivity to the electronic structure of 3d-
derived orbitals of transition metal complexes. [52, 51, 53] The energy splitting
between these lines is sensitive to the covalent character of the metal-ligand bonds
in transition metal complexes. [54] For the step-wise transition from the S1 to
the S3 intermediate states of PS II, a spectral red-shift on the order of 0.1 eV to
lower emission energies is observed in the Kβ1,3 line. [4] Subtle spectral shifts
in the Mn Kβ1,3 emission line of PS II in di�erent illuminated states could be
used to assign the Mn oxidation states in the Mn4CaO5 complex. [44] The least
intense Kβ2,5 and Kβ′′ emission lines probe the 3d→ 1s transitions. Remarkably,
this "valence-to-core" emission is the only XES approach that directly probes
the metal 3d-derived molecular orbitals: In 3d metal complexes, these emission
lines show a pronounced sensitivity to the metal-ligand interactions. [55, 56, 57]
However, with the experimental approaches available today, probing Kβ2,5 and
Kβ′′ XES of PS II is at the limit of the experimental feasibility, as caused by the
weak intensity of these emission lines, about three orders of magnitude weaker
than the main lines. [50]

Combined XES data for variable resonantly absorbed photon energies at the
Mn K-edge is known as "resonant inelastic X-ray scattering" (RIXS). The energy
transfer in 1s2p RIXS, determined from the 1s → 3d absorption energy and the
2p → 1s emission energy provides two-dimensional spectral information. For 3d
metal complex with n electrons in its 3d-derived orbitals, the net transitions from
the 3dn RIXS initial states to the 2p53dn+1 �nal states are comparable to those
probed with L-edge X-ray absorption spectroscopy. [50, 58, 59] For Mn oxides,
a spectral blue-shift by 1-2 eV is observed in these "quasi-L-edge" spectra upon
increase in the Mn oxidation states. [60] Similar spectra measured on solid pellets
of PS II in the S1 and the S2-states are roughly consistent with the spectral shift
determined from the oxide spectra. However, little changes are observed in the
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Figure 1.3: Simpli�ed one-electron transitions for di�erent methods in X-ray ab-
sorption spectroscopy (XAS) and X-ray emission spectroscopy (XES)
at the Mn K-edge (where hard X-rays are employed) and at the Mn
L-edge (where soft X-rays are used). Dipole transitions are drawn as
solid and quadrupole transitions as dashed lines. Figure inspired by
ref. [61].

spectra upon S1 − S2 transition.

X-ray absorption spectroscopy at the Mn L-edge probes the Mn-centered 2p→
3d transitions to the metal 3d-derived molecular orbitals. A simpli�ed picture of
the L-edge XAS and XES transitions is shown on the right hand side of Figure
1.3): The Mn-centered electron con�guration in the ground state is 2p63dn and
2p53dn+1 in the �nal states of L-edge XAS:

2p63dn → 2p53dn+1 (1.3)

The scheme in Figure 1.3 includes a separation of the transitions in Mn L-edge XAS
the Mn L3- and L2-edge features, split by around 10 eV due spin-orbit coupling
in the 2p core-hole. [62] The 2p core hole states can decay via Mn Lα,β X-ray
�uorescence emission

2p53dn+1 → 2p63dn

to the 2p63dn ground state and to valence excited (2p63dn)∗ states. Inversely to
the Mn L3- and L2-edge features the �uorescence decay splits into Mn Lα and Mn
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Figure 1.4: Experimental Mn L-edge X-ray absorption spectra of various MnII-,
MnIII- and MnIV-complexes, measured by Cramer et al. on solid state
samples. Adapted with permission from Cramer et al., J. Am. Chem.
Soc. 113, 21, 7937-7940 (1991). [63] Copyright (1991) American Chem-
ical Society.

Lβ transitions due to due spin-orbit coupling in the 2p shell.

Mn L-edge XAS has several advantages over the Mn K-edge spectroscopies.
First, in L-edge XAS of 3d transition metals, a core-electron is excited directly
into the metal 3d-derived orbitals. This renders L-edge XAS of transition metal
complexes to be particularly sensitive to the oxidation state, [63, 64, 65] the spin
state [66] and the metal-ligand interactions [62, 67, 68, 69, 70, 71] at the probed
metal centers. This spectral sensitivity is illustrated in Figure 1.4 with a pivotal
study of the electronic structure of Mn compounds in the solid phase, probed with
Mn L-edge XAS. [63] The most prominent observation in these spectra is a distinct
spectral shift by 1-2 eV for increasing Mn oxidation states.
Second, the homogeneous broadening of the spectral features due to the core-

hole life-time is around seven times smaller at the Mn L3-edge [72] than at the Mn
K-edge and (around two times smaller at the Mn L2-edge). [73] This allows for a
signi�cantly better separation of the spectral features in Mn L-edge XAS than in
Mn K-edge XAS. This is illustrated in Figure 1.5 with the comparison of the Mn
K pre-edge and the Mn L3-edge absorption features of a MnII complex. [63]
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Figure 1.5: Superimposed X-ray absorption spectra of MnIICl2 in the Mn K pre-
edge region (1s → 3d transitions) and in the Mn L3-edge region
(2p→ 3d transitions). The energy axis of the K-edge data is shifted ar-
bitrarily. Adapted with permission from Cramer et al., J. Am. Chem.
Soc. 113, 21, 7937-7940 (1991). [63] Copyright (1991) American Chem-
ical Society.

Third, the 2p→ 3d transitions in Mn L-edge XAS are dipole-allowed and have,
hence, larger X-ray absorption cross sections than the dipole-forbidden 1s → 3d
transitions at the Mn K pre-edge.

1.3 Mn L-edge X-ray Absorption Spectroscopy

(XAS) of Photosystem II

The key objective of the work presented in this thesis is to establish an exper-
imental approach to Mn L-edge XAS of the Mn4CaO5 complex in PS II � in
solution and at room temperature and without the in�uence of X-ray induced
sample damage. Pivotal results with �rst L-edge XAS spectra of photosystem II
are discussed in Paper I. [74] The key challenges of this experiment are outlined
below and will be addressed with a discussion of the experimental approach in
chapter 2 and with the seminal results of this project in chapter 3.

A predominant challenge to be addressed is whether and how it is possible to
realize L-edge XAS of dilute Mn in PS II samples with a su�cient signal-to-noise
ratio. The particular challenge herein lies in the exceptionally low Mn concen-
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tration of less than 1mM. Consequently, the probability for an X-ray photon,
absorbed in a PS II sample, to be absorbed at the Mn L-edge is on the order of
only 10−5 to 10−4 (for comparison, that of O K-edge absorption is on the order of
∼ 1). This requires an advanced detection scheme for Mn L-edge XAS of PS II.
Experimental detection of Mn L-edge XAS can be achieved with at least

three approaches: Transmission-detected XAS, electron-yield detected XAS and
�uorescence-yield detected XAS. The latter is herein used for Mn L-edge XAS
of PS II and is brie�y termed �uorescence-detected XAS. Simpli�ed one-electron
transitions, relevant for the three approaches, are illustrated with Figure 1.6.
Each approach has its characteristic advantages and disadvantages, in particular
for measuring XAS of dilute samples in the liquid phase.

In transmission-detected XAS (Figure 1.6A), the sample is placed in the X-ray
beam and the transmitted �ux is measured as a function of the incident photon
energy. Transmission cells, based on X-ray transmissive membranes, [75] can
be used for transmission-detected XAS of liquid samples. With this approach,
however, X-ray induced damage to the probed metal complexes cannot be ex-
cluded, as studied in Paper II [76] with the X-ray induced reduction of a MnIII

complex. Modern liquid �atjet techniques [77] overcome this limitation. With
this approach, in Paper III [78] damage free L-edge XAS spectra of metal
complexes in solution were studied in transmission-detected mode. As discussed
in that paper, using the �atjet approach to measure Mn L-edge XAS of PS II in
solution would pose serious experimental challenges and has not been done to date.

Electron yield-detected XAS (Figure 1.6B) is often used to measure metal
L-edge XAS of solid samples. [63, 64, 68, 69, 79] In principle, the element-speci�c
energy of the electrons emitted upon X-ray absorption could be used to spectrally
separate the Mn-speci�c signal. The e�ciency of the Auger decay of 2p core
hole states is close to one. [80] However, the short free path of the emitted
electrons limits the layer from which electrons can escape the sample to only a few
nanometers. [81] As the probing X-ray photons are absorbed on a larger length
scale of ∼ 1µm, the "sample-averaged" quantum yield in electron yield-detected
XAS is reduced by two to three orders of magnitude from the atomic value.

The approach used in Paper I to detect Mn L-edge XAS of the Mn4CaO5

complex in PS II is the �uorescence-detected mode (Figure 1.6C). In this detec-
tion mode, the intensity of Mn Lα,β �uorescence photons, emitted upon core-hole
decay after X-ray absorption at the Mn L-edge, is recorded as a function of the
incident photon energy. This �uorescence intensity provides a measure for the
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Figure 1.6: In transmission-detected Mn L-edge XAS (A), a detector placed behind
the sample records dips in the X-ray transmission. The core-excited
state decays via emission of (B) an Auger electron or (C) a soft X-ray
�uorescence photon (Mn Lα,β decay); electron yield (B) and �uores-
cence yield (C) can be used to measure the absorption strengths at
the Mn L-edge. (D) Ionization of oxygen produces O Kα �uorescence,
concurring with the Mn Lα,β �uorescence.
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"absorption intensity" in �uorescence-detected Mn L-edge XAS.

Critical challenges in the detection of this Mn Lα,β �uorescence signal from
PS II are the low Mn concentration in the (sub-) millimolar regime and the
overwhelming background of O Kα photons, emitted upon O K-edge ionization
in the sample (Figure 1.6D). In Paper I, a dedicated �uorescence spectrometer,
based on re�ection zone plates, [82, 83] is employed to address these challenges.
This spectrometer is introduced in chapter 2 of this thesis. It is optimized to
spectrally separate the Mn Lα,β �uorescence (∼640 eV photon energy) from the O
Kα background (∼525 eV photon energy) at an unprecedented collection e�ciency
for detecting the Mn Lα,β photons. The results of these experiments are discussed
in chapter 3.

Furthermore, sample damage to the radiation sensitive PS II protein can severely
modify the electronic structure of the Mn4CaO5 complex. [84, 85] Following the
"probe-before-destroy" concept, introduced previously, [30, 26, 86] ultrashort
X-ray pulses from an XFEL source are employed to probe the spectra before the
onset of dose-dependent sample damage. However, at the high X-ray �uences and
intensities available at the XFEL source, exact protocols are required to avoid
X-ray nonlinear e�ects and the multiple absorption of photons. Mechanisms and
thresholds for X-ray induced sample damage are therefore discussed in chapter 3.

A last, technical challenge lies in the demand for probing PS II in aqueous
solution and at room temperature in order to facilitate the water-splitting reac-
tion. Owing to small sample volumes available of PS II in solution, continuous
replenishment of the sample is realized with a liquid jet, optimized for low sample
consumption. [87]

1.4 L-edge XAS and the Electronic Structure of 3d

Metal Catalysts

A fundamental question in the study of the Mn4CaO5 complex with L-edge XAS is
how its electronic structure is re�ected in speci�c observables of the spectrum. In
Papers III, IV [78, 88] and V, [89] this question is addressed with a systematic
study of mononuclear transition metal complexes in solution. In these studies, the
spectral shape, the absorption cross sections and absorption energies in L-edge
XAS are correlated with the metal oxidation state, the spin and with metal-ligand
interactions.
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Figure 1.7: E�ect of the metal-ligand interactions on the relative Mn 3d orbital
energies and the spin-state, here for ionic MnII (A, B) in an octahedral
and (C, D) in a tetrahedral coordination symmetry. Complexes with
weak ligand-�elds have a high-spin, those with strong ligand-�elds have
a low-spin con�guration.

The complexity of this problem is illustrated with Figure 1.7, using ligand-�eld
(originally crystal-�eld) theory [90] to approximate the relative energy and occu-
pation number of the metal 3d orbitals � here for ionic MnII in the ground state.
In a free ion, the �ve 3d orbitals of MnII are degenerate and singly occupied.
According to Hund's rules, parallel spins are preferred and the net spin of MnII

is 5/2. (Figure 1.7B) In the presence of an octahedral (Figures 1.7A-B) or a
tetrahedral metal-ligand symmetry (Figures 1.7C-D), the ligand-�eld 10Dq splits
the 3d orbitals into two groups of three and two degenerate orbitals, respectively.
Depending on the metal-ligand interactions (here represented by the ligand-�eld
10Dq), high-spin or low-spin con�gurations are energetically favourable, as illus-
trated in Figure 1.7. Thus, the metal oxidation-state (de�ned by the 3d occupation
number), the spin and the metal-ligand interactions are sensitively correlated.

In the �nal states of Mn L-edge XAS, the many-electron interactions in the
presence of a 2p core hole lead to manifolds of �nal state con�gurations. This
requires advanced theoretical approaches for the correct description of these �nal
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states and to disentangle the in�uence of the electronic structure on a Mn L-edge
XAS spectrum. In chapter 4, therefore, the semi-empirical crystal-�eld multiplet
(CFM) [91, 66, 92, 62] and charge-transfer-multiplet (CTM) [68, 69, 70, 71] as well
as the ab-initio restricted active space (RAS) approach [93, 94, 95] are employed
for the combined experimental and theoretical L-edge XAS studies published in
Papers III and IV.

To unravel the in�uences that shape Mn L-edge XAS spectra, a systematic series
of mononuclear transition metal complexes (i.e. with a single metal center) is
investigated with L-edge XAS in Papers III, IV and V. The oxidation-state and
the spin of the metal center is systematically varied with the number of electrons
n in the metal 3d-derived orbitals, in order to study their e�ect on the spectra. To
reduce the complexity of the comparisons, only high-spin complexes are studied
in this thesis. The in�uence of the metal-ligand interactions on the spectra is
investigated with a variation of the metal-ligand geometry from octahedral to
tetrahedral coordination geometry, where six and four ligand atoms are bound to
the metal center, respectively (see Papers III, IV and V).
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2 New Approach to

Fluorescence-Detected L-edge

X-ray Absorption Spectroscopy

Measuring �uorescence-detected L-edge XAS of dilute metalloprotein samples re-
quires the e�cient separation of the metal �uorescence from the overwhelming
�uorescence background of light elements in the sample. For L-edge XAS of the
Mn4CaO5 complex in PS II, this is realized with a dedicated spectrometer, based
on re�ection zone plates. [82, 83] This spectrometer is herein referred to as the
zone plate spectrometer. In this chapter, the working principles of this spectrom-
eter are discussed and its unprecedented detection e�ciency is compared to other
concepts to energy-resolving �uorescence detection in the soft X-ray regime.

2.1 Spectrometer for Mn L-edge XAS of

Photosystem II

2.1.1 Experimental Design

Figure 2.1 summarizes the important parts of the experimental design used in
Paper I for probing �uorescence-detected Mn L-edge XAS of PS II in solution.

Photosystem II in solution and at room temperature is delivered by an "electro-
spinning" liquid jet system [87]. The liquid jet system provides the ambient
conditions, required for probing the water-splitting reaction in PS II � i.e. an
aqueous solution environment at room temperature. This injection method allows
for continuous sample replenishment in the X-ray interaction region while sample
consumption is kept at an exceptionally low rate on the order of 1µl/min. This
low consumption rate is important, since the production of photosystem II sample
is highly time-consuming (preparation of a few ml of sample requires several weeks
of time [96]); For example, with a �ow rate of ∼ 1µl/min, only a few ml of sample
are required for 60 hours of beam time. An alternative liquid jet system, the gas
dynamic virtual nozzle (GDVN) injector [97] has a ten-fold higher consumption
rate and was used for probing transition metal complexes in solution, as published
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Figure 2.1: Experimental setup for �uorescence-detected Mn L-edge X-ray absorp-
tion spectroscopy of photosystem II in solution and at room tempera-
ture. The liquid sample injector continuously replenishes the liquid
sample. The X-ray free-electron laser (XFEL) provides soft X-ray
pulses with durations on the order of 100 fs. A monochromator scans
the X-ray photon energy incident on the sample. A re�ection zone
plate (RZP) spectrometer detects the Mn Lα,β-�uorescence yield on a
CCD detector. Green arrows mark the (optional) optical lasers used
to illuminate photosystem II. Adapted from Paper I, Structural Dy-
namics 4, 054307 (2017), with the permission of AIP Publishing.

in Papers I and V.

Fiber-coupled optical lasers (green arrows in Figure 2.1) illuminate the PS II
sample and allow for probing PS II sample in di�erent intermediate states of the
Kok- or photocycle of PS II (see Figure 1.2). With this, PS II can be prepared
in the S1- or dark-adapted state, in the S2-enriched (one laser �ash), in the
S3-enriched state (two laser �ashes) and in the S0-enriched states (three �ashes,
not shown). For probing di�erent time points in the water-splitting reaction, i.e.
in the S3 → S4 → S0-transition, PS II can be prepared in-situ with a time-delayed
optical laser pulse, focused on the X-ray interaction region (not shown).

Mn L-edge XAS of PS II is measured at the soft X-ray instrument (SXR) [98, 99]
of the Linac Coherent Light Source (LCLS) X-ray Free-Electron Laser (XFEL)
[24, 100]. An X-ray monochromator is used for selection of a small spectral
bandwidth, su�ciently small for resolving the features of an X-ray absorption
spectrum (typically 0.4 eV), and for scanning the incident photon energy over the
Mn L-edge spectral region (635-660 eV). The LCLS XFEL provides femtosecond
X-ray pulses to probe the sample free from X-ray induced sample damage, in
a probe-before-destroy approach. The high average photon �ux on the order of
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Figure 2.2: Photograph of the zone plate spectrometer, used for �uorescence-
detected Mn L-edge X-ray absorption spectroscopy. Technical features
are assigned. The X-ray beam axis points out of the paper plane (blue
circle mark).

around 1012 to 1013 photons/s is su�cient to reach the experimental photon count
rates from the dilute PS II sample.

The Mn Lα,β �uorescence yield, emitted from the sample a few femtoseconds
after X-ray absorption, is detected by a dedicated soft X-ray spectrometer. It
employs re�ection zone plates (RZPs), designed for separating the Mn Lα,β
(hν ∼640 eV) from the predominant O Kα �uorescence (hν ∼525 eV) in the neg-
ative �rst (−1st) di�raction order and for focusing the Mn Lα,β �uorescence on a
charge-coupled device (CCD) detector. The X-ray �uorescence re�ected by the
RZP optics in the 0th order is captured simultaneously by the CCD and is used
for signal normalization.

A photograph of the spectrometer is shown in Figure 2.2. The device consists of
the following elements; The vacuum-tight housing, a turbo-molecular pump and
a pneumatic valve keep the interior of the spectrometer at ultrahigh vacuum con-
ditions, which allow for absorption-free transmission of the soft X-rays and which
protect the cryogenic CCD detector. The entrance window carries a motorized
mount to position either an aluminum (Al) �lter (for blocking visible light) or a
plate with two pinholes (for aligning the spectrometer) in front of the aperture
at the spectrometer entrance. The re�ection zone plates are etched into a �at
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Figure 2.3: Topology of a single re�ection zone plate (RZP), as used in the zone
plate spectrometer. The RZPs were optimized by J. K. Rehanek
(Helmholtz-Zentrum Berlin [101]) and H. Löchel (Helmholtz-Zentrum
Berlin [102]) for di�raction in the−1st di�raction order and for focusing
the Mn Lα,β-�uorescence (hν ∼640 eV, emitted from the source point
S) in the plane of the CCD detector (purple *-sign). In this plane, the
O Kα-�uorescence (hν ∼525 eV) is unfocused and separated from the
Mn Lα,β-signal. The 0th order (re�ection) is partially captured by the
detector. Optical parameters are given in Table 2.1.

silicon wafer (visible in Figure 2.2). The CCD detector (ANDOR iKon L) records
the soft X-ray �uorescence with a quantum e�ciency of 90 % and at a spatial
resolution down to the pixel size of 13.5µm.

The re�ection zone plates were designed and fabricated in the Institute for
Nanometre Optics and Technology at the Helmholtz-Zentrum Berlin. [101, 102]
The topology of a single RZP element in the spectrometer is shown schematically
in Figure 2.3. Small angles of incidence ("grazing" incidence) and di�raction in the
negative �rst (-1st) order were chosen to optimize the di�raction e�ciency. Along
its optical axis each RZP is a re�ective di�raction grating with variable line spacing
(VLS) geometry. [83] The alternating depth pro�le of an RZP, sketched in Figure
2.3, is derived from a two-dimensional cut through a stack of confocal ellipsoids.
[101, 102] The geometry parameters assigned in Figure 2.3 are detailed in Table
2.1 for three incremental designs of RZP optics. The di�erences between these de-
signs are illustrated in Figure 2.4, representing arrays of three RZPs ("RZP3", ref.
[82]), forty ("RZP40", ref. [83] and Paper I) and one hundred RZPs ("RZP100",
Papers I and V), arranged on a single optical element.
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Table 2.1: Geometry parameters for three re�ection zone plate (RZP) designs, em-
ployed in the zone plate spectrometer. Parameters are provided by
courtesy from H. Löchel (Helmholtz-Zentrum Berlin, 2017). [102]

Setup "RZP 3" [82] "RZP 40" [83] "RZP 100" [74]

d (mm) 90 90 90
h (mm) 3.4 3.4 3.4
L (mm) 80 80 80
f (mm) 400 400 400
bmax (mm) 9 14 14
E�. coverage 90 % 96 % 96 %
be� (mm) 8.1 5.0 7.3
α 2.2◦ 2.2◦ 2.2◦

αmin / αmax 1.5◦ / 3.9◦ 1.5◦ / 3.9◦ 1.5◦ / 3.9◦

β 1.0◦ 1.0◦ 1.0◦

βmin / βmax 0.9◦ / 1.1◦ 0.9◦ / 1.1◦ 0.9◦ / 1.1◦

Figure 2.4: Schematic of three arrangements of re�ection zone plates (RZPs) on
a single optical element. The white stripes in (B) an (C) are due
to intentionally missing RZP-structures, used for alignment purposes.
Geometry parameters of the three designs are given in Table 2.1 (cf.
also Figure 2.3).
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2.1.2 E�ciency of Fluorescence Yield Detection

Due to the low Mn concentrations in photosystem II, the demand for an utmost
collection e�ciency of the zone plate spectrometer with respect to the detection
of Mn Lα,β photons is substantial for successfully measuring L-edge XAS of the
Mn4CaO5 cluster in PS II. This section is therefore devoted to the detection
e�ciency of this spectrometer.

Table 2.2 summarizes the details necessary for quantifying the overall e�ciency
of the zone plate spectrometer with respect to the detection of Mn Lα,β photons.
This e�ciency is estimated with

ηtot = Ωe�./4π × ηRZP × ηCCD × T(Al)× ηap. (2.1)

as detailed in the following. ηtot is the product of several factors, contributing to
the total e�ciency of the instrument; �rst, the e�ective solid angle Ωe�. "observed"
by the instrument, divided by the full solid angle 4π; second, the di�raction ef-
�ciency ηRZP of the zone plates for Mn Lα,β �uorescence in the −1st di�raction
order (measured values provided by courtesy of H. Löchel, Helmholtz-Zentrum
Berlin, 2017); [102] third, the detection e�ciency of the CCD to soft X-ray
photons, ηCCD; next, the transmission T(Al) of a 211 nm aluminum foil at the
spectrometer entrance; last, an estimated factor ηap. accounting for the optical
clipping by entrance aperture of the spectrometer (see Figure 2.2). Depending on
the experimental conditions, this optical clipping can be intentionally varied to
control the illuminated area on the RZP optics and, thus, the spectral separation
of the Mn Lα,β and O Kα signals on the CCD. With the present technical capa-
bilities, the exact magnitude of the factor ηap. cannot exactly be quanti�ed, but
is estimated to range between 0.3 and 1, depending on the experimental conditions.

As shown in Table 2.2, the main di�erences between the designs are the number
of RZPs on the substrate (ranging from three to 40 to 100), the pro�le depth (con-
stant or variable, where the latter shows an improved di�raction e�ciency) and
the size of the detector (one or two equivalent CCDs). The latter determines how
many focal spots of the RZPs are captured by the CCD detector and, thus, whether
and by how much the e�ective solid angle is reduced. Combining all information
from Table 2.2, the overall e�ciency of each design can be estimated with equation
(2.1). The largest overall detection e�ciency is found for the design named "RZP
100", estimated between ∼ 1×10−5 and ∼ 4×10−5 (0.001%−0.004%), depending
on the uncertain magnitude of ηap. due to optical clipping at the entrance aperture.

Essentially, with the spectrometer e�ciency ηtot in Table 2.2 the count rate
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Table 2.2: E�ciency of the zone plate spectrometer for Mn Lα,β �uorescence yield
detection. Optical clipping at the entrance aperture is estimated with
ηap, the measured di�raction e�ciency of the zone plates is provided
with courtesy by H. Löchel (Helmholtz-Zentrum Berlin, 2017). [102]
The e�ective solid angle Ωe�. for Mn Lα,β �uorescence detection is cal-
culated with Table 2.1. The total e�ciency of the spectrometer is then
calculated with ηtot = Ωe�./4π × ηRZP × ηCCD × T(Al) × ηap, using the
estimated minimum and maximum values of ηap.

Setup RZP 3 [82] RZP 40 [83] RZP 100 [74]

Entrance
T(Al-�lter, 211 nm) [103] 80% 80% 80%
Aperture: ηap 30-100% 30-100% 30-100%

Zone Plate Optics
Number of RZPs 3 40 100
Coating [101] Ni Ni Ni
Pro�le depth constant constant variable
Exp. e�ciency ηRZP [102] 13.3± 1.3% 15.4± 1.5% 20.3± 2.0 %

E�ective solid angle
∆α (mrad) 42 42 42
Foci on CCD / RZPs 3/3 15/40 54/100
∆γe� (mrad) 100 160 160
Ωe�. = ∆α ·∆γe� 3.8× 10−3 sr 2.3× 10−3 sr 3.4× 10−3 sr
Ωe�./4π 3.0× 10−4 1.8× 10−4 2.7× 10−4

Detector
Number of CCDs 1 CCD 1 CCD 2 CCDs
Size (mm2) 27×27 27×27 54×27
E�ciency ηCCD ∼90% ∼90% ∼90%

Total e�ciency
ηtot(ηap = 1) (2.9± 0.3)× 10−5 (2.1± 0.2)× 10−5 (3.8± 0.4)× 10−5

ηtot(ηap = 0.3) (8.6± 0.9)× 10−6 (6.2± 0.7)× 10−6 (1.2± 0.2)× 10−5
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Φdet for the detection of Mn Lα,β �uorescence photons can be estimated for the
experimental conditions used to probe Mn L-edge XAS of PS II (cf. Paper I):

Φdet ≈ Φ0 × ηtot × (Pabs × Pemis × Pesc)× ηjet (2.2)

Here, Φ0 is the incident photon �ux and ηtot is the spectrometer e�ciency. Pabs
is the probability for the absorption of an X-ray photon at the Mn L-edge, Pemis
is the probability for the subsequent emission of a �uorescence photon and Pesc
is the "sample-averaged" escape probability. Pabs, Pemis and Pesc are estimated in
Appendix A with refs. [104, 103, 80] for a the concentrations in a typical PS II
solution sample.

The factor ηjet is a geometric factor, that accounts for the relative sizes of the
X-ray focus and the liquid jet. Its meaning can be discussed with the following
cases, as illustrated by Figure 2.5. (A) If the diameter djet of the liquid jet is
smaller than the horizontal width H of the X-ray focus (FWHM), djet � H, a
good approximation is ηjet ≈ djet/H. In this case, spatial instabilities most often
do not have an e�ect on the hit rate of X-ray photons on the liquid jet. (B)
djet ≈ H, the factor is roughly ηjet . 1. However, if in this case the liquid jet is
spatially unstable, large amounts of incident photons can miss the liquid jet and
the e�ective value of ηjet needs to be reduced accordingly. (C) If djet � H, a good
approximation is ηjet . 1. In this scenario, a potentially unstable operation of the
liquid jet has mostly no e�ect on the photon hit rate.

With equation (2.2), the Mn Lα,β count rates expected for Mn L-edge XAS
of PS II can be estimated for the experimental conditions used in Paper I

(Φ0 ∼ 5 × 1012 photons/s, c(Mn)∼0.8mM and ηjet . 1). For the most e�cient
spectrometer design, RZP100, the expected "o�-peak" count rate is estimated up
to 4−16 photons/s (assuming absorption cross sections of σMn L ∼ 1Mb= 10−22 m2

) and up to 40−160 photons/s "on-peak" for the Mn L3-edge maximum (assuming
σMn L ∼ 10Mb; cf. Paper III). These estimates suggest the potential feasibility of
measuring �uorescence-detected Mn L-edge XAS of PS II with the herein presented
approach. In chapter 3, this is qualitatively substantiated with the experimental
results in Paper I.

2.1.3 Data Analysis and Established Count Rates

In this section, examples of how the Mn Lα,β �uorescence yield is extracted from
the data recorded with the zone plate spectrometer are discussed and experimental
count rates are established. As for resolving the low Mn Lα,β signal amplitudes
the reduction of noise sources is of utmost importance, methods implemented
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Figure 2.5: Relative sizes of liquid jets (orange; diameter djet) and X-ray foci (blue;
width H, FWHM) in �uorescence-detected XAS of liquid samples at
di�erent X-ray light sources. (A, B) Typical conditions for probing
liquid sample in a gas dynamic virtual nozzle (GDVN) jet [97]; see
conditions in Paper V for (A) and Paper I for (B). (C) Conditions
for probing PS II in a cone-shaped "electro-spinning" jet [87] at an
XFEL source; see conditions in Table 1 of Paper I. Dashed yellow
lines mark the typical range of liquid jet instabilities.

for noise reduction are discussed in this section. The relevance of normalizing
this �uorescence yield signal to variations in the incident X-ray �ux is addressed.
These aspects are substantiated with two representative experimental data sets,
recorded with the zone plate spectrometer.

The �rst data set (Exp.1 ) of a Mn2+
aq. sample with a comparably high Mn

concentration of 500 mM was measured at a �ux-stable soft X-ray beamline (U49-
2_PGM1) of the storage-ring SR source BESSY II. The experimental conditions
are similar to those published in Paper V. The second data set (Exp.2 ) of a
comparably dilute MnIV3 CaO4 sample with a Mn concentration of 6 mM was
measured at the soft x-ray instrument (SXR) of the LCLS X-ray Free-Electron
Laser. This data is an excerpt of the full data used for the MnIV3 CaO4 spectrum
published in Paper I (see Table 1 of Paper I for the experimental conditions).
In both experiments, the liquid jet with a diameter of djet ∼ 5 − 10µm and a
�ow rate of ∼ 10µl/min was injected with a gas dynamic virtual nozzle (GDVN).
[97, 105] In both experiments, the zone plate spectrometer was used with the
optics of the RZP100 design, once with a single CCD (Exp.1 ) and once with
two CCD detectors (Exp.2 ). The experimental parameters of Exp.1 and Exp.2
relevant for the following discussions are compared in the top part of Table 2.3.

Fluorescence-detected Mn L-edge XAS is recorded in a stepwise scan of the
photon energy of the incident X-rays, using an X-ray monochromator based on
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Table 2.3: Comparison of experimental conditions for data sets Exp.1 and Exp.2,
as discussed in the main text, and of experimental and expected Mn
Lα,β count rates. Expected count rates are estimated with equation
(2.2) and Appendix A, where Pabs × Pemis × Pesc is calculated for the
experimental concentrations.

Exp.1 Exp.2

Experimental conditions
Sample Mn2+

aq. MnIV3 CaO4

c(Mn) 500mM 6mM
Liquid jet injector GDVN [97] GDVN [97]
Jet diameter djet 5-10µm 5-10µm
Jet �ow rate ∼10µl/min ∼10µl/min
X-ray source BESSY II (SR) LCLS (XFEL)
X-ray focal width H (FWHM) 100µm 12µm
Photon �ux Φ0 5× 1012 ph/s 5× 1012 ph/s
Estimated jet hit rate ηjet 0.05− 0.1 0.5− 1

Experimental FY count rates
PFY(Mn Lα,β), "on-peak" 90 ph/s (=45×2) 30 ph/s
PFY(O Kα) 400 ph/s (=200×2) 1500 ph/s
TFY(0th order) 4800 ph/s (=2400×2) 5000 ph/s

Estimated: Mn Lα,β "on-peak"
σMn L(Mn) ∼ 10Mb ∼ 10Mb
Pabs × Pemis × Pesc [c(Mn)] 4.6× 10−4 6.2× 10−6

ηtot (RZP100, for 2 CCDs) 1− 4× 10−5 1− 4× 10−5

Expected PFY(Mn Lα,β) "on-peak" 1100-9200 ph/s 150-1200 ph/s
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a motorized optical grating and a narrow slit for spectral selection. For each
scan step, a CCD image is recorded with the zone plate spectrometer. Typical
integration times are on the order of ∼ 10 s per step. (For comparison, the
readout time of the detector is around ∼ 1 s). A �uorescence-detected Mn L-edge
XAS spectrum is then the (normalized) integrated Mn Lα,β �uorescence intensity,
shown as a function of the incident photon energy.

For data set Exp.1, Figure 2.6A shows the integrated X-ray �uorescence inten-
sity, as recorded by the CDD detector, averaged over the Mn L3-absorption maxi-
mum (FWHM). (The color scale shows the number of X-ray photons detected for
each 4× 4-binned pixel of the CCD). Figure 2.6B shows the sum-projection of the
CCD image onto the dispersive axis of the spectrometer, the z-axis.
The vertical row of intense spots in Figure 2.6A (peak feature in Figure 2.6B)

at z ∼ 8mm is the Mn Lα,β �uorescence, focused by an array of parallel re�ection
zone plates, where each spot is the focus of a single RZP (−1st di�raction order).
The broad features at z ∼ 5mm are due to mostly unfocused O Kα �uorescence
(−1st di�raction order), spectrally separated from the Mn Lα,β �uorescence. The
broad structures between z ∼ 15 and 22.5mm are due to all X-ray photons, re-
�ected in the 0th-order by the RZP substrate. The intense line features in the 0th

order signal (y ∼ 6mm and y ∼ 25mm) are due to an increased re�ectivity in the
unstructured parts of the RZP substrate. The shape and position of these stripes
is used for a reliable, three-dimensional alignment of the zone plate spectrometer.

For data set Exp.2, Figure 2.7 shows the two CCD images from the double-CCD
detector (B, C) and their vertical projections (A, D), as averaged over the ab-
sorption maximum of the Mn L3-edge (FWHM). The overall shape of the signals
is similar to that shown in 2.6. However, in this con�guration the line features in
the 0th order appear separately on the two CCD panels, centered symmetrically
with respect to the single-CCD con�guration. The double-CCD detector captures
twice as many RZP foci, providing a larger solid angle Ωe�.

Three important di�erences are observed in the comparison of the CCD images
for Exp.1 and Exp.2. First, the signal intensity of the Mn Lα,β �uorescence relative
to the O Kα signal is smaller in Exp.2 than in Exp.1 ; these di�erences in relative
and absolute count rates are consistent with the relative sample concentrations in
Exp.1 and Exp.2, as discussed in the following paragraph. Second, the separation
between the Mn Lα,β and O Kα �uorescence spots on the CCD is smaller in Exp.2
than in Exp.1, coinciding with an about ∼ 30% larger area illuminated by the
0th order; these joint observations can be consistently explained with a larger
illuminated area on the RZP optics in Exp.2 due to a di�erent aperture (position)
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Figure 2.6: (A) CCD image of data set Exp.1, averaged over the L3-edge absorption
maximum (FWHM) of 500 mMMn2+aq. in aqueous solution, measured at
a storage-ring synchrotron radiation source. The axes are labeled in the
coordinate system introduced in Figures 2.3 and 2.2. (B) Projection
of (A) along the y-axis. Data is shown in units of photons per second
and pixel (column).
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Figure 2.7: (B, C) CCD images of data set Exp.2, averaged over the L3-edge
maximum (FWHM) of 6mMMnIV3 CaO4 in solution, measured at an X-
ray Free-Electron Laser. Panels (A) and (D) are projections of (B) and
(C), respectively. This data set is an excerpt of the data, corresponding
to the MnIV3 CaO4 spectrum in Paper I.
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at the spectrometer entrance. Third, the average size of the Mn Lα,β focal spots
is smaller in Exp.2 than in Exp.1 ; this correlates with the smaller X-ray focus in
Exp.2 and will be discussed further down in this chapter.

As a consistency check, it can be instructive to compare the experimental count
rates in these two data sets to those expected from the estimates in the preceding
section. The experimental count rates extracted from data sets Exp.1 and Exp.2
are listed in the middle part of Table 2.3. In this table, the count rates extracted
from Exp.1 are multiplied by 2 in order to correct for the number of CCD detectors
(only one CCD was used in Exp.1 ). These (CCD-corrected) count rates, extracted
"on-peak", i.e. at the absorption maximum of the Mn L3-edge, are PFY(Mn
Lα,β)∼90 photons/s for Exp.1 and PFY(Mn Lα,β)∼30 photons/s for Exp.2. At �rst
sight, the factor of 3, separating the count rates of the two examples, seems not
to re�ect the 83 times higher concentration in Exp.1. For a realistic comparison,
however, several di�erences with respect to the experimental conditions in Exp.1
and Exp.2 need to be accounted for. These conditions are included in calculation
of the "expected" count rates, retrieved with equation (2.2) and Appendix A. The
results of these estimates are listed in the bottom part of Table 2.3. The count
rates, thus, calculated for Exp.1 and Exp.2 di�er by a relative factor of 7 − 8,
which agrees with the experimental ratio to within a factor of 2. This agreement is
acceptable for the uncertainties given in these estimations. However, the absolute
values of measured and estimated count rates di�er by a factor of 10 − 100 for
Exp.1 and by a factor of 5− 40 for Exp.2.
Possible reasons for this overestimation of the experimental count rates could

be a combination of the following: A systematic overestimation of the liquid jet
thickness with respect the X-ray beam and hence of ηjet, potential instabilities
of the liquid jet which are not accounted for in the purely geometric estimate
for ηjet, an overestimation of the aperture transmission and hence of ηap, an
overestimation of the escape probability Pesc due to an angle of incidence di�erent
than the assumed 45◦ (Appendix A) or a reduced e�ciency of the zone plates due
to a potential deposition of sample on the surface.

For sample concentrations in the (sub-)millimolar regime, targeted with the
present approach, increasing the signal-to-noise ratio (SNR) by reducing sources
for experimental noise is crucial. Technically, this is addressed with the dispersive
and the focusing properties of the RZPs, but routines need to be implemented
also in the processing and the analysis of the experimental data.

Four contributions to the experimental noise are identi�ed (assuming that all
signals are normalized for the incident photon �ux; see following section); �rst,
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the statistical noise Nstat =
√
S of the Mn Lα,β �uorescence signal S =PFY(Mn);

second, the noise of background counts NB =
√
B originating from X-ray photons

di�usely scattered o� the surface of the RZP structures and from O Kα photons
leaking from the tails of the unfocused O Kα �uorescence spots; third, detector
noise NCCD (readout and thermal noise of the CCD); and fourth, noise due to
�uctuations in the stability of the liquid jet, Njet. These noise sources add to the
total experimental noise in �uorescence-detected Mn L-edge XAS:

Nexp =
√
S +B +N2

CCD +N2
jet. (2.3)

The SNR, thus, can be expressed as

S/Nexp =
√
S/

√
1 + B/S +N2

CCD/S +N2
jet/S (2.4)

which in the limit of B/S � 1 and N2
CCD/S � 1 and N2

jet/S � 1 leads to the
purely statistical limit SNR=

√
S. For PFY-XAS with the zone plate spectrom-

eter, this limit may be reached for samples with high concentrations, measured
under stable experimental conditions. For low sample concentrations, however,
background noise, �uctuations in the stability of the liquid jet and detector noise
can gain in�uence on the experimental SNR. Several approaches in the processing
and analysis of the spectrometer data, aiming at the reduction of these noise
sources, are discussed below.

A crucial factor for reducing the background noise NB is provided by the
dispersive and the focusing property of the RZPs. Spectral dispersion in the −1st

di�raction order separates the PFY signals of Mn Lα,β and O Kα and reduces the
B/S ratio in the vicinity of the Mn Lα,β spots. If the spectral separation is too
small, however, e.g. due to a too large aperture at the spectrometer entrance, the
B/S ratio can increase, as observed, for example in the comparison of Figures 2.6
and 2.7. (In the latter, an increase of B/S concomitant with a decreased spectral
separation is observed).

The focusing property of the zone plate spectrometer is an important advan-
tage over grating-based spectrometers, as it allows for a further reduction of the
experimental noise. Focusing the Mn Lα,β �uorescence to well-con�ned spots
on the CCD allows for integrating these signals within small regions of interest
(ROIs). For example, assuming a homogeneous distribution of background counts
on the CCD, their contribution to the integrated Mn Lα,β signal is proportional
to the area of these ROIs. A four times larger ROI (e.g., 2×2 for both axes)
would hence increase the number of background counts B by a factor of four and
would increase their noise contribution NB =

√
B by a factor of two (a similar

30



2 New Approach to Fluorescence-Detected L-edge X-ray Absorption Spectroscopy

Figure 2.8: Projections of Mn Lα, β spots from Figures 2.6 and 2.7, (A) along the
horizontal z -axis and (B) along the vertical y-axis. Black solid: data
set Exp.1, measured with 12×60 µm2 focus size (horizontal × vertical).
Dashed blue: data set Exp.2, measured with 100×90 µm2 focus size
(horizontal × vertical). Projections are shifted with arbitrary o�sets
and are normalized to 1 at maximum after removal of a constant level
of background counts.

argument holds for the detector noise NCCD). The exact assignment of su�ciently
small regions of interests (ROIs) for the integration of the Mn Lα,β �uorescence
spots can, hence, signi�cantly improve the SNR. This is particularly relevant for
measuring L-edge XAS of dilute samples with Mn concentrations on the order of
a few mM and less.

The size of the Mn Lα,β spots on the CCD is a physical image of the source
point, here of the X-ray focus on the sample (this is due to the focusing property of
the zone plate optics). In Figure 2.8 this e�ect is illustrated with the comparison
of Mn Lα,β spot pro�les, extracted from the CCD images in Figures 2.6 and 2.7.
The smaller horizontal focus size in Exp.2 maps to a smaller spot size along the
(dispersive) z-axis. In a similar way, the smaller vertical focus size maps to a
smaller spot size along the (vertical) y-axis. Thus, since the experimental noise
can critically depend on the Mn Lα,β spot size on the CCD, therefore, care must
be taken in the choice of the X-ray focus size on the sample. It should be noted,
however, that using too small an X-ray focus on the sample increases the risk
of damaging the sample while probing it (mechanisms and thresholds for X-ray
induced sample damage are discussed in section 3.2 of chapter 3).

Reduction of the detector noise NCCD can be achieved with a counting threshold
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Figure 2.9: Histogram of CCD counts in Figure 2.7, summed over the full spectrum
scan of data set Exp.2 � for the entire CCD (black), at the O Kα spots
(red) and at the Mn Lα,β spots (blue). Here, a 640 eV photon absorbed
by a CCD pixel generates a charge of ∼70ADU (using a gain factor 2).
Zero-, one- and two-photon peaks are assigned. The dashed line marks
an appropriate counting threshold to suppress zero-photon counts and
reduce the CCD noise.
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Figure 2.10: Linear correlation of �tted O Kα cuto� (arrow mark in Figure 2.7)
and Mn Lα,β peak positions on the CCD along the z-axis.

in the processing of the CCD images. Figure 2.9 shows histograms of the CCD
counts, averaged over the spectrum scan data set Exp.2. Apparently, the pixel
values re�ect the photon energy absorbed by this pixel, however, with a poor en-
ergy resolution of E/∆A . 2 (see width of the one-photon peak in the histogram).
Nevertheless, this energy resolution is su�cient to omit most of the zero-photon
counts with a counting threshold and thereby reduce the detector noise.

Unstable operation of the liquid jet can increase the experimental noise via the
term Njet. Random position changes of the liquid jet along the optical axis of
the X-ray beam, i.e. along the (dispersive) z-axis of the zone plate spectrometer,
a�ect the z-position of the Mn Lα,β spots on the CCD. In this case, the use
of too small ROIs, used for integrating the Mn Lα,β spots on the CCD, can
result in an increased "jet" noise Njet, since the Mn Lα,β spots may jump on the
CCD and be randomly clipped at the edges of the ROIs. This systematic noise
source can be reduced with a �tting algorithm, designed to dynamically follow
the (expected) position of the Mn Lα,β spots on the CCD. Reliable information
on this (expected) position can be extracted from the intensity cuto� of the O
Kα �uorescence on the CCD (see arrow mark in 2.7A). This cuto� position of
the O Kα spots is linearly correlated with the position of the Mn Lα,β spots
along the z-axis (see Figure 2.10). This linear correlation is used to dynamically
adapt the Mn Lα,β ROI positions to jumps and drifts of the liquid jet. The Mn L-
edge XAS spectra of PS II published in Paper I were obtained with this approach.

Random drifts of the liquid jet along the x-axis can result in a reduced hit rate
of X-ray photons on the sample. This reduced hit rate is re�ected by proportional
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changes in the PFY and TFY intensities on the detector. This e�ect can be
corrected for, by normalization of the Mn Lα,β �uorescence with the TFY (0th

order) or the PFY(O Kα) signals. These normalization schemes are discussed in
the following section.

In conclusion, the dispersive and the focusing properties of the zone plate spec-
trometer are physical advantages of the approach over grating-based X-ray spec-
trometer. These advantages allow to probe Mn L-edge XAS of dilute samples with
millimolar concentrations. In addition, various methods are applied in the data
processing and analysis to keep the in�uence of experimental noise sources low.

2.1.4 Normalization of Fluorescence Yield to Incident X-ray

Flux

Measuring X-ray absorption spectra at X-ray sources with a non-stable �ux re-
quires normalization of the observable, here the Mn Lα,β signal by the X-ray �ux
incident on the sample can be essential. To keep the in�uence of experimental
instabilities on the spectral noise as low as possible, a reliable normalization
scheme needs to be implemented. In this section, the implications of di�erent
normalization schemes are discussed and a reliable normalization approach is
established.

First, several experimental observables are established. Figure 2.11 shows the
integrated intensities on the CCD as a function of the incident photon energy �
here for data set Exp.1. Panels (A) to (C) of this �gure show the averaged photon
counts of (A) the Mn Lα,β and (B) the O Kα �uorescence yields and (C) of the
"total �uorescence yield" (TFY), represented by the integrated 0th order intensity.
Panel (D) shows the storage-ring current of the BESSY II SR source. The topping-
up mode results in a particularly stable storage-ring current with variations on
the order of 0.6%. A similar stability can be assumed in the X-ray �ux incident
on the sample. This explains why the Mn Lα,β �uorescence yield in panel (A) rep-
resents a clean Mn L-edge absorption spectrum � without further normalization.
Normalization with the storage-ring current does not notably change the spectrum.

Normalization of the Mn Lα,β �uorescence yield, however, can be inevitable in
two particular cases. First, in the case of large �uctuations in the incident X-ray
photon �ux and, second, in the case of an unstable operation of the liquid jet (see
discussion in previous section). Both e�ects can results in dramatic intensity vari-
ations in the Mn Lα,β �uorescence signal. As discussed previously, these intensity
variations a�ect simultaneously also the O Kα �uorescence and in the TFY- (0th

34



2 New Approach to Fluorescence-Detected L-edge X-ray Absorption Spectroscopy

Figure 2.11: Experimental signal amplitudes in the spectrum scan of 500 mMMn2+aq.
in solution (data set Exp.1 ). Partial �uorescence yield (PFY) signals
from the integrated (A) Mn Lα,β and (B) O Kα �uorescence intensities.
(C) Total �uorescence yield (TFY) from the integrated 0th order in-
tensity. (D) Storage-ring current, often used for signal normalization.
(E) Fluorescence-detected Mn L-edge XAS from (A), normalized with
signal amplitudes from (B) and (C). Normalization with (D) does not
notably change spectrum (A). Spectra in (E) are normalized to 1 at
maximum. Energy axes are calibrated as described in Paper V.
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Figure 2.12: Experimental signal amplitudes in the spectrum scan of MnIV3 CaO4

in solution (data set Exp.2 ). Partial �uorescence yield (PFY) signals
from the integrated (A) Mn Lα,β and (B) O Kα �uorescence intensi-
ties. (C) Total �uorescence yield (TFY) from the integrated 0th order
intensity. (D) X-ray pulse energy measured "upstream" by the gas
monitor detector (GMD). (E) Fluorescence-detected Mn L-edge XAS
from (A), normalized with signal amplitudes from (B), (C) and (D)
to correct for variations in the incident �ux. Spectra in (E) are nor-
malized to 1 at maximum. Energy axes are calibrated as described in
Paper I.
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order) signals. The following discussions, thus, motivate the normalization of the
Mn Lα,β �uorescence with one of these signals.

For high sample concentrations, here for ∼ 500mM MnII in Exp.1, the e�ects
of "inverse partial �uorescence yield" (IPFY) have to be considered during data
analysis. IPFY is observed in Figures 2.6B-C, where dips in the O Kα count
rate (∼20%) and, to a lesser extent, in the TFY signal (∼15%) coincide with the
Mn L3 absorption maximum. Ashkar et al. have shown that these IPFY dips in
the non-resonant X-ray �uorescence of oxygen are proportional to the absorption
cross sections of a resonantly probed solute,[106, 107] (and IPFY can be used to
probe metal L-edge XAS indirectly [108, 109]). For the present approach, spectral
dips in the O Kα- and in the TFY- (0th order) signals due to IPFY are disad-
vantageous; Normalization with each one of these signals can, thus, distort the
relative intensities in �uorescence-detected XAS by several percent, as observed
in Figure 2.6. If spectrum normalization with either TFY or O Kα �uorescence is
inevitable, therefore, TFY should be generally preferred (where the e�ect is less
pronounced). This example allows to extrapolate, that spectral distortions due to
IPFY in TFY-normalized L-edge XAS can be safely neglected (less than 3%) for
su�ciently low sample concentrations (below 3% for less than 100mM).

With the above rules of thumb in mind, we now turn to experimental conditions
similar to those for probing Mn L-edge XAS of PS II: Data set Exp.2 illustrates
the importance of spectrum normalization at X-ray sources with an unstable
photon �ux. Figure 2.12A-C shows the integrated intensities on the CCD as
a function of the incident photon energy. This data was acquired at an X-ray
Free-Electron Laser using self-ampli�ed spontaneous emission (SASE). SASE is
well-known to be a�ected by shot-to-shot variations in the X-ray pulse energy
by up to 100%. These �uctuations demand for spectrum normalization for the
incident X-ray �ux. Apparently, these �uctuations are not re�ected in data from
a gas monitor detector (GMD)[110], measuring the X-ray pulse energy before the
X-ray monochromator (see data in Figure 2.12D). Apparently, when averaged on
a time scale of 15 s, used for integration, the GMD-measurements are comparable
stable. The overall shape of the GMD signal is imprinted also on the TFY (C)
and in the O Kα �uorescence (B), but additional variations by up to 50% signal
amplitudes are observed in the latter. These additional variations can be assigned
to two e�ects which, importantly, are represented in the TFY and in the O Kα

signals, but not in the GMD-data: First, to a not proportional mapping of the ac-
tual pulse energy incident on the sample to the GMD-data (e.g. due to variations
in the spectral shape of each SASE pulse); Second, to variations in the sample
hit rate due to spatial jumps and drifts of the liquid jet with respect to the X-ray
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beam axis. This is substantiated with Figure 2.12E, where spectrum normaliza-
tion with TFY (blue) and O Kα �uorescence (red) improves the spectrum quality
equally well � and signi�cantly better than that with the GMD data (green dotted).

In conclusion, signal normalization is inevitable for �uorescence-detected XAS
measurements at XFEL sources where large variations of the X-ray �ux cannot be
avoided. Important implications can arise also when the hit rate of the probing X-
rays on the liquid jet is a�ected by changes of the liquid jet position. Normalization
with the TFY, emitted towards the detector, is uniquely suited to account for both
e�ects. The zone plate spectrometer o�ers the unique possibility of recording the
TFY signal in the 0th order re�ection simultaneously with Mn Lα,β �uorescence
signal.

2.2 Comparison to Other Energy-Resolving

Approaches

Two factors are essential for �uorescence-detected Mn L-edge XAS of PS II; �rst,
the spectral separation of the Mn Lα,β �uorescence from the overwhelming O
Kα background and, second, a high collection e�ciency for the detection of Mn
Lα,β �uorescence. It is therefore instructive to compare the detection e�ciency of
the zone plate spectrometer to that of other soft X-ray spectrometers or energy-
resolving detectors, promising a high collection e�ciency. In this assessment, the
energy-resolving aspect is, for the moment, neglected, as the separation of Mn Lα,β
and O Kα �uorescence requires a comparably small resolving power E/∆E & 10,
as provided by the zone plate spectrometer (see Table 2.4). The comparisons
in this section are based on the spectrometer design with the highest calculated
e�ciency, RZP100.

In Table 2.4, the zone plate spectrometer is compared to two modern spectrome-
ters used for soft X-ray (�uorescence) emission spectroscopy (XES) at comparably
high collection e�ciencies. The �rst example, the "XES300" spectrometer, was
�rst implemented by Nordgren et al. [111, 113] It consists of an entrance slit, a
spherical grating operated at grazing incidence and a multi-channel plate (MCP)
detector. The concept is well established for XES in the soft X-ray regime and
was used for 2p − 3d resonant inelastic X-ray Scattering (RIXS) spectroscopy of
transition metal complexes. [114, 115, 116] The second example, known as the
"HtRIXS" spectrometer, consists of a spherical mirror, a variable-line-spacing
(VLS) grating and a CCD detector.[112] This approach is used for XES and RIXS
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Table 2.4: Comparison of the zone plate spectrometer (design RZP100) to modern
soft X-ray spectrometers, with respect to detection e�ciencies and Mn
Lα,β �uorescence count rates � as expected for 0.8mM Mn in PS II in
solution. Values marked with *-signs are calculated from the geometry
parameters given in the literature; see main text for details. Count
rates are estimated from equation (2.2) with Appendix A, assuming
Φ ∼ 5 × 1012 ph/s, ηjet ≈ 1, and Mn L-edge absorption cross sections
σ ∼ 10Mb ("on-peak") and σ ∼ 1Mb ("o�-peak").

Setup RZP 100 [74] XES300 [111] HtRIXS [112]

Resolving power 10 ∼1000 1200
Source dimension Point (0D) Point (0D) Point, Line (0D, 1D)

Solid angle Ω (sr) 3.4× 10−3 4× (10−5 − 10−4) * 2.0× 10−4

Ω/4π 2.7× 10−4 3× (10−6 − 10−5) 1.6× 10−5

Optical elements 54/100 RZPs
Spherical
grating (G)

Spherical mirror (M)
and VLS grating (G)

E�ciency ηOE ∼ 20 % ∼ 10% [111] 7.8 % (M×G)

Detector CCD MCP CCD
E�ciency ηdet. ∼90% ∼10-20% [113] ∼60%

Total e�ciency ηtot. (1− 4)× 10−5 7× (10−8 − 10−7)* 7.5× 10−7

Estim. count rate
"O�-peak" 4− 16 ph/s 0.03− 0.3 ph/s 0.3 ph/s
"On-peak" 40− 160 ph/s 0.3− 3 ph/s 3 ph/s
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in the soft X-ray regime. [117, 118]

The total detection e�ciency of these spectrometers is calculated along the lines
of Table 2.4, using equation

ηtot = Ω/4π × ηOE × ηdet (2.5)

with the solid angle Ω collected by the spectrometer (if not given in the litera-
ture, the solid angle is calculated from the given geometry parameters), with the
combined re�ection or di�raction e�ciency of the optical element(s) ηOE, and the
detector e�ciency ηdet.

The solid angle collected by the XES300 spectrometer depends sensitively on
the slit size at the spectrometer entrance. Opening the slit at the expense of
spectral resolution [111] (which is acceptable for our comparison) increases the
solid angle and hence the collection e�ciency by a factor of ∼ 10. [114] The
estimates in Table 2.4 consider this additional factor. With the solid angles and
e�ciencies summarized in Table 2.4, using equation (2.5), the total collection
e�ciency ηtot. of the XES300 and the HtRIXS approaches is derived. For both
concepts, this total e�ciency is one to two orders of magnitude smaller than
that calculated for the zone-plate spectrometer. These total e�ciencies, together
with equation (2.2) and Appendix A, can now be used to estimate the Mn Lα,β
count rates expected for probing Mn L-edge XAS of PS II under the conditions in
Paper I. For each spectrometer, the count rates are given in the bottom row of
Table 2.4; the count rate expected for the RZP spectrometer is at least an order
of magnitude larger than that of the XES300 and of the HtRIXS approaches. The
superior e�ciency of the zone plate spectrometer justi�es its optimal use to collect
�uorescence-detected Mn L-edge XAS of PS II, as published in Paper I.

Beyond the limitations set by grating-based approaches to X-ray (�uorescence)
emission spectroscopy, other novel approaches can be identi�ed which may promise
high collection e�ciencies (in the future), suitable for L-edge XAS of dilute sam-
ples. One approach (ref. [119]) is based on transmission zone plate (TZP)
optics used to spectrally disperse and simultaneously focus soft X-ray �uorescence
emission from liquid samples. Another promising approach (ref. [120]) employs
an energy-resolving detector, based on super-conducting transition edge sensors
(TES) [121] and, therefore, does not require any additional optical element for
spectral dispersion. In the following, the overall e�ciency of these concepts is
compared to that of the zone plate spectrometer RZP100 and potential outlooks
are discussed.
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Table 2.5: Comparison of the zone plate spectrometer "RZP100" to other energy-
resolving approaches, with respect to detection e�ciencies and Mn Lα,β
�uorescence count rates � as expected for a 0.8mM solution sample
of Photosystem II. Values marked with *-signs are calculated from the
geometry parameters given in the literature; see main text for details.
Count rates are estimated from equation (2.2) with Appendix A, as-
suming Φ ∼ 5 × 1012 ph/s, ηjet ≈ 1, and Mn L-edge absorption cross
sections σ ∼ 10Mb ("on-peak") and σ ∼ 1Mb ("o�-peak").

Setup RZP 100 [74] TZP [119] TES [120]

Resolving power 10 500 350-470
Source dimension Point (0D) Point, Line (0D, 1D) Any (0D, 1D, 2D)

E�. solid angle Ω 3.4× 10−3 sr 2.2× 10−4 sr * 2.1× 10−3 sr *
Ω/4π 2.7× 10−4 1.8× 10−5 * 1.7× 10−4 *

Optical element 54/100 RZPs Transm. zone plate None
E�ciency ηOE ∼ 20 % ∼25 % * 100%

Detector 2 CCD 1 CCD TES detector
E�ciency ηdet. ∼90% ∼90% ∼100%

Total e�ciency ηtot. (1− 4)× 10−5 4× 10−6 * 1.7× 10−4 *

Estim. count rate

"O�-peak" 4− 16 ph/s ∼ 2 ph/s
(∼70 ph/s)# ,
e�. ∼ 0.1ph/s#

"On-peak" 40− 160ph/s ∼ 20 ph/s
(∼700 ph/s)# ,
e�. ∼ 1 ph/s#

#Using an X-ray �ux of 5× 1012 photons/s would saturate the TES detector beyond
the limits of the detector readout. For dilute samples, the current design of the TES
detector allows an estimated X-ray �ux on the order of 1010 photons/s. [120] The �rst
given TES count rate is calculated for a �ux of 5× 1012 photons/s, the second one for a
realistic �ux of 1010 photons/s.
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The optical properties of the TZP concept, spectral dispersion and focusing of
X-ray �uorescence, are similar to those of the re�ection zone plates discussed in
this thesis. The overall detection e�ciency is estimated from the geometry and
conditions given in ref. [119] to be 4 × 10−6 � i.e. around 2 − 10 times smaller
than that estimated for the zone plate spectrometer with the RZP100 design
(the expected count rates scale correspondingly, see Table 2.5). An application
of the TZP approach to �uorescence-detected Mn L-edge XAS of PS II, however,
is questionable: It is currently unclear whether the spectral window necessary
to record the full range of Mn Lα,β emission would be covered by the TZP approach.

