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Abstract 
 

 

Active sites of bio-inorganic systems usually contain one or more transition metal 

centers, which act as catalysts for the intended chemical transformation. Nature 

remarkably often utilizes the element manganese in the metabolism of dioxygen and 

oxygen-based reactants, such as hydrogen peroxide or water. An illustrative example is 

the oxidative decomposition of water into molecular dioxygen, which is catalyzed by a 

tetranuclear manganese cluster at the active site of photosystem II in green plants, algae, 

and several cyanobacteria. This process is driven by solar light and, hence, received a lot 

of attention in the context of solar fuels. Due to the size and complexity of the involved 

protein systems, the molecular mechanisms of these processes are often unknown and the 

structure elucidation of the active sites is difficult to achieve. EPR (electron paramagnetic 

resonance) spectroscopy is an important tool for the characterization of such open-shell 

transition metal systems. Quantum-chemical methods provide substantial assistance for 

the analysis and interpretation of the complicated spectra of large biological systems. 

Especially density functional theory (DFT) is used extensively to provide insight into the 

molecular and electronic structure of the active sites and has become an established tool 

for the considerably large biological systems. The complexity of the systems and their 

electronic structure require frequently the use of broken-symmetry DFT techniques. 

Hence, spin-projection techniques, which may strongly affect the quality of the calculated 

results, have to be applied to the quantum-chemical data before comparison with 

experimental EPR data.  

In this work, DFT is used to study the molecular and electronic structure of several 

bio-inorganic manganese systems. In particular, it aims at providing high-quality 

quantum-chemically calculated EPR parameters. In the first results part (Chapter 5), the 

focus lies on the description of quantum-chemically calculated hyperfine (HFC) 

interactions in dinuclear Mn
III

Mn
IV

 model complexes. The quality and limits of the 

applied spin-projection technique are studied in detail. In the second part (Chapter 6), a 

study on the active site of manganese catalase in its Mn
III

Mn
IV

 oxidation state is 

presented. Several structures are proposed and analyzed on the basis of their EPR 

properties, and a new semi-empirical scaling of manganese HFCs is proposed. The last 

part (Chapter 7) presents investigations on the oxygen-evolving complex of photosystem 



II 

 

II in its S2 state. The first section describes the evaluation of EPR parameters for different 

proposed structural models. The quality of spin-projection techniques for such 

multinuclear systems is discussed in detail. The second section presents a study on the 

binding of ammonia to the manganese cluster. Calculated 
14

N EPR parameters are used to 

determine the binding site and the chemical nature of the ammonia-derived ligand. 

 

 



III 
 

Zusammenfasung 
 

 

Die aktiven Zentren vieler bioanorganischer Systeme enthalten als wichtigen 

Bestandteil eines oder mehrere Übergangsmetallzentren, die meistens als Katalysator für 

die jeweilige Umsetzung fungieren. Für den Metabolismus von Sauerstoff und Sauerstoff-

basierten Reaktanden, wie Wasser oder Wasserstoffperoxid, findet man in der Natur sehr 

häufig die Verwendung des Übergangmetalls Mangan. So katalysiert beispielsweise ein 

vierkerniger Mangancluster im Reaktionszentrum des Photosystem II in grünen Pflanzen, 

Algen sowie diversen Cyanobakterien die oxidative Zersetzung von Wasser zu 

molekularem Disauerstoff. Dieser Prozess besitzt unter anderem aufgrund der Tatsache, 

dass die dafür notwendigen Oxidationsäquivalente photolytisch, also mittels 

Sonnenenergie, bereit gestellt werden, große Bedeutung im Bereich erneuerbarer 

Energien. Untersuchungen zur Aufklärung der Struktur der katalytischen Zentren, sowie 

der katalysierten Prozesse gestalten sich aufgrund der Größe und Komplexität der 

beteiligten Proteine häufig schwierig. Ein wichtiges Werkzeug hierbei stellt die 

EPR(Electron Paramagnetic Resonance)-Spektroskopie dar, die besonders gut zur 

Charakterisierung solcher offenschaligen Übergangsmetallsysteme geeignet ist. Wertvolle 

Hilfe bei der Analyse und Interpretation der EPR-Spektren kann dabei von 

quantenchemischer Seite aus geliefert werden. Aufgrund der Größe der biologischen 

Systeme hat sich die Dichtefunktionaltheorie (DFT) mittlerweile als Standardwerkzeug 

für die Beschreibung der elektronischen Struktur in derartigen Komplexen etabliert. Die 

Komplexität der elektronischen Struktur in mehrkernigen Übergangsmetallkomplexen 

erfordert häufig den Einsatz von broken-symmetry Methoden. Als Konsequenz dessen 

können die Ergebnisse der Rechnungen erst nach Spinprojektion mit den Ergebnissen der 

EPR-Studien verglichen werden. Dabei weisen die so erhaltenen Ergebnisse weisen eine 

nicht zu vernachlässigende Abhängigkeit von der jeweils verwendeten 

Spinprojektionstechnik auf. 

In der vorliegenden Arbeit wurden Dichtefunktional-theoretische Methoden zur 

Untersuchung der molekularen und elektronischen Struktur verschiedener manganhaltiger 

biologischer Systeme angewandt. Besonderer Fokus lag auf der korrekten Beschreibung 

der EPR-Parameter dieser Systeme. Im ersten Ergebnisteil der Arbeit (Kapitel 5) liegt der 

Schwerpunkt auf der quantenchemischen Beschreibung von Hyperfeinwechselwirkungen 
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(HFC) in zweikernigen Mn
III

Mn
IV

 Modellkomplexen. Die dazu notwendige 

Spinprojektionstechnik wird ausführlich hinsichtlich der Qualität ihrer Ergebnisse sowie 

ihrer Grenzen untersucht. Der zweite Teil (Kapitel 6) behandelt das aktive Zentrum der 

Mangan-Katalase in ihrem Mn
III

Mn
IV

 Oxidationszustand, und schlägt eine neue semi-

empirische Skalierung von Mangan-HFC vor. Es werden verschiedene 

Strukturvorschläge auf Basis ihrer EPR-Eigenschaften diskutiert und bewertet. Kapitel 7 

umfasst mehrere Studien zum Wasser-oxidierenden Komplex des Photosystem II in 

seinem S2-Zustand. Im ersten Abschnitt werden diverse Modellsysteme für diesen 

vierkernigen Mangankomplex auf der Grundlage ihrer EPR-Parameter evaluiert. In 

diesem Zusammenhang werden die verwendeten Spinprojektionstechniken für 

mehrkernige Komplexe ausführlich hinsichtlich ihrer Leistungsfähigkeit und Qualität 

diskutiert. Der zweite Abschnitt beinhaltet Untersuchungen zur direkten Bindung von 

Ammoniak oder eines seiner deprotonierten Derivate an den Mangankomplex. Die 

berechneten 
14

N EPR-Parameter wurden benutzt, um die genaue Bindungsstelle sowie die 

chemische Natur des Ammoniakderivats zu bestimmen. 
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Chapter 1  

_________________________ 

 

Introduction 

 

 
 

 

 

 

 
 

 

The element manganese is widely spread in biological systems. It can be found in 

several hydrolyzing enzymes, phosphate transferases and ribonucleotide reductases, as 

well as in a variety of biological systems involved in the metabolism of dioxygen (O2). 

Well-known examples are manganese catalases, peroxidases, and some superoxide 

dismutases. Probably the most important system utilizing manganese is photosystem II 

(PSII), where a tetranuclear manganese cluster (oxygen-evolving complex, OEC) 

catalyzes the light-driven splitting of water into dioxygen during photosynthesis. 

Manganese is especially well-suited for dealing with oxygen-based agents and the 

reactive dioxygen species itself since it can take a variety of stable (or at least metastable) 

oxidation states. Mostly the “higher” ones (+III and +IV) are of biological relevance. 

Despite its versatility in the oxidation state, manganese prefers to form high-spin 

complexes for all oxidation states, due to its weak ligand field splitting. The presence of 

several high-spin manganese centers at the active site of a bio-inorganic system gives rise 

to complicated magnetic topologies. However, in most cases the paramagnetic character 

of the total system arising from the manganese ions is retained. This is an important issue 
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as it allows, for example, for efficient formation of triplet O2, a paramagnetic species 

itself. 

A powerful tool to investigate the structure and catalytic mechanism of such 

systems with multinuclear open-shell active sites is electron paramagnetic resonance 

(EPR) spectroscopy. Due to the multiple exchange-coupled manganese ions present in the 

enzymes, the EPR spectra quickly become very complex and difficult to interpret. Their 

analysis is significantly simplified by quantum-chemical studies, providing access to the 

various EPR parameters using structurally well-defined model systems. Calculations 

based on these models provide important insight into the molecular and electronic 

structure of the bio-inorganic active sites. For results of high quality, the quantum-

chemical models need to be sufficiently large. Currently, the density functional theory 

(DFT) approach is the method of choice, as it represents the best compromise between 

accuracy and computational efficiency. 

In this work, the manganese cluster of the OEC and the active site of the non-heme 

manganese catalase (Mncat) are studied extensively employing modern DFT methods. As 

aforementioned, the OEC involves a tetranuclear manganese cluster that acts as a catalyst 

for the photosynthetic oxidation of water molecules in green plants, algae, and several 

cyanobacteria. Mncat uses a dinuclear manganese active site to catalyze the 

disproportionation of hydrogen peroxide into water and dioxygen in lactic acid bacteria. 

Both systems exhibit a complicated magnetic pattern arising from the coupling of the 

high-spin manganese centers. The quantum-chemical treatment of such systems is far 

from trivial and in order to facilitate the analysis of the respective EPR spectra, spin-

projection schemes have to be applied to the calculated parameters before comparison 

with the experiment. Although several spin-projection schemes are available for 

multinuclear systems, they are still under development. Hence, the schemes have to be 

calibrated extensively on suitable model systems in order to obtain reliable results for 

larger biological systems. Such improved spin-projection techniques grant access to high-

quality EPR parameters, which can be used to evaluate different model systems for a 

given biological system on the basis of their molecular and electronic structure. The thesis 

is therefore organized as follows.  

In Chapter 2, biological information on Mncat and PSII, in particular on the OEC, 

will be summarized. Structure, function, and mechanism of both enzymes and their active 

sites together with state-of-the-art quantum-chemical studies on these systems will be 

presented. Basic principles of DFT and the calculation of electron paramagnetic 
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resonance parameters will be introduced in Chapters 3 and 4. In this context, the spin-

projection schemes employed in this work will be outlined. In Chapter 5, results for EPR 

parameters for a set of mixed-valence Mn
III

Mn
IV

 model systems will be presented. The 

focus lies on hyperfine couplings and local zero-field splittings that are spin-projected 

using an analytical scheme. The set of model systems contains cases from strong to weak 

exchange coupling between the manganese centers to validate the dependency of the 

employed spin-projection technique on the coupling strength. Conclusions will be 

transferred to Chapter 6 to study the full set of EPR parameters for a variety of model 

systems of the active site of Mncat in its Mn
III

Mn
IV

 state. The results will be compared to 

high-quality experimental data to evaluate the investigated models. Finally, Chapter 7 

comprises quantum-chemical studies on the OEC of PSII in its S2 state. In the first part, 

EPR parameters will be used to evaluate different proposed structures of the OEC. In this 

context, two different spin-projection schemes for tetranuclear systems will be examined 

extensively. The last part involves investigations on ammonia binding directly to the 

manganese cluster of the OEC. A large variety of binding sites are presented and 

analyzed on the basis of their molecular and electronic structure, energies, and EPR 

parameters.





 
 

 

 

Chapter 2  

_________________________ 

 

Manganese Catalase and Photosystem II 

 

 
 

 

 

 

2.1 Introduction 
 

 

The native spread of manganese in biological systems, its flexibility in oxidation 

states and the rather facile interconversion between them, which is an indispensable 

requirement for metals to act as redox catalysts in nature, has already been pointed out in 

Chapter 1. Two major representatives of biological systems containing manganese are 

photosystem II (PSII), specifically the oxygen-evolving complex (OEC),
[1-3]

 and (non-

heme) catalase.
[4]

 The first one is responsible for the production of oxygen by splitting of 

water molecules in green plants and cyanobacteria, whereas the latter is a versatile agent 

dealing with the omnipresent hydrogen peroxide in various lactic acid bacteria.  

In the following chapter, these two systems are described in more detail, as they 

represent the major objectives of this work. The first part of this chapter (section 2.2) 

covers the non-heme manganese catalase (Mncat), while PSII and the OEC are introduced 

in the second section (2.3). In addition to some biological background information, the 

(current) state-of-the-art concerning the structures of these enzymes and the mechanistic 

picture of the respective catalytic cycle will be reviewed. This information is 

supplemented with important experimental and theoretical studies that represent major 

steps in the understanding of the systems. 
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2.2 The Non-Heme Manganese Catalase 
 

 

The family of manganese catalases is responsible for dealing with the highly 

reactive hydrogen peroxide in either animal and plant tissue environment or microbial 

life.
[4]

 This oxygen species is widespread in nature, where it appears to act rather 

differently, e.g. as a cell signaling agent,
[5]

 a cellular weapon
[6]

 or just as a byproduct of 

aerobic metabolism.
[7, 8]

 However, all types of Mncat decompose hydrogen peroxide into 

oxygen and water following the highly exergonic
[9]

 (ΔG
0
=-57 kcal/mol) 

disproportionation reaction 

2 𝐻2𝑂2
   
→ 𝑂2 + 2 𝐻2𝑂.                                                     (2.1) 

Beside heme-containing catalase enzymes of animal origin, nature utilizes another 

group of (non-heme) catalases in lactic acid bacteria.
[10-12]

 The Mncat enzymes 

investigated in this work belong to this second class of enzymes, which exhibit weaker 

catalytic activity compared to their heme-containing relatives. In the following sections, 

the structure (2.2.1) and the catalytic mechanism (section 2.2.2) will be outlined. 

 

2.2.1 Structure 

 

The enzymes extracted from the bacteria Lactobacillus plantarum (LP) and 

Thermus thermophilus (TT) have been extensively studied and characterized by X-ray 

diffraction in sufficient resolution,
[13, 14]

 revealing a binuclear manganese active site, 

which supports the catalytic cycle by alternating between the (Mn
II
)2 and (Mn

III
)2 

oxidation states. Both enzymes are alike regarding the most important structural features. 

The total protein contains six subunits forming a roughly homohexameric globular shell, 

which surrounds a solvent-filled central cavity. Figure 2.1 shows the structure of Mncat 

extracted from LPC, highlighting a single subunit (blue) of the hexameric total enzyme. 

Additionally, the position of the binuclear manganese site relative to the subunit is shown. 

The manganese atoms represent the central component of the active site and are 

directly ligated by five amino acid residues. They are connected to each other by two µ-

oxo-units and a glutamic acid residue. Two more glutamic acid and two histidine residues 

are completing the first coordination sphere. The overall structure of the active site in its 

(Mn
III

)2 oxidation state is shown in Figure 2.2 for both enzymes. 
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Figure 2.1. Structure of Lactobacillus plantarum manganese catalase (left). A single subunit (blue) is 

highlighted relative to the global protein (grey). The secondary structure of the same subunit (right) is 

indicated as: α-helix (blue), β-sheet (yellow), turn (cyan). Manganese ions are depicted as pink spheres. 

Based on protein data bank entry 1JKU.
[13] 

 

 

 

Figure 2.2. Active site structure of Mn
III

Mn
III

 manganese catalase extracted from Lactobacillus plantarum 

(left) and Thermus thermophilus (right). Color coding: manganese (cyan), oxygen (red), nitrogen (blue) and 

carbon (green). Based on protein data bank entries 1JKU and 2V8U.
[13,14] 

 

Beside the natural active oxidation state patterns, (Mn
II
)2 and (Mn

III
)2, a mixed 

valence state Mn
II
Mn

III
 and a superoxidized Mn

III
Mn

IV
 state can be generated 
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chemically.
[12, 15-17]

 Access to and transition between the different states is readily 

achieved by various oxidants and reductants. 

The superoxidized form of the enzyme has received particular attention, as it 

exhibits an S=1/2 ground state and was therefore predestined for study by electron 

paramagnetic resonance (EPR) techniques.
[18-22]

 The EPR spectra closely resemble those 

of the OEC of PSII in its S2 state, in agreement with the existence of a Mn
III

-(µ-oxo)2-

Mn
IV

 structural motif present in both systems. The binuclear nature of the Mncat active 

site therefore exhibits an excellent model character for the tetranuclear OEC. However, 

the catalytic activity of Mncat vanishes when the enzyme is oxidized to the Mn
III

Mn
IV

 

state. The latter has been characterized to some extent by EXAFS spectroscopy,
[22, 23]

 and 

was studied by broken-symmetry DFT methods.
[24]

 

 

2.2.2 Catalytic Mechanism 

 

The decomposition of hydrogen peroxide is supposed to occur in two separate steps 

(Eqs. (2.2) and (2.3)), where the metal centers serve as storing sites for the redox 

equivalents due to the flexibility in their oxidation states
[4, 13]

 

𝐻2𝑂2 + (𝑀𝑛
𝐼𝐼𝐼𝑀𝑛𝐼𝐼𝐼) → 𝑂2 + {(𝑀𝑛

𝐼𝐼𝑀𝑛𝐼𝐼) + 2 𝐻+}                          (2.2) 

𝐻2𝑂2 + {(𝑀𝑛
𝐼𝐼𝑀𝑛𝐼𝐼) + 2 𝐻+} → 2 𝐻2𝑂 + (𝑀𝑛

𝐼𝐼𝐼𝑀𝑛𝐼𝐼𝐼).                      (2.3) 

In the first step, the first substrate molecule is oxidized to dioxygen, accompanied 

by reduction of the manganese cluster. In the second reductive step, the other hydrogen 

peroxide molecule oxidizes the cluster and is thereby split into two water molecules, 

leaving the metallocluster available for the next turnover. A mechanism for these steps on 

a molecular basis has been suggested
[13]

 and is summarized in Figure 2.3. The oxidative 

step is covered by complexes 1 to 3 (see Figure 2.3), whereas the last two steps, 4 and 5, 

describe the reduction of the second substrate molecule. The latter binds either terminally 

to the Mn1 center (see Figure 2.3, complex 5(a)) or alternatively bridges the metal ions as 

a µ-peroxy unit (see Figure 2.3, complex 5(b)). With release of the second water molecule 

by reductive cleavage of the O-O bond, the cluster returns to its Mn
III

Mn
III

 resting state. 

An energy profile for the overall reaction including the necessary proton-coupled 

electron transfers and possible intermediates has been calculated quantum-chemically.
[25]

 

The identified intermediates and transition states have been interpreted in the context of 

oxygen production in PSII. 
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The superoxidized Mn
III

Mn
IV

 state of Mncat, which has been studied in this work, 

does not participate in the catalytic cycle. 

 

 

Figure 2.3. Proposed catalytic cycle for LPC manganese catalase.
[13]

 Oxidative step: (1) Resting Mn
III

Mn
III

 

state. (2) Terminal peroxide adduct. (3) Terminal dioxygen adduct. Reductive step: (4) Resting reduced 

Mn
II
Mn

II
 state. (5) Activated hydrogen peroxide complex: (a) Terminally bound substrate. (b) µ-bridging 

substrate. Manganese oxidation states have been added for every complex and hydrogen atoms are omitted 

for clarity. 

 

 

2.3 The Oxygen-Evolving Complex of Photosystem II 
 

 

The splitting of water into dioxygen by green plants is one of the most important 

processes on earth, as the dioxygen provides the basis for large parts of life on our planet, 

including mankind. It has therefore received tremendous amounts of attention and is still 
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part of numerous studies, in part fueled by interest in artificial water-splitting  

catalysis.
[1, 3, 26-28]

 

The water-splitting chemistry is part of the overall photosynthesis process (Eq. 2.4), 

which produces the necessary carbohydrates in plants, releasing the dioxygen as a 

byproduct 

𝐻2𝑂 + 𝐶𝑂2 →
1
𝑛⁄  (𝐶𝐻2𝑂)𝑛 + 𝑂2.                                          (2.4) 

Photosynthesis is separated into two subsets of reactions referred to as light and 

dark reactions. In the light reactions, solar energy is utilized to oxidize water and provide 

the energy necessary for the production of ATP by setting up a proton gradient. The dark 

reactions drive the reduction of atmospheric carbon dioxide to simple sugars with the help 

of Fe-NADPH. The catalyst responsible for the oxygen release in PSII is a tetranuclear 

manganese complex, which is termed the OEC or water-oxidizing cluster (WOC). The 

OEC consists of an inorganic Mn4CaO5 core and its surrounding protein environment. 

The water-splitting chemistry is driven by four successive light excitations (see Figure 

2.4), while the cluster passes through a cyclic sequence of five oxidation states Sn, where 

n denotes the number of oxidation equivalents stored (Kok cycle).
[29]

 Upon arriving at the 

only experimentally unobservable S4 state, dioxygen is released, and the cluster returns to 

the S0 state and is available for a new cycle. 

 

 

Figure 2.4. The S-state cycle (Kok cycle) showing the net oxidation states of the Sn states and the release of 

electrons and protons. 

 

Due to its immense importance, PSII (and the OEC) has been targeted by studies 

employing very different approaches in the past few decades to gain information 

regarding structure and protein environment, function and mechanism. While it is outside 
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the scope of this work to provide a comprehensive list or even of the major studies of the 

various approaches and techniques applied to the system, the interested reader is referred 

to refs. [1], [2], [30] – [32], and references therein for reviews focusing on the different 

aspects and experimental techniques. However, important studies will be mentioned in 

the following subsections where appropriate. 

The first section provides a short overview of the function of PSII in the biological 

context (2.3.1), followed by a description of the structures of PSII and the OEC (section 

2.3.2), including the breakthrough achieved by recent high-resolution X-ray  

structures.
[33, 34]

 Additionally, EPR methods (section 2.3.3) and their important role in 

assisting and complementing the classical structure determination techniques will be 

introduced, restricting the discussion primarily to the S2 state of the Kok cycle. Before 

giving a short summary of proposals for the mechanism of the water-splitting reaction at 

the OEC (section 2.3.5), the state-of-the-art of quantum-chemical studies is discussed 

briefly in section 2.3.4. 

 

2.3.1 Biological Function of Photosystem II 

 

The overall reaction of PSII is that of a light-driven plastoquinone (PQ) 

oxidoreductase with water as the hydrogen donor
[1, 2, 35]

 

2 𝐻2𝑂 + 2 𝑃𝑄 + 4 𝐻𝑠𝑡𝑟𝑜𝑚𝑎
+  →  𝑂2 +  2 𝑃𝑄𝐻2 +  4 𝐻𝑙𝑢𝑚𝑒𝑛

+ .                     (2.5) 

The reaction is divided into acceptor- and donor-side processes. On the acceptor 

side, the formation of a charge-separated state is initiated by light excitations of the 

reaction center (a multipigment complex containing four chlorophyll and two pheophytin 

units, see Figure 2.5).
[36]

 The radical cation is the chlorophyll pigment P680
+
 with an 

oxidation potential between 1.2 and 1.3 V, which is the largest one known in biology.
[37]

 

The radical anion is a pheophytin pigment and only exists transiently. To stabilize the 

charge separation, further electron/hole transfer steps take place, until the electron is 

situated at the QB site. Here, the reduction equivalents are temporarily stored as reduced 

plastoquinol QBH2, before diffusing out into the membrane. The P680
+
 cation is reduced by 

a redox-active tyrosine unit YZ, D1-Tyr161, which mediates electron transfer from the 

donor site (OEC) to P680
+
. At the donor site, accumulation of the oxidizing equivalents is 

necessary, as four electrons are required for the water splitting chemistry, but the reaction 

center only generates one “hole” per light excitation. These oxidizing equivalents/holes 
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are stored at the site of the manganese complex, which subsequently releases the electrons 

and protons. The proton release is needed to retain charge neutrality and to keep the 

oxidizing potential (about 1 V)
[38]

 constant while cycling through the S states.
[2]

 The 

structural arrangement of the most important cofactors involved in the electron flow and a 

schematic overview of the latter are given in Figure 2.5. 

 

 

Figure 2.5. Arrangement of the cofactors taking part in charge separation, electron transport and water 

oxidation (left). Adopted from ref. [33]. Schematic view of the electron transport chain in PSII (right). 

 

2.3.2 Structure 

 

PSII is a large multisubunit pigment-protein complex located in the thylakoid 

membrane of photosynthetic organisms, e.g. cyanobacteria, algae, and higher plants 

(Figure 2.6).
[39]

 The overall structure contains two monomers, which are related by a non-

crystallographic two-fold axis perpendicular to the membrane plane. Earlier 

crystallographic studies
[40-43]

 on the dark-stable S1 state have provided information about 

the arrangement of the major cofactors and their protein environment, and most 

importantly, revealed the spatial position of the Mn4Ca core. However, due to their poor 

resolution, no reliable information regarding possible ligands to the metal cluster or the 

topology within the metal cluster and its proposed oxo-bridges has been available until 

recently. Beside the poor resolution, such X-ray experiments likely caused radiation-

induced modifications of the cluster,
[44, 45]

 e.g. photoreduction of the manganese ions to 

Mn
II
 (radiation damage). This hampered the interpretation of the data as the measured 

system represents a superposition of the targeted S1 state with several reduced states, 
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including nonphysiological S-1 to S-3 S states.
[46-48]

 At the start of this thesis, the 

uncertainties in the available data sets and the limited resolution had therefore prevented 

the proposal of a single model cluster with well-defined structural motifs. The X-ray data 

sets rather served as one basis for several suggestions for the structure of the OEC, which 

differed mainly in the oxo-bridge connectivity and in the set of directly coordinating 

amino acid residues and their binding mode.
[49, 50]

  

 

 

Figure 2.6. X-ray crystallographic structure of the PSII dimer from Thermosyechococcus vulcanus at 1.9 Å 

resolution (left).
[33]

 The major subunits are shown in color. The position of the oxygen-evolving cluster is 

highlighted against the polypeptide (right). 

 

The radiation damage can be avoided, or at least reduced significantly, if other X-

ray-based techniques are used, which usually employ shorter exposure times of the 

sample to the X-ray beam. Typical representatives such as X-ray absorption and emission 

spectroscopy (XAS and XES) or extended X-ray absorption fine structure (EXAFS) 

studies, provide useful information about the electronic and geometric structure. Accurate 

bond lengths between the metal ions can be obtained from EXAFS spectra,
[49, 51]

 whereas 

XAS may be used for the determination of the oxidation states of the manganese  

ions.
[52, 53]

 These techniques are especially useful for tracking changes in the metal-metal 

distances and (in part) possible oxidation sites during the Kok cycle.
[31]

 The oxidation-

state pattern shown in Figure 2.4 is derived from the high-valence model as suggested by 

XAS investigations
[53]

 and is confirmed by EPR spectroscopy (see next section). An 

alternative assignment involving an overall lower net oxidation state by two electrons has 

been suggested in the literature.
[54]

 

The breakthrough regarding elucidation of the structure of PSII and the OEC was 

accomplished with the access to a high-resolution (1.9 Å compared to 3.5/3.0 Å) X-ray 

structure of PSII extracted from the cyanobacterium Thermosynechococcus vulcanus in 
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2011.
[33]

 For the first time all cofactors and subunits have been resolved, allowing for 

identification of the positions of all four manganese ions, the calcium ion and the bridging 

oxygen units (see Figure 2.7). The structure of the OEC together with all directly ligating 

residues and nearby water molecules is shown in Figure 2.7.  

 

 

Figure 2.7. X-ray crystallographic structure of the OEC in dark-adapted PSII at 1.9 Å resolution (left).
[33]

 

The structure of the inorganic Mn4O5Ca core is shown on the right (top), together with Mn–O (mid) and 

Mn–Mn (bottom) distances in Å. Manganese is indicated in cyan, oxygen in red, nitrogen in blue, carbon in 

green and Ca in yellow. Adapted from ref. [2]. 

 

The inorganic core resembles a “distorted chair”, involving an oxo-bridged cuboidal 

Mn3O4Ca unit (see Figure 2.6). The last manganese ion is connected to this unit via one 

of the corner µ3-oxo units (O5) and another µ-oxo atom (O4). The entire cluster is 

coordinated by seven amino acid residues. Six of them represent carboxylate type 

residues bridging either two Mn ions (Glu333, Asp 342 and CP47-Glu354), or a 

manganese ion and the Ca
2+

 ion (Asp170 and Ala344) with the last one binding solely to 

MnD1 (Glu189). The only nitrogen-donor ligand (His332) binds to MnD1 as well. Four 

water molecules (W1 – W4) have been resolved to complete the first coordination sphere. 

While the study was expected to represent the S1 state, the elongation of several measured 

atomic distances compared to EXAFS data questions this assignment and indicates some 

remaining problems with photoreduction.
[48]

 Especially the position of the oxygen atom 
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O5 is rather unlikely, regardless of its protonation state. However, the general pattern of 

Mn–Mn distances as measured by EXAFS (three short 2.7 – 2.8 Å and one long 3.3 Å) is 

recovered, giving rise to a core structure topology which is similar to earlier models 

discussed in the literature with different connectivity.
[49, 50]

 Recently, a femtosecond X-

ray pulse study of the S1 state, that is supposed to be free from radiation damage, 

confirmed the high-valence oxidation-state pattern and provided corrected Mn-O5 bond 

lengths.
[34]

 

While the study by Umena et al.
[33]

 may be viewed as the major step in resolving 

the structure of PSII and the OEC, it has not been available when parts of this work have 

been initiated. Therefore, several models of the OEC studied in this work represent poor 

if not wrong structural proposals from today’s point of view. This does, however, not 

affect discussion of methodological details and their performance, e.g. spin-projection 

techniques. 

 

 

2.3.3 EPR Spectroscopy 

 

EPR spectroscopy proves to be an extremely powerful tool for investigations on 

PSII and the OEC, as the latter exhibits paramagnetic character that is retained throughout 

the Kok cycle. Therefore, all identifiable S-states exhibit EPR signals, with the S0 and S2 

state providing half-integer ground state spin (S=1/2) that is readily accessible by 

standard continuous-wave (CW) and pulse EPR techniques. A summary of the signals 

and EPR parameters obtained for the different S-states can be found elsewhere.
[32]

 Here, 

the focus will be on the S2 state, which has received the most attention of all states of the 

Kok cycle in EPR studies. 

The S2 state exhibits two distinct signals, which originate from the interaction of the 

effective electron spin with the four 
55

Mn nuclei. The so-called “multiline” signal is 

centered roughly at g=2 and arises from a S=1/2 ground-state spin,
[55, 56]

 while the other 

signal with S=5/2 ground-state spin is measured at g≥4.1 and exhibits no explicitly 

resolved fine structure (though fine structure can be observed after treatment with 

ammonia
[57]

). The two signals are interconvertible
[58]

 under various conditions and have 

recently been assigned to two different core structures of the OEC,
[59]

 which are shown in 

Figure 2.8 (see also section 2.3.4 for details). The existence of two electronically distinct 
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structural isomers responsible for the two basic signals provides simple explanations for 

many findings in various EPR studies: (i) differences in the observed spectra depending 

on the source of the EPR sample;
[60]

 (ii) line-shape variations due to the influence of 

small molecules such as methanol or ammonia;
[60, 61]

 and (iii) the influence of exchange 

of the Ca
2+

 with Sr
2+

 or complete removal of Ca
2+

.
[62, 63]

 These observations can all be 

attributed to the modulation of the electronic connectivity of the ”outer” MnA4 to the 

remaining manganese ions.  

 

 

Figure 2.8. Optimized DFT structures of the Mn4O5Ca cluster in the S2 state. Model I (left) exhibits a spin 

S = 1/2 effective ground state (EPR “multiline” signal at g = 2), and Model II (right) a S = 5/2 ground state 

(EPR signal at g = 4.1). Manganese ions are indicated in cyan, calcium in yellow, oxygen in red and 

hydrogen in white. 

 

ENDOR studies
[64]

 have also confirmed the oxidation state pattern Mn
III

(Mn
IV

)3 

previously suggested by XAS.  

Beside information gained on the metal ions present in the OEC, a substantial 

amount of EPR data has been collected from several types of ligand atoms.
[65]

 
14

N 

nitrogen HFCs, either from the only natural nitrogen-donor ligand His332,
[66]

 or from 

introduced ammonia or azide ligands,
[61, 67]

 have provided important insights into the core 

structure (see Chapter 7). The treatment with 
17

O or 
2
H labeled water and detection by use 

of modern EPR setups like ELDOR complements the palette of EPR-related techniques 

that have been applied to the OEC.
[68, 69]
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2.3.4 Quantum-Chemical Studies on the OEC 

 

PSII, and especially the OEC, have been studied intensely by various quantum-

chemical methods in the past decades. Due to the size of the system only DFT methods 

are capable of dealing properly with the OEC so far (application of sophisticated 

wavefunction techniques has been carried out though
[70]

). Another problem arises from 

the presence of four exchange-coupled metal ions in the OEC. Proper description of such 

systems requires use of multireference methods that quickly become too expensive 

computationally. The broken symmetry DFT technique can be used to circumvent this 

problem (see Chapter 3). 