A potential common advantage of the TZP concept [119] and the HtRIXS
spectrometer [112, 117] may be noted here: Both concepts o�er the potential
for parallel detection of X-ray emission spectra from di�erent points along a
line-shaped X-ray focus on the sample. This could be used, for example, to
simultaneously detect emission spectra corresponding to di�erent incident photon
energies.[117] In such experiments, the monochromator slit of the X-ray beamline
could be opened and an order of magnitude in the incident �ux on the sample
could be gained. This could increase the count rates expected for these approaches
by an order of magnitude.

The TES detector consists of an array of 220 individual TES elements and
was recently shown to resolve soft X-ray emission spectra of frozen solution
samples.[120] The approach does not require any optical element for spectral
dispersion and allows for exceptionally large solid angles Ω � here an order of mag-
nitude larger than that of the zone plate spectrometer RZP100 (see Table 2.5).
Without the typical e�ciency losses at optical elements, the theoretical collection
e�ciency of the TES approach is exceptionally high, around ∼ 2×10−4, and 4−17
times larger than that of the zone plate spectrometer. If, theoretically speaking,
saturation of the TES detector was out of reach, Mn Lα,β count rates on the order
of 70 (o�-peak) to 700 photons/s (on-peak) would be expected for Mn L-edge XAS
of PS II for the conditions in Paper I. However, the current implementation of
the TES detector allows to readout up to ∼40 photons/s (personal communication
by C. Titus, Stanford University, USA 2018) which limits the allowed incident
X-ray �ux on (frozen) solution samples to the order of 1010 photons/s [120] (see
entry in Table 2.5). With this upper limit in the X-ray �ux, count rates of ∼ 0.1
(o�-peak) to ∼ 1 photons/s (on-peak) would be expected for Mn L-edge XAS of
PS II, assuming the conditions of Paper I. To make full use of the larger detection
e�ciency of TES detectors, thus, a substantial increase of the readout frequency
would required and this work is currently ongoing (personal communication by C.
Titus, Stanford University, USA 2018). For example, a potential increase of the
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photon count rate by up to an order of magnitude may lie in the processing of the
TES data. [122] Thus, while currently the TES approach is still limited by the
speed of the detector readout, the above discussions point out to immense advan-
tages of the TES approach over conventional concepts for soft X-ray �uorescence
detection in the future.

In conclusion, comparison to representative approaches to soft X-ray emission
spectroscopy shows that, at the present, the detection e�ciency of the zone plate
spectrometer is unprecedented for measuring �uorescence-detected Mn L-edge
XAS of PS II.
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3 Establishing Mn L-edge XAS of

Photosystem II in Solution

In the previous chapter, the zone plate spectrometer was introduced and its po-
tential to make Mn L-edge XAS of the Mn4CaO5 complex in PS II feasible was
outlined. In this chapter, �rst experimental results achieved for Mn L-edge XAS
of PS II in solution and at room-temperature are summarized and assessed with
the expectations. If not further noticed, the term "solution", as used in the fol-
lowing, includes the premise that this solution is probed at room temperature. To
build a ground for the interpretation of the spectra measured of PS II, Mn L-edge
XAS spectra of multinuclear model complexes in solution, structural mimics of
the Mn4CaO5 complex, were also collected and are compared to the above. These
results are based on Paper I [74] and are elaborated in section 3.1.
To achieve the required count rates in these experiments, the X-ray �ux incident

on the sample is on the order of & 1012 photons/s. For this �ux regime, dose-
dependent X-ray induced sample damage can modify the electronic structure of the
studied transition metals within a fraction of a second, as observed in experiments
at a (quasi-continuous) storage-ring SR source (Paper II). [76] At X-ray free-
electron laser sources, in contrast, probing the sample with femtosecond X-ray
pulses, dose-dependent sample damage can be avoided (Paper I). However, the
high �uence and intensity of these X-ray pulses evokes other X-ray optical e�ects in
the sample that can distort the information collected with Mn L-edge XAS (Paper
I). Mechanisms and threshold for X-ray induced sample damage at storage-ring
SR sources and X-ray free electron lasers are assessed with Papers I and II in
section 3.2.

3.1 Feasibility of Mn L-edge XAS of Photosystem II

First Mn L-edge XAS spectra of PS II in the dark-adapted S1 state and in the
S3-enriched state could be measured with the zone plate spectrometer, achiev-
ing count rates close to the experimental feasibility limits. Following the lines
of Paper I, these spectra can be assessed with the comparison to multinuclear
model complexes, measured under similar conditions. X-ray induced sample dam-
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Table 3.1: X-ray optical parameters used for Mn L-edge XAS of PS II in solution
and of multinuclear structural mimics of the Mn4CaO5 complexes, mea-
sured at the LCLS X-ray free-electron laser. Adapted from Table 1 in
Paper I.

Sample
c(Mn)
(mM)

X-ray
�ux Φ
(ph/s)

Band-
width
(eV)

Pulse
dura-
tion
(fs)

Focus
(HxV)
(µm2)

Fluence
(photon
density)
(1/Å2)

Intensity
(TW/cm2)

Mn2+aq. 500 5×1012 0.4 100 12x50 0.30 2.9
MnIIMnIII2 CaO(OH) 15 1×1013 0.6 200 20x140 0.13 0.63
MnIII3 CaO(OH) 10.5 5×1012 0.4 100 12x60 0.25 2.4
MnIV3 CaO4 6 5×1012 0.4 100 12x60 0.25 2.4
PS II (dark) 0.8 4×1012 0.4 100 10x50 0.27 2.6
PS II (2F) 0.8 5×1012 0.4 100 10x50 0.32 3.0

age could be avoided due to the probe-before-destroy approach with femtosecond
XFEL pulses.

3.1.1 The �rst Mn L-edge XAS Spectrum of Photosystem II

The experimental setup introduced with Figure 2.1 was employed at the LCLS
X-ray free-electron laser to record �uorescence-detected Mn L-edge XAS of PS
II in solution. Figure 3.1 shows the intensity distribution recorded with the
spectrometer CCD for this experiment. As done before in Figures 2.6 and 2.7,
the data in the top row of Figure 3.1 is averaged over the Mn L3-absorption peak
(FWHM). It shows clearly a faint, yet signi�cant Mn Lα,β �uorescence signal at
pixel column ∼340. The count rate of Mn Lα,β �uorescence photons, averaged
over the Mn L3 absorption maximum of PS II, is around 5 photons/s (sum of two
CCDs). This is consistent with data set Exp.2, as discussed in chapter 2, where
the count rate for the 7.5 times higher Mn concentration (6mM vs. 0.8mM)
is about six times higher (∼ 30 vs. ∼ 5 photons/s). However, concerning the
absolute count rate, the experimental value is an order of magnitude below what
would be expected from equation (2.2) for the Mn L3-edge maximum � around
40 to 160 photons/s (assuming a peak cross section of 10Mb; see estimates in
Table 2.4). This discrepancy of estimated and measured count rates is consistent
with the observations from data sets Exp.1 and Exp.2 in chapter 2. These joint
observations point out to a systematic � yet unexplained � overestimation of the
spectrometer e�ciency by an order of magnitude.

45



3 Establishing Mn L-edge XAS of Photosystem II in Solution

Figure 3.1: CCD data recorded with the zone plate spectrometer in �uorescence-
detected Mn L-edge XAS of PS II in solution. Top row: excerpt of the
CCD image, averaged over the Mn L3-absorption peak ("on-peak").
Middle row: vertical projection of the averaged on-peak CCD data.
Bottom row: Di�erence of the on-peak minus the o�-peak average
("o�-peak" here means the low-energy side of the Mn L3-edge). Fig-
ure panels (B) are magni�cations of the Lα,β signals in panels (A).
Reprinted from Paper I, Structural Dynamics 4, 054307 (2017), with
the permission of AIP Publishing.
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Figure 3.2: Fluorescence-detected Mn L-edge XAS of PS II in solution, measured
with the zone plate spectrometer. Top: PS II in the dark-adapted S1

state. Bottom: doubly-�ashed (2F ) PS II, enriched in the S3 state.
To guide the eye, both spectra are overlaid with binned versions of
these spectra. Adapted from Paper I, Structural Dynamics 4, 054307
(2017), with the permission of AIP Publishing.

The spectral separation of Mn Lα,β from O Kα �uorescence signals on the
CCD is similar to that observed in Figure 2.7 for data set Exp.2. In particular,
the tails of the unfocused O Kα �uorescence leak towards the Mn Lα,β foci in
a similar manner. In the PS II data, this leads to a signal-to-background ratio
of only around 1 : 1 for the weak Mn Lα,β spots on the CCD (for comparison,
that in data set Exp.2 is around 7 : 1). The not ideal separation of the Mn Lα,β
from the O Kα �uorescence on the CCD is due to a not ideal size and position
of the aperture (slit) at the spectrometer entrance. This was accepted for the
experimental conditions in Paper I, in order to compromise the smaller losses
due to optical clipping by this aperture in change for less separation of Mn Lα,β
and O Kα signals on the CCD. In future Mn L-edge XAS studies of PS II with
the zone plate spectrometer, the size and position of this aperture will need to be
motorized to enable a careful optimization of the spectral separation on the CCD.

The �uorescence-detected Mn L-edge XAS spectrum of PS II in the dark-
adapted S1 state, shown in Figure 3.2 (top), was extracted from the data discussed
above. The spectrum was scanned over the Mn L3-edge region only, in order to
compromise between scan time and experimental signal-to-noise ratio. As argued
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in section 3.2, detailed analyses con�rm that the spectrum is not a�ected by X-ray
induced sample damage (for details, see also the Supporting Information of Paper
I). The spectrum is the �rst (�uorescence-detected) Mn L-edge X-ray absorption
spectrum of the Mn4CaO5 complex in PS II, measured at ambient conditions (in
aqueous solution and at room temperature), free of X-ray induced sample damage.

The total integration time of the spectrum is around 1.5 hours (around ∼80 s
per data point in the spectrum). The experimental signal-to-noise ratio with
respect to the Mn L3-edge maximum is around 7. (It is roughly consistent with
the ratio of ∼ 14, expected from equation (2.4) for these experimental conditions,
assuming NCCD � S and Njet � S). The spectrum quality allows for assessing
the energy position of the pronounced Mn L3-edge maximum, however, it does
not allow for a reliable assessment of more subtle spectral features.

As a proof of principle for the illumination scheme, a spectrum of PS II, illumi-
nated with two visible laser �ashes (2F ) and, hence, enriched in the S3 state, is
shown in Figure 3.2 (bottom). The Mn oxidation states expected for the illumi-
nated, S3-enriched sample with a MnIV4 CaO5 con�guration are, on average, higher
than for the S1 state with a MnIII2 MnIV2 CaO5 con�guration. As motivated in the
following section, this higher average Mn oxidation state is re�ected in spectral
shift towards higher absorption energies by around 0.5 eV.
Measuring Mn L-edge XAS of PS II in solution is possible for the �rst time with

the experimental methods discussed here and in Paper I. The present signal-to-
noise ratio of these spectra of PS II allows to measure the energy of the Mn L3-edge
absorption maximum, relevant for determining the Mn oxidation state. In order
to uniquely distinguish the spectral shape and subtle spectral features, however,
the signal-to-noise ratio of these spectra will have to be increased by at least an
order of magnitude. Achieving such higher spectrum statistics is now within reach
with the advent of superconducting XFEL sources, providing femtosecond pulses
at a four orders of magnitude higher rate than the LCLS XFEL used here: In �rst
protein di�raction studies at the European XFEL, using hard X-rays, a ten times
faster data collection than at previous XFEL sources was con�rmed. [123, 124]

The experimental approach discussed here for Mn L-edge XAS of PS II in so-
lution can be easily transferred to the study of catalytic reactions at 3d metal
cofactors in other metalloproteins. Important applications could be, for example,
to study the splitting of molecular hydrogen at the iron-sulfur centers of hydroge-
nases, [125] or the reduction of molecular nitrogen to ammonia at the iron-sulfur
sites in nitrogenase. [126] For these studies, the zone plate spectrometer could be
easily adapted for �uorescence-detected Fe L-edge XAS.
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3.1.2 Multinuclear Model Complexes of the Mn4CaO5 Cluster

A �rst step towards interpreting the PS II spectra available in Paper I with
respect to the electronic structure of the Mn4CaO5 complex is the comparison
to spectra of multinuclear model complexes, measured under similar conditions.
These model complexes are structurally similar to the Mn4CaO5 complex in PS II,
yet with variations in their geometric structure and of electronic structural proper-
ties. [127, 128, 129, 130] The geometric structures and oxidation state assignments
of some model complexes are given in Figure 3.3B-D. The �uorescence-detected
Mn L-edge XAS spectra b-d of these complexes in solution, measured under sim-
ilar conditions as those of PS II, are shown on the left in Figure 3.3. For energy
calibration, the spectrum of ionic Mn2+aq. in solution is shown as well (spectrum a).

The most prominent observation in the series of spectra from a to d is a
spectral shift of the Mn L3-edge absorption maximum by 1.5 to 2 eV for each
increase in the Mn oxidation state. This spectral shift is consistent with previous
observations at the Mn L-edge,[63, 64, 60]. The physical origin of this shift will be
further discussed in chapter 4 with the results of Paper V. For the moment, the
spectral shift is used for a preliminary assessment of the Mn oxidation states from
the PS II spectra (spectra e-f in Figure 3.3, as repeated from Figure 3.2). The
absorption maximum of spectrum e appears between the absorption maxima of
complexes with purely MnIII and MnIV con�gurations, whereas the maximum of
spectrum f shifts towards the position of the MnIV spectrum. These observations
are consistent with the expected combinations of Mn oxidation states (see section
3.1.1).

In spectrum b of Figure 3.3, an absorption maximum at 639.9 eV is observed
which is explained with the presence of MnII in the sample. Notably, in spectra
c-e of Figure 3.3, those samples that explicitly do not contain MnII, show no
such signature of a MnII species. The unexpected occurrence of such species in
the spectra could indicate dose-dependent reduction of the Mn sites due to the
ionizing X-rays (see ref. [84] and Paper II, as discussed in the following section).
This con�rms the absence of X-ray induced reduction of the metal complexes for
these measurements.

Detailed interpretation of the spectra of the Mn4CaO5 complex in PS II and of
the multinuclear model complexes with respect to their local electronic structure,
as related to their spectral shape, will require advanced ab initio theoretical ap-
proaches, [131] that correctly account for the interactions shaping the �nal states in
spectrum calculations of 3d metal L-edge XAS (refs. [93, 94, 95, 132] and Papers
III and V). While these approaches can mostly handle L-edge XAS transitions in

49



3 Establishing Mn L-edge XAS of Photosystem II in Solution

Figure 3.3: Fluorescence-detected Mn L-edge XAS of multinuclear model com-
plexes in solution (spectra b-d), measured under similar conditions as
the PS II spectra from Figure 3.2, included here for comparison (spec-
tra e-f ). Spectrum a of Mn2+aq. is used for energy calibration, as done
in ref. [82] and Papers II, III and V. The geometric structures of
the Mn complexes probed in spectra (a-e) are shown in panels (A-E).
Adapted from Paper I, Structural Dynamics 4, 054307 (2017), with
the permission of AIP Publishing.
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Table 3.2: Typical X-ray optical parameters used for probing Mn L-edge XAS at
the storage-ring synchrotron radiation source BESSY II (Paper V) and
at the LCLS X-ray free-electron laser (Paper I).

X-ray
source

Paper
X-ray
�ux

(ph/s)

Rep.
rate
(Hz)

Focus
area

(FWHM)
(µm2)

Pulse
dura-
tion
(s)

Fluence
(photon
density)
(1/Å2)

Energy
density
per pulse
(J/cm2)

Inten-
sity
(W/
cm2)

BESSY II V 5 · 1012 5 · 108 103 − 104 10−11 10−8 10−8 103

LCLS I 5 · 1012 120 102 − 103 10−13 10−1 10−1 1012

a single metal center, advances towards calculations of multinuclear metal com-
plexes [133, 129, 128, 129] will be required for spectrum calculations of the systems
studied here. The experimental spectra of multinuclear model complexes, as now
available from Paper I, can be essential for establishing these calculations for
molecular systems with more than one atom of the probed 3d metal species.

3.2 Mechanisms and Thresholds of X-ray Induced

Sample Damage

Various X-ray induced and X-ray optical e�ects can corrupt the information col-
lected in X-ray based investigations. In this thesis, these e�ects are summarized
with the term "X-ray induced sample damage". Some of these e�ects are critical
when high X-ray �uxes, as typically available from storage-ring SR sources, or
when high X-ray �uences (photon densities) or intensities are employed, as typi-
cally available at XFEL sources. While the photon �ux of these X-ray sources is
similar in the soft X-ray regime, the available time structure of the X-ray pulses
de�nes their X-ray optical regimes � with high repetition rates and hence a quasi-
continuous X-ray beam at storage-ring SR sources, and with intense, ultrashort
X-ray pulses with low repetition rates at current XFEL sources. Typical properties
of the X-ray beams, as available at the high-brilliance undulator beamline U49-
2_PGM1 [134] of the BESSY II synchrotron (used in Paper V) and the soft X-ray
beamline [98, 99] of the LCLS XFEL (used in Paper I) are compared in Table 3.2.

Due to the di�erent X-ray optical regimes available at storage-ring SR sources
and at XFEL sources, respectively, in the following, the mechanisms and thresholds
of X-ray induced sample damage are discussed separately for these two regimes.
Dose-dependent sample damage, typically critical at storage-ring SR sources, is
addressed in section 3.2.1, building on the results of Paper II. Fluence-dependent
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and intensity-dependent damage, typically critical at XFEL sources, is addressed
in section 3.2.2, building on the results of Paper I.

3.2.1 Dose-Dependence at Storage-Ring Synchrotron

Radiation Sources

Dose-dependent sample damage is critical when a volume of radiation-sensitive
sample, probed with X-rays, accumulates a critical portion of energy from the
absorbed X-ray photons. This can lead to changes in the geometric [135, 136]
and the electronic structures [84, 85, 137, 138] in the sample. These e�ects can
typically occur in experiments at storage ring SR sources or if the sample in the
X-ray beam is not su�ciently replenished. [139, 20, 21]

A useful measure to quantify sample damage is the X-ray dose

D = E/m (3.1)

de�ned as the ratio of total absorbed photon energy E and the mass m of the
absorbing sample volume. The dose is typically referred to in units of Gray (Gy,
where 1 Gy= 1 J/kg).

Dose-dependent damage was observed in spectroscopic studies of radiation
sensitive metal complexes and catalytic sites in metalloproteins, using hard X-rays
from storage-ring SR sources. [140] In Mn K-edge spectroscopic studies of the
Mn4CaO5 complex in PS II, with oxidation states MnIII2 MnIV2 in the dark-adapted
state, increasing X-ray doses lead to the reduction of Mn, as observed in the
occurrence of a reduced MnII species in the spectra. [84, 85]

In the soft X-ray range, only a few quantitative studies of sample damage are
available, and those available focus on damage to samples in the solid phase.
[137, 138] The dose thresholds in these experiments vary by several orders of
magnitude, [137, 138] and it is not clear whether the mechanisms and thresholds
extracted from these studies can be transferred to the liquid phase. As no compa-
rable study was available to estimate X-ray induced damage to transition metal
complexes in solution and at room temperature due to soft X-rays, this gap is
now bridged with Paper II.

In Paper II, the dose-dependent reduction of a MnIII complex (MnIII(acac)3) in
solution and at room temperature was quanti�ed for the soft X-ray regime, using
Mn L-edge XAS. The liquid sample, measured in transmission-detected mode (see
setup in ref. [75]), was intentionally not replenished in the X-ray beam and the
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Figure 3.4: (A) Successively recorded, transmission-detected Mn L-edge XAS spec-
tra of MnIII(acac)3 in solution � (red) with a low dose of ∼ 0.3MGy,
and (purple) with a high dose of ∼ 1.6MGy. (B) X-ray doses absorbed
by the liquid sample during each spectrum scan in (A). (C) Compari-
son of the low-dose spectrum (red) from (A) to a damage-free spectrum
of MnIII(acac)3 in solution (black) from Paper III. Spectra are nor-
malized to one at maximum. Reprinted from Paper II, Phys. Chem.
Chem. Phys. 20, 16817-16827 (2018) with permission from the PCCP
Owner Societies.
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X-ray dose absorbed by the sample was carefully controlled. Figure 3.4A shows
two successive Mn L-edge XAS spectra of the MnIII complex. The �rst spectrum
(red, low dose spectrum) agrees well with an explicitly damage-free, transmission-
detected spectrum of the same complex, published in Paper III (black spectrum
in Figure 3.4C). However, the second spectrum of this sample has a pronounced
peak at 639.6 eV, which is characteristic for a MnII species that appeared in the
sample (purple, high-dose spectrum in Figure 3.4A). This occurrence of a reduced
MnII species is the same as in refs. [84, 85] for hard X-rays probing the Mn4CaO5

complex .

As discussed in Paper II, several e�ects need to be considered to explain the
observed reduction of MnIII to MnII. Primary damage mechanisms typical for
Mn L-edge XAS of transition metal complexes in solution are initiated by reso-
nant X-ray absorption at the metal L-edge (see Figure 3.5A) or photo-ionization
at the K-edge of light elements (O, N, C, H) in the sample (see Figure 3.5B).
Subsequent Auger-decay results in ionized �nal states and a "fast" electron. In a
subsequent cascade, these fast primary electrons can scatter multiple times within
the sample and create a local cloud of radicals and secondary "slow" electrons,
[139, 21] as illustrated in Figure 3.5C. These radicals and electrons can di�use in
the sample and react with the sample. This can change the electronic structure
of the probed transition metal complexes. In Paper II the reduction of the
transition metal due to the attachment of radicals or slow electrons (see Figure
3.5D) is hence identi�ed as the spectroscopically predominant damage mechanism.

Quantitatively, the average doses absorbed during the two spectrum scans, ∼
0.3MGy for the low dose and ∼ 1.6MGy for the high-dose spectrum, can be read
from Figure 3.4B. A detailed analysis in Paper II reveals a critical dose of

D50 % = (1.6± 0.4)× 106 Gy = (1.6± 0.4)MGy (3.2)

for the reduction of 50% MnIII(acac)3 in solution. Within an order of magnitude,
this dose threshold agrees with the dose threshold determined for the reduction
of the Mn4CaO5 complex in PS II due to hard X-rays (see Table 1 in Paper II).
[84, 85] With this, the amount Pred. of reduced (MnII) species can be estimated for
an X-ray dose D absorbed by the sample:

Pred.(D) = 1− exp(−Ds · ln(2)

D50%

). (3.3)

With this result of Paper II the amount of sample damage, here in terms of
reduced MnII species in the sample, can be estimated for other soft X-ray studies
of high-valent Mn complexes in solution.
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Figure 3.5: Mechanisms of (A, B) primary and (C, D) secondary X-ray induced
sample damage. (A) Resonant X-ray absorption at the metal L-edge
results in short-living 2p core-excited states (left). Predominant Auger
decay of these states results in singly ionized �nal states and a fast
electron. (B) Non-resonant X-ray absorption at the K-edge of light
atoms (O, N, C, H) results in 1s core-excited states of the singly ionized
atom and a fast (photo-)electron. Predominant Auger decay results
in double-ionized �nal states and a second fast electron. (C) Inelastic
scattering of fast electrons resulting from (A, B) o� atoms or molecules
can result in valence-excitation or ionization. (D) Attachment of a slow
electron upon thermalization (left) or of a radical R (right) can reduce
the substrate atom/molecule M.
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Table 3.3: X-ray doses absorbed in the Mn L-edge XAS studies in Papers I, II,
III and V, performed at the storage-ring synchrotron radiation source
BESSY II and at the LCLS X-ray free-electron laser. The amount
of reduced MnII species observed in the spectra is compared to the
amount of reduced species calculated with equation (3.3) from the dose-
dependence derived in Paper II.

Paper
X-ray
source

Sample

Flow
rate
(µl/
min)

Average
(skin) dose
Ds (Gy)

Calculated
amount of
reduced

species (%)

Observed
amount of
reduced

species (%)

II BESSY II MnIII(acac)3 0 1.6× 106 50 ∼45
II BESSY II MnIII(acac)3 0 3.3× 105 13 ≤5
III BESSY II MnIII(acac)3 103 2.0× 101 0.001 ∼0
V BESSY II MnIII(acac)3 101 4.6× 103 0.2 ∼0

I LCLS MnIII3 CaO(OH) 101 3.2 75 ∼0
I LCLS MnIV3 CaO4 101 3.2 75 ∼0
I LCLS PS II (dark) 100 3.4 77 ∼0

In Table 3.3, for example, the amount of sample damage is assessed for the
Mn L-edge XAS spectra in Papers I, II, III, and V. In the data acquired at
the synchrotron radiation source BESSY II, the amount of reduced MnII species
estimated from equation (3.3) is consistent with the amounts observed as spectral
signatures of reduced MnII. In particular, in Papers III and V, liquid jet systems
are used to replenish the sample in the probing X-ray beam at su�ciently fast
rates. The amount of sample damage estimated for these experiments is, therefore,
far below the experimental detection limits. Therefore, the spectra published in
Papers III and IV can, hence, be safely assumed to be free from X-ray induced
sample damage. Presumably, this argument can be transferred directly to other
soft X-ray studies at storage-ring SR sources, where transition metals in solu-
tion are probed in fast �owing liquid jets (e.g. refs. [141, 142, 143] and Paper IV).

An important aspect of dose-dependent sample damage is addressed with the
bottom part of Table 3.3 and substantiates the need for femtosecond X-ray pulses
at XFEL sources: The amount of dose-dependent sample damage (reduced MnII

species) expected for the X-ray doses absorbed in spectra c-e from Figure 3.3 is
on the order of 75%, whereas no spectral signature of a MnII species (absorption
peak at ∼640 eV) is observed (see bottom part of Table 3.3). This substantiates
that the mechanisms and thresholds determined above for dose-dependent sample
damage do not apply for experiments at X-ray sources: The femtosecond X-ray
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pulses probe the spectroscopic information before the onset of this kind of sam-
ple damage. This "probe-before-destroy" concept, is well established for X-ray
di�raction experiments at XFELs [30, 26, 29, 144, 33, 5]. The validity of this
probe-before-destroy concept for the X-ray spectroscopic results observed here for
soft X-ray experiments is consistent with notions from hard X-ray spectroscopy.
[53, 86]

3.2.2 Fluence-Dependence at X-ray Free-Electron Lasers

A fundamental di�erence between experiments at XFELs and at storage-ring SR
sources lies in the much higher X-ray intensity and �uence (photon density) of
the XFEL pulses. Table 3.2 emphasizes these di�erences. In the experiments
at the LCLS XFEL described in Paper I, the X-ray �uence is seven orders
of magnitude higher than that in the synchrotron experiment (Paper V), and
the X-ray intensity is about nine orders of magnitude higher. While in XFEL
based experiments, dose-dependent sample damage can be avoided (see previous
section), the extreme X-ray intensity and X-ray �uence available at XFEL sources
can lead to other undesired e�ects in the sample. The nature of these e�ects and
their potential in�uence on the XFEL-based Mn L-edge XAS spectra in Paper I
are discussed below.

At high X-ray �uences (photon densities) on the order of 1/Å2 and larger,
sequential absorption of multiple X-ray photons by a single atom can become
signi�cant within single X-ray pulses. [145, 146] In the X-ray optical regime used
for the XFEL experiments in Paper I (see Table 3.2), this �uence-dependent
e�ect is the limiting factor to be considered most critical with respect to X-ray
induced sample damage. At higher �uences, and concomitantly higher intensities,
additional intensity-dependent e�ects would have been critical.
Due to the high X-ray �uence achieved in the experiments in Paper I, the

most critical factor in avoiding X-ray induced sample damage is to delimit the
�uence in order to avoid sequential absorption of multiple photons within a single
X-ray pulse. [145, 146]. After Mn L-edge absorption of a �rst X-ray photon at
a speci�c Mn complex, a second photon absorbed by the same complex would
probe a the molecule in a predominantly ionized state. This e�ect is illustrated in
Figure 3.6A, where after absorption of the �rst photon, subsequent Auger decay
results ionized �nal states.

The probability for sequential absorption of multiple photons is estimated in
Paper I, using Poisson statistics and neglecting the time structure of the core-
hole decay and of the X-ray pulse. The probability for Mn L-edge absorption of
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Figure 3.6: Mechanisms of X-ray induced sample damage and X-ray optical e�ects,
that may modify Mn L-edge XAS spectra measured at high X-ray �u-
ences and at high X-ray intensities. (A) Multiple absorption of X-ray
photons within a single X-ray pulse: After primary X-ray absorption
and Auger decay, a second photon would the atom or molecule in an
ionized state. (B) X-ray nonlinear stimulated emission (in the for-
ward direction) can concur with resonant absorption in Mn L-edge
XAS. This can potentially distort the spectral intensities probed in
�uorescence-detected XAS. Panel (B) is adapted from Paper I, Struc-
tural Dynamics 4, 054307 (2017), with the permission of AIP Publish-
ing.
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Table 3.4: Calculated amounts of �uence-dependent multiphoton absorption
events per Mn complex and of intensity-dependent X-ray nonlinear ef-
fects that could distort �uorescence-detected Mn L-edge XAS. Adapted
from Table 1 in Paper I.

Sample
Mn

atoms
m

Fluence
(photon
density)
(1/ Å2)

Amount of
multiphoton
absorption
Pm (%)

Intensity
(TW/cm2)

X-ray nonlin.
transmission

(stim. emission)
TNL (%)

MnIIMnIII2 CaO(OH) 3 0.13 2.4 0.63 0.048
MnIII3 CaO(OH) 3 0.25 4.4 2.4 0.13
MnIV3 CaO4 3 0.25 4.4 2.4 0.072
PS II (dark) 4 0.27 6.3 2.6 0.010
PS II (2F) 4 0.32 7.4 3.0 0.012

multiple photons by a complex with m Mn atoms, Pm, is calculated with

Pm(µ) =
1− Pµ(1)− Pµ(0)

(1− Pµ(0))
(3.4)

where Pµ(k) = µk ·exp(−m ·µ)/k! is the discrete Poisson distribution and µ = F ·σ
is the atomic absorption probability, product of the Fluence F and the one-photon
absorption cross section σ.

This probability is given in Table 3.4 for the Mn L-edge XAS spectra in Figure
3.3 (for further details see Paper I). In these experiments, the X-ray focus size
and pulse energy was carefully controlled, in order to limit the X-ray �uence to
the order of ∼0.1 photons/Å2, where the in�uence of multiple X-ray absorption is
limited to only a few percent.

At high X-ray intensities, several orders of magnitude larger than those used
for the experiments in Paper I, X-ray nonlinear e�ects can play a substan-
tial role in XFEL based experiments. An X-ray optical nonlinear e�ect that
could become critical for �uorescence-detected XAS is stimulated X-ray emission.
[147, 148, 149, 150] After absorption of a �rst X-ray photon, stimulated emission
due to a second X-ray photon would deplete the core-excited states upon emission
of X-ray �uorescence in the direction of the X-ray beam. In �uorescence-detected
XAS, this e�ect could critically compete with the spontaneous emission to be de-
tected with the spectrometer, observed as a virtually increased X-ray transmission
of the sample (see Figure 3.6B). In Paper I, this X-ray induced transparency
TNL is estimated, following the equations from refs. [148, 149]) and the results are
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reprinted in Table 3.4. For the spectra in Paper I, these e�ects are on the order of
one permille and less and can be safely neglected. At higher sample concentrations
around 0.5M and more, however, these e�ects needs to be considered carefully
(see Paper I).

Coulomb explosion, the spatial expansion of a sample due to high energy density
after absorption of an XFEL pulse, takes place at X-ray �uences and intensities
�ve to six orders of magnitudes larger than those used for the XFEL experiments
in Paper I. [30, 151] For the experiments discussed in this thesis, this e�ect can
therefore be safely neglected.
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4 Electronic Structure of 3d
Transition Metals in Catalytic

Systems

3d transition metals play a major role as electron donors and acceptors in cat-
alytic systems [152, 153, 116] and metalloproteins. [4, 125, 126] Studying the local
electronic structure of these transition metals can provide important insights to
their catalytic function. A major challenge in these studies with metal L-edge
XAS is to unravel how individual aspects of the electronic structure are expressed
in the spectra. One objective of the work discussed in this thesis was, therefore, to
correlate the spectral shape, the absorption cross sections and absorption energies
in L-edge XAS spectra of 3d transition metal complexes with the metal oxidation
state, the spin and the metal-ligand interactions. For this purpose, in Papers III,
IV [78, 88] and V [89] spectra of selected mononuclear transition metal complexes
(i.e. with one metal center) are investigated, where properties of the electronic
and geometric structures are systematically varied.

In section 4.1, three mononuclear complexes are introduced and their geometric
and electronic structural properties are compared. A brief overview on the theory
approaches used for interpreting the L-edge XAS spectra of these complexes is
given in section 4.2. In section 4.3, based on results from Papers III and IV,
the spectral shape, absorption cross sections and absorption energies in the L-edge
XAS spectra of these complexes are related to their electronic structure. With
the results of Paper V, section 4.4 further lines out how absorption energies in
L-edge XAS of 3d transition metals relate to the charge and spin densities in the
metal complex, using state-of-the-art ab initio theory. These results elucidate
the physical interactions leading to the oxidation-state dependent spectral shift in
L-edge XAS, as observed for example in Figure 3.3.
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4.1 Metal-Ligand Interactions, Spin and Oxidation

States of Mononuclear 3d Metal Complexes

The series of mononuclear complexes studied in Papers III and IV is a selection
of transition metal (M=Mn, Cr) acetylacetonate complexes, MX(acac)y, with
oxidation states X = II and III and y = 2 or 3 acetylacetonate ligands, abbre-
viated with the term (acac)−. The local metal-ligand geometry is varied from
tetrahedral to octahedral symmetry. The geometric structures of these complexes
[154, 155, 156, 157, 158] are illustrated in Figures 4.1A-C with visual highlights
on the central MO2y units of the MX(acac)y complexes.

The metal-ligand interactions are varied predominantly with the geometry of
the central MO2y units, where M(acac)3 complexes occur with MO6 units in a
nearly octahedral symmetry and M(acac)2 complexes with a MO4 unit in nearly
tetrahedral symmetry. As introduced in section 1.4, the metal-ligand interac-
tions a�ect the relative energies of the metal 3d-derived orbitals. These orbital
energies are shown in Figure 4.1D-F, as determined from density functional
theory (DFT) and RAS calculations. While the local geometry of the MO2y

units is close to tetrahedral (Td) in MnII(acac)2 and close to octahedral (Oh) in
CrIII(acac)3, the symmetry in MnIII(acac)3 is further reduced from Oh to D4h due
to elongation of the bonds along a preferred axis, known as Jahn-Teller-distortion.
[154, 159, 155, 156, 157, 158] This e�ects a further splitting of orbital energies. For
simplicity, however, the spectrum analyses will here be discussed on the level of the
approximately octahedral (Oh) symmetry. This is also done for MnII(acac)2, with
orbitals calculated in C2v symmetry, here discussed in tetrahedral (Td) symmetry.

The metal oxidation state and the spin in this series of complexes is varied
with the 3d-occupation number n of electrons in the metal 3d-derived orbitals. To
investigate its e�ect on the spectra, in Papers III and IV, this 3d-occupation
number is varied from 3d5 (MnII) over 3d4 (MnIII) to 3d3 (CrIII), where the latter
is iso-electronic with a hypothetical MnIV complex. All complexes studied in this
thesis are high-spin complexes. The spin of these complexes hence varies from
S = 5/2 (MnII) over S = 2 (MnIII) to S = 3/2 (CrIII), as here de�ned by the net
spin of the 3d-electrons.

Experimental L-edge XAS spectra of these 3d metal complexes are shown in Fig-
ure 4.2, as published in Papers III and IV. They were measured in transmission-
detected mode using a novel liquid �atjet system, [77] enabling to measure X-ray
absorption spectra that are explicitly free from dose-dependent sample damage
(see Table 3.3 and discussion in section 3.2.1). Transmission-detected XAS allows
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Figure 4.1: (A, B, C) Geometric structures of MX(acac)y complexes, studied in
Papers II, III, IV and V and (D, E, F) relative energies of their
metal 3d-derived orbitals. Figure (A, B, C) adapted with permission
from Paper III, Inorg. Chem. 57, 9, 5449-5462 (2018) and Paper IV,
J. Phys. Chem. B 122, 7375-7384 (2018), copyright 2018 American
Chemical Society. Figure (D, E) adapted from Paper V, Chemical
Science 9, 6813-6829 (2018) with permission from the Royal Society of
Chemistry.
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Figure 4.2: (A, B, C) Experimental L-edge XAS spectra of MX(acac)y complexes,
as measured in transmission-detected mode and published in Papers
II, III and IV. The energy axis of these spectra was calibrated as
assigned in the papers. Absorption cross sections are shown in absolute
units of barn (1 b=10−28 m2). Figure (A, B) adapted with permission
from Paper III, Inorg. Chem. 57, 9, 5449-5462 (2018) and Figure
(C) adapted with permission from Paper IV, J. Phys. Chem. B 122,
7375-7384 (2018), copyright 2018 American Chemical Society.
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for determining absolute X-ray absorption cross sections. These are reported in
absolute units of barn (1 b=10−28 m2) and allow for the direct comparison of spec-
tra measured on di�erent systems. Comparison to �uorescence-detected spectra
from Paper V, also free from sample-damage (see Table 3.3), allows for the dis-
cussion of spectral e�ects due to the di�erent detection methods with respect to
the information content of these L-edge XAS spectra.

4.2 Theoretical Approaches to X-ray Spectrum

Calculations

Correlating the spectral features in metal L-edge XAS of transition metal com-
plexes with their local electronic structure can require advanced theoretical
methods. L-edge XAS spectra of 3d transition metals are predominantly shaped
by the metal centered 2p63dn → 2p53dn+1 dipole transitions. The energy of the
2p53dn+1 �nal states is determined by the sum of a variety of electron-electron
and electron-nucleus interactions: Direct (classical) Coulomb interactions be-
tween all electron-electron pairs are repulsive and hence increase the total energy,
whereas those between electron-nucleus pairs in the system have the opposite
e�ect. Moreover, quantum-mechanical exchange Coulomb interactions between
electron-electron pairs with parallel spins decrease the overall energy. Last, the
quantum-mechanical spin-orbit interaction for electrons with non-zero angular
momenta (l > 0) causes a splitting of states into manifolds with increased and
with decreased total energy, respectively. [66, 62] In L-edge XAS of 3d transition
metals, these combined interactions typically lead to several hundred XAS �nal
states, the "multiplets", spread on the order of 1−10 eV along the axis of incident
photon energy. An intuitive understanding and interpretation of L-edge XAS
spectra is therefore complicated (if not impossible) for most 3d transition metal
complexes. Therefore, theoretical methods are required that accurately account
for all important interactions, relevant for calculating these L-edge XAS �nal
states correctly.

The semi-empirical crystal �eld multiplet (CFM) [91, 66, 92, 62] and charge-
transfer multiplet (CTM) [68, 69, 70, 71] approaches are well-established for
calculating X-ray absorption and X-ray emission spectra of 3d transition metal
complexes. CFM calculations take into account all possible electronic con�gura-
tion interactions ("full C.I.") for a metal ion in a symmetric electrostatic �eld � the
crystal �eld or ligand �eld (see section 1.4). The CFM model has semi-empirical
character since the ligand �eld and other interaction parameters can be �tted to
match the calculated with the measured spectra. Information on the electronic
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structure of the complexes under study can then be projected out from these
�tting parameters. The charge-transfer multiplet (CTM) model [68, 69, 70, 71]
augments the CFM model by including charge-transfer (CT) states. In the ground
state, in addition to the 2p63dn con�guration, also 2p63dn+1L con�gurations are
possible in the CTM model (L denotes a hole in a ligand orbital). In the �nal
states of L-edge XAS, CTM includes 2p53dn+2L in addition to the 2p53dn+1 con�g-
urations. A didactically advantageous feature of the CFM and CTM calculations
is the opportunity to systematically vary each interaction parameter and track
its e�ect on the X-ray absorption spectra. In Paper III, for example, it is used
to investigate the e�ect of the ligand �eld splitting 10Dq on the shape of L-edge
XAS spectra, as discussed in the following. Furthermore, comparison of spectra
calculated with the CFM and CTM approaches is used to elucidate the presence
or absence of charge transfer states in the spectra.

The ab-initio theoretical restricted active space (RAS) approach [93, 94, 95]
can provide spectra and electronic structural information, in principle, without
any �tting parameters � as opposed to the above approaches. The RAS approach
builds upon the restricted active space self-consistent �eld (SCF) framework and
accounts for all con�gurations interactions (full C.I.) for a restricted number of
"active space" orbitals (for details, see ref. [94] and references therein). For
the L-edge XAS spectrum calculations of 3d metal complexes in Papers II,

III, IV, and V, these active space orbitals are typically limited to orbitals with
predominant metal 2p (three RAS orbitals) and metal 3d character (�ve RAS
orbitals), where electronic excitations are allowed. RAS calculations explicitly
include the interaction of molecular orbitals, using a "state-average formalism".
They can be used for spectrum calculations of molecules with arbitrary geometric
structures. For example, the metal 3d-derived RAS orbitals of MnII(acac)2 and
MnIII(acac)3, obtained from the spectrum calculations with RAS, are shown in
Figure 4.3. In particular, in Paper V, RAS calculations are used analyze charge
and spin densities in the molecule for the initial and �nal states of L-edge XAS.

In the results discussed in this thesis, CFM and CTM calculations in Oh and Td
symmetry were performed by the author of this thesis. CFM and CTM calculations
performed in other symmetries were provided by T. Kroll (Stanford University,
Stanford, USA) and M. L. Baker (University of Manchester at Harwell, Didcot,
UK). Ab initio RAS calculations in Papers II, III, IV and V were performed by
M. Guo, E. Källman and M. Lundberg (Uppsala University, Uppsala, Sweden).
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Figure 4.3: Mn 3d-derived orbitals of MnII(acac)2 and MnIII(acac)3, as obtained
from spectrum calculations with the restricted active space (RAS) ap-
proach. Molecular orbitals are labeled in (A) C2v and (B) D4h symme-
try (see Figure 4.1D-E). Reproduced from Paper V, Chemical Science
9, 6813-6829 (2018) with permission from the Royal Society of Chem-
istry.

4.3 Information Content of 3d Metal L-edge XAS

To correlate the information contained in L-edge XAS spectra of 3d metal com-
plexes with their electronic and geometric structures, a systematic study was be-
gun with Papers III and IV, investigating the spectra of mononuclear metal
complexes introduced in section 4.1. In the following section, therefore, the in-
�uence of metal-ligand interactions (section 4.3.1), of the metal oxidation state
(section 4.3.3) and of the spin state of these complexes (section 4.3.2) on speci�c
observables in the spectra is discussed.

4.3.1 Metal-Ligand Interactions � Spectral Shape

We now assess how the local metal-ligand interactions and geometry are expressed
in the Mn L-edge XAS spectra of MnII(acac)2 and MnIII(acac)3. It is instructive to
discuss this question with calculated spectra obtained from CFM and CTM as well
as with RAS theory, following the series of L-edge XAS spectra in Figures 4.4A-B.
In the top rows (a), the experimental spectra of MnII(acac)2 and MnIII(acac)3 are
shown (spectra are taken from Figure 4.2 and normalized to one at maximum).
In both experimental spectra, similar motifs are observed; The L3-edge features
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Figure 4.4: Measured (a) and calculated (b-f ) L-edge XAS spectra of MnII(acac)2
and MnIII(acac)3, as studied with transmission-detected XAS in Paper
III. Spectra (b-d)were calculated with the CFM, spectrum (e) with
the CTM and (f ) with the RAS approach. All CFM and CTM spectra
were shifted for best alignment of the Mn L3 absorption maxima γ,
respectively, with experiment. The RAS spectra were both aligned
using the same spectral shift. Figure adapted with permission from
Paper III, Inorg. Chem. 57, 9, 5449-5462 (2018). Copyright 2018
American Chemical Society.
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of both spectra have a prominent main peak (γ) with a more or less pronounced
"pre-edge" feature (ε) on their low-energy sides and with a smooth slope (δ) on
their high energy sides.

The in�uence of the metal-ligand interactions on these spectra is �rst addressed
qualitatively, using the CFM and CTM approaches, as discussed in Paper III.
In the �rst step, the experimental spectra (a) are compared to spectra from the
CFM approach, calculated for Mn2+ and Mn3+ ions (see spectra (b) in Figures
4.4A-B, calculated for an explicit crystal-�eld splitting of zero). Comparably good
agreement with experiment is found in the spectrum calculated for Mn2+ with
respect to features γ and ε, while the shapes of features ε, γ and δ are not well
re�ected in the ionic Mn3+ spectrum. Thus, the Mn L-edge XAS spectrum of
MnII(acac)2 seems to be dominated by interactions on the atomic scale, while the
MnIII(acac)3 spectrum seems to be shaped by additional interactions.

It is therefore instructive to observe how the shapes of the spectra change when
metal-ligand interactions are included. Within the CFM approach, this is done
here by adding carefully chosen ligand �eld splittings 10Dq (0.6 eV for MnII and
1.5 eV for MnIII; see discussion in Paper III), in cubic symmetry (Td for MnII and
Oh for MnIII). These ligand �eld splittings are roughly consistent with the optical
ligand �eld excitations reported from UV-vis spectroscopy, [160, 7] as discussed
in Paper III. These CFM spectra show improved agreement of calculated with
measured spectra, both for MnII(acac)2 and MnIII(acac)3 with respect to the
relative intensity, shapes and positions of features ε, γ and δ of the Mn L3-edges,
in particular for MnIII(acac)3. Slightly better agreement in the spectral shapes of
measured and calculated spectra is obtained from CFM calculations with the less
high D4h metal-ligand symmetry, as shown in spectra (d). These observations
substantiate the impact of the metal-ligand interactions on the L-edge XAS spec-
tral shape of these complexes.

Further improved agreement in the spectral shapes of measured and calculated
spectra is achieved for both complexes when charge transfer (CT) states are
added, using the CTM approach as shown in spectra (e). As compared to the
complementary CFM spectra (d), this improves the agreement with respect to
the smooth shape of feature δ. Agreement of feature δ at the high-energy side of
the Mn L3-edge appears to be a marker for the presence of CT states and hence
for the presence of covalent metal-ligand interactions, [68, 69] which according to
this analysis are more pronounced for MnIII(acac)3 than for MnII(acac)2. CFM
and CTM calculations, thus, can be used to investigate the qualitative e�ect
of metal-ligand interactions on the spectrum. Quantitative analyses with the
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Figure 4.5: Di�erential orbital population analyses from restricted active space
(RAS) calculations. Relative contributions of orbital populations (dif-
ference between L-edge XAS �nal and initial states) to L-edge XAS
transition intensities of MnII(acac)2 and MnIII(acac)3. Figure adapted
from Paper V, Chemical Science 9, 6813-6829 (2018) with permission
from the Royal Society of Chemistry.

CTM approach can further elucidate the ionic or covalent character of the metal
3d-derived orbitals probed with L-edge XAS. [68, 69]

L-edge XAS spectra calculated ab initio for MnII(acac)2 and MnIII(acac)3 us-
ing the RAS approach are shown in rows (f ) of Figure 4.4. These calculations
account for the interactions of molecular orbitals as illustrated with the Mn
3d-derived orbitals shown in Figure 4.3. Remarkably, the agreement of these ab
initio calculated with the measured spectra is comparable to that of the highest
quality spectrum �ts with CFM (d) and CTM (e). This is remarkable, since CFM
and CTM calculations require a large number of potentially ambiguous �tting
parameters, whereas the RAS spectra are calculated ab initio � with essentially
no �tting parameters. The similarity of measured and calculated spectral shapes
substantiates the predictive character of the RAS approach.

In the above discussions the presence and the shape of spectral features ε, γ and
δ was observed to be characteristic for an approximately valid description of the
metal-ligand interactions. One might, hence, attempt to interpret the spectra in
terms of a "one-electron" picture, where speci�c spectral features represent one-
electron excitations to speci�c molecular orbitals. This picture was used to assign
spectral features in L-edge XAS spectra of low spin iron (Fe) complexes, [69, 143]
which aligns with spectrum analyses of low-spin Fe with RAS. [94] For Mn L-
edge XAS of the high-spin MnII(acac)2 and MnIII(acac)3 complexes,however, this
one-electron picture breaks down, as observed in Figures 4.5A-B. In these spec-
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trum analyses, the RAS calculated spectra are analyzed for the relative orbital
populations in the XAS �nal states as compared to the initial states [94]. Fig-
ure 4.5A shows that upon X-ray absorption at the L-edge of MnII(acac)2, the
net change in the orbital occupation is roughly equally distributed to both e-
and t2-orbitals, throughout the L-edge XAS spectrum. The spectrum analysis of
MnIII(acac)3 in Figure 4.5B shows that for the major part of the �nal states, the
core-excited electron is added to the unoccupied eg-derived orbital (similar results
are found in Paper IV for CrIII(acac)3). Hence, in the spectra of both complexes,
no assignment of spectral features to distinct one-electron transitions to a speci�c
molecular-orbital can be made. The break-down of this one-electron picture for
these complexes may be explained with their high-spin nature. The high net spin
of these complexes may increase the in�uence of exchange Coulomb interactions
on �nal states over that of the direct Coulomb interactions, as substantiated in
the following.

4.3.2 Spin State � Spectral Shape and Branching Ratio

The spin of a transition metal is important to understand its magnetic properties
on the microscopic scale. The results of Papers III, IV and V have shown a
systematic correlation between the spin of a high-spin 3d transition metal and
the shape of its L-edge XAS spectrum. This section lines out how the spin of a
transition metal can be probed with L-edge XAS and how it is re�ected in the
spectral shape and the intensity ratio of the L3 and L2-edges.

To understand the in�uence of the spin S on the shape of L-edge XAS spectra,
�nal state analyzes with RAS were performed as shown in Figures 4.6A-B for
MnII(acac)2 and MnIII(acac)3. Two important observations are made in these
analyses. Importantly, the absorption maximum of the Mn L3-edges is dominated
by �nal states with the same spin as in the ground state, i.e. a change of ∆S = 0.
This observation will be important for a later discussions of the spectral shift.
Furthermore, a clear trend is observed in the average energy of groups of �nal
states with equal spin S: The lower the total spin of the �nal state, the higher is
the average energy of these �nal states, following the series ∆S = 0,−1,−2. The
overall shape of the spectra in Figure 4.6 along the axis of incident photon energy
is, therefore, governed by the successive �ip of electron spins in the �nal states.
This is consistent with the observations in 2p photoelectron spectra of atomic Mn.
[161, 162] The large overlap of the �nal state contributions with di�erent spins S
re�ects the strong mixing of �nal state con�gurations due to the break-down of
the LS-coupling scheme in the �nal states of L-edge XAS.
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Figure 4.6: Spin analysis of L-edge XAS �nal states from restricted active space
(RAS) calculations. Relative contributions of spin con�gurations to the
L-edge XAS �nal states of MnII(acac)2 and MnIII(acac)3. Spin states
are labelled with with the changes with respect to the initial (ground)
states. Figure adapted from Paper V, Chemical Science 9, 6813-6829
(2018) with permission from the Royal Society of Chemistry.

In Papers III and IV, a clear correlation is observed between the spin S of
high-spin 3d metal complexes and the branching ratio

ξ = I(L3)/I(L3 + L2)

of their L-edge XAS spectra (see Figure 4.7). The branching ratio, visually
expressed in the ratio of the L3 and L2-edge intensities, is an intuitively accessible
observable in L-edge XAS spectra. In Figure 4.7, a signi�cant increase in the
experimental branching ratios is observed in the series of metal spins S, increasing
from 3/2 to 2 and 5/2. The trend of these branching ratios agrees with that of the
RAS calculations for these systems. These increasing trends are consistent with
the trends measured in L-edge XAS of atomic and ionic systems [163] and with
those calculated for ionic systems. [66] Conceptually, the trend observed in Figure
4.7 can be used to distinguish the spin state S of other high-spin complexes from
the branching ratio of their L-edge XAS spectra.

4.3.3 Metal Oxidation State � Spectral Shift and Absorption

Cross Sections

Reliable measures for the oxidation state of 3d metal complexes are essential for
experimental studies of catalytic reactions where electrons are transferred to or
from these transition metals. [164, 165] In particular, this information will be
important to understand the water splitting reaction at the Mn4CaO5 complex in
PS II, where changes of the Mn oxidation states could mark the time point and
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Figure 4.7: Measured and calculated L3,2-edge branching ratios I(L3)/I(L3+L2) of
transmission-detected L-edge XAS spectra from Figure 4.2. An in-
creasing trend with respect to increasing 3d occupation numbers n and
increasing spins S is observed, respectively. Figure adapted with per-
mission from Paper IV, J. Phys. Chem. B 122, 7375-7384 (2018).
Copyright 2018 American Chemical Society.

Figure 4.8: Oxidation-state dependent shift of the Mn L3-edge maximum of multi-
nuclear high-spin complexes. The dashed line is a linear �t to the data
points, the gray area marks the �t uncertainty. Figure adapted from
Paper I, Structural Dynamics 4, 054307 (2017), with the permission
of AIP Publishing.
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the mechanism of this reduction oxidation reaction.

A prominent observable in L-edge XAS spectra is the absorption energy of
the Mn L3-edge maximum. This peak position is an easily accessible observable,
which � here for high-spin MnII, MnIII and MnIV complexes � can be used for a
reliable assessment of Mn oxidation states. In Paper I, it was shown to relate
L-edge XAS spectra of multinuclear Mn complexes to their oxidation states. The
linear shift of this peak position is quanti�ed in Figure 4.8A for the multinuclear
model complexes measured in Paper I. The measured shift of 1.6 ± 0.3 eV for
each change in the Mn oxidation state agrees well with the spectral shift of 1.5
to 2 eV, determined in other studies. [63, 65, 60, 165, 79] The spectral shift of
1.9 eV, observed between the Mn L3-edge maxima of MnII(acac)2 and MnIII(acac)3
substantiates these data. It should be noted, however, that a linear shift is
consistently reproduced for high-spin Mn complexes but may be inappropriate for
low-spin complexes. [69]

Information on the occupation number n of the metal 3d-derived orbitals and,
thus, on the metal oxidation state is contained also in the absolute absorption
cross sections that can be determined with transmission-detected L-edge XAS.
To a �rst approximation, this measure of the 2p→ 3d absorption probability can
be assumed to be proportional to the number of "holes" in the metal 3d shell.
Proportional deviations from this �rst approximation have been used to assess the
degree of ionic or � inversely � covalent character of the metal 3d-derived orbitals.
[166, 68] To test these concepts, the integrals over the full metal L3,2-edge spectra
(in units of Mb·eV), here termed the "absorption integrals", were plotted in
Figure 4.9 over the number of 3d-holes, (10 − n). To test the hypothesis of a
linear correlation, a line through the origin was �tted to the experimental data
points (see Paper IV for details). Unfortunately, the experimental uncertainties
of these data do not allow for distinguishing these data points amongst each
other. In principle, if the experimental uncertainties were reduced by an order
of magnitude, similar analyses of the covalent character of the metal 3d-derived
orbitals as in refs. [166, 68, 69, 71] would be possible.

Remarkably, both e�ects � the spectral shift and the relative absorption cross
sections � are reproduced in the spectra calculated ab initio with RAS theory. This
is clearly demonstrated with the comparison of measured and calculated spectra of
MnII(acac)2 and MnIII(acac)3 in Figure 4.10: The spectral shift, measured around
1.9 eV, is consistently reproduced by the RAS calculations (1.6 eV). This observa-
tion further substantiates the unprecedented predictive character of these ab initio
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Figure 4.9: Measured and calculated absorption integrals (integrals of L3,2-edge
absorption spectra in absolute units). The error bars mark the ex-
perimental uncertainty, the dashed line is a weighted linear �t to the
experimental data. A linear �t of the RAS data was used to scale the
respective plot ranges of measured and calculated integrals for coin-
ciding �t lines. Reprinted with permission from Paper IV, J. Phys.
Chem. B 122, 7375-7384 (2018). Copyright 2018 American Chemical
Society.
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Figure 4.10: (A) Measured and (B) calculated L-edge XAS spectra of MnII(acac)2
and MnIII(acac)3, as obtained from transmission-detected XAS in Pa-
per III. Calculated spectra in (B) were obtained from restricted ac-
tive space (RAS) calculations. RAS spectra were both aligned with
the same shift. Experimental and RAS spectra are the same as in
Figure 4.4, but without further normalization. Figure adapted with
permission from Paper III, Inorg. Chem. 57, 9, 5449-5462 (2018).
Copyright 2018 American Chemical Society.

calculations of L-edge XAS with RAS theory and motivates further theoretical
analyses with RAS.

4.3.4 Implications of Fluorescence Yield-Detection on the

Information Content of Mn L-edge XAS

Comparison of L-edge XAS from �uorescence-detected to transmission-detected
measurements has shown spectral distortions in the former due to state-dependent
�uorescence yield. [167, 168, 169, 106]) As the approach to measuring L-edge XAS
spectra of PS II in Paper I is explicitly based on �uorescence-yield detection,
potential gains and losses in the information contained in these spectra needs to
be assessed.

For a �rst assessment, L-edge XAS spectra of MnII(acac)2 and MnIII(acac)3
in solution are compared for the transmission-detected (Paper III) and for the
�uorescence-detected case (Paper V), as shown in Figures 4.2A-B. Several im-
portant observations can be made in these spectrum comparisons. Importantly,
the absolute energy of the absorption features in the spectra is independent from
the detection method. This observation is essential, as it allows for determining
the position of the L3-edge absorption maximum position � independent from the
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Figure 4.11: Measured and calculated L-edge XAS spectra of MnII(acac)2 and
MnIII(acac)3, as obtained from transmission-detected XAS ("Transm.
XAS", Paper III) and �uorescence-detected XAS ("PFY-XAS", Pa-
per V). Calculated spectra were obtained from restricted active space
(RAS) calculations. All spectra are normalized to one at maximum.
Figure reprinted with permission from Paper III, Inorg. Chem. 57,
9, 5449-5462 (2018). Copyright 2018 American Chemical Society.
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detection method. The information about the metal oxidation state, as contained
in this peak position, is therefore conserved in �uorescence-detected XAS.

The spectral shape, however, expressed in the relative intensities of the spec-
tral features, undergoes relative suppression or enhancement when going from
transmission-detected to �uorescence-detected XAS. In a most pronounced man-
ner, this reduces the branching ratio I(L3)/I(L3 + L2) by 32% and 24% for
MnII(acac)2 and MnIII(acac)3, respectively, when going to �uorescence-detected
XAS. In the particular case studied here with MnII(acac)2 and MnIII(acac)3, the
di�erent amount of reduction counteracts the trend discussed with Figure 4.7.
The information content of the branching ratio in �uorescence-detected XAS with
respect to the spin S of the metal complexes, therefore, requires further critical
assessment.

Furthermore, distortions in the spectral shape can lead to the suppression of
spectral features that in transmission-detected XAS were found to be critical
markers for the geometric structure. In the �uorescence-detected L-edge XAS
spectra of MnII(acac)2 and MnIII(acac)3, thus, the pre-edge feature ε is spectrally
suppressed and it can almost not be distinguished from the background noise.
The absence of this feature in �uorescence-detected XAS, in this case, reduces the
information contained in the spectra with respect to the metal-ligand interactions.

Qualitatively, the calculated analogues of these �uorescence-detected spectra, as
obtained from ab initio RAS theory, reproduce all of the above e�ects due to state-
dependent �uorescence yield (see Figure 4.11C-D). The quantitative suppression
and enhancement of calculated spectral features, however, partly deviates from
the measurements. Nevertheless, the option to use RAS theory to qualitatively
account for these spectral distortions may help to compensate for the potential
losses of spectral information.

4.4 Correlating L-edge XAS with Local Charge and

Spin Densities

Recent advances of ab initio RAS calculations now o�er the opportunity to
correlate the �nal state properties of L-edge XAS spectra with charge and spin
densities in a molecule. In Paper V, this opportunity is used to unravel the
yet inconsistently explained physical nature of the spectral blue-shift in L-edge
XAS spectra of Mn complexes with increasing oxidation states. [65, 63, 170, 165]
Previous interpretations of this shift concern di�erences in the "screening" of
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Figure 4.12: (A) Measured and (B) calculated L-edge XAS spectra of MnII(acac)2
and MnIII(acac)3, as obtained from �uorescence-detected XAS in Pa-
per V. Calculated spectra in (B) were obtained from restricted active
space (RAS) calculations. RAS spectra were both aligned with the
same shift. Experimental and RAS spectra are the same as in Figure
4.11. Figure adapted from Paper V, Chemical Science 9, 6813-6829
(2018) with permission from the Royal Society of Chemistry.

the 2p core-hole, [163, 171], in the number of direct Coulomb interactions of
electron-electron pairs ("Q − U" argument), [62] and in the number of exchange
Coulomb interactions between 2p and 3d electrons with parallel spins. [60] The
predictive character of the ab inito RAS calculations is, therefore, now used to
build a model case for correlating the energy of Mn L3-edge absorption maxima
with charge and spin density changes at the Mn.

The potential of the RAS calculations to predict the spectral shape and relative
shifts in these spectra is further benchmarked with the comparison of measured
and calculated spectra of MnII(acac)2 and MnIII(acac)3, here from �uorescence-
detected Mn L-edge XAS (see Figure 4.12). The previous section has shown,
that the electronic structure of a transition metal complex can sensitively depend
on the geometric structure. Therefore, to decouple the interpretation of the
spectral shift from di�erences in the geometric structures an arti�cial, reduced
(MnII(acac)3)1− complex with the same geometric structure as MnIII(acac)3 is
introduced. Remarkably, the Mn L3-edge absorption maximum calculated for this
complex is in good agreement with that of MnII(acac)2 (see Figure 4.13). Metal-
ligand interactions have, hence, a negligible e�ect on the L-edge XAS shift between
these two systems. The comparison of MnIII(acac)3 and (MnII(acac)3)1− is there-
fore an ideal test case for investigating the interactions leading to the spectral shift.

Charge and spin density distributions in a molecule can be analyzed in three
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Figure 4.13: Independence of the oxidation-state dependent shift in L-edge XAS
from the geometric structure of the complex. Spectrum calculations
with the restricted active space (RAS) approach for transmission-
detected L-edge XAS of MnII(acac)2 (bottom), MnIII(acac)3 (top)
and an arti�cially reduced (MnIII(acac)3)1−complex with the same
geometric structure. All RAS spectra were aligned with the same
shift. Figure reprinted from Paper V, Chemical Science 9, 6813-
6829 (2018) with permission from the Royal Society of Chemistry.
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Figure 4.14: (A) Radial charge density and (B) radial spin density distributions of
MnIII(acac)3 and an arti�cially reduced (MnIII(acac)3)1−complex with
the same geometric structures, calculated for the molecular ground
states (initial states in L-edge XAS). Calculations were performed
with the restricted active space (RAS) approach. (C) Di�erence of the
distributions in (A). (D) Di�erence of the distributions in (B). Figure
reprinted from Paper V, Chemical Science 9, 6813-6829 (2018) with
permission from the Royal Society of Chemistry.
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dimensional space for both the molecular ground state and the �nal states of L-
edge XAS, using ab initio RAS calculations. To reduce the amount of information
to the essential observables, these distributions are projected to the radial axis,
with the origin in the center of Mn. For the ground state, these radial charge and
spin densities of the test cases MnIII(acac)3 (red) and (MnII(acac)3)1− (blue) are
shown in Figures 4.14A and B.

Common notions from atomic physics and inorganic chemistry can be validated
with these plots. Close to the origin (0 − 1Å), the Mn L- and M-shells are
observed as pronounced peaks. Features at radii ≥1Å are due to the structure
of the (acac)− ligands. Features at around 2Å are due to the direct oxygen
ligands of Mn, where the double-peak is due to Jahn-Teller distortion. [159, 154]
While the charge density is the sum of all electrons (spin up plus spin down),
the spin density shows only that of electrons with unpaired spins (spin up minus
spin down). In the analyses of initial and �nal states of Mn L-edge XAS, the
spin density is hence sensitive to unpaired 2p and 3d electrons only. In the
ground state of both complexes, spin density is found to be localized in the Mn
3d-derived orbitals, which is now called the 3d shell. This is consistent with
Hund's rules, [172] where in the ground state the total energy is minimized for
a maximum spin S of these 3d-electrons, due to exchange Coulomb interaction.
Reduction from MnIII(acac)3 (red) to (MnII(acac)3)1− (blue), therefore, consis-
tently results in an increased spin density only in the Mn 3d-shell. Since the
reduced molecule is a many-electron system, the sum of all electrons rearranges
throughout the molecule due the additional Coulomb repulsion in the presence
of the additional 3d electron. In Figure 4.14C, this is observed as a polariza-
tion e�ect in the charge density di�erence. These observations are consistent
with those made with ab initio density-functional theory (DFT) calculations for
the ground states of low-spin ferric (FeIII) and low-spin ferrous (FeII) haem a. [173]

Although DFT-derived methods have been advanced to X-ray spectrum cal-
culations for L-edge XAS of transition metal complexes, [174, 175, 176] the
reproduction of measured spectra with ab initio RAS calculations is unprece-
dented (see Paper III). In Paper V, RAS calculations are therefore applied
for the analysis of charge and spin densities in �nal states of L-edge for the �rst
time. This is illustrated for the example of MnIII(acac)3 in Figure 4.15, where
these densities are compared for the ground state (XAS initial state) and the
�nal states of L-edge XAS. On a logarithmic scale, the di�erences between these
densities in the �nal states as compared to the ground or initial state con�rm
common notions of X-ray absorption spectroscopy. Upon 2p → 3d absorption
at the Mn L-edge (Figure 4.15A) charge is transferred from the Mn L-shell (at
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Figure 4.15: (A) Calculated radial charge and (B) spin density distributions of
MnIII(acac)3 in the initial state (IS) of L-edge XAS and averaged over
the �nal states (FS). Calculations were performed with the restricted
active space (RAS) approach. (C) Di�erence of the distributions in
(A). (D) Di�erence of the distributions in (B). For computational
reasons, charge densities are averaged over all �nal states whereas
spin densities are averaged over the �ve most intense �nal transitions
from the predominant ∆S = 0 component in the Mn L3-edge. Figure
reprinted from Paper V, Chemical Science 9, 6813-6829 (2018) with
permission from the Royal Society of Chemistry.
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around 0.1Å) to the Mn M -shell (between 0.3 and 0.4Å). In the spin density
distribution (Figure 4.15B), upon 2p → 3d absorption, spin density is created
in the Mn 2p-shell which is consistent with the creation of a 2p core-hole. The
spin density in the Mn 3d-shell, however, is reduced, which is consistent with the
predominance of �nal state contributions with ∆S = 0, where the total spin S in
the �nal states is that of the ground state. In the paper, similar observations are
made for (MnII(acac)3)1− (not shown).

The most important observation is made in the di�erence of spin densities
of MnIII(acac)3 and (MnII(acac)3)1−, as shown in Figure 4.16A. This di�erence
pronounces the density distribution of the additional electron in the Mn 3d-shell
in (MnII(acac)3)1− as compared to MnIII(acac)3. Most importantly, in the �nal
states, this additional electron is observed to be shifted towards the Mn nucleus,
as compared to its position in the ground state (XAS initial state). This shift
re�ects a stronger attraction of the additional 3d-electron towards the Mn posi-
tively charged nucleus of Mn, due to direct (classical) Coulomb interactions. In
other words, it re�ects an increased a�nity of Mn towards the additional electron
in the XAS �nal states as compared to the initial states. This �nding is re�ected
in the total energy diagram in Figure 4.16B.

This explanation is qualitatively consistent with the "Q−U" argument, derived
from atomic physics. [62] It explains the spectral shift with the di�erence in
the number of direct (classical) Coulomb interactions between pairs of 2p and 3d
electrons (Q) and between pairs of 3d and 3d electrons (U). The di�erence Q−U
would be larger for higher oxidation states and explains the positive L-edge XAS
shift to higher average energies. [62] In the Supporting Information of Paper V,
an ionic model is employed to count the numbers of pairwise electron-electron
interactions for the L-edge XAS transitions in MnII and MnIII ions. The �ndings
from these analyses suggest a spectral blue-shift by several eV when going from
MnII to MnIII, consistent with the "Q − U" argument. Future studies with RAS
will have to quantify the individual contributions from the di�erent interactions
to the total energy of L-edge XAS �nal states.

A speculative explanation of the spectral shift found in the literature, suggests
a decrease in the "screening" of the 2p core-hole in the �nal states upon increase
in the metal oxidation state. [163, 171] With the data discussed here, this pic-
ture cannot be con�rmed, since no di�erence in the density of Mn 2p electrons is
observed in the �nal states of MnII and MnIII in Figure 4.16A. More detailed quan-
titative analysis with RAS, however, may shed di�erent light on this interpretation.
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Figure 4.16: (A) Di�erence of the calculated spin density distributions of the ar-
ti�cially reduced (MnII(acac)3)1− and the neutral MnIII(acac)3 com-
plexes for the initial (ground) state and for the average of L-edge XAS
�nal states. (B) Total energy diagram, illustrating the oxidation-state
dependent shift as an increased a�nity of the MnII complex towards
the additional electron density in the L-edge XAS �nal states as com-
pared to the ground state. Figures adapted from Paper V, Chemical
Science 9, 6813-6829 (2018) with permission from the Royal Society
of Chemistry.
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Based on Mn 1s2p RIXS data, with a spectrum observable comparable to that in
L-edge XAS, Glatzel et al. have suggested that the spectral shift is due to di�erent
numbers of exchange interactions between 2p and 3d electrons with parallel spins.
[60] Having identi�ed the predominant contribution in the Mn L3-edge maximum
with ∆S = 0 �nal states, the explanation suggested by Glatzel et al. could be
safely excluded with the ionic model used in the Supporting Information of Paper
V.
In conclusion, the model case described here outlines the vast opportunities,

now accessible with ab initio RAS calculations, for the interpretation of X-ray ab-
sorption spectra of catalytic systems. Detailed �nal state analyses in L-edge XAS
with respect to the electronic structure and to the spin and charge densities in the
studied metal complexes are now possible. Eventually, these ab initio calculations
uniquely allow to connect the geometric structure of transition metal complexes,
as probed with X-ray di�raction studies, to their electronic structure, as probed
here with metal L-edge XAS.
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In this thesis, Mn L-edge X-ray absorption spectroscopy (XAS) at an X-ray free-
electron laser was established for electronic structural studies of the Mn4CaO5

complex in photosystem II and of transition metal complexes in solution. With the
methods established, various challenges were overcome, opening up new routes to
studying catalytic reactions in metalloproteins and 3d metal catalysts in solution
with L-edge XAS.

A dedicated �uorescence spectrometer with an unprecedented detection e�-
ciency on the order of 10−5 was used to record �uorescence-detected Mn L-edge
XAS of photosystem II at the limit of experimental feasibility, as set by the low
sample concentrations in the (sub-) millimolar range. With this, the �rst Mn L-
edge XAS spectrum of the Mn4CaO5 complex in photosystem II could be measured
in solution and at room temperature.
Femtosecond X-ray pulses from an X-ray free-electron laser were used to over-

come typical mechanisms of X-ray induced sample damage, known from exper-
iments at storage-ring synchrotron radiation sources. Possible thresholds and
mechanisms of X-ray induced damage to the probed sample were addressed for
the di�erent X-ray optical regimes available at X-ray free-electron lasers and at
storage-ring synchrotron radiation sources, respectively. No indications for sam-
ple damage were found in the spectra. In particular, dose-dependent reduction of
high-valent transition metals due to the ionizing X-rays could be avoided. With
this, the probe-before-destroy scheme, established earlier for X-ray di�raction and
spectroscopy with hard X-rays from X-ray free electron lasers, was validated here
also for soft X-ray spectroscopy.
A �rst, consistent assessment of the L-edge spectrum of photosystem II with

respect to the expected electronic structure of the Mn4CaO5 complex could be
achieved upon comparison to spectra of multinuclear model complexes, measured
under similar conditions. In particular, a spectral shift observed in Mn L-edge
XAS was used as a reliable measure for the oxidation state of these high-spin
complexes. With this, evidence was found for an increase of Mn oxidation states
in the Mn4CaO5 complex upon optical pumping of photosystem II.
Better spectrum statistics will be required to resolve subtle spectral features

that allow for detailed interpretations with respect to the electronic structure of
the Mn4CaO5 complex. The required increase in spectrum statistics by at least an
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order of magnitude can be expected for the higher average �ux available from novel
X-ray free-electron laser sources with MHz repetition rates. This will be essential
for detecting spectral di�erences in time-resolved L-edge XAS of the Mn4CaO5

complex during the water-splitting reaction. Furthermore, future increases in the
available photon �ux by two orders of magnitude may eventually allow for record-
ing 2p3d resonant inelastic scattering spectra of the Mn4CaO5 complex.
The experimental approach established here for studying Mn L-edge XAS of

photosystem II can be easily transferred to studying catalytic reactions in other
metalloproteins like, for example, at the catalytic sites in hydrogenase or nitroge-
nase proteins, using XAS at the Fe L-edge.

To better correlate L-edge XAS spectra of 3d transition metal complexes with
their electronic structures, a series of mononuclear metal complexes was stud-
ied in transmission-detected mode. In a combined experimental and theoretical
approach, characteristic observables in L-edge XAS were correlated with speci�c
properties of the electronic structure. For the high-spin complexes studied here,
the oxidation state was found to be re�ected in a spectral shift, most distinctly ob-
served in the absorption maximum of the L3-edge. In L-edge XAS, this observable
is resolved better by an order of magnitude than similar shifts in Mn K-edge spec-
troscopies. It was found to be particularly useful to detect metal oxidation states
also in mixed samples, which will be important for future L-edge XAS studies of
the Mn4CaO5 complex. Furthermore, a clear correlation between the spin of these
mononuclear complexes and the L3:L2 branching ratios was observed. Moreover,
the metal-ligand interactions and geometry were found to a�ect the spectral shape
of L-edge XAS, as observed in the presence of characteristic pre- and post-edge
features in the L3-edges. Notably, spectral distortions in �uorescence-detected L-
edge XAS can reduce the information contained in some of the above observables,
which can be accounted for with theoretical approaches.
The ab initio restricted active space approach (RAS) was shown to o�er an

unprecedented predictive character with respect to the spectral shape, relative ab-
sorption energies and absorption cross sections. RAS calculations were used to
correlate �nal state properties of L-edge XAS spectra with charge and spin densi-
ties and thereby validate established concepts from atomic physics and quantum
chemistry. With this, a consistent explanation for the physical origin of the L-edge
XAS spectral shift was found in a di�erential electron a�nity of Mn in the core-
excited states of L-edge XAS. The opportunities now o�ered by state-of-the-art
ab inito calculations will be essential for consistently correlating charge-densities,
probed with X-ray di�raction, and electronic structural properties, probed with
L-edge XAS experiments. This will open up new research routes for a uni�ed
understanding of chemical reactions in catalysis and the life sciences.
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X-ray absorption spectroscopy at the L-edge of 3d transition metals provides

unique information on the local metal charge and spin states by directly probing

3d-derived molecular orbitals through 2p-3d transitions. However, this soft x-ray

technique has been rarely used at synchrotron facilities for mechanistic studies of

metalloenzymes due to the difficulties of x-ray-induced sample damage and strong

background signals from light elements that can dominate the low metal signal.

Here, we combine femtosecond soft x-ray pulses from a free-electron laser with a

novel x-ray fluorescence-yield spectrometer to overcome these difficulties. We pre-

sent L-edge absorption spectra of inorganic high-valent Mn complexes (Mn

� 6–15mmol/l) with no visible effects of radiation damage. We also present the
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first L-edge absorption spectra of the oxygen evolving complex (Mn4CaO5) in

Photosystem II (Mn< 1mmol/l) at room temperature, measured under similar con-

ditions. Our approach opens new ways to study metalloenzymes under functional

conditions. VC 2017 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4986627]

I. INTRODUCTION

Many important redox-active metalloenzymes such as Photosystem II (PS II), hydroge-

nases, and nitrogenases employ 3d transition metals in their active sites, where they catalyze

multi-electron reactions in aqueous solution, at ambient temperature and pressure.1–3 While

these catalysts cannot simply be transferred into industrial processes, they provide unique infor-

mation on how to spatially and temporally control electron and proton flow and product/sub-

strate transport during chemical transformations.

To probe the chemistry of such biological and related inorganic catalytic sites, metal K-

edge spectroscopy (1s to 3d and np transitions) in the hard x-ray energy range has been widely

used, providing element-specific information on the electronic structure and the local coordina-

tion environment of the metals.4–9 In contrast, metal L-edge spectroscopy, which probes 2p !
3d transitions, has been rarely applied to biological systems despite several advantages. These

transitions are dipole-allowed, show greater sensitivity to the occupancy, spin state, and ligand

interactions of the metal 3d derived orbitals,10–12 and exhibit a smaller inherent spectral broad-

ening (due to longer core-hole lifetime), as compared to the metal K-edge.13 In fact, the field

of materials science has recognized these advantages, and L-edge spectroscopy of 3d transition

metals has provided important electronic structural information through x-ray absorption (XAS)

and emission spectroscopy (XES), as well as 2p ! 3d resonant inelastic x-ray scattering spec-

troscopy (RIXS).12,14–18 This difference between spectroscopy on materials and on biological

catalytic sites arises from several factors: (i) X-ray induced sample damage strongly limits spec-

troscopic information at soft x-ray energies, even at cryogenic temperatures.19–21 (ii) Biological

metalloprotein solution samples are comparably dilute and have metal concentrations mostly on

the order of 1mmol/l (1mM), which poses experimental challenges for discriminating the sig-

nal of the probed metal center over that of the dominant background due to absorption and fluo-

rescence signals by light elements such as C, N, and O in the protein and in the solvent.16,22

(iii) Soft x-rays strongly interact with matter and hence require a vacuum environment, which

dehydrates the samples and prevents catalytic turnover.23

In recent years, the development of x-ray free-electron laser (XFEL) sources has provided

x-ray pulses with high brilliance and durations in the femtosecond (fs) domain.24,25 This has

enabled the fast-emerging field of x-ray diffraction and x-ray spectroscopy of proteins in the

hard x-ray energy range under biologically functional conditions, while overcoming the limits

set by x-ray induced sample damage.7,26–30 In a similar manner, biological soft x-ray spectros-

copy can take advantage of XFELs to collect x-ray damage-free data at room temperature by

outrunning the sample damage with fs pulses if a suitable detection scheme is used. Such a

detection scheme needs to extract the La,b fluorescence signal (400–1000 eV) arising from the

dilute metal sites and separate it from the very strong background from Ka fluorescence

(277–525 eV), emitted by light elements in the sample (C, N, and O). This can be realized with

an energy discrimination scheme making use of the element-specific partial fluorescence yield

(PFY) detection.

Recently, we introduced a spectrometer for x-ray absorption spectroscopy with partial-

fluorescence yield detection (PFY-XAS) based on three reflective zone plates (RZPs).16 RZPs

have the potential for high photon efficiency due to their simultaneous dispersive and focusing

behavior, combined in a single optical element with a large acceptance (solid) angle. The dis-

persive behavior allows us to record different energies of the emitted fluorescence at different

positions on a 2D detector, while the focusing behavior allows the increasing S/N ratio of a
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selected emission energy and other emission energies are defocused. In the case of PFY-XAS

on the Mn L-edge, the RZPs have been optimized to separate the Mn La,b (3d ! 2p) fluores-

cence at �637 eV subsequent to Mn L-edge (2p ! 3d) absorption [Fig. 1(a)] from the O Ka-

edge fluorescence at 525 eV with a bandwidth of 20 eV (FWHM).31 In a previous proof of prin-

ciple experiment, using an ionic Mn model system in aqueous solution (Mn concentration,

�500mM), we have demonstrated the viability of the concept for collecting PFY-XAS at an

XFEL source at physiological temperature and pressure.16,22 However, the detection of PFY-

XAS signals from 100 to 500 times more dilute metal centers in molecular inorganic catalysts

and metalloenzymes has hitherto proven elusive due to the insufficient signal-to-noise (S/N)

ratio.

In this study, we report Mn L-edge spectra of high-valent Mn high-spin complexes [Fig.

1(b)] in solution and at room temperature with metal concentrations on the order of 1 to

10mM. The XFEL based work has become possible with the application of an improved RZP

spectrometer to collect the PFY signal from dilute samples. With the example of the water oxi-

dation catalyst (Mn4CaO5) in PS II solution [Fig. 1(c)], we show that L-edge spectroscopy of

dilute metal centers in metalloproteins under functional conditions is now within reach. PS II

catalyzes the water oxidation reaction in photosynthesis. Upon sequential absorption of visible

photons, it advances in a series of intermediate states S0! S1! S2! S3! S4 and accumu-

lates four oxidizing equivalents (unit charges) in the Mn4CaO5 cluster.1,32 We interpret Mn L-

edge spectra of the Mn4CaO5 cluster in PS II in the dark resting state and in an illuminated

state by comparing them to experimental spectra of structurally well-characterized Mn model

complexes,33,34 measured under similar conditions.

II. RESULTS AND DISCUSSION

A. PFY-XAS on dilute transition metals using a reflection zone plate spectrometer

Our focus here is to probe dilute solution samples at room temperature, provided by liquid

sample injection systems35,36 which avoid dehydration and freezing of the samples in the high-

vacuum environment required for soft X-ray spectroscopy. Probing the sample in solution at

room temperature is necessary for studying chemical reactions under functional conditions in

proteins and many molecular inorganic catalysts. The experimental setup at the Linac Coherent

Light Source (LCLS) XFEL (Stanford, USA) combines a liquid jet delivery system with an in-
situ visible pump and a RZP spectrometer for PFY-XAS detection as shown in Fig. 2(a). We

note that using a liquid-sample cell with an x-ray transmissive membrane as in Ref. 37 is not

suitable for the high-valent complexes studied here due to their high sensitivity to x-ray dam-

age. For dilute samples in solution with metal concentrations on the order of 1–10mM, the

amount of the fluorescence signal from light elements in the sample solution creates a dominant

background signal. In our setup, an array of RZP optics achieves the element-specific detection

of the PFY signal and the separation from this background signal. Each RZP element disperses

the fluorescence photons by their photon energy in the �1st diffraction order and focuses the

PFY of the probed metal center, in our case the Mn La,b fluorescence, onto the detector plane.

The CCD detector simultaneously captures the Mn La,b signal together with the O Ka fluores-

cence and the total fluorescence yield (TFY) in the 0th order reflection from the RZPs.

Compared to our earlier proof-of-principle experiments with a 3 RZP array spectrometer,16 we

have improved the detection and alignment capabilities, enabling us to record the spectra pre-

sented in this paper. The improvements consist of an increased effective size of the RZP array

from 3 to 1522,31 and now 54 active RZP structures. Furthermore, we increased the solid angle

by using two instead of one CCD detector. The photon detection efficiency was increased by

�1.4 as compared to Ref. 16. Finally, a number of conceptual improvements were realized.

These include an improved separation of Mn and O fluorescence on the detector and lithograph-

ically made structures on the RZPs for fast and easy alignment of the spectrometer. We note

that the concept we describe here is applicable to other 3d transition metals by adapting the

optical properties of the RZP structures.
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FIG. 1. Probing scheme and local structure of the Mn sites investigated in this work with sample names and assigned oxida-

tion states of Mn. (a) Scheme of Mn L-edge absorption spectroscopy with dominating one-electron transitions for absorption

and fluorescence at the Mn L and O K-edges. (left) Partial fluorescence yield (PFY) x-ray absorption spectroscopy (PFY-

XAS) at the Mn L-edge corresponds to detecting the Mn La,b fluorescence signal (Mn 3d ! 2p transitions) as a function of

incident photon energy across the Mn L3,2 absorption edges (resonant Mn 2p ! 3d transitions). Spin-orbit interactions in the

Mn 2p shell split the absorption spectrum into L3 and L2 edges. (right) The concurrent O Ka fluorescence (O 2p! 1 s transi-

tions) resulting from 1 s ionization of O in the sample (non-resonant O 1 s! continuum transitions) is also indicated. (b) Four

inorganic mono- and multinuclear high-spin Mn complexes with variable oxidation states and molecular structures. (c) The

photosystem II protein1 and the Mn4CaO5 cluster (inset adapted from Ref. 30 for the protein in the dark resting S1 state).
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To record PFY-XAS spectra with this setup, we use the beam line monochromator to step-

wise select a narrow-bandwidth (0.4–0.6 eV) slice of incident photon energies out of the broad

SASE pulses (�4 eV) provided by the LCLS XFEL. At each step, we integrate the PFY and

TFY signals on the CCD image. The normalized PFY signal of Mn as a function of the incident

photon energy gives the PFY-XAS spectrum.16,38 The TFY signal in the 0th order reflection is

essential for an accurate normalization of the PFY intensity of the probed metal, and this signal

is directly proportional to the portion of the beamline flux hitting the sample. This approach is

particularly important for the low sample concentrations used in this study, where the contribu-

tion of Mn fluorescence to the total fluorescence signal is negligible.

An example spectrum of the L3 absorption edge of Mn2þ in aqueous solution, recorded

with this setup at the LCLS XFEL, is shown in Fig. 2(b). Each data point on the y-axis in

this figure is the integrated Mn La,b fluorescence signal in the area assigned on the CCD

images in Fig. 2(c). The “Off-peak” (top) and “On-peak” (bottom) panels of this figure show

the CCD images averaged over the data points below the absorption onset and in the Mn L3

peak region, respectively, as assigned in Fig. 2(b). The “On-peak” (bottom) panel illustrates

the spatial separation of the row of the focused Mn La,b fluorescence spots centered at

�637 eV from the O Ka fluorescence signals at �525 eV (stripe shaped signals) and from the

flat-top feature originating from the 0th order reflection. For illustration, a representative frac-

tion of CCD signals from 6 of 54 RZPs is shown. The comparison of CCD images, averaged

over the “Off-peak” and “On-peak” spectral regions of Mn L3, illustrates the concept of

PFY-XAS detection: The row of Mn La,b signal spots changes its intensity as a function of

the incident photon energy. The agreement of the Mn L3-edge spectrum of a Mn2þaq solution

sample measured here [Fig. 2(b)] with previously published data measured at a quasi-

continuous synchrotron source22 demonstrates the validity of our approach at the XFEL

source (see also supplementary material).

FIG. 2. Concept of the experimental design. (a) Setup for Mn L-edge PFY-XAS on dilute samples in solution with optical

pump lasers (green arrows, for illumination of the PS II sample) and femtosecond soft x-ray probe pulses (blue arrow) from

the Linac Coherent Light Source (LCLS) x-ray free-electron laser (XFEL), probing the liquid sample jet. For PXY-XAS on

the Mn L-edge, the incident photon energy is scanned stepwise with the x-ray monochromator of the soft x-ray beamline of

the LCLS XFEL. At each step, a reflective zone plate spectrometer separates the Mn La,b from the O Ka fluorescence in the

-1st diffraction order (and the total fluorescence signal in the 0th order reflection), which are all simultaneously detected

with a CCD camera. (b) Example of a Mn L3-edge PFY-XAS spectrum of a 500mM Mn2þaq solution sample, which was

obtained with the (normalized) integrated Mn La,b fluorescence intensity on the CCD image in (c) as a function of the inci-

dent photon energy. (c) Comparison of the CCD images averaged over the “On-Peak” and “Off-Peak” data points assigned

in (b) with the same color scale (in photons/5 s).
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For biological samples, the concentration of the metal centers is often in the range of

1–10mM. For example, in contrast to the readily distinguishable Mn La,b fluorescence signal of a

highly concentrated Mn2þaq complex in Fig. 2(c), the stoichiometric ratio of Mn:O in the PS II

solution amounts to 1:64000 with a Mn concentration of 0.8mM. Our improved RZP spectrometer

enables us to separate the weak Mn La,b fluorescence from the overwhelming O Ka fluorescence.

Representative experimental detector signals from a PS II solution sample with a Mn concentration

of 0.8mM are shown in Figs. 3(a) and 3(b) (top panels) where panel (b) depicts magnifications of

the Mn La,b fluorescence signal from the overall detector signal shown in panel (a). These images

show the signal of one CCD in the spectrometer, averaged over the FWHM spectral range of the

measured Mn L3-edge (639.4–644.8 eV, On-peak region). The CCD images (top panels) and the

sum projections (middle panels) in Fig. 3 exhibit a distinct Mn fluorescence peak with adjacent

strong O fluorescence intensity. This demonstrates the spatial or, equivalently, spectral separation

of the respective fluorescence signals. The total “On-Peak” count rates for two CCD chips were

�5 Mn La,b photons/s and �27 000O Ka photons/s, as approximately expected from the Mn:O

ratio in the sample (see supplementary material). We find that the Mn spectral region on the CCD

also contains background intensity (see the middle panel in Fig. 3), which we attribute to two fac-

tors—to the tail of the O Ka fluorescence and to x-ray photons scattered from imperfections of the

optic surface. However, the prominent O Ka fluorescence intensity in the Mn spectral region on

the CCD is suppressed by a factor of approximately 300. This enables us to perform Mn L-edge

XAS on dilute biological samples such as PS II in solution. Differences corresponding to the “On-

Peak” minus the “Off-Peak” signal (i.e., with incident photon energies below 637.5 eV and hence

off the Mn L3 absorption edge) are also shown in Fig. 3 (bottom). They confirm that the peaks

around CCD column number 340 are in fact the Mn La,b fluorescence signal. We find a ratio of

approximately 1:1 for Mn:background signals.

For PFY-XAS, the Mn fluorescence signal was integrated, normalized by the total fluo-

rescence signal in the 0th order, and plotted as a function of the incident photon energy (see

Fig. 4).

FIG. 3. CCD signals of the PS II solution sample at room temperature (Mn concentration, 0.8mM). (a) (top) Mn L3

“On-Peak” (639.4 eV< h�< 644.8 eV) average of a single CCD with the color code given in photons/second and (middle)
the corresponding projection to the x-axis. (bottom) Difference in the count rates averaged “On-Peak” minus “Off-Peak”

(h�< 637.5 eV). The Mn La,b fluorescence with �3 ph/s (shaded area) is focused to 4 � 4 pixel (220lm) wide spots, which

are clearly separated from the dominant O Ka fluorescence. (b) Zoom into the panels of (a) with focus on the Mn La,b

region. Note that two available CCDs recorded a Mn La,b fluorescence signal of �5 ph/s, whereas the signal of one CCD is

shown here.
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B. Mn L-edge XAS of dilute molecular complexes in solution

For Mn L-edge XAS scans, the incident photon energy was scanned over the Mn L3 or Mn

L2,3 edges, in steps of 0.13 to 0.3 eV using the SXR beamline monochromator. The photon out-

put of the XFEL is also optimized for each energy step by slightly modulating the electron

beam parameters (Vernier scan) to obtain approximately equal incoming photon intensities on

the sample over the scan range. At each step, the spectrometer CCD was integrated for equal

time spans (5 to 17 s). The Mn La,b and the O Ka signals and the total fluorescence signal in

the 0th order reflection were integrated in rectangular regions of interest (ROIs) around the

individual Mn La,b signal spots for each scan step. Focusing the Mn La,b fluorescence signal

with the RZP optics essentially improves the S/N ratio of this signal for dilute biological sam-

ples. The incident x-ray flux, focus size, and intensity used for the data collection of each sam-

ple are listed in Table I. The choice of these parameters is discussed in Sec. II D and Sec. IV.

In Fig. 4, we show the Mn L3 main absorption spectra of one mononuclear and three multi-

nuclear inorganic Mn complexes with variable electronic and local molecular structures [Fig.

1(b)] (for experimental details including sample preparation, see Sec. IV and supplementary

material). Only for the “non-cubane oxidized” compound, the Mn L3-edge region is shown (see

Sec. IVD).

The data in Fig. 4 demonstrate that the Mn L3 peak in the spectra of the Mn3CaOx com-

plexes shifts to higher energies with the increasing formal oxidation state of Mn. These spectra

were measured at Mn concentrations of 15mM (Mn(II)Mn(III)2CaO(OH), non-cubane,

reduced), 10.5mM (Mn(III)3CaO(OH), non-cubane, oxidized), and 6mM (Mn(IV)3CaO4, closed

FIG. 4. Mn L3,2-edge partial-fluorescence yield x-ray absorption spectra of PS II and inorganic high-spin model complexes

as measured in solution (see Fig. 1 for molecular structures). Top to bottom: 500mM Mn2þaq solution [the Mn2þaq spec-

trum is the same as in Fig. 2(b)], three inorganic Mn3CaOx model complexes with Mn concentrations of 6–15mM (struc-

tures are given in Fig. 1), and the Mn4CaO5 cluster in PS II with a Mn concentration of 0.8mM measured for the S1 dark

resting state (green circles, black line) and an illuminated PS II sample (2 F, meaning that it was illuminated with two opti-

cal flashes) in an S3-enriched state (orange circles, red line). The solid lines for the PS II measurements are the original

data binned to energy regions of 0.8 eV.
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cubane). The absolute incident photon energy axis was calibrated with the Mn2þaq spectrum

(Fig. 4) with reference to the spectra published previously16 with an uncertainty of 50meV.

The synthetic Mn3CaOx complexes structurally mimic the partial structure of the Mn4CaO5

cluster of PS II.

In a first approximation, we consider the energies for the L3 absorption maximum and find

that this energy shifts from 639.86 0.2 eV in Mn(II) to 641.66 0.2 eV in Mn(III)3 and to

643.16 0.2 eV in Mn(IV)3 (where the uncertainties are given by the size of one monochromator

step of 0.2 eV). In the Mn(II)Mn(III)2CaO(OH) sample with mixed Mn oxidation states, the

low-energy peak at 639.96 0.4 eV is assigned to the Mn(II) species, while the high-energy

peak at 641.36 0.4 eV corresponds to the Mn(III) species. In Fig. 5, we quantify these observa-

tions with a linear fit including all data of the inorganic complexes. We find that the L3 maxi-

mum shifts by 1.66 0.3 eV per assigned oxidation state of Mn. This is in good agreement with

findings based on simple mononuclear Mn complexes.14 This analysis, however, neglects the

multiplet structure in the spectra.10 A more detailed interpretation of our spectra will have to

await progress in ab-initio theoretical methods11,39–43 to correlate the multiplet structures with

valence electronic spin and charge densities of the systems.

C. Mn L-edge XAS of photosystem II

The fifth row of Fig. 4 shows the Mn L3 spectrum of the Mn4CaO5 cluster in PS II in the

dark stable (S1) state, collected at room temperature from a solution sample with a Mn concen-

tration of 0.8mM. The spectrum was collected with the same setup and under similar condi-

tions as the three Mn3CaOx complexes. Several spectrum scans are averaged, with a total acqui-

sition time of 1.5 h for the entire spectrum or 1.3min per data point in the spectrum. Due to the

low Mn concentration of 0.8mM in the PS II solution samples, only the L3 part of the Mn L-

edge was scanned in order to compromise between spectrum statistics and scan time.

As observed in Fig. 4, the Mn L3 peak position in PS II is approximately centered between

that of the Mn(III)3CaO(OH) and the Mn(IV)3CaO4 complexes, which qualitatively confirms

the expected combination of Mn oxidation states (III,III,IV,IV) in the PS II S1 (dark resting)

state.1 This Mn(III)/Mn(IV) mixed oxidation state may also explain the comparably large width

of the Mn L3 feature of PS II; as the four Mn atoms in the Mn4CaO5 cluster have Mn(III)/

Mn(IV) mixed oxidation states and coordination geometry (six and five coordination sites with

bridging oxygen, terminal water, carboxylates, and histidine ligands), such differences likely

contribute to the broad Mn L3 spectrum of PS II. Moreover, one may speculate on possible

TABLE I. Samples, x-ray pulse parameters, and estimated influence of x-ray damage mechanisms. cMn is the Mn concen-

tration, Ep is the pulse energy on the sample, DEm is the monochromator bandwidth, sp is the pulse duration (FWHM), and

Focus (HxV) denotes the horizontal and vertical focus sizes (FWHM). ns, �s, and I s are the photon fluence, the energy flu-

ence, and the intensity averaged over the probed “skin volume,” i.e., attenuation length times x-ray focus size (FWHM).

They are related to the peak values via an averaging factor of cs¼0.456. Focus sizes with * were measured with a fluence

scan imprint method and others on a fluorescent YAG screen. Values with # are based on Ep determined from one gas mon-

itor detector (GMD), and all other values are averaged over two GMDs. Ds is the x-ray dose absorbed by the probed volume

on resonance per pulse. P
m
is the average fraction of sequential multi-photon absorption by a molecule with m Mn atoms,

and T NL is the average relative atomic transparency induced by stimulated emission.

Sample

cMn

(mM)

Ep

(lJ)
DEm

(eV)

sp

(fs)

Focus

(HxV) (lm2)

ns

(ph/Å2)

�s
(J/cm2)

I s
(TW/cm2)

Ds

(MGy) P
m
(%) T NL (%)

Mn2þaq 500 4.6 0.4 100 12 � 50* 0.30 0.31 2.9 4.0 1.8 6.5

Mn(II)Mn(III)2
CaO(OH)

15 9.4# 0.6 200 20 � 140 0.13# 0.13# 0.63# 1.7# 2.4# 0.048#

Mn(III)3CaO(OH) 10.5 4.6 0.4 100 12 � 60* 0.25 0.25 2.4 3.2 4.4 0.13

Mn(IV)3CaO4 6 4.6 0.4 100 12 � 60* 0.25 0.25 2.4 3.2 4.4 0.072

PS II (dark) 0.8 3.4 0.4 100 10 � 50* 0.27 0.27 2.6 3.4 6.3 0.010

PS II (2F) 0.8 4.0 0.4 100 10 � 50* 0.32 0.32 3.0 4.0 7.4 0.012

054307-8 Kubin et al. Struct. Dyn. 4, 054307 (2017)



spin-spin coupling effects within the Mn4CaO5 cluster or inhomogeneous broadening effects in

the cluster at room temperature, which may additionally broaden the spectrum.

A proof of principle for the experimental feasibility of probing PS II in the successive illu-

minated states with Mn L-edge XAS is shown in Fig. 4 (bottom row), where a Mn L3 spectrum

of the PS II 2 F (S3-enriched) sample is compared to that of the PS II S1 (dark resting) state.

Upon successive absorption of visible light photons, PS II advances from the dark stable S1 to

the S2 state and then to the S3 state, and it eventually evolves molecular oxygen when advanc-

ing from the S3 state to S0. Each intermediate state is associated with a change in the local

charge and spin distributions on the Mn4CaO5 catalytic site and hence the Mn oxidation states

and its geometry.1 Experimentally, the protein sample was advanced via a sequence of optical

pump laser flashes with well-controlled relative timing, while flowing through the delivery sys-

tem [green arrows in Fig. 2(a)] before the x-ray pulses probe the sample (see Sec. IV for

details). Thus, two flashes (2 F) enrich the PS II sample in the S3 intermediate state with a pop-

ulation efficiency of >60%.44 The acquisition time of the PS II 2 F spectrum amounts to 1.4 h

(1.9min per data point).

Despite the low S/N ratio of the spectra of PS II, a relative shift of the Mn L3 main feature

to higher photon energies can be observed for the 2 F-state sample relative to the S1-state data.

This is consistent with the expected increase in the average Mn oxidation state from 3.5 in the

S1 state (�100% Mn(III)2Mn(IV)2CaO5) to an expected value between 3.8 and 3.9 for the PS II

2 F illuminated sample, enriched to �60% in the S3-state with the Mn(IV)4CaO5 configura-

tion.1,30 The spectral shift is clearly visible in the spectra of PS II in Fig. 4 and amounts to

approximately 0.5 eV with a peak position of 642.66 0.4 eV for PS II S1 and 643.16 0.4 eV

for PS II 2 F (where the size of the error bars is one bin width). These peak positions can now

be added to the data in Fig. 5 (square marks), and we find good agreement with the linear

increase of 1.6 eV per oxidation state as extracted from the inorganic complexes.

For future time-resolved experiments assessing different time points in the photocycle, bet-

ter spectral statistics for the PS II samples and progress in the theoretical interpretation11,39–43

will be essential, and such effort is underway.

D. Radiation Damage by intense soft x-ray pulses from XFELs

The possibility to collect spectra from undamaged protein samples at XFELs has been thor-

oughly demonstrated with x-ray spectroscopy7,27,45 and x-ray diffraction28–30,46–48 in the hard

x-ray regime. However, less experimental evidence has been found in the soft x-ray regime. To

FIG. 5. Mn L3-edge peak-maximum positions of the spectra shown in Fig. 4 versus formal oxidation states of Mn in the

inorganic compounds (the same color code as for the spectra in Fig. 4). The error bars reflect step sizes of 61 of the mono-

chromator scan. For comparison, the peak-maximum positions of the Mn L3-edge spectra for PS II in the S1 (dark) state

and the 2 F (illuminated) sample are shown in the expected average oxidation states (error bars of one bin width). Note that

the Mn(II)Mn(III)2CaO(OH) (non-cubane, reduced) Mn3CaOx complex and the PS II samples exhibit mixed oxidation

states (see main text), but only for the Mn3CaOx complex with two clearly separable Mn L3 peaks (see Fig. 4), two peak-

maximum positions are given. The gray shaded area reflects the uncertainty of the linear fit.
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ensure that the undamaged sample was probed, we carefully chose the experimental conditions,

as we outline in this section. Soft x-ray pulses from the LCLS with photon energies around

640 eV and a pulse duration of �100 fs were used for the current experiment. As we demon-

strate below, the fs duration of the x-ray pulses guarantees probing of the sample before (dose-

dependent) x-ray induced sample damage19–21 sets in. On the other hand, since the LCLS x-ray

pulses are very intense, they have the potential for undesired spectral effects due to sample

damage by sequential multiphoton absorption49,50 or x-ray optical nonlinear effects.51,52 We

have therefore applied experimental protocols, ensuring that these effects do not affect our

experimental spectrum (see also Sec. IV and supplementary material). A summary of the exper-

imental sample conditions, x-ray pulse parameters, and estimated influence of the damage

mechanisms is given in Table I.

The conventional notion of (dose-dependent) “x-ray damage” addresses the modification of

the probed local molecular and electronic structure in metalloproteins and high-valent metal

complexes by diffusive radicals and electrons created in the sample bulk after x-ray absorption.

It often prevents meaningful experiments of biological systems at synchrotrons even at cryo-

genic temperature. The classical damage threshold for protein crystallography at synchrotron

sources is estimated to be on the order of 30 MGy under cryogenic conditions and on the order

of 0.5 MGy at room temperature.53 The critical dose for x-ray damage to redox active metal

centers, however, was shown to be considerably smaller than the doses relevant to crystallogra-

phy.19 As we have shown above, the features of transition metal L-edge spectra are most sensi-

tive to the formal oxidation state of the probed transition metal. Therefore, the most apparent

effect of the diffusive (dose-dependent) x-ray induced sample damage to high-valent Mn com-

plexes in solution is observed by the occurrence of a reduced Mn(II) species in the spectrum.19

Similar observations have been made in Ref. 21 for other high-valent transition metal species,

which play a crucial role in other metalloenzymes. In Mn L-edge XAS, such damage would be

reflected by a comparably sharp peak at �640 eV (top row of Fig. 4) which is characteristic of

Mn(II). Apparently, neither the spectra of the Mn(III)3CaO(OH) and Mn(IV)3CaO4 samples nor

the spectrum of PS II contain any noticeable contribution of a Mn(II) species despite that the

dose (here “skin dose” Ds, see Sec. IV) absorbed by the probed sample volume with each x-ray

pulse largely exceeds 0.5 MGy (Table I). This shows that the samples as probed here with the

fs soft x-ray pulses from the LCLS XFEL are free from x-ray damage with this dose-dependent

diffusive mechanism even at room temperature. This is in agreement with what has been shown

as the “probe-before-destroy” concept for metalloproteins in the hard x-ray regime at the

LCLS.7,27

For the intense x-ray pulses provided by XFELs, on the other hand, we need to consider

sequential49 and non-sequential nonlinear x-ray optical effects50–52 and Coulomb explosion,54

which can potentially skew the observed spectrum in an unprecedented manner. The statistical

probability P for sequential multi-photon absorption by a Mn complex with m Mn atoms can

be denoted with Pm. We estimate it here using Poisson statistics (see Sec. IV and supplemen-

tary material for details) with the measured average photon densities on the sample (Table I)

and an absorption cross section r of 12 Mbarn for the Mn L3 resonance.
61 For the model com-

plexes, we estimate the relative contribution of sequential multi-photon absorption to our spec-

tra Pm¼3 between 2% and 4%, and for the Mn4CaO5 cluster in PS II, we estimate Pm¼4 between

6% and 7%. These values can be seen as upper limit estimates, as they reflect the case of reso-

nant excitation on the maximum of the L3 resonance. The relative effect of nonlinear simulated

elastic forward scattering, as confirmed by the parameters given in Table I, is far below 1% for

the Mn3CaOx molecular complexes and the Mn4CaO5 cluster in PS II under our experimental

conditions. The agreement of our Mn2þaq spectrum with spectra of the same sample from a

synchrotron source22 (see supplementary material) confirms that we do not detect any notice-

able spectral distortions due to non-linear effects under our experimental conditions. If this hap-

pened, a reduction of the most intense Mn L3 peak signal in favor of stimulated x-ray emission

in the forward direction would be expected. Last, we note that the energy fluence used in our

experiment is �106 times lower than that in Ref. 54, and we can hence safely neglect the effect

of a Coulomb explosion.
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We therefore conclude that the room temperature solution spectra presented here were mea-

sured with negligible x-ray damage. The spectrum of the PS II solution sample in Fig. 4, in par-

ticular, represents, to the best of our knowledge, the first x-ray damage-free Mn L-edge absorp-

tion spectrum of PS II at room temperature. This demonstrates the feasibility of soft x-ray

absorption spectroscopy on dilute metalloprotein and inorganic molecular catalysts under func-

tional conditions at XFELs.

III. CONCLUSION

We herein demonstrate the feasibility of Mn L-edge XAS of dilute high-valent Mn complexes

and PS II protein samples in solution with femtosecond soft x-ray pulses from an XFEL. With this

method, we can directly probe changes in the unoccupied valence electronic structure concomitant

with structural changes and with variations of the valence spin and charge densities. All spectra

were measured at room temperature, which is essential for studying the local electronic structure of

catalytically active metal centers in (bio)chemical reactions under functioning conditions.

Our results show that under our experimental conditions, the samples were probed without

dose-dependent x-ray damage. We also confirm that contributions of non-linear effects such as

sequential multi-photon absorption and stimulated emission are negligible at the level of our

current experimental conditions and sensitivity. We thereby establish probe-before-destroy soft

x-ray absorption spectroscopy of biological samples at XFELs complementary to hard x-ray

spectroscopy and diffraction at XFELs. We furthermore set the benchmark for future theoretical

approaches to the valence electronic structure of the catalytic site in PS II and in other metallo-

proteins by reporting experimental L-edge spectra that need to be made accessible to theoretical

interpretation. Establishing the sensitivity of L-edge spectra of mono- and multinuclear Mn

complexes to the formal oxidation state, the spin state and the valence electronic structure by

comparing the experiment and theory are essential for characterizing the Mn-ligand bonds and

may enable unique insights into the O-O bond formation mechanism in the water splitting reac-

tion in PS II. We also note that our approach is transferable to a wide range of metalloproteins

and molecular inorganic catalysts with 3d transition metals in their catalytic sites and will allow

us to directly monitor changes in their electronic structure under catalytically functional condi-

tions in a time resolved manner. The current spectral quality for the PS II samples is limited by

the experimental statistics achieved herein. However, the quality of the spectrum for the closed

cubane complex, which has a Mn concentration only eight times higher than the PS II sample,

points out to what could be achieved with future experiments on dilute samples with longer

acquisition times and hence improved spectrum statistics, at existing XFELs. It is important to

note that considerably increasing the x-ray pulse energy beyond what was used in the current

study does not represent the best solution for improving the spectral quality due to the potential

onset of sequential multiphoton absorption and x-ray non-linear effects. Thus, higher repetition

rates of the XFEL pulses will greatly enhance the potential of the demonstrated approach. The

reported experiments on high-valent inorganic Mn complexes and PS II at room temperature, as

well as extensions of our approach to other metalloenzymes and related model compounds in

solution, will therefore tremendously benefit from next generation XFEL sources with higher

repetition rates such as the European XFEL and LCLS-II.

IV. MATERIALS/METHODS

A. Sample preparation and injection

Photosystem II (PS II) was extracted and purified from Thermosynechococcus elongatus using

the detergent n-dodecyl-b-D-maltoside (bDM)55 to a final protein concentration of 70mg/ml. The

purified PS II was resuspended in 100mM PIPES buffer solution at pH 7 with 5mM CaCl2,

0.015% bDM, and 42% glycerol (w/v) to a final protein concentration of �70mg/ml (¼7mM

Chl¼ 0.8mM Mn). The Mn(IV) 3CaO4 (closed cubane) model compound sample was prepared as

a solution of �2mM LMn(IV)3CaO4(OAc)3(THF) (c(Mn)�6mM), the Mn(III)3CaO(OH) (non-

cubane oxidized) model compound sample was prepared as a solution of 3.5mM [LMn(III)3CaO
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(OH)(OAc)2(OTf)DME]�2OTf (c(Mn)�10.5mM), and the Mn(II)Mn(III)2CaO(OH) (non-cubane

reduced) model compound sample was prepared as a solution of 5mM [LMn(II)Mn(III)2CaO

(OH)(OAc)3]OTf (c(Mn)�15mM). Each sample was synthesized as reported previously33,34 and

prepared in a 1:1 mixture of anhydrous N,N-dimethylformamide and anhydrous tetrahydrofuran. L

denotes thrice deprotonated 1,3,5-tris(2-di(20-pyridyl) hydroxymethylphenyl) benzene (see supple-

mentary material for further details). The 500mM solution of solvated Mn2þaq was prepared from

MnCl2�4H2O in the 45% glycerol/water mixture (w/v). All samples were loaded into gas tight

Hamilton syringes mounted on a KD Scientific syringe pump.

An Electrospinning Microjet36 was used to inject the PS II samples, the Mn(II)Mn(III)2
CaO(OH) (non-cubane reduced) model compound sample, and the Mn2þaq solution samples into

the liquid jet endstation (LJE)56 at vacuum pressures of 10�4 to 10�3 mbar. The sample syringe

was connected to a silica capillary (ID 75lm, OD 150lm), coated with polyimide. A charging

union at a potential of 3 kV (UH-432, IDEX Health & Science) was inserted into the capillary

path, and the counter electrode �5mm below the capillary exit was kept at potentials of �1 kV

to �3 kV. The flow rate in the range of 1–3ll/min was monitored using a flow sensor (Sensirion

LG16–0150). For illumination of the PS II sample, three multimode fiber light guides were avail-

able, connected to the silica capillary 2, 4, and 6mm above the x-ray probing region. With two

of these, the 2 F state of PS II was prepared with two pulsed laser beams (30 lJ, 100 ns, and
420lm spot size each) from a frequency doubled Nd:YLF laser at 527 nm (Coherent Evolution)

and triggered such that each molecule in the specimen was illuminated once per flash (i.e., for a

flow rate of 3ll/min at a rate of 24.1Hz). In the present setup, the sample takes �180ms

between the first and the second flash to complete the conversion of PS II from the S1 into the

1 F (S2-enriched) state, and between the second flash and the x-ray probe, the sample takes

�350ms to complete the conversion into the 2 F (S3-enriched) state.
30 Stated S state enrichments

are based on membrane inlet mass spectrometry experiments57 reported in Ref. 30.

A Gas Dynamic Virtual Nozzle Jet (GDVN)35 was used to inject the Mn(IV)3CaO4 (closed

cubane) and the Mn(III)3CaO(OH) (non-cubane oxidized) solution samples at a flow rate of

�10 ll/min, focused by a He sheath gas jet, previously saturated with the solvent. Fresh sample

injection components were used for each sample type in order to avoid contamination effects.

B. X-ray absorption spectroscopy at the LCLS XFEL

All experiments were performed with the soft x-ray instrument (SXR) of the LCLS

XFEL58 at a repetition rate of 120Hz. The x-ray beam was horizontally polarized. The SXR

beamline monochromator was tuned to a bandwidth between 0.4 and 0.6 eV (see Table I). For

XAS scans, the incident photon energy was varied in steps of 0.13 to 0.3 eV using the SXR

beamline monochromator.

The RZP spectrometer used for PFY detection consists of an optical element with effec-

tively 54 x-ray optical reflection zone plate (RZP) structures and two CCD detectors ANDOR
iKon L covering an effective solid angle of �3 � 10�3 rad2 (3 � 10�4 of 4p). For the reduced

non-cubane model compound sample, a previous spectrometer version22,31 was used, effectively

employing 15 RZP structures and one ANDOR iKon L detector. The RZP structures have been

written on Si wafers and coated with Ni for an improved diffraction efficiency of �15%, which

in the case of the 54 RZPs was additionally increased to �20% in the �1st order for Mn La,b

at �637 eV due to a variable profile depth of the zone plate structures. The spectrometer

entrance was shielded with a 300 nm (200 nm) Al filter from LUXEL Corp. (USA) to block visi-

ble and IR light and an additional moveable parylene filter to prevent coating of the Al filter by

sample debris during the measurement. Each CCD has 2048 � 2048 pixels with a size of 13.5

� 13.5 lm2, binned to 512 � 512 pixels. The active area of a CCD chip covers 27.6 �
27.6mm2. The detection efficiency of the CCD at a photon energy of 640 eV is �0.9. The

CCD readout noise was �5*G CCD counts (rms) at �60 �C (G being the CCD gain factor),

whereas a photon energy of �640 eV corresponds to �30*G CCD counts. For noise reduction,

all pixel values below a threshold of 20*G CCD counts were omitted near the Mn spots.
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At each scan step, the spectrometer CCD was integrated for equal time spans (5 to 17 s).

The Mn La,b and the O Ka signal and the total fluorescence signal in the 0th order reflection

are integrated in rectangular regions of interest (ROIs) (drawn around the individual signals) for

each scan step, which essentially improves the S/N ratio of the Mn La,b fluorescence signal.

Long-term drifts of the jet position along the axis of the x-ray beam by tens of micrometers on

the order of several minutes were considered for the final analysis by a dynamic adaption of

the ROIs such that these remained centered on the signal spots on the CCD.

For each spectrum, we measured a PFY-XAS spectrum of the sharp, most prominent Mn

L3 feature of the Mn2þaq solution sample for calibrating the absolute shift relative to the spec-

trum of Mn2þaq solution measured previously.16 In addition, a linear stretch factor for the

energy axis was fitted for the best agreement of the Mn L3 and L2 spectral positions of a

Mn2þaq solution sample to those in our previous work.16 We estimate the uncertainty of the

energy calibration to be on the order of �50meV.

C. X-ray induced sample damage

The focus sizes were measured in situ with an offline fluence-scan imprint method on lead

tungstenate59 and a fluorescent YAG screen monitored by an Infinity K2/SC microscope in the

axis of the x-ray beam. The energy of the x-ray pulses was monitored with gas monitor detec-

tors (GMD) prior to entering the SXR beamline and at the end of the beamline60 prior to the

focusing optics. The energy of the x-ray pulses on the sample was determined according to the

formalism used previously22 for both (if available) GMD signals and averaged signals. We esti-

mate 25% absolute uncertainty for the averaged pulse energy values and the deduced magni-

tudes from the discrepancy of the two GMD values. All estimates of sample damage assume a

Gaussian x-ray pulse profile in space and time coordinate. A detailed discussion on our esti-

mates for sample damage is given in the supplementary material

The experimental x-ray pulse characteristics and damage estimates are listed in Table I. The

magnitudes ns, �s, and Is are averaged over the probed “skin volume,” i.e., attenuation length times

x-ray focus size (FWHM), and are related to the peak values via an averaging factor of cs¼0.456

(see supplementary material for details). The “skin doses” Ds ¼ ð0:402�EpÞ=ðqK � V � HÞ absorbed
by the probed “skin volume” (focus size V � H (FWHM) times x-ray attenuation length K �
0.8lm) were calculated with the pulse energy Ep and the average sample density of q � 1g/cm3

(for H2O as a solvent). The skin-volume averaged probability for multi-photon absorption P
m
on

the Mn L3 resonance by a molecule with m Mn atoms was calculated via P
m
lð Þ ¼ 1� Pl 1ð Þ �

Pl 0ð Þ=1� Pl 0ð Þ; where Pl kð Þ ¼ lkexp �m � lð Þ=k! is the discrete Poisson distribution and l ¼
lres ¼ ns � rres is the resonant atomic absorption probability for a single photon with the skin-

volume averaged area density of photons ns and an absorption cross section of rres ¼ 12 Mbarn61

on the Mn L3 peak resonance of aqueous Mn(II) ions. The skin-volume averaged transparency,

induced by stimulated emission, TNL � 2~q22 1ð Þ, is estimated with ~q22 1ð Þ from the study by

St€ohr and Scherz51 using the experimental Mn concentrations and averaged intensity Is from Table

I, the Mn 2p life time width of C ¼ 0:32 eV,13 and a dipole transition width Cx ¼ 0:93 meV. For

consistency, Cx is deduced from rres as stated above via the relation 2:9� rres ¼ k20Cx=ðCpÞ,
where the empirical factor of 2:9 (Ref. 51) relates the theoretical to the experimental cross section

on the L-edge resonance.

D. Data selection and analysis

The projected CCD signals in the middle row of Fig. 3 show integrated photons per sec-

ond, summed along the vertical CCD columns in the top row. Prior to calculating the difference

in the “On-peak” minus “Off-peak” data (bottom row of the figure), the latter was normalized

to the former for equal counts in the 0th order TFY signal (sum of counts in CCD columns 65

to 285).
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For better visibility, in Fig. 4, the background level of each spectrum, averaged from all

spectrum points with h�� 637.5 eV, was subtracted from each spectrum. The spectra were then

normalized to their maximum value.

Data points for which the required stability of the liquid sample delivery could not be

assured were omitted. For this reason, only the Mn L3 edge region is shown for the “non-

cubane oxidized” compound (center row of Fig. 4), and the Mn L2 edge data were omitted.

For the low concentrated PS II samples, only PFY-XAS scans with clearly identifiable Mn

PFY signal spots on the CCD were selected and averaged for the final data set. For PS II in the

dark state (S1), two spectrum scans were averaged, where the spectral intensities were weighted

by the “On-peak” Mn L fluorescence counts (summed fluorescence counts in the Mn L3 absorp-

tion peak (FWHM)) and normalized to the averaged background level (counts on the low

energy side of the Mn L3 feature).

SUPPLEMENTARY MATERIAL

See supplementary material for further details on the sample preparation, count rate esti-

mates, and the detailed parametrization of the x-ray pulses and x-ray damage.
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24P. Emma et al., “First lasing and operation of an ångstrom-wavelength free-electron laser,” Nat. Photonics 4, 641–647 (2010).
25Z. Huang and I. Lindau, “Free-electron lasers: SACLA hard-X-ray compact FEL,” Nat. Photonics 6, 505–506 (2012).
26H. N. Chapman et al., “Femtosecond X-ray protein nanocrystallography,” Nature 470, 73–77 (2011).
27R. Alonso-Mori et al., “Energy-dispersive x-ray emission spectroscopy using an x-ray free-electron laser in a shot-by-
shot mode,” Proc. Natl. Acad. Sci. U.S.A. 109, 19103–19107 (2012).

28C. Kupitz et al., “Serial time-resolved crystallography of photosystem II using a femtosecond X-ray laser,” Nature 513,
261–265 (2014).

29M. Suga et al., “Native structure of photosystem II at 1.95 A resolution viewed by femtosecond X-ray pulses,” Nature
517, 99–103 (2015).

30I. D. Young et al., “Structure of photosystem II and substrate binding at room temperature,” Nature 540, 453–457 (2016).
31C. Braig et al., “Design and optimization of a parallel spectrometer for ultra-fast X-ray science,” Opt. Express 22,
12583–12602 (2014).

32B. Kok, B. Forbush, and M. McGloin, “cooperation of charges in photosynthetic O2 evolution–I. A linear four step mech-
anism,” Photochem. Photobiol. 11, 457–475 (1970).

33J. S. Kanady et al., “Oxygen atom transfer and oxidative water incorporation in cuboidal Mn3MOn complexes based on
synthetic, isotopic labeling, and computational studies,” J. Am. Chem. Soc. 135, 1073–1082 (2013).

34E. Y. Tsui, R. Tran, J. Yano, and T. Agapie, “Redox-inactive metals modulate the reduction potential in heterometallic
manganese–oxido clusters,” Nat. Chem. 5, 293–299 (2013).