Earlier work has focused on the structure elucidation by construction of models 

consistent with the available EXAFS/XAS and X-ray crystallographic data.
[71-73]

 In 

particular the studies by Siegbahn
[74-78]

 had significant impact on the field. His 2009 

model system almost perfectly predicted the core topology of the Mn4O5Ca cluster and 

the ligand environment (see also Chapter 7), and it was also energetically superior to all 

other models suggested at that time. Additionally, it constitutes the basis for a 

mechanistic proposal, that is considered the most likely today.
[79]

 The model itself (and 

the suggested mechanism) has been further refined after the high-resolution structure 

became available, and it is used as a starting point for several investigations in this work 

(see section 7.3).
[79-84]

 

The electronic structure and EPR parameters of the OEC have been studied by 

Pantazis et al. by modern BS-DFT methods, parallel to the present work.
[59, 85]

 They 

discovered the flexibility of the O5 oxo-unit in the S2 state and assigned the resulting two 

distinct core topologies (see Figure 2.8) to the two EPR signals in the respective S2 state 

spectrum. Further computational studies concentrated on the performance of state-of-the-

art DFT methods compared to QM/MM techniques
[86]

 and complemented experimental 

work with assignment of measured hyperfine couplings.
[68]

 Recently, Krewald et al. 

demonstrated the superiority of the high-valent oxidation state pattern by comparison 

with various low-valent models.
[87]

 

Batista et al. have constructed several models for the S0 and S1 states with the help 

of QM/MM methods, thereby revealing radiation damage problems with the originally 

published high-resolution X-ray structure.
[88-90]
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The quantum-chemical contribution of this work to the structure elucidation of the 

OEC is summarized in Chapter 7. EPR parameters for several atoms of the OEC (
55

Mn, 

14
N, 

13
C) have been computed and extensively discussed, especially in the context of 

spin-projection techniques that are necessary for the description of the system. 

Additionally, the binding of ammonia to the OEC in its S2 state has been investigated by 

modern DFT methods. Calculations cover molecular and electronic structure, energetics, 

and EPR parameters.  

 

2.3.5 The Mechanism of Water Splitting 

 

Recent EPR and 
17

O exchange studies on the OEC revealed possible substrate water 

sites within the cluster.
[68, 69]

 The identification of the O5 unit to be one of the two 

substrate-water derived ligands gives rise to two possible reaction pathways for the 

formation of dioxygen.
[2, 91]

 They are summarized in Figure 2.9. The first one (highlighted 

with green boxes) implies oxo/oxyl radical coupling between O5 and a water molecule, 

that is proximal to O5 in the late S states but yet unidentified (possibly coming from 

MnA4 or MnD1). This mechanism has been proposed by Siegbahn and is purely based on 

quantum-chemical calculations.
[76]

 The second pathway involves a nucleophilic attack of 

the O5 by a water molecule/hydroxide, most likely W3 (blue boxes).
[51, 68, 92]

  

While there is some evidence for a nucleophilic attack mechanism in manganese 

model compounds that perform dioxygen formation,
[93]

 the radical-coupling mechanism 

has not been observed for synthetic manganese systems. However, computations by 

Siegbahn confirm that the latter is the energetically favorable pathway for O-O bond 

formation in biological water oxidation.
[76]

 His mechanistic route requires the second 

substrate water to bind to the cluster during the S2→S3 transition (see Figure 2.9). The 

binding site, either MnA4 or MnD1, depends on the S2 state structure, which proceeds to 

the next S state (originally, MnD1 had been suggested as the binding site). After 

deprotonation of this water and release of the final electron and proton in the S3→S4 

transition, the previously generated oxyl radical attacks the O5 oxo bridge and starts O-O 

bond formation. 



Chapter 2     Manganese Catalase and Photosystem II 19 

 

Figure 2.9. Possible catalytic mechanism of the O-O bond formation: oxo/oxyl radical coupling (green 

boxes) and nucleophilic attack (blue boxes). The structural flexibility of the S2 state (and presumably S3 

state) is indicated. Early S states have been omitted for clarity. Adapted from ref. [2]. 

 

Contrary to the radical mechanism, no additional external water molecule is needed 

in the nucelophilic attack mechanism. Instead, the S2→S3 transition involves 

deprotonation at the W1 site and is followed by another deprotonation at the W3 site 

during the final S3→S4 transition. The electrophilic O5 unit is then attacked by the W3 

hydroxide to form the O-O bond. Note that this route may imply the (transient) existence 

of a Mn
V
 species, which has so far not been observed in situ for these types of processes. 
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Although the knowledge about the overall mechanism is growing fast,
[30]

 the 

presented proposals do not provide the final answer to the complex question of how 

nature operates water splitting in detail, and they need to undergo refinement. However, 

the radical coupling pathway seems to be the most likely candidate for dioxygen 

formation and appears to be favored over the nucleophilic attack mechanism.
[30]



 
 

 

 

Chapter 3 

_________________________ 

 

Fundamentals of Quantum Chemistry 

 

 
 

 

 

 

3.1 Introduction 
 

 

Quantum-chemical calculations aim for providing accurate chemical structures, 

transitions state structures, thermochemical data, frequencies or reaction barriers as well 

as various other properties, e.g. spectroscopical parameters. A proper treatment of all 

these can be ensured by use of wavefunction methods, starting from ab initio Hartree-

Fock (HF) to more sophisticated post-HF methods. The latter benefit from explicit 

description of electron correlation, which enables systematic improvement of these 

methods. A major drawback is their extremely bad scaling with system size (number of 

electrons) and therefore highly demanding computational costs, a fact that especially 

comes into play in modeling large biological systems. First attempts to describe complex 

systems like the oxygen-evolving complex (OEC) by enhanced wavefunction methods
[1]

 

have been successfully carried out, although the quality of their results is still not 

satisfying due to severe restrictions and approximations involved. 

Density Functional Theory (DFT) is in our days the most popular alternative to 

post-HF methods to circumvent these problems, as it combines both, reasonable chemical 

accuracy with manageable computational costs. The former has been boosted by the 

development of hybrid functionals in the mid 1990s
[2]

 while the latter is supported by 
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ongoing progress in computer technology. These advantages make DFT the method of 

choice for studies on large systems such as transition metal complexes, particularly if they 

are embedded into surrounding protein matrices. The importance of DFT and other 

computational methods has become evident by awarding Nobel Prizes in the field (e.g. 

John Pople and Walter Kohn, Nobel Prize in Chemistry in 1998; Martin Karplus and 

Michael Levitt, Nobel Prize in Chemistry in 2013). 

Exchange-coupled transition metal systems, which represent the main focus of this 

work, usually exhibit many low lying electronic levels that are very close in energy. A 

complete description of the real antiferromagnetic ground state of such systems requires 

therefore a multi-determinant treatment that can only be provided by ab initio methods. 

To avoid the demanding computational costs associated with them, the most widely used 

solution to overcome this problem is the so-called broken-symmetry Density Functional 

Theory (BS-DFT) approach. 

This chapter gives a brief summary of methods employed in this work, starting 

from elementary quantum-chemical principles (section 3.2) and basic concepts of DFT 

(section 3.3), to the special case of BS-DFT (section 3.4). An extensive discussion and 

details of underlying principles can be found elsewhere.
[3-5]

 

 

 

3.2 The Schrödinger Equation and the Hartree-Fock Approximation 
 

 

The basis for extracting information about a specific quantum state, represented by 

its wavefunction, is given by the Schrödinger equation. In a time-independent, non-

relativistic scenario the Schrödinger equation for a molecular system consisting of N 

electrons and M nuclei can be expressed in the following form 

�̂� 𝛹(𝒓𝑁 , 𝑹𝑀) = 𝐸 𝛹(𝒓𝑁 , 𝑹𝑀),                                               (3.1) 

where 𝒓𝑁 and 𝑹𝑀 denote position vectors for given electrons and nuclei. The energy of 

each state is an eigenvalue of the Hamilton operator �̂� acting on the wavefunction 𝛹 
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Electron motion can be considered to be much faster than movement of atomic 

nuclei due to their large difference in mass. Assuming that the electrons follow the 

motion of the nuclei instantly, the Hamilton operator can therefore be simplified. This so-

called Born-Oppenheimer approximation results in the electronic Hamiltonian 

�̂� = −
1

2
∑𝛻𝑖

2

𝑁

𝑖=1

−∑∑
𝑍𝐴
𝒓𝑖𝐴

+

𝑀

𝐴=1

𝑁

𝑖=1

∑∑
1

𝒓𝑖𝑗
= �̂� + �̂�𝑁𝑒 + �̂�𝑒𝑒 .                    (3.3)
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𝑁

𝑖=1

 

The solutions obtained from equation (3.3) represent electronic wavefunctions 

depending on a static field of fixed nuclei, that is, the kinetic energy of the nuclei is zero 

and the potential energy arising from repulsion between different nuclei is considered 

constant. The terms �̂� and �̂�𝑒𝑒 are the kinetic and potential energies of the electrons and 

�̂�𝑁𝑒 denotes the potential energy due to nucleus-electron attraction. In the DFT 

framework the latter one is often called external potential, possibly in combination with 

contributions from external electric or magnetic fields. 

Exact solutions to the Schrödinger equation (3.1) can only be calculated for one-

electron systems. Finding approximate solutions to the Schrödinger equation for many-

electron problems remains thus the central goal of quantum chemistry. The first and 

simplest approach to solve this problem was introduced by Hartree
[6]

 in 1927 and 

modified by Fock
[7]

 and Slater
[8]

 three years later. Within the Born-Oppenheimer 

framework and neglecting all relativistic and electrostatic correlation effects, the “true” 

wavefunction can be approximated by the Slater-Determinant. 

Use of a Slater-Determinant ensures the implementation of another fundamental 

postulate of quantum mechanics, the Pauli Exclusion Principle, which arises from the 

fermionic nature of electrons as elementary particles with a non-integer spin of 1/2. The 

correct description of such systems requires the wavefunction to be antisymmetric 

(change sign) with respect to the interchange of two electrons. Mathematically one can 

fulfill this condition by setting up a normalized Slater-Determinant 

Φ𝑆𝐷(𝒓1, … , 𝒓𝑁) =
1

√𝑁!
|
𝜓1(𝒓1) ⋯ 𝜓𝑁(𝒓1)
⋮ ⋱ ⋮

𝜓1(𝒓𝑁) ⋯ 𝜓𝑁(𝒓𝑁)
|.                              (3.4) 

The Slater-Determinant is the antisymmetric product of N one-electron 

wavefunctions 𝜓, which are constructed from spatial orbitals 𝜙(𝒓) and spin functions 

𝜎(𝑠) 



24 Chapter 3     Fundamentals of Quantum Chemistry 

𝜓𝑁(𝒓𝑁) = 𝜙(𝒓)𝜎(𝑠),                                                      (3.5) 

where 𝑠 denotes α (spin-up) or β (spin-down) spin. Spatial orbitals are usually calculated 

under the constraint of being orthonormal, while spin functions are orthonormal by 

definition. 

Within the HF approximation, the energy is given by the expectation value of the 

Hamilton operator acting on a Slater-Determinant 

𝐸𝐻𝐹 = ⟨ΦSD|�̂�|ΦSD⟩ =∑(𝑖|ℎ̂|𝑖)
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The one-electron Hamilton operator ℎ̂ 
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A

,                                                       (3.7) 

contains the kinetic and nuclear attraction energy of the electron. The two-electron terms 

(𝑖𝑖|𝑗𝑗) and (𝑖𝑗|𝑗𝑖) in Eq. (3.6) are the so-called Coulomb 𝐽𝑖𝑗 and exchange integrals 𝐾𝑖𝑗 

and have the following form 

(𝑖𝑖|𝑗𝑗) = 𝐽𝑖𝑗 =∬|𝜓𝑖(𝒓1)|
2
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𝒓12
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𝑑𝒓1𝑑𝒓2                              (3.8) 

(𝑖𝑗|𝑗𝑖) = 𝐾𝑖𝑗 =∬𝜓𝑖(𝒓1)𝜓𝑗
∗(𝒓1)

1

𝒓12
𝜓𝑗(𝒓2)𝜓𝑖

∗(𝒓2)𝑑𝒓1𝑑𝒓2.                    (3.9) 

By minimizing the energy of the system with respect to the one-electron 

wavefunctions 𝜓𝑖 under the constraint of normalized 𝜓𝑖, the one-electron HF equations 

are obtained 

𝑓𝜓𝑖 = 휀𝑖𝜓𝑖,                                                              (3.10) 

where the effective one-electron Fock operator 𝑓 has the following form 

𝑓 = −
1

2
∇𝑖
2 −∑

𝑍𝐴
𝒓𝑖𝐴

+

𝑀

𝐴

𝑉𝐻𝐹(𝒓𝑖).                                           (3.11) 

The Lagrangian multipliers 휀𝑖 can be physically interpreted as orbital energies. The 

HF potential 𝑉𝐻𝐹 consists of Coulomb and exchange interactions between pairs of 

electrons, effectively reducing the many-electron problem to two-electron interactions. 
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𝑉𝐻𝐹(𝒓𝑖) =∑(𝐽𝑗(𝒓1) − �̂�𝑗(𝒓1))

𝑁

𝑗

                                         (3.12) 

𝐽𝑗(𝒓1) = ∫|𝜓𝑗(𝒓1)|
2 1

𝒓12
𝑑𝒓2                                              (3.13) 

�̂�𝑗(𝒓1)𝜓𝑖(𝒓1) = ∫𝜓𝑗(𝒓2)
∗
1

𝒓12
𝜓𝑖(𝒓2)𝑑𝒓2𝜓𝑗(𝒓1)                           (3.14) 

The minimization is based on the variation principle, which states that the energy of 

the true ground state 𝐸0 is always smaller than the energy obtained from the HF method 

𝐸𝐻𝐹. The best solution is therefore found during the minimization process 

𝐸𝐻𝐹 = min
Ψ𝑆𝐷→𝑁

𝐸[Ψ𝑆𝐷].                                                     (3.15) 

Although a significant reduction of the complexity of the Schrödinger equation is 

achieved by the HF approximation, the mathematical expressions of the latter can still not 

be solved exactly for systems of chemical interest. A way to further simplify the problem 

is provided by the LCAO method (Linear Combination of Atomic Orbitals), which 

incorporates basic chemical knowledge. A molecular orbital 𝜙𝑖(𝒓) can be expanded in a 

linear combination of atomic orbitals 𝜒𝑝(𝒓) 

𝜙𝑖(𝒓) = ∑𝐶𝑝𝑖𝜒𝑝(𝒓).                           

𝑁

𝑝=1

                        (3.16) 

Most quantum-chemical packages use Gaussian or Slater type functions as basis 

functions. Energy minimization, with respect to the LCAO orbital coefficients 𝐶𝑝𝑖, leads 

to the Roothaan-Hall equations
[9, 10]

 

𝑭𝑪 = 𝑺𝑪𝜺.                                                               (3.17) 

𝑭 is the Fock operator in the atomic orbital basis, 𝑪 is the square matrix of the 

coefficients 𝐶𝑝𝑖, 𝑺 denotes the overlap between basis functions, and 𝜺 is the diagonal 

matrix of the SCF orbital energies. The coefficients are obtained by solving the 

generalized eigenvalue problem in Eq. (3.17). This has to be done iteratively since 𝑭 

depends on 𝑪 itself. The whole procedure is usually referred to as self-consistent field 

(SCF) method. 

As already mentioned, the major drawback of the HF method is a complete lack of 

electrostatic correlation effects, which are vital for answering chemical questions by 
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quantum chemistry. The correlation energy 𝐸𝐶
𝐻𝐹is defined as the difference between the 

HF energy 𝐸𝐻𝐹, which is the exact solution for a system of non-interacting particles in an 

external potential described by a Slater-Determinant, and the true ground state energy of a 

many-electron system within the non-relativistic Born-Oppenheimer framework 𝐸0  

𝐸𝐶
𝐻𝐹 = 𝐸0 − 𝐸𝐻𝐹.                                                        (3.18) 

One usually distinguishes between two different aspects of electron correlation. In the 

wavefunction picture dynamical correlation is usually attributed to the admixture of 

energetically higher Slater determinants. It is typically covered by advanced quantum-

chemical methods such as Perturbation Theory, Configuration Interaction (CI) or 

Coupled-Cluster (CC). The other kind of electron correlation arises from systems where a 

single-determinant ansatz, like the HF method, is not sufficient for the description of the 

true ground state. It is usually referred to as non-dynamical (or static) correlation. Typical 

examples where this effect is important are open-shell systems, which can be frequently 

encountered in transition metal chemistry. Quantum-chemical approaches that include 

non-dynamical correlation are multiconfigurational SCF (MCSCF) techniques, such as 

CASSCF (complete active space SCF), or MRCI (multireference CI) methods. 

Beside those computationally demanding so-called post-HF methods, the 

correlation energy is also be recovered for the most part by density functional theory 

(DFT). The next section will describe DFT in more detail, as it has been employed for all 

calculations within this thesis. 

 

 

3.3 Density Functional Theory 
 

 

3.3.1 The Hohenberg-Kohn Theorems 

 

The fundamental quantity of DFT is the electron density 𝜌, which can in principle 

be used to determine all properties of the system of interest. For a system with N electrons 

it is defined by 

𝜌(𝑟) = 𝑁∫…∫|Ψ(𝒓1, 𝑠1, 𝒙2… , 𝒙𝑁)|
2𝑑𝑠1𝑑𝒙2…𝑑𝒙𝑁 .                       (3.19) 
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The physical footing for employing the electron density as the unique variable was 

established by Hohenberg and Kohn.
[11]

 The first Hohenberg-Kohn theorem proves that 

the ground state energy is a functional of the electronic density 𝜌. The electronic energy 

of a given system can therefore be expressed as a functional of the density 

𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + 𝑉𝑁𝑒[𝜌] = 𝐹[𝜌] + ∫𝜌(𝒙)𝑣(𝒙)𝑑𝑟,                   (3.20) 

where 𝑇[𝜌] is the kinetic energy, 𝑉𝑒𝑒[𝜌] the electron-electron and 𝑉𝑁𝑒[𝜌] the nucleus-

electron interaction energy. The Hohenberg-Kohn functional 𝐹[𝜌] is a system-

independent universal functional of 𝜌 

𝐹[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] = ⟨Ψ|�̂� + �̂�𝑒𝑒|Ψ⟩,                                    (3.21) 

where the electron-electron repulsion term 𝑉𝑒𝑒[𝜌] can be further partitioned into the 

classical Coulomb repulsion energy 𝐽[𝜌] and a non-classical term 𝐸𝑛𝑐𝑙 

𝑉𝑒𝑒[𝜌] = 𝐽[𝜌] + 𝐸𝑛𝑐𝑙 =
1

2
∬

1

𝑟12
𝜌(𝒙1)𝜌(𝒙2)𝑑𝒙1𝑑𝒙2 + 𝐸𝑛𝑐𝑙 .                  (3.22) 

The second Hohenberg-Kohn theorem allows use of the variational principle in 

DFT. The energy 𝐸[�̃�(𝒙)] determined by a trial density �̃�(𝒙)is always an upper bound to 

the exact energy 𝐸0 

𝐸0 ≤ 𝐸[�̃�(𝒙)].                                                            (3.23) 

The exact form of the Hohenberg-Kohn functional is still unknown, especially due 

to the fact that a proper handling of 𝑇[𝜌] is very hard to achieve. Otherwise, an exact 

solution to the Schrödinger equation could be provided within the DFT framework. This 

gives rise to the ongoing challenge of finding approximate forms of 𝐹[𝜌] that are required 

for accurate implementations of DFT. 

 

3.3.2 The Kohn-Sham Method 

 

In 1965 Kohn and Sham developed a cleverly devised approach to the kinetic 

energy functional by introduction of a (hypothetical) non-interacting reference system, 

which offers exactly the same electron density as the real system.
[12]

 While the kinetic 

energy of this non-interacting system 𝑇𝑆[𝜌] is of course not equal to the true kinetic 

energy of the real interacting system 𝑇[𝜌], it is still able to account for the largest part of 

it employing so-called Kohn-Sham (KS) orbitals. 
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The Hohenberg-Kohn functional can be rewritten in the following form 

𝐹[𝜌] = 𝑇𝑆[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌].                                             (3.24) 

The quantity 𝐸𝑋𝐶[𝜌] is called exchange-correlation energy and contains the difference 

between 𝑇 and 𝑇𝑆 and the nonclassical part of 𝑉𝑒𝑒[𝜌] (see Eq. (3.22)) 

𝐸𝑋𝐶[𝜌] ≡ 𝑇[𝜌] − 𝑇𝑆[𝜌] + 𝑉𝑒𝑒[𝜌] − 𝐽[𝜌].                                    (3.25) 

Combining Eqs. (3.20) and (3.25) one arrives at the Kohn-Sham energy expression 

𝐸[𝜌] = ∫𝜌(𝒙)𝑣(𝒙)𝑑𝒙 + 𝑇𝑆[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌].                             (3.26) 

The wavefunction of a system of N non-interacting electrons can be expressed via a 

Slater-Determinant built from 𝑁 KS orbitals 𝜓𝑖, where the sum of the squares of the KS 

orbitals yields the true electron density. These orbitals obey HF-like one-electron 

equations of the following form 

𝑓𝐾𝑆𝜓𝑖 = 휀𝑖𝜓𝑖 ,                                                             (3.27) 

employing the Kohn-Sham operator 

𝑓𝐾𝑆 = −
1

2
∇2 + νeff(𝒙).                                                  (3.28) 

The effective Kohn-Sham potential is defined by 

νeff(𝒙1) = 𝜈(𝒙1) + ∫
𝜌(𝒙2)

𝒙12
𝑑𝒙2 + 𝜈𝑋𝐶(𝒙1)                                 (3.29) 

with the exchange-correlation potential 

𝜈𝑋𝐶(𝒙1) =
𝛿𝐸𝑋𝐶[𝜌]

𝜌(𝒙1)
.                                                      (3.30) 

For a given effective KS potential νeff(𝒙) one obtains the electron density 𝜌(𝒙) by 

solving (3.27). Because of the dependency of νeff(𝒙) on 𝜌(𝒙) the equations (3.29), (3.30), 

and (3.27) have to be solved iteratively, as in the HF case. 

Only knowledge of the exact exchange-correlation energy functional 𝐸𝑋𝐶[𝜌] would 

in principle provide the exact density. A brief summary of approximations to use for 

𝐸𝑋𝐶[𝜌] with an overview of ongoing research and progress in the field is given in the next 

section. In any case, the KS approach includes exchange and correlation, unlike the HF 
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method, while retaining the crucial advantage of one-electron approaches being 

computationally much less expensive than correlated post-HF methods. 

 

3.3.3 Exchange-Correlation Functionals 

 

As the true form of the exchange-correlation energy functional is unknown, a 

number of approximations have been developed and applied. The probably most widely 

used approaches will be explained here briefly.  

In the Local Density Approximation (LDA) it is assumed that the local density can 

be treated like a uniform electron gas. This implies that the density is constant 

everywhere or at least it varies very slowly. The exact analytical form of the exchange 

energy functional for the uniform electron gas is known
[13]

 and the correlation energy can 

be obtained from highly accurate quantum Monte Carlo simulations.
[14]

 The most 

common parameterization of the LDA approach are provided by Vosko, Wilk and 

Nusair
[15]

 (VWN) and Perdew and Wang.
[16]

 Although working surprisingly well when 

considering the differences between the uniform electron gas and real chemical systems, 

the LDA approximation usually overestimates bond strengths, resulting in too short bond 

lengths. These facts limit its use in quantum chemistry. 

While the LDA depends only on the density itself, its derivatives are used in the 

Generalized Gradient Approximation (GGA). The first gradient corrected functionals 

were developed in 1986, resulting in exchange functionals by Becke,
[17]

 or Perdew and 

Wang,
[18]

 and a correlation part by Perdew.
[19]

 Functionals commonly in use are the 

exchange functional by Becke
[20]

 supplemented by the correlation functional of Perdew
[19]

 

(BP86) or Lee, Yang and Parr
[21]

 (BLYP) or PBE, including the exchange and correlation 

parts by Perdew, Burke and Ernzerhof.
[22]

 Calculations performed with GGA methods 

usually yield good results for thermochemistry and bond lengths, which makes them a 

suitable pick in chemistry. However, reaction barriers are underestimated, mainly due to 

the fact that GGA functionals suffer from so-called self-interaction errors, which stem 

from the unphysical Coulomb interaction of an electron with itself. 

Incorporation of higher derivatives of the density and the kinetic energy density is 

realized in so-called meta-GGAs. Representatives of this group of functionals are  

TPSS,
[13, 16, 23, 24]

 𝜏HCTH
[25]

 or VSXC.
[26]
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Combination of the exact exchange of the HF scheme with the DFT approach 

results in hybrid functionals. They benefit from the fact that the exact (HF) exchange is 

self-interaction free and shows the correct asymptotic behavior, while the DFT exchange 

partly provides for non-dynamical correlation 

𝐸𝑋𝐶
ℎ𝑦𝑏𝑟𝑖𝑑

= 𝑎𝐸𝑋
𝑒𝑥𝑎𝑐𝑡 + (1 − 𝑎)𝐸𝑋

𝐷𝐹𝑇 + 𝐸𝐶
𝐷𝐹𝑇 .                                  (3.31) 

Functionals exhibiting a well-balanced form between these two contributions have 

been shown to perform remarkably well, especially for transition metal systems, where 

the influence of the exact exchange is crucial.
[27-29]

 Admixture of exact exchange affects 

the total and spin density for such systems in basically three different ways: (i) the metal-

ligand bond becomes more ionic as compared to the GGA or LDA level,
[28-33]

 (ii) an 

enhancement of valence-shell spin polarization in covalent bonds can be observed
[29]

, and 

(iii) the core-shell spin polarization is improved as well. The probably most popular 

hybrid exchange-correlation functional is the B3LYP
[2, 34]

 functional with 20% of exact 

exchange, which has been employed for the majority of calculations in this thesis: 

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = 𝑎𝐸𝑋

𝑒𝑥𝑎𝑐𝑡 + (1 − 𝑎)𝐸𝑋
𝑆𝑙𝑎𝑡𝑒𝑟 + 𝑏∆𝐸𝑋

𝐵88 + 𝐸𝐶
𝑉𝑊𝑁 + 𝑐∆𝐸𝐶

𝐿𝑌𝑃.           (3.32)  

Empirical parameters b and c are 0.72 and 0.81, respectively, 𝐸𝑋
𝑆𝑙𝑎𝑡𝑒𝑟 is the LDA 

exchange energy, 𝐸𝑋
𝐵88 is the gradient corrected exchange energy by Becke, and 𝐸𝐶

𝑉𝑊𝑁 

and 𝐸𝐶
𝐿𝑌𝑃 are the LDA and gradient corrected correlation terms. Although performing 

very well, hybrid functionals, as a whole, are still suffering from self-interaction errors. 

Beside that, they also struggle with accurate handling of long-range interactions, e.g. 

dispersion effects. 

A very promising approach to further improve hybrid functionals is replacing the 

constant admixture of exact exchange by a mixing function that is position dependent, as 

realized in local hybrid functionals.
[35-37]

  

 

 

3.4 The Broken-Symmetry Approach in DFT 
 

 

This subsection has been largely adapted from refs. [38] and [39] by Neese. 

The calculation of the electronic structure and properties of systems containing 

more than one open-shell magnetic ion, a situation which is likely found in transition 
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metal chemistry, is still a subject of ongoing controversies. While a ferromagnetically 

exchange-coupled pair of (fictitious) site spins can be readily described with a single 

Kohn-Sham determinant, the antiferromagnetically coupled situation clearly exhibits 

multideterminantal nature which is unsuitable in combination with the KS construction. 

Figure 3.1 shows a simple example of ferro- and antiferromagnetic coupling of unpaired 

spins in a two-center system. Note that exchange coupling here refers to spin-state energy 

differences, which arise from the same orbital configuration, and are rather different from 

the ones of spin-crossover type, which have their origin in the different orbital 

configurations of the two spin-states.
 

 

 

Figure 3.1. Ferrogmagnetic (left) and antiferromagnetic (right) coupling for dimeric systems with one 

unpaired electronic spin each. 

 

The proper description of such antiferromagnetically coupled systems requires use 

of correlated ab initio multireference methods. However, it is very challenging for these 

approaches to treat both static and dynamical correlation in such systems, and the 

computational costs are rather demanding. Fortunately, it is possible to transfer the ideas 

of broken-symmetry (BS) from the wavefunction picture to DFT, thereby trying to mimic 

the multiplet with its configuration interaction character by a single determinant. The 

basic principles of the broken-symmetry ansatz will be briefly outlined in the following. 

The starting point is a single determinant wavefunction that offers the correct 

antiferromagnetic character but the wrong spin symmetry: 

Ψ𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

= |(𝑐𝑜𝑟𝑒)𝜑𝐴�̅�𝐵|                                                 (3.33) 

Here, (𝑐𝑜𝑟𝑒) denotes all doubly occupied orbitals, while 𝜑𝐴 and �̅�𝐵 are singly occupied 

orbitals and occupation with spin-down electrons is labelled with an overbar. This 

determinant does not yet represent the broken-symmetry state. Three important properties 

of Ψ𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

 are: (i) its energy, E𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

, is always higher than that of the corresponding high-

spin (or ferromagnetic) state Ψ𝐻𝑆, (ii) it is a 50:50 mixture of Ψ𝐻𝑆 and the 
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antiferromagnetic state Ψ𝐴𝐹, and (iii) Ψ𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

 and Ψ𝐴𝐹 (or Ψ𝐻𝑆) have the same charge 

density but different, in case of Ψ𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

 wrong, spin-densities. That is, a wavefunction of 

this type exhibits regions of positive (around site A) and negative (around site B) spin 

density. This is qualitatively wrong as the true wavefunction should have zero spin 

density at each point in space. This last property is crucial for the calculation of EPR 

parameters, which usually depend on the spin density, as it requires spin-projection 

techniques to account for this artifact. 

While it becomes obvious that a wavefuntion of the form of Ψ𝐵𝑆
𝑔𝑢𝑒𝑠𝑠

 is not able to 

describe antiferromagnetic coupling properly, one must apply the variation principle to 

arrive at the true broken-symmetry wavefunction Ψ𝐵𝑆 which incorporates the reoptimized 

set of orbitals (𝑐𝑜𝑟𝑒)′, 𝜑𝐴′, and �̅�′𝐵 

Ψ𝐵𝑆 = |(𝑐𝑜𝑟𝑒)′𝜑𝐴′�̅�′𝐵|.                                                  (3.34) 

The optimized orbitals 𝜑𝐴′ and �̅�′𝐵 are less localized than their corresponding analoges 

from the initial guess. The fact that 𝜑𝐴′ and �̅�′𝐵  are no longer restricted to orthogonal 

space parts as they exhibit always orthogonal spin parts, allows for additional flexibility 

which can be used to lower the system’s energy and induce the antiferromagnetism. The 

resulting wavefunction is no longer an equal mixture of Ψ𝐻𝑆 and Ψ𝐴𝐹. Note that the spin 

squared expectation value 〈𝑆2〉 of the broken-symmetry solution no longer fulfills the 

standard relation 

〈𝑆2〉 = 𝑆(𝑆 + 1),                                                         (3.35) 

but instead offers values considerably larger than the correct values.  

To link the broken-symmetry energies to the spin Hamiltonian formalism (see 

section 4.3), it is necessary to calculate the Heisenberg exchange-coupling constant 𝐽, 

which represents an indicator for the coupling strength between spin centers. Section 4.6 

will describe the most convenient strategies to obtain 𝐽 for binuclear systems as well as 

multinuclear systems in detail. 

The identification of singly occupied molecular orbitals (SOMO) involved into the 

magnetic interaction
1
 can be achieved by use of the so-called corresponding orbital 

transformation (COT).
[41]

 Further analysis after transformation to paired orbitals allows 

for closer inspection of the origin of the spin contamination in the broken-symmetry 

                                                      
1
Due to spin-polarization effects, the SOMOs are often not the highest occupied orbitals.

[40]
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ansatz.
[42, 43]

 An example of a comprehensive examination of the involved magnetic 

orbitals in manganese compounds can be found in ref. [44]. 
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4.1 Introduction 
 

 

The leading domain for the use of electron paramagnetic resonance (EPR) 

spectroscopy is paramagnetic centers and their environments. EPR is especially well 

suited for probing and analyzing the interactions of such centers with a magnetic field, 

thereby drawing conclusions on the molecular and electronic structure of the investigated 

system. EPR experiments can be conveniently applied to either inorganic or organic free 

radicals as well as systems containing transition metal ions. For the investigation of bio-

inorganic systems like the oxygen evolving complex (OEC) or the manganese catalase 

(Mncat), which frequently offer open-shell metal sites at their active centers, EPR 

spectroscopy turned out to be one of the most powerful and effective tools. It allows for 

the identification of spin and oxidation states, properties that are of special interest in 

redox systems, as well as for structural features in the vicinity of the metal center offering 

an alternative way beside X-ray techniques for the determination of the molecular 

structure. However, the interpretation of experimental EPR spectra of such complex 

systems is difficult and very often the above mentioned properties cannot be extracted 

straightforwardly. This is where quantum-chemical approaches, carefully carried out on 

proper model systems, can provide valuable aid. 
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The following chapter will outline the most important experimental aspects of EPR 

spectroscopy together with the theoretical treatment of the latter. It will start with a brief 

presentation of the basic principles of EPR spectroscopy (section 4.2), followed by 

introduction of the concept of the (effective) spin Hamiltonian (SH) and its use to link 

experiment with theory (section 4.3). A short summary of the most widely used 

experimental techniques and their information content regarding biological systems is 

given in section 4.4. Section 4.5 involves second-order perturbation theory applied to 

magnetic resonance parameters, which is the most convenient framework for property 

calculations. Explicit expressions for the calculation of EPR parameters employed in this 

work, namely the g-tensor, zero-field splitting (ZFS), hyperfine coupling (HFC), and 

nuclear quadrupole coupling (NQC) are presented in the respective subsections. The 

interested reader is referred to fundamental textbooks on EPR theory for a comprehensive 

introduction to the respective formalisms.
[1-6]

 Calculation of Heisenberg exchange-

coupling constants by use of broken-symmetry DFT (BS-DFT) methods is summarized in 

section 4.6. This chapter closes with an extended introduction to several spin-projection 

techniques applied in this work, which are required to obtain the correct EPR parameters 

for multinuclear systems (section 4.7).  

 

 

4.2 Fundamentals of EPR Spectroscopy 
 

 

EPR spectroscopy probes the interaction of electromagnetic radiation with the 

magnetic moment of unpaired electrons. A single free electron has a magnetic dipole 

moment �⃗�𝑒, which arises from its corresponding spin angular momentum 𝑆 

�⃗�𝑒 = 𝑔𝑒𝛽𝑒𝑆,                                                                (4.1) 

where 𝑔𝑒 denotes the g-value of a free electron and 𝛽𝑒 the Bohr magneton. Note that for 

molecules 𝑔 is no longer a scalar but becomes dependent on the molecular orientation and 

has to be expressed as a tensor (g-tensor). In case of random orientation of the sample 

molecules (e.g. in liquids) only the isotropic part of the g-tensor (usually denoted as g-
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value) can be observed.
1
 In vacuum, the free electron has two degenerate spin eigenstates, 

| +
1

2
〉  and | −

1

2
〉. The presence of an external magnetic field 𝐵0 lifts this degeneracy, due 

to the possibility of the electronic spin to align either parallel or antiparallel to the 

magnetic field vector, with the parallel alignment being the energetically favored state. A 

transition between the two spin-states, so-called electronic Zeeman levels, accompanied 

by flip of the respective electron spin, requires the energy 

∆𝐸 = 𝑔𝑒𝛽𝑒𝐵0.                                                              (4.2) 

The basic principle of EPR spectroscopy is stimulation of this transition between 

the electronic Zeeman levels, by either varying the magnetic field strength or the radiation 

frequency. In case of a single free electron the following resonance condition has to be 

fulfilled to observe transitions 

ℎ𝜐 = 𝑔𝑒𝛽𝑒𝐵0.                                                                (4.3) 

Here, 𝜐 is the irradiated microwave frequency. 

General observables in an EPR experiment are the electronic g-value, the hyperfine 

or multiplet structure, and the line shape. The electronic g-value determines the position 

of the overall signal according to Eq. (4.3) and can usually be measured with very-high 

accuracy in the EPR domain. The hyperfine structure of an observed signal probably 

contains most of the chemically relevant information. It originates from the coupling of 

the unpaired electron with the magnetic moments of the nuclei, which gives rise to a 

further splitting of the Zeeman levels into hyperfine sublevels. This allows for additional 

EPR transitions, whose experimental resolution is field dependent. For complex transition 

metal systems like the OEC or the Mncat, the signals arising from these transitions may 

significantly overlap with each other, as the applied magnetic field strength is of 

insufficient magnitude. The line shape usually provides additional information on 

dynamic processes, e.g. rate constants. 

 

  

                                                      

1
 Mathematically, the g-value is defined as 𝑔 =

1

3
𝑇𝑟(𝒈), with 𝒈 = (

𝑔11 ⋯
⋮ 𝑔22 ⋮

… 𝑔33

). 
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4.3 The Effective Spin Hamiltonian Concept 
 

 

The fundamental tool for analysis and interpretation of EPR experiments is the 

effective SH �̂�𝑒𝑓𝑓. The energy levels of a system can be expressed in terms of an 

(fictitious) effective total spin �̂� of the system: 

�̂�𝑒𝑓𝑓 = 𝛽𝑒𝐵𝒈�̂� +∑�̂�𝑨𝒊𝐼𝑖
𝑖

+∑𝐼𝑖𝑸

𝑖

𝐼𝑖 + �̂�𝑫�̂� + 𝛽𝑁∑𝒈𝑵,𝒊𝐵𝐼𝑖
𝑖

.               (4.4) 

The spin Hamiltonian contains only electron and nuclear spin operators coupled by 

parameters, which have to be chosen for best matching the observed set of energy levels. 

These parameters are usually described as tensors which provide the orientation 

dependence of the interactions.  

The first term in equation (4.4) represents the electronic Zeeman effect, where the 

g-tensor parameterizes the interaction of the magnetic field with the total spin magnetic 

moment. The second term involves the hyperfine coupling tensor 𝑨 which describes the 

interaction of the electronic spins with magnetic nuclei. The next two terms account for 

the quadrupole coupling between nuclei with 𝐼 >
1

2
 (nuclear quadrupole coupling tensor 

𝑸) and the zero-field splitting (ZFS) tensor 𝑫, describing the splitting of the magnetic 

levels in systems with 𝑆𝑡𝑜𝑡𝑎𝑙 >
1
2⁄ . The last term in Eq. (4.4) represents the nuclear 

Zeeman effect, which is usually small and can be neglected in the context of EPR spectra. 

It should be considered in nuclear magnetic resonance (NMR) though, together with spin-

spin coupling, that has been omitted in Eq. (4.4) as well. 

In case of two or more paramagnetic centers an additional term has to be considered 

in the SH, namely the electron-electron Heisenberg exchange interaction. It can be 

usually added in the following form 

�̂�𝐽 = −2𝐽�̂�𝐴�̂�𝐵.                                                               (4.5) 

A summary of the different interactions relevant in this work and typical 

magnitudes of the coupling constants in a simple spin system is given in Figure 4.1. 

The SH formalism can be used to correlate experimental EPR parameters to 

chemically interesting information, e.g. molecular and electronic structure. The extraction 

of such information is often far from being straightforward and usually one has to link the 
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SH parameters to the electronic wavefunction of the system. Section 4.5 will outline the 

computation of the involved parameters by use of quantum-chemical methods. 

 

 

Figure 4.1. Selected interactions within a spin system consisting of two electron with spins 𝑆𝐴 and 𝑆𝐵 and 

two nuclei with spins 𝐼𝐴 and 𝐼𝐵 in a magnetic field 𝐵. The corresponding SH terms and the absolute 

magnitudes of the different couplings are given. Adopted from ref. [7]. 

 

EPR parameters are usually considered as tensors, which makes symmetry concepts a 

helpful tool for the interpretation of experimental spectra. The most common 

classifications of symmetry specifications in solid state EPR are introduced as follows: 

(1) Isotropic or Cubic (Oh, Td symmetry): all three components, x, y, and z, are 

degenerate; absence of anisotropy. 

(2) (Uni-)Axial (D4h, C4v or D3 symmetry): rotational symmetry about a unique D3 

(or higher order) axis is contained, which makes two components degenerate, 

i.e. one principal value of the EPR tensor is different from the other; anisotropy 

is observable, except with the magnetic field perpendicular to the unique axis. 

(3) Rhombic (lower symmetry than axial): three singly degenerate principal values 

contained in the parameter matrix, i.e. all three eigenvalues are different. 
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4.4 Experimental Techniques in the EPR Domain 
 

 

Although EPR has been discovered shortly before NMR, it has always been 

somewhat in the shadow of its younger sister, who received more attention due to its 

success especially in the domain of organic chemistry. However, due to its high 

sensitivity and its possibility to obtain information about a variety of properties, starting 

from structural features to electronic states and spin distribution, it was always considered 

to be a very important tool for investigations on open-shell systems.  

EPR characterizes the interaction of unpaired electrons in paramagnetic systems 

with a magnetic field by probing the transition between different electron spin-states. 

These transitions are usually stimulated in the microwave regime and typical EPR 

experiments are carried out by fixing the radiation frequency while scanning for 

resonance by alteration of the applied magnetic field. Examples for different setups are 

experiments at X-Band (9.5 GHz), Q-Band (35 GHz), and W-Band (95 GHz), where the 

spectral resolution usually improves with increasing frequency. In particular high-field 

EPR (HF-EPR) allows for new opportunities due to a dramatic improvement of the 

spectral resolution. While older instrumentations employ continuous wave (CW) 

techniques, the ongoing technical progress has recently established pulsed EPR as 

standard technique, providing very important extensions to the experimental kit. 

Compared to CW, the detection of other nuclei coupled to the electron spin is especially 

facilitated. All these different techniques are often complementary to each other and 

experiments are usually run at various frequencies. This allows for example for 

identification of field dependent features of the spectrum, e.g. the Zeeman splitting, and 

to distinguish them from field independent properties like the zero-field splitting. 

Electron-nuclear double resonance (ENDOR) experiments use the interaction of 

nuclear and electronic spins to obtain precise information about small nuclear hyperfine 

couplings or nuclear quadrupole couplings. These data can provide electron-nuclear 

distances. ENDOR spectroscopy offers additional selection rules compared to standard 

EPR, which allows for distinction of individual hyperfine signals of various nuclei such 

as 
1
H, 

2
H, 

13
C, 

14
N and in case of the OEC or Mncat of course 

55
Mn. 

Closely related to ENDOR is electron-electron double resonance (ELDOR), a 

technique that yields reliable electron-electron distances up to very large distances by 

probing electron-electron interactions. It can also be used in combined EPR and NMR 
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experiments like ELDOR-detected NMR (EDNMR), which provides high resolution 

hyperfine couplings with even superior sensitivity as compared to ENDOR. 

An alternative technique to obtain structural information like nucleus-nucleus 

distances or even angles is electron spin-echo envelope modulation (ESEEM). It is 

especially well suited to study more distant and weakly coupled nuclei in the low-

frequency range (< 20 MHz), therefore offering a complementary experiment to ENDOR 

measurements that are usually preferred for investigations of strongly coupled closer 

nuclei. 

Two-dimensional EPR methods, e.g. HYSCORE (hyperfine sublevel correlation), 

represent further extensions to the field of modern EPR. They facilitate the assignment of 

the measured signals to different structural features. 

To obtain the EPR parameters that allow for chemical interpretation of the 

measured spectra, simulations are carried out, usually employing perturbation theory. 

These simulations are often simplified by neglecting several contributions and applying 

approximations to the ones taken into account. For a proper appreciation of experimental 

data and comparison to calculated values, it is crucial to understand and justify the 

underlying assumptions and principles. 

 

 

4.5 Calculation of Electron Paramagnetic Resonance Parameters 

Employing Expressions from Second-Order Perturbation Theory 
 

 

4.5.1 From Non-Relativistic Quantum Theory to the Breit-Pauli Hamiltonian 

 

The electronic Schrödinger equation (see Section 3) does not account for the 

concept of “spin” from first principles. Instead, the existence of an electronic spin with a 

magnetic moment has to be explicitly postulated.
[8]

 Valid solutions of the electronic 

Hamiltonian can be expressed as a set of functions of the form |𝛼𝑆𝑀〉, where 𝑆 and 𝑀 are 

the spin quantum numbers and 𝛼 is the spatial symmetry (0 for the ground state 

configuration and 1, 2, … for the excited configurations). These functions exhibit a 

(2S+1)-fold degeneracy usually referred to as magnetic sublevels. However, EPR and 

other magnetic resonance experiments usually probe transitions between these magnetic 
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sublevels, which explain the failure of the Born-Oppenheimer solutions in describing 

these kinds of processes in the non-relativistic framework. 

A relativistic treatment of the electronic interactions, as performed first by Dirac, 

results in his famous time-dependent Dirac equation
[9, 10]

 

−
ℏ

𝑖

𝛿

𝛿𝑡
Ψ − (

ℏ𝑐

𝑖
𝛁 ∙ �̂� + �̂�𝑚𝑐2)Ψ = 0.                                    (4.6) 

Here, Ψ is a relativistic four component wavefunction, 𝑚 is the rest mass of the electron, 

𝑐 is the speed of light, and �̂� and �̂� are 4x4 matrices which take the following form 

�̂�𝒊 = (
0 �̂�𝑖
�̂�𝑖 0

)                                                              (4.7) 

�̂� = (𝐼 0
0 −𝐼

).                                                             (4.8) 

𝜎𝑖 and 𝐼 are the Pauli spin matrices and the 2x2 identity matrix, respectively 

�̂�𝑥 = (
0 1
1 0

),         �̂�𝑦 = (
0 −𝑖
𝑖 0

),        �̂�𝑧 = (
1 0
0 −1

),                        (4.9) 

𝐼 = (
1 0
0 1

).                                                             (4.10) 

 Solving the Dirac equation always yields four independent and physically 

meaningful solutions, of which only the two electronic ones are of interest for EPR 

spectroscopy. The two other solutions are of positronic character and can be discarded 

within the Pauli reduction formalism (see below). 

The presence of an external magnetic field lifts the degeneracy of the two electronic 

solutions and gives rise to a field-dependent form of the Dirac equation (note that the 

degeneracy is already lifted by spin-orbit coupling effects, although the order of 

magnitude is negligible for light atoms). The exact solution of the latter remains 

impossible except for the smallest and most simple systems. However, it can be used as a 

starting point for the development of approximate solutions that should contain as much 

information of the original formalism as possible. 

Within the formalism of the so-called Pauli reduction (or first Pauli limit), it is 

possible to relate the (relativistic) Dirac equation, which intrinsically incorporates an 

electronic spin momentum, to the non-relativistic limit. The second Pauli limit results in a 

further simplified expression (by only taking into account terms with the power of -2 with 

respect to 𝑐) but still accounts explicitly for the spin-orbit coupling, the relativistic 
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correction of the kinetic energy, and other important terms. For details on the involved 

equations and mathematical operations, see ref. [1]. 

So far, the theories and approximations described above only hold for one-electron 

systems. The extension of the Dirac formalism to many-electron systems will not be 

presented in the context of this thesis but can be found elsewhere.
[1]

 Within the first- and 

second-order Pauli limit one arrives at the so-called Breit-Pauli (BP) Hamiltonian (Eq. 

4.11), whose structure is particularly well-suited for gaining insight into the 

electromagnetic behavior of electrons. It may be written in the form 

�̂� = �̂�𝑁 + �̂�𝑒 + �̂�𝑒𝑁 ,                                                   (4.11) 

where �̂�𝑁 contains the four pure nuclear contributions, the pure electronic term �̂�𝑒 

involves twelve contributions and the electron-nucleus term �̂�𝑒𝑁 six terms. More details 

on each term are given in ref. [11]. Here, only the expressions relevant for the 

perturbational approach to the calculation of EPR parameters are presented (see section 

4.5.2). The BP Hamiltonian provides, within the approximations of the underlying 

formalism, explicit descriptions of all interactions of a molecule with an electromagnetic 

field. However, beside its dependence on spin operators, it involves electron and nuclei 

positions, electron spin etc. as well. These additional degrees of freedom and their impact 

on the remaining variables can be summed up in the parameters of the effective SH (see 

section 4.3) by averaging out their effects. The remaining SH involves only spin 

operators. 

 

4.5.2 Perturbation Theory Expressions of Magnetic Resonance Parameters 

 

In the last section it was outlined how one can derive the operators mandatory for 

the description of molecular interactions with the electromagnetic field from a relativistic 

quantum theory. Fortunately, not all of the many BP Hamiltonian terms are necessary for 

a proper treatment of EPR parameters. In the following, explicit expressions for the 

calculation of these parameters will be presented in the framework of standard Rayleigh-

Schrödinger perturbation theory. 
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Rayleigh-Schrödinger Perturbation Theory 

Magnetic effects are usually small compared to the total energy of a molecule. A 

straightforward method to include these effects is thus provided by perturbation theory, 

where the total Hamiltonian is divided into an unperturbed zeroth-order part �̂�0 and a 

small perturbation 𝑉. In case of magnetic resonance, a reasonable choice for �̂�0 is the 

Hamiltonion of the spin-free, non-relativistic reference state  

�̂�0 = −∑
1

2
𝛻2 −∑∑

𝑍𝐴
𝒓𝑖𝐴

−∑∑
1

𝒓𝑖𝑗

𝑁

𝑗>𝑖

𝑁

𝑖=1

 .                     

𝑀

𝐴=1

𝑁

𝑖=1

𝑁

𝑖=1

         (4.12) 

The remaining problem that needs to be solved involves the eigenvalue equation 

�̂�|Ψ𝑖〉 = (�̂�0 + 𝜆𝑉)|Ψ𝑖〉 = 𝐸𝑖|Ψ𝑖〉,                                       (4.13) 

introducing the dimensionless ordering parameter 𝜆. The latter can be used to express the 

exact eigenfunctions and eigenvalues of the perturbed system employing a Taylor series 

expansion 

|Ψ𝑖〉 = |Ψ𝑖
(0)〉 + 𝜆|Ψ𝑖

(1)〉 + 𝜆2|Ψ𝑖
(2)〉 + ⋯                               (4.14) 

𝐸𝑖 = 𝐸𝑖
(0)
+ 𝜆𝐸𝑖

(1)
+ 𝜆2𝐸𝑖

(2)
+⋯       .                             (4.15) 

Here, |Ψ𝑖
(0)〉 is the solution to the unperturbed Schrödinger equation with its eigenvalue 

𝐸𝑖
(0)

. Superscripts 𝑛 indicate 𝑛𝑡ℎ order corrections to the unperturbed system. 

Expressions for the 𝑛𝑡ℎ order energies can be derived by substitution of (4.14) and 

(4.15) into equation (4.13). After multiplication with 〈Ψ𝑖
(0)
| and collection of all terms of 

the same power in 𝜆, assuming normalized wavefunctions |Ψ𝑖〉, one obtains the first three 

terms for the energy 

𝐸𝑖
(0)
= ⟨Ψ𝑖

(0)
|�̂�0|Ψ𝑖

(0)
⟩,                                                   (4.16) 

𝐸𝑖
(1)
= ⟨Ψ𝑖

(0)
|𝑉|Ψ𝑖

(0)
⟩,                                                    (4.17) 

and 

𝐸𝑖
(2)
= ⟨Ψ𝑖

(0)
|𝑉|Ψ𝑖

(1)
⟩.                                                    (4.18) 

Details of the derivation of these expressions are given in refs. [5], [12], and [13]. The 

zeroth- and first-order energies only depend on the zeroth-order wavefunction. The 
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expression for the second-order energy can be obtained by expanding |Ψ𝑖
(1)〉 in terms of 

the eigenfunctions 𝜑𝑖
(𝑛)

 of �̂�0 

𝐸𝑖
(2)
=∑

⟨𝜑𝑖
(0)
|𝑉|𝜑𝑖

(𝑛)
⟩⟨𝜑𝑖

(𝑛)
|𝑉|𝜑𝑖

(0)
⟩

𝐸𝑖
(0)
− 𝐸𝑖

(𝑛)

𝑛

.                                    (4.19) 

The SH parameters are usually defined as second derivatives with respect to the 

total energy (Eqs. (4.20) to (4.23)). When treated with the help of second-order 

perturbation theory, the expressions for the parameters can be found by considering the 

relevant terms of the BP Hamiltonian, that is, collecting all terms to a certain power of the 

fine structure constant 𝛼 (usually up to 𝛼2). The suitable BP correction terms and the 

effective SH terms need to exhibit the same dependency on the magnetic field and 

electronic or nuclear spins, which is achieved by considering of the BP terms as 

perturbations to first- and second-order 

𝒈 =
1

𝜇𝐵

𝜕2𝐸

𝜕𝑩𝜕𝑺
|
𝑩=𝑺=0

,                                                    (4.20) 

𝑫 =
𝜕2𝐸

𝜕𝑺𝜕𝑺
|
𝑺=𝑺=0

,                                                       (4.21) 

𝑨 =
𝜕2𝐸

𝜕𝑰𝑵𝜕𝑺
|
𝑰𝑵=𝑺=0

,                                                     (4.22) 

and 

𝑸 =
𝜕2𝐸

𝜕𝑰𝑴𝜕𝑰𝑵
|
𝑰𝑴=𝑰𝑵=0

.                                                  (4.23) 

In the following, expressions for the EPR parameters employ the specific notation 

of the the (unrestricted) DFT framework. That is, ψ𝑘
𝛼/𝛽

 and ψ𝑎
𝛼/𝛽

 denote occupied and 

virtual 𝛼/𝛽 Kohn-Sham orbitals with 휀𝑘
𝛼/𝛽

 and 휀𝑎
𝛼/𝛽

 as their corresponding orbital 

energies. 

 

g-Tensor 

The splitting of the electronic levels due to a magnetic field (Zeeman effect) is 

described by the g-tensor. Both, the g-tensor and the zero-field splitting tensor, are 
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usually sufficient for summarizing all electronic transitions in EPR spectra. The 

eigenstates of the effective SH provide intensities and energies of the latter. 

For systems containing mainly light elements, the g-value differs only slightly from 

the free electron value (𝑔𝑒 = 2.002319304… ) and therefore the g-tensor will be 

provided often as a correction to the free electron value (g-shift tensor) 

∆𝒈 = 𝒈− 𝑔𝑒𝟏.                                                           (4.24) 

The perturbation 𝑉 (up to the level of the BP Hamiltonian) for the calculation of g-

tensors is to a good approximation given by
[1, 11]

 

𝑉 = �̂�𝑆𝑍 + �̂�𝑆𝑍−𝑅𝑀𝐶 + �̂�𝑆𝑂−𝐺𝐶(1𝑒) + �̂�𝑆𝑂−𝐺𝐶(2𝑒) + �̂�𝑆𝑂(1𝑒) + �̂�𝑆𝑂(2𝑒) + �̂�𝑂𝑍.   (4.25) 

Here, �̂�𝑆𝑍 is the spin-Zeeman operator 

�̂�𝑆𝑍 =
1

2
𝑔𝑒∑𝑩 ∙ 𝑺𝑖

𝑖

,                                                    (4.26) 

describing the interaction of the magnetic field 𝑩 with the spin 𝑺𝒊 of the ith electron. 

�̂�𝑆𝑍−𝑅𝑀𝐶 refers to the spin-Zeeman relativistic mass correction operator 

�̂�𝑆𝑍−𝑅𝑀𝐶 = −
1

4
𝑔𝑒∑𝒑𝑖

2 ∙ 𝑩

𝑖

∙ 𝑺𝑖.                                           (4.27) 

𝒑 is the electronic linear momentum operator. �̂�𝑆𝑍 results in the free electron g-tensor, 

while �̂�𝑆𝑍−𝑅𝑀𝐶 provides first-order contributions to the ∆𝒈 tensor.  

The next two terms (�̂�𝑆𝑂−𝐺𝐶(1𝑒) and �̂�𝑆𝑂−𝐺𝐶(2𝑒)) in Eq. (4.25) account for the spin-

orbit gauge correction (SO-GC), which is split up into a one-electron and a two-electron 

part: 

�̂�𝑆𝑂−𝐺𝐶(1𝑒) = −
1

8
𝛼2𝑔′∑𝑍𝑁

𝑁

∑
𝑺𝑖 ∙ 𝑩(𝒓𝑖𝑁 ∙ 𝒓𝑖𝑂) − 𝑺𝑖 ∙ 𝒓𝑖𝑁(𝒓𝑖𝑂 ∙ 𝑩)

𝑟𝑖𝑁
3

𝑖

         (4.28) 

�̂�𝑆𝑂−𝐺𝐶(2𝑒) =
1

8
𝛼2𝑔′∑

[(𝑺𝑖 + 2𝑺𝑗) ∙ 𝑩](𝒓𝑖𝑗 ∙ 𝒓𝑖𝑂) − [(𝑺𝑖 + 2𝑺𝑗) ∙ 𝒓𝑖𝑗](𝒓𝑖𝑂 ∙ 𝑩)

𝑟𝑖𝑗
3

𝑖𝑗

. (4.29) 

Here, 𝛼 is the fine structure constant and 𝑔′ is the spin orbit g-factor 

𝑔′ = 2𝑔𝑒 − 2.                                                            (4.30) 

The main contribution to the g-shift tensor is provided by the spin-orbit interaction 

term �̂�𝑆𝑂, that is split, analogously to the gauge correction terms, into a one-electron and 
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a two-electron term, �̂�𝑆𝑂(1𝑒) and �̂�𝑆𝑂(2𝑒). The two-electron part is described by the two-

electron spin-same-orbit operator �̂�𝑆𝑆𝑂(2𝑒) and the spin-other-orbit operator �̂�𝑆𝑂𝑂(2𝑒). 

They are given by 

�̂�𝑆𝑂(1𝑒) =
1

4
𝛼2𝑔′∑𝑍𝑁

𝑁

∑
𝑺𝑖 ∙ 𝒍𝑖𝑁

𝑟𝑖𝑁
3 ,

𝑖

                                       (4.31) 

�̂�𝑆𝑆𝑂(2𝑒) =
1

4
𝛼2𝑔′∑

𝑺𝑖 ∙ 𝒍𝑖𝑗

𝑟𝑖𝑗
3

𝑖𝑗

,                                              (4.32) 

and 

�̂�𝑆𝑂𝑂(2𝑒) = −𝛼
2∑

𝑺𝑖 ∙ 𝒍𝑖𝑗

𝑟𝑖𝑗
3

𝑖𝑗

                                               (4.33) 

where 𝒍 is the angular momentum operator. 

The final term of Eq. (4.25) is the orbital Zeeman operator, which reflects the 

interaction between the external field 𝑩 and the orbital magnetic momentum 𝒍𝑖𝑂 

�̂�𝑂𝑍 = −
1

2
∑𝑩 ∙ 𝒍𝑖𝑂
𝑖

.                                                    (4.34) 

Out of the seven contributions to the second-order expression of the g-tensor (Eq. 

4.25), the first four are of first- and the last three of second-order. 

In the framework of perturbation theory the g-shift tensor (in its Cartesian 𝑢𝑣-

components) may be expressed as a mixed second-order molecular property  

∆𝑔𝑢𝑣 = ∆𝑔𝑆𝑍−𝑅𝑀𝐶,𝑢𝑣
(1)

+ ∆𝑔𝑆𝑂−𝐺𝐶(1𝑒),𝑢𝑣
(1)

+ ∆𝑔𝑆𝑂−𝐺𝐶(2𝑒),𝑢𝑣
(1)

 

+∆𝑔𝑆𝑂/𝑂𝑍(1𝑒),𝑢𝑣
(2)

 + ∆𝑔𝑆𝑂/𝑂𝑍(2𝑒),𝑢𝑣
(2)

.  (4.35) 

Superscripts indicate first- and second-order contributions, respectively. The first three 

terms in Eq. (4.35) involve the contributions from the spin-Zeeman relativistic mass 

correction operator �̂�𝑆𝑍−𝑅𝑀𝐶,𝑢𝑣 

∆𝑔𝑆𝑍−𝑅𝑀𝐶,𝑢𝑣
(1)

=
1

𝑆
𝛿𝑢𝑣 [ ∑ ⟨𝜓𝑘

𝛼|�̂�𝑆𝑍−𝑅𝑀𝐶,𝑢𝑣|𝜓𝑘
𝛼⟩ −

𝑜𝑐𝑐(𝛼)

𝑘

∑ ⟨𝜓𝑘
𝛽
|�̂�𝑆𝑍−𝑅𝑀𝐶,𝑢𝑣|𝜓𝑘

𝛽
⟩

𝑜𝑐𝑐(𝛽)

𝑘

] , (4.36)  

and the one- and two-electron gauge correction terms, �̂�𝑆𝑂−𝐺𝐶(1𝑒) and �̂�𝑆𝑂−𝐺𝐶(2𝑒). The 

latter will be neglected here and in all applied calculations throughout this work due to its 

small dimension and inefficient computational acquisition
[14-17]
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∆𝑔𝑆𝑂−𝐺𝐶,𝑢𝑣
(1)

=
1

𝑆
[ ∑ ⟨𝜓𝑘

𝛼|�̂�𝑆𝑂−𝐺𝐶(1𝑒),𝑢𝑣|𝜓𝑘
𝛼⟩ −

𝑜𝑐𝑐(𝛼)

𝑘

∑ ⟨𝜓𝑘
𝛽
|�̂�𝑆𝑂−𝐺𝐶(1𝑒),𝑢𝑣|𝜓𝑘

𝛽
⟩

𝑜𝑐𝑐(𝛽)

𝑘

] . (4.37) 

These terms represent the “diamagnetic” first-order contributions to Δ𝑔𝑢𝑣. The 

dominating contribution usually arises from the “paramagnetic” second-order spin-

orbit/orbital Zeeman cross terms, ∆𝑔𝑆𝑂/𝑂𝑍(1𝑒),𝑢𝑣
(2)

 and ∆𝑔𝑆𝑂/𝑂𝑍(2𝑒),𝑢𝑣
(2)

 

∆𝑔𝑆𝑂/𝑂𝑍,𝑢𝑣
(2)

=
1

𝑆
[ ∑ ∑

⟨𝜓𝑘
𝛼|�̂�𝑆𝑂,𝑢|𝜓𝑎

𝛼⟩⟨𝜓𝑎
𝛼|�̂�𝑂𝑍,𝑣|𝜓𝑘

𝛼⟩

휀𝑘
𝛼 − 휀𝑎

𝛼

𝑣𝑖𝑟𝑡(𝛼)

𝑎

𝑜𝑐𝑐(𝛼)

𝑘

 

− ∑ ∑
⟨𝜓𝑘

𝛽
|�̂�𝑆𝑂,𝑢|𝜓𝑎

𝛽
⟩⟨𝜓𝑎

𝛽
|�̂�𝑂𝑍,𝑣|𝜓𝑘

𝛽
⟩

휀𝑘
𝛽
− 휀𝑎

𝛽

𝑣𝑖𝑟𝑡(𝛽)

𝑎

𝑜𝑐𝑐(𝛽)

𝑘

].    (4.38) 

In Eqs. (4.36) to (4.38), 𝑆 is the effective spin quantum number, ψ𝑘
𝛼/𝛽

 and ψ𝑎
𝛼/𝛽

 are 

occupied and virtual 𝛼/𝛽 Kohn-Sham orbitals, and 휀𝑘
𝛼/𝛽

 and 휀𝑎
𝛼/𝛽

 are the corresponding 

eigenvalues. Employment of hybrid functionals in g-tensor calculations allows for 

substitution of the orbital Zeeman operator �̂�𝑂𝑍 in Eq. (4.38) by the operator 𝐹′ 

𝐹𝑣
′ =

𝒍𝑣
𝑟3
−
2

𝛼
𝑎0∑𝐾𝑘,𝑣

′

𝑛
2

𝑘

.                                                  (4.39) 

Here, 
𝒍𝑣

𝑟3
 is the paramagnetic nuclear-spin electron-orbit (PSO) operator, 𝐾𝑘,𝑣

′  is the 

respective component of the response exchange operator, and 𝑎0 is the amount of HF 

exchange in the employed hybrid functional.
[18-20]

 For GGA and LDA functionals, where 

𝑎0 is zero, the DFT treatment for this second-order term becomes uncoupled. 

 

Zero-Field Splitting 

Systems with more than one unpaired electron that couple to a total spin 𝑆 >
1

2
, 

experience a splitting of their (2𝑆 + 1) degenerate magnetic sublevels even in the 

absence of a magnetic field. This phenomenon is called zero-field splitting (ZFS) and can 

be accounted for in the effective SH (see Eq. 4.4) by introducing the respective zero-field 

splitting tensor 𝑫. However, beside its frequent appearance and importance in transition 

metal chemistry EPR, the ZFS has been the least studied SH parameter, especially in 
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terms of its theoretical description, mostly due to the requirement of inclusion of several 

spin-states and the complicated nature of the integrals involved.
[1, 4, 21]

 

Within the BP approximation, one has to consider two basic contributions to the 

perturbation 𝑉 that give rise to the ZFS 

𝑉 = �̂�𝑆𝑆 + �̂�𝑆𝑂 .                                                          (4.40) 

The first term is the direct dipolar spin-spin operator (SS), which is bilinear with 

respect to 𝑺 and takes the following form 

�̂�𝑆𝑆 =
1

2
𝛼2∑∑

𝑺𝑖𝑺𝑗

𝑟𝑖𝑗
3 − 3

𝑺𝑖𝒓𝑖𝑗 ∙ 𝑺𝑗𝒓𝑖𝑗

𝑟𝑖𝑗
5

𝑗≠𝑖𝑖

,                                  (4.41) 

where 𝑟𝑖𝑗 denotes the difference of the position vectors of electrons 𝑖 and 𝑗. 

The other term is the well-known spin-orbit (SO) operator, which can be divided 

into a one-electron and two-electron contribution as described in section 4.5.2.2. The SO 

contribution is usually considered to be dominant in transition metal systems, although 

the spin-spin term was shown to be of non-negligible magnitude.
[22, 23]

  

Within second-order perturbation theory the SS term describes the first-order 

contributions to D and can be expressed (in Cartesian components) 

𝐷𝑢𝑣
𝑆𝑆 =

1

2

𝛼2

𝑆(2𝑆 − 1)
⟨Ψ0

𝑆𝑆|�̂�𝑆𝑆|Ψ0
𝑆𝑆⟩.                                 (4.42) 

Here, 𝛼 is the fine structure constant and Ψ0
𝑆𝑆 represents the ground state multiplet. The 

breakdown of the SS part into local site contributions is not trivial and therefore it will be 

neglected in all applied calculations presented in this work. The interested reader is 

referred to refs. [22], [24], and [25] for more detailed information and expressions. 

Instead, an empirical scaling factor will be used to account for the missing part of the 

total ZFS (see Chapter 5). 