35D. P. DePonte et al., “Gas dynamic virtual nozzle for generation of microscopic droplet streams,” J. Phys. D: Appl. Phys.
41, 195505 (2008).

36R. G. Sierra et al., “Nanoflow electrospinning serial femtosecond crystallography,” Acta Crystallogr. D: Biol.
Crystallogr. 68, 1584–1587 (2012).

37E. F. Aziz et al., “Probing the electronic structure of the hemoglobin active center in physiological solutions,” Phys. Rev.
Lett. 102, 068103 (2009).

38R. Kurian et al., “Intrinsic deviations in fluorescence yield detected x-ray absorption spectroscopy: The case of the transi-
tion metal L(2),(3) edges,” J. Phys.: Condens. Matter 24, 452201 (2012).

39I. Josefsson et al., “Ab initio calculations of x-ray spectra: Atomic multiplet and molecular orbital effects in a
multiconfigurational scf approach to the l-edge spectra of transition metal complexes,” J. Phys. Chem. Lett. 3, 3565–3570
(2012).

40M. Roemelt, D. Maganas, S. DeBeer, and F. A. Neese, “Combined DFT and restricted open-shell configuration interac-
tion method including spin-orbit coupling: application to transition metal L-edge X-ray absorption spectroscopy,”
J. Chem. Phys. 138, 204101 (2013).

41M. W. Haverkort, M. Zwierzycki, and O. K. Andersen, “Multiplet ligand-field theory using Wannier orbitals,” Phys. Rev. B
85, 165113 (2012).

42E. Suljoti et al., “Direct observation of molecular orbital mixing in a solvated organometallic complex,” Angew. Chem.
Int. Ed. 52, 9841–9844 (2013).

43Y. Kurashige, G. K. Chan, and T. Yanai, “Entangled quantum electronic wavefunctions of the Mn(4)CaO(5) cluster in
photosystem II,” Nat Chem 5, 660–666 (2013).

44J. Kern et al., “Taking snapshots of photosynthetic water oxidation using femtosecond X-ray diffraction and
spectroscopy,” Nat. Commun. 5, 4371 (2014).

054307-15 Kubin et al. Struct. Dyn. 4, 054307 (2017)



45F. D. Fuller et al., “Drop-on-demand sample delivery for studying biocatalysts in action at X-ray free-electron lasers,”
Nat. Methods 14, 443 (2017).

46K. Nass et al., “Indications of radiation damage in ferredoxin microcrystals using high-intensity X-FEL beams,”
J. Synchrotron Radiat. 22, 225–238 (2015).

47G. Chreifi et al., “Crystal structure of the pristine peroxidase ferryl center and its relevance to proton-coupled electron
transfer,” Proc. Natl. Acad. Sci. 113, 1226–1231 (2016).

48K. Hirata et al., “Determination of damage-free crystal structure of an X-ray-sensitive protein using an XFEL,” Nat.
Methods 11, 734–736 (2014).

49L. Young et al., “Femtosecond electronic response of atoms to ultra-intense X-rays,” Nature 466, 56–61 (2010).
50K. Tamasaku et al., “X-ray two-photon absorption competing against single and sequential multiphoton processes,” Nat.
Photonics 8, 313–316 (2014).

51J. Stohr and A. Scherz, “Creation of x-ray transparency of matter by stimulated elastic forward scattering,” Phys. Rev.
Lett. 115, 107402 (2015).

52N. Rohringer et al., “Atomic inner-shell X-ray laser at 1.46 nanometres pumped by an X-ray free-electron laser,” Nature
481, 488–491 (2012).

53E. F. Garman and M. Weik, “Radiation damage to macromolecules: Kill or cure?,” J. Synchrotron Radiat. 22, 195–200
(2015).

54R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, and J. Hajdu, “Potential for biomolecular imaging with femtosecond
X-ray pulses,” Nature 406, 752–757 (2000).

55J. Kern et al., “Purification, characterisation and crystallisation of photosystem II from Thermosynechococcus elongatus
cultivated in a new type of photobioreactor,” Biochim. Biophys. Acta 1706, 147–157 (2005).

56K. Kunnus et al., “A setup for resonant inelastic soft x-ray scattering on liquids at free electron laser light sources,” Rev.
Sci. Instrum. 83, 123109 (2012).

57K. Beckmann, J. Messinger, M. R. Badger, T. Wydrzynski, and W. Hillier, “On-line mass spectrometry: Membrane inlet
sampling,” Photosynth. Res. 102, 511–522 (2009).

58W. F. Schlotter et al., “The soft x-ray instrument for materials studies at the linac coherent light source x-ray free-electron
laser,” Rev. Sci. Instrum. 83, 043107 (2012).

59J. Chalupsk�y et al., “Imprinting a focused x-ray laser beam to measure its full spatial characteristics,” Phys. Rev. Appl. 4,
014004 (2015).

60S. Moeller et al., “Pulse energy measurement at the SXR instrument,” J. Synchrotron Radiat. 22, 606–611 (2015).
61S. Schreck and Ph. Wernet, Helmholtz-Zentrum Berlin, Germany, personal communication (2017).

054307-16 Kubin et al. Struct. Dyn. 4, 054307 (2017)



1 

Supporting Information 

Soft X-ray Absorption Spectroscopy of Metalloproteins and High-Valent 

Metal-Complexes at Room Temperature Using Free-Electron Lasers 

Markus Kubina, Jan Kernb,c, Sheraz Gulb, Thomas Krolld, Ruchira Chatterjeeb, Heike Löchele, 

Franklin D. Fullerb, Raymond G. Sierrac, Wilson Quevedoa, Christian Wenigera, Jens 

Rehaneke,1, Anatoly Firsove, Hartawan Laksmonof, Clemens Weningerf,c, Roberto Alonso-

Moric, Dennis L. Nordlundd, Benedikt Lassalle-Kaiserg, James M. Glowniac, Jacek 

Krzywinskic, Stefan Moellerc, Joshua J. Turnerc, Michael P. Minittic, Georgi L. Dakovskic, 

Sergey Koroidovf,h, Anurag Kawdeh, Jacob S. Kanadyi, Emily Y. Tsuii, Sandy Susenoi, Zhiji 

Hani, Ethan Hillj, Taketo Taguchij, Andrew S. Borovikj, Theodor Agapiei, Johannes 

Messingerh,k, Alexei Erkoe, Alexander Föhlischa,l, Uwe Bergmannf,2, Rolf Mitznera, Vittal K. 

Yachandrab,*, Junko Yanob,*, Philippe Werneta,* 

a Institute for Methods and Instrumentation for Synchrotron Radiation Research, Helmholtz-

Zentrum Berlin für Materialien und Energie GmbH, 12489 Berlin, Germany. 

b Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National 

Laboratory, Berkeley, CA 94720, USA. 

c Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, CA 

94025, USA. 

d Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, Menlo 

Park, CA 94025, USA. 

Reproduced from Structural Dynamics 4, 054307 (2017) (https://dx.doi.org/10.1063/1.4986627), 
with the permission of AIP Publishing.

Kubin et al. 2017 (Supporting Information) 



Kubin et al. 2017 (Supporting Information)  

 

2 

e Institute for Nanometre Optics and Technology, Helmholtz-Zentrum Berlin für Materialien 

und Energie GmbH, 12489 Berlin, Germany. 

f Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, 

USA. 

g Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, 91191 Gif-sur-Yvette, France. 

h Institutionen för Kemi, Kemiskt Biologiskt Centrum, Umeå Universitet, SE 90187 Umeå, 

Sweden. 

iDivision of Chemistry and Chemical Engineering, California Institute of Technology, 

Pasadena, California 91125, USA. 

jDepartment of Chemistry, University of California-Irvine, 1102 Natural Sciences II, 

Irvine, CA 92697-2025, USA. 

kDepartment of Chemistry, Molecular Biomimetics, Ångström Laboratory, Uppsala 

University, SE 75237 Uppsala, Sweden. 

lInstitut für Physik und Astronomie, Universität Potsdam, 14476 Potsdam, Germany. 

1Present address: Paul-Scherrer Institute, 5232 Villigen PSI, Switzerland. 

 

*Authors to whom correspondence should be addressed.  

Uwe Bergmann, Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo 

Park, CA 94025, USA, Tel: 1 650 926 3048, email: bergmann@slac.stanford.edu; Vittal 

Yachandra, 1, Cyclotron Road, Lawrence Berkeley National Laboratory, Berkeley, CA, 

94720, USA, Tel: 1 510 486 4963, vkyachandra@lbl.gov; Junko Yano, 1, Cyclotron Road, 

Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA, Tel: 1 510 486 4366, 

jyano@lbl.gov; Philippe Wernet, Helmholtz-Zentrum Berlin, Albert-Einstein-Str. 15, 12489 

Berlin, Germany, Tel: +49 30 806213448, email: wernet@helmholtz-berlin.de.  

   



Kubin et al. 2017 (Supporting Information)  

 

3 

I. Sample Preparation 

Recent spectroscopic studies have indicated that the multinuclear Mn complexes reported in ref. (34) 

of the main text are better assigned as one electron reduced oxo-hydroxo species instead of the 

previous assignment as dioxo species  (ex: Mn(III)3CaO(OH) instead of Mn(III)2Mn(IV)CaO2), 

corresponding to the incorporation of one H-atom (Lionetti D, Suseno S, Tsui EY, Lu L, Carsch KM, Nielsen 

RJ,  Goddard WA, Britt DR, Agapie T; Manuscript in preparation). 

II. Reflection Zone Plate Spectrometer and Photon Count Rates 

In the main text, we report a fluorescence-yield ratio of Mn L: O K ≈ 1 : 5400 for the PS II S1 (dark 

state) solution sample, averaged over the Mn L3 resonance. With the following estimations we show 

that this is on the expected order of magnitude. Based on a Mn L-edge spectrum of a Mn2+
aq solution 

with absolute absorption cross sections, as communicated by Schreck et al.1 (see the peak absorption 

of 𝜎𝑟𝑒𝑠(Mn L3) ∝ 12 Mbarn, as used in the main paper) we estimate an average absorption cross 

section �̂�(Mn L3) of Mn, averaged over the L3 absorption edge, between 3 Mbarn (full foot-width) and 

9 Mbarn (FWHM). Together with ref. (1) we thus estimate a ratio of x-ray absorption cross sections of 

�̂�(Mn L3)/𝜎𝑂 between 8 and 24 at ~640 eV photon energy. Including the relative fluorescence yield 

ratio 𝐹𝑀𝑛𝐿/𝐹𝑂𝐾 ~ 1/1.7 (2), the relative diffraction efficiency of the zone plate optics for the Mn L and 

O K fluorescence yields, 𝑅𝑅𝑍𝑃(637 𝑒𝑉)/𝑅𝑅𝑍𝑃(525 𝑒𝑉) ≈ 2 (3), and the stoichiometric ratio of 

Mn:O ~ 1:64000 in the sample we expect a ratio of Mn L : O K fluorescence photons between 1:2300 

and 1:6800 for the PS II solution sample, which within the accuracy of these estimations agrees with the 

experimental ratio of 1:5400. 

 

III. X-ray Pulse Energies at the Soft X-ray Instrument of the LCLS 

The infrastructure of the soft x-ray instrument (SXR) of the Linac Coherent Light Source (LCLS) x-ray free-

electron laser (XFEL) incorporates devices for measuring the pulse energy in at least two positons in the 

SXR beamline. In the beginning of the SXR beamline a device (here denoted as GMD1) monitors the x-

ray induced luminescence in gases (4) and at the end of the SXR beamline a detection scheme for x-ray 

induced ion generation in gases (here named GMD2), measures the pulse energies (5-7) prior to 

refocusing of the pulsed beam towards the experiment. From the experimental values of these pulse 

energy monitors, GMD1 and GMD2, the energy of the x-ray pulses in the experimental interaction 

region can be estimated as done in ref. (22) of the main text. 

 

If only GMD1 was available, measuring 𝐸𝑝(GMD1) prior to entering the SXR beamline, the 

experimentally available pulse energy is estimated via 

 

𝐸𝑝 = 𝐸𝑝(GMD1) ⋅ 𝑅6 ⋅ 𝑅𝐺 ⋅ 𝜂𝐵𝑊 ⋅ 𝑐 (1) 

 

where 𝑅=0.79 is the assumed reflectivity of the mirrors and the KB optics, 𝑅𝐺 is the reflectivity or 

diffraction efficiency of the monochromator grating with 𝑅𝐺 = 0.79 in 0th order (reflection) or 𝑅𝐺 =

0.22 in 1st diffraction order for the spectral range relevant to Mn L edge XAS. 𝑐=0.6 is a factor accounting 

for optical beam clipping in the beamline (ref. (22) of the main text). For the spectrum scans shown in 

the main text the full XFEL beam without further attenuation is used.  

                                                           
1 Personal communication by S. Schreck and Ph. Wernet, Helmholtz-Zentrum Berlin, Germany 2017. 



Kubin et al. 2017 (Supporting Information)  

 

4 

The fraction 𝜂𝐵𝑊 of photons transmitted on average by the monochromator is estimated as 

 

𝜂𝐵𝑊 =
1

2
⋅ erf(

Δ𝐸𝑚𝑜𝑛𝑜/2

Δ𝐸𝐹𝐸𝐿/(2√2 ln(2))/√2
) −

1

2
⋅ erf(

−Δ𝐸𝑚𝑜𝑛𝑜/2

Δ𝐸𝐹𝐸𝐿/(2√2 ln(2))/√2
) (2) 

 

with Δ𝐸𝑚𝑜𝑛𝑜 being the bandwidth selected by the monochromator slit (typically 0.4 to 0.6 eV) and 

Δ𝐸𝐹𝐸𝐿 being the averaged bandwidth of the SASE spectrum, which was experimentally measured to be 

4.2 eV at a photon energy of 640 eV, as shown in  Fig. S1. erf(𝑥) denotes the Gauss error function. For 

small ratios Δ𝐸𝑚𝑜𝑛𝑜/Δ𝐸𝐹𝐸𝐿 ≪ 1 the approximation 𝜂𝐵𝑊 ≈ Δ𝐸𝑚𝑜𝑛𝑜/Δ𝐸𝐹𝐸𝐿 holds.  

 

If the gas monitor detector GMD2 was available, measuring the pulse energy 𝐸𝑝(GMD2) closer to the 

experiment, the pulse energy on the sample is estimated via 

 

𝐸𝑝 = 𝐸𝑝(GMD2) ⋅ 𝑅2 (3) 

 

where 𝑅 = 0.79 is the nominal reflectivity of one KB optical element between GMD2 and the 

experimental chamber, as used for earlier estimations in ref. (22) of the main text. The ideal 

transmission of the combination of KB optics is thereby assumed to be 𝑅2 = 0.62, which is on the order 

of the factor of around 0.5, given by Moeller et al. (7).  

 

  

Fig. S1: An averaged LCLS SASE spectrum (integrated for ~10 s) with a bandwidth of 0.66% (FWHM) is shown 

in red. A typical bandwidth to be selected by the monochromator slit is sketched in blue. The spectrum was 

measured on a YAG screen placed in the beam diffracted by the monochromator grating in the 1st diffraction 

order. 



Kubin et al. 2017 (Supporting Information)  

 

5 

Table S1: Determination of the pulse energy on the sample. We use the last two columns for further estimations. 

Beamtime Run # Sample Emono 

(eV) 

GMD1 
(mJ) 

GMD2 
(µJ) 

Ep (µJ) 
from 
GMD
1 

Ep (µJ) 
from 
GMD2 

Ep (µJ) 
Aver-
aged 

Np 
(ph/pulse) 
Averaged 

LB68 (2013) 39 Mn(II)Mn(III)2CaO(OH) 0.6 2.2 -  9.4 - (9.4) (9.1⋅ 1010) 

LK48 (2016) 83 Mn2+
aq 0.4 1 10 2.8 6.3 4.6 4.5⋅ 𝟏𝟎𝟏𝟎 

LK48 (2016) 89 Mn(III)3CaO(OH) 0.4 1 10 2.8 6.3 4.6 4.5⋅ 𝟏𝟎𝟏𝟎 

LK48 (2016) 87 Mn(IV)3CaO4 0.4 1 10 2.8 6.3 4.6 4.5⋅ 𝟏𝟎𝟏𝟎 

LK48 (2016) 104, 106 PS II (dark) 0.4 0.85 7 2.4 4.4 3.4 3.3⋅ 𝟏𝟎𝟏𝟎 

LK48 (2016) 121 PS II (2F) 0.4 0.85 9 2.4 5.6 4.0 3.9⋅ 𝟏𝟎𝟏𝟎 

 

Typical experimental pulse energies provided by the soft x-ray instrument SXR during the beamtimes 

LB68 (2013) and LK48 (2016) were calculated from experimental GMD1 and GMD2 values using 

equations (1)-(3) in Table S1. Apparently Ep(GMD2) yields ~50% higher pulse energies than Ep(GMD1) 

and is likely to overestimate the true pulse energy. In the main text the effective pulse energy on the 

sample is averaged from both values GMD1 and GMD2 (if available, i.e. for LK48).  

In this case, the uncertainty of 25% assigned to all pulse energy measurements and therefrom deduced 

values reflects the discrepancy of the pulse energies estimated from the GMD2 and GMD1 values, 

respectively. For the beamtime LB68 (i.e. for the Mn(II)Mn(III)2CaO(OH) sample) the pulse energy is 

determined solely from GMD1 and is likely to be overestimated. From the averaged pulse energies 𝐸𝑝 

the number of photons per pulse on the sample 𝑁𝑝 is calculated for a photon energy of ℎ𝜈 ≈ 640 eV 

≈ 1.03 × 10−10µJ using the equation 

 

𝑁𝑝 = 𝐸𝑝/ℎ𝜈 (4) 

 

The last two columns in Table S1 are used for all further estimations. 

 

Furthermore, we assume the x-ray pulses to have a Gaussian distribution along the spatial axis of 

propagation, z, along the perpendicular axis pointing towards the spectrometer entrance, x, and along 

the perpendicular vertical axis, y. The pulse profile in the time domain t, thus, is also assumed to have a 

Gaussian distribution. The horizontal and vertical width (FWHM) of the pulse profile projected onto the 

x-y plane was measured for each experiment either from an in-situ luminescence profile on a YAG screen 

or with an offline fluence-scan imprint method on lead tungstenate (ref. (59) of the main text). The 

spatial photon (and energy) density profile and the intensity profile of the x-ray pulses on the sample as 

well as their peak and average values are estimated with the following set of equations. 

The area density 𝑛(𝑥, 𝑦) of photons approximated by a two-dimensional Gaussian profile with a peak 

photon density 𝑛0, horizontal width 𝜎𝑥 and vertical width 𝜎𝑦 is expressed as 

 

𝑛(𝑥, 𝑦) = 𝑛0 ⋅ 𝑒𝑥𝑝 (−(
𝑥2

2𝜎𝑥
2 +

𝑦2

2𝜎𝑦
2)) (5) 

 

where the Gaussian widths 𝜎𝑖 can be related to the FWHM values via 𝜎𝑖 = 𝐹𝑊𝐻𝑀𝑖/(2√2 ln(2)).  
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The area density of photons per pulse is linked to the photon number 𝑁𝑝 per pulse via  

 

𝑁𝑝 = ∫ ∫ 𝑛(𝑥, 𝑦) 𝑑𝑥𝑑𝑦
+∞

−∞

+∞

−∞

=
(√2𝜋)

2
𝑛0 ⋅ 𝐹𝑊𝐻𝑀𝑥 ⋅ 𝐹𝑊𝐻𝑀𝑦

(2√2 ln(2))
2  (6) 

 

The peak value 𝑛0 of the area density of photons for an average single pulse is calculated from the 

measured pulse energy 𝐸𝑝 or the photon number 𝑁𝑝 (see Table S1), respectively, and the widths 

𝐹𝑊𝐻𝑀𝑥, and 𝐹𝑊𝐻𝑀𝑦 of the measured beam profile 

 

𝑛0 =
(2√2 ln(2))

2
⋅ 𝑁𝑝

(√2𝜋)
2

⋅ 𝐹𝑊𝐻𝑀𝑥 ⋅ 𝐹𝑊𝐻𝑀𝑦

 (7) 

 
The photon density 𝑛(𝑥, 𝑦) is linked to the energy fluence via 𝜖(𝑥, 𝑦) = ℎ𝜈 ⋅ 𝑛(𝑥, 𝑦). Thus, the peak 

energy density of a pulse with ℎ𝜈 ≈ 640 eV ≈ 1.03 × 10−16J is 

𝜖0 =
(2√2 ln(2))

2
⋅ 𝐸𝑝

(√2𝜋)
2

⋅ 𝐹𝑊𝐻𝑀𝑥 ⋅ 𝐹𝑊𝐻𝑀𝑦

 (8) 

 
The intensity distribution (energy density per time and area) of a Gaussian pulse is expressed as  
 

𝐼(𝑥, 𝑦, 𝑡) = 𝐼0 ⋅ 𝑒𝑥𝑝 (− (
𝑥2

2𝜎𝑥
2 +

𝑦2

2𝜎𝑦
2 +

𝑡2

2𝜎𝑡
2)) (9) 

 
With the peak intensity 𝐼0 and the Gaussian width in time 𝜎𝑡. It is linked to the energy fluence 𝜖(𝑥, 𝑦) 

by the integration over time. The integral for the peak value at (x, y) = (0,0) is 

  

𝜖0 = ∫ I(0,0, t) 𝑑𝑡
+∞

−∞

=  𝐼0 ⋅
√2𝜋 ⋅ 𝐹𝑊𝐻𝑀𝑡

(2√2 ln(2))
 (10) 

 
Thus, the peak intensity can be expressed in terms of the pulse energy and the pulse dimensions. 
 

𝐼0 =
(2√2 ln(2))

3
⋅ 𝐸𝑝

(√2𝜋)
3

⋅ 𝐹𝑊𝐻𝑀𝑡 ⋅ 𝐹𝑊𝐻𝑀𝑥 ⋅ 𝐹𝑊𝐻𝑀𝑦

 (11) 

 
The peak values of the area density of photons and of energy and the peak intensity for the individual 

spectra shown in the main text are calculated from Table S1 and listed in Table S2. 

 

In the presented PFY-XAS experiment the spatial photon density profile is averaged in several 

dimensions. In order to estimate the effective influence of x-ray beam damage to the sample an 

appropriate averaging factor needs to be considered. In a liquid jet sample environment of dilute 

samples exponential damping due to x-ray absorption by the solvent according to Beer-Lambert’s law 

needs to be considered, which lead to a decreased Intensity along the x-ray beam axis 𝑧.  

𝐼(𝑥, 𝑦, 𝑧𝑏) = 𝐼(𝑥, 𝑦, 0) ⋅ exp (−𝑧𝑏/Λ) (12) 
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Table S2: Peak values of the area density of photons (photon fluence) 𝑛0, the energy fluence 𝜖0 and intensity 𝐼0. 

    Beam profile 
(exp.) 

Calculated peak values 

Beamtime Run # Sample τ𝑝(fs) 

(FWHM) 

FWHMx 
(h) (µm) 

FWHMy 
(v) (µm) 

𝑛0  
(ph/Å2) 

𝜖0  
(J/ cm2) 

𝐼0  
(mJ/cm2/fs) 

LB68 (2013) 39 Mn(II)Mn(III)2CaO(OH) 200 20 140 0.29 0.30 1.4 

LK48 (2016) 83 Mn2+
aq 100 12 50 0.65 0.67 6.3 

LK48 (2016) 89 Mn(III)3CaO(OH) 100 12 60 0.55 0.56 5.2 

LK48 (2016) 87 Mn(IV)3CaO4 100 12 60 0.55 0.56 5.2 

LK48 (2016) 104, 106 PS II (dark) 100 10 50 0.58 0.60 5.6 

LK48 (2016) 121 PS II (2F) 100 10 50 0.69 0.71 6.7 

 

Λ is the attenuation length of the solution sample and 𝑧𝑏 is the pathlength of the beam in the bulk of 

the solution sample.  

An appropriate reference volume for estimating a generalized averaging factor for the probed sample 

volume is the “skin volume” 𝑉𝑠 = π ⋅ FWHMx ⋅ 𝐹𝑊𝐻𝑀𝑦/4 ⋅ Λ spanned by the attenuation length Λ of 

the sample and the elliptical area covered by the x-ray focus. This volume is defined in analogy to that 

used for calculating the “skin dose” (ref. (21) of the main text). This skin volume average is denoted by 

the subscript “s” in the averaged pulse parameters. One finds a generalized averaging factor 𝛾𝑠 such 

that 

𝐼�̅� =
1−1/𝑒

2⋅ln(2)
⋅ 𝐼0 = 𝛾𝑠 ⋅ 𝐼0. (13) 

 

In analogy, the averaging factor 𝛾𝑠 = 0.456 also applies for relating the average energy fluence 𝜖�̅� =

𝛾𝑠 ⋅ 𝜖0 and the area density of photons �̅�𝑠 = 𝛾𝑠 ⋅ 𝑛0 to the respective peak values. These skin volume 

averaged magnitudes are listed in Table 1 of the main text and are used for estimating the averaged, 

thus, effective influence of x-ray damage mechanisms. 

This estimate for an averaging factor was compared to numerical simulations (not shown) which take 

into account the complete spatial geometry and exponential damping of the x-ray beam profile (for both 

incident and fluorescent photons) relative to the jet dimensions with geometry parameters close to 

those measured in the experiment. In fact, the averaging factors obtained from the simulation range 

between 60% and 100% of the skin-volume averaging factor 𝛾𝑠 = 0.456, thereby giving an upper limit 

character to the generalized averaging approach.  
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Table S3: Skin doses 𝐷𝑠 calculated with eq. (14) for the experimental parameters. 

Beamtime Run # Sample 𝑬𝒑 (µJ) FWHMx 
(h) (µm) 

FWHMy 
(v) (µm) 

𝑫𝒔 
(MGy) 

LB68 (2013) 39 Mn(II)Mn(III)2CaO(OH) 9.4 20 140 1.7# 

LK48 (2016) 83 Mn2+
aq 4.6 12 50 4.0 

LK48 (2016) 89 Mn(III)3CaO(OH) 4.6 12 60 3.2 

LK48 (2016) 87 Mn(IV)3CaO4 4.6 12 60 3.2 

LK48 (2016) 104, 106 PS II (dark) 3.4 10 50 3.4 

LK48 (2016) 121 PS II (2F) 4.0 10 50 4.0 

 

IV. X-ray Damage 

IV.1  Dose Effects 

Dose-dependent x-ray damage plays a major role for synchrotron-based studies of biological samples. 

For bulk samples with extensions larger than the attenuation length of the x-rays a typical magnitude 

considered in literature for characterizing the progress of sample damage is the “skin dose” Ds (ref. (21) 

of the main text), i.e. the energy absorbed within the skin volume (see previous section) divided by the 

mass of this volume. We calculate the skin dose via  

 

𝐷𝑠 =
𝐸𝑝 ⋅ (1 − 1/e)/2

𝜌 ⋅ Λ ⋅ π ⋅ FWHMx ⋅ 𝐹𝑊𝐻𝑀𝑦/4
 (14) 

 

Where the factor (1 − 1/𝑒) accounts for the fraction of photons absorbed within the attenuation 

length, the factor 1/2 accounts for the photons contained in the elliptical area A = π ⋅ FWHMx ⋅

𝐹𝑊𝐻𝑀𝑦/4 spanned by the horizontal and vertical focus size (FWHM). 𝜌 is the mass density of the 

sample, here of the solvent with 𝜌~1 g/cm³. Λ is the attenuation length at 640 eV photon energy, which 

for aqueous solutions is approximated with the x-ray attenuation length Λ = 0.80 µm of liquid water at 

640 eV photon energy using the CXRO data base2 and ref. (1). The skin doses for the experiments shown 

in the main text are listed in Table S3. 

IV.2  Sequential Multiphoton Absorption 

In the presented experiment, sequential probing of the same sample volume by two independent x-ray 

pulses can be excluded due to continuous sample refreshment at a rate of >1 kHz, whereas the FEL 

repetition rate is 120 Hz. However, for XFEL sources sequential absorption of x-ray photons within a 

single x-ray pulse may occur with non-negligible probabilities and needs to be controlled. The probability 

for the (linear) absorption of an x-ray photon on the Mn L3 resonance 

 

𝑝𝑟𝑒𝑠 = 𝑛 ⋅ 𝜎𝑟𝑒𝑠 (15) 

 

is determined by the resonant (peak) absorption cross section of Mn which is on the order of3 

 
𝜎𝑟𝑒𝑠(Mn L3)  ∝ 12 Mbarn = 6 × 10−22 m2. (16) 

 

 

                                                           
2 http://henke.lbl.gov/optical_constants/ 
3 Personal communication by S. Schreck and Ph. Wernet, Helmholtz-Zentrum Berlin, Germany 2017. 
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Table S4: Average (effective) probabilities for multiple Mn resonant L-edge absorption �̅�𝑀𝑃𝐴
𝑚  for molecules with 𝑚 

Mn atoms. The probabilities are calculated using equations (15) to (18). 

Beamtime Run # Sample m �̅�𝒔 
(ph/Å²) 

�̅�𝒓𝒆𝒔 
(ph/Mn) 

�̅�𝑴𝑷𝑨
𝒎  
(%) 

LB68 (2013) 39 Mn(II)Mn(III)2CaO(OH) 3 0.13 0.0079 2.4 

LK48 (2016) 83 Mn2+
aq 1 0.30 0.018 1.8 

LK48 (2016) 89 Mn(III)3CaO(OH) 3 0.25 0.015 4.4 

LK48 (2016) 87 Mn(IV)3CaO4 3 0.25 0.015 4.4 

LK48 (2016) 104, 106 PS II (dark) 4 0.27 0.016 6.3 

LK48 (2016) 121 PS II (2F) 4 0.32 0.019 7.4 

 

Upon absorption of one x-ray photon the 2p core hole state decays within ~2 fs, which is negligibly 

small as compared to the pulse duration of ~100 fs. Within this approximation, Poisson statistics can 

be used to estimate the probability 𝑃(𝑘) = (𝑝𝑟𝑒𝑠)𝑘/𝑘! ⋅ exp(−𝑝𝑟𝑒𝑠) for an atom to resonantly absorb 

𝑘 photons (𝑘 ≥ 0  being an integer number) within a single pulse. The probability that a photon, being 

resonantly absorbed by a single Mn atom, is not the first photon to be absorbed within the duration of 

the x-ray pulse can be expressed as a function of 𝑝𝑟𝑒𝑠: 

𝑃𝑀𝑃𝐴 = ∑ 𝑃(𝑘)
∞

𝑘=2
 ∑ 𝑃(𝑘)

∞

𝑘=1
⁄  =  

1 − 𝑃(1) − 𝑃(0)

1 − 𝑃(0)
 =  

1 − exp(−𝑝𝑟𝑒𝑠) ⋅ (1 + 𝑝𝑟𝑒𝑠)

1 − exp(−𝑝𝑟𝑒𝑠)
 (17) 

  

In the general case that a molecule contains 𝑚 Mn atoms, the above equation can be generalized to 

calculate 𝑃𝑀𝑃𝐴
𝑚  (in the main text briefly 𝑃 

𝑚), being the fraction of photons which are absorbed by a 

molecule that has already absorbed another photon within the same x-ray pulse. Considering the total 

absorption cross section of all 𝑚 Mn atoms in the molecule 𝑝𝑟𝑒𝑠
𝑚 = 𝑝𝑟𝑒𝑠 ⋅ 𝑚 the probability 𝑃 

𝑚 reads 

𝑃 
𝑚 =

1 − exp(−𝑚 ⋅ 𝑝𝑟𝑒𝑠) ⋅ (1 + 𝑚 ⋅ 𝑝𝑟𝑒𝑠)

1 − exp(−𝑚 ⋅ 𝑝𝑟𝑒𝑠)
 (18) 

  

Fig. S2 shows the fractions 𝑃 
𝑚 plotted for molecules with m=1, m=3 and m=4 atoms as a function of 

𝑝𝑟𝑒𝑠, the average number of photons absorbed on the Mn L3 resonance. These cases resemble the 

estimates for multiple photon absorption for the Mn2+
aq solution sample (m=1), the Mn3CaOx model 

compound samples (m=3) and the Mn4CaO5 cluster in a PS II sample (m=4). The skin-volume averaged 

values �̅� 
𝑚 estimated for the experimental conditions are listed in Table S4 and were calculated with the 

averaged area density of photons, �̅�𝑠 = 𝛾𝑠𝑛0.  

 

 

 

Fig. S2: Calculated fraction 𝑃𝑀𝑃𝐴
𝑚  of multiple photon absorption per pulse by a molecule with m=1 (left), m=3 

(center) and m=4 (right) Mn atoms. 
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Table S5: The x-ray optical transparency of Mn atoms on the L3 resonance due to (nonlinear) x-ray stimulated 

emission, as calculated using the formalism from ref. (51) of the main text. The intensities and transparencies are 

given for the most intense spot in the x-ray focus (peak) and averaged over the probed skin volume, respectively. 

 peak intensity skin volume average 

Beam-
time 

Run 
# 

Sample c(Mn) 
(mM) 

𝐸𝑝 

(µJ) 

𝜏𝑝 

(fs) 

Focus 
(HxV)  
(µm²) 

𝐼0 
(TW/cm²) 

𝑇𝑁𝐿 
(%) 

𝐼�̅� 
(TW/cm²) 

�̅�𝑁𝐿  
(%) 

 

LB68 
(2013) 

39 Mn(II)Mn(III)2CaO(OH) 15 9.4# 200 20x140 1.4 0.10 0.63# 0.048# 

LK48 
(2016) 

83 Mn2+
aq 500 4.6 100 12x50* 6.3 13 2.9 6.5 

LK48 
(2016) 

89 Mn(III)3CaO(OH) 10.5 4.6 100 12x60* 5.2 0.28 2.4 0.13 

LK48 
(2016) 

87 Mn(IV)3CaO4 6 4.6 100 12x60* 5.2 0.16 2.4 0.072 

LK48 
(2016) 

104,
106 

PS II (dark) 0.8 3.4 100 10x50* 5.6 0.023 2.6 0.010 

LK48 
(2016) 

121 PS II (2F) 0.8 4.0 100 10x50* 6.7 0.027 3.0 0.012 

 

IV.3  Nonlinear X-ray Optical Effects and Stimulated Emission 

Recent studies have demonstrated the potential for a decreased x-ray absorption signal due to 

stimulated forward scattering for high densities of soft x-ray photons (ref. (51) of the main text). These 

findings suggest a potential depletion of 2𝑝 → 3𝑑 core excited Mn states at high x-ray intensities due 

to stimulated 3𝑑 → 2𝑝 emission (see Fig. S3). In order to estimate the probability for these (and related) 

nonlinear x-ray optical effects, we follow the formalism proposed in ref. (51) of the main text. Combining 

equations (8) to (10) from that reference, we obtain the atomic x-ray optical transparency due to (x-ray 

optical nonlinear) stimulated emission 

 

𝑇𝑁𝐿
𝑎𝑡𝑜𝑚 = 1 − 𝜎𝑎𝑏𝑠

𝑁𝐿 /𝜎𝑎𝑏𝑠
  = 2�̃�22(∞) (19) 

 

where the atomic absorption cross section 𝜎𝑎𝑏𝑠
𝑁𝐿  is reduced with respect to 𝜎𝑎𝑏𝑠

 , the cross section 

unaffected by these effects. �̃�22(∞) is the effective excited state population, adopted from equation 

(9) in ref. (51) of the main text. According to this reference, the term is expressed as 

 

�̃�22(∞) =
𝐼0Γ𝑥𝜉coh𝜆0

3/(8𝜋2𝑐)

(Γ/2 )2 + 𝐼0Γ𝑥𝜉coh𝜆0
3/(4𝜋2𝑐)

 (20) 

 

with 𝐼0 being the x-ray intensity (power per area), Γ = 0.32 eV is the life time width of the 2p core hole 

(ref. (13) of the main text), 𝑐 is the speed of light, and 𝜆0 = 1.94 nm is the x-ray wave length at 640 eV 

photon energy. Γ𝑥 = 0.46 meV is the dipole transition width on resonance, which for consistency is 

Fig. S3: Two competing processes 

subsequent to 2𝑝 → 3𝑑  x-ray absorption. 

Top: The isotropic spontaneous 3𝑑 → 2𝑝 

emission is observed by a detector 

perpendicular to the beam axis. Bottom: 

The stimulated 3𝑑 → 2𝑝 emission is 

directed along the x-ray beam axis and is 

not observed by the detector. 



Kubin et al. 2017 (Supporting Information)  

 

11 

here deduced from the experimental cross section on the Mn L3 peak resonance4, 𝜎𝑟𝑒𝑠(Mn L3)  ∝

12 Mbarn = 12 × 10−22 m2 via the relation  𝜎𝑥 = 2𝜆𝑓𝑟𝑒𝑠
′′ = (λ0

2Γ𝑥)/(Γ𝜋), where the theoretical 

resonant cross section 𝜎𝑥=35 Mbarn is connected to the experimental cross section via an empirical 

factor 𝜎𝑥 = 2.9 × 𝜎𝑟𝑒𝑠. This factor of 2.9 accounts for the discrepancy of experimental and theoretical 

line shapes typically occurring for 3d metal L-edge XAS (ref. (51) of the main text). The term 𝜉coh =

𝜌𝑎𝜆0
2𝑑/4𝜋 is a coherent enhancement factor as a function of the x-ray wavelength 𝜆0,  the Mn atom 

density 𝜌𝑎 = 𝑐 ⋅ 𝑁𝐴 (Mn concentration 𝑐 times Avogadro’s number 𝑁𝐴) and the sample thickness 𝑑 

which for aqueous solutions is here approximated with the x-ray attenuation length d ≈ Λ = 0.80 µm 

of liquid water at 640 eV photon energy (1). The values obtained for 𝑇𝑁𝐿
 = 𝑇𝑁𝐿

𝑎𝑡𝑜𝑚(𝐼0) are calculated 

for the peak intensity and the values �̅�𝑁𝐿
 = 𝑇𝑁𝐿

𝑎𝑡𝑜𝑚(𝐼�̅�) are calculated for the skin volume averaged 

intensities 𝐼�̅�
  as listed in Table S5. 

  

The averaged transparency values �̅�𝑁𝐿
  have magnitudes not noticeable within the experimental 

uncertainties of the relative PFY-XAS intensities. Experimentally, a comparison of the XFEL spectrum of 

500 mM Mn2+
aq solution in the main text to that measured at a stable synchrotron source (ref. (22) of 

the main text), shows no significant signal reduction of e.g. the most prominent Mn L3 resonant peak in 

the XFEL spectrum (see Fig. S4). Hence no significant loss of PFY-XAS intensity to stimulated forward 

scattering is observed for the sample with the largest expected x-ray induced transparency, which 

strongly suggests the absence of stimulated emission and related nonlinear x-ray optical effects. 

Comparing the relative PFY-XAS spectral intensities of the synchrotron and the FEL spectra of Mn2+
aq in 

Fig.S4, it should be noted that the respective deviations are on the order of magnitude of the 

experimental uncertainty of these relative intensities.  

 

 

 

 

 

  

                                                           
4 Personal communication by S. Schreck and Ph. Wernet, Helmholtz-Zentrum Berlin, Germany 2017. 

Fig. S4: Comparison of PFY-XAS spectra measured 

with the same setup on 500 mM Mn2+
aq solution. 

The spectrum measured at the BESSY II 

synchrotron (black) was published previously in 

ref. (22) in the main text, the green curve is the 

XFEL spectrum shown in the main paper. Both 

spectra are normalized to their maximum intensity 

values. 



Kubin et al. 2017 (Supporting Information)  

 

12 

References for the Supporting Information 

1. Henke BL, Lee P, Tanaka TJ, Shimabukuro RL, & Fujikawa BK (1982) Low-energy x-ray 
interaction coefficients: Photoabsorption, scattering, and reflection. Atomic Data and 
Nuclear Data Tables 27(1):1-144. 

2. Krause MO (1979) Atomic radiative and radiationless yields for K and L shells. Journal of 
Physical and Chemical Reference Data 8(2):307. 

3. Rehanek JK (2014) Beam Diagnostics and Spectroscopy at X-ray Free Electron Lasers. (Freie 
Universität Berlin, 14195 Berlin, Germany). 

4. Hau–Riege SP, Bionta RM, Ryutov DD, & Krzywinski J (2008) Measurement of x-ray free-
electron-laser pulse energies by photoluminescence in nitrogen gas. Journal of Applied 
Physics 103(5):053306. 

5. Tiedtke K, et al. (2008) Gas detectors for x-ray lasers. Journal of Applied Physics 
103(9):094511. 

6. Tiedtke K, et al. (2014) Absolute pulse energy measurements of soft x-rays at the Linac 
Coherent Light Source. Opt Express 22(18):21214-21226. 

7. Moeller S, et al. (2015) Pulse energy measurement at the SXR instrument. J Synchrotron 
Radiat 22(3):606-611. 

 





 Paper II



This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 16817--16827 | 16817

Cite this:Phys.Chem.Chem.Phys.,

2018, 20, 16817

X-ray-induced sample damage at the Mn L-edge:
a case study for soft X-ray spectroscopy of
transition metal complexes in solution†
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X-ray induced sample damage can impede electronic and structural investigations of radiation-sensitive

samples studied with X-rays. Here we quantify dose-dependent sample damage to the prototypical

MnIII(acac)3 complex in solution and at room temperature for the soft X-ray range, using X-ray absorption

spectroscopy at the Mn L-edge. We observe the appearance of a reduced MnII species as the X-ray dose is

increased. We find a half-damage dose of 1.6 MGy and quantify a spectroscopically tolerable dose on the order

of 0.3 MGy (1 Gy = 1 J kg�1), where 90% of MnIII(acac)3 are intact. Our dose-limit is around one order of

magnitude lower than the Henderson limit (half-damage dose of 20 MGy) which is commonly employed for

protein crystallography with hard X-rays. It is comparable, however, to the dose-limits obtained for collecting

un-damaged Mn K-edge spectra of the photosystem II protein, using hard X-rays. The dose-dependent

reduction of MnIII observed here for solution samples occurs at a dose limit that is two to four orders of

magnitude smaller than the dose limits previously reported for soft X-ray spectroscopy of iron samples in the

solid phase. We compare our measured to calculated spectra from ab initio restricted active space (RAS) theory

and discuss possible mechanisms for the observed dose-dependent damage of MnIII(acac)3 in solution. On the

basis of our results, we assess the influence of sample damage in other experimental studies with soft X-rays

from storage-ring synchrotron radiation sources and X-ray free-electron lasers.

I. Introduction

X-ray induced damage to radiation-sensitive samples such as
(metallo-) proteins in solution is a phenomenon well-known in
X-ray crystallography and spectroscopy in the energy range of
hard X-rays (1–100 keV), but is less well characterized in X-ray
spectroscopic investigations with soft X-rays (0.1–1 keV). X-ray
induced sample damage depends on the absorbed X-ray dose
D = E/m which is the ratio of absorbed photon energy E and the
absorbing mass m of the probed sample volume and it is
measured in units of Gray (Gy, where 1 Gy = 1 J kg�1). In X-ray

protein crystallography with synchrotron radiation sources a
typical threshold known as the Henderson limit of 20 MGy
(2 � 107 Gy) was defined, where for protein crystals at cryogenic
temperatures half of the diffraction signal is lost due to sample
damage.1 This limit was more recently refined by Garman et al.,
to be 30 MGy (3 � 107 Gy).2

Proposed explanations for this dose-dependent sample
damage reflect the creation of electrons and radicals (‘‘electron-
gain centers’’ and ‘‘electron-loss centers’’),3 initiated by the
emission of Auger- and photoelectrons within the sample bulk
after absorption of an X-ray photon. These ‘‘primary’’ electrons
can scatter multiple times within the sample, creating a local
cloud of radicals and ‘‘secondary’’ electrons.4 These can sub-
sequently diffuse or tunnel and react, for example, with protein
residues and cleave molecular bonds, leading to (irreversible)
changes in the local molecular structures.5,6 These local
changes can disrupt the long-range structure of a protein crystal
(order of magnitude of 1 nm), explaining the loss of diffraction
intensity. Dose-limits for 50% loss of diffraction intensity are
reported between 1 and 40 MGy, depending on the experimental
conditions such as, in particular, the sample temperature.2,7,8

In contrast to X-ray crystallography, X-ray spectroscopic
methods based on hard9–11 and soft X-rays12–15 probe the local
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electronic structure which can be strongly affected by local chemical
changes such as changes in bond distances and oxidation states,
initiated by reactions with the radicals and electrons that are
generated during the measurement.16,17 This specific kind of
sample damage affects, in particular, high-valent 3d transition
metals, many of which are relevant for catalytic processes in
metalloproteins. X-ray absorption and emission studies of the
photosystem II (PS II) protein have shown that high-valent MnIII

and MnIV ions in the native oxygen evolving complex of PS II are
reduced to MnII species upon irradiation with hard X-rays (Mn
K-edge atB6.5 keV), where 50% of the Mn atoms are reduced to
MnII at an X-ray dose betweenB0.1 andB10 MGy (half-damage
dose), with a trend to higher dose-limits at cryogenic temperatures,18

and lower dose limits at room temperature.19

There are only a few studies of dose-dependent sample
damage in the soft X-ray regime, mostly reporting damage to
samples in the solid phase, with widely varying (half-damage)
dose limits between 49 MGy and 4.2 GGy.20,21 We are not aware
of any comparable work with soft X-rays on transition-metal
complexes in solution and at room temperature, relevant for
studying metalloproteins under ambient conditions and catalytic
processes in solution without the influence of dose-dependent
sample damage.22 Quantifying these dose limits and unraveling
the underlying damagemechanism is expected to provide important
information for the design and interpretation of the respective
experimental approaches.

Here we bridge this gap with an investigation of dose-dependent
sample damage, induced by soft X-rays to the MnIII(acac)3 complex
in solution and at room temperature. We employ X-ray absorption
spectroscopy (XAS) at the Mn L-edge to probe the local electronic
structure at the Mn center via 2p–3d transitions. The (high-valent)
MnIII complex is a valid prototype, as it is sensitive to sample
damage and its damage-free L-edge XAS spectrumwas characterized
previously in solution.15,23 We use a static (non-flowing) trans-
mission cell to quantify sample damage to MnIII(acac)3 by the
occurrence of MnII and establish a dose limit above which
sample damage starts to severely alter the spectra. We also
extract the spectrum of the reduced species (MnII) and use ab initio
calculations based on the restricted active space (RAS) approach24–29

to assess possible damage mechanisms. We apply our findings to
validate our experimental approaches with liquid jets15,23 and start
building a basis for the experimental design of damage-free L-edge
XAS of transition-metal complexes and metalloproteins in solution,
using soft X-rays from storage-ring synchrotron radiation facilities
and X-ray free-electron lasers.

II. Materials and methods
Sample preparation

The data reported here is based on two sample preparationmethods.
Sample A was prepared from solid MnIII(acac)3 (manganese(3+) tris-
[(2Z)-4-oxo-2-penten-2-olate]), acetylacetonato ligands are abbreviated
as (acac)�, purchased as a crystalline powder (technical grade) from
Sigma-Aldrich and dissolved in acetylacetone (Sigma-Aldrich) with
concentrations between 100 and 150 mM. Sample B was prepared
from MnII(acac)2 (manganese(2+) bis[(2Z)-4-oxo-2-penten-2-olate]),

purchased as a crystalline powder (technical grade) from Sigma-
Aldrich and dissolved in acetylacetone (Sigma-Aldrich), with concen-
trations on the order of 50 mM. We find that upon solubilizing
MnII(acac)2 in acetylacetone, the complex undergoes chemical
changes that result in an L-edge absorption spectrum similar to
that of MnIII(acac)3 (see Fig. S1 and Section 1 of the ESI†).

Experimental setup and data analysis

X-ray absorption spectra of the solution samples were measured
in transmission mode with the transmission NEXAFS end-
station30 at the undulator beamline UE52_SGM31 of the BESSY
II synchrotron radiation facility. Solution samples were prepared
in a transmission cell consisting of a holder with two X-ray trans-
parent 100 nm thin Si3N4 membranes (purchased from Si-Mat
Silicon Materials, Germany, membrane area 500 � 500 mm2).
The thickness of the sample (excluding the membranes) varied
between 1 and 6 mm and was adjusted by varying the pressure of
the helium atmosphere in the experimental chamber between
780 and 1000 mbar. The experimental chamber was separated
from the beamline vacuum by an additional 150 nm thin
Si3N4 membrane. The cell and in particular the sample thick-
ness was monitored as described in ref. 30. The size of the X-ray
beam on the sample was determined to be 100 � 50 mm2

(horizontal � vertical), using knife-edge scans. A monochromator
slit size of 20 mm was used, corresponding to a bandwidth of
50 meV (fwhm).

The photon flux FL(hn) after transmission through the
solution sample of thickness L (plus the two 100 nm Si3N4

membranes and the He atmosphere with distances in the experi-
mental chamber of 290 mm before and 45 mm after the
transmission cell) was measured with a calibrated photodiode
(Hamamatsu G1127-04 2K, placed on the X-ray beam axis
45 mm behind the transmission cell). The diode signal was
read out by a Keithley Electrometer (model 6514B) and recorded
as a function of the incident photon energy hn as scanned with
the beamline monochromator. Reference spectra F0(hn) were
recorded under equivalent conditions as the sample scans
FL(hn) but on an empty transmission cell equivalent to the
sample cell, both mounted on the same holder in the chamber.
All diode signals were normalized by the storage ring current of
the BESSY II synchrotron radiation facility and single outlier
data points (on average four per single-scan) were corrected
following the same procedure as in ref. 15. Each scan was taken
in steps of 0.1 eV with 1 s integration time per step resulting in
total acquisition times on the order of 10 min per single scan.
Transmission spectra were obtained from the ratio TL(hn) =
FL(hn)/F0(hn) of single scans FL(hn) with sample and reference
scans F0(hn) without sample in the transmission cells.

The sample thickness L was determined separately for each
scan by fitting the transmission of the pure solvent, as calculated
from Henke’s tables32,33 and using Beer–Lambert’s law, to experi-
mental data in the non-resonant spectral ranges (hnr 637 eV and
hn Z 654.5 eV). We estimate the uncertainty of the sample
thickness by extracting a minimum and a maximum value from
two separate fits at the low-energy (hn r 637 eV) and the high-
energy sides (hn Z 654.5 eV) of each transmission spectrum
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(thereby accounting for differences in the thickness at the
beginning and at the end of the scan; see Fig. S2, ESI†).

Absorption spectra in units of the linear absorption coefficient
a(hn) were calculated from the transmission spectra via atot(hn) =
�ln[TL(hn)]/L. Each Mn L-edge absorption spectrum aMn(hn) was
obtained from atot after correction for an absorption background
abg due to the solvent and due to slow drifts in the sample
thickness by subtracting a low-order polynomial abg(hn) (1st and
2nd order). This polynomial was fitted to the non-resonant parts at
the low- and the high-energy sides of the spectrum (hn r 637 eV
and hn Z 654.5 eV) and was subtracted from the total absorption
signal, so that aMn = (atot � abg). With this, we neglect information
about the magnitude of the edge-jump (absorption beyond the
L2-edge), which is acceptable for the purpose of this study and
makes the resulting spectra comparable to our previous work.15

The axis of incident photon energy was calibrated as
previously,15,22,23 by applying the same constant energy shift
to all spectra in order to match the L3-edge maximum of intact
MnIII(acac)3 sample with the maximum at 641.6 eV of the
calibrated spectrum in ref. 15.

Calculation of absorbed X-ray doses

The dose D accumulated by the sample was calculated for all
single-scan spectra at each data point by integrating over
differential doses dD

D ¼
ð
dD

¼
ð
1� exp �L=L hvð Þð Þ½ � � hn � FsampleðhnÞ

�
ðr � L � AÞ

� �
� dt

over all scans on the sample, where hn (B10�16 J) is the photon
energy, dt (B1 s) is the collection time per data point, L (B1 to
6 mm) is the fitted sample thickness (only the solution),
r = 0.98 g cm�3 is the density of the solvent, A = 500 �
500 mm2 is the surface area of the sample volume and L(hn)
(B1.14 mm at a photon energy of 640 eV) is the attenuation
length of the solvent acetylacetone as obtained from Henke’s
tables.32,33 The flux incident on the sample, Fsample(hn), is
calculated from Fsample(hn) = F0(hn)/[THe�TSi3N4

] with the flux
measured with an empty reference cell, F0(hn), after correction
for the transmission THe of 45 mmHe atmosphere at a pressure
p(He) and for the transmission TSi3N4

of one 100 nm Si3N4 cell
membrane. Both transmission curves THe and TSi3N4

were
calculated from Henke’s tables.32,33

We emphasize that all doses are calculated with respect to
the mass of the full transmission cell volume V = L�A. With this,
we assume that during a scan (10 min) diffusion evenly
distributes reduced MnII species over the volume of the trans-
mission cell. This is justified by estimating the diffusion length of
the reduced MnII species in the liquid sample. For two-dimensional
diffusion along the plane of the transmission cell,34 and using
the diffusion coefficient reported for MnIII(acac)3 in solution,
Ddiff B 4 � 10�6 cm2 s�1,35 we estimate a diffusion length

of l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4tDdiff

p
� 1000 mm for the duration of a single scan

(t = 10 min). This length is comparable to the dimensions

spanned by the transmission cell (500 � 500 mm2) and justifies
our choice of the reference volume for calculating the dose. We
note, however, that we systematically neglect diffusion-driven
sample exchange with the reservoir surrounding the transmission
cells (with extensions of several millimeters, see Fig. S3a in the
ESI† and ref. 30), which occur on longer time scales of around 1 h
(see Fig. S3b, ESI†). This is taken into account in the discussion of
our results. We note also that under the conditions used here we
do not have evidence for or against the formation or accumulation
of photoproducts on the Si3N4 membranes.

As the accumulated dose increases with continuous X-ray
illumination during each scan, assigning a distinct dose value
to a given spectrum is not possible. We here assign scan-averaged
doses and consider the range of doses surpassed during a scan
(637–654.5 eV) as the systematic uncertainty. Combined with the
thickness variations, these minimum-to-maximum uncertainties
are represented by the error bars of the average doses.

Restricted active space (RAS) calculations

Spectra calculated with the RAS approach were performed with
MOLCAS 7.936 at the RASPT2/ANO-RCC-VDZP level.23,27 The
RAS calculations are based on molecular geometries obtained
from DFT/B3LYP solvent optimization. As previously, to save
computational cost, calculations for the tris-acetylacetonato
species were performed on truncated structures where six
terminal methyl groups were replaced by hydrogen atoms. We
checked that this does not notably change the spectrum.
Equivalent geometries were also used for the RAS calculations
in ref. 15 and 23. A minimal valence active space consisting of
the five metal-3d dominated orbitals were placed in the RAS2
space. The Mn 2p orbitals were placed in the RAS3 space and to
ensure the hole stayed in these orbitals they were frozen in
the RASSCF optimizations. For the final states, all possible
configurations with one core hole were included. RASPT2
calculations were performed using the default ionization potential
electron affinity (IPEA) shift of 0.25 Hartree. An imaginary shift of
0.1 Hartree was used to reduce the occurrence of ‘‘intruder states’’ in
the core-excited states. Effects of model choices on spectral shape
have been analyzed in ref. 37. All calculations were performed in a
solvent environment that was modeled using the polarized con-
tinuum model (PCM) for the solvent acetylacetone. For comparison
to the calculated spectra in ref. 15 we checked that changing the
solvent from acetylacetone to ethanol has no effect on the calculated
L-edge spectra. RAS spectra were broadened with a Gaussian with
0.3 eV fwhm and Lorentzian lifetime widths 0.2 eV and 0.7 eV
(fwhm) for the L3 and L2-edges, respectively.

38 The energy axis of all
calculated spectra was corrected by a constant shift of �4.94 eV as
determined previously for coinciding L3-edge peak maxima in
experimental and calculated VDZP-quality spectra of MnII(acac)2.

23

III. Results and discussion
Experimental setup

The experimental setup30 used for studying X-ray induced
damage to MnIII(acac)3 solution samples with transmission-
detected XAS is shown in Fig. 1a. The liquid sample is placed in
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a cell with Si3N4 membrane windows with a photodiode behind
the cell which detects the transmitted intensity of the soft X-ray
beam (normal incidence on the sample). The sample cell is used in
a non-flowing operation mode which allows for the controlled
accumulation of X-ray dose in the liquid sample for successive
scans. The structure of the MnIII(acac)3 complex is shown in Fig. 1b.
The central high-spinMnIII atom is coordinated by six oxygen atoms
from the acetylacetonato ligands in a nearly octahedral Jahn–Teller
distorted symmetry.15,23 For analyzing the changes in the spectra as
a function of increasing X-ray dose, we used two different beamline
settings; setting 1 with 102 times reduced flux and setting 2 with
105 times reduced X-ray flux, as compared to the typical maximum
flux of the X-ray undulator beamline. Measured flux on the sample
is compared in Fig. 1c for the energy range relevant to Mn L-edge
XAS (for details on the determination of Fsample, see the
Methods section). The typical maximum flux available for
optimized undulator settings for the beamline is on the order
of 1012 photons s�1.15 In setting 1, the flux on the sample was on the
order of 1010 photons s�1. This was achieved as follows: by closing
the beamline aperture (‘‘beamline baffles’’) between the mono-
chromator and the refocusing optics to 600 mm (reduction factor
B4), closing the monochromator slit to 20 mm (reduction factor
B5 relative to ref. 15), and a reduction by 4–5 with respect to the
full flux used in ref. 29 due to the attenuation by 290 mm He
atmosphere at 750–1000 mbar in the experimental chamber and
the 200 nm Si3N4 windows (calculated from Henke’s tables32,33).
In setting 1, the undulator was used in its optimized configuration,
i.e. it was set up to follow the monochromator energy during a scan
(undulator gap varying between 28.0 mm and 28.5 mm with
monochromator energies 635–660 eV). In setting 2, we achieved
a further reduction (by a factor 1000) to 107 photons s�1 by
additionally detuning the undulator from this optimized
configuration to a static gap distance of 29.4 mm. With this
choice we took care to obtain a flat flux profile as a function of
photon energy (Fig. 1c) as the X-ray photons originated from the
spectrally flat wings of the undulator harmonics.

Damage to MnIII(acac)3 by soft X-rays

In Fig. 2a we compare two consecutive single-scan Mn L-edge
XAS spectra of B150 mM MnIII(acac)3 in acetylacetone solution
(sample A). Both spectra were recorded at flux setting 1 with

B1010 photons s�1 on the same sample and the ‘‘low-dose’’
spectrum (first scan) was measured prior to the ‘‘high-dose’’
spectrum (second scan). The absorption spectra are shown in
units of linear absorption coefficients aMn and are obtained
from the raw transmission spectra as described in the Methods
section. The thickness of the low-dose spectrum (measured in
the center of the cell window) was determined to be between
5.8 mm and 6.1 mm (see Methods section and Fig. S2 in the ESI†)
and that of the high-dose spectrum (measured closer to the
edge of the cell window) was determined to be close to 2.6 mm.
The linear absorption coefficients aMn of thisB150 mM sample
have peak values on the order of 600 mm�1 to 800 mm�1 which
is consistent with our value of around 450 mm�1 reported for
100 mM damage-free MnIII(acac)3 in ref. 15.

The shapes of the high-dose and low-dose spectra differ
significantly in the L3 edge, in particular, by the sharp absorption
maximum at 639.6 eV in the high-dose spectrum. Comparison to
our previously reported Mn L-edge XAS spectra of MnII(acac)2 and
MnIII(acac)3 in solution that were free of X-ray induced damage
(this assessment is validated in a later section of this paper),15

clearly shows that this sharp peak is due to a reducedMnII species,
occurring in the sample. The low-dose spectrum is almost identical
to the damage-free spectrum of MnIII(acac)3 as shown by the direct
comparison in Fig. 2b. Below 640 eV the high-dose spectrum with
its sharp absorption peak maximum at 639.6 eV and the smaller
peak at 638.5 eV is similar to the characteristic L-edge XAS spectrum
of MnII species such as in MnII(acac)2 and [MnII(H2O)6]

2+.15,39 These
observations clearly show that the spectrum measured at the lower
dose is almost free from X-ray induced damage, whereas the
spectrum measured at the higher dose contains portions of
reduced, spectrally distinct MnII species. This is consistent with
observations from Mn K-edge XAS on the PS II protein, where
the reduction of high-valent MnIII and MnIV sites to spectrally
distinct, reduced MnII species is observed for increasing X-ray
doses.18 A similar effect was reported for Fe L-edge XAS with the
dose-dependent reduction of FeIII to FeII compounds.21,40

Starting from this qualitative picture of dose-dependent
reduction of MnIII to MnII in MnIII(acac)3, we now aim for system-
atically quantifying the doses and the amounts of damaged species.
In Fig. 2c, we show the accumulated dose, calculated for each data
point in the spectra in Fig. 2a and increasing with X-ray irradiation

Fig. 1 (a) Schematic of the transmission-cell setup (ref. 30) for X-ray absorption spectroscopy at the L-edge of MnIII(acac)3 in solution. (b) Molecular
structure of MnIII(acac)3 (cartoon based on the optimized structure used in ref. 15 and 23). (c) Experimental photon flux for different configurations of the
undulator beamline UE52_SGM at the BESSY II synchrotron (solid: sample A; dotted: sample B) as compared to the full beamline flux (dash-dotted) from
ref. 15.
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time.We note that, while the scan of the low-dose spectrum starts at
a dose of around 0 MGy, the scan of the high-dose spectrum starts
at around 1MGy due to the dose accumulated during the preceding
scan. The average dose (see Methods section) calculated for the
two spectra in Fig. 2a is 0.33 � 0.28 MGy and 1.6 � 0.6 MGy,
respectively.

The general observations made here for the low- and high-
dose spectra are also observed for low and high doses in the
series of spectra shown in Fig. 3. Here we show consecutive
scans of Mn L-edge XAS spectra of MnIII(acac)3 in solution of
samples A (spectra ‘‘a’’, ‘‘b’’, ‘‘d’’, ‘‘f’’) and sample B (spectra
‘‘c’’, ‘‘e’’, ‘‘g’’, ‘‘h’’), sorted by average dose from bottom to top.
Spectra ‘‘a’’, ‘‘b’’ and ‘‘c’’ were scanned with flux setting 2
(B107 photons s�1 on sample, diode currents B30–140 pA) at
an average dose on the order of kGy (spectra at these low diode
currents are affected by slow drifts and sudden jumps; spectrum
‘‘c’’ is corrupted for Z649 eV due to an unintentional change of
the dynamic range in the Keithley electrometer). These spectra
agree with the undamaged spectrum of MnIII(acac)3.

15 Spectra
‘‘d’’ to ‘‘h’’ were scanned with flux setting 1 (B1010 photons s�1

on sample, diode currents B1–20 nA) and spectra ‘‘e’’ to ‘‘h’’

(with average dosesZ1.4 MGy) are similar to the damaged high-
dose spectrum in Fig. 2a.

Fig. 4 illustrates how we further quantify the amount of the
reduced MnII species in the sample, using the examples of the
low- and high-dose spectra from Fig. 2. Our approach is a least-
squares fit of a linear combination of damage-free spectra of
MnII(acac)2 and MnIII(acac)3 taken from ref. 15. In these fits
the ratio of integrated absolute absorption cross sections of
the MnIII(acac)3 and MnII(acac)2 spectra of 1.16 � 0.28 is
maintained and the relative uncertainty of this way of determining
the MnII/MnIII ratio governs the uncertainty of this fit. Within this
approach, the fit curves in Fig. 4a and b reveal portions of 5%MnII

(95% MnIII(acac)3) for the low-dose spectrum and 53% MnII (47%
MnIII(acac)3) for the high-dose spectrum, both being in good
agreement with the experimental spectra (see the small residuals
of below 10% in the bottom panels of Fig. 4a and b, except for the
mismatch at 641.6 eV in the high-dose spectrum). This also
justifies using MnII(acac)2 as a model spectrum for the reduced
MnII species (within the uncertainties of our approach we find the
same MnII/MnIII ratios and comparably good fits when using
MnIIaq.

39 as a model for the reducedMnII species39,41). This analysis
was applied to all spectra shown in Fig. 3, with generally good
agreement of the fits with the spectra measured at flux setting 1.
Due to the poorer data quality of the spectra measured at flux
setting 2 the fit of these spectra includes an additional estimated
uncertainty of 30%.

Fig. 2 (a) Two subsequent scans of the same sample of MnIII(acac)3 in
acetylacetone solution measured with the reduced flux setting 1 (see
Fig. 1c), here shown in units of the linear absorption coefficient aMn (see
Methods section). (b) Comparison of the spectrum measured at low dose
from (a) to that of damage-free MnIII(acac)3 in ethanol (black), taken from
ref. 15. Spectra are normalized to one at maximum. (c) X-ray dose
accumulated by the sample volume, as calculated for each data point of
the low-dose and the high-dose scans in (a). Doses are calculated with
respect to the volume of the transmission cell with an area of 500 �
500 mm2 and thicknesses on the order of 6 mm (low dose, red) and 3 mm
(high dose, purple).

Fig. 3 Series of experimental Mn L-edge absorption spectra of MnIII(acac)3
solution samples A (solid) and B (dotted) with given average doses (error bars
reflect the uncertainty of the sample thickness and the range of doses surpassed
during a scan). Spectra (a) to (h) are sorted by the average dose values, spectra
(d) and (f) are identical to the low-dose and high-dose spectra in Fig. 2a.
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We note that a spectrum of MnIII(acac)3 reported in the
literature has a similar spectral shape as the spectra of the
damaged complex reported here. The MnIII(acac)3 spectrum
reported in ref. 42 is similar to our ‘‘high-dose’’ spectrum at
B1.6 MGy (Fig. 3). In Fig. S4a in the ESI† we show a least-
squares fit (similar to the fits shown in Fig. 4) to this spectrum
and find an amount of roughly 40% of MnII. Building theore-
tical analyses on this or other spectra of damaged species may
consequently lead to erroneous choices of free parameters in
the calculations and hence to biased conclusions about the
studied sample.43,44 This example emphasizes the necessity of
establishing experimental protocols and dose limits for X-ray
spectroscopy, in particular for high-valent metal complexes, to
avoid X-ray induced sample damage.

Dose-dependent reduction of MnIII(acac)3 in solution

In Fig. 5 we combine the results from our least-squares fits of
all spectra in one ‘‘dose plot’’. At a dose close to zero we observe
that around 100% of MnIII(acac)3 are present in the sample and the
amount ofMnIII(acac)3 decreases gradually to around 35%when the
average dose increases to around 3 MGy. We employ a least-squares
fit of the exponential decay function P(D) = P0�exp(�k�D), where P is
the relative amount of MnIII(acac)3 in the sample, D denotes the

average dose and k is the exponential decay parameter in units
of Gy�1. With this we assume a first-order reduction reaction as
a function of dose similar to the analysis in ref. 21 and as
further justified in the following section. The decay constant
resulting from this fit is k = (4.25� 0.85)� 10�7 Gy�1 (error bars
are one standard deviation from the fit). The ‘‘half-damage’’
dose, D0.5, is 1.6 � 0.4 MGy, where 50% of MnIII(acac)3 in the
sample is reduced to MnII. As Mn L-edge spectra at this dose
level are severely affected by X-ray induced sample damage (the
high-dose spectrum in Fig. 2a represents the half-dose level),
establishing a spectroscopically tolerable dose limit is useful.21

For example, at a conservative dose limit of D0.99 = 23 � 5 kGy,
99% of the sample is intact. The spectra recorded at flux setting
2 (‘‘a’’, ‘‘b’’, ‘‘c’’ in Fig. 3) are affected by a dose smaller than this
conservative limit and are hence unaffected by damage. Our
analysis of the low-dose spectrum from Fig. 2b and 4a shows
that this spectrum is also almost unaffected by damage. The
average dose assigned to this spectrum is close, for example,
to the less conservative dose limit defined as D0.9 = 0.25 �
0.05 MGy (average dose) where 90% of the sample is intact.
The good agreement of this spectrum with the damage-free
spectrum of MnIII(acac)3 (Fig. 2b) validates the choice of the
less conservative dose limit of D0.9 here for spectroscopically
tolerable dose in Mn L-edge XAS. We note that for transmission-
detected XAS of non-flowing solution samples this dose limit of
B0.25 MGy is reached within a fraction of a second at typical
undulator beamlines, using a soft X-ray flux on the order of
1012 photons s�1.

In the above analysis we assumed that diffusion-driven
exchange of liquid sample with the sample reservoir is negligible.
However, if a solution sample is scanned sequentially with an
accumulated duration of up to B1 h, taking into account these
diffusion effects may be required when estimating the effective
dose. Using the diffusion coefficient of D B 4 � 10�6 cm2 s�1

Fig. 4 Fits (black) of normalized low-dose (a) and high-dose (b) absorption
spectra (circles, taken from Fig. 2a) with linear combinations of damage-free
spectra of MnII(acac)2 (blue) and MnIII(acac)3 (red) from ref. 15. Fit residuals
are shown in the bottom panels.

Fig. 5 Dose plot combining the experimental results from this work,
depicting the portion of MnIII(acac)3 as a function of average absorbed
X-ray dose (circles with error bars). Horizontal error bars reflect the
uncertainty of the sample thickness and the range of doses surpassed
during a scan (minimum-to-maximum values), vertical error bars reflect
systematic uncertainties. The color code reflects that of the spectra in
Fig. 3. Solid line: exponential decay model fitted with a decay constant of
k = (0.425 � 0.085) � 10�7 Gy�1 with a half-damage dose of D0.5 = 1.6 �
0.4 MGy and a spectroscopically tolerable dose of D0.9 = 0.25 � 0.05 MGy
(90% of the sample intact).
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reported for MnIII(acac)3 in solution,35 we estimate that the
effective dose of a probed sample volume can be up to one order
of magnitude smaller than the average dose values determined
above. The reason for this is the continuous, diffusion-driven
mixing of irradiated sample in the probing region with non-
irradiated sample from the sample reservoir. In turn, the dose
limits of D0.9 B 0.25 MGy (D0.5 B 1.6 MGy) reported here may be
overestimated by up to one order of magnitude so that the same
sample without diffusion-driven mixing could have dose limits
on the order of D0.9 B 0.03 MGy (D0.5 B 0.2 MGy).

Mechanism for dose-dependent reduction

As shown in Fig. 5, an exponential decay function describing
how the damage varies with dose agrees well with the experi-
mental data, and a possible rationale for these data is as follows.
Most of the photons absorbed by the sample are absorbed by
light atoms in the sample (H, C, O) and generate fast (‘‘primary’’)
Auger- and photo-electrons which scatter multiple times within
the sample bulk. For a given sample volume, each absorption
event generates a number of secondary electrons, proportional to
the absorbed energy and thus to the dose absorbed by the sample
volume. These electrons are the reactants driving the reduction
of MnIII to MnII as expressed by the simplified equation MnIII +
e� -MnII. This reaction is expected to follow a first order kinetic
in time, described by an exponential decay as a function of time.
The electrons are generated at low rates (at a dose ofB1–103 Gy s�1,
corresponding to a dose of BkGy to BMGy absorbed in 10 min),
presumably lower than the rate of the reduction reaction, which
occurs in picoseconds.45 This would justify that the progress of this
reaction is dependent on the dose rather than the time and hence
also that the first order reaction is a function of dose, as applied to
the fit in Fig. 5.

It is also important for understanding the reduction reaction
to determine the chemical identity of the reduced MnII species
resulting from the reduction of MnIII(acac). Within the limitations
of our fitting model, we extract a spectrum of the reduced MnII

species by subtracting from the high-dose spectrum (Fig. 4b) the
undamaged spectrum of MnIII(acac)3 (Fig. 2b), scaled according to
its contribution (47%) at the given dose level. This difference
spectrum of the reduced MnII species is shown in Fig. 6 as
spectrum ‘‘a’’ and we use it in the following to tentatively assess
the chemical nature of the reduced species. The spectrum is
compared to Mn L-edge XAS spectra calculated with the ab initio
RAS approach for a series of Mn acetylacetonate complexes with
different molecular geometries (see Methods section) and Mn
oxidation states (Fig. 6). Spectra ‘‘b’’, ‘‘c’’ and ‘‘e’’ are comparable
to those in ref. 15 and 23. All spectra were calculated with a smaller
basis set but show no significant differences to the spectra in
the references. The energy axis of the spectra is calibrated as
previously, their relative energies are plotted as calculated.

We start with RAS spectrum ‘‘b’’, calculated for the optimized
structure of MnIII(acac)3 with a central Jahn–Teller distorted,
nearly octahedral MnO6 cluster (Fig. 6, top right). For the MnIII

complex no good agreement is found in the shape of the L3-edge
as compared to the spectrum of reduced MnII. When going from
‘‘b’’ to ‘‘c’’, changing the oxidation state from MnIII to MnII

(while keeping the molecular structure constant) clearly improves
the similarity. This is observed as a spectral shift of the L3-edge
maximum between MnIII and MnII by 1.5 eV, consistent with
previous studies.12,22,23 On this level of sensitivity, we note that
the ability to predict the spectrum of a complex using ab initio RAS
calculations is a powerful tool as it may indicate potential issues
with X-ray induced sample damage in the experimental data. As
compared to ‘‘c’’, spectrum ‘‘d’’ differs in that the molecular
structure is optimized (‘‘allowed to relax’’) for the oxidation state
of MnII (Fig. 6, middle right). This slightly improves the similarity
of theoretical and experimental L3-edge shapes with respect to the
reduced MnII species. As a last step with RAS, with spectrum ‘‘e’’
we also compare the spectrum calculated for the optimized
structure of MnII(acac)2 with a central, tetrahedral MnO4 cluster
(Fig. 6, bottom right).15,23 The agreement of spectral shapes
improves, if at all, only slightly. We find that the spectrum
calculations with RAS confirm the MnII oxidation state of the
reduced species, but predicted differences in spectra are not
large enough to allow for assigning its molecular structure.

In row ‘‘f’’ of Fig. 6 we overlay spectrum ‘‘a’’ of the damage
product (green) with the absorption spectrum of damage-free

Fig. 6 Left: Spectrum of the reduced MnII species (a), obtained from
subtracting the fitted portion of 47% damage-free MnIII(acac)3 from
ref. 15 from the high-dose spectrum in Fig. 2b. This spectrum is compared
to spectra from RAS calculations for different acetylacetonate complexes
of MnIII (b) and MnII (c–e), with relative energies as calculated. In the
bottom row (f) it is overlaid (gray) with experimental spectra of damage-
free MnII(acac)2 in solution of ethanol (solid blue) from ref. 15 and of MnIIaq.
(dashed orange) from ref. 39. Right: Molecular structures in the RAS
calculations (Mn–O bond lengths in Å).

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
7/

20
18

 8
:5

2:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online



16824 | Phys. Chem. Chem. Phys., 2018, 20, 16817--16827 This journal is© the Owner Societies 2018

MnII(acac)2 in solution (solid blue)15 and find comparably good
agreement in shape and energy of most spectral features
(except for some deviation in the peak at 641.6 eV). This could
imply that the final product of X-ray induced sample damage is
MnII(acac)2 which has one acetylacetonate ligand less than the
original MnIII(acac)3 complex. For comparison, we also show
the spectrum of aqueous solution of ionic MnII (dashed orange)
from ref. 39. This spectrum shows slightly less similarity to the
spectrum of the reduced MnII species than that of MnII(acac)2,
in particular with respect to the peak at 641.6 eV and to the
high-energy side of the L3-edge. This comparison could support
a tentative, but not significant assignment of the reduction
product to MnII(acac)2. We note, however, that this assignment
may be biased by the choice of our fit model (Fig. 4).

We summarize our analysis in a possible three- or four-step
reaction mechanism, respectively, for the dose-dependent
damage of MnIII(acac)3 in solution. First, an X-ray photon (hn)
is absorbed by an atom or molecule A, predominantly (B90%
and more) by the abundant solvent molecules (B104 mM as
compared to sample concentrations around B102 mM with
respective absorption cross sections at the Mn L-edge of B106

barns or 10�22 m2 for the solvent molecules,32,33 and up to
B107 barns or 10�21 m2 for the solute15), and a fast Auger- or
photoelectron (e�) with a kinetic energy Ekin is emitted from A.

hn + A - A+ + e� + Ekin

Each of these fast, primary electrons scatters multiple times,
each time transferring part of its kinetic energy to the scattering
partners B (other atoms or molecules) creating a cascade of N
Auger- and photoelectrons and N radicals B+.

e� + Ekin + N�B - (N + 1)�e� + N�B+

The resulting N + 1 electrons are slow as they have lost almost their
entire kinetic energy. They can either recombine with their parent
ions or migrate through the liquid sample (diffusion coefficientB5
� 10�5 cm2 s�1)46 and react with intact MnIII(acac)3 molecules,
thereby reducing it to [MnII(acac)3]

1� (since diffusion depends on
temperature, the relative amounts of recombination and migration/
reduction events can also depend on temperature).3

MnIII(acac)3 + e� - [MnII(acac)3]
1�

So far this reaction mechanism seems substantiated by the
spectral comparison in Fig. 6. The reduced molecule [MnII(acac)3]

1�

may then possibly dissociate to

[MnII(acac)3]
1� - MnII(acac)2 + (acac)1�

where a potentially negatively charged acetylacetonate ligand could
detach and be solvated by the structurally identical solvent. This
may be supported by the slightly better but not significant spectral
similarity of the reduced MnII species with MnII(acac)2 than with
ionic MnIIaq. in the bottom row ‘‘f’’ of Fig. 6.

Comparison to dose limits from literature

The nature of how X-ray induced sample damage is reflected in
Mn L-edge XAS, i.e. by local chemical changes leading to a
reduced MnII species, differs from how damage affects X-ray

diffraction (XRD) approaches, where long-range structural
changes of the protein crystal are, for example, reflected in a
decreased diffraction intensity.

For the assessment of our results from this work, in Table 1
we now compare our half-damage dose limit, D0.5 B 1.6 MGy
(with a potential overestimation by up to an order of magnitude,
see above), to some half-damage dose-limits D0.5 reported in
literature (or dose-limits extracted numerically from published
data). We note that these dose limits often vary by an order of
magnitude, even for similar samples and within a single study.
We therefore keep our discussion on the level of an order of
magnitude. Following Table 1 from top to bottom, we first
compare with dose-limits reported in X-ray diffraction and
X-ray spectroscopic studies with hard X-rays, and we then turn
to spectroscopic results with soft X-rays. Dose-limits for hard
and soft X-rays are herein compared directly, which is justified
as for a given dose value the concentration of slow electrons in
the probed sample volume, and thus the relative amount of
damaged sample, is largely independent from the X-ray energy
(see also definition above of the X-ray dose).

Typical D0.5 dose limits for the loss of diffraction signal and
thus for long-range structural damage in X-ray diffraction
studies of protein crystals with hard X-rays are reported between
0.4 and 43 MGy.1,2,7,8 These studies can be divided into two
groups, first with frozen samples at cryogenic temperatures
(dose limits D0.5 between 12 and 43 MGy)1,2,7 and, second, with
solution samples at room temperature (dose limits D0.5 between
0.4 and 1.8 MGy).8 The well-known trend that dose limits are
lower at room temperature than at cryogenic temperatures, may
be explained with decreased (temperature-dependent) diffusion
of electrons and radicals (electron-gain and electron-loss centers)3

driving the sample damage.47 As compared to long-range structural
changes in the crystal lattice relevant for the loss of X-ray diffraction
signal, dose-dependent effects of local chemical changes, e.g. the
reduction of functional sites in (metallo-) proteins, were shown to
occur already at lower doses. High-resolution X-ray diffraction
experiments show, for example, that the local trapping of radicals
and local reduction processes occur at doses around D0.5 B
0.2–0.4 MGy (here at cryogenic temperatures) and thus appear
to precede the loss of diffractivity.6

Local chemical changes, in particular the reduction of high-
valent transition metal sites, are sensitively probed with X-ray
and UV-vis spectroscopic studies of metalloproteins irradiated
with hard X-rays.18,19,48 In those studies, the dose-dependent
reduction of high-valent transition metal sites was observed to
occur at dose-limits D0.5 between 0.2 and 10 MGy at cryogenic
temperatures,18,48 and between 0.2 and 0.6 MGy at room
temperature.19 We find that within the accuracy level of our
discussion (one order of magnitude) both ranges of dose-limits,
in particular for the reduction of high-valent MnIII and MnIV

sites in PS II,18,19 are consistent with the dose-limit D0.5 of 1.6 MGy
found here for the reduction of MnIII(acac)3 in room temperature
solution.

Among the few studies of dose-dependent sample damage
by soft X-rays, we are only aware of data from iron complexes in
the solid phase where dose-limits D0.5 with large spreads were
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reported, ranging from 49 to 4200 MGy, even for the same
compounds and within a single study.20,21 These dose limits
reported for the reduction of FeIII and FeIV in the solid phase
are two to four orders of magnitude larger than the limits
determined here for the reduction of MnIII in solution. At this
point, however, it remains an open question whether the nature
and the oxidation state of the metal center (Fe or Mn), the sample
temperature or the phase of the sample (solid vs. solution)
determines these differences in the sensitivity to X-ray induced
sample damage. We speculate that the apparent higher sensitivity
of the solution sample studied here is due to a facilitated diffusion
of electrons and radicals in solution samples as compared to the
solid samples, where charge migration may be limited to tunneling
effects. This decreased mobility of electrons and radicals in
solid samples could explain an increased role of electron–ion
recombination after the primary ionization event, counteracting
diffusion-driven sample damage and leading to increased dose-
limits as compared to solution samples. Comparable studies of
high-valent meal complexes in the solid and the liquid phase
and at different temperatures could further explain the above
differences in sensitivity to dose-dependent sample damage.

The dose limits reported here for the reduction of MnIII in
solution and at room temperature can be used to assess other
experimental approaches and to validate other spectroscopic
results for the influence of sample damage. In particular, we
can validate our damage-free L-edge absorption spectra of
MnIII(acac)3 in solution that were acquired with different types
of fast-flowing liquid jets. For transmission-detected Mn L-edge
XAS of MnIII(acac)3 using a transmission flatjet, we estimated
an average dose of around 20 Gy,15 and for our results from
partial fluorescence-yield (PFY) detected XAS we estimated an
average dose on the order of 5 kGy.23 With the results from this
work, we can therefore estimate amounts of less than 1% of
damaged metal centers in those studies and validate the results
as free from sample damage.

We also compare our current results with the data collected
with femtosecond soft X-ray pulses from X-ray free electron
lasers (XFEL),22 in which we collected PFY-detected Mn L-edge
XAS of high-valent MnIII and MnIV complexes in solution and at
room temperature. Based on spectral comparisons we concluded
there that the spectra are free of X-ray induced sample damage.
Each sample volume probed by the intense, 100 fs soft X-ray XFEL

Table 1 Comparison of dose limits for X-ray induced sample damage in terms of half-damage doses D0.5 and spectroscopically tolerable doses D0.9

(where 90% of the sample is intact) from this work and published results using X-ray diffraction (XRD) methods, and X-ray absorption (XAS) and emission
spectroscopies (XES)

Reference

Sample conditions

T (K)

X-ray hn (keV) Observable

k (Gy�1) D0.9 (MGy) D0.5 (MGy)Proteins Hard X-ray diffraction

Henderson (1990)1 Proteins, frozen crystals 77 8, any XRD, 50% loss of signal 3 � 10�8* 3* 20
Owen (2006)2 Proteins, frozen crystals 100 13.2 XRD, 50% loss of signal 2 � 10�8* 7* 43
Liebschner (2015)7 Proteins, frozen crystals 100 6.3 XRD, 50% loss of signal 6 � 10�8* 2* 12*

13/19 3 � 10�8* 3* 21*
Southworth-Davies (2007)8 Protein, liquid solution 300 8.0 XRD, 50% loss of signal 2 � 10�6* 0.06* 0.4

4 � 10�7* 0.3* 1.8
Sutton (2013)6 Protein, frozen crystals 4 70 XRD, trapped radicals 4.2 � 10�6 0.03* 0.2*

XRD, reduced RSSR 1.7 � 10�6 0.06* 0.4*

Reference Sample conditions

T (K)

X-ray hn (keV) Observable

k (Gy�1) D0.9 (MGy) D0.5 (MGy)Proteins Hard Spectroscopic methods

Yano (2005)18 PS II protein, frozen crystals 10 13.3 XAS, amount of Mn(II) 7 � 10�8* 1.5* 10*
100 13.3 XAS, amount of Mn(II) 2 � 10�7* 0.4* 3*

PS II protein, frozen solution 100 13.3 XAS, amount of Mn(II) 5 � 10�7* 0.2* 1*
100 6.6 XAS, amount of Mn(II) 2 � 10�7* 0.5* 3*

Davis (2012)19 PS II protein, liquid solution 300 7.5 XES, amount of Mn(II) 4 � 10�6* 0.03* 0.2*
1 � 10�6* 0.09* 0.6*

Meharenna (2010)48 CCP protein, frozen crystals 65 13 UV-vis, amount Fe(IV) 3 � 10�6* 0.035 0.2*

Reference Sample conditions

T (K)

X-ray hn (keV) Observable

k (Gy�1) D0.9 (MGy) D0.5 (MGy)Solution samples Soft Spectroscopic methods

This work Mn(III) compound, solution 300 0.64 XAS, amount of Mn(II) 4.3 � 10�7 0.25 � 0.05 1.6 � 0.4
(B0.03)† (B0.2)†

Reference Sample conditions

T (K)

X-ray hn (keV) Observable

k (Gy�1) D0.9 (MGy) D0.5 (MGy)Solid samples Soft Spectroscopic methods

George (2008)20 Fe(III) compound, solid 135 0.40 XAS, amount of Fe(II) 2 � 10�10* 500* 3000
Fe(IV) compound, solid 135 0.40 XAS, amount of Fe(II) 2 � 10�9* 60* 410

Schooneveld (2015)21 Fe(III) compound, solid 300 0.71 XAS, amount of Fe(II) 1.4 � 10�8 7* 49
35 1.7 � 10�10 600* 4200

Values marked with * were calculated from values and fit-curves given in the references, assuming a single exponential decay function. Values
marked with † are estimated lower limits, including diffusion driven sample exchange with the sample reservoir.
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pulses was estimated to absorb an average dose of around
2–4 MGy.22 These dose values are much larger than the spectro-
scopically tolerable dose limit of B0.3 MGy (D0.9) determined
here for MnIII(acac)3 in solution, using soft X-rays from a storage-
ring synchrotron radiation source; one would expect sample
damage on the order of 50% for comparable experiments at a
synchrotron radiation sources. The fact that no X-ray induced
reduction of Mn was observed in the XFEL data implies that,
using an XFEL, the spectral information is probed on ultrafast
time scales (100 femtosecond) and outruns the effects of
diffusion-driven (dose-dependent) sample-damage that occur on
the order of picoseconds.45

IV. Conclusions

In this paper, we analyze dose-dependent X-ray induced sample
damage to MnIII(acac)3 in solution and at room temperature for
the soft X-ray energy range. We employ X-ray absorption spectro-
scopy at the Mn L-edge to quantify the amount of damaged
sample. Spectra measured at an average dose on the order
of B0.3 MGy are nearly identical with damage-free spectra
published previously. For a larger dose we observe increasing
spectral contributions from a reduced MnII species resulting
from the X-ray induced reduction of MnIII(acac)3. On the basis of
calculated spectra from the ab initio restricted active space (RAS)
approach and comparison to damage-free experimental spectra
of MnII(acac)2 and MnII

aq. in solution, we discuss a possible
mechanism for the X-ray induced reduction of MnIII(acac)3 in
solution. We model the reduction reaction with a single-
exponential dose-dependence and quantify an amount of
50% sample damage at 1.6 � 0.4 MGy. We establish a spectro-
scopically tolerable dose limit of 0.25� 0.05 MGy, where 90% of
the sample is intact. We discuss that diffusion-driven mixing of
the liquid sample may cause a systematic overestimation of the
effective dose-limit in this analysis by up to one order of
magnitude. The dose limit reported here for the X-ray induced
reduction of MnIII(acac)3 in room temperature solution by soft
X-rays is hence around one order of magnitude smaller than the
dose-limits typically used to delimit the loss of X-ray diffraction
intensity in protein crystallography at cryogenic temperatures,
but is consistent with dose-limits reported for the reduction
of high-valent metal sites in metalloproteins, such as the oxygen
evolvingMn complex in photosystem II, by hard X-rays. Comparison
to other available studies with soft X-rays reveals an unexplained
discrepancy by two to four orders of magnitude in dose between the
experimental dose limits determined here for solution samples
and those reported for iron complexes in the solid phase. Still,
the observed photoreduction is expected to occur also in other
high-valent transition metal complexes in solution. Using the
dose limits determined here we validate other experimental
approaches that promise damage-free soft X-ray absorption
spectra of solution samples, relevant for studying catalysts and
metalloproteins under ambient conditions. These approaches
comprise fast-flowing liquid jets at synchrotron radiation sources
and femtosecond pulses from X-ray free electron lasers, which

outrun the time-scales of (dose-dependent) diffusion-driven sam-
ple damage.
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F. D. Fuller, R. G. Sierra, W. Quevedo, C. Weniger, J. Rehanek,
A. Firsov, H. Laksmono, C. Weninger, R. Alonso-Mori,
D. L. Nordlund, B. Lassalle-Kaiser, J. M. Glownia, J. Krzywinski,
S. Moeller, J. J. Turner, M. P. Minitti, G. L. Dakovski, S. Koroidov,
A. Kawde, J. S. Kanady, E. Y. Tsui, S. Suseno, Z. Han, E. Hill,
T. Taguchi, A. S. Borovik, T. Agapie, J. Messinger, A. Erko,
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119, 19192–19200.

30 S. Schreck, G. Gavrila, C. Weniger and P. Wernet, Rev. Sci.
Instrum., 2011, 82, 103101.

31 P. S. Miedema, W. Quevedo and M. Fondell, Journal of large-
scale research facilities JLSRF, 2016, 2, 70.

32 B. L. Henke, E. M. Gullikson and J. C. Davis, At. Data Nucl.
Data Tables, 1993, 54, 181–342.

33 CXRO, Center for X-ray Optics, X-ray Database, http://henke.
lbl.gov/optical_constants/, accessed 06/01/2017, 2017.

34 H. C. Berg, Random walks in biology, Princeton University
Press, 1993.

35 A. E. S. Sleightholme, A. A. Shinkle, Q. Liu, Y. Li, C. W.
Monroe and L. T. Thompson, J. Power Sources, 2011, 196,
5742–5745.

36 F. Aquilante, L. De Vico, N. Ferre, G. Ghigo, P. A. Malmqvist,
P. Neogrady, T. B. Pedersen, M. Pitonak, M. Reiher,
B. O. Roos, L. Serrano-Andres, M. Urban, V. Veryazov and
R. Lindh, J. Comput. Chem., 2010, 31, 224–247.

37 R. V. Pinjari, M. G. Delcey, M. Guo, M. Odelius and
M. Lundberg, J. Comput. Chem., 2016, 37, 477–486.

38 M. Ohno and G. A. van Riessen, J. Electron Spectrosc. Relat.
Phenom., 2003, 128, 1–31.

39 R. Mitzner, J. Rehanek, J. Kern, S. Gul, J. Hattne, T. Taguchi,
R. Alonso-Mori, R. Tran, C. Weniger, H. Schröder, W. Quevedo,
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F. M. F. de Groot, A. Föhlisch, A. Erko, U. Bergmann, V. K.
Yachandra, P. Wernet and J. Yano, J. Phys. Lett., 2013, 4,
3641–3647.

40 M. Risch, K. A. Stoerzinger, T. Z. Regier, D. Peak, S. Y. Sayed
and Y. Shao-Horn, J. Phys. Chem. C, 2015, 119, 18903–18910.

41 Cross sections from personal communication by S. Schreck
and Ph. Wernet, Helmholtz-Zentrum Berlin, Germany, 2018.

42 M. M. Grush, Y. Muramatsu, J. H. Underwood, E. M. Gullikson,
D. L. Ederer, R. C. C. Perera and T. A. Callcott, J. Electron
Spectrosc. Relat. Phenom., 1998, 92, 225–229.

43 S. Carlotto, M. Sambi, A. Vittadini and M. Casarin, Polyhe-
dron, 2017, 135, 216–223.

44 S. Carlotto, L. Floreano, A. Cossaro, M. Dominguez,
M. Rancan, M. Sambi and M. Casarin, Phys. Chem. Chem.
Phys., 2017, 19, 24840–24854.

45 K. M. Davis, I. Kosheleva, R. W. Henning, G. T. Seidler and
Y. Pushkar, J. Phys. Chem. B, 2013, 117, 9161–9169.

46 G. V. Buxton, C. L. Greenstock, W. P. Helman and A. B. Ross,
J. Phys. Chem. Ref. Data, 1988, 17, 513–886.

47 E. Garman, Curr. Opin. Struct. Biol., 2003, 13, 545–551.
48 Y. T. Meharenna, T. Doukov, H. Li, S. M. Soltis and T. L. Poulos,

Biochemistry, 2010, 49, 2984–2986.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
7/

20
18

 8
:5

2:
07

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online



Supporting Information

X-ray-Induced Sample Damage at the Mn L-edge: A Case Study for Soft X-

ray Spectroscopy of Transition Metal Complexes in Solution 

Markus Kubina, Jan Kernb, Meiyuan Guoc, Erik Källmanc, Rolf Mitznera, Vittal K. Yachandrab, 

Marcus Lundbergc, Junko Yanob,*, Philippe Werneta,* 

aInstitute for Methods and Instrumentation for Synchrotron Radiation Research, Helmholtz-

Zentrum Berlin für Materialien und Energie GmbH, 12489 Berlin, Germany. 

bMolecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National 

Laboratory, Berkeley, CA 94720, USA. 

cDepartment of Chemistry - Ångström Laboratory, Uppsala University, SE-75121 Uppsala, 

Sweden. 

*Authors to whom correspondence should be addressed.

Philippe Wernet, Helmholtz-Zentrum Berlin, Albert-Einstein-Str. 15, 12489 Berlin, Germany, 

Tel: +49 30 806213448, email: wernet@helmholtz-berlin.de.  

Junko Yano, 1, Cyclotron Road, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, 

USA, Tel: 1 510 486 4366, jyano@lbl.gov.  

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018

Reproduced from Phys. Chem. Chem. Phys. 20, 16817-16827 (2018) 
(https://dx.doi.org/10.1039/c8cp03094d) with permission from the PCCP Owner Societies.



Supporting Information, Kubin et al. (2018) 

S2 

 

1.   Preparation of Solution Samples 

1.1 Identification of MnIII Species in Sample B  

The spectroscopic shift of the L3-edge absorption maximum of high spin MnII, MnIII and MnIV 

species was shown earlier to be a reliable indicator of the oxidation state of high-spin Mn 

complexes (refs. S1-S2). Applying this observation to the shape of the L3-edge of spectrum “c” in 

Fig. 3 supports the notion that the spectrum of Sample B measured at low doses shows the clear 

signature of a MnIII species. With a different experimental setup based on partial-fluorescence 

yield detected XAS (refs. S1-S2) we found equivalent clear indications that solubilizing 

MnII(acac)2 in acetylacetone leads to chemical changes of the sample, resulting in a solution 

sample of a MnIII species (see Fig. S1). The spectrum of this species is similar to that measured for 

MnIII(acac)3 in solution of acetylacetone. With this, we are confident that we can treat sample B as 

chemically equivalent to sample A, as assumed throughout our analysis in the main paper. 

  



Supporting Information, Kubin et al. (2018) 

S3 

 

 

 

  

 

Figure S1.  Assignment of sample B, as introduced in the main paper, via comparison of L-

edge XAS, measured in partial fluorescence yield (PFY)-detected mode. Spectra (a) and (b) 

are the spectra of MnII(acac)2 in ethanol and MnIII(acac)3 in acetylacetone, as published in refs. 

S1-S2, respectively. Spectra (c) and (d) are measured for a MnIII species that results from 

solubilizing solid MnII(acac)2 in acetylacetone, i.e. equivalent to the preparation of sample B 

in the main paper. In spectrum (c), we note a potential overestimation of the L2-edge intensity 

(gray) which possibly originates in a change of the experimental conditions. In spectrum (d) 

the liquid sample injection broke down at 649 eV. The spectrum shape and the position of the 

L3-edge main features in (c) and (d) are similar with those of MnIII(acac)3 in acetylacetone (b). 

The axis of the incident photon energy was calibrated with the same constant energy shift for 

all spectra via the sharp L3-edge absorption maximum of (Mn2+)aq as done before (refs. S1, S2, 

S3). 
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2.   Data Analysis and Processing of Transmission Spectra 

2.1  Data Processing 

 

 

 

Figure S2.  Determination of the jet thickness via fits with Henke’s tables (refs. S4-S5) from 

the experimental transmission data. In order to account for drifts in the sample thickness during 

the scan, the thickness of the liquid sample was fitted once on the low- (fit 1) and once on the 

high-energy side (fit 2) of each spectrum (start and end of the scan, respectively). For each 

separate spectrum scan, the range of these two thickness values were used in the main paper to 

determine the uncertainty of the sample thickness. In this example, the thickness of the 

transmission cell increased continuously by 6% from around 5.8 µm to around 6.1 µm during 

the spectrum scan. 
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3.   X-ray Damage 

3.1  Diffusion-Driven Sample Exchange with the Sample Reservoir 

 

 

Figure S3.  (a) Geometry and dimensions of the transmission cell and the sample reservoir, 

adapted from ref. S6. (b) Calculated relative probability distributions of a damaged molecule 

at different time points after the damage event. The curves show relative probability 

distributions, calculated for the two-dimensional diffusion of sample molecules at different 

times in the experiment (using D~4·10-6 cm2/s for MnIII(acac)3 in non-aqueous solution as 

discussed in the main paper) were convoluted with a 100 µm (fwhm) Gaussian profile of the 

x-ray beam. The inset shows the same data with a zoom to the length scale of the transmission 

cell (logarithmic scale on the y-axis). The differences in the cell-averaged probability density 

between the curves allow for estimating the order of magnitude by up to which dose-values 

may potentially be overestimated in the analysis of our main paper, where diffusion-driven 

sample exchange the with the sample reservoir is neglected. 
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3.2  X-ray Damage in Reference Spectra 

 

  

 

 

Figure S4.  Assessment of the x-ray absorption spectrum of solid MnIII(acac)3 from ref. S7, 

using a linear combination of damage-free spectra of MnII(acac)2 and MnIII(acac)3 in solution 

from ref. S3, as described in the main paper. The spectrum from ref. S7 was corrected for a 

linear absorption background and shifted by +0.1 eV  to match with the calibrated spectra from 

ref. S3. The damage-free spectra from ref. S3 were broadened with a Gaussian convolution 

function with a spectral width (fwhm) of 0.7 eV to simulate the additional experimental 

broadening in ref. S7. The amount of MnII fitted within thin model is 43 % and that of 

MnIII(acac)3 is 57%. 
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ABSTRACT: The 3d transition metals play a pivotal role in
many charge transfer processes in catalysis and biology. X-ray
absorption spectroscopy at the L-edge of metal sites probes
metal 2p−3d excitations, providing key access to their valence
electronic structure, which is crucial for understanding these
processes. We report L-edge absorption spectra of MnII(acac)2
and MnIII(acac)3 complexes in solution, utilizing a liquid flatjet
for X-ray absorption spectroscopy in transmission mode. With
this, we derive absolute absorption cross-sections for the L-
edge transitions with peak magnitudes as large as 12 and 9 Mb
for MnII(acac)2 and MnIII(acac)3, respectively. We provide
insight into the electronic structure with ab initio restricted
active space calculations of these L-edge transitions,
reproducing the experimental spectra with excellent agreement in terms of shapes, relative energies, and relative intensities
for the two complexes. Crystal field multiplet theory is used to assign spectral features in terms of the electronic structure.
Comparison to charge transfer multiplet calculations reveals the importance of charge transfer in the core-excited final states. On
the basis of our experimental observations, we extrapolate the feasibility of 3d transition metal L-edge absorption spectroscopy
using the liquid flatjet approach in probing highly dilute biological solution samples and possible extensions to table-top soft X-
ray sources.

I. INTRODUCTION

The 3d transition metals play an important role as electron
donors or acceptors in many catalysts and metalloproteins
where they facilitate charge migration and charge transfer
reactions.1−3 For a mechanistic understanding of these
reactions, detailed knowledge of the local valence electronic
structure at the transition metal sites is essential. X-ray
absorption spectroscopy (XAS) at the metal L-edge is an
ideal tool for studying this electronic structure. It directly
probes the metal 3d-derived orbitals via metal-centered 2p−3d
transitions being sensitive to the oxidation state and spin state
of the probed metal center, as well as to the ligand
environment.4−13

Studying the important class of solution-phase 3d transition
metal complexes and catalysts with L-edge absorption spec-
troscopy requires special consideration for dedicated in-vacuum
sample delivery and adapted soft X-ray detection methods. Soft
X-ray absorption spectroscopy of liquid samples has been
realized following different conceptual approaches. For
example, liquid flow-cells based on soft X-ray transmissive
membranes can be used for transmission-detected,14−18

fluorescence yield-detected19 and ion yield-detected XAS,20

but their use for studying metal complexes in solution is limited
due to the inherent difficulty of avoiding X-ray induced sample
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damage.21,22 In a recent approach, a highly sensitive photon
detector was used for fluorescence-detected XAS of frozen
samples, but the applicability of this approach to solution
samples of dilute metal complexes at ambient conditions has
not yet been proven.23 Alternatively, Rayleigh-flow liquid jets
have been developed24 and have been used for XAS with
continuous replenishment of the liquid sample.25,26 Due to the
fast sample flow through the X-ray interaction region, X-ray
damage is avoided for most experiments. Since, however, the
diameter of such jets is typically on the order of several tens of
micrometers and therefore much larger than the typical
attenuation length of soft X-rays of most solution samples,
these jet systems cannot easily be used for measuring XAS in
transmission mode without detrimental distortion effects.
Instead, they have been mostly used for XAS in fluorescence-
detected mode11,26,27 or for photoelectron spectroscopies.28

Measuring L-edge XAS in transmission mode has several
advantages over the more conventional electron- or photon-
yield detection methods. First, it allows for determination of
absolute absorption cross-sections in contrast to determination
of relative cross-sections with other XAS methods. This is
important as it enables intersystem comparison of the metal−
ligand covalency in different compounds since the integrated L-
edge XAS intensities are proportional to the number of holes in
the metal 3d shell and to the metal 3d character7,10,29 (or
inversely the degree of covalence bond character) of the probed
valence orbitals.30 Second, an advantage compared to detecting
the partial fluorescence yield (PFY) for PFY-XAS31 is that XAS
in transmission mode is unaffected by state-dependent
fluorescence yield, which can lead to relative peak intensities
deviating from the cross-sections due to spectrally variable
intensity of the fluorescence signal.27,31−33

In this paper, we demonstrate L-edge XAS in transmission
mode of dilute prototypical Mn complexes in solution using a
liquid flatjet system.34 This flatjet provides a stable liquid sheet
with thicknesses on the order of 1 μm, which is close to the soft
X-ray attenuation length of most solvents, allowing for solution-

phase soft X-ray absorption spectroscopy in transmission
mode.35,36 Flow rates on the order of 4 mL/min guarantee a
continuously replenished stream of liquid sample resulting in
measurements not delimited by sample damage induced by the
probing X-rays. This approach offers new capabilities in the
study of 3d transition metal complexes in solution.
The herein investigated prototypical high-spin MnII(acac)2

and MnIII(acac)3 complexes in solution exhibit variable formal
metal oxidation states (MnII vs MnIII) and spin states (S = 5/2
vs S = 2) as well as variable metal−ligand coordination (4 vs 6
oxygen bonds) and bonding symmetry (Td vs Oh/D4h). With
this study, we complement previous work by Kubin et al.13 on
these complexes where L-edge PFY-XAS was used to
investigate the origin of the L3-edge spectral shift between
the MnII and MnIII species. Here, we focus on the comparison
of absolute absorption cross-sections of L-edge XAS, on the
interpretation of selected spectral features, and on the
comparison of spectra from XAS and from PFY-XAS. We
compare our experimental spectra to those calculated with the
widely used crystal-field multiplet (CFM) and charge-transfer
multiplet (CTM) methods,7,37,38 to ab initio calculations based
on the restricted active space (RAS) approach.39−44 We
conclude our study with an assessment of alternative
applications of our experimental approach, namely for studying
highly dilute biological systems and for using our approach with
table-top soft X-ray sources.

II. MATERIALS AND METHODS
Sample Preparation. MnIII(acac)3 (manganese(3+) tris[(2Z)-4-

oxo-2-penten-2-olate]), acetylacetonato ligands (abbreviated as
(acac)−), and MnII(acac)2 (manganese(2+) bis[(2Z)-4-oxo-2-penten-
2-olate]) were purchased as crystalline powders (technical grade) from
Sigma-Aldrich and were used without further purification. They were
dissolved in ethanol abs. (≥99.8% purity, Sigma-Aldrich) with
concentrations of 100 mM and 15 mM for MnIII(acac)3 and of 30
mM for MnII(acac)2. Solutions were filtered with 0.45 μm PTFE
Whatman filters before the measurements. Exposure to oxygen and

Figure 1. (A) Schematic of the setup with the liquid flatjet system for L-edge X-ray absorption spectroscopy of transition metal complexes in
solution. (B, C) Molecular structures of the studied complexes MnII(acac)2 (B) and MnIII(acac)3 (C). (D and E) Transmission spectra of the pure
solvent ethanol and 30 mM MnII(acac)2 solution in ethanol, shown for the energy range of the oxygen K-edge (D) and the Mn L-edge (E), as
acquired with 1 eV (“low res.”) and 0.1 eV step sizes (“high res.”), respectively. For comparison, the transmission curves in D and E were normalized
with Beer−Lambert’s law to the thickness of the pure ethanol sample (2.44 μm).
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ambient light was minimized during sample preparation and sample
injection.
Experimental Setup and Data Analysis. All experiments were

performed with the recently reported transmission flatjet setup34 at the
undulator beamline UE52-SGM45 of the BESSY II synchrotron
radiation facility. A schematic side view of the setup is given in Figure
1A. Two sample flasks, one with pure solvent ethanol and one with
ethanol solution of the studied Mn complex, were connected to the
switching unit (Jasco LG-2080-02S). An HPLC pump (Jasco PU-
2085-Plus) injected the selected liquid sample into the X-ray probing
region at pressures between 3.0 and 4.0 MPa, keeping the flow rate at a
fixed value of 3.4 mL/min. The flatjet was formed by two colliding jets
(inner nozzle diameters 48 μm), resulting in a primary liquid sheet
formation with typical horizontal and vertical extensions of ∼1 mm
and ∼3 mm, respectively. The thickness of the liquid sheet changes
between 0.5 and 3.5 μm on a millimeter length scale within the first
sheet34,36 but is constant in the range of the X-ray spot diameter of
approximately 60 μm.45 The sheet was placed in the focus of the X-ray
beam and horizontally centered with respect to the probing X-ray spot
and vertically adjusted for the desired effective thickness. The recycling
unit introduced in ref 34 was not used. Instead, we trapped the liquid
sample at 77 K below the X-ray probing region, which allowed for
working pressures around ∼10−3 mbar in the experimental chamber.
The experimental chamber was separated from the beamline with a
differential pumping stage to warrant appropriate vacuum conditions
for both the beamline and the experimental chamber. The primary
sheet of the liquid flatjet was typically probed here at thicknesses
between 2.5 and 3.2 μm. The photon flux ΦL(hν) transmitted through
the sample was recorded as a function of the photon energy by a
calibrated photodiode (Hamamatsu G1127-04 2K) that was
positioned on the X-ray beam axis at a ∼0.4 m distance from the
liquid jet and was read out by a Keithley Electrometer (model 6514B).
The noise level of this transmitted flux strongly depends on the
stability of the transmission flatjet and was measured around 0.1% for
the most stable jet and around 0.6% for rather unstable jet conditions.
The photon flux Φ0(hν) incident on the sample (I0) was scanned
separately, after removing the liquid jet from the X-ray beam. The
noise of this signal was determined around 0.1%. The transmission
spectra were eventually obtained from the quotient TL(hν) = ΦL(hν)/
Φ0(hν). Further details of the setup can be found in ref 34.
For a spectrum scan, the monochromator was scanned in steps of

0.1 eV (1 s integration time per step) over the Mn L-edge region
(630−660 eV). The O K-edge region (500−700 eV) was scanned (in
1 eV steps) to determine the sheet thickness with tabulated O K-edge
absorption cross-sections from Henke’s tables.46,47 Typical acquisition
times for a single-scan spectrum were around 10 min. The
monochromator slit size was set to 120 or 150 μm, corresponding
to bandwidths of 300 or 380 meV, respectively, at the Mn L-edge. The
beamline flux was on the order of 1 × 1012 photons/s (diode current
∼20 μA) in the Mn L-edge spectral region. In case the spectrum and
reference scans were recorded with different monochromator slit sizes
ws and w0, respectively, the reference signal was rescaled with a linear
factor ws/w0. This procedure was checked for consistency, as shown in
the Supporting Information (SI), section 1.1.
All diode signals were normalized by the storage ring current of the

BESSY II synchrotron radiation facility. As in refs 12 and 13, we have
calibrated the axis of the incident photon energy to the L3-edge
maximum of a Mn2+aq solution sample with a relative uncertainty of 50
meV with respect to the values reported in ref 48 via the sharp MnII L3
peak position at 639.7 eV. The incident X-ray flux was found to
decrease with respect to time due to an increasing portion of the beam
being clipped by the experimental chamber (see SI, section 1.2.2 for
details). We corrected for this in the data analysis with a spectrally
constant attenuation factor Att. (0.4 < Att. ≤ 1), which reduces the
original incident flux Φ0(hν) to ΦAtt.(hν) = Att·Φ0(hν). We retrieved
this factor Att. from a least-squares fit of the uncorrected experimental
transmission of the solvent to that expected from tabulated values.46,47

From the same fit of transmission spectra TL(hν), with fit parameters
Att. and the sample thickness L, we retrieved the effective sample
thickness for each spectrum scan. The fit regions were chosen such

that no absorption resonances were included (see SI, section 1.2.1). All
transmission curves and further processed spectra shown in this paper
were corrected by this fitted attenuation factor Att. We note that, with
this procedure, we lose information about the spectral intensity of the
edge jump on the high-energy side of the Mn L-edge absorption
spectra. Further details on the data analysis are summarized in the SI,
section 1.

Density Functional Theory (DFT). The molecular structures used
for the restricted active space calculations (see below) were obtained
from ground state density functional theory (DFT) calculations (using
a DFT/B3LYP solvent optimization). The same geometries were also
used for the RAS calculations in ref 13. The molecular structures of the
two complexes are displayed in Figure 1B and C, where MnII(acac)2
and MnIII(acac)3 have a nearly tetrahedral (Td) Mn−O coordination
symmetry and a Jahn−Teller distorted nearly D4h Mn−O coordination
symmetry,49,50 respectively. The structure of MnIII(acac)3, as reported
in crystallographic investigations,51 comprises four short and two long
Mn−O bond lengths of 1.935 and 2.11 Å. These agree well with our
calculated bond lengths of 1.93/1.94 and 2.17 Å, with a slight
overestimation of the long distances consistent with previous
experience.52 Concerning the molecular structure of MnII(acac)2, we
are not aware of any crystallographic data since the compound
crystallizes as MnII(acac)2 trimers.

53 The reported crystal structure of
such MnII(acac)2 trimers exhibits a trigonal-prismatic D3h−Oh−D3h
structure, resulting in a six-coordination of each Mn by six O atoms in
a near octahedral geometry and Mn−O bond lengths between 2.1 and
2.2 Å.53 Our Mn−O bond lengths of 2.06 Å for MnII(acac)2 are
consistent with this.

Restricted Active Space (RAS) Calculations. Ab initio methods
are uniquely beneficial compared to semiempirical methods such as
the crystal-field multiplet approach since they provide valuable
predictive character and access to the spatially resolved charge and
spin in the probed molecule.13 The restricted active space (RAS)
approach has been shown to correctly treat the individual many-
electron interactions contributing to K-edge spectroscopies54,55 and L-
edge spectroscopies involving the interactions with the 2p core
hole.11,13,39,40,43,56 The ab initio theoretical L-edge spectra presented
here were obtained from RAS calculations including dynamic
correlation performed with MOLCAS 7.957 at the RASPT2/ANO-
RCC-VTZP level13,42 (the sensitivity of the RAS results to different
model choices is analyzed in ref 58). The RAS calculations are based
on the molecular geometries from the DFT/B3LYP solvent
optimizations of the two complexes (see above). To save computa-
tional cost, the calculations for MnIII(acac)3 were performed on a
truncated complex where six terminal methyl groups were replaced by
hydrogen atoms, which did not notably change the spectrum. All
calculations were performed in a solvent environment that was
modeled using the polarized continuum model (PCM) for the solvent
ethanol. In the RAS calculations, a minimal active space consisting of
the five metal-3d dominated orbitals was placed in the RAS2 space.
The Mn 2p orbitals were placed in the RAS3 space, allowing a
maximum of five electrons (at least one hole) in the core excited
states. All possible configurations that represent single core excitations
were included. For MnII(acac)2, 4;4;3;4 sextet states, 37;37;39;37
quartet states, and 72;72;69;72 doublet states were included for the
a1;b1;a2;b2 irreducible representations in C2v symmetry. For
MnIII(acac)3, 1;2 septet, 37;38 quintet, 147;150 triplet, and 111;114
singlet core-excited states were included for the two irreducible
representations (a;b) in C2 symmetry. To ensure that the hole is
located in the Mn 2p orbitals (instead of the Mn 3p orbitals, upon
“orbital rotation”), these orbitals were frozen in the RASSCF
optimizations. RASPT2 calculations were performed using the default
ionization potential electron affinity (IPEA) shift of 0.25 hartree and
an imaginary shift of 0.1 hartree to reduce the occurrence of “intruder
states” in the core-excited states. Unlike in ref 44, including dynamic
correlation effects within the RASPT2 approach improved the
spectrum quality of the MnIII complex significantly as compared to
RASSCF calculations (see Figure S9 in the SI). RAS spectra were
calculated for T = 300 K and were broadened with a Gaussian
broadening of σ = 0.127 eV (0.3 eV fwhm) and 0.2 and 0.7 eV
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Lorentzian lifetime widths (fwhm) for the L3 and L2 edges,
respectively.59 This approach is the same as for the theoretical RAS
spectra given in ref 13. For comparison to the calculated spectra in ref
13, we checked that changing the solvent from acetylacetone to
ethanol has no effect on the calculated L-edge spectra (shape and
energies of the spectra are indistinguishable for the different solvents
described with continuum polarization models). The calculated
incident photon energy axis was corrected to match experimental
energies. The same shift of −3.09 eV was applied to the XAS spectra of
both MnII(acac)2 and MnIII(acac)3 calculated with RAS for matching
the experimental L3-edge maximum in MnII(acac)2 from ref 13.
CFM and CTM Multiplet Theory. Crystal field multiplet

(CFM)37 and charge transfer multiplet (CTM)38 calculations can
provide important insights into the influence of specific effects on L-
edge XAS, as they enable for systematically varying and “switching on
and off” relevant interactions in L-edge XAS.7,10,37,38 CFM and CTM
calculations of Mn L-edge spectra were implemented using the
multiplet program by Thole et al.60 and the CTM4XAS interface.61 All
spectra were calculated for T = 300 K. CFM and CTM spectra were
broadened with 0.2 and 0.7 eV Lorentzian lifetime widths (fwhm) for
the L3 and L2 edges, respectively,

59 and a Gaussian broadening of σ =
0.127 eV (0.3 eV fwhm) throughout, unless further specified. All CFM
and CTM calculations are based on Slater integrals that were reduced
to 80% of their Hartree−Fock atomic values. All CFM and CTM fit
parameters are given in Table S1 in the SI. The parameters for the
CTM fits of XAS are equivalent to those applied for the CTM fits of
PFY-XAS spectra shown in ref 13. The energy axes of the final CFM
and CTM spectra are corrected by constant offsets such that the L3-
edge maximum position coincides with that of the experimental
spectrum, unless indicated otherwise. Shifts of −0.7 eV and −0.5 eV
were applied to all CFM spectra of Mn2+ in tetrahedral (Td) and Mn3+

in octahedral (Oh) symmetry, respectively, for all values of 10 Dq, to
align the L3-edge maxima of the best-fitting spectra to those in the
experimental spectra. All CFM spectra of Mn2+ and Mn3+ calculated in
D4h symmetry were aligned to the L3-edge absorption maxima of the
experimental spectra.