The contributions from the SO coupling arise in second-order to D. The resulting 

expression for the Cartesian components takes the following form 
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𝐷𝑢𝑣
𝑆𝑂 =

1

4𝑆(2𝑆 − 1)
𝛼4 [ ∑ ∑

⟨𝜓𝑘
𝛼|�̂�𝑆𝑂,𝑣|𝜓𝑎

𝛼⟩⟨𝜓𝑎
𝛼|�̂�𝑆𝑂,𝑢|𝜓𝑘

𝛼⟩

휀𝑘
𝛼 − 휀𝑎

𝛼

𝑣𝑖𝑟𝑡(𝛼)

𝑎

𝑜𝑐𝑐(𝛼)

𝑘

 

+ ∑ ∑
⟨𝜓𝑘

𝛽
|�̂�𝑆𝑂,𝑣|𝜓𝑎

𝛽
⟩⟨𝜓𝑎

𝛽
|�̂�𝑆𝑂,𝑢|𝜓𝑘

𝛽
⟩

휀𝑘
𝛽
− 휀𝑎

𝛽

𝑣𝑖𝑟𝑡(𝛽)

𝑎

𝑜𝑐𝑐(𝛽)

𝑘

 

− ∑ ∑
⟨𝜓𝑘

𝛼|�̂�𝑆𝑂,𝑣|𝜓𝑎
𝛽
⟩⟨𝜓𝑎

𝛽
|�̂�𝑆𝑂,𝑢|𝜓𝑘

𝛼⟩

휀𝑘
𝛼 − 휀𝑎

𝛽

𝑣𝑖𝑟𝑡(𝛽)

𝑎

𝑜𝑐𝑐(𝛼)

𝑘

 

− ∑ ∑
⟨𝜓𝑘

𝛽
|�̂�𝑆𝑂,𝑣|𝜓𝑎

𝛼⟩⟨𝜓𝑎
𝛼|�̂�𝑆𝑂,𝑢|𝜓𝑘

𝛽
⟩

휀𝑘
𝛽
− 휀𝑎

𝛼

𝑣𝑖𝑟𝑡(𝛼)

𝑎

𝑜𝑐𝑐(𝛽)

𝑘

] . (4.43) 

The double sums run over the occupied and virtual Kohn-Sham molecular orbitals, 

𝜓𝑘
𝛼  and 𝜓𝑎

𝛽
, of the 𝑎 (spin-up) and 𝛽 (spin-down) manifolds, the denominators denote the 

corresponding Kohn-Sham orbital energy differences, and the numerators are products of 

the matrix elements of Cartesian components of the spatial part of the SO operator. 

Eq. (4.43) covers all types of excited states with 𝑆, 𝑆 + 1, and 𝑆 − 1, which corresponds 

to 𝛼 → 𝛼/𝛽 → 𝛽, 𝛼 → 𝛽, and 𝛽 → 𝛼 excitations. Note that the prefactor 
1

4𝑆(2𝑆−1)
 in this 

equation gave rise to some discussion, as there have been different derivations of this 

equation present in the literature.
[22, 23, 26, 27]

 In this work the prefactor from van  

Wüllen
[26, 27]

 will be used. 

In EPR spectroscopy the ZFS will usually be provided in terms of parameters 𝐷 and 

𝐸, assuming a coordinate system that diagonalizes the 𝑫 tensor. They may then be 

expressed as  

𝐷 =
3

2
𝐷𝑧𝑧                                                               (4.44) 

and 

𝐸 =
1

2
(𝐷𝑥𝑥 − 𝐷𝑦𝑦),                                                       (4.45) 

where the coordinate system is usually be chosen such that 0 ≤ 𝐸/𝐷 ≤
1

3
. 

Finally, it is only fair to say that up to now DFT methods struggle to provide 

reasonable predictions for the ZFS. The intrinsic complications with the SS part, a 

significant underestimation of the SO contribution, and some dependence on the 
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employed functional let DFT perform less accurate for the ZFS than other EPR 

parameters. While more sophisticated ab initio methods do better, they are only slowly 

becoming an economic and efficient alternative, mostly due to their computational 

costs.
[22, 23, 28, 29]

 

 

Hyperfine Coupling Tensor 

The interaction of the unpaired electrons with magnetic nuclei is parametrized by 

the HFC. Up to second-order perturbation theory, a comprehensive description of the 

perturbation involves the following contributions 

𝑉 = �̂�𝐹𝐶 + �̂�𝑆𝐷 + �̂�𝐻𝐶−𝑆𝑂(1𝑒) + �̂�𝐻𝐶−𝑆𝑂(2𝑒) + �̂�𝑆𝑂(1𝑒) + �̂�𝑆𝑂(2𝑒) + �̂�𝑃𝑆𝑂 .      (4.46) 

Here, �̂�𝐹𝐶  and �̂�𝑆𝐷, denoting the Fermi-contact and the spin-dipolar operator, represent 

the dominant first-order contributions 

�̂�𝐹𝐶 =
4𝜋

3
𝛽𝑒𝛽𝑁𝑔𝑒𝑔𝑁∑𝛿(𝒓𝑖𝑁)𝑺𝑖 ∙ 𝑰𝑁

𝑖

,                                    (4.47) 

�̂�𝑆𝐷 = 𝛽𝑒𝛽𝑁𝑔𝑒𝑔𝑁∑𝑺𝑖 ∙
3𝒓𝑖𝑁𝒓𝑖𝑁 − 𝛿𝒓𝑖𝑁

𝑟𝑖𝑁
5 ∙ 𝑰𝑁

𝑖

.                            (4.48) 

In Eqs. (4.47) and (4.48), 𝒓𝑖𝑁 is the difference of the position vectors of electron 𝑖 and 

nucleus 𝑁, 𝛽𝑒 and 𝛽𝑁 are the Bohr magneton and the nuclear magneton, and 𝑔𝑁 is the g-

value of nucleus 𝑁, respectively. 

The next two terms, �̂�𝐻𝐶−𝑆𝑂(1𝑒) and �̂�𝐻𝐶−𝑆𝑂(2𝑒), are the one- and two-electron spin-

orbit hyperfine corrections, which are as well of first-order but of smaller magnitude. The 

explicit expressions for these are given in ref. [11]. 

The cross-terms between the one- and two-electron spin-orbit operators, �̂�𝑆𝑂(1𝑒) 

and �̂�𝑆𝑂(2𝑒) (cf. Eqs. (4.31) – (4.33)), and the paramagnetic nuclear spin electron-orbit 

operator, �̂�𝑃𝑆𝑂 

�̂�𝑃𝑆𝑂 =
𝑒

𝑚𝑒
𝛽𝑁𝑔𝑁∑

𝒍𝑖𝑁

𝒓𝑖𝑁
3

𝑖

,                                                 (4.49) 

give rise to the second-order contributions to the hyperfine tensor. 
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Up to second-order and including spin-orbit terms, the hyperfine tensor, 

analogously to the g-tensor, can be expressed as a sum of the following contributions (in 

Cartesian components) 

𝐴𝑢𝑣 = 𝐴𝐹𝐶,𝑢𝑣 + 𝐴𝑆𝐷,𝑢𝑣 + 𝐴𝐻𝐶−𝑆𝑂(1𝑒),𝑢𝑣 + 𝐴𝐻𝐶−𝑆𝑂(2𝑒),𝑢𝑣 

+𝐴𝑆𝑂(1𝑒)/𝑃𝑆𝑂,𝑢𝑣 + 𝐴𝑆𝑂(2𝑒)/𝑃𝑆𝑂,𝑢𝑣.    (4.50) 

Here, 𝐴𝐹𝐶,𝑢𝑣 is the contribution from the Fermi-contact term, which in the first-order non-

relativistic approximation corresponds to the isotropic hyperfine coupling. This term is 

usually dominant for light atoms 

𝐴𝐹𝐶 =
4𝜋

3
𝛽𝑒𝛽𝑁𝑔𝑒𝑔𝑁

1

〈𝑆𝑍〉
∑𝑷𝑢.𝑣

𝛼−𝛽⟨𝜓𝑢|𝛿(𝒓𝑖𝑁)|𝜓𝑣⟩

𝑢,𝑣

.                        (4.51) 

The anisotropic contribution is covered by the spin-dipolar term, 𝐴𝑆𝐷,𝑢𝑣, 

𝐴𝑆𝐷,𝑢𝑣 =
1

2
𝛽𝑒𝛽𝑁𝑔𝑒𝑔𝑁

1

〈𝑆𝑍〉
∑𝑷𝑢.𝑣

𝛼−𝛽
⟨𝜓𝑢|

𝛿𝑖𝑗(𝒓𝑖𝑁
2 ) − 3𝒓𝑖𝑁𝒓𝑗𝑁

𝒓𝑖𝑁
5 |𝜓𝑣⟩

𝑢,𝑣

.           (4.52) 

First-order corrections are provided by the spin-orbit hyperfine correction terms, 

𝐴𝐻𝐶−𝑆𝑂(1𝑒),𝑢𝑣 and 𝐴𝐻𝐶−𝑆𝑂(2𝑒),𝑢𝑣, whose magnitude is of negligible size, 

𝐴𝐻𝐶−𝑆𝑂,𝑢𝑣 =
1

𝑆
[ ∑ ⟨𝜓𝑘

𝛼|�̂�𝐻𝐶−𝑆𝑂|𝜓𝑘
𝛼⟩

𝑜𝑐𝑐(𝛼)

𝑘

− ∑ ⟨𝜓𝑘
𝛽
|�̂�𝐻𝐶−𝑆𝑂|𝜓𝑘

𝛽
⟩

𝑜𝑐𝑐(𝛽)

𝑘

].           (4.53) 

The dominant spin-orbit corrections to the hyperfine tensor are of second-order and 

arise as cross-terms between the respective spin-orbit operator and the PSO operator. 

Their treatment involves the following expression at the coupled-perturbed Kohn-Sham 

level 

𝐴𝑆𝑂/𝑃𝑆𝑂,𝑢𝑣 =
1

𝑆
[ ∑ ∑

⟨𝜓𝑘
𝛼|�̂�𝑆𝑂,𝑢|𝜓𝑎

𝛼⟩⟨𝜓𝑎
𝛼|�̂�𝑃𝑆𝑂,𝑣|𝜓𝑘

𝛼⟩

휀𝑘
𝛼 − 휀𝑎

𝛼

𝑣𝑖𝑟𝑡(𝛼)

𝑎

𝑜𝑐𝑐(𝛼)

𝑘

 

− ∑ ∑
⟨𝜓𝑘

𝛽
|�̂�𝑆𝑂,𝑢|𝜓𝑎

𝛽
⟩⟨𝜓𝑎

𝛽
|�̂�𝑃𝑆𝑂,𝑣|𝜓𝑘

𝛽
⟩

휀𝑘
𝛽
− 휀𝑎

𝛽

𝑣𝑖𝑟𝑡(𝛽)

𝑎

𝑜𝑐𝑐(𝛽)

𝑘

].    (4.54) 
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Nuclear Quadrupole Coupling Tensor 

Nuclei with 𝐼 >
1

2
 exhibit a nuclear electric quadrupole moment 𝑄𝑁, due to a non-

spherical charge distribution within the nucleus. 𝑄𝑁 interacts with the electric field of the 

surrounding electrons, which is represented by the electric field gradient (EFG). This 

interaction is called nuclear quadrupole coupling (NQC) and parameterized by the NQC 

tensor 𝑸 

𝑸𝑢𝑣 =
𝑒𝑄𝑁

2𝐼𝑁(2𝐼𝑁 − 1)ℎ
𝑽𝑢𝑣,                                                (4.55) 

where 𝑽𝑢𝑣 are the components of the EFG tensor. As the NQC tensor is traceless, one 

usually defines the nuclear quadrupole coupling constant 
𝑒2𝑄𝑁𝑞𝑧𝑧

ℎ
 and the asymmetry 

parameter 𝜂 as 

𝑒2𝑄𝑁𝑞𝑧𝑧
ℎ

=
𝑒𝑄𝑁𝑉𝑧𝑧
ℎ

 ,                                                     (4.56) 

𝜂 =
𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
,                                                            (4.57) 

such that |𝑉𝑧𝑧| ≥ |𝑉𝑦𝑦| ≥ |𝑉𝑥𝑥|. The electric field gradient is computed as  

𝑽𝑢𝑣 = ⟨𝜓𝑢|∑
𝛿𝑢𝑣𝒓𝑖𝑁

2 − 3𝒓𝑖𝐴,𝑢𝒓𝑖𝐴,𝑣

𝒓𝑖𝑁
5

𝑖

|𝜓𝑣⟩.                                  (4.58) 

Note that the EFG tensor is a first-order property and is spin-independent, which 

makes the NQC constant the only parameter in the applied SH, that does not need to be 

spin-projected in case of multi-nuclear systems. The NQC constant is usually provided 

with an additional prefactor (4𝐼𝑁(2𝐼𝑁 − 1))
−1. 

 

 

4.6 Heisenberg Exchange-Coupling Constants 
 

 

The energy difference between states with various spin multiplicities is related to an 

exchange interaction parameter 𝐽. 𝐽 is denoted as Heisenberg exchange-coupling 

constant and describes the magnetic coupling of localized spins within the Heisenberg-

Dirac-van Vleck (HDvV)-Hamiltonian  
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�̂�𝐻𝐷𝑣𝑉 = −2𝐽�̂�𝐴�̂�𝐵,                                                        (4.59) 

where �̂�𝐴 and �̂�𝐵 are spin operators on different centers in a dinuclear (sub-)system. 

The computation of 𝐽 requires reliable energies (or energy differences) of the spin-

states involved. While multi-configurational methods can provide the exchange 

parameters without further problems except for their computational costs, DFT is limited 

here, as it cannot describe the multideterminantal low-spin states necessary for the 

computation of 𝐽. To overcome this problem, one has to stick to the use of broken-

symmetry DFT (cf. section 3.4), which allows for an approximate extraction of the 

exchange-coupling constants. Recently, alternatives to the BS-DFT approach have been 

suggested employing so-called constrained DFT.
[30-32]

 However, so far, results do not 

show a significant improvement over the BS-DFT treatment. 

 

4.6.1 Dinuclear Systems 

 

In case of dinculear systems, the following expression derived by Yamaguchi and 

coworkers
[33]

 can be used to compute the Heisenberg exchange-coupling constant 

𝐽 = −
𝐸𝐻𝑆 − 𝐸𝐵𝑆

〈�̂�2〉𝐻𝑆 − 〈�̂�2〉𝐵𝑆
.                                                  (4.60) 

Here, 𝐸𝐻𝑆 and 𝐸𝐵𝑆 denote the energies of the high-spin and broken-symmetry states, 

respectively, and 〈�̂�2〉𝐻𝑆 and 〈�̂�2〉𝐵𝑆 are the corresponding expectation values of the spin 

squared operator. Eq. (4.60) is supposed to cover the entire regime from weak to strong 

coupling between the two spin centers. Special formulas for both, weak and strong, limits 

have been derived by Noodleman
[34]

 and Alvarez.
[35]

 

 

4.6.2 Multinuclear Systems 

 

For more complex systems the Heisenberg exchange-coupling constants cannot be 

obtained by a simple expression such as Eq. (4.60). In this work, we follow the formalism 

described below, which has been validated by Pantazis et al.
[36]

  

The total number of magnetic interactions 𝐽𝑖𝑗 in exchange coupled systems 

containing 𝑛 spins 𝑆𝑖 is equal to the number of possible pairwise combinations 

constructed from these spins, e.g. four spin centers (in case of the OEC) lead to six 
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magnetic interactions. The total number of distinct spin configurations is 2𝑛−1, given the 

equivalence of configurations that are one-to-one spin-inverse. The parameters 𝐽𝑖𝑗 are 

then found from the solution of a system of 2𝑛−1 linear equations within the framework 

of the Ising approximation 

𝐸(𝑆𝐾) = −2∑𝑀𝑆,𝑖𝑀𝑆,𝑗𝐽𝑖𝑗                                       

𝑖<𝑗

         (4.61) 

with 

𝑀𝑆,𝑖 = ±𝑆𝑖,                                                              (4.62) 

and 

∑𝑀𝑆,𝑖

𝑛

𝑖=1

> 0,𝐾.                                                           (4.63) 

The series of equations (4.61) is overdetermined (n linear independent equations with 

∑ 𝑎𝑖
𝑛−1
1  variables cannot be simultaneously exactly satisfied) and therefore a least-

squares fit or singular value decomposition
[37]

 is used to find the optimal solution. The 

shortcomings of this formalism are discussed in Chapter 7. 

 

 

4.7 Spin-Projection Techniques 
 

 

This subsection represents largely our own exposition in refs. [38] and [39], with 

some adaptation. 

The interpretation of EPR spectra is usually carried out by employing the SH 

concept (see section 4.3). Compared to mononuclear transition metal complexes, the 

spectra of exchange-coupled di- and multinuclear complexes tend to be more complicated 

and more difficult to interpret. In almost all cases, a coupled effective spin Hamiltonian of 

the type 

�̂�𝑒𝑓𝑓
𝑐𝑜𝑢𝑝𝑙𝑒𝑑 = 𝛽𝑒�⃗⃗�𝑮�̃� +∑�̃�𝑨𝒊𝐼𝑖

𝑛

𝑖=1

+ �̃�𝑫�̃� + ⋯.                                (4.64) 
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is used to parameterize the observed spectra. In Eq. (4.64), �̃� is an effective electronic 

spin, 𝐼𝑖 is the nuclear spin of nucleus i, �⃗⃗� is the external magnetic field, and 𝛽𝑒 the Bohr 

magneton. The first term is the electronic Zeeman interaction parameterized by the 

effective electronic g-matrix 𝑮, the second term sums up electron-nucleus hyperfine 

interactions of ions 𝑖 parameterized by the effective hyperfine matrices 𝑨𝒊, and the last 

term indicates the ZFS between electronic spins in the case of effective spin �̃� >
1

2
, 

parameterized by the total ZFS tensor 𝑫. For brevity, any contributions from nuclear 

quadrupole couplings as well as the (super-)hyperfine couplings of any ligand nuclei are 

neglected. 

The coupled representation (4.64) is closest to the appearance of an EPR spectrum. 

On the other hand, the effective electronic spin �̃� and the exchange-coupled effective SH 

of Eq. (4.64) may be thought to be constructed from the individual spins of the 

constituent single-ion spins 𝑆𝑖 and their individual site g- and hyperfine matrices (𝒈𝒊 and 

𝒂𝒊) by a vector-coupling procedure, starting from an uncoupled representation 

�̂�𝑒𝑓𝑓 =∑𝛽𝑒�⃗⃗�𝒈𝒊𝑆𝑖

𝑛

𝑖=1

+∑𝑆𝑖𝒂𝒊𝐼𝑖

𝑛

𝑖=1

+∑𝑆𝑖𝒅𝒊𝑆𝑖

𝑛

𝑖=1

− 2∑𝐽𝑖𝑗𝑆𝑖𝑆𝑗

𝑛

𝑖=1

.                (4.65) 

The third term on the right-hand side of Eq. (4.65) represents local ZFS interactions 

on ions 𝑖, parameterized by site ZFS tensors 𝒅𝒊. The last term is the HDvV Hamiltonian 

that expresses the pair-wise isotropic exchange interactions between the ions 𝑖 and 𝑗, 

parameterized by the corresponding Heisenberg exchange-coupling constants 𝐽𝑖𝑗. 

Hamiltonians (4.64) and (4.65) act in different spaces. While the “uncoupled” 

Hamiltonian (4.65) acts within the space spanned by all the possible products of spin 

functions of individual paramagnetic centers whose dimension is ∏ (2𝑆𝑖 + 1)
𝑛
𝑖=1 , the 

coupled Hamiltonian (4.64) is usually restricted to the manifold corresponding to the 

lowest effective-spin state which is employed for the interpretation of the experimental 

spectra. Due to the complexity of effective-spin-Hamiltonian matrices, exact analytical 

expressions of the site quantities 𝒈𝒊, 𝒂𝒊, and 𝒅𝒊 (cf. Eq. (4.65)) in terms of the effective 

ones 𝑮, 𝑨𝒊, 𝑫 (cf. Eq. (4.64)) or vice versa are not even available for dimers (𝑛 = 2). 

Two ways to circumvent the problem are: (i) given certain values of the elements of 

the abovementioned site tensors, one can diagonalize �̂�𝑒𝑓𝑓 numerically with subsequent 

fitting of parameters entering �̂�𝑒𝑓𝑓
𝑐𝑜𝑢𝑝𝑙𝑒𝑑

 to yield the same (sub)set of eigenvalues; (ii) 
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provided that the order of magnitude of different terms entering Hamiltonian (4.65) is 

different, one may decompose the Hamiltonian into a sum of the predominant part �̂�𝑒𝑓𝑓
0  

and a “rest“ �̂�𝑒𝑓𝑓
′ . Then one may diagonalize �̂�𝑒𝑓𝑓

0  analytically and subsequently take into 

account �̂�𝑒𝑓𝑓
′  within perturbation theory. In the majority of cases, �̂�𝑒𝑓𝑓

0  is associated with 

the Heisenberg exchange Hamiltonian −2∑ 𝐽𝑖𝑗𝑆𝑖𝑆𝑗
𝑛
𝑖=1  (strong-exchange limit). 

A fully numerical route for such a spin-projection procedure which would take into 

account all the non-negligible interactions is currently implemented and tested in our lab, 

albeit restricted procedures (with certain terms from Eq. (4.65) neglected or simplified) 

are already available in the literature (see, e.g., ref. [40]). The second (perturbational) 

approach has been developed and applied, but mainly for dimers and within the strong-

exchange limit.
[40-45]

 Analytical treatments within the weak- or intermediate-exchange 

limits as well as extensions to multinuclear clusters are also known for particular cases 

(see ref. [46] for a review). 

A transformation from the coupled to the uncoupled representation is often sought by 

EPR spectroscopists to relate the observed spectra to the intrinsic g- and hyperfine 

matrices 𝒈𝒊 and 𝒂𝒊 of mononuclear complexes, to be able to understand the electronic 

structure of the multinuclear complexes in terms of the local coordination environment. 

On the other hand, quantum-chemical calculations aiming to aid experiment in 

understanding the EPR spectra typically provide intrinsic site g- and hyperfine matrices 

first, and a spin projection to a coupled representation is needed to compare with 

experimental spectra. 

The BS-DFT calculations employed to describe the exchange-coupled systems 

investigated in this work provide spin densities that usually differ from the ones of the 

“real” antiferromagnetic state (see section 3.4). All properties depending on the spin 

density (e.g. HFCs, g-tensors) need to undergo spin projection before relating them to 

experimental data.
[47]

 

 

4.7.1 Dinuclear Complexes 

 

One seeks the spin projection matrix 
𝑖
, that transforms the intrinsic site hyperfine 

tensors 𝒂𝑖 of Eq. (4.65) into the coupled tensors 𝑨𝑖 of Eq. (4.64) (note that for an 𝑆 =
1

2
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ground state of an Mn
III

Mn
IV

 system, the last ZFS-related term in Eq. (4.61) vanishes), 

that is 

𝑨𝑖 = 𝒂𝑖𝑖 .                                                                (4.66) 


𝑖
 depends on the spin at site 𝑖, on the exchange-coupling constants of the exchange 

multiplet, and on the local ZFS tensors 𝒅𝑖. The site tensors 𝒂𝑖 in turn are related to the 

directly computed hyperfine tensors of the BS state 𝑨𝑖
𝐵𝑆 by 

𝒂𝑖 =
𝑨𝑖
𝐵𝑆𝑀𝑆

𝐵𝑆

±𝑆𝑖
,                                                           (4.67) 

where the sign in the denominator depends on the formal orientation of the local spin in 

the BS solution. 

Under the assumption that exchange coupling is much larger than the local ZFS 

interactions (strong-exchange limit), i.e. 𝐽𝑖𝑗 ≫ |𝒅𝑖|, we may follow the perturbational 

treatment (see above) developed by Scaringe et al.
[40] 

and translated to the most 

convenient analytical form by Sage et al.
[43]

 (somewhat less general formulas have been 

independently derived by Valentine
[41]

). Then, the effective HFCs are given by 

𝑨𝐴
𝑒𝑓𝑓

= 𝑐𝐴𝒂𝐴 −
𝒂𝐴𝑐𝐴𝑐𝐵
5𝐽𝐴𝐵

[(3𝑐𝐴 + 1) ∙ 𝒅𝐴 − (3𝑐𝐵 + 1) ∙ 𝒅𝐵]                    (4.68) 

and 

𝑨𝐵
𝑒𝑓𝑓

= 𝑐𝐴𝒂𝐵 −
𝒂𝐵𝑐𝐴𝑐𝐵
5𝐽𝐴𝐵

[(3𝑐𝐴 + 1) ∙ 𝒅𝐴 − (3𝑐𝐵 + 1) ∙ 𝒅𝐵],                    (4.69) 

where 𝑐𝑖 denotes the spin-projection coefficient obtained by 

𝑐𝑖 =
𝑆(𝑆 + 1) + 𝑆𝑖(𝑆𝑖 + 1) − 𝑆𝑗(𝑆𝑗 + 1)

2𝑆(𝑆 + 1)
.                                  (4.70) 

In Eqs. (4.68) and (4.69), index “𝐴” is always related to the site having larger spin, 

that is 𝑆𝐴 > 𝑆𝐵. In case of site 𝐴 being Mn
III

 (𝑆 = 2) and site 𝐵 being Mn
IV

 (𝑆 =
3

2
), as for 

example in the Mncat system, the spin-projection coefficients are thus 𝑐𝐴 = 2 and 

𝑐𝐵 = −1. 

A similar expression to (4.68) and (4.69) can be derived for the effective g- 

tensor
[46, 47]

 

𝒈𝑒𝑓𝑓 = 𝑐𝐴𝒈𝐴 + 𝑐𝐵𝒈𝐵 +
𝑐𝐴𝑐𝐵
5𝐽𝐴𝐵

(𝒈𝐴 −𝒈𝐵)[(3𝑐𝐴 + 1) ∙ 𝒅𝐴 − (3𝑐𝐵 + 1) ∙ 𝒅𝐵].    (4.71) 
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Here, 𝒈𝐴 and 𝒈𝐵 denote the site g-values of the system and can be obtained by 

𝒈𝐴 =
1

2𝑆𝐴
[𝒈𝐻𝑆𝑀𝑆

𝐻𝑆 + 𝒈𝐵𝑆𝑀𝑆
𝐵𝑆]                                           (4.72) 

and 

𝒈𝐵 =
1

2𝑆𝐵
[𝒈𝐻𝑆𝑀𝑆

𝐻𝑆 − 𝒈𝐵𝑆𝑀𝑆
𝐵𝑆],                                           (4.73) 

where 𝒈𝐻𝑆 and 𝒈𝐵𝑆 are the g-tensors of the high-spin (HS) and broken-symmetry (BS) 

state extracted from two distinct DFT calculations providing 𝑀𝑆
𝐻𝑆 = 𝑆𝐴 + 𝑆𝐵 and 

𝑀𝑆
𝐵𝑆 = 𝑆𝐴 − 𝑆𝐵, respectively. 

Equations (4.68), (4.69), and (4.71) may be simplified within the strong-exchange 

limit (𝐽 ≫ 𝒅𝑖; in case of Mn
III

Mn
IV

 complexes one usually defines 𝐽 > 100 𝑐𝑚−1 as a 

boundary)
[45]

 by neglecting the ZFS contribution and dropping the last term depending on 

the latter. However, even in case of Mn
III

Mn
IV

 complexes, where the zero-field splitting is 

usually quite small (< 5 𝑐𝑚−1), the overall tensor and especially the anisotropic 

components might still be affected considerably by the ZFS, allowing only for a 

simplified discussion of the calculated data.  

 

4.7.2 Multinuclear Complexes 

 

The spin projection schemes for multinuclear systems, which have been employed 

throughout this work, will be introduced below. For simplification, the formalisms will 

only be presented for the OEC in its S2 state (𝑆 =
1

2
), which has been investigated in this 

work. The schemes are in principle applicable to different systems. 

In multinuclear systems such as the OEC, the magnetic interactions have a more 

complicated topology, as apparent from the numerous parameters 𝐽𝑖𝑗 in Eq. (4.65). Given 

that inevitably some spin frustration is involved to reach the desired 𝑆 =
1

2
 state, the 

exchange-coupling constants may attain very different values and be either negative or 

positive. Even upon neglecting the ZFS, no full analytical solution is possible anymore 

for a general tetranuclear system. One either has to diagonalize the HDvV Hamiltonian 

(last term in Eq. (4.65)) numerically, or one may arrive at simplified coupling schemes by 

imposing certain constraints on the symmetries of the Heisenberg exchange interactions.  
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The first, fully numerical approach has been used initially on a synthetic model 

cluster
[36]

 and subsequently on models for the S2 state of the OEC
[48]

 by Pantazis et al.: 

here, the (scalar) spin-projection coefficients are found from the ratio 

𝑐𝑖 =
〈𝑆𝑍,𝑖〉

𝑆
,                                                               (4.74) 

where 〈𝑆𝑍,𝑖〉 is the site 𝑖 expectation value of operator �̂�𝑍 and is evaluated as 

〈𝑆𝑍,𝑖〉 =∑|𝐶0
𝜅|2𝑀𝑆,𝑖

𝜅

,                𝑖 = 1,… , 𝑛.                                  (4.75) 

𝐶0
𝜅 are the expansion coefficients of the 𝑀𝑆 =

1

2
 component of the ground doublet state 

corresponding to the lowest eigenvalue of the HDvV matrix after its diagonalization 

(label 𝜅 enumerates all the possible combinations 𝑆1𝑀𝑆,1, … , 𝑆𝑛𝑀𝑆,𝑛, 𝑀𝑆,𝑛 =

−𝑆𝑖, … , +𝑆𝑖). The corresponding matrix elements are constructed in the basis set of spin 

wave functions |𝑆1𝑀𝑆,1; … ; 𝑆𝑛𝑀𝑆,𝑛〉 within the HDvV Hamiltonian. Therefore, calculation 

of the spin-projection coefficients additionally requires a priori knowledge of the 

Heisenberg exchange-coupling constants, 𝐽𝑖𝑗, with sufficiently high accuracy, which is 

often not accessible by DFT. 

A more approximate scheme, which allows a semi-quantitative estimate of the spin-

projection coefficients without need of explicit prior knowledge of all the 𝐽𝑖𝑗, becomes 

possible,
[46]

 when the HDvV matrix satisfies certain internal symmetry properties. For 

instance, in a tetrahedral system of equivalent spins, deviations from the regular 

tetrahedron down to C2v symmetry will not affect the spin projection. This refers not to 

spatial symmetry but to internal relations between the 𝐽𝑖𝑗. Simplified schemes remain 

valid as long as certain equalities or inequalities between parameters hold (see ref. [7] for 

details). In contrast to the dinuclear case (see above), for multinuclear systems the actual 

coupling scheme has to be considered, as different states of the same overall spin 

multiplicity may now be constructed. In the Mn
III

(Mn
IV

)3 cluster of interest here, as much 

as seven linearly independent doublet states are possible. However, already the 

construction of the BS-DFT solutions restricts considerations to only two coupling 

schemes. Details can be found in ref. [7]. 

One may use the appropriate recursion formulas of ref. [46] to obtain the approximate 

spin-projection coefficients (cf. Table 4.6, Eq. (3.23), and Table 3.2 in ref. [46]) for the 

given spin sites (𝑆1 = 2, 𝑆2 = 𝑆3 = 𝑆4 =
3

2
) 
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𝑐1 = +
12

7
, 𝑐2 = +

9

7
, 𝑐3 = 𝑐4 = −1.                                       (4.76) 

A critical discussion of both spin-projection schemes regarding their underlying 

assumptions and their performances on the reference system is given in Chapter 7 (see 

section 7.2). A more general in-depth analysis and validation is outside the scope of this 

work. However, the ZFS has been neglected for all investigated systems with more than 

two spin centers. It is known
[8]

 that this approximation may heavily influence the quality 

of the calculated anisotropies, and they should be regarded as less reliable than the 

isotropic components throughout the following chapters. 





 

 

 

Chapter 5 

_________________________ 

 

Hyperfine Anisotropy Transfer Induced by Local 

Zero-Field Splitting in Dinuclear Mn
III

Mn
IV

 

Complexes 
 

 

 

 

5.1 Introduction 
 

 

This chapter represents relevant parts from our own publication in ref. [1]. 

The ongoing search for a better understanding of the spectroscopic characterization 

of complex biological systems by electron paramagnetic resonance (EPR) techniques is 

one of the main reasons why the interpretation of such experiments with the help of 

theoretical methods needs to undergo continuous improvement. 

The following chapter describes the extension of previously established modern 

density functional theory (DFT) methods for calculating EPR parameters, namely the 

inclusion of quantum-chemically calculated zero-field splittings into the spin projection 

for a series of dinuclear Mn
III

Mn
IV

 complexes. These complexes are considered as mixed-

valence model systems for the oxygen-evolving complex (OEC) of photosystem II (PSII). 

Previous quantum-chemical investigations on such systems have focused mainly on the 

isotropic 
55

Mn hyperfine couplings (HFC)
[2-4]

 (and on ligand HFCs). The 
55

Mn HFC 

anisotropies have been largely disregarded so far, as the spin projections have neglected 

the effects of HFC anisotropy transfer by local ZFS interactions. Here, a first step towards 

a more complete procedure is presented by adapting the treatment of Sage et al.
[5]

 for 

dinuclear mixed-valence manganese complexes using first-order perturbation theory for 
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the zero-field splitting (ZFS) interaction within the strong-exchange limit (see section 

4.7.1). This step is crucial when tackling the complexity of a full spin projection 

procedure for tetranuclear clusters with relatively small exchange couplings, as found in 

the OEC. 