III. RESULTS AND DISCUSSION

Transmission XAS of Dilute Metal Complexes in
Solution. In Figure 1D and E, we show typical transmission
spectra of MnII(acac)2 at a concentration of 30 mM in ethanol.
Figure 1E is a zoom of Figure 1D into the Mn L-edge spectral
region. All transmission spectra in Figure 1D and E were
normalized to the thickness L of a pure solvent ethanol sample
(orange curve) at 2.44 μm, using Beer−Lambert’s law TL(hν) =
exp(−L/Λ(hν)) = exp(-α(hν)·L), where hν is the incident
photon energy, Λ(hν) is the attenuation length, and α(hν) =
Λ−1(hν) is the linear absorption coefficient.
The comparison of transmission curves for only the solvent

(orange and black solid curves in Figure 1D and E) and for
solution samples including the MnII(acac)2 solute (solid blue
curve in Figure 1D and E) illustrate that for organic solvents
the spectral transmission in the soft X-ray range is governed by
the light elements (here predominantly O K-edge absorption)
of the solvent. The L-edge absorption signal of the dilute Mn
complex represents small additional dips. This signal
corresponds to the Mn 2p63dn → 2p53dn+1 absorption
resonances with excitations to core-excited states where a Mn
2p electron is promoted to the 3d-derived orbitals. These
resonances group into the Mn L3 and L2 edges, which are split
by around 10 eV due to spin−orbit interaction in the presence
of the 2p core hole in the XAS final states.62 Figure 1E reveals a
splitting of each of the two L-edge features which is caused by
crystal field atomic multiplet effects as well as charge-transfer
interactions of the probed Mn atoms with the ligand oxygen

atoms. We will address the details of these absorption features
below.
In Figure 2, we compare single-scan spectra of samples with

variable concentrations of 0 mM (solvent only), 15 mM, and

100 mM MnIII(acac)3 in ethanol. In Figure 2A, transmission
spectra are shown, illustrating the influence of the solute
concentration on the amplitude of the Mn L-edge spectral dip
with respect to the overall transmission. The nonresonant parts
of the spectra at 500−530 eV, 560−638 eV, and 658−700 eV
were fitted with the tabulated transmission of the solvent
ethanol (dotted lines).46,47 This provides crucial information on
the employed sample thickness thereby determined to 2.5 μm,
2.9 μm, and 2.7 μm from top to bottom (see Materials and
Methods section and the SI, section 1.2, for details). The dip
amplitude of the Mn L3-edge maximum increases when going
from the 15 mM to the 100 mM sample (Mn L-edge
absorption is evidently absent in the pure solvent). Figure 2B
displays the corresponding linear absorption coefficients α(hν)
of solute and solvent as calculated using Beer−Lambert’s law
with the measured properties TL(hν) and L.
In Figure 2C, we show the relative transmission dips due to

Mn L-edge absorption that were obtained from division of the
experimental transmission curves (Figure 2A) by the fitted
solvent transmission (Figure 2A dotted curves). The peak

Figure 2. Single scan spectra for Mn L-edge XAS of MnIII(acac)3 in
ethanol solution as measured with the transmission flatjet. In all
panels, the Mn concentration increases from 0 mM (blue) to 15 mM
(red) and 100 mM (black). (A) Experimental transmission spectra
with sample thicknesses L of 2.5 μm (blue), 2.9 μm (red), and 2.7 μm
(black). Gray dotted lines denote the fitted transmission of the solvent,
as extracted from Henke’s tables (see Materials and Methods section).
(B) Linear absorption coefficients α, as calculated from the data shown
in A. (C) Relative transmission dips associated with Mn L-edge
absorption, obtained from division of the colored curves in A by the
gray dotted solvent fits. (D) Linear absorption coefficients due to Mn
L-edge absorption, obtained from subtraction of the gray dotted
solvent fits from the colored curves in B. The larger relative noise in
the 100 mM data is due to a comparably unstable operation of the
liquid flatjet during the scan.
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amplitude of the relative transmission dips at the Mn L3-edge
increases from 3% to 12% when going from the 15 mM to the
100 mM sample. In Figure 2D, we display the linear absorption
coefficient α(hν) due to Mn L-edge absorption of only the
solute. These curves were obtained from subtraction of the
fitted solvent signal from the experimental curves in Figure 2B.
The linear absorption coefficients of Mn peak around 1 × 104

m−1 and 5 × 104 m−1 for the 15 mM and 100 mM samples,
respectively. The experimental ratio of peak intensities for the
two single-scan spectra is around 5 and, thus, smaller than the
expected ratio of 6.7 (=100/15). This deviation reflects the
experimental uncertainties discussed in the following section.
Absolute X-ray Absorption Cross Sections. For an

arbitrary solution sample containing i different molecular or
atomic species with respective concentrations ci, Beer−
Lambert’s law connects the experimental linear absorption
coefficient α(hν) = Σi αi to the absorption coefficients αi and
absorption cross-sections σi(hν) of the individual species i via
α(hν) = Σi ci·NA·σi(hν), where NA is Avogadro’s number. With
this, we retrieve the final absorption cross-section spectra in
units of Mb (1 b = 10−28 m2), being thus independent from the
experimental parameters.
These absorption cross-section spectra of MnII(acac)2 and

MnIII(acac)3 are shown in Figure 3A. The MnII(acac)2

spectrum (blue) is averaged from eight successive single-scan
spectra (30 mM concentration). The MnIII(acac)3 spectrum
(red) is averaged from 13 single-scan spectra of MnIII(acac)3
(two scans of a 100 mM sample and 11 runs of a 15 mM
sample). The total acquisition time amounts to ∼1.5 and ∼2.5
h for the averaged spectra of MnII and MnIII, respectively.
The direct comparison of the spectra in Figure 3A leads to a

number of observations. First, the L3-edge absorption maxima
are shifted in energy with respect to each other by 1.9 eV. This
agrees with the shift of 2.0 eV determined in a previous study of
L-edge PFY-XAS spectra of MnII(acac)2 and MnIII(acac)3 (ref

13). The shift is interpreted as a final state effect due to an
increased affinity to 3d electrons in the core-excited XAS final
states. Similar spectral shifts between 1.5 and 2 eV have been
reported for other series of high-spin Mn complexes with
various oxidation states.4,12 A second observation concerns
differences in the absolute absorption cross-sections and
associated absorption integral of the two molecular species.
This provides quantitative information which is difficult to
access in fluorescence yield detected XAS due to state-
dependent fluorescence yield and which complements elec-
tron-yield detected XAS.7 With 12.4 ± 1.0 Mb, the L3-edge
peak maximum of the MnII species is about 40% more intense
than that of MnIII at 8.8 ± 1.9 Mb. The error bars reflect a
combination of systematic uncertainties of the sample
concentrations due to precipitation and statistical errors due
to fluctuations in the jet thickness (see Figure S8 in the SI).
Concomitant with the lower intensity at the L3-edge maximum,
the MnIII(acac)3 spectrum appears broader with a more
extended intensity distribution as compared to MnII(acac)2.
These differences in shape are a direct consequence of the
increasing multiplet interactions when going from MnII to MnIII

(see refs 62 and 63). With absolute cross-sections, we can also
compare integrals of the L-edge absorption spectra for the two
complexes. The total L-edge intensity is interpreted as
proportional to the number of holes in the 3d-derived valence
orbitals and their associated covalency.7 Obtaining the
integrated intensity in Mb·eV can therefore reveal information
on the occupation number of these valence orbitals. We find
(for integration over the full energy range shown in Figure 3A)
absorption integrals of 48 ± 11 Mb·eV for MnIII(acac)3 and
41.5 ± 3.3 Mb·eV for MnII(acac)2. The error bars reflect the
uncertainty of the cross-sections claimed above and comprise
systematic uncertainties due to differences in the background
subtraction scheme (linear background as applied here vs edge-
jump background as applied in ref 7). The ratio of our
experimental spectrum areas is 1.16 ± 0.28 for MnIII/MnII and
reflects the ratio of MnIII/MnII 3d holes with 6/5 = 1.2 for
MnIII/MnII as expected for the MnIII/MnII ground state
configurations 3d4/3d5 with small contributions of metal−
ligand covalent interactions. Within the error bars, the
experimental ratio therefore reflects the predominantly ionic
character of Mn in MnIII(acac)3 and MnII(acac)2. The
transmission-mode spectra shown here thus allow direct
confirmation of simple but important expectations for L-edge
XAS of MnII and MnIII complexes: The overall spectrum
intensity increases due to the increasing number of 3d holes,
but it is spectrally redistributed when going from MnII to MnIII

due to increasing multiplet splittings. The results of the
numerical analyses in this paragraph are summarized in Table
S2 in the SI.
In experiments with smaller uncertainties in the Mn cross-

sections, transmission-mode measurements could be applied for
the determination of the metal character (the degree of
covalence) of the probed metal 3d-derived valence orbitals.
This direct way of probing the relative number of holes in the
metal 3d-derived orbitals with L-edge XAS is complementary to
probing the relative number of electrons in the 3d-derived
molecular orbitals via their np character with valence-to-core
Kβ2,5 XES.

64 Beckwith et al. report a ratio of 1.45 ± 0.10 for the
spectrum areas of valence-to-core emission signals of
MnIII(acac)3 as compared to MnII(acac)2.

65 The discrepancy
of this number with the expected ratio of electrons in the 3d-
derived orbitals in the respective ground states (4/5 = 0.8 for

Figure 3. Comparison of absolute L-edge XAS absorption cross-
sections of MnII(acac)2 and MnIII(acac)3 in solution from (A)
experiment and (B) ab initio restricted active space (RAS) theory.
The experimental spectra are averaged over several single-scan spectra
and were calibrated in analogy to the PFY-XAS spectra in ref 13. Both
RAS spectra were calibrated using the same energy shift for coinciding
L3-edge peak positions in the RAS and the experimental spectra of
MnII(acac)2. The absorption amplitudes of experimental and RAS
spectra are quantified in Table S2 in the Supporting Information.
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MnIII/MnII) was explained by the shorter Mn-ligand bond
lengths in MnIII(acac)3 which “provide a mechanism for
increased Mn-np mixing into the ligand orbitals.”65 This points
to a difference in the complementary sensitivity between L-edge
XAS and Kβ2,5 XES to metal−ligand bond lengths and orbital
admixtures. In contrast to XES-based methods which probe
differences in the ligand p character of the 3d-derived orbitals,
metal L-edge XAS provides a direct way for probing the metal-d
character of the metal 3d-derived valence orbitals.
Absence of X-ray Induced Sample Damage. Due to

their ionizing character, soft X-rays tend to modify the chemical
structure of the probed samples. A major source of X-ray
induced sample damage is the vast amount of electrons and
radicals created upon ionization of the sample. X-ray
spectroscopic signatures of such “beam damage” appear, for
example, via the signature of a chemically reduced species. For a
MnIII sample, one would expect the signature of a MnII species
to appear in considerable amounts at X-ray doses on the order
of 106 Gy.21,22 In the case of insufficiently replenished samples,
such doses can quickly be reached at typical synchrotron
radiation beamlines. For our experiment, we estimate that the
doses absorbed by the flatjet samples are on the order of ∼20
Gy and thus 5 orders of magnitude below the critical threshold.
We conclude that with our transmission flatjet, we measure
spectra unaffected by (dose-dependent) X-ray induced sample
damage. We note that this could not be ensured in earlier L-
edge spectroscopic studies of nonreplenished solid MnIII(acac)3
samples.66,67 Confirming results from ref 13, the much broader
L3-edge of the MnIII(acac)3 spectrum in refs 66 and 67
compared to the spectrum reported here with considerable
intensity at the peak location characteristic for MnII species
indicates that the spectra in refs 66 and 67 suffer from X-ray
induced sample damage. We roughly estimate the relative MnII

content in these experiments to several 10%.66,67 On the basis
of one of these sets of spectra, recent restricted open-shell
configuration interaction singlet (ROCIS) simulations of metal
L-edge XAS of MnII(acac)2 and MnIII(acac)3 show differences
in both our experimental and RAS calculated spectra.68,69

Spectrum Calculations with RAS. In Figure 3B, we show
Mn L-edge XAS spectra of MnII(acac)2 and MnIII(acac)3 in
ethanol solution as calculated with RAS theory, based on the
molecular structures shown in Figure 1B and C. The relative
energies and intensities of the two complexes are displayed as
calculated. We find excellent agreement with our experimental
spectra with respect to the overall shapes, the relative peak
positions, and the relative peak intensities in the individual
spectra. The RAS spectra nicely reproduce the sharp and
intense L3-edge peak in MnII(acac)2 as compared to the broad
and less intense L3-edge peak in MnIII(acac)3. The L3-edge shift
is underestimated by the RAS calculations by 16% (1.6 eV from
RAS as compared to 1.9 eV from the experiment). The relative
peak absorptions of MnIII and MnII are reproduced within the
experimental error bars by a ratio of 0.69 in the RAS
calculations as compared to the experimental ratio of 0.71 ±
0.15. The calculated ratio of 1.29 of the MnIII/MnII spectrum
areas from RAS is also within the experimental limits of 1.16 ±
0.28 (see also Table S2 in the SI). This indicates that the
differences between the two complexes in terms of electronic
structures and atomic multiplet effects are well accounted for in
the RAS calculations.
In Figure 4A and B, we compare calculated and measured

spectra in more detail by also including the individual
transitions as sticks in the calculated spectra. The agreement

between calculated and measured spectra illustrates the quality
of such state-of-the-art RAS spectral calculations. Overall, the
calculated spectral features appear too narrow compared to
experimental results, and this could be due to the neglect of
inhomogeneous broadening by structural fluctuations in the
calculations. The largest discrepancies between theory and
experiment, however, appear in the spectrum of MnII(acac)2
between 641 and 644 eV, where the intensity is underestimated
in the calculated spectrum, and, to a lesser extent, in the same
region in the MnIII(acac)3 spectra. These high-energy sides of
the L3-edges were characterized before in Fe L-edge XAS as
arising from excitations to charge-transfer (CT) states.7 At this
point, we can only speculate that the missing intensity in our
RAS calculations is due to missing CT excitations as they
include only the five active orbitals with metal 3d character and
therefore do not take into account excitations to ligand-
dominated orbitals, as required to describe the CT final states.
RAS calculations can easily be extended with another five or
even more valence orbitals. However, for ionic complexes the
minimal active space of five metal 3d-derived orbitals is the
most stable, ensuring consistent comparisons between the two
complexes. Alternative implementations of ab initio type
calculations of L-edge XAS may include many more final states
with CT character,70 and comparisons of the different
approaches promise further insight.

L3,2-Edge Branching Ratios. The proportion of integral
absorption areas of the Mn L3 and L2 edges in the spectra is
often denoted the “branching ratio” (see refs 63 and 71). It
reflects the statistical ratio of 2pj=3/2 → 3d and 2pj=1/2 → 3d
transitions where j denotes the total angular momentum of the
2p hole. We determine the L3 and L2 absorption integrals over
the energy ranges hν < 647.5 eV and hν > 647.5 eV for the Mn
L3 and L2 edges, respectively, and obtain experimental
branching ratios L3/(L3 + L2) of 0.72 ± 0.02 for MnII(acac)2
and 0.66 ± 0.02 for MnIII(acac)3. The error bars account for the
estimated deviation of branching ratios after linear background
subtraction (as applied here) with respect to subtraction of an
L3,2-edge jump as applied in ref 7. These values agree well with

Figure 4. Direct comparison of normalized spectra of (A) MnII(acac)2
and (B) MnIII(acac)3 in solution from experiment (blue and red) and
RAS theory (black lines) on a RASPT2 level. The sticks denote the
transitions to individual XAS final states underlying the RAS spectra.
The energy axis of both RAS spectra was aligned with the same energy
shift for coinciding L3-edge peak positions in the experimental and the
RAS spectra of MnII(acac)2.
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those calculated in ref 63 by Thole and van der Laan stating
average branching ratios of 0.74 and 0.66 for atomic MnII and
MnIII, where a typical reduction factor 0.75 was applied to all
Slater integrals.
The branching ratio extracted from the calculated RAS

spectrum of MnII(acac)2 amounts to 0.78 and thus significantly
deviates from the experimentally determined branching ratio of
0.72 ± 0.02. This reveals an overestimation of the L3-edge
intensity (or equivalently an underestimation of the L2-edge) in
the calculation with respect to the experimental spectrum. In
contrast, for MnIII(acac)3, good agreement is found for the
branching ratio of 0.65 in the RAS spectrum to that from the
experiment (0.66 ± 0.02). The reason for the limited capability
of RAS to consistently reproduce the branching ratio of MnII is
not well understood but could possibly be due to the
perturbative treatment of the strong 2p spin−orbit coupling.
CFM Theory for Variable Ligand Field Splittings 10

Dq. We use CFM calculations for a systematic study of the
influence of the ligand field splitting 10 Dq in a cubic ligand
environment on the L-edge XAS spectrum, and we use the
comparison of CFM and CTM to investigate the influence of
CT states on the spectra. In Figure 5, we compare the
experimental spectra to a series of theoretical spectra calculated

with the CFM approach in Td/Oh symmetry where we vary the
ligand field splitting parameter 10 Dq. We track the energies of
corresponding multiplet features with gray lines as 10 Dq is
systematically increased.
The spectrum of MnII(acac)2 in Figure 5 is qualitatively well

described by the spectral multiplet features of a field-free Mn2+

ion (with 10 Dq = 0). Apparently, however, no such agreement
is found for the spectrum calculated for the field-free Mn3+ ion
when compared to the experimental MnIII(acac)3 spectrum.
Varying 10 Dq illustrates the influence of the Mn−O
coordination geometry on the electronic structure72 and,
more specifically, on the spectrum observable in Mn L-edge
XAS.37 For Mn2+, a weak pre-edge peak below the L3 edge in
Figure 5 splits off on the low energy side of the main L3-edge
maximum with increasing separation as 10 Dq is increased.
With respect to this pre-edge peak, the best qualitative match to
the experimental spectrum is found for 10 Dq = 0.6 eV.
Moreover, all other peaks in the L3 edge seem to broaden when
10 Dq is increased. Varying 10 Dq for Mn3+ leads to dramatic
redistribution of intensities in the spectra and, in particular, to
the appearance of a strong pre-edge feature on the low energy
side of the L3 edge. The best qualitative match with the
experiment is found for 10 Dq = 1.5 eV (the calculated
CFM(Td/Oh) spectra with shapes best matching the experi-
ment are marked with arrows in Figure 5). For both complexes,
these are the values where the L3 pre-edge features and the
“smooth” intensity distribution on the high-energy side of the
L3 edge best match those in the experimental spectra. Both
observables seem to characteristically correlate with the values
of 10 Dq. In particular, the presence of a strong pre-edge
feature at 1 to 2 eV below the L3-edge maximum appears to be
characteristic for the octahedral complex.
We can assess the fit results with information on the ligand

field strength from UV−vis spectroscopic investigations where
for MnIII(acac)3 optical absorption energies between 2.1 and
2.4 eV have been found for the 5T2g →

5Eg transitions.
73,74 This

is roughly consistent with our approximate value for the ligand-
field splitting of 10 Dq = 1.5 eV found for Mn3+ in MnIII(acac)3.
The 30−40% smaller value of 10 Dq from CFM theory
compared to UV−vis may be explained with an “increased
localization of the 3d states in the presence of the core hole”
(ref 4 and ref 17 therein). We are not aware of any UV−vis data
or values of the ligand field splittings in MnII(acac)2 to which
we could reference our value of 10 Dq, but the value is
consistent with crystal-field theory that predicts 10 Dq of
tetrahedral complexes to be 4/9 of the value of corresponding
octahedral complexes.72

We note that the simulated CFM spectra in Figure 5 for
octahedrally coordinated MnIII with 10 Dq changing from 2.7
to 3.0 eV illustrate the effect of an abrupt transition from a
high-spin to a low-spin Mn3+ complex with S = 2 and S = 0
ground states, respectively. This is where the multiplet
structures in both the L3 and L2 edges abruptly change. Such
a high-spin to low-spin transition was reported to occur at
around 10 Dq = 3 eV for octahedrally coordinated Mn3+ (and
also for tetrahedrally coordinated Mn2+).62 The CFM analysis
can therefore be used to confirm the spin states of the MnII and
MnIII species in the ground states of MnII(acac)2 and
MnIII(acac)3 to be high spin.
With the above analysis, we have identified the occurrence of

a strong (weak) pre-edge feature at 1 to 2 eV below the L3
absorption maximum to be characteristic for Mn coordinated in
octahedral (tetrahedral) ligand fields. A similar yet more

Figure 5. Comparison of experimental L-edge XAS spectra of
MnII(acac)2 (top left) and MnIII(acac)3 (top right) to crystal field
multiplet (CFM) calculations (rows 2 to 13) with a variable ligand
field splitting (LFS) for Mn2+ (left) in Td symmetry and Mn3+ (right)
in Oh symmetry. The red and blue spectrum curves in rows 2−13 were
calculated with the broadenings similar to the experimental values (see
Materials and Methods section). The black curves are broadened with
a Lorentzian width 0.1 eV (fwhm) and a Gaussian width σ = 0.01 eV
for better discrimination of the underlying multiplet features. The
experimental spectra are best reproduced by the CFM spectra marked
with arrows. All CFM spectra of Mn2+ and Mn3+ have been shifted by
the same constant offsets of −0.7 eV and −0.5 eV, respectively.
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distinct pre-edge feature was observed by Pinjari et al.40 in L-
edge XAS of both high-spin and low-spin Fe3+ ions in
octahedral ligand fields (Fe3+ is isoelectronic to Mn2+ and has
a similar L-edge spectral shape). In ref 40, the calculated RAS
ligand field is represented once by point charges and once by
molecular ligands. The orbital-population analysis of these RAS
spectra reveals differences in the assignment of the pre-edge
feature. Importantly, for the high-spin Fe3+ ion in a point charge
field, the pre-edge feature is predominantly assigned to one-
electron transitions to the energetically low-lying t2g orbitals,
while in the example of a molecular high-spin Fe3+ complex,
this assignment breaks down due to strong mixing of orbital
contributions in the pre-edge feature. This latter observation
agrees with findings from analyses of RAS calculated L-edge
XAS spectra of MnII(acac)2 and MnIII(acac)3 for orbital
populations in the core-excited states13 where no particular
assignment of peaks to specific orbital excitations was found.
Spectrum Fits Using CFM and CTM Theory. In Figure 6,

we compare the best fitting CFM(Td/Oh) spectra from Figure 5

to more quantitative multiparameter fits that we performed
within the CFM and CTM frameworks. With respect to the
CFM model, the CTM approach uses a valence bond
configuration interaction model to include charge transfer
(CT) states with energy separations ΔCT and mixing
parameters T.8 The CFM and CTM multiparameter
simulations were implemented in D4h symmetry where
additional parameters Ds and Dt include the energy splittings
due to Jahn−Teller distortion.
In Figure 6, we observe that the best fitting spectra from our

single-parameter CFM(Td/Oh) fits show strong similarity to the
spectra obtained from the multiparameter CFM(D4h) fits, yet
with better qualitative agreement to the experimental spectra of
MnII(acac)2 and MnIII(acac)3. This concerns in particular the
shape of the pre-edge features in both spectra. Yet, even better
agreement to the experimental spectra is obtained for the
CTM(D4h) fits, which involve up to 10 free parameters (see fit
parameters in Table S1 in the SI), in particular for modeling the

charge transfer states. The CTM model adds a dn+1L
configuration to the single configuration ground state dn and
cdn+2L to the cdn+1 configurations in the core-excited XAS final
states (where L and c denote holes in the ligand and in the 2p
core orbitals, respectively). This is known to produce CT
excitations or CT core-excited states (shakeup states) to the
high-energy side of the L3 and L2 edges, respectively.7,8,10

Inclusion of charge transfer states improves the agreement of
the calculated MnII spectrum at the “smooth” high-energy side
of the L3 edge (641−647 eV) with the experimental spectrum
of MnII(acac)2 (Figure 6A). Apparently, CT states add intensity
in this spectral range which explicitly cannot be reproduced
either with the purely ionic CFM calculations or with our RAS
calculations. The CTM fit for MnIII in MnIII(acac)3 in Figure 6B
also shows a smoother flank on the high-energy side of the L3
edge (642−647 eV) as compared to the CFM and the RAS
calculations and in good agreement with the experimental
spectrum.
The branching ratios of the MnIII(acac)3 CFM(D4h) and

CTM spectra amount to 0.65 and 0.67, respectively, which is in
good agreement with the experimental value of 0.66 ± 0.02.
However, both CFM and CTM calculations overestimate the
branching ratio in the spectrum of the MnII(acac)2 complex
(0.76 and 0.75 for CFM(D4h) and CTM, respectively, as
compared to 0.72 ± 0.02 from the experiment). This trend is
the same as in the RAS calculations. We observe that for both
systems including CT states affects the branching ratios only
marginally.

Comparison to Partial Fluorescence-Yield XAS. In
transmission mode XAS, the 2p63dn → 2p53dn+1 transitions
(and their cross-sections) are probed most directly, whereas
PFY-XAS, measuring 3d−2p fluorescence intensity, introduces
state-dependent fluorescence yield effects27,31−33 due to
spectrally variable fluorescence decay of core-excited XAS
final states 2p53dn+1 to valence excited PFY-XAS final states
(2p63dn)*. In Figure 7A and B, we illustrate these effects by
comparing the absorption spectra of MnII(acac)2 andFigure 6. Comparison of experimental spectra of MnII(acac)2 (A) and

MnIII(acac)3 (B) in solution to the best fitting CFM(Td/Oh) spectra
(orange) (arrows in Figure 5) and those fitted with CFM(D4h) (black)
and CTM(D4h) (green). The sticks denote the transitions to individual
XAS final states underlying the calculated spectra. The energy axis of
all CFM and CTM spectra was aligned to that of the experimental
spectra for coinciding L3-edge peak-maximum positions. All fit
parameters are given in Table S1 in the Supporting Information.

Figure 7. Comparison of experimental and RAS-theoretical X-ray
absorption spectra in transmission mode (XAS) and in partial
fluorescence yield mode (PFY-XAS) for MnII(acac)2 and MnIII(acac)3
in solution samples. Experimental and RAS calculated PFY-XAS
spectra (black) are copied from ref 13. All spectra are normalized to
their peak intensity. The transmission XAS spectra in A and B were
taken from Figure 3A, those in C and D from Figure 3B. Notably, the
energy position of the features is conserved for both detection modes.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b00419
Inorg. Chem. 2018, 57, 5449−5462

5456



MnIII(acac)3 from transmission detected XAS with respect to
PFY-detected XAS from ref 13. Note that the same absolute
energy calibration for all experimental spectra was used and all
spectra were normalized to the same intensity at the L3 edge
maximum. We identify almost all features of the transmission
XAS spectra also in the PFY-XAS spectra, and for each complex
the specific energy of the features agree well.
The most apparent difference between the two detection

modes is the enhancement or suppression of individual
spectrum features due to state-dependent fluorescence yield.
With all spectra normalized to their maximum intensity, for
both complexes, this is most pronounced in a relative
enhancement of the L2 edge with respect to the L3 edge in
PFY-XAS as compared to transmission XAS. Quantitatively, in
PFY-XAS, the branching ratios for MnII(acac)2 and
MnIII(acac)3 are 0.49 and 0.50 as compared to 0.72 and 0.66
in transmission XAS, respectively. These observations of state-
dependent fluorescence yield are consistent with earlier
studies.31−33,48

On the basis of CFM analyses, Miedema et al. find that the
2p−3d exchange interaction in the XAS final states (quantified
by the Slater integrals Gpd) is mainly responsible for differences
in the L3,2-edge branching ratios in PFY-XAS as compared to
XAS and also for the suppression of the L3 pre-edge

75 (herein
called pre-edge peak). They argue that the exchange interaction
orders the energy of XAS final states within the L-edge
spectrum in accordance with their total angular momenta J,
resulting in high-J states at the “low-energy side” (the pre-edge
peak) of the L3 edge and low-J states at the high energy side.
The high-J states “tend to have lower fluorescence strengths,
while there is no influence on the major (Auger) decay channel
from these XAS final states.”75 With this, the suppression of the
pre-edge peak and the enhancement of the L2-edge features in
PFY-XAS as compared to XAS can be explained. As high-J
states tend to have high total spin S, these findings are
consistent with XAS spectrum analyses of MnII(acac)2 and
MnIII(acac)3 using RAS, revealing the ordering of XAS final
states by their spin multiplicity (2S + 1).13 Comparisons of the
calculated PFY-XAS to the XAS spectra from RAS in Figure 7C
and D reproduce all observations discussed above. This
confirms that in our RAS approach, the intra-atomic effects
responsible for state-dependent fluorescence yield are taken
into account, albeit with deviations in the calculated relative
XAS versus PFY-XAS intensities at the L2 edge compared to the
experiment.
Potentials of the Method for Highly Dilute Samples

and Table-Top X-ray Sources. On the basis of an
extrapolation of our results, we now discuss the application of
L-edge XAS with a transmission flatjet to other experimental
designs with, first, low sample concentrations on the order of 1
mM as achieved for many biologically relevant samples1,12 and,
second, with lower photon fluxes, as available for example from
table-top soft X-ray sources.76−83

An important factor delimiting the quality of a spectrum is
the signal-to-noise ratio (S/N). From the absorption spectra
shown in Figure 3A, we estimate that the relevant multiplet
structures of a Mn L-edge spectrum are minimally resolved, if
features with absorption signals of 1 Mb have a S/N ≥ 1. From
our measurements, we identify two terms contributing to the
total noise N of a transmission spectrum, namely the
experimental noise Nexp due to detection and X-ray source
noise and the “jet-noise” Njet in the case of an unstable
operation of the transmission flatjet. We illustrate the meaning

of the experimental noise Nexp and jet noise Njet upon
comparison of two exemplary single-scan spectra, one with
the best and one with the worst S/N, namely that of 15 mM
and that of 100 mM MnIII(acac)3 in Figure 2C, respectively.
These spectra have noise levels (1σ) of around 0.1% and 0.6%,
respectively. The 0.1% noise is equal to the experimental noise
Nexp = 10−3, measured without any sample in the beam. This
comparison implies that for a stable transmission flatjet, Nexp
dominates the total noise N (in particular if the influence of
thickness variations in the transmission flatjet is negligible).
The higher noise level in the spectrum of the 100 mM sample is
due to the notably less stable operation of the liquid flatjet (e.g.,
due to precipitation of the sample) where Njet becomes the
predominant term to the total noise. A third term, the statistical
noise or shot noise Nstat is negligible under our experimental
conditions but can gain predominant character if lower photon
fluxes or larger sample thicknesses are used. While Nexp and Njet
are extracted from our experimental observations and are
herein assumed to be constant, the shot noise Nstat = pout is
determined by the number of photons pout = pin exp(−L/Λsolv)
to be detected by the photodiode. It is parametrized via the
number of photons incident on the sample pin, the sample
thickness L, and the attenuation length of the solvent Λsolv
(here, Λethanol at 640 eV equals 1.44 μm46,47). In Figure 8A, Nstat
was calculated for 1012 photons per spectrum data point
(corresponding to 1 s integration time with our experimental
flux of 1012 photons/s) and a lower number of 104 photons per
spectrum data point (which would correspond, e.g., to 1 s
integration time with a flux of 104 photons/s). For our
experimental conditions (with sample thicknesses around 3 μm
and 1012 photons per data point), Figure 8A illustrates that Nstat
≪ (Nexp, Njet), i.e., that our measured S/N is not limited by
statistical noise but rather by the experimental or jet noise
contributions, respectively.
In Figure 8A, we compare the expected amplitudes of the L-

edge XAS signal dip S (green solid lines) of a 1 Mb feature for
variable sample concentrations and sample thickness to the
magnitudes of the noise terms Nexp, Njet, and Nstat (dashed,
dotted and dash-dotted). The expected signal amplitudes S =
Tdip(L,c) = [1 − exp(−L·c·σ·NA)] are derived from Beer−
Lambert’s law. Our experimental 1 Mb signals (circle marks)
measured with 1012 photons/s and at thicknesses around 3 μm
agree well with the calculated amplitudes. This is also
consistent with previous work measured with the transmission
flatjet.36

Along the vertical axis of Figure 8A, we observe that signal
amplitudes decrease with decreasing concentrations, and
assuming a constant noise level, this also implies that the S/
N decreases. We can use this plot to estimate, for a given
sample thickness, the feasibility of measuring meaningful Mn L-
edge spectra (here in ethanol solution) of samples with
different concentrations in the transmission flatjet, using the
simple criterion S ≥ N where N is the dominant noise term.
With this we expect that, assuming a stable flatjet
(correspondingly with a dominant noise term Nexp) with a
typical thickness of 3 μm, measurements for sample
concentrations ranging from several 100 mM down to the
order of 10 mM are feasible within a single scan.
For highly dilute biological samples with concentrations on

the order of 1 mM with Figure 8A, we expect that measuring a
sufficiently resolved single-scan spectrum is unfeasible under
our experimental conditions, since S < Nexp. At a sample
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thickness of around 3 μm, one would need to average around
25 single-scan spectra (each with S/Nexp = 0.2) to increase the
effective S/N to a minimum value of 1. In our experiment, this
would correspond to around 4 h of data acquisition and a total
sample consumption on the order of 1 L, where we assume that
no sample recycling unit is employed.34 Sample consumption,
however, is a limiting factor in spectroscopy of many precious
samples such as biologically relevant complexes and metal-
loenzymes. Solutions of metalloproteins, in particular, are often
available in volumes on the order of 1 mL only. Such
measurements therefore rather require slowly flowing liquid jets

with flow rates on the order of 1 μL/min12 or sophisticated
sample recovery systems for the transmission flatjet.34 The
latter would need to be optimized for recycling and rehydrating
sensitive solution samples after exposure to a vacuum and
probing X-rays to constantly guarantee unspoiled sample
conditions.
Along the horizontal axis of Figure 8A, the signal amplitudes

increase with increasing sample thickness. If the dominant noise
stays largely constant, a different way to increase S/N of low
concentrated samples would therefore lie in increasing the
sample thickness and therefore also S/N. However, this concept
is limited by the increased absorption by the solvent, which
leads to an increased shot noise Nstat and to a decreased
detector signal, saturating close to the zero level of the detector.
The former effect is estimated in Figure 8A, where at large
sample thicknesses we expect Nstat > S. The latter effect is
illustrated in Figure 8B for some typical solvents, assuming our
experimental conditions at 1012 photons/s, where at thicknesses
between 10 and 30 μm the transmitted signal (colored lines)
dips below the detection limit of our detector (gray dotted
line).
We now turn our discussion to applications of L-edge XAS

on the transmission flatjet using table-top soft X-ray
sources,77,79−83 which have mostly lower average flux than
used in our study. For example, earlier implementations of soft
X-ray sources based on high harmonic generation provide on
the order of 104 photons/s in the spectrum range and spectral
bandwidth used in our study.76,78 With Figure 8A, we expect
that reducing the photon flux delimits the parameter space
where our method provides single-scan spectra with S/N > 1, as
the statistical noise Nstat is increased. For sample thicknesses
around 3 μm, we expect this experimental feasibility for sample
concentrations on the order of several 100 mM and larger.
The statistical noise Nstat defines the theoretical limits of

experimental feasibility where all other noise sources are
eliminated. We use it to calculate the minimum number of
photons that is required per spectrum data point for recording
L-edge XAS of Mn solution samples in a transmission flatjet
under ideal conditions (stable flatjet in particular). In Figure
8C, we plot this minimum number of incident photons
pmin(L,c,Λsolv) = [(1 − exp(−L·c·σ·NA))

2·exp(−L/Λsolv)]
−1 for

variable sample concentrations and thicknesses. For these
estimates, we used Λethanol(640 eV) = 1.44 μm and used the
above criterion that a 1 Mb feature is resolved with S/Nstat = 1.
Three major observations can be made in Figure 8C. First, in

an ideal experiment, acquisition of Mn L-edge XAS in a
transmission flatjet is most efficient at a sample thickness at
Lmin = 2.9 μm (for ethanol) independent of the sample
concentration. This coincides with the flatjet thicknesses used
in our experiments. Our above discussion, however, shows that
with our nonideal experimental noise, it is favorable to increase
the sample thickness beyond Lmin. Second, for a given photon
number per spectrum data point, one can read off the
theoretical minimum in sample concentration, which in an
ideal experiment could be measured with S/N > 1 in a single
scan. For example, for soft X-ray sources with a flux on the
order of 104 photons/s, this would be expected for sample
concentrations on the order of a few 100 mM. Third, the figure
shows that in an ideal experiment where only statistical noise
contributes, measuring absorption spectra of samples with
concentrations as low as 1 mM may be detectable already with
109 photons per spectrum data point. Reaching such ideal
experimental conditions will require further reduction of the

Figure 8. Comparison of signal and noise amplitudes for L-edge XAS
of dilute Mn complexes under our experimental conditions and in the
theoretical limit. (A) Expected vs experimental signal dips in
transmission for a 1 Mb absorption feature at the Mn L-edge. The
expected curves were derived for 640 eV photon energy and the
solvent ethanol, using Henke’s tables. The dashed/dotted lines assign
the experimental and theoretical detection limits (see main text) for an
acquisition time of 1 s per spectrum data point. (B) Transmission of
typical solvents at the Mn L-edge (640 eV) with a magnification of the
experimental range (inset). (C) Theoretical minimum number of
incoming photons for detecting a 1 Mb absorption feature with S/N =
1, here for statistical shot noise, using the solvent ethanol.
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experimental (detection and X-ray source) and jet-induced
noise sources.

IV. CONCLUSIONS

In this paper, we present results from L-edge X-ray absorption
spectroscopy of dilute transition metal complexes in solution
using a transmission flatjet. We show that this approach is
ideally suited for probing dilute radiation sensitive transition
metal complexes in solution, here for MnII(acac)2 and
MnIII(acac)3, as we strictly avoid X-ray induced sample damage
with fast sample replenishment. We show that the method
allows extracting important information on the absolute
absorption cross-sections. We use this to demonstrate that
within the experimental uncertainty the integrated absorption
cross-sections of MnIII with respect to MnII are consistent with
the ratio expected from the number of holes in the 3d shells of
the two systems. In future studies with better S/N, this could be
extended to assess the ionic or covalent character of the metal−
ligand bonds. Our measured Mn L-edge peak cross-sections of
12 and 9 Mb for MnII(acac)2 and MnIII(acac)3, respectively, can
be used to plan future Mn L-edge experiments. Comparison of
our experimental spectra to crystal field and charge transfer
multiplet calculations shows that the occurrence of a weak/
strong pre-edge peak at around 1 to 2 eV below the L3
absorption maximum is characteristic for tetrahedral/(nearly)
octahedral ligand environments in MnII and MnIII. For the MnII

complex and to a weaker extent for the MnIII complex, we find
evidence for charge transfer states on the high-energy side of
the L3 edge. We show that L-edge absorption spectra from ab
initio restricted active space calculations reproduce the
experimental spectra with very good agreement with respect
to shapes, relative absorption strengths, and peak positions as
well as the oxidation-state dependent MnII−MnIII shift. The
experimentally observed enhancement and suppression of
features in fluorescence-detected X-ray absorption spectra
(partial fluorescence yield) as compared to absorption cross-
section spectra due to state-dependent fluorescence yield is
correctly reproduced by the RAS calculations. We discuss the
potential of further L-edge XAS experiments of dilute 3d metal
complexes in solution with a transmission flatjet. Under the
present experimental conditions with a relative noise level of
10−3 in flux transmitted by the sample and at a high-brilliance
undulator beamline at a synchrotron radiation source, the
approach is shown to be suited for studies of 3d transition
metal complexes in solution with concentrations from several
100 mM to several 10 mM. We estimate the feasibility of
transferring our approach to table-top soft X-ray sources with
sample concentrations on the order of several 100 mM. We
further expect that under the present conditions, studies of
biological samples with metal concentrations around 1 mM
impose severe experimental challenges.
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1.   Data Analysis and Processing of Transmission Spectra 

1.1  Data Processing 

All diode current scans have been normalized by the storage ring current of the BESSY II 

synchrotron. Single outlier data points, deviating by more than 5 ( being the local noise) from 

a local parabolic fit, have been replaced by the local value of the fit function before further 

processing of the spectrum data. An example is shown in Fig. S1. 

 

 

  

 

Figure S1.  Example for the removal of outlier data points from a single spectrum scan. A 

local 2nd order polynomial is fitted in a moving window of 1 eV spectral width (centered around 

the inspected data point, which is excluded from the fit). The local noise level  is estimated 

from the fit residuals. The inspected data point is identified as an outlier if it is found outside 

a margin defined by deviations of ±5 from the local fit ( being the local noise level). Outlier 

data points are removed and replaced by the local fit value (see inset). On average, 3 outlier 

data points were identified and removed per spectrum scan. 
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In some cases, the reference signal 𝐼0(ℎ𝜈) (with no sample in the beam) was recorded with 

a monochromator slit size 𝑤0, that was different from the slit size  𝑤𝑠 used for the spectrum scan 

𝐼𝐿(ℎ𝜈) where the sample was inserted in the beam. In these cases the reference signal was 

proportionally rescaled with a factor 𝑤𝑠/𝑤0. This procedure was checked for consistency with 

experimental data, as shown in Fig. S2 for the two slit sizes used in the experiments, 120 µm and 

150 µm: Scans 37 and 38 were measured successively under identical experimental conditions, 

albeit with different slit sizes, 150 µm and 120 µm, respectively. Multiplication of the signal in 

run 38 by 1.25 = (150µm/120µm) reproduces that of run 37 with good agreement (with a deviation 

of 1%) in the spectral range relevant for Mn L-edge absorption spectroscopy (630-660 eV).  

 

  

  

 
 

Figure S2.  Validity check for rescaling reference scans with the ratio of monochromator 

slit sizes. Spectrum scans 37 and 38 were measured successively under identical experimental 

conditions, but with 150 µm and 120 µm monochromator slit sizes, respectively. Rescaling the 

latter by the ratio of the slit sizes, 1.25 = (150µm/120µm), reproduces the diode signal in the 

former to a 1% accuracy in the Mn L-edge region. 
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1.2  Fitting the Sample Thickness with Henke’s Tables 

In the main paper we point out to have found consistent evidence for an attenuation of the 

incident x-ray flux increasing over time. This will be further detailed in section 1.3 of this 

document. In our data analysis, we account for this attenuation with a numerical reduction of the 

measured incident photon flux (reference scan) by a spectrally constant attenuation factor 𝐴𝑡𝑡. with 

0.4 ≤ 𝐴𝑡𝑡. ≤ 1, so that the corrected photon flux incident on the sample is best described by 

Φ0
′ (hν) = Φ0(hν) ∗

𝑤𝑠

𝑤0
∗ 𝐴𝑡𝑡. (1) 

Including this attenuation factor, we calculate the experimental transmission TL
′(hν) and 

absorbance 𝐴𝐿
′ (ℎ𝜈) (often given in units of optical density, OD) according to the following 

expressions:  

TL
′(hν) =

ΦL(hν)

Φ0
′ (hν)

=
ΦL(hν)

Φ0(hν) ∗
𝑤𝑠

𝑤0
∗ 𝐴𝑡𝑡.

= exp(−𝐴𝐿
′ (ℎ𝜈)) (2) 

and  

𝐴𝐿
′ (hν) = − ln(TL

′(hν)) = − ln (
Φ𝐿(ℎ𝜈)

Φ0(ℎ𝜈) ∗
𝑤𝑠

𝑤0
∗ 𝐴𝑡𝑡.

) 
(3) 

The subscript L denotes the effective sample thickness with respect to the x-ray beam. 

In section 1.2.1 of this document, with a few examples we illustrate how the sample thickness 

is determined by fitting with expected transmission curves, as extracted from Henke’s tables (see 

refs. S1, S2). For these examples, excellent agreement is found for the comparison of experimental 

and expected transmission curves without including the attenuation factor (keeping Att.:=1). 

Second, in section 1.2.2 of this document we illustrate for another set of spectrum scans the 

relevance of including this attenuation factor in order to consistently fit the transmission spectra 

calculated with Henke’s tables to our experimental data, where the more conservative approach 

without this attenuation factor does not explain deviations between the two. We also consistently 

show that these deviations increased over the time of our experiment. 
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1.2.1 Fitting Sample Thicknesses with Henke’s Tables – the Conservative Approach 

In order to retrieve the effective sample thickness L of the transmission flatjet we used the 

tabulated (spectrally variable) attenuation length (h) for pure ethanol together with Beer-

Lambert’s law (see main paper) to fit the experimental transmission data. For extracting these data 

from Henke’s tables we assumed standard conditions as input parameters to the CXRO data base 

(refs. S1, S2), namely the sum formula C2H6O and mass density =0.789 g/cm³. 

Spectrum fits are generally applied only to the non-resonant parts of the spectrum, namely 500-

530 eV, 560-638 eV and 658-700 eV, as these parts are accurately described by Henke’s tables. 

Minor oscillations in the experimental spectra at photon energies between 560 eV and 700 eV due 

to effects of the extended x-ray absorption fine structure (EXAFS) on the O K-edge are small as 

compared to the large-scale variations of the transmission signal, relevant to our fit approach and 

will herein be neglected.  

An example fit of the effective sample thickness L is shown in Fig. S3 for a transmission 

spectrum of pure ethanol which was measured over the spectral region of the O K-edge. The 

experimental data was fitted with eq. (2) (‘fit 1’), fixing Att.=1. The transmission curve fitted for 

a sample thickness of 2.44 µm agrees very well with the experimental transmission curve. We note 

that for this spectrum the fitted value of Att. is consistently 1.00 when the parameter is not fixed 

in the fit procedure (‘fit 2’). 
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Figure S3.  Experimental transmission and absorption spectra of pure ethanol measured at 

the O K-edge spectral region. The data was acquired in the beginning of the experimental 

study, where no beam clipping is expected. The data was fitted without including the 

attenuation factor, as described in the main text of this document. The fit yields a sample 

thickness of 2.44 µm. 
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For solution samples with solutes at sufficiently low concentrations one can apply the same 

fit-approach to determine the sample thickness, using the expected transmission from Henke’s 

tables for the solvent only. We checked the validity of this statement for the range of experimental 

parameters with sample thicknesses around ~3 µm, photon energies from 630 to 660 eV and, in 

particular, for our low sample concentrations. Neglecting the solute contribution in the 

transmission, as calculated with Henke’s tables, changes the expected transmission by only a small 

fraction: For our 100 mM, 30 mM and 15 mM solutes, this corresponds to systematic errors of less 

than 2%, less than 1% and less than 0.5%, respectively. This deviation is negligible with respect 

to the sample thickness and thus to the absorption cross sections obtained from our fit approach 

the transmission of the solvent only. This error is small as compared to the statistical variations of 

absorption cross sections from separate spectrum scans acquired under equal experimental 

conditions. 

One can, thus, determined the sample thickness of Mn solute-containing ethanol samples from 

a fit with the expected spectral transmission of only the solvent in the non-resonant spectrum range 

of Mn L-edge spectra, i.e. below 638 eV and above 658 eV.  

An exemplary fit is shown in Fig. S4 for the transmission and absorbance of a 30 mM 

MnII(acac)2 complex in ethanol solution. In panels (B) and (C) of this figure, the thickness is 

determined from the fitted absorbance of the solvent (red dotted). The sample thickness fitted with 

this approach is ~3.10 µm. 
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Figure S4.  Fitting the experimental transmission and absorption spectra in the Mn L-edge 

spectral region for a MnII complex in ethanol. The data was acquired in the beginning of the 

experimental study, where no beam clipping is expected. The data was fitted without including 

the attenuation factor, as described in the main text of this document. The fitted sample 

thickness is 3.10 µm. (D) shows the absorption cross section of the MnII complex at the Mn 

L3,2-edges, as obtained from the data in (C) after subtraction of the fit, using eq. (4). 
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From this, we extract the L-edge absorption signal of the Mn complexes (absorbance) 

A′Mn (hν) via subtraction of the fitted curve of the solvent. With the additional information on the 

sample thickness 𝐿 and the concentration 𝑐 or number density 𝑛 of Mn we retrieve the absorption 

cross sections 𝜎𝑀𝑛(hν), measured in units of [1 Mbarn] = [10-22 m²]. In terms of experimental 

units, this absorption cross section is expressed as follows: 

𝜎𝑀𝑛(hν) [Mbarn] = 16.61 ×
A′L,   Mn (hν) [𝑂𝐷]

L [µ𝑚] × 𝑐 [
𝑚𝑜𝑙

𝑙
]
 (4) 

Fig. S4 D shows the absorption cross section spectrum of a single MnII(acac)2 complex. 

Notably, the positive cross section on the high-energy side of the Mn L-edge spectrum may be 

interpreted as the 2p absorption edge-jump due to excitations of Mn 2p electrons to the 

photoionization continuum. However, the quantitative magnitude of this edge-jump is affected 

with a high uncertainty for most samples and will be omitted in the final analysis, as we discuss in 

the following paragraph.  
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1.2.2 Fitting Sample Thicknesses with Henke’s Tables – Including Beam Clipping 

We find consistent evidence that the incident photon flux transmitted to the interaction region 

decreases throughout our experiment, which is observed as a mismatch in the slopes of the 

expected transmission curves with respect to the experimental ones when applying the 

conservative fit approach (‘fit 1’) from the previous section. We observe that this mismatch 

increases throughout the experiment. We explain this observation with a potential optical clipping 

of the incident x-ray beam. Because our reference scans were taken in the beginning of our 

experiment, such clipping consistently explains two effects: First, an overestimation of the incident 

photon flux and, second, a systematic error in the experimental slope in the transmission and 

absorption curves, if this beam clipping is not accounted for.  

We account for this mismatch by including a constant attenuation factor 𝐴𝑡𝑡. (0.4 ≤ 𝐴𝑡𝑡. ≤ 1) 

as introduced with eqns. (1), (2) and (3) in the introduction of section 1.2. In an improved least 

squares fit, this factor 𝐴𝑡𝑡. together with the sample thickness 𝐿 are considered the only two fit 

parameters. In order to distinguish the two fit approaches, we herein label our improved approach 

‘fit 2’, whereas the conservative approach from the previous section is labelled ‘fit 1’, which 

assumes 𝐴𝑡𝑡. = 1.  

In Fig. S5 we show the attenuation factor 𝐴𝑡𝑡., as it decreases from scan to scan throughout the 

experiment. The most probable reason for this observation is the optical clipping of the incident 

x-ray beam over time. This may have occurred in the beamline optics itself or in the narrow 

transmissive tube in the differential pumping stage of the vacuum setup, which may have possibly 

shifted over time, relative to the x-ray beam axis.  
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In Fig. S6 we compare our two fit approaches for a spectrum scan of the O K-edge region of 

pure ethanol. In Fig. S7 we compare our two fit approaches for a spectrum scan of the Mn L-edge 

region for a 15 mM MnIII(acac)3 sample dissolved in ethanol. In both figures, the improved fit 

approach (‘fit 2’) is plotted in the right columns and resolves the deviation of the transmission 

curves fitted with ‘fit 1’ from the experimental curves, as shown in the left columns. In the left 

column of Fig. S6, the deviation is manifested in a mismatch of the experimental transmission and 

that expected from ‘fit 1’ at the low and the high energy sides of the O K-edge jump. This mismatch 

is not observed in the right column of Fig. S6, where Att. is considered a fit parameter. In the Mn 

L-edge spectral region, as shown in the left column of Fig. S7, the deviation is manifested only in 

a mismatch of the slopes in the experimental and the expected transmission curves (‘fit 1’). This 

mismatch is not observed with the improved ‘fit 2’ in the right column of Fig. S7. We note, that 

the sample thicknesses as resulting from the two approaches ‘fit 1’ and ‘fit 2’ differ significantly. 

These thicknesses are compared in Table S1 (columns 7 and 8). In particular, accurate knowledge 

of this thickness is crucial for determining the absorption cross section of the studied solutes.  

 

Figure S5.  Linear decrease of the effective attenuation factor Att. throughout our 

experimental study, as explained with optical clipping of the incident x-ray beam. The plot 

shows the fitted factors Att. (blue dots, as obtained from ‘fit 2’) and reveals a decrease from 

shifts #1 throughout to shift #5. The linear fit (red solid) of these data points emphasizes the 

decreasing trend. We note that at the start of the experiment  the fitted value of Att. was unity, 

as expected.  
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Based on the discussions lined out in this section, we decided to base our analyses of all spectra 

relevant for the main paper on the improved fit approach, ‘fit 2’. The parameters and spectra 

retrieved from this improved fit approach are used in our final analyses and throughout the main 

paper. 

We note, that for the Mn L-edge spectrum region, our improved fit approach considers the 

non-resonant regions of the L-edge spectrum scans to be dominated by the absorption 

characteristics of the solvent, but neglects the fact that the data points on the high energy side of 

the Mn L-edge spectrum includes information on the absorption cross section due to the 2p 

absorption edge-jump. We checked that the relative influence of this edge-jump on the sample 

thickness fitted with the absorption characteristics of only the solvent is negligible. We thus 

summarize, that with our fit approach we accept losing accurate information on the edge-jump 

absorption-signal, whereas we significantly improve the accuracy of our information on the sample 

thickness. For our study of the absolute absorption cross sections, this latter information is most 

relevant. 
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Fig. S6. Comparison of the fit approaches ‘fit 1’ (A) and ‘fit 2’ (B) for an O K-edge absorption 

spectrum, with and without the attenuation factor, respectively. The left column represents the 

same analysis as shown in Fig. S2, whereas the right column shows this analysis with the 

additional consideration of optical beam clipping via inclusion of the attenuation factor Att.. 

This attenuation factor, as retrieved from ‘fit 2’ is 𝐴𝑡𝑡. = 0.74, pointing out to an overestimation 

of the true photon flux by ~35% in the left column (compare the black and gray curves in the 

top panels of this figure). The fitted sample thickness from ‘fit 2’ is L=2.71 µm and is ~14% 

smaller than that found from ‘fit 1’. The fits in the right column to the corrected experimental 

data show better agreement than those in the left column without this correction. 
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Figure S7.  Comparison of the fit approaches ‘fit 1’ and ‘fit 2’ for a Mn L-edge absorption 

spectrum, with and without the attenuation factor, respectively. The left column represents the 

same analysis as shown in Fig. S3, whereas the right column shows this analysis with the 

additional consideration of optical beam clipping via inclusion of the attenuation factor Att.. 

The sample thickness from ‘fit 2’ (with 𝐴𝑡𝑡. = 0.63) is L=2.86 µm and is ~23% smaller than 

that found from ‘fit 1’.  Better agreement of the fit with experimental data is found for ‘fit 2’. 
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1.3  Averaging of Spectrum Scans 

The final absorption spectra shown in Figs. 3 to 7 of the main paper are averaged from eight 

successive single-scan spectra of 30 mM MnII(acac)2 and 13 single-scan spectra of 15 mM 

MnIII(acac)3 (sample batch A) plus two single-scan spectra of 100 mM MnIII(acac)3 (sample 

batch B). The single-scan and averaged spectra are shown in Fig. S8. 

 

 

Figure S8.  Average absorption spectra (blue and red solid), as averaged from several 

single spectrum scans (black thin). Panel (a) shows these data for the 30 mM MnII(acac)2 

solution sample in ethanol, panel (b) shows these data for 100 mM MnIII(acac)3 and panel (c) 

for the 15 mM MnIII(acac)3 solution samples in ethanol. Panel (d) shows the average of the 

two average spectra shown in panels (c) and (b). The average spectra shown in the main paper 

are shown in panels (a) and (d). 
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2.  Details on Spectrum Calculations  

2.1 Crystal Field Multiplet and Charge Transfer Multiplet Calculations 

Table S1.  Input parameters for the CFM/CTM spectrum fits to our experimental L-edge XAS 

of MnII(acac)2 and MnIII(acac)3. A negative input in Oh symmetry simulates a Td environment. 

 Mn2+ 

CFM 

Mn2+ 

CFM 

Mn2+ 

CTM 

Mn3+ 

CFM 

Mn3+ 

CFM 

Mn3+ 

CTM 

sim. symmetry Oh (Td) D4h  D4h  Oh D4h D4h 

10 Dq -0.6 -0.1678 -0.232  +1.5 +1.845 +1.738 

Dt  0.054772 0.024  0.034 0.014 

Ds  -0.1567 -0.165  0.291 0.212 

bb   2.819    

   2.555   1.758 

Q-U   1   1 

T_BB_B1g   0.935    

T_BB_A1g   0.935    

T_BB_B2g   0    

T_BB_Eg   0    

T_B1g   0.8   1.2 

T_A1g   1.27   1.7 

T_B2g   0.8   1.0 

T_Eg   1.1   1.0 

SOC reduction 

(core)* 

 1.0 1.0 1.0 1.0 1.0 

SOC reduction 

(valence) * 

 1.0 1.0 1.0 1.0 1.0 

Lorentzian 

broadening L3/L2 

(FWHM) (eV) 

0.2 / 0.7 0.2 / 0.7 0.2 / 0.7 0.2 / 0.7 0.2 / 0.7 0.2 / 0.7 

Gaussian  (eV) 0.127 0.127 0.127 0.127 0.127 0.127 

T (K) 300 300 300 300 300 300 

 

* The applied reduction of the Slater-Condon parameters for the Fdd, Fpd, Gpd integral values is 0.8 

of the Hartree-Fock values. The free-ion values implemented in the CTM4XAS interface consider this 

reduction factor 0.8 for the Fdd, Fpd, Gpd integral values and are not further reduced.  
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2.2 Restricted Active Space (RAS) Calculations 

 

  

 

Figure S9.  Comparison of RASSCF to RASPT2 spectra calculated at the ANO-RCC-

VTZP level for (A) MnII(acac)2 and (B) MnIII(acac)3. For easy comparison, spectra are given 

in the same units (oscillator strengths per eV). The RASPT2 spectra are identical with the 

RAS spectra shown in the main paper. The RASSCF spectra are both shifted by -5.70 eV in 

order to match the maximum position of the L3-edge calculated for MnII(acac)2.  
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3.  Numerical Spectrum Analyses 

Table S2.  Comparison of experimental and theoretical Mn L3-edge x-ray absorption cross 

sections, integral areas and branching ratios for the L-edge absorption spectra of MnII(acac)2 and 

MnIII(acac)3, here labelled as MnII and MnIII, respectively. 

Sample L3 Peak  

Cross Sec. 

(Mbarn) 

L3 Peak 

Amplitude,  

Relative (a.u.) 

L3 +L2 

Integral value 

(Mbarn·eV) 

L3 +L2 

Integral 

value, 

Relative (a.u.) 

L3/(L3+L2)  

Branching ratio 

for cutoff  

energy 647.5 eV 

Exp. MnII 12.4±1.0 1 41.4±3.3 1 0.72±0.02 
Exp. MnIII 8.8±1.9 0.71±0.15 48±11 1.16±0.28 0.66±0.02 

RAS MnII - 1 - 1 0.78 

RAS MnIII - 0.69 - 1.29 0.65 

CFM(Oh) MnII - - - - 0.76 

CFM(Oh) MnIII - - - - 0.66 

CFM(D4h) MnII - - - - 0.76 

CFM(D4h) MnIII - - - - 0.65 

CTM(D4h) MnII - - - - 0.75 

CTM(D4h) MnIII 

 

- - - - 0.67 
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ABSTRACT: X-ray absorption spectroscopy at the L-edge of 3d transition metals is
widely used for probing the valence electronic structure at the metal site via 2p−3d
transitions. Assessing the information contained in L-edge absorption spectra requires
systematic comparison of experiment and theory. We here investigate the Cr L-edge
absorption spectrum of high-spin chromium acetylacetonate CrIII(acac)3 in solution.
Using a transmission flatjet enables determining absolute absorption cross sections
and spectra free from X-ray-induced sample damage. We address the challenges of
measuring Cr L absorption edges spectrally close to the O K absorption edge of the
solvent. We critically assess how experimental absorption cross sections can be used
to extract information on the electronic structure of the studied system by comparing our results of this CrIII (3d3) complex to
our previous work on L-edge absorption cross sections of MnIII(acac)3 (3d4) and MnII(acac)2 (3d5). Considering our
experimental uncertainties, the most insightful experimental observable for this d3(CrIII)−d4(MnIII)−d5(MnII) series is the L-
edge branching ratio, and we discuss it in comparison to semiempirical multiplet theory and ab initio restricted active space
calculations. We further discuss and analyze trends in integrated absorption cross sections and correlate the spectral shapes with
the local electronic structure at the metal sites.

1. INTRODUCTION

X-ray absorption spectroscopy (XAS) at the L-edge of 3d
transition metals is widely used for studying the local valence
electronic structure at the metal center. As L-edge XAS probes
the metal-centered 2p → 3d transitions from the metal L (2p)
shell to the unoccupied metal 3d-derived molecular orbitals,1−3

the L-edge absorption spectra are sensitive to the spin state
and the oxidation state of the metal center and to the local
metal−ligand environment.4−9 However, the absorption
energies and transition intensities are shaped by a multitude
of interactions, which makes it demanding to systematically
correlate spectra and local electronic structure of the complex.
Still, there are general trends that are highly useful. For
example, it is an accepted notion that for high-spin complexes
the metal oxidation state is expressed as a spectral shift in L-
edge XAS.1,4,8,10,11 Furthermore, the integrated absorption
cross section is proportional to the number of 3d holes and the
metal-character of the 3d orbitals, and the relative intensity of
the L3- and L2-edges, split by 2p spin−orbit coupling, is
sensitive to the spin state.12 Finally, the spectral shape can be
used to get further details about metal−ligand interactions with
the use of advanced theoretical methods.3

High-spin ionic acetylacetonato complexes are ideally suited
systems to assess these observables in a systematic study.
These complexes are composed as MX(acac)y, where MX

denotes the metal ion with the formal oxidation state X and
y denotes the number of (acac)−1 ligands. 3d transition-metal
acetylacetonates are available for M = V, Cr, Mn, Fe, Co, Ni,
Cu with metal oxidation states X = II, III, and they reflect
important classes of metal−ligand symmetries, from tetrahe-
dral (y = 2) to (Jahn−Teller distorted) octahedral (y = 3)
metal−oxygen symmetry. Recent experimental and theoretical
advances now enable new approaches to an unambiguous
interpretation of L-edge XAS spectra of transition-metal
complexes. Liquid-jet sample delivery systems allow probing
the sample in solution,8,13,14 thereby avoiding the influence of
X-ray-induced sample damage of the high-valent systems by
continuously replenishing the sample.8,15,16 Novel ab initio-
restricted active space (RAS) calculations17−20 combine
descriptions of local atomic multiplet and ligand-field effects
in the core-excited final states2−4,6,21,22 with treatment of
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orbital interactions thereby enabling to correlate L-edge XAS
spectra with charge and spin densities at the metal site.
Here, we use a fast-flowing liquid flat-jet system14,23,24 to

measure the Cr L-edge transmission XAS spectrum of
CrIII(acac)3 in solution free of X-ray-induced sample damage.
CrIII(acac)3 has formally three Cr 3d electrons and a near
octahedral CrO6 core as found from crystallographic25,26 and
UV−vis investigations,27−29 see Figure 1A. As shown in Figure

1B, the octahedral ligand field splits the metal 3d-orbitals into
three singly occupied t2g and two empty eg orbitals. We
compare the results from L-edge XAS of CrIII(acac)3 to our
previous results on MnIII(acac)3 and MnII(acac)2 (refs 11 and
14) with four (MnIII) and five (MnII) 3d electrons. With data
from this series, we analyze how the nominal number of metal
3d electrons, as well as the metal−ligand environment, can be
correlated to the L-edge XAS spectra. The transmission mode
makes it possible to analyze both integrated absorption cross
sections, as well the L-edge branching ratios I(L3)/I(L3 +
L2),

12 unaffected by state-dependent fluorescence yield.13,30,31

Further information on the electronic structure is obtained by
a combination of semiempirical crystal-field multiplet (CFM)
and charge-transfer multiplet (CTM) calculations2,3,21,32 with
RAS calculations. With these comparisons, we provide new
insights into the information content of L-edge XAS of these
high-spin acetylacetonato MX(acac)y complexes.