Orio et al.
[6]

 have estimated the effects of local ZFS terms on the isotropic HFCs in 

antiferromagnetically coupled dinuclear Mn
III

Mn
IV

 complexes and found that for 

exchange-coupling constants 𝐽 less negative than about −75 𝑐𝑚−1, the usual ZFS 

interactions of up to about 4 𝑐𝑚−1 for an Mn
III

 ion may already affect the isotropic HFCs 

noticeably. However, in that work, an axial 𝑑-tensor was assumed, and HFC anisotropies 

have not been considered. Simulations of the experimental spectra of OEC samples have 

considered at least the general influence of an axial ZFS parameter 𝑑 at the Mn
III

 ion on 

the hyperfine anisotropies.
[7]

 Here, the formalism described in section 4.7.1 is applied to a 

spin projection of quantum-chemically computed 
55

Mn HFC tensors of a series of 

antiferromagnetically coupled Mn
III

Mn
IV

 complexes, with particular consideration of the 

transfer of HFC anisotropy from the Mn
III

 to the Mn
IV

 site induced by local ZFS 

interactions, which were also computed quantum-chemically. This allows for 

consideration of the orientations of the local hyperfine and ZFS tensors as well. The 

quantum-chemically computed local ZFS tensors need scaling with an empirical factor to 

correct for systematic deficiencies, which will be determined for a set of mononuclear 

Mn
III

 complexes. For very small exchange-coupling constants, the perturbation treatment 

breaks down, and a dramatic sensitivity to the scaling of the local ZFS tensors is 

observed. These results are discussed with respect to recent work that helped with the 

elucidation of the structure of the OEC of PSII by analysis of its EPR spectra. 

 

 

5.2 Computational Details 
 

 

Structure optimizations and Kohn-Sham (KS) wavefunction computations were 

done with the Turbomole code (5.9.1 and 5.10),
[8]

 at B3LYP
[9, 10]

 hybrid DFT level with 

SVP basis sets.
[11]

 Subsequent unrestricted KS single-point calculations used a 

NMR_9s7p4d all-electron manganese basis set (designed for hyperfine calculations)
[12]

 

and flexible IGLO-II
[13, 14]

 basis sets for the ligand atoms. For the computation of the 
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local ZFS tensors, the BP86
[15, 16]

 GGA functional has been used instead of B3LYP, as 

Neese’s work has shown that hybrid functionals do not improve the computed ZFS for 

manganese complexes over GGA functionals (see, e.g., ref. [17]). For the dinuclear 

complexes, structures of the high-spin state are used. Experimental structures with 

optimized hydrogen positions are used in the computations involving mononuclear 

complexes (cf. references given in the footnotes in the next section). The unrestricted KS 

orbitals were transferred to the MAG-Respect property package
[18]

 by suitable interface 

routines to compute the HFC and ZFS tensors. The atomic mean-field approximation 

(AMFI)
[19, 20]

 has been used to compute the matrix elements of the Breit-Pauli SO 

operator for the SO corrections to the Mn HFC tensors and for the SO contributions to the 

local ZFS tensors. Mulliken spin-density analyses were used to verify convergence to the 

proper broken-symmetry (BS) and high-spin (HS) states.  

Spin projection of the calculated HFC and ZFS tensors was carried out employing 

Eqs. (4.68) and (4.69) (see section 4.7.1 for details). Isotropic hyperfine couplings Aiso 

were scaled by a factor 1.45 to account for systematic errors of the computational  

level.
[2, 3, 21]

 The resulting values will be designated Aiso*. 

 

 

5.3 Model Systems 
 

 

The structures of the investigated mononuclear model complexes [Mn
III

(acac)3] 

(I),
[22]

 acac- = Acetylacetonate, [Mn
III

(tolyl-terpy)2]
3+

 (II),
[23]

 tolyl-terpy = 4’-(4-

methylphenyl)-2,2’:6’,2’’-terpyridine, [Mn
III

(bpia)(OCH3)(OAc)]
+
 (III),

[24]
 bpia = 

bis(picolyl)(N-methylimidazole-2-yl)amine, [Mn
III

(bpea)F3] (IV),
[25]

 bpea = N,N-bis(2-

pyridylmethyl)-ethylamine, [Mn
III

(terpy)F3] (V),
[25]

 terpy = 2,2’:6’,2’’-terpyridine, 

[Mn
III

(terpy)(N3)3] (VI),
[25]

 [Mn
III

(Phterpy)Cl3] (VII),
[26]

 Phterpy = 4’-pheyl-2,2’:6’,2’’-

terpyridine, [Mn
III

(terpy)Cl3] (VIII),
[26]

 and [Mn
III

(dbm)2(py)2]
+
 (IX),

[27]
 dbm- = 1,3-

diphenyl-1,3-propanedione, py = pyridine, are taken from the respective references and 

are shown in Figure 5.1. 
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Figure 5.1. Stuctures of mononuclear Mn
III

 complexes used for validation of ZFS computations. Hydrogen 

has been omitted for clarity. Color codings are as follows: manganese (cyan), oxygen (red), nitrogen (blue), 

carbon (green), and halogens (pink). 

 

Optimized structures of the dinuclear Mn
III

Mn
IV

 complexes investigated are shown 

in Figure 5.2. They will be labeled as (1) [(dtne)Mn(µ-O)2(µ-OAc)Mn]
2+

, dtne = 1,2-

bis(1,4,7-triazacyclonon-1-yl)ethane), (2) [(bipy)2Mn(µ-O)2Mn(bipy)2]
3+

, bipy = 2,2’-

bipyridine, (3) [(phen)2Mn(µ-O)2Mn(phen)2]
3+

, phen = 1,10-phenanthroline, (4) 

[(tacn)Mn(µ-O)2(OAc)Mn(tacn)]
2+

, tacn = 1,4,7-triazacyclonane, (5) [(tacn)Mn(µ-

O)(OAc)2Mn(tacn)]
3+

, and (6) Mncat, a simple model of the active site of the 

dimanganese catalase in its superoxidized (III,IV) state. This set of models, or parts of it, 

have been used before extensively for validation of the computed structures and 
55

Mn 

hyperfine parameters.
[2, 3, 28]
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Figure 5.2. Optimized structures of the dinucelar Mn
III

Mn
IV

 complexes studied. Hydrogen atoms have been 

omitted for clarity. For color coding see Figure 5.1. 

 

 

5.4 Results and Discussion 
 

 

5.4.1 ZFS Tensors for Mononuclear Mn
III

 Complexes 

 

As the HFC anisotropy transfer in the dinuclear Mn
III

Mn
IV

 complexes will be 

dominated by the local ZFS tensor on the Mn
III

 site, a calibration of the computed ZFS 

tensors for mononuclear Mn
III 

complexes is needed. In addition to general systematic 

shortcomings of the DFT-based second-order perturbation approach, which have already 

been studied to some extent by Neese and coworkers,
[17, 22, 29]

 the current neglect of the 

spin-spin contributions will also affect the accuracy of the computed local ZFS tensors 

somewhat. The use of the BP86 GGA functional instead of a hybrid functional gives only 

minor differences, as demonstrated by the comparisons in ref. [17]. The results for the 

series of mononuclear Mn
III

 complexes are summarized in Table 5.1. It is apparent (see 

Figure 5.3), that both the 𝐷 and 𝐸 parameters are systematically underestimated in 

absolute value by a factor of about 2 (except for 𝐸 of (I) and (VI)). This is similar to 

previous DFT results
[22]

 after subtraction of the spin-spin contribution (of about 1 cm
-1

 in  
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Table 5.1. Computed and experimental ZFS parameters (cm
-1

) for mononuclear Mn
III

 

complexes.
[a]

 

  D E 

    

(I) calc. -2.26 0.25 

 exp.
[b]

 -4.52 -0.25 

    

(II) calc. 2.56 0.02 

 exp.
[c] 

4.82 - 

    

(III) calc. 1.64 0.34 

 exp.
[d] 

3.53 0.59 

    

(IV) calc. -1.76 0.31 

 exp.
[e] 

-3.67 0.70 

    

(V) calc. -1.75 0.36 

 exp.
[e] 

-3.82 0.75 

    

(VI) calc. -1.49 0.24 

 exp.
[e] 

-3.29 0.48 

    

(VII) calc. -1.73 0.20 

 exp.
[f] 

-3.53 0.30 

    

(VIII) calc. -1.68 0.19 

 exp.
[f] 

-3.46 0.43 

    

(IX) calc. -2.40 0.35 

 exp.
[g] 

-4.5 -0.43 

    
[a]

BP86/IGLO-II/NMR_9s7p4d results. 
[b]

Taken from ref. [22]. 
[c]

HF-EPR data from ref. [23]. 
[d]

HF-EPR 

data from ref. [24]. 
[e]

HF-EPR data from ref. [25]. 
[f]

Multifrequency HF-EPR data from ref. [26]. 
[g]

HF-EPR 

data from ref. [27]. 

 

that study, recently
[30]

 estimated closer to 0.5 cm
-1

). As it is outside the scope of this work 

to use more sophisticated ab initio post-HF treatments of the ZFS tensors for dinuclear 

complexes, these results for mononuclear complexes suggest that the DFT-computed 

local ZFS tensors are in need to be scaled up before using them in the spin-projection 

procedure. Based on the comparison of computed and experimental D values only, one 

would arrive at a scaling factor of 2.05, but as shown below, for so far unknown reasons a 

factor nearer to 3 provides better spin-projection results. The local ZFS depends 

sensitively on the local manganese coordination, particularly on that of the distorted Mn
III
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site. Deficiencies in the optimized structures (see also discussion of HFC tensors) may 

also to some extent contribute to errors in the computed ZFS parameters. 

 

 

Figure 5.3. Correlation between the computed D values of the ZFS tensor before (blue) and after scaling 

(factor 2.05; red) with experimental values (black line). 

 

 

 

5.4.2 Local ZFS Tensors and Exchange Couplings of Dinuclear Mn
III

Mn
IV

 

Complexes 

 

Table 5.2 gives the local ZFS tensors on the Mn
III

 and Mn
IV

 sites of the dinuclear 

Mn
III

Mn
IV

 complexes, computed at the same level as for the mononuclear complexes in 

Table 5.1, but with only the local AMFI SO operators at the given site switched on. As 

expected, the ZFS of the Mn
III

 site is much larger than that on the Mn
IV

 site, about a 

factor of 3 to 6, dependent on the system. In the following, the local ZFS tensors of the 

Mn
IV

 site will be included in the spin-projection procedure for completeness anyway, 

although their contribution affects the hyperfine anisotropies by less than 1 MHz. The 

magnitude of the overall computed local Mn
III

 ZFS tensors is similar to the results for the 

mononuclear complexes, and the local ZFS interactions are expected to be underestimated 

roughly up to a factor of 3. 

The computed and, where available, experimental exchange couplings for the 

complexes investigated here are also provided in Table 5.2. They have been reported and 

discussed already in ref. [2]. Most of the complexes feature strong antiferromagnetic 

couplings with 𝐽 < -100 cm
-1

, which is related to the bis-μ-oxo bridge motif present in 



70 Chapter 5     Hyperfine Anisotropy Transfer in Dinuclear Mn
III

Mn
IV

 Complexes 

these systems. Only (6) features an intermediate coupling near -70 cm
-1

. Complex (5) has 

been chosen as a special example with a very small computed exchange coupling of about 

-10 cm
-1

 (the experimental value is significantly more negative; Table 5.2), where the 

spin-projection scheme within the perturbational treatment is supposed to break down 

(see below). 

 

Table 5.2. Computed local ZFS tensors (cm
-1

) on the Mn
III

 and Mn
IV

 sites and computed 

vs. experimental exchange couplings (cm
-1

) of dinuclear Mn
III

Mn
IV

 complexes.
[a]

 

   Mn
III

 Mn
IV

 

  J D E D E 

       

(1) calc. -117 -1.53 0.17 -0.49 0.10 

 exp. -110
[b] 

    

       

(2) calc. -131 -1.40 0.03 0.25 0.01 

 exp. -148
[c] 

    

       

(3) calc. -131 -1.41 0.03 0.30 0.03 

 exp. -148
[c] 

    

       

(4) calc. -108 -1.50 0.09 -0.40 0.01 

 exp. -110
[d] 

    

       

(5) calc. -8 1.83 0.40 -0.65 0.19 

 exp. -40
[e] 

    

       

(6) calc. -70 -1.16 0.27 0.23 0.03 

 exp. >-175
[f] 

    

       
[a]

BP86/IGLO-II/NMR_9s7p4d results. 
[b]

Value taken from ref. [31]. 
[c]

Value taken from ref. [32]. 
[d]

Value 

taken from ref. [33]. 
[e]

Value taken from ref. [34]. 
[f]

No truly reliable estimate is available. A lower bound of 

-175 cm
-1

 has been estimated.
[35]

 

 

 

5.4.3 Intrinsic and Spin-Projected 
55

Mn HFC Tensors 

 

In the following the discussion of intrinsic and spin-projected HFC tensors will 

concentrate on (3) as an example with a large antiferromagnetic exchange coupling, on 

catalase (6) with an intermediate value, and on (5) with a particularly small exchange 

coupling, for which one expects a breakdown of the perturbational scheme of Eqs. (4.68) 

and (4.69). The other dinuclear Mn
III

Mn
IV

 complexes of Table 5.2 exhibit not only similar 

exchange couplings as (3) but also comparable results for the spin projection. These are 
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summarized in Table A1 in Appendix A. Table 5.3 gives the spin-projected HFC 

anisotropic tensor components Ti, the unscaled isotropic value Aiso, and the value Aiso*
 

scaled by 1.45 (cf. section 5.2) to account for systematic deficiencies of the non-

relativistic B3LYP/NMR_9s7p4d/IGLO-II spin densities near the nucleus (in particular 

insufficient core-shell spin polarization). The spin-projected tensors are provided a) 

neglecting the ZFS terms (“no ZFS”; this corresponds to neglecting the ZFS-containing 

terms in Eqs. (4.68) and (4.69)], b) including them without scaling of the computed local 

ZFS tensors (“1xZFS”), and c) with a scaling by a factor of 3 to account for the 

systematic underestimate of the ZFS tensors by the DFT calculations (“3xZFS”). For (3) 

and for (6), Figure 5.4 displays graphically the results for the HFC anisotropic tensor 

components Ti of the Mn
IV

 site. 

 

Table 5.3. Spin-projected 
55

Mn HFC tensors (MHz) for selected dinucelar Mn
III

Mn
IV 

complexes compared with available experimental data.
[a] 

  Mn
III 

Mn
IV 

  Aiso Aiso*  T1 T2 T3 Aiso Aiso*  T1 T2 T3 

            

(3) no ZFS
b 

-311 -450 -52 -46 98 150 218 -7 0 7 

 1xZFS
b 

-310 -450 -50 -45 96 150 218 -7 -2 8 

 3xZFS
b 

-309 -448 -48 -43 90 150 218 -8 -5 12 

 exp.
[c] 

 -451 -50 -28 78  221 -8 -6 11 

            

            

(6) no ZFS
b 

-267 -387 -92 0 91 160 232 -5 0 5 

 1xZFS
b 

-266 -386 -88 0 88 160 232 -8 3 4 

 3xZFS
b 

-264 -383 -80 -1 81 160 232 -15 2 13 

 exp.
[d] 

 -387 -48 -34 78  238 -14 -6 17 

            

            

(5) no ZFS
b 

-289 -419 -115 43 72 136 197 -10 -4 13 

 1xZFS
b 

-276 -400 -45 19 26 135 196 -54 13 41 

 3xZFS
b 

-250 -363 -73 -30 103 134 194 -165 38 127 

            
[a]

B3LYP/IGLO-II/NMR_9s7p4d results. Aiso is the total isotropic HFC, obtained from the instrinsic 

hyperfine coupling ai in Eq. (4.67), Aiso
*
 is the isotropic HFC after spin projection and scaling by the 

empirical factor of 1.45 (cf. Computational Details), Ti represents the traceless part of the full A tensor. 
[b]

 

“1xZFS” includes the computed local ZFS interactions without scaling, “3xZFS” with scaling and “no 

ZFS” neglects the ZFS contribution. 
[c]

Multifrequency EPR data taken from ref. [36]. 
[d]

 HF-EPR data taken 

from ref. [4]. 

 

At first, the isotropic HFCs will be discussed. Here the effect of the ZFS contributions is 

minor for both (3) and (6) (and for all other complexes with strong antiferromagnetic 
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coupling, cf. Table A1 in Appendix A), amounting at most to 1-3 MHz even if a scaling 

of the computed ZFS tensors by a factor of 3 is taken into account. This justifies the usual 

practice
[2, 3, 28]

 of neglecting the local ZFS terms for isotropic HFCs in the strong-

exchange limit. 

 

 

Figure 5.4. Comparison of computed and experimental anisotropic 
55

Mn HFC components for (3) (top) and 

(6) (bottom). Threefold scaled ZFS tensors have been employed. 

 

Matters look different for (5), where even the isotropic HFCs on the Mn
III

 site are affected 

significantly by the ZFS terms (less so on the Mn
IV

 site). This is consistent with the 

expectation that the perturbational treatment of Eqs. (4.68) and (4.69) breaks down for too 

small exchange couplings. Model (5) reveals also an interesting type of “asymmetry” 

regarding the magnitude of the ZFS effects on the isotropic HFCs on the Mn
III

 and Mn
IV

 

sites. The former are by far more pronounced. This at first sight unexpected result may be 
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understood by further analyzing Eqs. (4.68) and (4.69). For the sake of transparency, 

indices “𝐴” and “𝐵” as well as superscript “𝑒𝑓𝑓” are omitted in the following. 

For each site both site tensors (𝒂) and effective coupled tensors (𝑨) are decomposed 

into isotropic and traceless anisotropic contributions  

𝒂 = 𝑎𝑖𝑠𝑜𝟏 + 𝒕                                                               (5.1) 

𝑨 = 𝐴𝑖𝑠𝑜𝟏 + 𝑻.                                                              (5.2) 

Introducing for brevity the tensor  

�̃� = −(3𝑐 + 1)𝒅 + (3𝑐′ + 1)𝒅′                                               (5.3) 

one can write separately an isotropic value as well as an anisotropic tensor corrected for 

ZFS as 

𝐴𝑖𝑠𝑜 = 𝑐𝑎𝑖𝑠𝑜 + ∆𝐴𝑖𝑠𝑜
𝑍𝐹𝑆                                                       (5.4) 

∆𝐴𝑖𝑠𝑜
𝑍𝐹𝑆 =

𝑐𝑐′

15𝐽
𝑇𝑟(𝒕�̃�),                                                        (5.5) 

and 

𝑻 = 𝑐𝒕 −
𝑐𝑐(3𝑐 + 1)

15𝐽
𝒕𝒅 +

𝑐𝑐′(3𝑐′ + 1)

15𝐽
𝒕𝒅′.                                   (5.6) 

In Eqs. (5.4) - (5.6) the quantities 𝒂, 𝑎𝑖𝑠𝑜 , 𝒕, 𝑐, 𝑨, 𝐴𝑖𝑠𝑜 , 𝑻, and 𝒅 are related to the 

given site, and 𝑐′ and 𝒅′ to the other. Tensor �̃� (Eq. (5.3)) in its principal axes can be 

written conventionally as 

�̃� =

(

 
 
 
−
1

3
�̃� + �̃� 0 0

0 −
1

3
�̃� − �̃� 0

0 0
2

3
�̃�)

 
 
 
.                                        (5.7) 

Taking into account the tracelessness of 𝒕 (𝑡11 + 𝑡22 + 𝑡33 = 0) in the same system of 

axes one can rewrite Eq. (5.5) as 

∆𝐴𝑖𝑠𝑜
𝑍𝐹𝑆 =

𝑐𝑐′

15𝐽
[−�̃�(𝑡11 + 𝑡22) + �̃�(𝑡11 − 𝑡22)].                                 (5.8) 

The particular values of the diagonal elements 𝑡11 and 𝑡22 (and, therefore, the ZFS 

correction to 𝐴𝑖𝑠𝑜) depend on the mutual orientation of principal axes for tensors 𝒕 and �̃�. 

However, irrespective of the orientation (i.e., in an arbitrary system of axes), each value 
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of 𝑡𝑘𝑘 (𝑘 = 1,2,3) is trivially represented as a sum of site anisotropies 𝑡𝑘 (𝑘 = 1,2,3) 

(i.e., diagonal elements of 𝒕 in its own principal axes), weighted by squares of 

column/row elements of some orthogonal matrix 𝑡𝑘𝑘 = 𝑢1𝑘
2 𝑡1 + 𝑢2𝑘

2 𝑡2 + 𝑢3𝑘
2 𝑡3 (𝑢1𝑘

2 +

𝑢2𝑘
2 + 𝑢3𝑘

2 = 1). Therefore 𝑡𝑘𝑘 should be at least of the same order of magnitude as 𝑡𝑘. 

Then ∆𝐴𝑖𝑠𝑜
𝑍𝐹𝑆 vanishes if 𝒂 is isotropic, otherwise it correlates with the values of the 

anisotropies. 

Table 5.3 reveals that the Mn
IV

 HFC anisotropy before ZFS correction is 1-2 orders 

of magnitude smaller than that of the Mn
III

 site (in the absense of ZFS, 𝑻 and 𝒕 are simply 

proportional with coefficients 2 and -1 for Mn
III

 and Mn
IV

, respectively). Therefore ∆𝐴𝑖𝑠𝑜
𝑍𝐹𝑆 

also turns out to be much smaller for the Mn
IV

 than for the Mn
III

 site. 

In contrast to the isotropic HFCs, which change significantly only for (5), the 

anisotropic tensor components are affected more in general, and the effects become 

notable already in the prototypical strong-exchange case (3). Let us look first at the Mn
IV

 

site, where the effects are most easily monitored (Figure 5.4). For (3), the main ZFS 

effect is a reduction of T2 and an increase of T3. This renders the HFC tensor more axial 

and increases the overall HFC anisotropy. The results in Table 5.3 show that already the 

unscaled ZFS results provide a correction in the right direction, but only after scaling the 

ZFS by about a factor 3, the agreement with experiment becomes notably improved. In 

case of (6) with its somewhat lower exchange coupling, T1 is reduced and T2 and T3 are 

increased by the ZFS contributions, but the overall magnitude of the ZFS effects on the 

HFC anisotropy is comparable to that for the other “strong-exchange” cases (cf. also 

Table A1 in Appendix A). Interestingly, in this case the HFC tensor at the Mn
IV

 site is in 

fact made more rhombic by the ZFS terms, in contrast to (3), again improving agreement 

with experiment. The final agreement for the scaled ZFS values is inferior to that for (3), 

as T2 and T3 are still somewhat underestimated. This may also be partly attributed to the 

poor structural description of (6) (only one of the two possible isomeric structures of (6) 

is considered here; see also Chapter 6). In the other “strong-exchange” cases, e.g. (1) or 

(2), matters tend to be similar (Table A1 in Appendix A), as the ZFS terms increase the 

overall anisotropy (rhombicity is affected somewhat less), and results with scaled ZFS 

terms improve agreement with experimental Mn
IV

 site HFC anisotropies significantly. 

Matters for the Mn
III

 HFC anisotropies are more complicated. While they are 

decreased somewhat by the ZFS contributions, as expected from Eqs. (4.68) and (4.69), 

the overall agreement with experiment is much inferior than for the Mn
IV

 site (Table 5.3). 
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Most notably, all synthetic complexes for which reliable experimental data are available, 

exhibit significantly rhombic Mn
III

 HFC tensors, whereas the computations provide much 

more axial tensors. Because this is the case, independent on whether ZFS corrections 

have been included or not, the discrepancies must arise already at the level of the intrinsic 

HFC tensors and not in the spin-projection procedure. As one may suspect that an 

incorrect description of the local structure in the effective xy-plane (when assigning the 

largest HFC tensor component to an effective Jahn-Teller z-axis) might be responsible for 

the discrepancies, the use of experimental structures for two systems, (1) and (2), was 

tested (Table 5.4). However, this does not change the situation noticeably.  

For (6), matters are reversed, with the experimental tensor being close to axial and 

the computed one strongly rhombic (Table 5.3). However, in this case the optimized 

structure of ref. [2] offers an explanation for the too pronounced rhombicity: the two 

Mn
III

-O distances to the bis--oxo bridge are unequal, giving rise to a potentially too 

distorted coordination environment. In a related study by Sinnecker and Neese for Mncat 

models,
[28]

 more equal Mn-O distances were used, leading to an almost axial Mn
III

 HFC 

tensor. Unless the neglected (small) spin-spin contributions would have an unusually 

large effect on the rhombicity, the discrepancies for the synthetic model complexes do not 

appear to be related to the ZFS terms in the spin projection studied here. Calculations by 

Neese and coworkers without ZFS contributions also give “too axial” Mn
III

 HFC tensors 

for related synthetic complexes.
[6]

 The refined models of (6) used in Chapter 6 provide 

more reasonable optimized structures and therefore show much better agreement with the 

experiment. 

For complex (5), the example for a small exchange coupling, no experimental HFC 

tensor is available. However, even without any comparison to experiment, one can see 

that the perturbational treatment of Eqs. (4.68) and (4.69) becomes inadequate, as the 

exchange coupling and the local ZFS tensors are of too similar magnitude here. This is 

seen most clearly from the dramatic dependence of the Mn
IV 

HFC anisotropies on scaling 

of the computed ZFS tensors (Table 5.3). In contrast to the isotropic HFCs, ZFS in the 

spin projection affects Mn
III

 and Mn
IV

 HFC anisotropies of (5) roughly in the same order 

of magnitude (this holds also for the smaller ZFS corrections of the strong-exchange 

cases). 
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Table 5.4. Spin-projected 
55

Mn HFC tensors (in MHz) for complexes (1) and (2) with 

different scaling factors by use of different structures.
[a] 

  
 

Mn
III

 Mn
IV

 

  
 

Aiso Aiso*  T1 T2 T3 Aiso Aiso*  T1 T2 T3 

  
 

          

(1) exp
[b] 

no ZFS
[c] 

-283 -411 -59 -52 111 145 210 -7 -2 9 

 opt no ZFS
[c] 

-274 -397 -54 -52 106 149 215 -6 -2 7 

  
 

          

 exp
[b] 

1xZFS
[c] 

-283 -410 -57 -51 108 145 210 -5 -4 8 

 opt 1xZFS
[c] 

-273 -396 -52 -51 103 149 215 -6 0 6 

             

 exp
[b] 

3xZFS
[c] 

-281 -408 -53 -50 103 144 209 -9 3 6 

 opt 3xZFS
[c] 

-272 -394 -49 -49 98 149 215 -10 3 7 

             

 exp.
[d]

 
 

 -389 -81 -17 92  207 -14 6 14 

             

             

(2) exp.
[e] 

no ZFS
[c] 

-320 -464 -56 -48 104 150 217 -4 -1 5 

 opt no ZFS
[c] 

-314 -455 -51 -47 98 151 219 -5 -1 5 

  
 

          

 exp.
[e] 

1xZFS
[c] 

-320 -463 -55 -47 102 150 217 -4 -2 6 

 opt 1xZFS
[c] 

-313 -454 -50 -46 95 151 219 -5 -2 7 

             

 exp.
[e] 

3xZFS
[c] 

-319 -462 -53 -45 98 150 217 -5 -4 9 

 opt 3xZFS
[c] 

-312 -453 -47 -43 90 151 219 -7 -5 12 

             

 exp.
[d]

 
 

 -454 -25 -48 78  218 -3 -8 14 

             
[a]

B3LYP/IGLO-II/NMR_9s7p4d results. Aiso is the total isotropic HFC, obtained from the instrinsic 

hyperfine coupling ai in Eq. (4.67), Aiso
*
 is the isotropic HFC after spin projection and scaling by the 

empirical factor of 1.45 (cf. section 5.2), Ti represents the traceless part of the full A tensor.
 [b]

Structure 

taken from ref. [31]. 
[c]

 “1xZFS” includes the computed local ZFS interactions without scaling, “3xZFS” 

with scaling and “no ZFS” neglects the ZFS contribution. 
[d]

HF-EPR data taken from ref. [4]. 
[e]

Structure 

taken from ref. [37]. 

 

One usually expects that the main ZFS effects arise from the local ZFS on the Jahn-

Teller distorted Mn
III

 site. We may probe this by decomposing the effective hyperfine 

tensor, 𝐓, into a tensor without ZFS contributions, a correction term due to local ZFS at 

the same center (2
nd

 term of the right-handed side of Eq.(5.6)), and an „anisotropy“ 

transfer from the other site (3
rd

 term). Such a breakdown is given for (3), (5), and (6) in 

Table 5.5. The results show clearly, that the ZFS contribution from the Mn
III

 site 

dominates the ZFS part, leading to anisotropy transfer to the Mn
IV

 site and a reduction of 

similar magnitude of the anisotropy at the Mn
III

 site. While mainly diagonal elements of 

the 𝑨-matrix are affected for (3) and (6), the entire matrix is scrambled for (5), consistent 

with the breakdown of the perturbational treatment. 
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Figure 5.5. Orientation of the computed 
55

Mn HFC tensors for model complexes (3) (A) and (6) (B). Mn
IV

 

HFC tensor orientations are shown with consideration of local ZFS (middle column) and without (right 

column). Color coding: manganes (cyan), oxygen (red), carbon (green), nitrogen (blue), and hydrogen 

(white). 

 

The ZFS contribution to the spin projection changes also the orientations of the 

projected HFC tensors, again particularly for the Mn
IV

 site, where the intrinsic anisotropy 

is small. The reorientation of the Mn
IV

 HFC tensor by the ZFS contributions relative to 

the core structure is demonstrated in Figure 5.5 for (3) and (6) (changes for the Mn
III

 site 

are too small to be illustrated, and only the tensor with inclusion of ZFS is shown). The 

respective Euler angles between the orientations of the HFC tensors including and 

neglecting ZFS interactions are given in Table 5.6. 
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Table 5.6. Euler angles (in degree) of rotation of the HFC tensor induced via local ZFS 

contribution.
[a] 

  A1 A2 A3 

     

(3) Mn
III

 0.1 0.3 0.3 

 Mn
IV 

20.9 0.8 20.9 

     

(6) Mn
III

 0.9 1.0 0.6 

 Mn
IV 

28.3 14.2 25.0 

     
[a]

Axis assignment made to provide minimal Euler angles. 

 

It becomes evident from Table 5.6, that the HFC tensor orientation on the Mn
III

 

center is hardly affected by local ZFS interactions, while there is some noticeable 

reorientation on the Mn
IV

 site. Considering the orientation of the characteristic component 

of the Mn
III

 HFC tensor, which is A3 (one may argue for A1 in case of (6) as the tensor 

exhibits explicit rhombicity) for both model systems, it is found perpendicular to the Mn-

O2-Mn plane. This alignment is characteristic for di-µ-oxo-bridged Mn
III

Mn
IV

 complexes. 

Both models also offer a reasonable co-axiality of the HFC tensors on the manganese 

sites, which is usually assumed in the experimental spectra simulations. 

 

5.4.4 Relevance for Calculations on the OEC of Photosystem II 

 

In principle, the 
55

Mn HFC tensor anisotropies could also provide important insight 

into the molecular and electronic structure of the OEC. For example, several simulations 

of 
55

Mn ENDOR and EPR data
[38-41]

 for the S2 state of the OEC are available, in one 

study even for a single crystal of photosystem II.
[42]

 The tensors and, in particular, their 

orientation relative to the membrane, could give decisive information on the structure and 

orientation of the cluster. However, so far uncertainties regarding the influence of local 

ZFS interactions on the HFC anisotropies of the Mn
III

 and Mn
IV

 sites prohibit a closer 

examination. Except for refs. [7] and [39], simulations have usually neglected the effects 

of local ZFS tensors, and spin projection of quantum-chemically computed hyperfine 

coupling tensors have so far also neglected the ZFS. However, the situation has improved 

since then, as high-quality estimates of the dominant Mn
III

 ZFS become possible, which 

provide access to more accurate anisotropies.
[43, 44]
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Given that computed exchange couplings for realistic models of the S2 state have 

been found to be rather small (generally less than 35 cm
-1 

in absolute value), it is clear 

that (i) HFC anisotropies are clearly inadequate when the influence of local ZFS is 

neglected, and (ii) there is a slight possibility that even the so far computed isotropic 

HFCs may be inaccurate, although the effect on the latter should be of much smaller order 

of magnitude. Due to the smallness of the exchange couplings, a perturbation theoretical 

treatment within the strong-exchange limit resulting in Eqs. (4.68) and (4.69) is not 

sufficient. That is, the assumed predominance of the Heisenberg exchange Hamiltonian 

over other terms of the uncoupled effective Hamiltonian may be invalid. Therefore, as a 

next step the present treatment has been extended to a fully numerical procedure in our 

lab (results will be presented elsewhere). While this means losing the analytical elegance 

and transparence of Eqs. (4.68) and (4.69), the advantages are obvious: (i) no assumptions 

on the relative significance of different terms entering the effective Hamiltonian are 

needed; (ii) the procedure may be extended routinely from dimers to clusters of arbitrary 

nuclearity. The interpretation in the case of particularly large ZFS, when the total spin S 

will not be a good quantum number anymore, may become problematic though. 