2. MATERIALS AND METHODS
2.1. Sample Preparation. CrIII(acac)3 (chromium(3+)

tris[(2Z)-4-oxo-2-penten-2-olate]) was purchased as a crystal-
line powder (97% purity, “Acros Organics”) and was used
without further purification. It was dissolved in ethanol abs.
(≥99.8% purity, “Sigma-Aldrich”) with a concentration of 20
mM. The sample was filtered with “RC 0.45 μm” filters (“Carl
Roth”) before injection into vacuum. During sample
preparation and sample injection, care was taken to minimize
exposure to oxygen and ambient light. We note that for
concentrations of CrIII(acac)3 larger than 20 mM, the
transmission flatjet could not be sufficiently stabilized for
measurements in the transmission flatjet.
2.2. Experimental Setup and Data Analysis. We used a

recently reported transmission flatjet setup23 at the undulator
beamline UE52-SGM33 of the BESSY II synchrotron radiation
facility with similar experimental parameters as described
before.14 Two colliding liquid jets were injected into vacuum
using two nozzles with 48 μm inner diameter and at a sample
flow rate between 3.0 and 3.2 mL/min, using a HPLC pump
(JASCO PU-2085-Plus). The successively formed primary
liquid sheet of the transmission flatjet was centered for normal

incidence in the X-ray beam and was probed at effective
thicknesses around 3 μm. The probed thickness was
approximately constant in the range of the X-ray spot diameter
of approximately 60 μm.33 The liquid sample was trapped at
liquid nitrogen temperature after probing. We used a
monochromator slit size of 145 μm, corresponding to a
spectral bandwidth of 300 meV at the Cr L-edge with a typical
beamline flux on the order of 2 × 1012 photons/s (current of
∼30 μA on a Hamamatsu G1127-04 2K photodiode, readout
with a Keithley electrometer model 6514B). For a spectrum
scan of the Cr L-edge, the monochromator was scanned from
565 to 595 eV in steps of 0.1 eV with an integration time of 1 s
per energy step. The duration of a single-scan was on the order
of 10 min. Spectra of the O K-edge were taken to determine
the sample thickness (500−700 eV in steps of 2 eV).
Transmission spectra were obtained from the ratio T(hν) =
IT(hν)/I0(hν) of flux transmitted through the sample IT(hν)
with respect to the flux I0(hν), measured without the sample in
the beam. The spectra were processed as discussed with
Figures S1−S5 of the Supporting Information. The axis of
incident photon energy is based on the calibration of the
undulator beamline and agrees with the one in ref 13, as can be
seen in the agreement of the L3-edge absorption maximum of
CrIII(acac)3 with that of [CrIII(H2O)6]

3+ in solution within less
than 50 meV.
The employed sample thicknesses between 3.1 and 3.2 μm

were determined separately for each Cr spectrum scan. These
values are close to the thicknesses of around 3 μm used in our
previous investigation,14 and they are close to the theoretical
optimum of 2.2 μm (estimated here for hν = 580 eV in the
same way as in ref 14).
The sample thicknesses were obtained from least-squares fits

of the experimental transmission curves of ethanol with
transmission data calculated using Beer−Lambert’s law
T(hν) = exp(−L/Λ(hν)), where L is the sample thickness
and Λ(hν) is the experimental attenuation length of ethanol as
detailed in Figures S2−S4 in the Supporting Information. We
note that reference spectra (I0) were taken at the beginning
and at the end of each experimental 12 h shift here to
guarantee accurate determination of I0 and elimination of any
experimental differences that may alter I0 from day-to-day
(from shift to shift). Fits of the measured T(hν) with tabulated
values were applied to data points in nonresonant spectral
regions, namely, between 500 and 530 eV, between 560 and
573 eV and between 591 and 700 eV for the O K-edge and
between 560 and 573 eV for spectra at the Cr L-edge. We note
that we fitted only the spectral region below the absorption
onset of the Cr L-edge. In contrast to our preceding work in ref
14, this conceptually allows us to keep the information on the
absorption edge-jump on the high-energy side of the Cr L-edge
as is discussed in the section 3.

2.3. Sources for Experimental Uncertainties. The
experimental spectra are affected by a number of sources of
experimental noise and uncertainties. We here briefly outline
how these uncertainties affect the average spectrum discussed
in the following sections. First, source and readout noise: as
discussed in our preceding publication,14 single-scan spectra
are affected by a relative noise of minimally 0.1% in
transmission because of the readout noise of our photodiode
and potential instabilities of the X-ray source. Second, jet
fluctuations on short time scales: temporal fluctuations of the
jet thickness, occurring on time scales on the order of 1 s and
less, increase the noise of the diode current measured between

Figure 1. Molecular (A) and valence electronic structure (B) of
CrIII(acac)3. The cartoon shown in (A) is based on the structure
optimized with density functional theory. Terminal methyl groups
marked with * in (A) were replaced by hydrogen atoms for the RAS
calculations. (B) Cr 3d orbitals with nominal 3d3 occupation, split
into three t2g and two eg orbitals.
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two consecutive data points in a single-scan to the order of
0.2−0.3% in transmission. These first and second noise
contributions appear also in the averaged spectrum, with
amplitudes decreasing for increasing numbers of averaged
spectra. Both noise sources affect the statistical uncertainty of
the absorption cross section determined for each data point in
the averaged spectrum. Third, jet fluctuations on long time
scales: slow drifts of the jet thickness on time scales of around
1 min are observed during the acquisition time of a single-scan.
For the way in which for Cr L-edge XAS, we derive absorption
spectra from the transmission spectra (including the edge-
jump), these drifts show up as systematic errors in the
absorption background of single-scan spectra. However, upon
averaging over a number of spectra with different absorption
backgrounds, we use their statistical variation to estimate the
statistical uncertainty of absorption cross sections in the
average spectrum. This uncertainty affects directly that of the
absorption edge-jump, of integrated absorption cross sections
and of the L3:L2 branching ratio. It can be reduced by
improving the operation stability of the transmission flatjet.
2.4. CFM and CTM Multiplet Theory. Semiempirical

CFM34 and CTM32 calculations of ionic Cr3+ were performed
in octahedral (Oh) symmetry for a ligand field splitting (10
Dq) of 2.1 eV, using the CTM4XAS interface (software release
5.5).35 In CTM, a charge-transfer configuration 2p63dn+1L was
added to the 2p63dn ground state from CFM (where L denotes
a ligand hole) and charge-transfer (CT) configurations
2p53dn+2L were added to the 2p53dn+1 core-excited final states.
These additional configurations are known to produce satellite
features on the high-energy sides of the L3- and L2-edges,
respectively.3 Here, the CTM spectrum of Cr3+ in Oh
symmetry was calculated for 10 Dq = 2.1 eV, Δ = 1 eV, Q
− U = 1 eV, and mixing parameters Teg = 0.5, Tt2g = 0.25. The
choice of CFM and CTM parameters is based on the
qualitative agreement of calculated and measured spectra
(see discussion in the Results and Discussion section and
Figures S6 and S7 in the Supporting Information for
comparison). All CFM and CTM spectra were shifted by the
same offset in energy to best match with experiment in the L3-
edge maximum positions, unless further noticed. For all CFM
and CTM calculations, the Slater integrals were reduced to
80% of their Hartree−Fock atomic values (input values “1.0”
in the CTM4XAS interface). Recent findings by Hunault et al.
show that nonequal scaling of F2

dd and F4
dd Slater integrals can

lead to improved spectrum fits for the CFM model;36 however,
such investigations are beyond the scope of our conceptual
study. All CFM and CTM spectra were calculated for T = 300
K with Lorentzian lifetime broadenings of 0.2 and 0.6 eV [full
width at half maximum (fwhm)] for the L3- and L2-edges,
respectively,37 and a Gaussian broadening of 0.3 eV (fwhm),
reflecting the incident energy bandwidth.
2.5. RAS Calculations. Ab initio RAS calculations17,38,39

were used to simulate L-edge XAS spectra of CrIII(acac)3. As in
our preceding work, we reduced the computational cost by
performing the RAS calculations on a truncated molecular
structure where six terminal methyl groups were replaced by
hydrogen atoms with negligible effects on the spectrum.11,14

The Cr−O bond lengths obtained from DFT/B3LYP solvent
optimization are between 1.977 and 1.978 Å for the full
complex and between 1.972 and 1.973 Å for the truncated
complex used for the RAS calculation. This is consistent with
crystallographic investigations that report bond lengths

between 1.95 and 1.97 Å.25,26 Spectrum calculations were
performed with MOLCAS 7.940 at the RASPT2/ANO-RCC-
VDZP level,41 using the polarized continuum model for the
ethanol solvent. The use of the computationally less
demanding VDZP-level basis set is supported by the nearly
identical L-edge XAS spectra obtained with VDZP and VDZP-
level calculations for manganese acetylacetonates.11,14 In the
RAS calculations, a minimal active space consisting of the five
metal-3d dominated orbitals were placed in the RAS2 space.
The Cr 2p orbitals were placed in the RAS3 space, allowing a
maximum of five electrons (at least one hole) in the core
excited states. All possible configurations that represent single-
core excitations were included. To ensure that the hole stays in
the Cr 2p orbitals (instead of moving to orbitals with higher
energy), these orbitals were frozen in the RASSCF
optimizations. RASPT2 calculations were performed using
the default ionization potential electron affinity shift of 0.25
hartree and an imaginary shift of 0.1 hartree. The sensitivity of
the RAS results to different model choices is shown in detail in
ref 42. The oscillator strengths (absorption strengths) were
calculated between orthogonal states formed from a RAS state-
interaction approach that also includes spin−orbit coupling.43
The spectra were calculated for T = 300 K with Lorentzian life-
time broadenings of 0.2 and 0.6 eV (fwhm) for the L3- and L2-
edges, respectively,37 and a Gaussian broadening of 0.3 eV
(fwhm), reflecting the incident energy bandwidth. All spectra
calculated with RAS were shifted by −2.54 eV to match the
calculated with the experimental L3-edge absorption maximum.

3. RESULTS AND DISCUSSION
3.1. L-Edge Transmission XAS of CrIII(acac)3 in

Solution. We show in Figure 2A superimposed single-scan
transmission spectra of ethanol and of a dilute CrIII(acac)3
solution in ethanol (20 mM) including the spectral ranges of
the O K-edge and the Cr L-edge. The figure illustrates that the
Cr L-edge around 580 eV is very close to the near-edge
absorption resonances of the O K-edge at 540 eV merging at
higher energies with the O K-edge extended X-ray absorption
fine structure (EXAFS) at 580 eV and beyond.44−46 Therefore,
even more than for Mn L-edge XAS14 or Fe L-edge XAS24

careful treatment of the absorption background due to the
solvent and its changes due to possible instabilities of the flatjet
thickness is necessary for Cr L-edge XAS (see the Materials
and Methods section and Figures S2−S4 in the Supporting
Information for a more detailed discussion of this aspect).
Figure 2B is a zoom into the Cr L-edge region of Figure 2A

and shows a typical single-scan transmission spectrum of the
CrIII(acac)3 solution sample. We observe two sets of resonant
absorption dips in the transmission signal at the Cr L3- and L2-
edges at around 578 and 586 eV, respectively (their splitting of
8.5 eV is due to spin−orbit interaction in the final core-excited
states in the presence of the 2p core hole4). This is consistent
with our preceding Mn L-edge XAS study with the
transmission flatjet where we have shown that despite the
strong O K-edge absorption of the solvent the method allows
for detecting L-edge XAS of dilute metal solutes with
concentrations ranging from 100 to 10 s of mM.14

3.2. Absolute Absorption Cross Sections at the L-
Edge of CrIII(acac)3. In Figure 3, we show the L-edge
absorption spectrum of CrIII(acac)3 in solution, measured in
absolute units of Mb (1 Mb = 10−22 m2). This spectrum was
obtained from averaging six single-scan spectra (total
integration time of 1 h) where the fitted solvent absorption
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(see Materials and Methods section) was subtracted from each
of the scans separately (for the full spectrum range, see Figure

S5A in the Supporting Information). In Figure 3A, we maintain
information on the absorption edge-jump on the high-energy
side of the Cr L2-edge at 590 eV and above due to the 2p
ionization continuum. In electron yield-detected L-edge XAS,
this edge-jump is used, for example, for spectrum normal-
ization.3 In our data, the amplitude of this edge-jump is
affected by a large uncertainty on the order of 100% (1σ
statistical uncertainty).
For comparison, we overlay our spectrum with the

experimental L-edge XAS spectrum of solid CrIII(acac)3
published by Carlotto et al.47 (for easier comparison this
spectrum was shifted by +6.4 eV and normalized to an
absorption maximum of 8.9 Mb to align the reference
spectrum with our spectrum). While the magnitudes of the
absorption edge-jumps are comparable in the two spectra, we
note differences below and above the L3- and L2-edges. Using
the energy alignment of the two spectra as in Figure 3, in the
solid-state spectrum intensities seem to be redistributed from
below to above the edge maxima. This could be an indication
of dose-dependent X-ray-induced sample damage characteristic
for X-ray absorption studies of high-valent transition-metal
complexes with synchrotron radiation, occurring at absorbed
doses on the order of 106 Gy (1 Gy = 1 J/kg).15,16 Within our
approach, using a fast-flowing liquid flatjet, we measure X-ray
absorption spectra with average doses around 60 Gy, which
guarantees spectrum measurements free from sample damage.
We found no indications for the X-ray dose absorbed by the
sample in ref 47.
As current theoretical approaches do not take into account

the absorption edge-jump, we omit this information in the
following and keep the spectrum in Figure 3A for potential
discussions in the future. For the spectrum shown in Figure 3B,
we subtracted a fitted linear background from each single-scan
before averaging (see Figure S5B in the Supporting
Information). The L3-edge of CrIII(acac)3 in Figure 3B has a
relatively sharp absorption peak at 578.2 eV. The absorption
cross section peaks at 8.9 ± 1.4 Mb (1σ statistical uncertainty).
This cross section is on the same order of magnitude as the L-
edge absorption cross sections of 12.4 and 8.8 Mb for
MnII(acac)2 and MnIII(acac)3, respectively.

14 We observe a
clear “pre-edge” peak around 1.5 eV below the main peak and a
weak shoulder around 2.5 eV below the main peak. The high-
energy side of the L3-edge appears with a smooth slope. The
L2-edge features are less distinct, which is consistent with the
larger lifetime broadening in the L2 than the L3-edge.

37

Our L-edge XAS spectrum of CrIII(acac)3 is similar to the
spectrum of [CrIII(H2O)6]

3+ in aqueous solution.13 Both
complexes have octahedral coordination environments with
similar ligand field splittings 10 Dq on the order of 2.2 eV27−29

for CrIII(acac)3 and 2 eV13 for [CrIII(H2O)6]
3+.27−29 This is

consistent with the closely situated H2O and (acac)− ligand
species in the spectrochemical series.48 Similar ligand-field
splittings and L-edge XAS spectra have also been reported for
CrIII oxides.5 These similarities may be explained by the ionic
character of the CrIII(acac)3 complex and the predominance of
atomic multiplet effects in the L-edge spectra.

3.3. CFM and CTM Calculations. In Figure 4, we now
compare the experimental spectrum of CrIII(acac)3 to
simulated spectra from the CFM approach, using 10 Dq =
2.1 eV (cf. Figure S6 in the Supporting Information), and to
spectra calculated with the CTM and RAS approaches. The
ligand-field splitting of 2.1 eV is a reasonable choice, close to
the ligand-field splittings of 2.21−2.24 eV from UV−vis

Figure 2. (A) Raw transmission spectrum of 20 mM CrIII(acac)3
solution in ethanol (purple, single-scan) and spectrum of the ethanol
solvent (orange), as measured with the transmission flatjet in a
spectral region relevant to Cr L-edge XAS in solution. The Cr L-edge
region overlaps with O K-edge near-edge and extended EXAFS
features of the solvent. Inset: probing scheme for transmission-
detected XAS. (B) Magnification of the Cr L-edge region from (A).
For better inspection, the Cr L-edge data as measured with a flatjet
thickness of 3.19 μm was rescaled to the O K-edge data measured at a
thickness of 3.15 μm.

Figure 3. Experimental Cr L-edge X-ray absorption spectrum of
CrIII(acac)3 in solution where absolute absorption cross sections are
determined from the transmission measurements and are shown in
units of Mb (1 Mb = 10−28 m2). The average spectrum is shown (A)
without and (B) with subtraction of a fitted linear background from
each individual scan before averaging six single scans. The spectrum in
(A) is overlaid with the spectrum of solid CrIII(acac)3, published in ref
47, shifted by +6.4 eV and normalized to the maximum intensity of
our experimental spectrum.
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spectroscopy,27−29 while at the same time giving a decent
match to experiment. [For MnIII(acac)3 we found a smaller 10
Dq in the CFM model (1.5 eV) than reported from UV−vis
spectroscopy (around 2.2 eV) and tentatively assigned this to a
reduction of 10 Dq due to core−hole effects.]14 The CTM
spectrum (middle row in Figure 4) is based on the same
parameters as the CFM spectrum but, in addition, includes CT
states in the initial ground state (2p63dn+1L added to 2p63dn,
where L denotes a ligand hole) and the final core-excited states
(2p53dn+2L added to 2p53dn+1). For a detailed list of CFM and
CTM parameters, see the Materials and Methods section,
variations of CTM parameters are shown in Figure S7 in the
Supporting Information. Comparison of CTM and CFM
spectra in Figure 4 reveals that the distinct pre-edge peak in the
L3-edge, overpronounced in CFM, is weaker (and more
broadly distributed) in the CTM calculation and the high-
energy side of the L3- and L2-edges in CTM have smoother
slopes, in better agreement with experiment. The latter is
consistent with observations made for Fe L-edge XAS, where
CT states show spectral signatures in particular in the high-
energy sides of the L3,2-edges.

3

3.4. RAS Calculations. RAS modeling of ground and
valence excited states of CrIII(acac)3 gives a ligand-field
splitting of 2.2 eV, the same value as in the UV−Vis
experiments.27−29 The Cr L-edge XAS spectrum using the
RAS approach is shown in Figure 4, and there is good overall
agreement with experiment. Similar to the CTM calculation
the smooth slope on the high-energy side of the L3-edge is
better described by RAS than by the CFM calculation. Similar
to the CFM calculation, the RAS spectrum, however, deviates
from experiment in terms of the overpronounced pre-edge
feature in the L3-edge and in the too strong main peak in the

L2-edge. In contrast to the CTM spectrum and similar to the
CFM spectrum, features appear to be too sharp in the RAS
spectrum, and this may point to limitations of the RAS
calculations when using only five metal 3d-derived orbitals in
the active space.11,14,17

RAS allows for the decomposition of X-ray absorption
spectra for the properties of the core-excited final states,11,17,20

and we use this in Figure 5A to analyze the CrIII(acac)3 L-edge

XAS spectrum for the differential orbital occupation numbers
of t2g and eg orbitals in the core-excited final states as compared
to the t2g

3 eg
0 ground state. For low incident energies, the final

states roughly correspond to a 2p5t2g
3 eg

1 (yellow eg component
in Figure 5A): upon 2p−3d core excitation an electron is
added to one of the unoccupied eg-type orbitals resulting in the
lowest electron configurations of a high-spin 3d4 system. At
higher incident energies, the different configurations mix
strongly as indicated by the deviation of the eg component in
Figure 5A from the cross section (black sum in Figure 5A). In
the limit of complete mixing, there is equal occupation of all
five metal 3d-derived orbitals in the core-excited states, giving
average population numbers of 0.8. This translates to negative
contributions for the t2g orbitals (green t2g component in
Figure 5A) and larger than unity eg contributions. This picture
of strong mixing in the L-edge XAS spectrum of 3d transition-
metal systems with weak ligand fields aligns with previous
observations for the Mn−acac complexes.10 Here, the mixed
configurations only matter at absorption energies higher than
577 eV and thus about 2 eV above the absorption onset of the
spectrum, similar to the ligand field splitting of CrIII(acac)3. In
the present analysis, the orbital contributions for the low-
energy sides of L2- and L3-edges differ. This is possibly an
artifact from the perturbative treatment of spin−orbit coupling
that overestimates the contribution from high-energy states
with L3-type spin−orbit coupling in the L2-edge.
In Figure 5B, we show a decomposition of the RAS

spectrum from Figure 4 into contributions of different spin
multiplicities in the core-excited final states. While the high-
spin CrIII(acac)3 complex in the ground state has three
unpaired 3d-electrons with a total spin of S = 3/2 and hence a
spin multiplicity (2S + 1) of 4 (quartet), the core-excited final

Figure 4. Comparison of the experimental Cr L-edge absorption
spectrum of CrIII(acac)3 (gray circles, taken from Figure 3B) to
calculated spectra of Cr3+ (3d3) in octahedral coordination symmetry
with 10 Dq = 2.1 eV (sticks are single transitions and solid lines are
convoluted spectra). Top: Best-fitting spectrum from CFM (red, a
more detailed analysis with CFM spectra can be found in the
Supporting Information). Middle: Best-fitting spectrum from a CTM
calculation (blue). Bottom: Calculated spectrum from ab initio RAS
theory, based on the optimized molecular structure shown in Figure
1A. The energy axes of all calculated spectra are shifted by individual
energy offsets to match the calculated and experimental peak position
in the Cr L3-edge.

Figure 5. Decomposition of the calculated RAS Cr L-edge absorption
spectrum of CrIII(acac)3 into (A): differential orbital populations of
the final core-excited states (as compared to the ground state) and
(B): spin multiplicities of the final core-excited states.
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states are mixed from spin multiplicities of 2 (doublet), 4
(quartet), and 6 (sextet). The predominant intensity in the L3-
edge maximum originates from quartet final states, consistent
with the dominant ΔS = 0 components in the Mn L-edge XAS
spectra of MnII(acac)2 and MnIII(acac)3.

11 The spectrally
weighted absorption energies of the different multiplicity
components increase with decreasing spin multiplicity as found
for MnII(acac)2 and MnIII(acac)3, and this is consistent with a
loss of favorable exchange interactions for lower spin
multiplicities.11 Similar decomposition analyses can also be
performed within the DFT/ROCIS22 approach, as done by
Carlotto et al. for CrIII(acac)3.

17,47 In agreement with our
results from RAS, Carlotto et al. identified a predominant ΔS =
0 quartet component with DFT/ROCIS. However, the order
of the spectral weight of sextet, quartet, and doublet final states
along the axis of incident photon energy differs from our RAS
results. This different ordering of multiplicity components in
the DFT/ROCIS calculations further highlights the differences
between the DFT/ROCIS and RAS calculations.
3.5. L-Edge Branching Ratios. The statistical branching

ratio I(L3)/I(L2 + L3) is 2/3, calculated from the number of
degenerate states in the L3 (j = 3/2, 4 states) and L2 (j = 1/2, 2
states) edges. However, this ratio only holds in the absence of
both spin orbit coupling in the initial-state and electrostatic
interactions between core−hole and valence electrons in the
final states. In real complexes, spin−orbit coupling and
electrostatic interactions lead to significant changes in the
branching ratios, which can be used to get signatures of the d-
electron counts and the spin multiplicities.12 We determine for
the CrIII(acac)3 spectrum a branching ratio of I(L3)/I(L2 + L3)
= 0.47 ± 0.10 (1σ statistical uncertainty), where we used an
arbitrary cutoff energy of 582 eV to distinguish L3- and the L2-
edges (variation of this cutoff energy within reasonable limits
of ±1 eV does not change the branching ratio to beyond the
experimental uncertainty limits). We checked that linear
background subtraction (as applied here) as compared to
subtraction of L3,2-edge edge-jumps as applied, for example, in
ref 3 does not alter the branching ratio beyond the
experimental uncertainty limits. We note that the branching
ratio of CrIII(acac)3 (3d

3, S = 3/2) is around 30% smaller than
the branching ratio of 0.66 ± 0.02 reported earlier for
MnIII(acac)3 (3d4, S = 2) and around 35% smaller than the
branching ratio of 0.72 ± 0.02 reported for of MnII(acac)2
(3d5, S = 5/2) as shown in Figure 6 (the larger uncertainty for
CrIII(acac)3 as compared to the Mn complexes is due to the
lower concentration and a less stable operation of the flatjet for
this sample)14 This demonstrates that the L-edge XAS
branching ratio is potentially useful to distinguish between
two neighboring oxidation states, or alternatively, two different
spin states of the same complex.
A stronger connection between branching ratios and the 3d

spin configuration can be made through the use of a theoretical
model. The calculated spectra from CFM and CTM (as shown
in Figure 4) have branching ratios between 0.55 and 0.56,
which are within the error bars of the experiment. They are
consistent with the branching ratio of 0.58 calculated by Thole
and van der Laan for ionic Cr3+ (where a typical reduction
factor 0.75 was applied to all Slater integrals).12 For
CrIII(acac)3, RAS gives a similar branching ratio of 0.56,
again within the error bars as shown in Figure 6. Good
agreement was found earlier for MnIII(acac)3, while for
MnII(acac)2 the branching ratio was overestimated in the
RAS calculations.14 The trend of increasing branching ratio as

a function of increasing nominal 3d occupation and spin
multiplicity is reproduced in the RAS calculations (from 0.56
to 0.65 to 0.78). This trend is also expected from multiplet
calculations for ionic systems.12 However, the deviations
between RAS and experimental results are larger than the
uncertainties in the experiment. This suggests that the
calculations of the branching ratio in the RAS calculations
can be improved. We have previously speculated that the
deviations are due to perturbative treatment of the strong
spin−orbit coupling,14 and it is possible that improved results
would require at least a two-component relativistic ap-
proach.49−51

3.6. Integrated Absolute Absorption Cross Sections.
In our preceding study, we have outlined how the integrated
absolute absorption cross sections, here named absorption
integrals, of metal L-edge XAS spectra can be used to extract
information on the occupation number or, alternatively, the
number of “holes” in the metal 3d shell.14 Previous studies at
the Fe L-edge have shown that comparison of integrated
absorption spectra not only can provide information on the
number of electrons in the metal 3d-derived orbitals but also
on a more detailed level on their covalent or, inversely, their
metal ionic character.3,6,7 However, while comparing absorp-
tion integrals for electron yield-detected XAS requires sensitive
normalization schemes,3 transmission-detected XAS holds the
promise to allow for directly determining absolute absorption
cross sections.14 The absorption integral of the experimental
CrIII(acac)3 spectrum (Figure 3B) amounts to 45 ± 12 Mb·eV,
as integrated over the full L-edge between 573 and 590 eV.
That of the L3-edge region is 21.7 ± 8.7 Mb·eV, as integrated
between 573 and 582 eV (1σ statistical uncertainties). The
experimental error bars are significantly larger than the
systematic uncertainties due to different background sub-
traction scheme (linear background as applied here vs edge-
jump background as applied, e.g., in ref 3).
In Figure 7, we combine these values with our earlier results

from MnII(acac)2 and MnIII(acac)3. We compare the
absorption integrals of CrIII(acac)3 (3d3, 7 holes) with
MnIII(acac)3 (3d4, 6 holes) and MnII(acac)2 (3d5, 5 holes)
for the entire L-edge region (Figure 7A) and for the L3-edge
only (Figure 7B) as a function of the nominal number of holes

Figure 6. Comparison of measured (circles) and RAS calculated
(squares) branching ratios I(L3)/I(L3 + L2) as a function of the
nominal 3d occupation number. The data for CrIII(acac)3 reported
here is compared with the data of MnII(acac)2 and MnIII(acac)3, on
the basis of spectra reported in ref 14. The error bars reflect the
statistical uncertainty from scan to scan.
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in the metal 3d orbitals or, alternatively, the nominal 3d
occupation number. Assuming that the degree of covalency of
the metal 3d-derived molecular orbitals is equal for these three
predominantly ionic systems, one would expect a linear
increase of absorption integrals where the integrated
absorption cross section is proportional to the nominal
number of 3d holes (proportional to 10 minus the nominal
3d occupation). Reflecting this simple expectation, we included
in Figure 7A,B fits to the data using uncertainty-weighted least-
squares fits where the lines cross the origins in the plots (“no
absorption without 3d holes”). This linear fit may approximate
the experimental absorption integrals of the entire L-edge
reasonably well within the error bars (Figure 7A), although it
has to be noted that an improved signal-to-noise ratio will be
necessary in future experiments to conclusively claim this. The
linear fit certainly, and this can be stated with the experimental
error bars given here, fails to describe the integrals of the L3-
edges only (Figure 7B). This deviation is consistent with the
trend observed in the branching ratios which decrease from
MnII(acac)2 to MnIII(acac)3 and to CrIII(acac)3 and thereby
decrease the relative intensities of the L3-edges with respect to
the full L-edges along this series. Correlating only L3-edge
absorption integrals of different systems with their electronic
structure and in particular their covalent character, therefore,
does not seem favorable because of the effects affecting L3 and
L2 intensities differently (spin−orbit coupling and electrostatic
interactions).

In general, we note that the experimental error bars of
absorption integrals in our data are comparably large because
of statistical variations in the single-scan spectra. For the
absorption integrals, the error bars (±12 Mb·eV for CrIII) are
larger than the difference expected for two complexes differing
by one 3d hole (≤3.8 Mb·eV, i.e. half of 7.6 Mb·eV, as
estimated from the linear fit of our experimental data). To
correlate absorption integrals with the number of 3d-holes and
the covalent character of the metal 3d-derived orbitals would
therefore require the error bars to be decreased by an order of
magnitude. Future measurements with better knowledge of the
flatjet thickness, for example, by online monitoring, could allow
for a more detailed comparison of absorption integrals between
different complexes. Comparison of absorption integrals over
the full L-edges could then be used for assessments of the ionic
or covalent characters of the metal−ligand bonds. We note that
determination of the branching ratio is less affected by
fluctuations in the flatjet thickness because changes in the
background partly cancel when comparing the intensities of the
two edges.
As a further test of our calculations, we compare in Figure

7A,B the measured and calculated absorption integrals from
RAS where the RAS data are given in units of oscillator
strengths (“o.s.”). The axes of calculated and experimental
absorption integrals in Figure 7 are scaled such that the linear
fits of the experimental and the RAS data coincide. This
comparison shows that the relative absorption integrals from
RAS qualitatively reproduce an approximately linearly
increasing absorption integral for the whole L-edge. For
MnII, the RAS estimate is slightly outside the experimental
error bars. It is possible that this deviation is due to the use of
only the metal 3d-dominated orbitals in the active space.
Consistently with the correct description of the increasing
branching ratio the RAS calculation also correctly describes the
nonlinear variation of the L3 absorption integral with the
number of 3d holes (Figure 7B).

4. CONCLUSION
We present the first Cr L-edge absorption spectrum of
CrIII(acac)3 in solution, measured in transmission and free
from X-ray-induced sample damage with a transmission flatjet.
We provide absolute absorption cross sections with a peak
value at the L3-edge of 8.9 ± 1.4 Mb and an integral value
(integrated over the whole L-edge) of 45 ± 12 Mb·eV. In
contrast to partial fluorescence yield-detected absorption,
transmission spectra give spectral shapes and branching ratios
unaffected by state-dependent fluorescence yield, which
enables straightforward comparison to theoretical predictions
of absorption intensities. With a combination of semiempirical
multiplet and RAS calculations, we assess the information
content of the L-edge absorption spectrum with respect to the
local electronic structure of the CrIII(acac)3 complex. Similar to
our findings for the MnIII(acac)3 complex, we discuss the pre-
edge peak in the L3-edge in relation to the presence of an
octahedral ligand field splitting and find that a value of around
2 eV is consistent with results from UV−vis investigations. CT
states are reflected in a smooth slope at the high-energy side of
the L3-edge. Orbital and spin analyses of core-excited final
states with RAS show that the L-edge absorption spectrum of
CrIII(acac)3 is affected by strong mixing of configurations in
the final core-excited states.
We find that the branching ratio of CrIII(acac)3 with a

nominal 3d-occupation of 3 is significantly smaller than that of

Figure 7. Comparison of measured absorption integrals (absorption
cross sections integrated over respective energy ranges, see text,
circles) and calculated sums of oscillator strengths from RAS
(squares) for the full L-edge (A) and for the L3-edge only (B) as a
function of increasing number of nominal 3d-holes (decreasing
nominal 3d occupation). Data points for MnII and MnIII are used as
reported in ref 14. The dashed lines are weighted linear fits to the
experimental data (forced to include the origin). A linear fit to the
RAS data was used to scale the respective plot ranges of experiment
and theory for coinciding fit lines.
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MnII(acac)2 and MnIII(acac)3 with 3d-occupations of 5 and 4,
respectively. This experimental observation is consistent with
the results from multiplet and RAS calculations. The
uncertainties in experimental branching ratios are smaller
than the difference between the complexes, making this a
reliable fingerprint of spin multiplicity in this CrIII(d3)−
MnIII(d4)−MnII(d5) series. Deviations between experiment
and calculations point to possible improvements in the RAS
perturbative description of spin−orbit coupling. The absorp-
tion cross sections integrated over the whole L-edge are
consistent with a linear increase of absorption integrals with
decreasing 3d occupation (increasing number of nominal 3d
holes). This trend is reproduced by the RAS calculations. The
integrated absorption cross sections of only the L3-edge,
however, markedly deviate from this linear relationship which
is consistent with differences in the respective L-edge
branching ratios. From our data, we estimate that for being
able to assess details of this relationship and the covalent
character of the metal−ligand bonds in particular, a decrease in
experimental uncertainties by an order of magnitude would be
required.
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1. Data Analysis 

 

  

 

Figure S1.  Example for the removal of outlier data points from the raw data of a single 

spectrum scan. A local 2nd order polynomial is fitted in a moving window of 1 eV spectral 

width (centered around the inspected data point, which is excluded from the fit). The local 

noise level  is estimated from the fit residuals. The inspected data point is identified as an 

outlier if it is found outside a margin defined by deviations of ±5 from the local fit ( being 

the local noise level). Outlier data points are removed and replaced by the local fit value (see 

inset). On average, 1 outlier data point was identified and corrected in each single-scan 

spectrum. 
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Figure S2.  Experimental determination of the attenuation length  of ethanol as used for 

fitting the thickness of Cr solution samples. (A) Experimental diode currents, once with and 

once without the flatjet. The ratio of these curves is the transmission shown in (B). Fitting 

this curve with Henke’s tables (see refs. S1-S2) provides a sample thickness of L=3.15 µm. 

=L/(-ln(T)) is the attenuation length of ethanol, using T from panel B. 
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Figure S3.  Averaging of two experimental curves of the attenuation length of ethanol as 

retrieved in Fig. S2. The same data is shown for the spectral regions (A) of the O K-edge and 

(B) of the Cr L-edge (zoom into the region marked in panel A). We note that in contrast to 

Henke’s tables the experimental data reflects the curved spectral variations due to absorption 

resonances at the O K-edge, merging with the extended absorption fine structure (EXAFS). 

The averaged data was used with Beer-Lambert’s law to fit the sample thickness from 

experimental transmission curves of CrIII(acac)3 solution samples and for successive 

background subtraction. 
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Figure S4.  Exemplary retrieval of experimental absorption cross sections from raw 

single-scan spectrum at the Cr L-edge. (A) Experimental diode currents, once with (blue) and 

once without (black) the flatjet in the x-ray beam. (B) Experimental transmission (blue) 

obtained from the ratio of the curves in (A). The red dashed curve is a least-squares fit of 

experimental data points below h<573 eV, using Beer-Lambert’s law T(h)=exp(-L/(h)). 

Here (h) is the experimental attenuation length of ethanol shown in Fig. S2 and the sample 

thickness L is the only free fit parameter (here L=3.19 µm). (C) Linear absorption coefficients 

obtained from the curves in (B). (D) Absorption cross sections (h) determined from the 

difference (Exp.-Fit) of absorption coefficients in (C), using the relation between absorption 

coefficient (hand absorption cross section (h (h)=c·NA·(h), where NA is 

Avogadro’s number and c is the concentration of the solute (here c=0.02 mol/l).  
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Figure S5.  Averaging of single spectrum scans (gray solid) of 20 mM CrIII(acac)3 in 

ethanol solution (A) without and (B) with subtraction of an linear background in addition to 

the subtracted absorption of the solvent. For the spectra shown in (B), a linear background 

fitted in the non-resonant spectral regions around the Cr L-edge (below 573 eV and above 591 

eV) was subtracted from each individual single scan before averaging. The averaged spectra 

(purple solid) are used in the main paper. Features unexpected in Cr L-edge XAS, like the 

broad shoulder below 570 eV and step-shaped features at 572.5 eV and 565.5 eV, are 

explained with temporary instabilities of the flatjet. 
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2. Crystal-Field and Charge-Transfer Multiplet Calculations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 

Figure S6.  Comparison of L-edge XAS calculations with the crystal field multiplet (CFM) 

approach for octahedral Cr3+ systems with different ligand field splittings 10 Dq (given on the 

right hand side for each spectrum).  The spectrum marked with an arrow (10 Dq = 2.1 eV) is 

shown in Fig. 4 of the main paper. All CFM spectra were shifted by the same constant offset as 

the CFM spectrum in the main paper. 
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Figure S7.  Comparison of L-edge XAS of octahedral Cr3+ systems for different input 

parameters to the charge-transfer multiplet (CTM) calculations (see figure labels). For easy 

comparison, each CTM spectrum (purple, solid) is overlaid with the experimental spectrum. 

CTM spectra were shifted by the same constant offset as the CFM spectrum in the main paper. 
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Probing the oxidation state of transition metal
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energies†
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Transition metals in inorganic systems and metalloproteins can occur in different oxidation states, which

makes them ideal redox-active catalysts. To gain a mechanistic understanding of the catalytic reactions,

knowledge of the oxidation state of the active metals, ideally in operando, is therefore critical. L-edge X-

ray absorption spectroscopy (XAS) is a powerful technique that is frequently used to infer the oxidation

state via a distinct blue shift of L-edge absorption energies with increasing oxidation state. A unified

description accounting for quantum-chemical notions whereupon oxidation does not occur locally on

the metal but on the whole molecule and the basic understanding that L-edge XAS probes the

electronic structure locally at the metal has been missing to date. Here we quantify how charge and spin

densities change at the metal and throughout the molecule for both redox and core-excitation

processes. We explain the origin of the L-edge XAS shift between the high-spin complexes MnII(acac)2
and MnIII(acac)3 as representative model systems and use ab initio theory to uncouple effects of

oxidation-state changes from geometric effects. The shift reflects an increased electron affinity of MnIII

in the core-excited states compared to the ground state due to a contraction of the Mn 3d shell upon

core-excitation with accompanied changes in the classical Coulomb interactions. This new picture

quantifies how the metal-centered core hole probes changes in formal oxidation state and encloses and

substantiates earlier explanations. The approach is broadly applicable to mechanistic studies of redox-

catalytic reactions in molecular systems where charge and spin localization/delocalization determine

reaction pathways.

Introduction

The mechanistic understanding of catalytic reactions involving
3d transition metals is an essential goal in a wide range of
research in materials science, inorganic chemistry and
biochemistry, including photocatalysis, electrocatalysis and

enzymology.1–10 Reaction mechanisms are oen described in
terms of changes of oxidation and spin states of the 3d metal,
and to discriminate between alternative mechanisms, experi-
mental and theoretical methods are required that can quanti-
tatively characterize these properties.
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Many different experimental techniques are used to deter-
mine the spin and oxidation states of the metal centers in
molecular complexes. Spin states can be determined using
magnetic resonance methods such as electron paramagnetic
resonance (EPR), and knowing if a system is in a high-spin or
low-spin conguration can then be used to assign its oxidation
state. Another powerful method to probe the oxidation state,
which is directly connected to the charge density of metals, is
using X-ray spectroscopy, including X-ray absorption spectros-
copy (XAS) also termed X-ray absorption near edge spectroscopy
(XANES) and X-ray emission spectroscopy (XES). Among X-ray
spectroscopy, XAS and XES studies at the 3d-metal K-edges
with hard X-rays are more commonly used1,11–17 for chemical
and biochemical systems, while L-edge XAS and XES in the so
X-ray range are more oen used for materials science. L-edge
XAS has the advantage to directly probe the metal-derived 3d
valence orbitals via the dipole-allowed 2p–3d transitions.13,18–23

Compared to K-edge spectroscopy it also has a higher spectral
sensitivity (less core–hole lifetime broadening), but is techni-
cally more challenging, because of the more restricted sample
environment and strong X-ray induced sample damage for
sensitive molecular complexes and biological samples. L-edge
XAS of 3d-transition metal systems typically shows distinct
changes in spectral shape and incident energy with changes in
the metal oxidation state. For high-spin metal complexes the L-
edge spectrum shis to higher energy with increasing formal
metal oxidation state and shows signicant changes in spectral
shape.13,22,24–28

An alternative way to describe oxidation states of metal
centers in molecular complexes is to calculate the charge and
spin density distributions in the system. Quantum chemistry
calculations indicate that the local charge density on the 3d
transition metal atom or ion in a complex does not strongly
correlate with its formal oxidation state while spin density is
localized at the metal.29,30 One systematic study of a series of Mn
complexes has suggested that oxidation-state changes do not
occur on the Mn atoms but on the ligands.31 In another study
the authors have concluded that “reduction or oxidation of the
molecule is therefore not a reduction or oxidation locally of the
metal ion but of the whole molecule”.29 This picture of almost
complete delocalization of valence charge needs to be recon-
ciled and unied with the oen used notion that L-edge XAS is
a local probe of the charge density at the absorbing metal. Thus,
we need a better description of how charge and spin densities
are reected in L-edge XAS. In other words, we need to quan-
titatively relate L-edge XAS to ground- and excited-state electron
congurations in order to extract charge and spin density
changes beyond the notation of formal oxidation states. Such
unied knowledge has broad impact on the mechanistic
understanding of catalytic reactions because it directly answers
the question “how charges and spins are spread in space”
around redox-active metal sites.

In this study, we use a combination of state-of-the art
experimental and computational methods, namely partial-
uorescence yield (PFY) detected XAS (PFY-XAS) on a liquid jet
and quantum-chemical restricted active space (RAS) simula-
tions, to render an improved description of L-edge XAS. With

our approach we overcome what has been a challenge to date to
quantitatively describe L-edge XAS on a consistent theoretical
basis, including quantication of local charge and spin density
changes for different formal oxidation states of the metal. L-
edge XAS is affected by a number of factors;21,32 the structure
of the complex,24,26 the covalency of the metal–ligand
bonds,19,20,33 and the intra-atomic Coulomb and spin–orbit
interactions in the 2p core and 3d valence shells.26,34–36 The ab
initio RAS method used here includes all important interactions
affecting the metal L-edge spectra37–39 and, being based on an
explicit treatment of molecular orbitals, it offers the ability to
directly relate local charge and spin densities with the L-edge
spectrum. Redox and core-excitation processes can now be
studied on an equal level of approximation, a prerequisite for
unifying the corresponding pictures. Furthermore, by using an
in-vacuum liquid jet with rapid replenishment of the sample we
also overcome the severe challenge of so X-ray induced sample
damage to 3d-transition metal complexes.22,40

We compare the experimental L-edge XAS spectra of the two
prototypical high-spin Mn complexes MnII(acac)2 and
MnIII(acac)3 measured in solution using the PFYmode to spectra
calculated with the RAS approach. MnII(acac)2 exhibits a nearly
tetrahedral ligand environment with four Mn–O bonds, while
MnIII(acac)3 is approximately an octahedral complex with six
Mn–O bonds. The (acac)� ligand has a formal charge of �1,
which gives formal oxidation states of +2 (II) for the neutral
MnII(acac)2 complex and +3 (III) for the neutral MnIII(acac)3
complex. To separate the effects due to oxidation state changes
from possible inuences of variations in geometric structure, we
introduce an articial system, which exhibits a MnII oxidation
state in the same geometry as MnIIIacac3. Geometric structure,
bonding and valence electronic structures of MnII(acac)2,
MnIII(acac)3 and (MnII(acac)3)

1�, are summarized in Fig. 1.
Our results show how the distinct changes in Mn L-edge XAS

upon oxidation, especially the increase in incident energy with
increasing Mn oxidation state, can be explained with the
quantum-chemistry picture where the oxidation does not occur
locally on the Mn site. We also discuss our ndings in the
context of the three most common explanations of the L-edge
XAS shi to higher energies upon metal oxidation as dis-
cussed for Mn complexes by Glatzel et al.32 and van der Laan
and Kirkman:26 First, the suspected decrease of core–hole
screening with increasing oxidation state,41,42 second, the
notion that changes in the relative number of 2p–3d (Q) and 3d–
3d (U) direct Coulomb interactions shis the L-edge XAS to
higher energies by Q–U > 0,26 and, third, the speculation that for
increasing oxidation states favorable 2p–3d exchange interac-
tions decrease in the nal core-excited states.32 It has remained
unclear to date whether one or all of these concepts are neces-
sary or sufficient to explain oxidation-state dependent L-edge
XAS shis. We make use here of the fact that RAS calculations
for L-edge XAS now offer the unique possibility to study both the
effects of oxidation or reduction and core excitation at an equal
level. Understanding how changes in charge and spin densities
around redox-active metal sites determine the metal L-edge
absorption energies paves the route for a new understanding
of catalytic reactions of 3d-transition metal complexes and

6814 | Chem. Sci., 2018, 9, 6813–6829 This journal is © The Royal Society of Chemistry 2018
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metalloenzymes in general and is critical for studies specically
of the Mn cluster in photosystem II during the Kok cycle and
related model complexes.22

Materials and methods
Experimental design

Fig. 2 summarizes our experimental approach toMn L-edge XAS
of dilute samples in solution. The schematic illustration of the
experimental setup in Fig. 2(a) shows the essential components
with the incident X-ray beam from the BESSY II synchrotron

radiation facility, the in-vacuum liquid-sample injector, the
reective zone plate (RZP) as a dispersive element for spatial
separation of Mn and O uorescence and the CCD camera
(Andor iKon-L) for uorescence detection. The RZP spectrom-
eter represents an improved version of our previous setup43

which we also used at the Linac Coherent Light Source (LCLS) X-
ray free-electron laser.22,44,45 X-ray uorescence from the sample
mainly consists of Mn La,b emission at �640 eV from the solute
and of O Ka at �525 eV from the solvent. Dispersion with our
RZP spectrometer, optimized for high transmission,46 is
essential for separating the weakMn La,b signal of the dilute Mn

Fig. 1 Schematic molecular orbital diagrams (ground-state electron configurations depicted with arrows) and structures (optimized with DFT
functional B3LYP plus polarizable continuummodel, Mn–Obond lengths in Å) of (a) MnII(acac)2 in Td andC2v symmetry and of (b) MnIII(acac)3 and
(MnII(acac)3)

1� inOh andD4h symmetry. * in (b) mark methyl groups that were replaced with H in the restricted active space (RAS) X-ray spectrum
calculations (with negligible effects on the spectra). Details on the structures can be found in the ESI.†

Fig. 2 (a) Schematic depiction of the experimental setup for partial-fluorescence-yield X-ray absorption spectroscopy (PFY-XAS) with an in-
vacuum liquid jet, a dispersive reflection-zone-plate (RZP) spectrometer, and a CCD camera. (b) Representative CCD image taken at a photon
energy of 641.6 eV on a 100 mM MnIII(acac)3 solution sample as accumulated for 10 seconds (areas with Mn La,b and O Ka fluorescence and
zeroth-order reflection are indicated). (c) Scheme of the transitions in Mn L-edge PFY-XAS in an approximate atomic-orbital picture with 2p–3d
absorption from the initial ground state to the final core-excited states and 3d–2p (Mn La,b) fluorescence decay. (d) Mn L-edge absorption
spectra for Mn2+ in aqueous solution from MnCl2 in water taken with PFY-XAS (purple, taken from ref. 45) and in transmission (black, taken from
ref. 43).

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6815
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samples from the overwhelming O Ka background. The energy
of the photons incident on the liquid sample is scanned step-
wise over the Mn L absorption edge, where at each step the Mn
La,b partial uorescence is detected. This corresponds to partial-
uorescence yield (PFY) detected X-ray absorption spectroscopy
(PFY-XAS).47,48 With the example CCD image in Fig. 2(b), we
demonstrate the excellent spatial separation of Mn and O
uorescence signals which is required for a good signal to noise
ratio in the Mn L-edge PFY-XAS spectra. In Fig. 2(b), we also
show the total uorescence signal on the CCD, as reected in
the zeroth order of the RZP. For samples with sufficiently low
concentrations, this is proportional to the incident ux and we
use it for normalization of the spectra to the incident ux. Being
interested in the bulk properties of the liquid samples, with this
setup we overcome the difficulties imposed by surface-sensitive
electron-yield (TEY) detected XAS. We employ a free-owing
liquid jet for continuous sample replenishment. At sufficient
jet speed (see below), this approach avoids the risk of accu-
mulating X-ray induced sample damage, which is known from
L-edge XAS studies of radiation sensitive 3d transitions metals
on solid samples40 or experiments that use liquid sample cells,
based on X-ray transmissive membranes.49–52 Free-owing
liquid atjets have also been used for so X-ray absorption
spectroscopy in transmission mode.53,54 For the present sample
concentrations we determined in separate test experiments that
spectral distortions due to reabsorption and inverse partial
uorescence yield effects are below the experimental noise level.

In a many-electron total-energy picture based on atomic
orbitals as shown in Fig. 2(c), Mn L-edge XAS corresponds to the
absorption of so X-ray photons by Mn with transitions from the
initial ground state Mn 2p63dn (where n is the number of Mn 3d
electrons in a given oxidation state) to the nal core-excited states
Mn 2p53dn+1. This corresponds to the promotion of a Mn 2p
electron to empty or partially occupied Mn 3d-derived molecular
orbitals (MOs) and, due to the dipole selection rule for 2p–3d
transitions, L-edge XAS probes the d character of these MOs. The
Mn La,b uorescence that is detected originates from radiative
decay of the core-excited XAS nal states. State-dependent uo-
rescence yields for these decay transitions47,55,56 are the origin for
deviations of the relative feature intensities in PFY-XAS spectra as
compared to those in XAS as measured, e.g., in transmission. In
Fig. 2(d) we illustrate these deviations for Mn L-edge XAS of an
aqueous MnCl2 solution. State-dependent uorescence yields
thus have to be taken into account in theoretical calculations
aiming at reproducing the experimental PFY-XAS spectra.

Partial-uorescence-yield X-ray absorption spectroscopy (PFY-
XAS) measurements

Mn L-edge PFY-XAS spectra were collected at the so X-ray
beamline U49-2_PGM1 at the synchrotron radiation facility
BESSY II of the Helmholtz-Zentrum Berlin (Germany). The new
RZP spectrometer and the in-vacuum liquid jet injector were
installed in the previously described setup for uorescence and
resonant inelastic X-ray scattering (RIXS) investigations on
liquid samples.57 The beamline ux at 640 eV was 5.4 � 1012

photons per s (with topping up mode of the electron storage

ring). The size of the X-ray focus was 100 � 90 mm2 (horizontal
� vertical), as observed with an Innity K2 microscope on a YAG
screen in the X-ray probing region and the beamline-
monochromator slit was chosen to 90 mm corresponding to
a bandwidth of the incident photon-energy around 300 MeV
(Gaussian FWHM). The incident-energy step size was 100 MeV
and CCD images were integrated for 10 seconds per step. The
spectra of MnII(acac)2 andMnIII(acac)3 were accumulated for 3.0
and 1.8 hours, respectively. The incident photon energy was
calibrated with the Mn L-edge PFY-XAS spectrum of (MnII(H2-
O)6)

2+ from MnCl2 in a water jet (not shown), measured during
the same beamtime with respect to the calibrated spectrum
previously published in ref. 43. For this calibration the
maximum of the L3 edge of (MnII(H2O)6)

2+ is located at 639.7 eV.

Sample preparation

The solution samples were prepared as (i) �50 mM MnII(acac)2
in absolute ethanol and (ii) �100 mM MnIII(acac)3 in acetyla-
cetone. Calculated Mn L-edge absorption spectra of MnIII(acac)3
in acetylacetone and ethanol demonstrate that the solvent effect
on the spectra is negligible.54 Possible differences of or induced
by the different solvents will therefore not be further considered
here. Samples and solvents were purchased from Sigma Aldrich
and were used without further purication. Solution samples
were delivered in an in-vacuum liquid jet, pumped from a 10 ml
sample loop by a HPLC pump (JASCO PU-2085) and injected
with a gas dynamic virtual nozzle injector58 at ow rates around
9 ml min�1 and 12 ml min�1 for the MnII(acac)2 and MnIII(acac)3
samples, respectively. The sheath gas was N2 with a pressure of
10 bar. The jet diameter was determined to be 20� 4 mm and 22
� 4 mm for the MnII(acac)2 and MnIII(acac)3 solution samples,
respectively, as observed with an Innity K2microscope. For the
MnII(acac)2 and MnIII(acac)3 solution samples this corresponds
to a vertical sample speed of 0.45 � 0.20 m s�1 and 0.53 �
0.20 m s�1 through the X-ray interaction region and X-ray
exposure times of 200 � 90 ms and 170 � 70 ms, respectively.

Ab initio restricted active space (RAS) calculations of Mn L-
edge XAS

Calculations of molecular systems were performed using
ground state geometries optimized in solution with the density-
functional theory (DFT) hybrid functional B3LYP59 and the 6-
31G(d) basis set (see Fig. 1 for calculated structures, bonding
and valence electronic structures, Fig. S1† for orbital shapes
and the ESI† for further details of the calculations). To mini-
mize computational cost, the MnIII(acac)3 calculations were
performed on a truncated complex where six methyl groups
were replaced by hydrogen atoms (Fig. 1(b)). We checked that
this did not notably change the spectrum. All calculations were
performed in a solvent environment approximated by a polar-
ized continuum model (PCM).60

The RAS calculations of the Mn L-edge spectra were per-
formed with MOLCAS 7.9.61 The ve Mn 3d-derived orbitals were
placed in the RAS2 space where all possible excitations were
allowed. The Mn 2p orbitals were placed in the RAS3 space,
allowing a maximum of ve electrons, i.e., at least one hole. To

6816 | Chem. Sci., 2018, 9, 6813–6829 This journal is © The Royal Society of Chemistry 2018
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ensure that the hole stayed in the 2p instead of the higher-lying
3p orbitals, the former had to be frozen in the RASSCF optimi-
zations of the core-excited states. The RASSCF wavefunction
optimizations were performed using the state average formalism,
which means that the same orbitals were used for all states of
a specic spin and symmetry.62 In the calculations of the Mn L-
edge PFY-XAS spectra, all possible congurations that represent
valence excitations and single core excitations were included.

Interactions between electrons outside the active space,
including all ligand-dominated orbitals, are treated at the level
of second-order perturbation theory (RASPT2) using the multi-
state formalism.63 Scalar relativistic effects were included by
using a Douglas–Kroll Hamiltonian in combination with
a relativistic atomic natural orbital basis set of triple-zeta
quality, ANO-RCC-VTZP, for the PFY-XAS calculations, and
double-zeta quality, ANO-RCC-VDZP for XAS cross section.64,65

The oscillator strengths (absorption strengths) were calculated
between orthogonal states formed from a RAS state-interaction
approach that also includes spin–orbit coupling.66 UV-Vis
spectra of MnIII(acac)3 show metal-centered ligand-eld excita-
tions between 2.1 and 2.4 eV.67–69 Our RAS excitation energies of
2.4 eV and 2.6 eV roughly agree with those values showing the
accuracy of these calculations.

The Mn L-edge PFY-XAS spectra were calculated by inte-
grating the emission intensity of 2p–3d RIXS spectra: for each
incident photon energy the transition matrix element was
calculated for all allowed L-edge excitations and for all possible
uorescence decay channels within the active space. The PFY-
XAS spectra were obtained from the absorption probabilities,
weighted by the sum of transition matrix elements for the decay
channels. The Lorentzian (lifetime) broadening was (HWHM)
0.2 eV and 0.7 eV for the L3 and L2 absorption edges, respec-
tively.70 The monochromator bandwidth is simulated with an
additional Gaussian broadening of 0.3 eV (FWHM). To align the
calculated spectra with the experimental PFY-XAS spectra, the
calculated intensities were normalized to one at maximum and
the incident energies were shied by �3.09 eV to align with the
measured MnII(acac)2 spectrum at the L3-edge maxima. The
relative photon energies of MnII(acac)2 and MnIII(acac)3 spectra
are displayed as calculated. The same applies for the calculated
Mn L-edge XAS spectra, which were shied by �4.94 eV. The
different shis applied to PFY-XAS and XAS spectra account for
differences inherent to calculations with different basis sets.

The electronic structures of the two complexes were analyzed
by calculating Mulliken spin populations and LoProp charges,71

as well as charge and spin densities using the MultiWfn
package.71,72 An interpretation of the spectrum in terms of
orbital excitations was made by calculating differences in
natural occupation numbers for the active orbitals associated
with each transition.38

Results and discussion
Measured and calculated Mn L-edge XAS spectra of
MnII(acac)2 and MnIII(acac)3

The measured and calculated Mn L-edge PFY-XAS spectra of
MnII(acac)2 andMnIII(acac)3 in solution are shown in Fig. 3. The

MnII(acac)2 spectrum has a narrow main peak at the L3 edge at
639.6 eV and two peaks at 641 eV and 643.5 eV on a somewhat
broad intensity distribution extending up to 645 eV, which is
characteristic of ionic MnII systems.25,43,73 The L3 edge of
MnIII(acac)3 in contrast exhibits a broad main peak at 641.6 eV
with shoulders at 639.5 and 645 eV. For both systems the L2
edge is comparably broad with two maxima or shoulders sepa-
rated by around 2 eV.

Our solution MnII(acac)2 spectrum is very similar to the
solid-state spectrum measured with total electron yield (TEY)
XAS in ref. 73 while our solution MnIII(acac)3 spectrum is
strikingly different from that in the solid state. The rst
observation shows that the effect of solvent environment on the
spectrum of MnII(acac)2 is relatively small. This is consistent
with observations based on the K-edge spectra of iron cyanides
in solution,17 and we checked with additional RAS simulations
that the inuence of solvent effects on the L-edge XAS spectra
for the systems studied here are very small. We assign the
difference between our solution spectrum and the solid-state
spectra of MnIII(acac)3 to X-ray induced sample damage in the
solid-state measurements.32,73 With our experimental parame-
ters, we estimate the maximum doses accumulated in a probed
sample volume to be 5.2 � 2.3 kGy and 4.6 � 1.7 kGy (1 Gy ¼
1 J kg�1) for the MnII(acac)2 and MnIII(acac)3 solution samples,

Fig. 3 Comparison of (a) measured and (b) calculated partial-fluo-
rescence-yield (PFY) Mn L-edge absorption spectra of MnII(acac)2 and
MnIII(acac)3. (a) Experimental spectra of �0.05 mol l�1 MnII(acac)2
solution in ethanol and �0.1 mol l�1 MnIII(acac)3 solution in acetyla-
cetone. (b) Calculated spectra from the restricted active space (RAS)
calculations with photon energies of the MnII(acac)2 spectrum shifted
to match the experimental spectrum at the L3-edge maxima, while
keeping the relative photon energies of MnII(acac)2 and MnIII(acac)3
spectra as calculated. In all spectra the intensities were normalized to
one at maximum.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6817
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respectively (see the ESI† for details). This is safely below 106

Gy,74 the typical order of magnitude that is relevant for X-ray
induced sample damage.40,74 This makes the measured spectra
in Fig. 3(a) amenable for unambiguous interpretation of the
effects of changes in oxidation state.

The largest difference between the spectra of the two
complexes is the shi of the L3-edge maximum by 2.0 eV to
higher energies when going from MnII(acac)2 to MnIII(acac)3.
Quantifying the changes with the rst moment of the L3 edge or
the rst moment of the whole L edge (L3 + L2) gives smaller
energy shis (Table 1). In this study, we focus on the L3-edge
maximum as it is most accurately dened and least affected by
state-dependent uorescence yield, which facilitates compari-
sons to other complexes and previous results in literature. The
shi roughly agrees with the oxidation-state dependent L-edge
shi of 1.6 � 0.3 eV, observed for the L3-edge maxima of
other high-spin Mn complexes with oxidation states ranging
fromMnII to MnIII and MnIV, as reported in ref. 22 as well as for
Mn compounds in ref. 13, 25, 27 and 75.

The calculated ab initio RAS spectra of MnII(acac)2 and
MnIII(acac)3 are shown in Fig. 3(b). The overall agreement with
experiment is good with well-reproduced multiplet structures in
terms of relative energies. The RAS spectrum of MnII(acac)2 is
too low in intensity at the high-energy side of the L3 edge at 641–
645 eV and generally at the L2 edge. For MnIII(acac)3 the RAS
spectrum is too intense in the rst peak/shoulder at 639.5 eV, at
the high-energy side of the L3 edge at 643–647 eV and at the low-
energy side of the L2 edge.

The deviations between experiment and theory on the high-
energy side of the L3 edge of MnII(acac)2 may be related to the
deciencies of RAS in accounting for charge transfer (CT) when
using a minimal active space consisting of only the ve metal-
dominated orbitals.19,76 In our RAS calculations, CT satellites
are missing because ligand-dominated orbitals are not included
in the active space and hence core-excited states with dominant
LMCT character cannot be reached. However, the minimal
active space used here guarantees that all systems are treated at

an equal basis making it more straightforward to assign spec-
tral changes and energy shis.