 

 

5.5 Conclusions 
 

 

Based on quantum-chemical calculations of intrinsic hyperfine and local zero-field-

splitting tensors, spin-projected coupled 
55

Mn hyperfine tensors of dinuclear Mn
III

Mn
IV

 

complexes have been obtained. The agreement with experiment is significantly increased 

for anisotropies on the Mn
IV

 site, while the computed tensors on the Mn
III

 site are at least 

being corrected into the right direction compared to experiment. The treatment gives 

access to orientations of local hyperfine and zero-field tensors thereby allowing for 

comprehensive discussion and improved comparison with experiment, especially single-

crystal EPR data. The results have also allowed the description of the hyperfine 

anisotropy transfer from Mn
III

 to Mn
IV

 site induced by local ZFS. 

The presented treatment applies generally to dinuclear transition metal complexes 

with sufficiently large exchange-coupling constants. It has served as a first step towards 

more complete treatments applicable to intermediate-exchange cases and to systems of 
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higher nuclearity like the OEC of PSII, that are currently being used in the field of 

quantum-chemical calculation of EPR parameters. 

Additionally, the results illustrate that improved accuracy of computed ZFS tensors, 

where the current DFT approach underestimates the experimental tensors by up to a 

factor of 3, is still needed. More sophisticated exchange-correlation functionals like, e.g., 

local hybrids, may improve the performance. It is also desirable to include the spin-spin 

terms or, more precisely, their one-center part, in the employed DFT treatment. 





 

 

 

Chapter 6  

_________________________ 

 

A Comprehensive Broken-Symmetry DFT Study 

on Structure and EPR Parameters of Manganese 

Catalase in its Mn
III

Mn
IV

 Oxidation State 
 

 

 

 

6.1 Introduction 
 

 

Due to the complexity of the EPR spectra of bio-inorganic systems with multiple 

metal centers, simplified model systems are often studied to support interpretation of the 

spectra and thus access chemical information of larger bio-inorganic molecules. Often, 

these model systems are designed artificially to exhibit the most important features of the 

more complex parent system. The superoxidized Mn
III

Mn
IV

 form of the manganese 

catalase (Mncat) is a rare example of a naturally available EPR model system of the 

oxygen-evolving complex (OEC) in its S2 state. It has not only the same effective S=1/2 

ground state spin as the tetranuclear counterpart, but additionally has a similar EPR 

spectrum, which originates from a Mn
III

Mn
IV

 structural motif present in both systems. 

The manganese catalase has therefore received a lot of attention as a model system and 

has been extensively studied by EPR spectroscopy.
[1-6]

 In contrast to the OEC, refined 

crystallographic data (see also Chapter 2) has been available for the Mncat in the last 

decade,
[7, 8]

 which simplified analysis of the catalase spectra.  

The numerous experimental studies on the manganese catalase have been supported 

by very few quantum-chemical calculations. Sinnecker et al.
[9]

 provided some promising 

results on relatively simple model systems for structural features and EPR parameters, 
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employing broken-symmetry density functional theory (BS-DFT). In this chapter, the 

EPR parameters of the Mn
III

Mn
IV

 state of manganese catalase will be examined in detail 

using modern state-of-the-art BS DFT methods. A set of model systems based on the two 

different available crystal structures of the bacterial organisms Lactobacillus plantarum 

(LP) and Thermus Thermophilus (TT) has been constructed and used to calculate the full 

set of EPR parameters. The results are discussed with respect to the origin of the models 

and recent experimental multi-frequency data.
[10]

 Special emphasis is given to the 

isotropic 
55

Mn hyperfine couplings, which agree only fairly with the experiment. In this 

context, it is suggested to replace the global scaling factor, usually employed to account 

for systematic deficiencies in the calculated isotropic HFCs,
[11, 12]

 by a refined scaling 

factor working only on the core-shell contribution to the isotropic coupling. This 

treatment appears to perform better when one has to deal with the structural uncertainties 

involved in enzyme modeling. 

 

 

6.2 Computational Details 
 

 

All model systems have been optimized at DFT level employing the BP86
[13, 14]

 

functional and def2-TZVP
[15]

 basis sets for all atoms using the Turbomole code (6.3).
[16]

 

The “resolution of the identity” (RI) approximation for the Coulomb term was used with 

the corresponding def2-TZVP auxiliary basis sets. Structure optimizations have been 

carried out on the high-spin state including semi-empirical DFT-D3 dispersion 

corrections.
[17]

 Tight SCF convergence criteria and increased integration grids (”grid m5” 

in Turbomole convention) were applied. No constraints have been employed in case of 

size I while size II models have been optimized under the constraint of fixed α-carbon 

atom positions (see next section). Subsequent UKS single-point calculations for magnetic 

properties employed the B3LYP hybrid functional
[18, 19]

 (known to provide improved 

exchange and hyperfine couplings compared to BP86), a 9s7p4d manganese basis set 

constructed for calculations of hyperfine couplings (HFCs),
[20]

 and similarly flexible 

IGLO-II basis sets
[21, 22]

 for the ligand atoms. The MAG-ReSpect property package was 

used for the calculation of the EPR parameters following the protocol described in refs. 

[12] and [23]. G-tensor calculations employed the GIAO method. Spin projection of g-
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tensors and hyperfine couplings is carried out according to Eqs. (4.68), (4.69) and (4.71) 

of the perturbational approach for strongly coupled dinuclear systems (strong-exchange 

limit) described in section 4.7.1 and refs. [24] and [25]. A scaling with an empirically 

derived factor (see section 6.4.5 below) is applied to the isotropic HFC to account for 

well-known deficiencies in their description arising from the density functional 

approximation.
[11, 26]

 This factor has been validated for three models of dinuclear 

Mn
III

Mn
IV

 complexes (see Table A2 in Appendix A; structures are shown in Figure A1). 

Local zero-field interactions have been included into the spin projection (see also Eqs. 

(4.68) and (4.69) in section 4.7.1) after empirical scaling with a factor of 3, which has 

been justified in Chapter 5 (see also ref. [12]). Convergence to the correct BS and HS 

states was ensured by examining Mulliken spin densities. 

 

 

6.3 Model Systems 
 

 

A set of model systems has been constructed employing starting coordinates taken 

from the two crystal structures available in the literature.
[7, 8]

 The five resulting structures 

are shown in Figure 6.1. The model size is indicated by Roman numerals I and II, while 

numbers 1 and 2 correspond to the crystal structure used as a starting point. Protein data 

base entry 1KJU
[7]

 (L. plantarum) is denoted as 1 and entry 2V8U
[8]

 (T. thermophilus) as 

2. Specific atoms are labeled as shown in Scheme 6.1. 

 

 

Scheme 6.1. Schematic structure and numbering of the constructed catalase model systems. 
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A third label is used to distinguish between the two different oxidation state patterns 

arising during the optimization step: a represents model systems with the Mn
III

 site at the 

Mn1 position and the Mn
IV

 site at the Mn2 position, and vice versa for label b. The total 

charge of all model systems is zero.  

Models of size I include all directly coordinated amino acid residues and an 

additional water molecule at Mn1 (O6). Amino acids are modeled as imidazole in case of 

His residues and acetate in all other cases. Size II models employ an elongated protein 

string to include all α-carbons of the directly ligated residues. The biological background 

of the Mncat system is described in Chapter 2 (section 2.2). 

No suitable type a minima have been found for the size I model derived from 

crystal structure 2 (I-2a) and all size II models (II-1a, II2a). 

 

 

Figure 6.1. Optimized structures of investigated model systems of the manganese catalase. Color codings 

are as follows: Manganese (cyan), Carbon (green), Oxygen (red), Nitrogen (blue) and Hydrogen (white). 
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6.4 Results and Discussion 
 

 

Discussion of the results starts with the computed structures (6.4.1), before each 

EPR parameter will be analyzed in detail (section 6.4.2), starting with the g-tensor and the 

hyperfine coupling tensors for 
55

Mn. The in-depth analysis of the isotropic metal HFCs 

and their shortcomings with respect to the computational level are covered in the next 

subsection, along with possible solutions to overcome these deficiencies. Metal nuclear 

quadrupole couplings and EPR data for various ligand atoms (
14

N, 
17

O and 
1
H) are 

presented in the last subsections of 6.4.2. 

 

6.4.1 Structures 

 

The active site structure of the Mn
III

Mn
IV

 oxidation state of the manganese catalase 

is considered to remain intact compared to the naturally active Mn
III

Mn
III

 state, although 

the catalytic activity is lost. An overview of selected atomic distances is provided in 

Table 6.1. Overall, due to the presence of a Mn
IV

 ion, the superoxidized state has a 

slightly shortened Mn–Mn distance compared to the crystallographic structure, which is 

well reproduced in all model systems. The small models of type I exhibit similar results 

compared to the previous DFT study by Sinnecker et al.
[9]

  

 

Table 6.1. Selected atomic distances (Å) of the catalase model systems and comparison 

with experimental data.
[a] 

 I-1a I-1b I-2b II-1b II-2b EXAFS
[b] Cryst. 

Struc.
[c] 

        

Mn1 – Mn2 2.650 2.649 2.651 2.704 2.700 2.70 (2.67
[d]

) 3.03
[e]

/3.10
[f] 

Mn1 - O1 1.855 1.783 1.782 1.787 1.788 Mn-O ~1.8  

Mn1 – O2 1.887 1.801 1.800 1.804 1.800   

Mn2 – O1 1.775 1.834 1.834 1.878 1.875   

Mn2 – O2 1.771 1.863 1.869 1.865 1.860   

Mn1 - O3 2.332 1.935 1.936 1.908 1.919   

Mn1 – O5 1.945 1.997 1.996 2.031 2.057   

Mn1 – O6 2.416 2.044 2.044 2.026 2.031   

Mn2 – O4 1.918 2.321 2.297 2.215 2.267   

Mn2 - O7 2.123 1.984 1.976 1.943 1.960   

Mn2 – O8 2.046 2.557 2.567 2.709 2.619   

Mn1 - N1 2.056 2.094 2.095 2.194 2.144 2.05-2.09  

Mn2 - N2 2.102 2.070 2.073 2.118 2.126 2.05-2.09  

        
[a]

BP86/def2-TZVP results. 
[b]

EXAFS data.
[5]

 
[c]

Mn
III

Mn
III

 oxidation state. 
[d]

EXAFS data.
[27]

 
[e]

Taken from 

ref. [7]. 
[f]

Taken from ref. [8]. 
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The Mn–Mn distance in model system I-1a is almost identical compared to all b 

models of size I and in good agreement with the EXAFS predictions. Size II models 

match the experimental value almost perfectly. The position of the Mn
III

 ion clearly 

affects all other distances. This is possibly best illustrated by the bond lengths to the water 

molecule (O6) at the Mn1 site and to the O8 atom at the Mn2 site. The first one is 

elongated by approximately 0.4 Å for model I-1a, while the latter is dramatically (0.5 Å ) 

decreased compared to b-type models. This results in a straight sixfold coordination for 

both manganese ions in I-1a, whereas the interaction of the Mn2 with O8 is almost 

nonexistent for all other models, leaving the Mn2 rather fivefold coordinated. Optimized 

structures of model size II generally show longer distances compared to size I models. 

The Jahn-Teller axes is aligned parallel to the bond between the respective Mn
III

 ion, Mn1 

for type a and Mn2 for type b, and the bridging Glu unit in all model systems. Note that 

the existence of both mono- and bidentate binding modes of the terminal Glu unit at the 

Mn2 site, giving rise to type a and b structures, has been reported before by molecular 

dynamics simulations.
[28]

 

Energetically, the doubly sixfold coordinated structure I-1a is slightly favored by 

3.19 kcal/mol compared to model I-1b. The relative energies for the model systems 

derived from different organisms are almost negligible in case of the small models (0.15 

kcal/mol in favor of I-2b) for the given computational level, increasing to 1.29 kcal/mol 

for the extended models. No suitable minimum regarding a-type structures has been 

found employing starting coordinates from the 2V8U-PDB entry. This holds for increased 

model size of both starting options, 1 or 2. 

The fact that two almost energetically degenerate minima are found for the catalase 

active site, illustrates a major difficulty in modeling biological systems with purely 

quantum-chemical methods. The need of cutting off the protein environment at some 

point may affect the quality of calculated properties, even at the center of the system.
[29]

 

A final discrimination between the obtained structures seems to be inappropriate at this 

point, especially given the fact that the crystal structure has only been accessible in the 

catalytically active Mn
III

Mn
III

 oxidation state, while the superoxidized state is structurally 

characterized by EXAFS only up to now. When discussing the EPR parameters in the 

following, we can thus not completely exclude imperfect structures as a possible source 

of errors. 
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6.4.2 EPR Parameters 

 

The experimental EPR tensors are usually presented employing a x,y,z notation. In 

case of an axially symmetric tensor, label z denotes the characteristic tensor component. 

For di-µ-oxo bridged Mn
III

Mn
IV

 complexes the idealized orientation of the g-tensor 

relative to the core structure is shown in Scheme 6.2. The orientation of the z-component 

of the tensor is usually assumed to be parallel to the Jahn-Teller axis of the Mn
III

 ion that 

is aligned perpendicular to the (idealized) Mn2O2 core (parallel to the bonding axes of the 

bridging Glu residue). The orientations of the x- and y-components will then lie within 

the Mn2O2 plane. Note that they might only be distinguished in single-crystal 

measurements. The characteristic components of both hyperfine tensors are assumed to 

exhibit the same orientation pattern. 

 

Scheme 6.2. Idealized (planar) core structure of the Mncat model systems. The experimentally assumed 

orientation of the (g or HFC) tensor components relative to the molecular structure are indicated. 

 

Calculated tensor components will be denoted as g11, g22, g33 (g-tensor), T1, T2, T3 

(traceless HFC tensor, Ti=Ai-Aiso) and P1, P2, P3 (NQC tensor) and compared to the 

experiment after ordering by size. The experimental assignment of the individual 

components (if resolved) is given in brackets in the respective columns/lines. 

 

g-Tensor 

Table 6.2 provides calculated g-tensors for all model systems. Qualitatively all 

models show the same pattern, with g11 the smallest component, corresponding to the 

characteristic z-component of the usual experimental assignment (see Scheme 6.2). The 

other two components are almost equivalent, resulting in a total g-tensor that can be 

considered approximately axial. Orientations of the effective g-tensors are shown in 

Figure 6.2. The effect of local zero-field splitting interactions in the spin projection 

scheme (see Eq. (4.71), section 4.7.1) is negligible for g-tensors, even though a scaling of 
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the calculated ZFS tensors is still recommended to account for deficiencies in the density 

functional approximation in zero-field splitting (ZFS) property calculations (see also 

Chapter 5).
[12]

 

 

Table 6.2. Calculated effective g-tensors and their dependence on local ZFS 

interactions.
[a] 

  I-1a I-1b I-2b II-1b II-2b exp.
[b] 

        

noZFS giso 1.9930 1.9945 1.9941 1.9933 1.9936 1.9988 

        

 g11 1.9765 1.9792 1.9779 1.9772 1.9766 1.9876 (z) 

 g22 2.0000 2.0001 2.0002 2.0003 2.0009 2.0040 (y) 

 g33 2.0026 2.0041 2.0042 2.0023 2.0033 2.0048 (x) 

        

ZFS giso 1.9931 1.9945 1.9942 1.9934 1.9936  

        

 g11 1.9764 1.9792 1.9779 1.9771 1.9764  

 g22 2.0001 2.0002 2.0003 2.0004 2.0010  

 g33 2.0027 2.0042 2.0044 2.0026 2.0035  

        

3xZFS giso 1.9932 1.9946 1.9943 1.9935 1.9937  

        

 g11 1.9763 1.9790 1.9777 1.9768 1.9761  

 g22 2.0004 2.0003 2.0006 2.0006 2.0013  

 g33 2.0031 2.0046 2.0046 2.0030 2.0039  

        
[a]

B3LYP/9s7p4d/IGLO-II results. The spin projection scheme employing Eq. (4.71) has been applied (see 

section 4.7.1). “ZFS” includes the computed local ZFS interactions without scaling, “3xZFS” with scaling, 

and“noZFS” neglects the ZFS contributions. 
[b]

MF-EPR data.
[10]

 

 

The orientation of the effective g-tensor varies significantly with the model system. 

I-1a is the only model system where the computed characteristic component g11 is 

approximately located in the Mn-O2-Mn plane. This is exceptional considering the usual 

experimental alignment of the characteristic g-tensor component gz perpendicular to the 

Mn-O2-Mn plane in dinuclear oxo-bridged manganese complexes. Instead it is the g33 

component that is parallel to the Jahn-Teller axes at the Mn
III

 center (Mn1), which is 

orientated along the O6-Glu66 axes. In model systems I-1b and I-2b the g-tensors are 

appreciably rotated compared to the “ideal” experimental alignment. The rotation is 

somewhat reduced for type 1 model II-1b. An almost perfect agreement with the 

experimental assumption (see Scheme 6.2) is found in II-2b. The two almost degenerate 
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perpendicular components of the tensor lie in the Mn-O2-Mn plane, which is 

perpendicular to the axial g11 component. 

 

 

Figure 6.2. Orientation of calculated effective g-tensors with respect to the core structure including scaled 

local ZFS interactions. See Figure 6.1 for color coding. 

 

55
Mn Hyperfine Coupling Tensors 

Turning to the 
55

Mn hyperfine coupling constants (HFC) summarized in Table 6.3, 

good agreement of the Mn
IV

 HFC with experimental data is observed. The isotropic 

coupling is slightly underestimated for all models. Anisotropies match the experimental 

data set very well after inclusion of local zero-field interactions in the spin projection (see 

also Chapter 5). The overall agreement is somewhat better for b-type models compared to 

model I-1a. The model size has virtually no effect on the Mn
IV

 HFC, although the 

anisotropies of size II model systems match the experimental values slightly better. This 

is also found when looking at the anisotropies of the Mn
III

 HFC tensors. All components 

of the tensor are slightly overestimated with the overall tensor being close to axial for 

model I-1a, but more rhombic for the other size I models. Again, the size II model 

systems perform best for the anisotropies. The computed isotropic Mn
III

 HFC are 

insufficiently negative for all model systems, when using the standard empirical scaling 

factor of 1.45 (see discussion of the scaling procedure below).  
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Table 6.3. Calculated 
55

Mn hyperfine couplings (in MHz) and comparison with 

experimental data. Tensors include local zero-field splitting interactions according to Eqs. 

(4.68) and (4.69).
[a]

 

 Mn
III 

Mn
IV 

 Aiso
*
 T1 T2 T3 Aiso

*
 T1 T2 T3 

         

I-1a -327 -53 -46 99 226 -9 -6 15 

I-1b -297 -60 -34 94 230 -11 -3 13 

I-2b -302 -61 -34 94 230 -11 -3 14 

         

II-1b -298 -56 -39 95 229 -16 -4 20 

II-2b -301 -54 -41 95 230 -15 -4 19 

         

exp.
[b]

 (TT) -378 -47 (y) -33 (x) 79 (z) 238 -14 (y) -5 (x) 18 (z) 

exp.
[c]

 (LP) -388 -38 (x,y) -38 (x,y) 76 (z) 236 -8 (x,y) -8 (x,y) 15 (z) 

         
[a]

B3LYP/9s7p4d/IGLO-II results. Local zero-field splittings have been scaled by an empirical factor of 3. 

Aiso
*
 is the spin-projected isotropic HFC after scaling with a factor of 1.45. T i represents the traceless parts 

of the full tensor. 
[b]

MF-EPR data from TT.
[10]

 
[c]

MF-EPR data from LP.
[2]

 

 

 

 

Figure 6.3. Orientation of calculated 
55

Mn
III

 hyperfine coupling tensors. Local ZFS interactions have been 

included in the spin projection after scaling with a factor of 3. See Figure 6.1 for color codings. 

 

Unfortunately, experimental values are reported in most cases only for manganese 

catalase extracted from T. thermophilus. Data from L. plantarum are only reported in ref. 
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[2] (simulations assume a perfectly axial tensor; see Table 6.3) and may be regarded less 

reliable compared to the results of modern EPR setups and techniques presented, for 

example, in ref. [10]. 

The orientations of the 
55

Mn hyperfine tensors are provided in Figures 6.3 and 6.4 

for the Mn
III

 and the Mn
IV

 center, respectively. 

 

 

Figure 6.4. Orientation of calculated 
55

Mn
IV

 hyperfine coupling tensors. Local ZFS ineractions have been 

included in the spin projection after scaling with a factor of 3. For color codings, see Figure 6.1. 

 

Note that hyperfine tensors of dinuclear Mn complexes with bis-µ-oxo bridges are 

ideally considered to be co-axial with the effective g-tensor.
[10]

 Therefore, Euler angles of 

the hyperfine tensors with the effective g-tensor orientation are provided in Table 6.4. 

While the co-axiality of the Mn
III

 tensor with the g-tensor is observed for model I-1a, 

again the characteristic component A3 (T3) is not aligned parallel to the Jahn-Teller axes 

and perpendicular to an idealized Mn2O2 plane. Instead it lies approximately in this plane. 

This would imply that the calculated A2 (T2) component matches the experimental z-

component. With the calculated value clearly disfavoring this assignment, one can either 

rule out this model system or has to refine the experimental set of parameters. The 

orientation of the Mn
IV

 HFC tensor for model I-1a is significantly rotated from the ideal 

orientation. However, this is found for all size I model systems. Type b models exhibit 
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Mn
III

 HFC tensor orientations with the correct assignment of the characteristic component 

being directed approximately along the Glu66/70 binding axes. The orientations of the 

HFC tensors of the size I models show somewhat larger deviations of tensor directions 

than the size II models. 

 

Table 6.4. Euler angles (in degree) of calculated 
55

Mn hyperfine coupling tensors with 

the calculated effective g-tensors.
[a] 

 Mn
III

 Mn
IV

 

 g A  g A  

       

I-1a g11 A3 1 g11 A3 6 

 g22 A1 19 g22 A1 41 

 g33 A2 19 g33 A2 41 

       

I-1b g11 A3 0 g11 A3 3 

 g22 A2 25 g22 A2 8 

 g33 A1 25 g33 A1 8 

       

I-2b g11 A3 1 g11 A3 2 

 g22 A2 15 g22 A2 16 

 g33 A1 15 g33 A1 16 

       

II-1b g11 A3 0 g11 A3 3 

 g22 A2 20 g22 A2 29 

 g33 A1 20 g33 A1 29 

       

II-2b g11 A3 1 g11 A3 3 

 g22 A2 32 g22 A2 23 

 g33 A1 32 g33 A1 23 

       

exp.
[b] 

gx Ax 25 gx Ax 13 

 gy Ay 0 gy Ay 3 

 gz Az 13 gz Az 19 

       
[a]

Pairs are chosen to provide  minimal set of  angles.
 [b]

Results of MF-EPR.
[10]

 

 

Interestingly, the orientations of the non-characteristic components A1 and A2 in the 

b-type systems of size II are different. In model II-2b they are almost aligned parallel to 

the Mn
III

-µ-oxo binding axes, in agreement with recent experimental findings,
[10]

 while in 

II-1b the A2 component is approximately parallel to the Mn-Mn axes. This is not found 

for the Mn
IV

 tensors, where both models show the firstly mentioned orientation pattern. 
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Reexamination of Empirical Scaling Factors for Isotropic 
55

Mn Hyperfine 

Coupling Constants 

We saw that the prediction of the isotropic 
55

Mn
III

 hyperfine couplings after 

empirical scaling by 1.45 was much poorer than for their Mn
IV

 counterparts (see Table 

6.3). As it is unlikely that this is due to the chosen models (all of the models provide 

insufficiently negative Mn
III

 Aiso values; Table 6.3) or to the spin projection (we are close 

to the validity range of the strong-exchange approximations), the empirical scaling factors 

have been reexamined. The underlying assumption of a single scaling factor is that we 

correct for the typically underestimated core-shell spin polarization (of the negative 2s 

and positive but smaller 3s contributions),
[30]

 while the valence contributions are either 

negligible or constant for different complexes. We thus have to see if previous 

evaluations of the mechanisms of hyperfine couplings for transition-metal centers, 

obtained mostly for mononuclear models,
[30]

 are transferable to the present, more 

complex system. Usually, a simple scaling factor is determined for a given functional (the 

core-shell spin polarization is influenced dramatically by exact-exchange admixture), for 

a specific nucleus.
[11, 26]

 In Table 6.5, the calculated isotropic 
55

Mn
III

 hyperfine coupling is 

broken down into the most important core- and valence-shell orbital contributions for the 

set of catalase models and some representative synthetic dinuclear Mn
III

Mn
IV

 model 

compounds. Note that we use the raw values before spin projection to simplify analysis 

and discussion.  

 

Table 6.5. Orbital contributions (in MHz) to the 
55

Mn
III

 isotropic hyperfine coupling 

constant.
[a] 

 A
[b] 

APC
[c] 

total exp.
 

 core VS SOMO    

       

[Mn2O2(bipy)4]
3+ -786.1 189.3 1.0 -27.6 -623.4 -908

[d] 

[Mn2O2(phen)4]
3+ -780.5 197.0 6.0 -27.2 -604.7 -902

[e] 

[Mn2O2OAc(dtne)]
2+ -763.3 253.9 4.5 -25.5 -530.5 -778

[d] 

       

I-1a -768.2 328.1 10.5 -25.9 -455.5 -756
[f] 

I-1b -763.2 368.4 6.0 -25.3 -414.1 -756
[f] 

I-2b -764.3 362.2 6.0 -25.4 -421.5 -756
[f] 

II-1b -769.7 374.1 4.7 -25.6 -416.6 -756
[f] 

II-2b -772.5 372.5 4.9 -25.6 -420.7 -756
[f] 

       
[a]

B3LYP/9s7p4d/IGLO-II results. 
[b]

Contributions to the isotropic HFC from core s-type orbitals (core), 

valence-shell (VS) and singly occupied orbitals (SOMO) to the total isotropic HFC. 
[c]

Spin-orbit 

contribution (APC) to the isotropic HFC. 
[d]

MF-EPR data.
[3]

 
[e]

MF-EPR data.
[6]

 
[f]

MF-EPR data.
[10]
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A complete analysis including data for both oxidation states, +III and +IV, is given 

in Table A2 of Appendix A. As shown there, based on comparison of computed and 

experimental values for the three model compounds, the common scaling factor of 1.45 

would be confirmed to hold well for the Mn
III

 centers. In those cases, the assumption of a 

small SOMO contribution (negligible Mn 4s character in the SOMOs) and of a near-

constant (“doubly-occupied”) valence contribution holds reasonably well, with the caveat 

of a somewhat larger VS value for [Mn2O2OAc(dtne)]
2+

 (Table 6.5). The assumption
[30]

 

of a systematic behavior remains valid for the set of models used in this study (Table A3 

in Appendix A). Figure 6.5 confirms furthermore that for all systems, including the 

catalase models, the dominant 2s and 3s core-shell contributions are proportional to the 

3d spin population in a given complex.
[20]

 We note in passing that spin-orbit contributions 

(the pseudo-contact term, APC) are relatively small. 

 

 

Figure 6.5. Correlation between the d-orbital population and core-shell spin-polarization of investigated 

model systems. 

 

However, while the core-polarization contributions remain almost the same for the 

catalase models, a significantly larger, positive VS contribution (i.e. from the overall spin 

polarization of formally doubly occupied valence orbitals) renders the overall computed 

HFC insufficiently negative (Table 6.5). This valence shell contribution to the isotropic 

HFC seems to depend on the bridging pattern and the coordination environment and 

number. Model systems [Mn2O2(bipy)4]
3+

 and [Mn2O2(phen)4]
3+

 both exhibit a di-μ-oxo 

bridge and exhibit smaller VS contributions than [Mn2O2OAc(dtne)]
2+

, which has an 
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additional acetate ligand bridging the metal centers. This pattern resembles the catalase 

systems, where the VS contribution is even much larger relative to the total HFC. The 

largest VS contributions are found for those model systems, where the Mn
III

 center has 

only a fivefold coordination, namely the b-type models. 

To investigate the influence of the coordination environment on the VS contribution 

in more detail, a set of mononuclear Mn
III

 models has been constructed (1-thf). These 

complexes exhibit the same basic local Mn
III

 coordination environment (see Figure 6.6), 

but they differ in the distance of the sixth weakly bound ligand (THF) to the metal. 

Starting at the optimized bond length (2.06 Å), this distance is step-wise increased.  

 

 

Figure 6.6. Structures of investigated mononuclear Mn
III

 complexes for the analysis of the orbital 

contributions to the isotropic metal HFC. 

 

Additionally the system was also optimized with a more strongly bound hydroxide 

ligand (1-oh). Structures are given in Figure 6.6. Orbital contributions to the isotropic 

Mn
III

 hyperfine coupling constant for this series are analyzed in Table 6.6. It shows, that 

there is no significant contribution of the SOMO to the Mn
III

 HFC in the sixfold 

coordinated mononuclear model system. The dominant core-shell contribution decreases 

very slowly with increasing distance to the THF ligand. It is overall smaller than for the 

dinuclear complexes (where we took raw values without spin projection), giving isotropic 

HFCs of ca. 100 – 150 MHz. The VS contribution increases much more pronouncedly, 

from 57.3 MHz to 81.9 MHz.  

The substitution of the weakly bound THF ligand with the stronger hydroxide 

ligand does not provide additional insights, all contributions are comparable to 1-thf-opt. 
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Table 6.6. Contributions to the isotropic Mn
III

 hyperfine coupling constant (in MHz) in a 

series of hypothetical mononuclear model complexes 1.
[a] 

 
OTHF – Mn (Å)

[b] 
A

[c]
 APC

[d] 
total 

  core VS SOMO   

       

1-thf-opt (2.06) -192.2 57.3 0.1 -7.2 -142.0 

1-thf 2.25 -192.0 52.9 0.1 -7.1 -146.1 

1-thf 2.50 -191.2 65.5 0.3 -7.0 -132.4 

1-thf 2.75 -189.5 73.4 0.5 -6.9 -122.4 

1-thf 3.0 -189.2 81.9 1.1 -6.7 -112.9 

       

1-oh  -190.9 51.6 1.3 -7.0 -145.0 

       
[a]

B3LYP/9s7p4d/IGLO-II results. 
[b]

Fixed bond length between the THF-oxygen atom and the Mn center in 

Å. 
[c]

Contributions to the isotropic HFC from core s-type orbitals (core), valence-shell (VS) and singly 

occupied orbitals (SOMO) to the total isotropic HFC. 
[d]

Spin-orbit contribution (APC) to the isotropic HFC. 

 

These results show the sensitive dependence of valence-shell spin-polarization 

contributions to coordination-shell distortion, away from a more regular octahedral to a 

square pyramidal structure. The enhanced VS contributions for the Mn
III

 center in the 

catalase models are related to such structural distortions. As the usual overall semi-

empirical scaling is supposed to correct only for deficiencies in the core-shell 

contributions,
[11, 23, 26]

 it is obviously not able to take the modified VS contributions for 

these specific systems into account and thereby fails to capture these changes properly. 

Overall too negative isotropic HFCs thus remain after scaling. 

It seems more appropriate to restrict the scaling only to the underestimated core-

shell contributions, assuming that the valence-shell and SOMO contributions, as well as 

the spin-orbit-derived pseudo-contact contributions, are well reproduced by the functional 

used. Table 6.7 thus evaluates both the standard “global” scaling (with a factor 1.45) and 

such a “core only” scaling. Optimized for the Mn
III

 and Mn
IV

 HFCs of the three synthetic 

dinuclear models (see Table A4 in Appendix A), the “core only” scaling provides a 

scaling factor of 1.36, and comparable agreement with experiment as the “global” scaling. 

We note that simple scalar spin projection in the strong-exchange limit has been used here 

(with projection coefficients +2 for Mn
III

 and -1 for Mn
IV

). Interestingly, for the first two 

model complexes the “core only” scaling is somewhat better than “global” scaling for the 

Mn
III

 centers and slightly inferior for the Mn
IV

 HFCs. For the last model complex, 

[Mn2O2OAc(dtne)]
2+

, matters are reversed. 
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Application of the “core only” scaling to the Mncat models affords a slight increase 

of the minor deviations for Mn
IV

 and a significant improvement of the much larger errors 

for the Mn
III

 site, reducing the deviations from experiment for the latter by 60-75%. As 

the larger VS contributions appear to arise from the specific coordination environment of 

certain Mn
III

 sites a “core only” scaling may indeed provide improvements over the 

currently popular “global” scaling for any Mn
III

 center with significant deviation from an 

ideal octahedral coordination. An example could be the isotropic 
55

Mn HFCs of Mn
III

 

sites in the OEC. While overall reasonable Mn HFCs could be obtained so far,
[23, 31]

 it is 

still somewhat confusing, that the calculated isotropic Mn
III

 HFC is not the largest one in 

absolute values. This contradicts experimental findings, which tend to assign the largest 

 

Table 6.7. Comparison of employing a global scaling factor vs. scaling of the core-shell 

contribution of the isotropic 
55

Mn hyperfine coupling constant (in MHz).
[a] 

  Scaling
[b]

 exp.
 