The deviations in the rst peak of MnIII(acac)3 and in the L2
edge of both systems can be explained by an incomplete
description of PFY-XAS in contrast to the XAS cross section,
because these regions are most sensitive to state-dependent
uorescence yield effects.47,55,56 The L3-edge maximum is
largely independent of the detection mode, which makes it an
appropriate observable when comparing theory and
experiment.

The calculated shi of 1.7 eV between MnII(acac)2 and
MnIII(acac)3 agrees with the experimental observation to within
0.3 eV (the RAS spectra were both shied by the same amount of
�3.09 eV to match calculated and measured L3-edge maximum
energies of MnII(acac)2). The agreement of calculated and
measured shis indicates that RAS calculations, which are
independent of any adjustable parameters, can be used to
predict the incident-photon energy shis in the L-edge
absorption spectra of 3d transition-metal complexes upon
changing their nominal oxidation state. RAS calculations of iron
K pre-edges show average deviations of 0.2 eV when predicting
the energy shi between complexes with similar ligand envi-
ronments and active space selections.77

Decomposition of the spectra into spin multiplet components

The agreement of the experimental and RAS spectra in terms of
shapes and relative energy shi motivates analyzing these
observables in more detail. We focus on the question to what
extent they can be correlated with differences in the oxidation
state or other differences in ground or nal state properties of
MnII(acac)2 and MnIII(acac)3. Following earlier studies,38,39,75 the
calculated RAS spectra of MnII(acac)2 and MnIII(acac)3 were
decomposed into nal-state spin multiplicities as shown in
Fig. 4. This decomposition was done for XAS instead of the PFY-
XAS spectra due to our current limitations in performing these
analyses for PFY-XAS. The comparison of calculated XAS and

Table 1 Measured and calculated energies in Mn L-edge partial-fluorescence yield (PFY)-XAS and XAS spectra of MnII(acac)2, MnIII(acac)3, and
(MnII(acac)3)

1� (in eV)

Complex Method L3 Edge maximum L3 1
st momenta L2 1

st moment L3 + L2 1
st moment

MnII(acac)2 Experiment PFY-XAS 639.6 641.9 651.5 646.8
Theory RAS
PFY-XASb 639.6 640.7 650.9 644.3
XASb 639.6 640.4 650.9 642.7
Sextet XASb 639.6 639.6 650.5 641.4

MnIII(acac)3 Experiment PFY-XAS 641.6 642.8 652.4 647.6
Theory RAS
PFY-XASc 641.3 642.3 651.3 647.1
XASc 641.3 641.6 651.2 645.0
Quintet XASc 641.2 641.2 651.3 643.2

(MnII(acac)3)
1� Theory RAS

XASc 639.7 640.2 650.6 642.5
Sextet XASc 639.7 639.3 649.9 641.1

a The 1st moment is the center of gravity energy (sum of all energies times intensities divided by the sum of all intensities). b Aligned to L3-edge
maximum of experiment. c Shied by same amount as MnII(acac)2 RAS spectra.
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PFY-XAS spectra shows that the multiplet structures are iden-
tical in terms of relative transition energies within the spectral
bandwidth considered here (compare Fig. 4(a) with 4(c) and 4(b)
with 4(d)), hence justifying this approximation.

We consider angular-momentum coupling in the core-excited
states within the Russel–Saunders or LS-coupling scheme (spin
multiplicity 2S + 1 with the spin angular momentum S).35,78 LS
coupling is the only scheme for which we can currently extract
angular momenta in our RAS calculations. While LS coupling is
a very good approximation for the initial ground state Mn 3dn

congurations,78,79 it is known to fail for the Mn 2p53dn+1 core-
excited state congurations because the 2p spin–orbit interac-
tion is of comparable magnitude as the Coulomb interac-
tions.26,36,79 It is still informative to decompose the nal states in
LS coupling as this enables a conceptual understanding of the
L3-edge multiplet features and their energies.

Because of the strong 2p spin–orbit coupling in the nal
core-excited states the total spin S is not strictly preserved in the
2p–3d excitation process for both MnII(acac)2 (sextet e2t2

3

ground state in Td symmetry) and MnIII(acac)3 (quintet t2g
3eg

1

ground state in Oh symmetry). Indeed for both systems we nd
corresponding spectral contributions with considerable inten-
sities for sextet (DS ¼ 0), quartet (DS ¼ �1), and doublet (DS ¼
�2) multiplicities for MnII(acac)2 and quintet (DS ¼ 0), triplet
(DS ¼ �1), and singlet (DS ¼ �2) for MnIII(acac)3 (Fig. 4, note
that septet states with DS ¼ +1 are possible for MnIII but their
intensity is close to zero35). Contributions with the same spin
multiplicities as in the ground states (DS ¼ 0) are strongest for
both systems, in particular in the L3-edge maximum.

The average energies of the multiplicity components
increase with increasing DS from 0 to �1 and �2 and this
explains to some extent the experimentally observed shapes of
the MnII and MnIII spectra (see e.g. the peak at 641 eV in the
MnII(acac)2 spectrum originating from quartet, DS ¼ �1,
components).

This shows that for the high-spin complexes studied here
with comparably weak ligand elds, the spectral shape is mainly

determined by differences in electron–electron repulsion in the
nal core-excited states instead of differences in orbital ener-
gies (see Fig. S2 in the ESI†). In other words, local intra-atomic
(multiplet) effects in the nal core-excited states seem to
dominate the spectrum rather than inter-atomic or molecular
(ligand-eld) effects.

Nevertheless, the relative L-edge XAS shi of the MnII(acac)2
andMnIII(acac)3 spectra remains elusive. We therefore turn to an
analysis of calculated charge and spin density distributions and
we start by analyzing the initial ground states of the systems.

Radial charge density (RCD) and radial spin density (RSD)
from RAS in the initial ground states

The local charge assigned to Mn according to our RASSCF
calculations (LoProp, see Materials and methods) are 1.56 for
MnII(acac)2 and 2.08 for MnIII(acac)3 as given in Table 2. This
does not match the formal oxidation states of 2+ and 3+, and the
difference between the two complexes is not unity as expected
from a one-electron oxidation. DFT/B3LYP calculations give
even smaller values, namely 1.37 and 1.61 for MnII(acac)2 and
MnIII(acac)3, respectively. The weak correlation between charge
(or local effective charge) and formal oxidation state agrees with
many previous observations29–31,80 which also show that metal
charges are strongly dependent on the ligand. For many 3d
transition-metal systems the formal oxidation state is better
reected by the spin population on the metal because it is
relatively insensitive to the nature of the ligand.30 For
MnII(acac)2 and MnIII(acac)3 the RAS Mulliken81 spin pop-
ulations for Mn indeed are 4.93 and 3.85, close to the number of
unpaired electrons (5 and 4 electrons) for the two systems (see
Table 2). We thus nd, in agreement with Blomberg and Sieg-
bahn,30 that in quantum chemistry calculations the spin pop-
ulations, rather than the charges, are good ngerprints for the
formal oxidation state.

The important scientic question is how the experimental
observables, the differences in spectral shape and the energy

Fig. 4 (a and b) Calculated RAS and experimental PFY-XAS spectra of (a) MnII(acac)2 and (b) MnIII(acac)3 (note the difference in the plotted energy
ranges for MnII(acac)2 and MnIII(acac)3). (c and d) Calculated absorption spectra (XAS not PFY) decomposed into the relative contributions of the
(spin) multiplicities in LS- or Russel–Saunders coupling in the final core-excited states for (c) MnII(acac)2 and (d) MnIII(acac)3.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6819
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shi of the L-edge, reect these changes in local charge and
spin density as a function of the formal oxidation state.
Apparently, a molecular-orbital based method that in addition
accurately describes the L-edge XAS process is needed to answer
this question. For the metal complexes studied here the good
agreement between RAS calculations and experiment makes it
possible, for the rst time to the best of our knowledge, to
analyze the changes in charge and spin densities of the metal in
different oxidation states.

For this and as previously done by Johansson et al.,29 we
spatially resolve the radial charge density (RCD) and the radial
spin density distributions (RSD). We start by comparing the
articial system (MnII(acac)3)

1� (with geometry xed as in
MnIII(acac)3, see Methods and materials section) with
MnIII(acac)3 to safely exclude possible inuences by differences
in geometry. Our spin and charge population analysis in Table
2, however, shows that the values for (MnII(acac)3)

1� agree
within 0.04 with the corresponding values of MnII(acac)2, which
indicates that local charge and spin densities are independent
from the inuence of the Mn–O ligand bonding geometry and
that the (MnII(acac)3)

1� to MnIII(acac)3 comparison is a valid
starting point for comparing the charge and spin densities in
MnII(acac)2 to MnIII(acac)3.

The calculated RCD and RSD are plotted for the ground
states of MnIII(acac)3 and (MnII(acac)3)

1� in Fig. 5
((MnII(acac)3)

1� and MnIII(acac)3 are abbreviated as (MnII)1�

and MnIII). The data were extracted from our RAS calculations
by placing a spherical shell of radius r and thickness dr around
Mn, with volume dV(r) ¼ 4pr2dr, and plotting the average
electron charge and spin densities in this spherical shell versus
r. The RCD and the RSD are a + b and a � b radial electron
densities ra+b(r) and ra�b(r), respectively, with a spin up and
b spin down. The units are electron charges per Å and electron
spins per Å (solid-angle integrated radial densities). With the
RCD and RSD differences, we then evaluate charge and spin
density differences between MnIII(acac)3 and (MnII(acac)3)

1�.
With the integrated RCD and RSD differences as a function of
the radius R (integrals over ra+b(r) � 4pr2dr and ra�b(r) �
4pr2dr from r ¼ 0 to r ¼ R), nally, we quantify the amount of
electron charges and spins contained in a sphere of radius R
around Mn in units of electron charges and electron spins.

In the RCDs in Fig. 5(a), peaks corresponding to the atomic
Mn L-shell (main quantum number 2) at 0.1 Å, and M-shell
(main quantum number 3) at 0.4 Å are visible, as well as
peaks corresponding to ligating O atoms at 2 Å and other atoms
in the (acac)� ligands (>2.5 Å). A dashed line marks the half Mn–

O bond length at 1 Å. The RCD difference in Fig. 5(b) and its
integral in Fig. 5(c) clearly shows that the additional charge in
(MnII(acac)3)

1� compared to MnIII(acac)3 leads to a redistribu-
tion of charge over the whole molecule with considerable
amplitude out to 6 Å. Electron charge accumulates on the
outside of the M shell, is depleted from the Mn–O bond region
as well as at the ligating oxygen atoms, and accumulates on the
(acac)� ligands. With the integrated RCD in Fig. 5(c), we infer
that +0.55 electron charges are located within 1 Å of Mn, and
that there is a depletion of the Mn–O bonds of �0.3 charges
while +0.75 charges accumulate on the (acac)� ligands. The sum
of all changes at 5–6 Å is evidently equal to 1.

The RSDs of MnIII(acac)3 and (MnII(acac)3)
1� in Fig. 5(d)

draw a dramatically different picture. The entire electron spin
density in both systems is concentrated at distances below 1 Å
with a peak at 0.4 Å (Fig. 5(e)), the location of the 3d shell (in
contrast to the labeling in the RCDs, we label the peak at 0.4 Å in
the RSDs as the Mn 3d-shell density).

We can explain this dramatic imbalance of charge and spin
density distributions following the reasoning of Johansson
et al.29 It is important to note that while the RCDs consider all
electrons (e.g. the sum of the 3s, 3p and 3d electrons for the M-
shell), the RSDs represent the electron density solely of the
unpaired electrons in the singly occupied orbitals (e.g. of all M-
shell electrons only the contribution due to the 3d-shell is
considered). The changes in the RSD therefore reect the added
(spin-up) electron, and spin density localizes at the Mn 3d shell
due to favorable exchange Coulomb interactions with the other
partially occupied orbitals. This principle is equivalent to the
rst of Hund's rules. We note an expansion of the Mn 3d shell
by 0.01 to 0.02 Å upon reduction of the MnIII complex (Fig. 5(d)).
We explain this observation with the “accommodation” of the
extra electron in the 3d shell, while minimizing electron–elec-
tron repulsion due to direct Coulomb interaction. As the elec-
tron is added, polarization effects of the electrons in the doubly
occupied orbitals delocalize charge over the whole molecule to
minimize the direct Coulomb repulsion. The changes in the
RCD upon reduction (see Fig. 5(b)) reect the effect both on the
electrons in the partially occupied 3d orbitals and in the doubly
occupied orbitals of the complex. The latter are invisible in the
RSDs but visible in the RCDs. The opposite effects on the charge
and spin density distributions in an ensemble of electrons
render charge and spin densities as “independent observ-
ables”.29 The results in Fig. 5 are consistent with analyses of
other Mn complexes where it was concluded that oxidation-
state changes do not occur on the Mn atoms but on the

Table 2 Charge populations (in units of one electron) and spin populations (number of valence electrons of the same spin) at the Mn center in
the electronic ground states of MnII(acac)2 and MnIII(acac)3 and (MnII(acac)3)

1� calculated using restricted active space self-consistent field
(RASSCF) calculations and DFT calculations with the B3LYP functional

Complex Formal charge
Charge LoProp
RASSCF

Charge LoProp
B3LYP Unpaired electrons

Spin Mulliken
RASSCF

Spin Mulliken
B3LYP

MnIII(acac)3 3+ 2.08+ 1.61+ 4 3.85 3.90
MnII(acac)2 2+ 1.56+ 1.37+ 5 4.93 4.81
(MnII(acac)3)

1� 2+ 1.52+ 1.37+ 5 4.92 4.82

6820 | Chem. Sci., 2018, 9, 6813–6829 This journal is © The Royal Society of Chemistry 2018
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ligands,31 conrming that reduction or oxidation of the mole-
cule is not a reduction or oxidation of the metal ion but of the
whole molecule.29

Uncoupling the L-edge XAS shi from inuences of the ligand
environment

We proceed with establishing how the extra electron in the
articial (MnII(acac)3)

1� complex is expressed in the XAS
observable. The calculated RAS spectrum (XAS) of
(MnII(acac)3)

1� is compared to the MnIII(acac)3 spectrum in
Fig. 6(a).

Adding an electron to MnIII(acac)3 without changing struc-
ture shis the spectrum by �1.4 eV (L3-edge maximum). This
agrees, within 0.2 eV, with the calculated MnII(acac)2–
MnIII(acac)3 shi (Table 1), which motivates nding a common
explanation. Comparing spectra (XAS) of (MnII(acac)3)

1� and
MnII(acac)2 evidences in particular that intensities are redis-
tributed but the structures of the spectra and the L-edge
absorption energies, in particular, are very similar. A largely
constant value for the L3-edge energy with redistribution of
intensities between the multiplet components for Mn ions in
different ligand or crystal elds is consistent with the seminal
multiplet calculations of de Groot24 and van der Laan.26 The
remaining small L3-edge energy difference of 0.2 eV between
(MnII(acac)3)

1� and MnII(acac)2 is also consistent with the shi
of 0.1 eV for high-spin as well as for low-spin inorganic Fe
complexes with the same formal oxidation state but different

ligand elds.19 Importantly, we can conclude that the differ-
ences in ligand environment between MnII(acac)2 and
MnIII(acac)3 only have a minor effect on the L3-edge maximum
shi (on the 1 eV level addressed here).

Fig. 5 (a) Radial charge density (RCD) in the ground states of MnIII(acac)3 and (MnII(acac)3)
�1 (same geometry as MnIII(acac)3 plus one additional

electron). (b) RCD difference (RCD of (MnII(acac)3)
�1 from (a) minus RCD of MnIII(acac)3 from (a)). (c) Integrated RCD difference. (d) Radial spin

density (RSD) of MnIII(acac)3 and (MnII(acac)3)
�1. (e) RSD difference (RSD of (MnII(acac)3)

�1 from (d) minus RSD of MnIII(acac)3 from (d)). (f)
Integrated RSD difference. All properties were extracted from RAS calculations and are plotted versus the radius of a sphere around Mn. The
dashed vertical lines approximately indicate half the Mn–O bond length Rb. Note that some methyl groups were replaced by H atoms (see ESI†)
with negligible effect on the calculated charge and spin density distributions.

Fig. 6 (a) Calculated Mn L-edge absorption spectrum of
(MnII(acac)3)

1� (same geometry as MnIII(acac)3 with one additional
electron) compared to MnIII(acac)3 (same as in Fig. 4(d)). (b) Calculated
spectrum of MnII(acac)2 (same as in Fig. 4(c)). Relative energies of all
spectra are displayed as calculated.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6821
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Radial charge distribution (RCD) and radial spin distribution
(RSD) from RAS in the nal core-excited states

We can now transfer our analysis of radial charge and spin
density distributions calculated in RAS from the initial ground
states to the nal core-excited XAS states. In our spectral spin
multiplicity analyses for MnII(acac)2, MnIII(acac)3 (Fig. 4) and
(MnII(acac)3)

1� we have identied the predominant contribu-
tion of nal core-excited states with DS ¼ 0 in the L3-edge (see
Fig. S3 in the ESI† for the spin multiplicity analysis of the
(MnII(acac)3)

1� spectrum). To keep the analysis of our RAS
calculations manageable, we average over ve core-excited
states with DS ¼ 0, one for each of the ve most intense tran-
sitions in the L3-edge. Analysis of the relative spin orientations
shows that they are representative for the majority of the DS ¼
0 core-excited states.

The RCDs of initial ground and nal core-excited states of
(MnII(acac)3)

1� and MnIII(acac)3 are compared in Fig. 7, where
the latter are averaged over all nal states and spin multiplici-
ties. Upon 2p–3d excitation the changes in the RCDs are very
similar in both systems. Note that these curves are shown on
a logarithmic scale to focus on the intra-atomic density differ-
ences around Mn. Consistent with the expected 2p–3d

excitation process, it is apparent from Fig. 7(a, b, d and e) that
the charge density in the L-shell at 0.1 Å decreases, while it
increases in the M-shell at 0.4 Å. For both systems we observe
a small depletion of charge density at around the center of the
Mn–O bond at 1 Å, reecting a minimal polarization due to
Coulomb repulsion to the charge density added in the M-shell
upon 2p–3d core excitation. Above this distance, charge is not
signicantly reacting to the excitation process. Our observations
are consistent with the notion by van der Laan et al. that in L-
edge XAS the 2p “core electron can be excited into an efficient
screening orbital so that the perturbation on the remaining
ground-state electrons is small”.82 De Groot stated similarly that
in L-edge XAS “because the 3d electrons are relatively localized,
this is an almost self-screened process”.76 Our results thus
visualize, validate and quantify fundamental notions of L-edge
XAS of 3d transition-metal systems.

The radial spin densities (RSDs) of (MnII(acac)3)
1� and

MnIII(acac)3 in the initial ground and nal core-excited states
are compared in Fig. 8. For both (MnII(acac)3)

1� and
MnIII(acac)3 they show electron spin density increase in the 2p
shell at 0.1 Å and a decrease in the 3d shell at 0.4 Å upon 2p–3d
excitation. The integrated RSDs (Fig. 8(c and f)) show that for

Fig. 7 (a) Radial charge densities (RCD) from RAS of (MnII(acac)3)
1� in the initial ground states (IS) and averaged over the final core-excited states

(FS). (b) RCD difference of (MnII(acac)3)
1� (RCD of final core-excited state minus RCD of initial ground state, FS-IS). (c) Integrated RCD difference

of (MnII(acac)3)
1�. (d)–(f) The same for MnIII(acac)3. The dashed vertical lines indicate the location of L (2s, 2p) and M (3s, 3p, 3d) shell maxima and

approximately half the Mn–O bond length Rb.
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both systems the 2p spin density increases by one and the 3d
spin density decreases by one upon 2p–3d excitation. This
important observation allows us to determine the dominant 2p
and 3d spin congurations (one-electron spin orientations in
LS-coupling) in the nal core-excited states of the two systems.
For sextet MnII (DS ¼ 0) there is only one possible spin cong-
uration (see Table S1 in the ESI†) with parallel 2p and 3d spins
(spin orientation of the unpaired 2p electron in 2p5 relative to
that of the 3dn+1 net spin). For quintet MnIII (DS ¼ 0), in
contrast, two congurations are possible with either parallel or
antiparallel 2p and 3d spins and with different numbers of
effectively unpaired 3d electrons (Table S1†). The MnIII RSDs
and their (integrated) difference in Fig. 8(d–f) clearly identify
the predominant spin conguration in the MnIII quintet nal
states (DS¼ 0) as the one with parallel 2p and 3d spins. For nal
states with antiparallel 2p and 3d spins the 2p and 3d maxima
in the RSDs in Fig. 8(d) and their difference would have opposite
signs. For mixed nal states with similar contributions of
parallel and antiparallel 2p and 3d spins the changes in the spin
densities would be less than one. We thus nd that the pref-
erence for parallel 2p and 3d spin orientation is kept despite the
large 2p spin–orbit interaction and hence the nominal inap-
plicability of LS coupling.

On a more detailed level, we observe a contraction of the 3d
shell by 0.02–0.03 Å aer 2p–3d core excitation in both systems
due to the presence of the core hole (see Fig. 8(a) and (d)). This
observation will be important for the later discussion of the
edge shi.

The RCD and RSD analyses of the initial ground and nal
core-excited states have provided valuable insight into the L-
edge XAS process for each system. However, to understand
the L-edge XAS shi requires a closer comparison of the effects
of 2p–3d excitation in different oxidation states.

Contraction of the 3d shell, increase of electron affinity in the
nal core-excited states and L-edge XAS shi

In Fig. 9(a) and (d) we show difference curves of the RCDs and
RSDs of (MnII(acac)3)

1� minus MnIII(acac)3 for the initial
ground states and the nal core-excited states, respectively. The
ground-state curves are identical to those in Fig. 5 (now on
a logarithmic scale for the radius) and show only minor differ-
ences between MnII and MnIII. The most obvious difference
between the two systems is seen for the RSDs in Fig. 9(d), where
the maximum in the RSD difference lies 0.1 Å closer to the Mn
nucleus in the nal core-excited states compared to the initial
ground states. With the added spin reecting the extra 3d
electron, core excitation thus puts this electron closer to the
nucleus. In order to balance the shi of the extra electron in the
3d shell towards the Mn nucleus in the nal states, other elec-
trons in the doubly occupied orbitals are polarized such that
charge density is pushed away from Mn towards the oxygen
ligands (Fig. 9(b and c)).

This allows us to establish a qualitative explanation of the L-
edge XAS shi: the important observation is that the peak in the
spin density of the additional electron in the 3d shell (Fig. 9(d))
is shied by 0.1 Å to smaller radii upon 2p–3d excitation. With

Fig. 8 (a) Radial spin densities (RSD) from RAS of (MnII(acac)3)
1� in the initial ground states (IS) and final core-excited states (FS), where the latter

are averaged over five selected final core-excited states in the L3-edge with DS ¼ 0 (quintet for MnIII and sextet for MnII, see main text). (b) RSD
difference plot of (MnII(acac)3)

1� (RSD of final core-excited states minus RSD of initial ground state, FS-IS). (c) Integrated RSD difference of
(MnII(acac)3)

1�. (d)–(f) The same for MnIII(acac)3. The dashed vertical lines indicate the location of the 2p and 3d shell maxima. Insets in (b) and (e):
schematic depictions of the dominant spin configurations in the final core-excited states (black: paired spins, red: unpaired spins, term symbols
in LS-coupling, for initial-state and other final-state configurations see Table S1†).

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6823
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the extra 3d electron added closer to the nuclei, we naturally
interpret this as corresponding to a lower energy for that state,
or alternatively, as a higher electron affinity in the nal core-
excited states as compared to the initial ground state.
Although the polarization of the other electrons may partially
counteract this effect, the net result is still an increase in elec-
tron affinity for the core-excited state.

The relation between the electron affinity and the L-edge XAS
shi is outlined in a total energy scheme (Fig. 10). The lower
ground-state energy of (MnII(acac)3)

1� as compared to
MnIII(acac)3 represents an “attractive” affinity of 3.4 eV for
MnIII(acac)3 towards binding an additional electron (Fig. 10).
The same analysis for the core-excited states in the L3 maxima
gives, as predicted above, a higher affinity (4.9 eV). These values
underestimate the real electron affinity, as the geometry of the
reduced state is not allowed to relax. However, this error should
cancel when comparing differences of state energies. The
energy required to reach the nal core-excited states from the
initial ground state, i.e., the XAS L-edge energies (vertical arrows
in Fig. 10) is thus lower for the reduced complex. In this anal-
ysis, the difference in electron affinity of +1.5 eV is thus iden-
tical to the L-edge shi.

L-edge XAS shi between MnII(acac)2 and MnIII(acac)3

The validity of transferring arguments and conclusions from
the (MnII(acac)3)

1�-MnIII(acac)3 comparison to the MnII(acac)2–
MnIII(acac)3 comparison is shown in Fig. S4 in the ESI,† where
we compare the charge (RCD) and spin density (RSD)

differences between initial ground and nal core-excited states
for the three systems addressed here. The overall picture is the
same for both coordination environments of the reduced
complex, with differences in charge and spin density distribu-
tions on the level of 0.01–0.02 electron charges and 0.03 elec-
tron spins. This is consistent with the similarity in spectra and

Fig. 9 (a) Radial charge density (RCD) differences (RCD of (MnII(acac)3)
1�minus RCD of MnIII(acac)3) in the initial ground states (IS) and in the final

core-excited states (FS). (b) Difference of the RCD differences between initial ground and final core-excited states (RCD difference from (a)
between (MnII(acac)3)

1� and MnIII(acac)3 in the final core-excited states minus RCD difference from (a) between (MnII(acac)3)
1� andMnIII(acac)3 in

the initial ground state). (c) Integrated difference of RCD differences in (b)). (d–f) Corresponding plots for the radial spin density (RSD), with FS
densities averaged over selected states in the L3-edge with DS ¼ 0 (quintet for MnIII and sextet for MnII). The dashed vertical lines indicate the
location of L and M shell maxima and 2p and 3d shell maxima in (a–c) and (d–f), respectively, and approximately half the Mn–O bond length Rb.

Fig. 10 Total-energy level diagram of MnIII(acac)3 and (MnII(acac)3)
1�

for calculated initial ground and final core-excited states. The differ-
ence in the ground state energies of (MnII(acac)3)

1� and MnIII(acac)3
was directly extracted from the RAS calculations. The final core-
excited state energies are the RAS calculated L3-edge absorption
maxima for the multiplicity components with DS ¼ 0 (quintet for MnIII

and sextet for MnII, see Table 1).

6824 | Chem. Sci., 2018, 9, 6813–6829 This journal is © The Royal Society of Chemistry 2018
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relative L-edge absorption energies, and supports that our
explanation for the L-edge XAS shi applies equally for the shi
between spectra of MnII(acac)2 and MnIII(acac)3.

Connections to earlier ndings on L-edge XAS shape and shi

With our detailed description of the 2p–3d excitation process in
both reduced and oxidized states and in initial ground and nal
core-excited states, we can now connect our claims to previous
rationalizations of changes in spectral shape and energy shi
with oxidation state. We do this by evaluating the most relevant
2p–3d and 3d–3d Coulomb interactions by inspecting the
pairwise electron interactions for the electron or spin congu-
rations extracted from the observed changes in charge and spin
distributions. We note, however, that due to the extensive
changes in radial distributions for both oxidation-state change
and core excitation (Fig. 7–9) future andmore extensive analyses
will have to detail the changes in the numerous pairwise
interactions to ultimately distinguish and more exactly quantify
their respective contributions to the L-edge XAS shi. Here we
just estimate the various contributions to the shi to indicate
some of the most important consequences of our ndings and
how they relate to previous explanations of the shi.

Further, the spin analyses in Fig. 4 illustrate how the spectral
shape is affected by the relative energy of spin congurations
with different multiplicity or number of parallel spins.
Considering the near atomic nature of the spin distribution in
all systems revealed by the RSD plots, it is clear that multiplet
and ligand-eld theory can be used to explain the main features
of the spectral shape. As an example, the larger spectral width of
the L3-edge of MnIII(acac)3 compared to MnII(acac)2 is due to the
larger multiplet splitting of the nal states in MnIII 2p53d5

quintet (DS ¼ 0) compared to MnII 2p53d6 sextet (DS ¼ 0) (ref.
35). This is an important consistency test to see this funda-
mental intra-atomic property to be correctly reected in the
molecular RAS calculations.

Most importantly, we have identied the dominant spin
congurations in the nal core-excited states with DS ¼ 0 (sextet
in MnII and quintet in MnIII) to the ones with parallel 2p and 3d
spins for both systems (see insets in Fig. 8(b) and (e)). Upon
transitions from the initial to these nal states the changes in the
number of 2p–3d and 3d–3d pairwise electron interactions with
parallel spin is the same for both MnII and MnIII (compare the
number of exchange integrals K in initial and nal states for MnII

and MnIII in Table S1†). Contributions of exchange interactions
to the shi between the L3-edge absorption maxima of MnII and
MnIII can, therefore, to rst approximation, be neglected. This
therefore excludes the notion of a varying number of unpaired 3d
electrons dominating the L-edge XAS shi and reduces the
atomic analysis to the direct Coulomb interactions.

Instead, counting the changes in the number of all electron
pairs (direct Coulomb integrals) reveals that the contribution to
the MnII–MnIII L-edge XAS shi is one extra 2p–3d interaction
and one less 3d–3d interaction (compare the number of
Coulomb integrals J in initial and nal states for MnII and MnIII

in Table S1†). As the 2p–3d Coulomb interactions (Q) are larger
than the 3d–3d Coulomb interactions (U) (see Table S2†) the L3-

edge shi is to higher energies for MnIII compared to MnII. This
particular contribution to the L-edge XAS shi amounts to the
“Q–U explanation” of the shi with oxidation-state change by
van der Laan and Kirkman.26 In addition to changes in the
number of interactions, the size of each interaction is different
in initial and nal states, and also between oxidation states. This
will also affect the relative energies. Still, as the (direct) Coulomb
interactions are about one order of magnitude larger than the
exchange interactions (see Table S2†), we nd that within the
restrictions made here (transitions DS ¼ 0 nal states and by
counting the corresponding changes in pairwise electron inter-
actions) the oxidation-state dependent L-edge XAS shi is
dominated by differences in direct Coulomb interactions in the
nal core-excited states. The same analysis for the L3-edge shi
between MnIII and MnIV, gives the same result (negligible
contribution of exchange interactions and dominance of direct
Coulomb interactions), consistent with experimentally observed
shis of 1.5–2 eV for both MnIII to MnIV and MnII to MnIII.22,25

Alternatively, if the shi was due to increased screening of
the 2p core hole by the extra electron in the reduced complex,
the expected effect would be a displacement of the 2p spin
density in the nal state towards larger radius in the RSD plots
in Fig. 9(d–f). Such a shi cannot be seen. As outlined in
Materials and methods, our calculations do not properly
account for relaxation of the 2p shell during the core-excitation
process state. However, signicant screening by the added
electron would have increased the 2p radius already in the
ground state. There are changes in the electron density at short
distances upon reduction (Fig. 9(a)), but these changes seems to
be too small to have a signicant effect on the 2p radial distri-
bution. Considering the radial distributions, the extra 3d elec-
tron has a low probability of being between the 2p hole and the
nuclei, and the screening of the hole is therefore small and
possibly counteracted by the expansion of the M shell. Accurate
quantication of these effects would require a detailed analysis
using a more exible treatment of the 2p orbitals, but at this
level there is no evidence that the 2p shell is signicantly
affected by the reduction process. This argues against core hole
screening as the dominant contribution to the spectral shi.
Using similar arguments, the proposed large effect of the 2p–3d
excitation on the extra 3d electron in the reduced complex can
also be rationalized. The 2p hole effectively acts as an additional
proton, and the excited electron in the 3d shell only partially
screens this interaction, leading to signicant changes in the
position of the extra 3d electron.

The concept of effective nuclear charge Zeff83 conceptually
overlaps with our ndings, and it would be interesting to nd
a way to explicitly calculate this property in the nal core-excited
states. However, considering the large differences in electron–
electron interactions in ground and excited states, such
a calculation does not appear to be straightforward.

In addition to changes in oxidation state, there are other
factors that also lead to L-edge shis. FeII systems that can exist
in different spin states exhibit a distinct shi to lower energy for
the high-spin compared to the low-spin state.49 For low-spin
iron systems like the hexacyanides, it has been shown that
changes in oxidation state lead to a change in the ligand-eld

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6825
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strength that is directly reected in the shi.83 In our analysis
we have isolated the basic origin of the oxidation-state shi by
deliberately choosing ionic complexes where the effect of the
ligand environment is relatively small. Here high-spin d4 and d5

complexes are ideal because changes in the ligand eld have
relatively small effects on the average energy of the congura-
tion. The ground states of two complexes with neighboring
oxidation states as chosen here inevitably have different spin
states. By focusing on the DS ¼ 0 component in the L-edge
absorption process, however, the changes in the number of
exchange interactions upon 2p–3d excitation is the same for the
different oxidation states thereby uniquely connecting the L-
edge XAS shi to changes in the oxidation state. Finally, the
L-edge energies can also be affected by the coordination
number, as shown for iron tetra- and hexachlorides.19 We esti-
mated this and accounted for this effect here by introducing an
articial six-coordinate MnII complex, an approach made
possible by the ab initio RAS simulations. This enables us to
dissect the problem and focus here on the basic origin of the L-
edge shi with changes in the oxidation state.

An important future test of our approach would be to apply it
to high-spin FeII (d6) and FeIII (d5) compounds19,23 as well as
complexes with strong ligand elds where there are signicant
changes in metal–ligand interaction in different oxidation
states.83,84 It may also be useful to analyze charge- and spin-
density changes along specic bonds in the complex to recon-
cile the observations made here with established concepts on
how coordination number and structure affect the L-edge XAS
shi. To further asses the importance of core–hole screening it
will in addition be interesting to compare charge and spin
densities in the nal states of L-edge XAS and XPS (X-ray
photoelectron spectroscopy) as in XPS “the initial ground-
state valence electrons experience the full potential of an
unscreened core hole”.82

For 3d transition metal XAS or XANES we here uniquely relate
charge and spin density changes in the initial ground and nal
core-excited states. This is of paramount importance not only to
ascertain the information content of metal L-edge absorption
spectroscopy. More importantly it explicitly tells us how charge
and spin “are spread in space” at and around themetal. In future
applications our approach may thus prove useful in predicting
and probing how metal charge and spin densities change in
photocatalytic reactions, in photochemical reactions and in
biological processes involving metalloproteins. This will be
essential to understand and ultimately control chemical reac-
tivity in redox reactions of transition-metal systems.

Considering that the approach presented here gives an
integrated picture of changes in spin and charge density, it
would also be interesting to combine it with EPR spectroscopy
that gives complementary information about the relation
between spin and formal oxidation state.

Summary and conclusions

We present a combined experimental and theoretical investi-
gation of Mn L-edge absorption spectra of MnII(acac)2 and
MnIII(acac)3 in solution. The spectra were measured in

a protocol that avoids X-ray induced sample damage in partial
uorescence yield mode and show the well-known and distinct
increase in L-edge absorption energy (L-edge XAS shi) from
MnII(acac)2 to MnIII(acac)3 indicating the increasing oxidation
state of the system. The experimental spectra are compared to
spectra and radial charge and spin density distributions
calculated with the restricted active space (RAS) molecular
orbital method. With these ab initio calculations we uncouple
the discussion of the L-edge XAS shi from the possible inu-
ence of the geometry of the complexes and focus exclusively on
the role of charge and spin density changes at the metal sites for
the spectral shi. Our results validate the picture from quantum
chemical calculations that formal oxidation (or reduction) does
not lead to distinct changes in metal charge. In accordance with
this picture we demonstrate how L-edge XAS probes the elec-
tronic structure locally at the metal site in terms of changes in
charge and spin density changes.

For the chosen high-spin systems with weak ligand elds,
the L-edge absorption energies and the shape of the spectra are
largely determined by atomic multiplet effects in the nal core-
excited states. The incident energy shi of 2.0 eV, quantied by
the L3-edge maximum, is reproduced by RAS within 0.3 eV. This
good agreement makes it for the rst time possible to study
changes in electronic structure for different redox states and
core excitation on an equal level of approximation using an
accurate molecular-orbital method. We do this through
a detailed analysis of radial distributions of charge and spin
densities in the initial ground and nal core-excited states of
the systems.

In agreement with earlier studies of ground and valence
excited states of metal complexes, we nd that upon reduction of
MnIII toMnII the number of electrons in theMn 3d shell and thus
the local spin density increases by unity. In contrast, the local
charge at the Mn atom increases only by a fraction of an electron
and the remaining charge is distributed over the ligands.

In the Mn systems studied here, we nd the charge and spin
densities at distances beyond the Mn 3d shell, namely in the
bonds with the ligands, to react only to a negligible degree to 2p-
3d excitation. This shows, in agreement with common notions,
that aer core-excitation the charge missing in the 2p shell is
almost perfectly self-screened towards the ligands by the addi-
tional core-excited 3d electron. There is no evidence that the 2p
shell is signicantly affected by the reduction process. This
argues against core hole screening as the dominant contribu-
tion to the spectral shi. We thus visualize, validate and
quantify fundamental notions of L-edge XAS of 3d transition-
metal systems and propose an improved description of how
charge and spin densities are reected in the spectra beyond the
notation of formal oxidation states.

Effects on the 3d shell are found to be more signicant. The
differences in spin density distributions exhibit a shi by 0.1 Å
towards the Mn nucleus in the nal core-excited states
compared to the initial ground states, interpreted as
a compression of the 3d orbitals. We associate this contraction
of the 3d shell in the core-excited states with an increased
electron affinity of the metal complex. This decreases the energy
required to reach the core-excited states of the reduced species

6826 | Chem. Sci., 2018, 9, 6813–6829 This journal is © The Royal Society of Chemistry 2018

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
7/

20
18

 8
:5

2:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



and gives a chemically intuitive picture of the L-edge XAS shi.
The shi is due to changes in the direct (classical) Coulomb
interactions in the nal states when changing the nominal
oxidation state.

Given the still qualitative nature of our explanation of the L-
edge shi, the next step is to exactly quantify the predominant
interactions and their energy contributions relevant to the L-
edge absorption shi, based on RAS calculations, by, e.g., dis-
secting the shi into individual energy contributions of
exchange energy and of direct Coulomb terms for all relevant
electron–electron and electron–nuclei interactions. This
remains an appealing target for future studies. We furthermore
expect that more specic analyses of charge and spin contri-
butions, e.g. along specied bond axes in the molecule, provide
further insight into how charge and spin density changes
determine L-edge absorption energies. Important future exten-
sions may also include the study of Fe high-spin systems to
assess in more detail the relative importance of symmetry or
structure and oxidation state, as well as investigations of
complexes with stronger ligand elds with signicant changes
in metal–ligand interaction in different oxidation states. It will
also be important to extend our unied picture of how charge
and spin densities change upon oxidation changes to other
important techniques such as X-ray photoelectron spectroscopy
and EPR.

We expect that our unied approach of explicitly relating the
L-edge absorption spectra of 3d transition-metals to their local
charge and spin densities will be applicable to a large number of
inorganic metal complexes, metalloproteins and transition-
metal catalysts. The conceptual innovation presented here
uniquely relates changes in the valence electronic structure as
probed by L-edge absorption spectroscopy to changes of charge
and spin densities around the metal site and thus reveals how
changes in the formal metal oxidation state determine L-edge
absorption energies. Knowing how charge and spin “are
spread in space” at and around the metal is essential for
a mechanistic understanding of photocatalytic and photo-
chemical reactions and of biological function of metal-
loproteins. The improved description of L-edge XAS presented
here could build a new basis for understanding and ultimately
controlling redox-catalytic reactions of molecular complexes
and metalloproteins.
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Chem. Rev., 2014, 114, 11863–12001.

9 R. H. Holm and E. I. Solomon, Chem. Rev., 2004, 104, 347–
348.

10 R. H. Holm and E. I. Solomon, Chem. Rev., 2014, 114, 3367–
3368.

11 U. Bergmann and P. Glatzel, Photosynth. Res., 2009, 102, 255–
266.

12 J. Kern, R. Alonso-Mori, R. Tran, J. Hattne, R. J. Gildea,
N. Echols, C. Glöckner, J. Hellmich, H. Laksmono,

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6813–6829 | 6827

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 8

/2
7/

20
18

 8
:5

2:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



R. G. Sierra, B. Lassalle-Kaiser, S. Koroidov, A. Lampe,
G. Han, S. Gul, D. DiFiore, D. Milathianski, A. Fry,
A. Miahnahri, D. W. Schafer, M. Messerschmidt,
M. M. Seibert, J. E. Koglin, D. Sokaras, T. C. Weng,
J. Sellberg, M. J. Latimer, R. W. Grosse-Kunstleve,
P. H. Zwart, W. E. White, P. Glatzel, P. D. Adams,
M. J. Bogan, G. J. Williams, S. Boutet, J. Messinger,
A. Zouni, N. K. Sauter, V. Yachandra, U. Bergmann and
J. Yano, Science, 2014, 340, 491–495.

13 B. Gilbert, B. H. Frazer, A. Belz, P. G. Conrad, K. H. Nealson,
D. Haskel, J. C. Lang, G. Srajer and G. De Stasio, J. Phys.
Chem. A, 2003, 107, 2839–2847.

14 P. Glatzel and U. Bergmann, Coord. Chem. Rev., 2005, 249,
65–95.

15 T. Kroll, R. G. Hadt, S. A. Wilson, M. Lundberg, J. J. Yan,
T. C. Weng, D. Sokaras, R. Alonso-Mori, D. Casa,
M. H. Upton, B. Hedman, K. O. Hodgson and
E. I. Solomon, J. Am. Chem. Soc., 2014, 136, 18087–18099.

16 M. A. Beckwith, M. Roemelt, M. N. Collomb, C. DuBoc,
T. C. Weng, U. Bergmann, P. Glatzel, F. Neese and
S. DeBeer, Inorg. Chem., 2011, 50, 8397–8409.

17 T. J. Penfold, M. Reinhard, M. H. Rittmann-Frank,
I. Tavernelli, U. Rothlisberger, C. J. Milne, P. Glatzel and
M. Chergui, J. Phys. Chem. A, 2014, 118, 9411–9418.

18 F. De Groot, J. Electron Spectrosc. Relat. Phenom., 1994, 67,
529–622.

19 E. C. Wasinger, F. De Groot, B. Hedman, K. O. Hodgson and
E. I. Solomon, J. Am. Chem. Soc., 2003, 125, 12894–12906.

20 R. K. Hocking, E. C. Wasinger, Y.-L. Yan, F. De Groot,
F. A. Walker, K. O. Hodgson, B. Hedman and
E. I. Solomon, J. Am. Chem. Soc., 2006, 129, 113–125.

21 F. De Groot and A. Kotani, Core level spectroscopy of solids,
CRC press, 2008.

22 M. Kubin, J. Kern, S. Gul, T. Kroll, R. Chatterjee, H. Löchel,
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X-ray Dose Accumulated in a Probed Sample Volume 

X-ray dose is the ratio of absorbed energy and absorbing mass. For flowing solution samples 

the choice of the absorbing volume and thus mass is often ambiguous. In order to provide an 

upper limit for the dose absorbed under our experimental conditions we herein calculate the 

“skin dose” (see refs. 22,40 in the main paper). This is the dose absorbed by a sample volume 

spanned by the surface area that exposed to the x-ray beam and the attenuation length of 

the sample (here =1.44 µm for ethanol and=1.14 µm for acetylacetone at 640 eV photon 

energy). We experimentally determined the horizontal liquid jet diameter to djet=20±4 µm and 

22±4 µm for the MnII(acac)2 and MnIII(acac)3 solution samples, respectively, the x-ray focus 

size to H×V=100×90 µm² (horizontal×vertical, FWHM), and the beamline flux to 

=(5.4±0.1)x1012 photons/s at h=640 eV photon energy. Only a portion ≈djet/H of the 

photons hit the sample due to the smaller horizontal size of the liquid jet as compared to the 

horizontal focus size. For the MnII(acac)2 and MnIII(acac)3 solution samples we measured 

sample flow rates F of 8.5±1.5 µl/min and 12±0.1 µl/min, respectively, corresponding to jet 

velocities vjet=4F/(·djet²)=0.45±0.20 m/s and 0.53±0.20 m/s and illumination times 

t=V/vjet=200±90 µs and 170±70 µs, respectively. The resulting skin dose Ds is calculated via 

𝐷𝑠 =
Φ ⋅ 𝜂 ⋅ hν ⋅ t ⋅ (1 − 1/e) ⋅ 0.761

𝜌 ⋅ Λ ⋅ 𝑑𝑗𝑒𝑡 ⋅ V
=

Φ ⋅ hν ⋅ djet
2 ⋅ π ⋅ (1 − 1/e) ⋅ 0.761

4 ⋅ 𝐹 ⋅ 𝐻 ⋅ ρ ⋅ Λ
 

where we used the above defined identities and where the factors (1-1/e) and 0.761 account 

for the portions of photons absorbed within and contained within the vertical focus size V 

(FWHM), respectively. With (ethanol)=789 kg/m³ and (acetylacetone)=980 kg/m³ the skin 

doses estimated for solution samples of MnII(acac)2 in ethanol and MnIII(acac)3 in 

acetylacetone are 5200±2300 Gy and 4600±1700 Gy, respectively (1 Gy= 1 J/kg).  
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Structures and Orbitals of MnII(acac)2, MnIII(acac)3, and (MnII(acac)3)1- 

 

For the approximately tetrahedral (Td) MnII(acac)2 complex we find for the four Mn-O bonds, 

Mn to O distances of 2.06 Å (Figure 1 (a) in the main paper). The point group is D2d but as 

MOLCAS only handles Abelian point groups, the subgroup C2v is used for all calculations and 

for labeling the orbitals. The six-coordinated MnIII(acac)3 complex has C2 symmetry and the 

octahedral ligand environment is affected by a strong Jahn-Teller distortion (refs. Forman 

(1959) and Stults (1979) in this document) leading to approximate D4h symmetry (Figure 1 (b) 

in the main paper). 

Compared to the published x-ray structure of MnIII(acac)3 (ref. Stults (1979) in this document), 

the deviation between Mn-O distances is only 0.01 Å, except along the Jahn-Teller axis where 

the distance is overestimated by 0.05 Å. For MnII(acac)2 we are not aware of any 

crystallographic data since the compound crystallizes as MnII(acac)2 trimers (ref. Shibata 

(1984) in this document) resulting in a six-coordination of each Mn with Mn-O bond lengths 

between 2.1 and 2.2 Å. The Mn-O bond length of 2.06 Å from DFT optimization for MnII(acac)2 

(Figure 1 (a) in the main paper) is consistent with this. The difference in Mn-O bond lengths of 

MnII(acac)2 and MnIII(acac)3 as well as the Jahn-Teller distortion of MnIII(acac)3 are also 

reflected in the results of infrared (IR) spectroscopy, published in refs. Forman (1959) and 

Shapkin (2006). 

 

 

 

Figure S1. Calculated plots of selected valence orbitals of (a) MnII(acac)2 in Td and C2v symmetry and of (b) 
MnIII(acac)3 and (MnII(acac)3)1- in Oh and D4h symmetry. Details of the calculations can be found in the 
Methods and Materials section of the main paper. Different phases of the orbitals (derived from RAS 
calculations, representing the active space for calculated RAS spectra) are shown in blue and red and orbitals 
are displayed with an isovalue of 0.02 au.  
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Decomposition of the RAS Spectra into Orbital Components  

 

In MnII(acac)2 from the sextet e2t2
3 (Td) ground state, excitations to both e and t2 orbitals 

contribute with similar relative intensity over almost the entire range of the spectrum (Figure 

S2 (a)). The one-electron picture of excitations to distinct orbitals is consequently not 

appropriate for interpreting individual features. The orbital analysis of MnIII(acac)3 (t2g
3eg

1 in 

Oh) looks different (exclusive excitation to eg and partial depopulation of t2g, Figure S2 (b)), but 

the conclusion is very similar: Strong mixing of different electron configurations in the final 

states gives close to unity occupation numbers for all orbitals over the entire spectral range, 

which corresponds to a change in occupation number of zero for all orbitals except for the 

initially unoccupied eg (b1g or dx2-y2, see Figure 1 (b) of the main paper) orbital in MnIII(acac)3 

where it is unity. 

Spin Multiplicity Analysis of (MnII(acac)3)1- 

We further plot in Figure S3 the calculated RAS spectrum of (MnII(acac)3)1- decomposed 

according to the spin multiplicity components sextet, quartet, and doublet. As could be 

expected, the spin multiplicity analysis of the (MnII(acac)3)1- RAS spectrum also gives very 

similar results as for MnII(acac)2 (Figure 4 (c) in the main paper). 

 

Figure S2. Calculated RAS absorption spectra (XAS not PFY-XAS) decomposed according to the relative 
orbital contributions in the final core-excited states for (a) MnII(acac)2 (Td labels) and (b) MnIII(acac)3 (Oh 
labels). 

Figure S3. Contribution of (spin) multiplicities 2S+1 in the core-excited final XAS states for (MnII(acac)3)-1 as 
obtained from the RAS calculations. The absolute photon energies of the spectrum are calibrated as in the 
main paper.  
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Initial Ground-State and Core-Excited State Configurations for MnII and MnIII with S=0 

within the LS Coupling Scheme and Number of Coulomb and Exchange Integrals 

 

 

Slater Integrals 

To quantify the energies of different configurations we use Coulomb (J) and exchange (K) 

integrals, where the total interaction between electrons of opposite spin is J, and the 

interaction between electrons of parallel spin is (J-K). As the effect of the ligand environment 

is small for the complexes studied here, it is reasonable to start with an analysis based on 

atomic theory, in which case the integrals J and K can be derived from the Slater integrals for 

direct and exchange Coulomb interactions, Fk and Gk
,(ref. Slater (1929)) in the terminology of 

R. D. Cowan (ref.78 of the main text).  In Table S2 we list the average J and K integrals for ionic 

MnII and MnIII initial ground and MnII 2p53d6 and MnIII 2p53d5 final core-excited states for 

respective p (2p) and d (3d) electron interactions (the corresponding Slater integrals were also 

calculated and are identical to the values reported in ref.26 of the main paper). 

  

Table S1. Electron spin configurations and number of Coulomb (J) and exchange (K) integrals of the MnII 3d5 
and MnIII 3d4 initial ground state configurations and the MnII 2p53d6 and MnIII 2p53d5 final core-excited state 
configurations (black: paired spins, red: unpaired spins). 
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Table S2. Calculated energies of electron-electron interactions for Coulomb (J) and exchange (K) integrals for p 

(2p) and d (3d) electrons relevant to L-edge XAS of MnII and MnIII
 for initial ground states (IS) and final core-

excited states (FS).  Averaged values of J and K integrals are given where averages were performed over all pairs 

of possible interactions in (d,d) and (p,d) orbitals.  

Integral MnII IS MnIII IS MnII FS MnIII FS 

J(d,d) 22.56 24.43 24.32 26.09 

J(p,d) 31.34 33.31 33.63 35.47 

K(d,d) 0.85 0.95 0.92  1.01 

K(p,d) 0.70 0.81 0.84 0.94 

 

The J and K integral values in Table S2 represent averages over interactions of electrons in all 

different tuples of the different orbitals spreading over ranges up to 9.6% (J(d, d)), 4.5% (J(p, 

d)), 65% (K(d, d)) and 162% (K(p, d)), relative to these average values. For example, in the 

excited states of MnII (MnIII) the J integrals spread from 23.3 to 25.6 eV (24.9 to 27.4 eV) for 

J(d, d) and from 32.9 to 34.4 eV (34.7 to 36.3 eV) for J(p, d), while the K integrals spread from 

0.55 to 1.15 eV (0.61 to 1.26 eV) for K(d, d) and from 0.16 to 1.52 eV (0.18 to 1.71 eV) for K(p, 

d).  

The number of direct and exchange Coulomb interactions (number of J and K integrals) in the 

final core-excited states are given in Table S1. Together with the corresponding numbers in 

the initial ground states of the two systems (also given in Table S1) we can now calculate how 

the number of J and K integrals changes for going from initial to final states and for going from 

MnII to MnIII. For MnII the 2p-3d excitation process changes the number of exchange Coulomb 

interactions K(p, d) and K(d, d) by  2 and 0, respectively (see Table S1). For MnIII and upon 2p-

3d excitation the number of K(p, d) and K(d, d) integrals as well changes by 2 and 0, 

respectively (ΔS=0 final states with parallel 2p and 3d spins). The net difference of changes in 

the number of exchange interactions between MnII and MnIII upon 2p-3d excitation is thus 

zero. 

In MnII and upon 2p-3d excitation the number of direct Coulomb interactions J(p, d) and J(d, 

d) changes by 0 and 5, respectively, in (Table S1). For MnIII the number of J(p, d) and J(d, d) 

integrals changes by 1 and 4, respectively. The contribution to the shift when going from MnII 

to MnIII is then +1 J(p, d) and -1 J(d, d). As J(p, d)>J(d, d) (see Table S2) this qualitatively explains 

the L-edge XAS shift to higher energies for MnIII compared to MnII (for the ΔS=0 final states 

with parallel 2p and 3d spins). 

Some of the observations from the RSD analysis can be directly related to the size of the 

Coulomb integrals. The smaller pairwise interactions in the initial ground state of MnII as 

compared to MnIII (see Table S2) is directly related to the expansion of the 3d shell upon the 

addition of an extra electron (Figure 5 (d) in the main paper). In the same way, the contraction 

of the 3d shell upon core excitation (Figure 9 (d) in the main paper) is consistent with the 
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larger interactions for the final core-excited states relative to the initial ground states (Table 

S2, and ref.26 in the main paper). 

Comparison of Charge and Spin Density Differences for MnII(acac)2 and (MnII(acac)3)1- 

 

  

Figure S4. (a) Radial charge density (RCD) differences (RCD of core-excited final state minus RCD of ground 
initial state) of (MnII(acac)3)1-, MnII(acac)2, and MnIII(acac)3 (in units of one electron charge per Å, averaged 
over all core-excited states). (b) Differences of RCD differences from (a) between (MnII(acac)3)-1 and 
MnIII(acac)3 and between MnII(acac)2 and MnIII(acac)3. (c) Integrated RCD differences (integrals of the RCD 
differences from (b), in units of one electron charge). (d) Radial spin density (RSD) differences (RSD of core-
excited state minus RSD of ground state) of (MnII(acac)3)1-, MnII(acac)2, and MnIII(acac)3 (in units of one 

electron charge per Å, averaged over five selected core-excited states in the L3-edge with S=0, namely sextet 
for (MnII(acac)3)-1 and MnII(acac)2 and quintet for MnIII(acac)3). (e) Differences of RSD differences from (d) 
between (MnII(acac)3)-1 and MnIII(acac)3 and between MnII(acac)2 and MnIII(acac)3. (f) Integrated RSD 
differences (integral of the RSD differences from (e), in units of one electron charge). All properties were 
extracted from our RAS calculations (see Methods and Materials section in the main paper) and are plotted 
versus the radius of a sphere around Mn.  The dashed vertical lines indicate the location of L and M shell 
maxima in the charge distributions, of the 2p and 3d shell maxima in the spin density distributions and 
approximately half the Mn-O bond length Rb (some methyl groups were replaced by H atoms, see Figure 1 of 
the main text, with negligible effect on the calculated charge density distributions). 



Supporting Information, Kubin et al. (2018) 

S8 
 

References of the Supporting Information 

S1 A. Forman and L. E. Orgel, Molecular Physics, 1959, 2, 362-366. 

S2 B. R. Stults, R. O. Day, R. S. Marianelli and V. W. Day, Inorganic Chemistry, 1979, 18, 

1847-1852. 

S3 S. Shibata, S. Onuma and H. Inoue, Chemistry Letters, 1984, 13, 485-486. 

S4 N. P. Shapkin, V. I. Razov, I. V. Tonkikh, I. V. Svistunova, A. S. Skobun and K. A. 

Goncharova, Russian Journal of Coordination Chemistry, 2006, 32, 359-363. 

S5 J. C. Slater, Physical Review, 1929, 34, 1293-1322. 

 

 

 



Appendix A

Estimated Fluorescence Yields for PS II Samples

In this section, the average amount of Mn Lα,β and O Kα �uorescence photons is
estimated for a typical solution sample of photosystem II, as studied in Paper

I of this thesis. The assumptions and intermediate steps of these estimates are
summarized in Table 5.1: The concentration of manganese in the sample is 0.8 mM
(1 M = 1 mol/l) and that of oxygen is 50 M (see also the Supporting Information
of Paper I). The attenuation length at a photon, incident on the sample, with
a photon energy of 640 eV, is approximated with that of liquid water Λabs = 0.8µm.

The probability that a photon with hν = 640 eV incident on the sample is
absorbed within the attenuation length Λabs, speci�cally by a manganese or oxygen
atom, is then

Pabs = 1− exp(−c · σ · Λabs),

as estimated with Beer-Lambert's law. Thus, in a solution sample of photosystem
II, the probability that within Λabs. an incident photon is absorbed by an oxygen
atom is around 62% and that for manganese is between 0.0038% ("o�-peak",
with an estimated cross section of around σ ∼1Mb; see Paper III) and 0.038%
("on-peak", i.e. at the Mn L3 absorption maximum with an estimated cross
section of around σ ∼10Mb; see Paper III). The probability Pabs for absorption
of an incident photon by oxygen is, thus, three to four orders of magnitude larger
than that for absorption by manganese.

The probability for emission of a �uorescence photon by manganese (Mn Lα,β)
or by oxygen (O Kα), subsequently after absorption of an X-ray photon by the
sample, can now be approximated with Pabs×Pemis, where Pemis is the �uorescence
probability reported in ref. [80] (see Table 5.1). These �uorescence probabilities
are around 1.9× 10−6 ("on-peak") and around 1.9× 10−7 ("o�-peak") for Mn Lα,β
and around 5.0× 10−3 for O Kα emission.

Since for the potential detection of a �uorescence photon, emitted from within
the sample bulk, this photon has to escape the sample bulk towards the spec-
trometer without being reabsorbed, the probability for photon escape needs to be
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Table 5.1: Comparison of absorption and �uorescence probabilities for Mn Lα,β
and O Kα �uorescence yields from photosystem II in solution, probed
with ∼640 eV X-ray photons.

Mn (On-peak) Mn (O�-peak) O
c (mol/l) [74] 8× 10−4 8× 10−4 ∼50
c (1/µm3) 4.8× 105 4.8× 105 3.0× 1010

σ (Mb) ∼ 10 [78] ∼ 1 [78] 0.4 [104, 103]
σ (µm2) 1× 10−9 1× 10−10 4× 10−11

Pabs 3.8× 10−4 3.8× 10−5 0.62
Pemis [80] 5.0× 10−3 5.0× 10−3 8.0× 10−3

Pesc 4.3× 10−1 4.3× 10−1 6.1× 10−1

Pemis×Pabs 1.9× 10−6 1.9× 10−7 5.0× 10−3

Pemis×Pabs×Pesc 8.2× 10−7 8.2× 10−8 3.1× 10−3

Figure 5.1: Simpli�ed geometry assumed to estimate the "sample-averaged" escape
probability Pesc from the X-ray attenuation length Λabs of the liquid
sample with respect to the incident X-rays and the X-ray attenuation
length Λemis with respect to X-ray �uorescence.

considered for the "sample-averaged" �uorescence probability. The escape proba-
bility Pesc is derived analytically (for an angle of incidence of 45◦ and an angle of
emission of 45◦, as illustrated in Figure 5.1)

Pesc =

∫ Λabs.

0

[1/Λabs · exp(−z/Λabs) · exp(−z/Λesc)] dz

using Λabs=0.8µm and Λesc(H2O, hν=640 eV)=0.8µm for Mn Lα,β and Λesc(H2O,
hν=525 eV)=9.3µm for O Kα �uorescence.

Including reabsorption e�ects, hence, the "sample-averaged" �uorescence proba-
bility is estimated with Pabs×Pemis×Pesc. These probabilities are around 8.2×10−7

("on-peak") and around 8.2×10−8 ("o�-peak") for Mn Lα,β and around 3.1×10−3

for O Kα emission. In chapter 2, these "sample-averaged" probabilities are used
for estimating the �uorescence yields, expected from photosystem II in solution.
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