  “global” “core only”  

     

[Mn2O2(bipy)4]
3+ +III -452.0 -453.2 -454

[c] 

 +IV 219.4 215.0 218
[c] 

[Mn2O2(phen)4]
3+ +III -438.4 -442.8 -451

[d] 

 +IV 218.2 213.6 221
[d] 

[Mn2O2OAc(dtne)]
2+ +III -384.6 -402.6 -389

[c] 

 +IV 214.4 212.6 207
[c]

 

     

 RMSEmodels 5.8 7.6  

     

I-1a +III -330.2 -366.0 -378[e] 

 +IV 226.4 221.5 238[e] 

I-1b +III -300.3 -344.4 -378[e] 

 +IV 230.3 225.3 238[e] 

I-2b +III -305.6 -348.3 -378[e] 

 +IV 229.9 224.9 238[e] 

II-1b +III -302.0 -346.8 -378[e] 

 +IV 228.7 225.8 238[e] 

II-2b +III -305.0 -349.4 -378[e] 

 +IV 229.5 225.8 238[e] 

     

 RMSEtotal 39.8 18.0  

     
[a]

B3LYP/9s7p4d/IGLO-II results. 
[b]

”global” refers to a scaling of the total calculated isotropic 
55

Mn HFC 

by a factor of 1.45. “core only” refers to scaling of the core-shell contribution to the calculated isotropic 
55

Mn HFC by a factor of 1.36 and adding of all other contributions without scaling. 
[c]

MF-EPR data.
[3]

 
[d]

MF-EPR data.
[6]

 
[e]

MF-EPR data.
[10] 
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coupling to the Mn
III

 site (it has also the largest on-site spin-projection coefficient).
[10]

 In 

Table 6.8 the “core only” scheme has therefore been applied to calculated isotropic 
55

Mn 

HFCs of a reasonable model system of the OEC in its S2 state (SG2011
0
).

[32]
 The 

structure is shown in Figure 7.4. The same scaling factor of 1.36 as for the dinuclear 

systems was used. The results are compared to the “global” scheme employing the factor 

of 1.45. 

 

Table 6.8. Comparison of employing a global scaling factor versus a scaling of the core-

shell contribution of the calculated 
55

Mn isotropic HFCs (in MHz) of a S2 state model of 

the OEC.
[a]

 

  Scaling
[b]

 exp.
[c] 

exp.
[d] 

  “global” “core only”   

      

MnA4
[e] +IV -305 -300 |312|

[f] 
|244|

[f]
 

MnB3
[e] +IV 190 200 |191|

[f]
 |193|

[f]
 

MnC2
[e] +IV 213 218 |208|

[f]
 |214|

[g]
 

MnD1
[e] +III -258 -296 |251|

[f]
 |312|

[g] 

      
[a]

B3LYP/9s7p4d/IGLO-II results. Simple analytical spin projection coefficients have been employed (see 

Eq. (4.76), section 4.7.2). 
[b]

”global” refers to a scaling of the total calculated isotropic 
55

Mn HFC by a 

factor of 1.45. “core only” refers to scaling of the core-shell contribution to the calculated isotropic 
55

Mn 

HFC by a factor of 1.36 and adding of all other contributions without scaling. 
[c]

MF-EPR data.
[33]

 
[d]

MF-

EPR data.
[10]

 
[e]

Mn ions are labeled following the standard EPR and EXAFS nomenclature (see also section 

7.3). 
[f]

No experimental assignment available. Values are ordered for best matching with the calculated 

HFCs. 
[g]

Assignment based on ref. [10]. 

 

Similar to the dinuclear cases, the “core only” scheme leads to slightly larger 

deviations of the calculated Mn
IV

 HFCs compared to the experimental values, but 

significantly improves the agreement for the Mn
III

 ion. The Mn
IV

 HFC for the MnA4 

center remains the largest one (in absolute values), even after application of the “core 

only” factor of 1.36, although the Mn
III

 HFC (MnD1) is increasing by roughly 40 MHZ. 

The difference between the two largest couplings, MnA4 and MnD1, is however 

considerably smaller than for the global scaling. Overall agreement of the calculated 

HFCs with the experimental data is worse for the new scheme, as the old, “global” one 

provides excellent agreement for all HFCs. The insufficient performance of the “core 

only” scheme may be partly attributed to the complicated nature of the spin projection 

involved in tetranuclear systems. The deficiencies of the latter may also affect the quality 

of the experimental data sets.  
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55
Mn Nuclear Quadrupole Couplings 

Table 6.9 provides nuclear quadrupole coupling constants for both manganese 

centers. Full tensors as well as the asymmetry parameter η are presented. Their 

orientations are given in Figures 6.7 and 6.8 respectively. Given the overall small 

magnitude of the NQC tensor components, reasonable agreement with the experiment is 

obtained. The calculated NQC tensors for both manganese ions, Mn
III

 and Mn
IV

, are too 

axial compared to the experiment, with the Mn
IV

 NQC tensor being slightly more 

rhombic than the Mn
III

 tensor. The computed Mn
IV

 NQC tensor components exhibit 

wrong sign compared to the experiment. So far, we do not have an explanation for this 

finding. 

 

Table 6.9. Calculated 
55

Mn nuclear quadrupole coupling tensors (in MHz) and 

comparison with experiment.
[a] 

 Mn
III

 Mn
IV

 

 P1 P2 P3 η P1 P2 P3 η 

         

I-1a -0.27 0.18 0.10 0.29 1.06 -1.01 -0.04 0.92 

I-1b -0.45 0.43 0.02 0.92 1.43 -0.77 -0.67 0.07 

I-2b -0.46 0.40 0.07 0.71 1.44 -0.78 -0.67 0.08 

         

II-1b -0.63 0.33 0.29 0.07 0.90 -0.66 -0.25 0.46 

II-2b -0.65 0.35 0.30 0.09 1.02 -0.70 -0.33 0.36 

         

exp.
[b] -0.4 0.3  0.1  0.50 -1.3 1.1 0.2 0.69 

         
[a]

B3LYP/9s7p4d/IGLO-II results. 
[b]

MF-EPR data.
[10]

 

 

Recent EPR measurements on catalase revealed that the characteristic components 

of the NQC tensor (Pz) and of the hyperfine tensor (Az) of the Mn
III

 ion are not 

collinear.
[10]

 Instead Pz is oriented perpendicular to Az and lies in the x-y plane. 

Calculations confirm this unexpected orientation of the NQC tensor, as the P1 component 

is found to be almost in the plane of the Mn-O2-Mn core for all models except II-1b. 
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Figure 6.7. Orientation of calculated 
55

Mn
III

 nuclear quadrupole coupling tensors. For color codings, see 

Figure 6.1. 

 

 

 

Figure 6.8. Orientation of calculated 
55

Mn
IV

 nuclear quadrupole coupling tensors. For color codings, see 

Figure 6.1. 
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14
N Nitrogen EPR Parameters 

Due to the presence of nitrogen atoms coordinating directly to the spin centers, 

additional information can be gained by analyzing the nitrogen hyperfine interaction. 

ESEEM studies on both isolated enzymes, TT and LP, provided HFCs and NQCs for the 

two histidine nitrogen atoms directly binding to the Mn
III

 and Mn
IV

 sites, respectively.
[34]

 

A comparison with the calculated nitrogen EPR parameters is given in Table 6.10. 

 

Table 6.10. Computed 
14

N nitrogen hyperfine couplings and nuclear quadrupole 

couplings (in MHz) and comparison with experiment.
[a] 

 Mn
III Mn

IV 

 Aiso T1 T2 T3 e
2
Qq/h η Aiso T1 T2 T3 e

2
Qq/h η 

             
I-1a -4.20 -0.91 -0.53 1.44 2.59 0.60 1.95 -0.57 0.23 0.35 2.64 0.54 
I-1b -4.51 -0.89 -0.53 1.42 2.57 0.63 2.40 -0.52 0.20 0.32 2.58 0.59 
I-2b -4.65 -0.86 -0.54 1.40 2.57 0.63 2.39 -0.52 0.20 0.32 2.59 0.58 

             
II-1b -3.78 -0.75 -0.54 1.29 2.52 0.67 1.47 -0.53 0.24 0.29 2.64 0.61 
II-2b -3.73 -0.76 -0.53 1.29 2.53 0.69 1.63 -0.56 0.25 0.31 2.56 0.64 

             
LP

[b] -5.75 -0.6 -0.2 0.8 2.01 0.79 2.67 -0.57 0.16 0.41 2.25 0.58 
TT

[b] -5.2 -0.7 -0.2 1.0 2.25 0.65 2.28 -0.70 0.28 0.42 2.29 0.50 

             
[a]

B3LYP/9s7p4d/IGLO-II results. Aiso is the isotropic HFC and Ti represents the traceless parts of the full 

tensor. e
2
Qq/h and η represent the principal values of the NQC tensor. 

[b]
MF-EPR data for enzymes 

extracted from LP and TT.
[34]

 Almost identical tensors have been reported by Coates et al.
[35]

 

 

Although the calculated isotropic couplings are slightly underestimated, the overall 

agreement with the experiment is satisfying. Size II models perform somewhat worse for 

isotropic hyperfine couplings, but provide better anisotropies. A underestimation of the 

calculated isotropic 
14

N nitrogen HFC has also been reported for the His ligand directly 

bound to manganese in the OEC before.
[23, 31]

 

 

17
O Oxygen Hyperfine Couplings 

Several oxygen atoms with different chemical characteristics are directly bound to 

the spin centers in the Mncat active site. Their EPR parameters have been targeted by 
17

O 

exchange experiments, revealing two types of signals in the respective spectra, which 

have been assigned to exchangeable µ-oxo units and substrate water.
[36]

 A comparison 

with calculated 
17

O HFCs is given in Table 6.11. While Table 6.11 provides also 
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computed 
17

O anisotropies, due to the lack of experimental anisotropies we focus mainly 

on the isotropic HFCs. The presence of oxygen atoms in a bridging binding mode gives 

rise to a major drawback of the current spin-projection procedure. EPR parameters of 

ligand atoms are usually spin-projected by use of the coefficients of the metal center, they 

are bound to. However, for bridging atoms there is no satisfying solution present in the 

literature so far. Here, the spin projection of the bridging oxygen atoms will be carried out 

as suggested in ref. [23] by distance-weighted averaging of the two individual tensors 

derived from the different Mn centers. The resulting tensors should be considered very 

carefully as it is yet unclear how much they suffer from an inadequate description of the 

BS spin density in the bridging position. 

 

Table 6.11. Computed 
17

O oxygen hyperfine couplings (in MHz) and comparison with 

experiment.
[a] 

 Label
[b] 

Mn center
[c] 

Aiso T1 T2 T3 

       

I-1a O1 bridge 3.9 -26.4 9.3 17.1 

 O2 bridge 4.9 -28.0 12.1 15.9 

 O3 Mn
III

 -21.8 -10.0 4.1 5.9 

 O4 Mn
IV

 5.6 -5.3 2.3 2.9 

 O5 Mn
III

 -6.1 -1.8 0.5 1.3 

 O6 Mn
III

 -14.6 -9.6 4.4 5.2 

 O7 Mn
IV

 1.7 -0.9 -0.3 2.9 

 O8 Mn
IV

 0.4 -1.8 0.5 1.3 

       

I-1b O1 bridge 2.7 -26.3 8.0 18.3 

 O2 bridge 1.0 -24.2 6.1 18.1 

 O3 Mn
IV

 2.8 -4.8 2.3 2.5 

 O4 Mn
III

 -21.2 -10.1 4.3 5.8 

 O5 Mn
IV

 3.0 -1.2 -0.1 1.3 

 O6 Mn
IV

 1.4 -2.3 0.6 1.6 

 O7 Mn
III

 -5.2 -2.8 -0.1 2.9 

 O8 Mn
III

 -7.4 -6.8 2.8 4.0 

       

I-2b O1 bridge 3.0 -26.4 8.3 18.0 

 O2 bridge 1.0 -23.9 6.2 17.7 

 O3 Mn
IV

 2.8 -4.8 2.3 2.5 

 O4 Mn
III

 -22.2 -10.4 4.4 6.0 

 O5 Mn
IV

 3.1 -1.2 -0.1 1.3 

 O6 Mn
IV

 1.5 -2.2 0.6 1.6 

 O7 Mn
III

 -5.3 -2.8 -0.3 3.0 

 O8 Mn
III

 -7.2 -6.6 2.7 3.9 
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II-1b O1 bridge 4.4 -27.0 9.8 17.2 

 O2 bridge 4.0 -23.5 6.6 16.9 

 O3 Mn
IV

 4.2 -5.5 2.4 3.1 

 O4 Mn
III

 -25.1 -11.9 5.3 6.6 

 O5 Mn
IV

 2.9 -1.1 0.0 1.1 

 O6 Mn
IV

 1.5 -1.9 0.2 1.8 

 O7 Mn
III

 -7.3 -3.4 0.6 2.9 

 O8 Mn
III

 -6.9 -4.9 1.5 3.4 

       

II-2b O1 bridge 3.9 -26.6 9.7 16.9 

 O2 bridge 3.7 -24.5 6.6 17.9 

 O3 Mn
IV

 4.0 -5.3 2.4 2.9 

 O4 Mn
III

 -23.6 -11.2 4.9 6.3 

 O5 Mn
IV

 2.9 -1.0 -0.1 1.1 

 O6 Mn
IV

 1.4 -1.9 0.2 1.8 

 O7 Mn
III

 -6.4 -3.0 0.4 2.6 

 O8 Mn
III

 -8.4 -6.1 2.2 3.9 

       

exp.
[d]  bridge

[e] 
13.0    

  water
[e] 

3.6    

       
[a]

B3LYP/9s7p4d/IGLO-II results. Aiso is the isotropic HFC and Ti represents the traceless parts of the full 

tensor. 
[b]

Labeling of the directly to manganese bound oxygen atoms according to Scheme 6.1. 
[c]

Binding 

information and spin projection applied to the respective oxygen. “bridge”: distance-weighted averaging of 

two individual spin-projected tensors for the bridge. “Mn
III

” and “Mn
IV

” indicate use of the spin-projection 

coefficients of the respective center for terminal ligands. 
[d]

ENDOR data.
[36]

 
[e]

Experimental assignment of 

the measured couplings according to ref. [36]. 
 

The 
17

O HFCs provided in Table 6.11 show some unexpected features. First of all, 

it is remarkable that the largest isotropic coupling is found for the oxygen atom that is 

part of the carboxylate unit of the bridging amino acid residue, which binds to the Mn
III

 

center for all model systems. The experimental assignment of the two distinct signals in 

the ENDOR spectrum was based on kinetic information of the exchange process with 

labeled water. However, the carboxylate oxygen of the bridging amino acid residue (O3 

and O4) does not take part in any exchange with surrounding water oxygen, therefore 

lacking a 
17

O hyperfine feature in the spectrum. The bridging oxygen units exhibit 

computed couplings in the range of 1 – 5 MHz, in contradiction to the much larger 

measured couplings (13 MHz).
[36]

 The assignment had been based on previous data on 

simple dinuclear Mn
III

Mn
IV

 complexes,
[37-39]

 where oxygen is only present in its µ-oxo-

bridging motif. The substrate water oxygen (O6) HFC exhibits a significant absolute value 

only for model 1-1a (-14.6 MHz). If water is not bound to the Mn
III

 center (b-type 

models), the HFC is only ca. 1.5 MHz, in much better agreement with experiment. This 

provides support for water binding to the Mn
IV

 site, in agreement with the previous 
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interpretation of the HFCs. The caveat is, that this would contradict the observed fast 

exchange, which would be more likely for the Jahn-Teller distorted Mn
III

 site. 

 

Table 6.12. Computed 
1
H hyperfine couplings (in MHz) and comparison with 

experiment.
[a] 

 Type
[b] 

Mn center
[c] 

Aiso T1 T2 T3 

       

I-1a water Mn
III 

-0.8 -11.6 -5.7 17.3 

 water Mn
III 

-1.1 -10.3 -6.6 14.6 

 His Mn
III 

-0.5 -5.1 -3.5 8.6 

 His Mn
IV 

0.3 -4.1 1.4 2.7 

       

I-1b water Mn
IV 

-2.5 -11.2 -0.1 11.4 

 water Mn
IV 

-0.9 -8.9 3.5 5.4 

 His Mn
III 

-0.7 -5.9 -3.6 9.5 

 His Mn
IV 

0.4 -4.3 1.5 2.9 

       

I-2b water Mn
IV 

-2.5 -11.2 0.0 11.3 

 water Mn
IV 

-0.9 -8.9 3.5 5.4 

 His Mn
III 

-0.7 -6.3 -3.5 9.8 

 His Mn
IV 

0.4 -4.2 1.4 2.9 

       

II-1b water Mn
IV 

-3.1 -10.7 2.1 8.7 

 water Mn
IV 

-0.9 -8.6 3.7 4.9 

 His Mn
III 

-0.4 -7.2 -3.5 10.8 

 His Mn
IV 

0.3 -5.3 1.5 3.8 

       

II-2b water Mn
IV 

-2.9 -11.0 1.8 9.2 

 water Mn
IV 

-0.8 -8.6 3.6 5.0 

 His Mn
III 

-0.4 -7.3 -3.7 11.0 

 His Mn
IV 

0.3 -5.0 1.5 3.5 

       

exp.
[c] water Mn

III
 ±3.3 -6.7 -6.7 20 

 His Mn
III 

±1.0 -5.5 -5.5 11 

       
[a]

B3LYP/9s7p4d/IGLO-II results. Aiso is the isotropic HFC and Ti represents the traceless parts of the full 

tensor. 
[b]

Chemical origin of the proton. “water” refers to the water bound protons and “His” to the proximal 

proton of the Histidin residue bound to the respective Mn atom. 
[c]

HYSCORE data and assignment taken 

from ref. [35]. 
 

 

1
H Hydrogen Hyperfine Couplings 

Table 6.12 provides selected 
1
H hyperfine interactions that have been calculated for 

the investigated model systems. They have been chosen for comparison with recent 
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HYSCORE data obtained for Mncat in its superoxidized oxidation state.
[35]

 The two-

dimensional spectra feature two groups of signals, which have been assigned to the 

protons of the water molecule and to the proximal proton of the histidine residue bound to 

the Mn
III

 center. The obtained HFCs are difficult to interpret because of their overall 

small magnitude. However, isotropic HFCs are in much better agreement with the 

experimental values for those models where the water molecule is bound to Mn
IV

. No 

final assignment can be made for the “small” reported HFC of ±1.0 MHz. It may be either 

assigned to the second water proton or to the proximal proton of the His residue bound to 

the Mn
III

 ion. Computed anisotropies appear to be too rhombic for all model systems and 

do so far not provide any help in further discrimination, as the experimental tensors had 

been simulated with axial symmetry. Based on the present data a more detailed and 

quantitative discussion of the experimental findings is not possible. 

 

 

6.5 Conclusions 
 

 

A set of model systems of the active site of the manganese catalase in its 

superoxidized Mn
III

Mn
IV

 oxidation state has been constructed and extensively studied by 

BS DFT methods. On the employed level, two reasonable structures of the Mncat active 

site are suggested, that differ the binding mode of a Glu-unit (mono- vs. bi-dentate) and 

the respective oxidation state assignment of the Mn ions (mono-dentate binding to Mn
III

 

and bi-dentate binding to Mn
IV

). The calculated EPR parameters show overall good 

agreement with experimental data. The models with increased ligation sphere are superior 

to the smaller ones, which exhibit a minimal coordination environment. Closer inspection 

of the presented parameters reveals a preference of the mono-dentate Glutamate binding 

mode that gives rise to distorted square-pyramidal coordination at the Mn
III

 center. In 

particular, the orientations of the calculated g-tensor and 
55

Mn hyperfine tensor are in 

excellent agreement with experiment for the large model II-2b. In contrast, the small 

model I-1a, exhibiting the bi-dentate pattern, fails to provide correct orientations for the 

characteristic components of both the g- and the HFC tensor. 
17

O and 
1
H ligand hyperfine 

interactions further support the superiority of the mono-dentate pattern in the investigated 

Mncat models. In particular, the substrate oxygen HFC (O6) shows much better 
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agreement with the experimental value if it is bound to the Mn
IV

 (this is only the case for 

models exhibiting the mono-dentate pattern). 

The isotropic 
55

Mn
III

 HFC is found to be significantly underestimated for all models 

investigated, independent of the oxidation state pattern and Glu-binding mode. This result 

is well-known for isotropic metal HFCs and can be attributed to deficiencies of the 

employed DFT method, precisely an underestimation of the core-shell contribution to the 

isotropic HFC. The analysis of the individual contributions to the 
55

Mn
III

 HFCs presented 

here, reveals a sensitive dependence of the valence-shell spin-polarization contribution to 

coordination-shell distortion, as it is found for the bi-dentate (distorted octahedral 

coordination environment) versus the mono-dentate binding pattern (square pyramidal 

coordination environment) in the catalase models. While the usual empirical “global” 

scaling of the metal HFC accounts only for the deficiencies in the core-shell 

contributions, it does not capture the modifications of the valence-shell contributions for 

these types of systems. To account for the latter, the introduction of a “core only” scaling 

factor, applied only to the core-shell contributions, is tested and evaluated against the 

“global” scaling. Results clearly favor the “core only” scaling for these specific systems 

with notable deviations from an ideal octahedral coordination environment. 



 

 

 

Chapter 7  

_________________________ 

 

Quantum-Chemical Investigations on the S2 State 

of the Oxygen-Evolving Complex of 

Photosystem II 
 

 

 

 

7.1 Introduction 
 

 

This chapter addresses specific topics related to the oxygen-evolving complex 

(OEC) of photosystem II (PSII), namely the validation of various model systems by 

quantum-chemically calculated EPR parameters and the effect of ammonia binding to the 

OEC on structure and EPR parameters. The OEC has been in the center of scientific focus 

for decades (see e.g. refs. [1] – [5] for reviews). However, only recently some 

fundamental problems connected to this important biological system have been 

successfully targeted. As a central contribution, the X-ray study by Umena et al.
[6]

 

provides a high-resolution structure thereby shutting down several formerly suggested 

proposals regarding the molecular structure of the OEC.
[7-10]

 Based on the improved 

structural information,
[11]

 the mechanism on an atomic scale has been targeted by either 

modern EPR techniques or quantum-chemical methods, revealing more and more 

information on the different steps of the Kok cycle.
[12-20]

 An introduction into the 

biological context of the OEC and PSII together with fundamental aspects regarding the 

mechanism, as well as a review of the most important studies in the field, is provided in 

Chapter 2. 
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While the knowledge on natural water splitting concerning all steps of the Kok 

cycle gradually improves, the investigations presented here focus on the S2 state, which is 

still the best characterized Kok cycle S state by far, especially in terms of EPR 

spectroscopy.
[21-35]

 The spectra exhibit a so-called multiline signal at g = 2, arising from 

an 𝑆 =
1

2
 ground state, most likely with a Mn

III
(Mn

IV
)3 distribution of oxidation states,

[14]
 

and a broad signal at g = 4.1, attributed to an 𝑆 =
5

2
 spin state with the same overall 

oxidation state pattern, but interchanged positioning of the Mn
III

 ion (see Chapter 2).
[30]

 

The multiline signal indicates an antiferromagnetically coupled mixed-valence 

manganese cluster, resembling the multiline signal of synthetic or biological dinuclear 

Mn
III

Mn
IV

 complexes (see also Chapter 6).
[36-38]

 In addition to metal HFCs, ligand HFCs, 

e.g. for 
14

N and 
13

C, have been employed to gain insight into the molecular and electronic 

structure of the system.
[23, 25, 39]

 

Due to immense progress in resolving the structure of the OEC and the mechanism 

of water splitting during the course of this work, which has been significantly boosted by 

the 2011 high-resolution X-ray structure,
[6]

 the results presented here will be separated 

chronologically into a “pre-high-resolution” part (section 7.2) and studies based on the 

improved knowledge provided by high-resolution structures (section 7.3). Note that this 

affects the discussion of the results, as not all the information had been available at a 

given time. 

First, the results of the broken-symmetry density functional theory (BS-DFT) study 

on various EPR parameters to evaluate different models for the OEC will be presented 

(section 7.2).
[40]

 The study concentrates on the comparison between a representative of 

the so-called “twisted-core” topology models, based on X-ray/EXAFS data, and a model 

system proposed by Siegbahn, which is purely based on quantum-chemical calculations 

(details can be found in section 2.3.4), but is also in agreement with the available X-ray 

and EXAFS data. Both structures and many more, which are also included in our 

publication, had been suggested before publication of the high-quality crystallographic 

data. The set of calculated EPR parameters will be discussed explicitly in comparison to a 

related study by Pantazis et al.,
[41]

 which investigated a similar set of model systems. In 

this context, both spin-projection schemes for multinuclear clusters introduced in Chapter 

4 will be validated extensively. Then, in section 7.3, the effects on ammonia binding to 

the OEC in its S2 state will be examined in detail by modern quantum-chemical 

methods.
[42]

 Possible binding sites at the manganese cluster will be evaluated based on 
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structural and energetic criteria, as well as EPR parameters. The investigated model 

systems have been constructed on the basis of the high-resolution crystal structure.  

 

 

7.2 Validation of Structural Models for the Oxygen-Evolving Cluster of 

Photosystem II in its S2 State, with Focus on EPR parameters 
 

 

This section represents in large parts our own publication in ref. [40] with some 

adaptation, and some focus on the contributions by the author. 

Quantum-chemical calculations provide information on the molecular structure as 

well as insight into the nature of electronic ground and excited states of the Kok cycle. 

They are thus complementary to experimental data, e.g. EPR, ENDOR, or ESEEM 

studies. Due to the complicated spin-coupling patterns of the formally 𝑆 =
1

2
 ground spin 

state of the S2 state, a fully appropriate quantum-chemical treatment would require 

sophisticated multiconfigurational wavefunctions incorporating both dynamical and 

nondynamical electron correlation effects to a large extent. This is currently out of the 

question for a system of the complexity of the OEC, at least for EPR parameters.
[43]

 A 

possible alternative is to construct so-called broken-symmetry states within unrestricted 

Kohn-Sham DFT, followed by appropriate spin-projection procedures (see Chapter 4). 

After spin projection, this approach provides access to hyperfine (and nuclear quadrupole) 

couplings, that can be used to evaluate the quality of molecular model complexes for the 

OEC by direct comparison to experimental EPR, ENDOR and ESEEM data. In a similar 

study by Pantazis et al.
[41]

 the exchange-coupling constants J and the manganese 

hyperfine couplings (HFCs) of twelve structural models for the S2 state of the OEC were 

investigated by BS-DFT. After spin projection, the computed isotropic 
55

Mn HFCs of 

several models were broadly in the range of values obtained by different simulations of 

EPR and ENDOR spectra, indicating that quantum-chemical methods can indeed be used 

to validate structural proposals. 

Most of the model clusters studied in that work were based on the “twisted-core” 

topology constructed earlier from consideration of X-ray and EXAFS data, respectively, 

and substantial assumptions are involved in these structural proposals. Two of the models 

(11 and 12) were cluster models introduced by Siegbahn. Computational work
[44]

 on these 
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cluster models has demonstrated that they give much lower total energies than others 

based on QM/MM optimizations or on the EXAFS-based twisted-core structures. For 

example, in case of the S2 state, the cluster model of Siegbahn was computed
[44, 45]

 to be 

lower in energy than the twisted-core models by ca. 35-65 kcal mol
-1 

(145-265 kJ mol
-1

). 

While the cluster model neglects any constraints from the protein environment on the 

cluster arrangement, the magnitude of these energy differences is far larger than what 

could be accounted for by the environment. The suggested cluster model agrees 

furthermore well with the available X-ray diffraction and EXAFS data, and it is based on 

a clear mechanistic picture of water oxidation at the OEC.
[46-48]

 This work focuses on the 

computational evaluation of EPR parameters for models of the S2 state for a closer 

comparison of Siegbahn’s suggested cluster model with one selected from the twisted-

core models. In particular, calculations will be extended from the 
55

Mn HFCs to histidine 

14
N and alanine 

13
C EPR parameters, and the spin-projection procedures needed to extract 

the EPR parameters from BS DFT calculations will be critically examined. Indeed, 

careful analysis of spin-coupling patterns can reveal substantial insight also into the 

assumptions inherent to the spectra interpretations available so far. Interestingly, the 

computed and experimental 
14

N HFC anisotropies provide evidence for the histidine 

being bound to the sole Mn
III

 d
4
 center in the S2 state, as is the case so far only in 

Siegbahn’s cluster model. The insight gained from this study will be evaluated with 

respect to recent progress in the structure elucidation of OEC. 

 

7.2.1 Model Systems 

 

In the following, discussion will focus on the two model systems that are shown in 

Figure 7.1. Evaluation of cluster model SG2009
-1

 from ref. [45] (see Figure 7.1, left) is 

most interesting given its energetic superiority compared to other models proposed in the 

literature.
[44]

 It is related to the models 11 and 12 studied in ref. [41], except that the 

protein residues are slightly more truncated (truncation sites were saturated by hydrogen 

atoms, the positions of which were optimized). To make sure, that the spin projection is 

not affected, the exchange-coupling constants have also been calculated explicitly for the 

larger models 11 and 12. The coordinates were taken directly from ref. [45]. They are 

based on unrestricted B3LYP*/lacvp* optimization of the HS state in a surrounding 
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dielectric medium with dielectric constant 6.0 (see further details in ref. [45]). See also 

sections 2.3.4 and 7.2.5 for more information on this model system. 

Among the models with “twisted-core topology”, model YII-1
0
 (see Figure 7.1, 

right) was selected from a larger number of models based on EXAFS and/or X-ray data. It 

is derived from the core IIa structure based on the polarized high-resolution EXAFS 

studies on oriented PS-II membranes or single crystals of Yano et al.
[49]

 and is thus most 

closely related to model 3 of ref. [41]. Note that this choice is based on a comprehensive 

screening of models previously performed in our lab.
[50]

 The results of this work can be 

found in refs. [40] and [50]. In contrast to ref. [41], the structure has been fully optimized 

without constraints on the manganese and calcium positions. Seven amino acid residues 

are directly coordinated. Only two carboxylato ligands are bound terminally, the others 

bridge two manganese centers or manganese and calcium. Thus, only four water-derived 

ligands are needed to complete the coordination. No chloride ions have been included. 

 

 

Figure 7.1. Two model systems for the S2 state: SG2009
-1

 (left) and YII-1
0
 (right). Assignments of specific 

amino-acid residues to certain binding sites on the cluster are partly tentative (see discussion further below 

regarding D1-Ala344 binding modes). Color coding: manganese (cyan), oxygen (red), carbon (green), 

nitrogen (blue), calcium (yellow) and hydrogen (white). 

 

7.2.2 Computational Details 

 

Structure optimization of model YII-1
0
 was done with the Turbomole 5.9.1 code.

[51]
 

Based on the initial coordinates obtained as described above, the full structure 

optimization employed the B3LYP
[52, 53] 

hybrid functional with SVP basis sets
[54]

 and 
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unrestricted Kohn-Sham wavefunctions. Various different BS states for all models have 

been constructed, in addition to the HS state. With suitable initial guess wavefunctions, 

the states remained stable, as confirmed by Mulliken spin density analyses. The 

exchange-coupling constants and hyperfine tensors were computed all on the optimized 

HS structure. Use of identical structures for the different spin-states is consistent with the 

subsequent application of the Heisenberg-Dirac-vanVleck (HDvV) Hamiltonian for spin 

projection (see Eqs. (4.61) – (4.63) in Chapter 4). 

At the optimized structure, as well as for model SG2009
-1

, unrestricted Kohn-Sham 

single-point calculations of the relative energies of different BS and HS states and of the 

HFC tensors were performed with Turbomole using a NMR_9s7p4d basis set for 

manganese (specifically designed for hyperfine calculations
[54-56]

) and flexible IGLO-II
[57, 

58]
 basis sets for the ligand atoms. The systematic error in the calculation of the isotropic 

metal HFCs
[55, 56, 59]

 was accounted for by scaling of the computed results with a factor of 

1.45 (see also Chapters 5 and 6). For calculation of the Heisenberg exchange-coupling 

constants discussed in the context of spin-projection scheme, both B3LYP and the meta-

GGA hybrid functional TPSSh,
[60]

 have been used, as the latter has been singled out from 

a number of functionals by Pantazis et al.
[61]

 

The unrestricted Kohn-Sham orbitals were transferred to the MAG-Respect 

property package
[62]

 by suitable interface routines to compute the HFC and NQC 

parameters. The atomic mean-field approximation (AMFI)
[63, 64]

 has been used to 

compute the matrix elements of the Breit-Pauli SO operator for the SO corrections to the 

Mn HFC tensors. Mulliken spin-density analyses were used to verify convergence to the 

proper BS and HS states.  

 

7.2.3 Results and Discussion 

 

Discussion will start with computed exchange-coupling constants, spin-coupling 

schemes, and energetics. Subsequently, the employed spin-projection schemes and their 

resulting coefficients will be examined. The 
55

Mn ,
14

N and 
13

C EPR parameters will be 

provided in the last paragraphs of this section. 
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Exchange-Coupling Constants, Spin-coupling Schemes and Energy Spectrum 

Figure 7.2 shows for both models the spin configurations and spin-density 

distributions of the HS state, and of the three BS states with S = 1/2. While the energies of 

the BS states are very similar (the relative energies for all relevant BS and HS states are 

given in Table B1 in Appendix B), the calculations generally gave a clear preference for a 

certain distribution of the three Mn
IV

 and single Mn
III

 oxidation states. For model 

SG2009
-1

, the unique Mn
III

 center is MnC (cf. Figure 7.1).  

 

 

Figure 7.2. Spin configurations and spin-density distributions (isosurfaces 0.003 a.u.) for HS (S = 13/2) 

and BS (S = 1/2) states. The shorthand notation for the spin configurations uses a horizontal bar to indicate 

“spin down” on the given center and italics to specify the Mn
III

 d
4
 center. a) Model SG2009

-1
.  

b) Model YII-1
0
. 
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In ref. [41], the assignment for the closely related models 11 and 12 was made to 

MnD, but this arises from a different labelling: in this study MnC is consistently assigned 

to the center to which D1-His332 is coordinated. For YII-1
0
, Mn

III
 is MnD, consistent 

with the results of Pantazis et al.
[41]

 for all EXAFS-based twisted-core models. The spin-

coupling patterns are nicely confirmed by the spin-density plots (see Figure 7.2), as well 

as by computed Mulliken atomic spin densities (provided below in Table 7.3). 

The Heisenberg coupling constants Jij as obtained from Eqs. (4.61) to (4.63) of 

section 4.6 and the energies of the low-lying excited states obtained after diagonalization 

of the HDvV matrix are provided in Table 7.1. Results based on B3LYP and TPSSh are 

compared. In their recent work on a synthetic model complex, Pantazis et al.
[61]

 singled 

out the TPSSh functional as superior to, e.g., pure GGA functionals or PBE0 in 

computing these quantities, but the differences between B3LYP and TPSSh for exchange-

coupling constants and energy spectra were small. Indeed, both functionals provide 

qualitatively similar exchange-coupling constants and coupling patterns for a given 

model, with a maximum deviation of 2 cm
-1

 (JAB and JCD) for SG2009
-1

 and of 9 cm
-1

 

(JBC) for YII-1
0
. The character of the ground state of a given model is also unaffected by 

the choice of functional. The energy spectra are influenced somewhat: for SG2009
-1

, 

B3LYP gives smaller energy separations than TPSSh, whereas the situation is reversed 

for YII-1
0
 (Table 7.1). In general, the energy gap to the lowest excited state (generally S 

= 3/2 for both models) is only a few cm
-1

 with both functionals, much smaller than the ca. 

35 cm
-1

 elucidated by EPR saturation and temperature-dependence studies.
[65-67]

 The 

resulting exchange-coupling constants are also much smaller than found, e.g., for 

dinuclear Mn
III

Mn
IV

 complexes.
[61]

 This is understandable for both geometrical 

arrangements from the unavoidable spin frustration for the given spin couplings and an S 

= 1/2 ground state. The energy separations to the lowest excited state obtained by 

Pantazis et al. at TPSSh level for the various models studied range from 3 cm
-1

 to 92 cm
-1

 

(up to 78 cm
-1

 for systems with an S = 1/2 ground state).
[41]

 Morever, in some cases the 

ground state obtained after fitting the HDvV matrix was no doublet. This shows that the 

spin-coupling patterns depend crucially on rather small details of the structure. In the 

synthetic model complex studied earlier by Pantazis et al.,
[61]

 larger antiferromagnetic 

couplings and less low-lying excited states were computed. This likely reflects the 

somewhat more open structure of that cluster. 

The structures of the two model complexes (Figure 7.1) provide indications for the 

origin of the different preferred manganese oxidation-state distributions: In SG2009
-1

, 
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MnC has an open coordination site trans to the carboxylato ligand (Figure 7.1), which in 

mechanistic considerations plays the role of a water binding site. This favors creation of 

the Mn
III

 center at this five-coordinate MnC site. In model YII-1
0
, the MnD site is 

 

Table 7.1. Calculated exchange-coupling constants J and energies of different multiplets 

relative to the doublet ground state for investigated models.
[a] 

Heisenberg coupling constants (in cm
-1

)     

  JAB JAC JAD JBC JBD JCD 

SG2009
-1 B3LYP 0 5 3 8 22 -31 

 TPSSh -2 4 3 9 22 -33 

        

YII-1
0 B3LYP 10 4 -1 -22 -18 13 

 TPSSh 7 5 -2 -31 -26 8 

        

11 B3LYP -6 10 3 8 12 -29 

 TPSSh -9 11 3 9 13 -35 

        

12 B3LYP 3 2 2 6 16 -28 

 TPSSh 1 2 2 7 17 -32 

        

Spin-state energies relative to ground state (in cm
-1

)    

SG2009
-1 B3LYP S = 1/2 S = 3/2 S = 5/2 S = 7/2 S = 5/2 S = 5/2 

  0 1.2 3.8 9.5 33.0 34.8 

 TPSSh S = 1/2 S = 3/2 S = 5/2 S = 1/2 S = 7/2 S = 3/2 

  0 4.0 11.6 23.3 23.9 31.1 

        

YII-1
0 B3LYP S = 1/2 S = 3/2 S = 5/2 S = 7/2 S = 9/2 S = 1/2 

  0 6.3 18.4 39.5 132.2 148.4 

 TPSSh S = 1/2 S = 3/2 S = 5/2 S = 7/2 S = 1/2 S = 3/2 

  0 4.2 12.9 28.6 137.5 147.9 

        

11 B3LYP S = 1/2 S = 3/2 S = 5/2 S = 7/2 S = 1/2 S = 3/2 

  0 4.9 18.8 44.9 62.0 89.6 

 TPSSh S = 1/2 S = 3/2 S = 5/2 S = 1/2 S = 7/2 S = 3/2 

  0 8.7 31.6 67.1 71.2 106.5 

        

12 B3LYP S = 7/2 S = 5/2 S = 3/2 S = 5/2 S = 1/2 S = 3/2 

  0 2.6 16.9 18.5 25.5 31.6 

 TPSSh S = 5/2 S = 7/2 S = 3/2 S = 1/2 S = 5/2 S = 3/2 

  0 0.0 5.2 8.5 11.6 19.2 

        
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Obtained from least squares fit of the HDvV matrix and 

subsequent diagonalization (see Eqs. (4.61) - (4.63) in section 4.6.2). 
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five-coordinate and the site for Mn
III

, albeit coordination of a water molecule to this site 

does not alter the oxidation–state distribution.
[40]

 

Closer examination and comparison of the exchange-coupling constants for the two 

models (and for the models of ref. [41]) reveals a number of interesting points. Structural 

arguments (cf. Figure 7.1) suggest near zero values for JAC and JAD, as the dangler MnA is 

remote from MnC and MnD. These exchange-coupling constants are indeed small (also for 

most of the models in ref. [41]). For model YII-1
0
, we see JAB and JCD as the two most 

positive exchange couplings (the latter involves the Mn
III

 center), independent of the 

functional, whereas the clearly most negative values are JBC and JBD. This Y-shaped 

pattern is not only consistent with the structure of the model but also with the qualitative 

spin-projection scheme outlined in section 4.7.2 (Chapter 4). That is, one can expect spin-

projection coefficients close to the idealized ones in Eq. (4.76), as indeed found. In 

contrast, only one clearly antiferromagnetic coupling (JCD) is found for model SG2009
-1

, 

and no clear S12/S34 pattern as required by the analytical spin-projection scheme is 

present. This points to even larger spin frustration in this model, consistent with the even 

smaller energy differences to the lowest excited states (Table 7.1). Note, that the slightly 

larger, closely related model 11 of ref. [41] gives also a doublet ground state but slightly 

different exchange couplings, whereas the even larger model 12 does not provide a 

doublet ground state. Obviously, the very small energy spacings between the BS and HS 

states, and thus the results of diagonalizing the HDvV Hamiltonian depend sensitively on 

small modifications of the models. 

In dinuclear Mn
III

Mn
IV

 complexes, bis--oxo-carboxylato bridges as those 

computed in both models between MnC and MnD (and between MnA  and MnB) usually 

give rise to exchange-coupling constants near -100 cm
-1

 (see also Chapters 5 and 6).
[59] 

The present observation of much smaller absolute Heisenberg coupling constants for the 

tetranuclear OEC models compared to most Mn
III

Mn
IV

 dinuclear S = 1/2 complexes with 

similar bridging ligand sets is most notable and is also consistent with the values for most 

models in ref. [41] (the largest absolute value for any exchange-coupling constant for an S 

= 1/2 ground state in ref. [41] is JAB = 48 cm
-1

 for model 1, which has no carboxylato 

bridge between MnA and MnB). It is expected that this is an intrinsic feature of the spin 

frustration in the S2 state, and that further refinements of the models will most likely not 

change this picture fundamentally (see also section 7.3). This observation has significant 

consequences for the interpretation of the EPR spectra. For example, in ref. [65], a 
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structure filter for acceptable spin coupling patterns assumed JAB to be between -250 cm
-1

 

and -100 cm
-1

. This assumption (and some further assumptions for other exchange 

couplings) is clearly not borne out by the computed patterns for any of the models studied 

here or in ref. [41]. Other simulations for the S2 state assumed also far larger 

antiferromagnetic couplings than found here,
[26]

 resulting in a number of structural 

conclusions (favoring a dangler model). The present values for JAB are either slightly 

positive (YII-1
0
) or close to zero (SG2009

-1
). While Pantazis et al. explained the small 

JAB for most models with hydrogen bonding to one of the -oxo bridges between MnA and 

MnB,
[41]

 we note that no such hydrogen bonding is present in YII-1
0
. Only the very 

unlikely model 1 in ref. [41] gave a somewhat larger antiferromagnetic MnA-MnB 

coupling (JAB = -48 cm
-1

). The transfer of certain observations about Heisenberg 

exchange-coupling constants from dinuclear systems to the OEC thus has to be viewed 

critically. Note that YII-1
0
 has a positive JAB but nevertheless exhibits an S = 1/2 ground 

state, contrary to observations made in ref. [41]. 

Another point raised by the computed exchange-coupling constants pertains to the 

strong-exchange limit implied by the spin-projection scheme used here (see section 4.7.2 

in Chapter 4) and by Pantazis et al.,
[41, 61]

 and implicitly also in the discussion of ref. [65]. 

The neglect of ZFS contributions for the spin projection of the isotropic HFCs becomes a 

questionable approximation in view of the small Jij as conceded in ref. [41]. For a 

dinuclear Mn
III

Mn
IV

 system, Orio et al.
[68]

 estimated that for absolute exchange couplings 

of less than 75 cm
-1

, neglect of ZFS (with typical values of di for Mn
III

 between 1 cm
-1

 

and 4 cm
-1

) in the spin projection may lead to significant errors in the computed 
55

Mn 

HFCs (see also the earlier work of Zheng et al.
[69]

). Given the overall small energy 

separations, none of the models studied here or in ref. [41] is safely on the strong-

exchange side (see also section 7.2.5). This has to be kept in mind when considering the 

reliability of spin-projection schemes assuming the strong-exchange limit (see next 

section). 

 

Spin-Projection Coefficients 

With these limitations in mind, discussion will focus on the spin-projection 

coefficients (Table 7.2) obtained from the numerical scheme
[61]

 of Eqs. (4.74) and (4.75) 

with Jij from either B3LYP or TPSSh calculations in comparison with the coefficients 

from the simpler analytical scheme described in section 4.7.2 in Chapter 4, which does 
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not require the explicit calculation of exchange couplings. Note that for both structural 

models, spin-coupling schemes in agreement with Figure 7.2 and a doublet ground state 

are obtained, irrespective of the functional. As expected from the pattern of the exchange 

couplings in YII-1
0
 (see the section before and Table 7.1), the numerically computed 

spin-projection coefficients for this model are very close to the idealized values from Eq. 

(4.76), with both functionals. This indicates a topologically stable situation, in which the 

small differences between the exchange-coupling constants for the different functionals 

do not affect the spin-projection coefficients much. 

 

Table 7.2. Calculated on-site spin expectation coefficients, Ci, for investigated models of 

the OEC.
[a] 

  MnA MnB MnC MnD Coupling 

       

SG2009
-1 B3LYP

[b] 
+1.512 -0.995 +1.270 -0.786 A B DC  

 TPSSh
[b] 

+1.368 -0.987 +1.477 -0.857  

 Eq. (4.76)
[c] 

+1.286 -1.000 +1.714 -1.000  

       

YII-1
0 B3LYP

[b] 
-0.996 -1.000 +1.312 +1.682 A BC D  

 TPSSh
[b] 

-0.990 -1.000 +1.339 +1.651  

 Eq. (4.76)
[c] 

-1.000 -1.000 +1.286 +1.714  

       

11 B3LYP
[b] 

+1.140 -0.906 +1.706 -0.940 A B DC  

 TPSSh
[b] 

+1.073 -0.871 +1.747 -0.950  

 Eq. (4.76)
[c] 

+1.286 -1.000 +1.714 -1.000  

       
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. 
[b]

Spin-projection coefficients obtained numerically using Eqs. 

(4.74) and (4.75). 
[c]

Simplified spin-projection coefficients after Eq. (4.76). 

 

The situation is different for the topologically less clear-cut distribution of 

exchange-coupling constants in SG2009
-1

. Here in particular the spin-projection 

coefficients for the “spin up” sites MnA and MnC show a large dependence on the 

functional. At TPSSh level, the coefficients for these two centers agree qualitatively and 

semi-quantitatively with the topology intrinsic to Eq. (4.76), with the larger spin-

projection coefficient for the Mn
III

 site (MnC), i.e. cC > cA. The B3LYP exchange-

coupling constants, in contrast, provide cA > cC (Table 7.2; with both functionals, cB is 
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close to -1 as predicted by Eq. (4.76), whereas cD deviates somewhat more). This 

indicates a very large sensitivity of the numerically computed spin-projection coefficients 

to very small changes in the Heisenberg-coupling constants for SG2009
-1

 but not for YII-

1
0
. The largest difference in an exchange-coupling constant for SG2009

-1
 between 

B3LYP and TPSSh is only 2 cm
-1

, yet the spin-projection coefficients change notably. As 

JAB exhibits the largest change on a relative scale, we have varied this constant over a 

larger range of ca. +/-10 cm
-1

, while keeping the other Jij fixed to the TPSSh results. 

When setting JAB to 0 cm
-1

 as obtained with B3LYP, we obtain ci of +1.492, -0.999, 

+1.281, -0.794, i.e. close to the B3LYP data, with cA > cC. That is, a change of one 

exchange-coupling constant by only 2 cm
-1

 may change the spin-projection coefficients 

drastically. In contrast, JAB = -5 cm
-1

 gives coefficients of +1.180, -0.925, +1.677, -0.932, 

close to the idealized values from Eq. (4.76). It is also possible to judge the sensitivity of 

the spin-projection coefficients to changes in the exchange-coupling constants by 

computing partial derivatives (provided in Table B2 in Appendix B). The results confirm 

a significantly larger dependence of the spin projection on the exchange couplings for 

SG2009
-1

 compared to YII-1
0
 and furthermore give an idea of dependencies of specific 

spin-projection coefficients on specific exchange couplings. Note that the slightly larger 

model 11 from ref. 
[41]

 presents again a more stable situation, with computed spin-

projection coefficients near those from Eq. (4.76) for both B3LYP and TPSSh results. 

One may thus ask, if the HDvV Hamiltonian obtained by fitting to the results of BS 

DFT calculations is sufficiently accurate to obtain numerically reliable spin-projection 

coefficients. It seems that the answer to this question depends on the topological stability 

of the spin-coupling pattern for a given structural model. Note that the energy gap to the 

lowest-lying excited spin state (S = 3/2) is computed too small relative to experimental 

estimates for both functionals and both models (Table 7.1). However, the exchange-

coupling constants would not have to change much to find agreement with these 

experiments. For the spin-coupling topology and oxidation-state distribution of the 

SG2009
-1

 model, idealized exchange-coupling constants of JAB = -15, JBD = +20, JCD = -

20, JAC = JAD = JBC = 0 (in cm
-1

) would give a lowest-energy gap of 28.7 cm
-1

, close to the 

experimental value of ca. 35 cm
-1

. For the topology of YII-1
0
, an idealized coupling 

pattern of JAB = JCD = +30, JBC = JBD = -30, JAC = JAD = 0 (in cm
-1

) would provide a gap 

of 24.1 cm
-1

, also close to experiment. Both of these coupling schemes require only 

relatively moderate changes of the exchange-coupling constants compared to the actually 
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computed values but provide improved energy gaps and spin-projection coefficients close 

to those of Eq. (4.76). 

One can thus conclude that for complicated spin-coupled clusters like those treated 

here, with very low-lying excited states, the currently available accuracy of BS DFT 

calculations is not sufficiently high to derive in all cases very reliable Heisenberg 

coupling constants and therefore spin-projection coefficients via Eqs. (4.74) and (4.75) or 

to predict the energy spectrum of the excited states with very high accuracy. Apart from 

the limitations of the accuracy of the BS DFT approach itself (functionals, basis sets), one 

has to take into account that the inclusion of ZFS in the spin-projection scheme (see also 

section 7.2.5 and Chapter 5) might affect the computed hyperfine tensors more than 

differences between the numerically computed spin-projection coefficients from Eqs. 

(4.74) and (4.75) and the simplified ones from Eq. (4.76). 

In the following discussion of hyperfine couplings, use of the simpler scheme based 

on Eq. (4.76) for the spin projection is thus preferred. At the present level of accuracy of 

BS DFT calculations, no significant loss of reliability of computed hyperfine couplings 

compared to the numerical procedure of refs. [41] and [61] is expected. The simpler 

scheme has the advantage of not requiring extra computations of intermediate-spin BS 

states and the numerical procedures around Eqs. (4.74) and (4.75). However, one should 

emphasize that this does not invalidate the full numerical fit, which is clearly the more 

complete procedure provided that very accurate Heisenberg exchange couplings are 

available. Moreover, inclusion of ZFS precludes simplifying assumptions based on spin 

topology and will require a start from the full numerical treatment in any case. 

 

55
Mn hyperfine Couplings 

As discussed in Chapters 5, the very small Mn HFC anisotropies may be critically 

affected by the neglect of the ZFS and are not expected to be very reliable. Note, that only 

the computed anisotropies of the Mn
III

 site are significant (Table B3 in Appendix B), 

whereas in the simulations of the experimental spectra, the anisotropy is more spread out 

also to the Mn
IV

 centers, possibly due to ZFS-related anisotropy transfer neglected in the 

present calculations. While work on extended spin-projection schemes including ZFS has 

been completed meanwhile,
[70]

 we will here concentrate on the computed isotropic HFCs, 

which are summarized in Table 7.3 (scaled B3LYP results) for the two model complexes, 

comparing in both cases the three possible S = 1/2 BS states. Full tensors are provided in 
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Table 7.3. Computed 
55

Mn hyperfine tensors (in MHz) for different broken-symmetry 

states of models SG2009
-1

 and YII-1
0
, compared to EPR/ENDOR simulation results.

[a]
 

 
BS state 

(E)
[b]  aiso*(site) Aiso* Aiso AFC APC -

 

         

SG2009
 

A B DC  A -233 -299 -206 -191 -15 2.93 

 (0) B -191 191 132 120 12 -2.89 

  C -151 -259 -179 -167 -12 3.93 

  D -222 222 153 141 12 -2.97 

 A B DC  A -236 236 163 151 12 -2.91 

 (134) B -235 -302 -208 -193 -15 2.85 

  C -144 -247 -170 -159 -12 3.93 

  D -243 243 168 156 12 -2.96 

 A B DC  A -180 180 124 113 12 -2.95 

 (619) B -201 201 139 127 12 -2.87 

  C -100 -171 -118 -106 -12 3.92 

  D -191 -245 -169 -154 -15 2.99 

YII-1 A B C D  A -219 -282 -195 -179 -15 2.95 

 (0) B -207 207 143 130 13 -2.92 

  C -190 190 131 119 12 -2.99 

  D -187 -321 -222 -210 -12 3.84 

 A B C D  A -222 222 153 141 12 -2.90 

 (401) B -262 -337 -232 -216 -16 2.91 

  C -243 243 168 156 12 -2.84 

  D -178 -305 -210 -198 -12 3.80 

 A BC D  A -181 181 125 114 11 2.90 

 (702) B -199 199 137 124 -12 -2.84 

  C -219 -281 -194 -179 -15 2.94 

  D -154 -264 -182 -170 -11 3.80 

         

exp.         

        

Kulik et al.
[c]

 1  193     
  2  205     

  3  245     

  4  295     

         

Peloquin et al.
[d]

 1  245     

  2  200     

  3  297     

  4  217     

         

Charlot et al.
[e]

 1  186     

  2  243     

  3  257     

  4  329     

         

Teutloff et al.
[f]

   312     

        
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Aiso* is the isotropic HFC after spin projection and scaling by the 

empirical factor of 1.45 (cf. Computational Details), aiso* is the corresponding scaled site value. AFC and APC 

the isotropic first-order Fermi-contact and second-order pseudo-contact (spin-orbit) contributions to Aiso. 
-


 is the Mulliken spin density at the manganese atom. 

[b]
Spin-coupling pattern of BS states and energy 

relative to the lowest computed BS state (in cm
-1

) for a given model. 
[c]

Simulation results from ref. [73]. 
[d]

Simulation results from ref. [26]. 
[e]

Simulation results from ref. [74]. 
[f]

HFC for the site with the largest 

isotropic value, as obtained from the simulation of single-crystal Q-band 
55

Mn ENDOR for PSII from Th. 

elongatus.
[75] 
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Table B3 in Appendix B. The spin projection is based on Eq. (4.76), i.e. c1 = 12/7 (MS,1 = 

+2), c2 = 9/7 (MS,2 = +3/2), c3 = c4 = -1 (MS,3 = MS,4 = -3/2). Using these generic spin-

projection coefficients, HFCs for all three S = 1/2 BS states of a given model have been 

computed. This allows further insights into the dependence on the spin-coupling patterns. 

Comparison with experiment should be made for Aiso*, empirically scaled by 1.45 

(see Computational Details).
[59]

 Spin-orbit corrections to the isotropic HFCs (A
PC

) are 

non-negligible, in the range of 5-10% of the nonrelativistic Fermi-contact term (A
FC

), a 

typical magnitude for Mn HFCs.
[59, 71, 72]

 Scaled site values aiso* are also given to see how 

the spin densities of Mn
III

 and Mn
IV

 centers (see last column in Table 7.3 for Mulliken 

spin densities) correlate with the intrinsic hyperfine values. 

At the time the study described here had been performed, three different sets of 

experimental HFC tensors obtained in different simulations of EPR and ENDOR spectra 

had been available.
[26, 73, 74]

 Their differences reflect not only the different way the 

simulations were done but also partly aspects of sample preparation. These data (Table 

7.3) will thus be regarded as a range to compare with. All three sets feature one HFC near 

300 MHz. Two of the sets have two HFCs near 200 MHz and one near 250 MHz,
[26, 73]

 

whereas the data of Charlot et al.
[74]

 feature two HFCs near 250 MHz and only one near 

200 MHz. Neither sign information nor any assignment of the HFCs to specific Mn 

centers can be derived with certainty experimentally. The additional value of 312 MHz of 

Teutloff et al.
[75] 

from single-crystal Q-band ENDOR refers specifically to the largest 

HFC (see also Table B3 in Appendix B for the corresponding tensor). Note that even a 

change in species from spinach to Th. elongatus PSII or an MeOH treatment may affect 

visibly the splitting in the spectra on the order of about 10 MHz for a given site.
[75]

 

Examining first the site values, it becomes obvious that the Mn
III

 site (MnC for 

SG2009
-1

, MnD for YII-1
0
) provides in fact the smallest absolute aiso*, in spite of the 

largest absolute site spin density at this center (Table 7.3). Small intrinsic site values for 

pentacoordinated Mn sites have also been found computationally for dinuclear Mn
III

Mn
IV

 

complexes.
[59]

 As the Mn
III

 site is projected with the largest spin-projection coefficient 

(+12/7), the corresponding projected Aiso* is not the smallest absolute value anymore for 

most states, but it also does not necessarily have to be the largest HFC. In fact, it turns out 

to be the largest value for the lowest BS state of YII-1
0
 but only the second largest for the 

lowest BS state of SG2009
-1

. This seems to be a notable result, as it puts into question the 

generally made assumption that the largest isotropic HFC of the S2 state pertains 

necessarily to the Mn
III

 site. In Chapter 6, the shortcomings of the applied global scaling 
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of the isotropic metal HFC in dinuclear Mn
III

Mn
IV

 complexes have been discussed. 

Results indicate, that the scaling used here does not incorporate structural dependencies 

of the valence-shell contributions to Aiso* and thus give too positive HFCs for 

pentacoordinated Mn
III

 centers. The different BS states for a given model provide 

somewhat different patterns of HFCs, albeit the absolute values for the two lowest-energy 

states do not differ very much ( A B DC  and A B DC  for SG2009
-1

, A B C D  and A B C D  for YII-1
0
). 

Taking the lowest-energy BS state for both models provides HFCs in reasonable 

agreement with the experimental range. In fact, SG2009
-1

 provides then almost perfect 

agreement with the simulation results from refs. [26] and [73], with one HFC near 300 

MHz, one near 250 MHz and two near 200 MHz, whereas YII-1
0
 exhibits two HFCs in 

the 300 MHz range. The energy-competitive model SG2009
-1

 provides overall better 

agreement with the experiment, although one should not over-rate the significance of the 

exact values obtained, given the approximations involved in the applied spin projection. 

 

Histidine 
14

N EPR Parameters 

As the computed isotropic 
55

Mn HFCs currently do not seem to provide sufficiently 

diagnostic probes at the current level of spin projection to distinguish between different 

structural models, the study has been extended to the histidine (D1-His332) 
14

N EPR 

parameters (for N1 directly coordinating MnC). Notably, model SG2009
-1

 has the 

histidine bound to the Mn
III

 center (Figure 7.1), in contrast to YII-1
0
 or all other models 

studied in ref. [41]. It is therefore of interest, if the computed HFC and NQC tensors 

provide a means to distinguish between a histidine bound to a Mn
III

 or Mn
IV

 center. 

Experimentally, Yeagle et al. found that, depending on the projection factors, the 

observed 
14

N HFC could be assigned to either an Mn
III

 or an Mn
IV

 site, but the latter 

required more unusual intrinsic site values.
[23]

 No sign information has been deduced at 

the time of this study. Previous computations on dinuclear Mn
III

Mn
IV

 systems suggest that 

B3LYP without any scaling should already provide reasonable 
14

N HFCs and NQC 

parameters after spin projection.
[50, 59, 71]

 The histidine is modeled by an imidazole, which 

according to the experience in our lab
[50, 76]

 should provide sufficiently accurate EPR 

parameters for the directly coordinating N1 atom. It should be mentioned that for nitrogen 

it is more difficult to provide accurate isotropic HFCs than anisotropies.
[50]

 

Computed 
14

N HFC and NQC tensors are provided in Table 7.4. Model SG2009
-1

 

exhibits the smaller absolute isotropic site value than YII-1
0
, but due to the larger spin-
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projection coefficient (+12/7 for Mn
III

 compared to -1 for spin-down Mn
IV

), the projected 

values are almost the same, about 4 MHz. This is too small compared to the ca. 7 MHz 

available from ESEEM data. One may compare this to previous calculations in our lab on 

manganese catalase at the same computational level,
[59]

 which provided an absolute 
14

N 

Aiso of 4.7 MHz that may be compared to the experimental value of 5.75 MHz
[77]

 (for 

Lactobacillus plantarum). There is tendency of too small isotropic HFCs in general also 

for other models examined in previous studies in our lab.
[50]

 Improved model systems of 

the OEC, as used e.g. in section 7.3, provide 
14

N HFCs closer to the experimental value 

(ca. 6 MHz compared to ~7 MHz). 

 

Table 7.4. Comparison of computed 
14

N HFC and NQC tensors with ESEEM data (in 

MHz).
[a]

 

 BS state aiso(site) Aiso  T1
 

T2 T3 e
2
qQ/h ||

 -
 

          

SG2009
-1 

A B DC  -2.2 -3.8 -0.8 -0.5 1.2 -2.66 0.56 -0.04 

YII-1
0 

A B C D  -4.2 4.2 -0.4 0.1 0.2 1.91 0.99 0.05 

          

exp.
[b]   7.4 -0.63 -0.63 1. 26 2.3 0.8  

exp.
[c]

 
  

7.3 

0.20 

-0.5 

0.10 

-0.5 

0.10 

1.0 

0.20 

1.98 

0.05 

0.84 

0.06 
 

          
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Spin projection of the HFCs used the spin-projection coefficients 

of +12/7 for SG2009
-1

, -1 for YII-1
0
. 

 [b]
Simulations based on Q- and Ka-band ESEEM data.

[25]
 (no error 

bars given). 
[c]

Simulations based on X-, P-, and Ka-band ESEEM data.
[23]

 

 

Strikingly, however, model SG2009
-1

 is the only one (Table 7.4) that provides a 

reasonable 
14

N hyperfine anisotropy. YII-1
0
 gives anisotropies lower by more than a 

factor 2. Note that the available ESEEM experiments have been simulated by axially 

symmetrical HFC tensors,
[23, 25]

 but the spectra do not exclude rhombic tensors as found 

computationally. The larger anisotropy for SG2009
-1

 compared to the other models is in 

part due to the larger projection factor for the Mn
III

 center, and partly to a larger intrinsic 

anisotropy, consistent with calculations on dinuclear Mn
III

Mn
IV

 complexes, where clearly 

larger anisotropies of nitrogen hyperfine tensors were found for ligands bound to the 

Mn
III

 than to the Mn
IV

 center.
[59]

 More recent ESEEM results for two dimanganese 

catalases identified two histidine ligands to manganese, one to the Mn
IV

 and one to the 

Mn
III

 center.
[77]

 In this case, both the larger Aiso and Adip were assigned to the Mn
III

 site. 

The present results for the 
14

N HFC tensors are thus consistent with the histidine being 

bound to the unique Mn
III

 center, as suggested by the ESEEM results.
[23]

 While keeping 
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the approximate spin projection (neglect of ZFS) in mind, this agreement is further 

support for the energetically favorable model SG2009
-1

, as this is the only one of those 

considered so far, which indeed is computed to have Mn
III

 at the MnC site. Notably, in the 

suggested most propable reaction mechanism associated with the model, MnC is the 

center which binds an external water molecule and is oxidized to Mn
IV

 during the S2-S3 

reconstruction step, and where a crucial oxygen radical is formed in S3-S4 transition (see 

also section 2.2.5 and 7.2.5). 

The nuclear quadrupole coupling constant e
2
qQ/h is reproduced well by both 

models (Table 7.4), and it is in a similar range as found for superoxidized dimanganese 

catalase
[78]

 or for other imidazole imino nitrogen atoms coordinated to metal centers.
[79]

 

The asymmetry parameter || is less well reproduced. The experimental value of ca. 0.8 is 

larger than for dimanganese catalase
[78]

 or other metal-coordinated imidazole ligands.
[79]

 

Model SG2009
-1

 gives a lower value, model YII-1
0
 a too large one (Table 7.4). However, 

it appears that the uncertainties obtained for || in the ESEEM simulations are also 

considered larger than those for e
2
qQ/h. For example, for the Mn

III
 site in two different 

dimanganese catalases (from Lactobacillus plantarum vs. from Thermus thermophilus), 

the measured || values differed significantly,
[77]

 while the e
2
qQ/h values agreed closely. 

 

Carboxylate 
13

C Hyperfine Tensors 

Stull et al.
[39]

 applied 
13

C ENDOR to the S2 state for a PSII preparation, in which 

either all alanine carboxylate carbons or all carbon atoms were 
13

C labelled, in 

comparison with the bridging carboxylate in a dinuclear Mn
III

Mn
IV

 complex. They 

concluded that the D1 polypeptide terminus is bound to manganese. In the simulations of 

the ENDOR spectra, Stull et al. had to make a number of assumptions, which involved 

dipolar HFCs estimated via the point-dipole approximation from the different known X-

ray structures. For both models evaluated here, the most likely coordination mode 

discussed for D1-Ala344 is as a bridging ligand between MnD and the calcium atom. 

However, in view of the uncertainties in the X-ray structure determinations due to 

radiation damage, this has been a highly speculative assignment. To see to what extent the 

hyperfine couplings could be characteristic for the bonding mode, we compute here the 

13
C HFC tensors for all carboxylate ligands present in the SG2009

-1
 and YII-1

0
 models. 

Table 7.5 summarizes the computational results obtained for the lowest BS state of 

each model (as for 
14

N HFCs, no scaling of the B3LYP HFCs is done here), in 
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comparison with those simulations, in which the alanine is bonded to one manganese 

center (in the London X-ray structure, the alanine is suggested to be bonded only to  

 

Table 7.5. Comparison of computed 
13

C HFC tensors for different carboxylato 

ligands compared to ENDOR data for 
13

C-labelled PSII D1-Ala344 (in MHz).
[a] 

 Position Projection aiso(site) Aiso
 

T1 T2 T3 -
 

         

SG2009
-1

 MnD-Ca
[b]

  2.1 -2.1 -1.5 0.7 0.8 -0.005 

         
 MnA-term.

[c] 
 1.8 2.3 -1.3 -0.9 2.3 0.009 

         
 MnC-term.

[c] 
 3.1 5.3 -1.4 -1.1 2.5 0.005 

         
 MnA-MnB Mn A

[d] 
-0.1 -0.1 -2.9 0.5 2.3  

  Mn B
[e] 

0.1 -0.1 -2.2 0.4 1.8  
  Weighted

[f] 
 -0.1 2.5 0.5 2.1 -0.002 

         
 MnB-MnD Mn B

[d] 
1.9 -1.9 -1.5 0.2 1.3  

  Mn D
[e] 

1.9 -1.9 -1.5 0.2 1.3  
  Weighted

[f] 
 -1.9 -1.5 0.2 1.3 -0.002 

         
 MnC-MnD Mn C

[d] 
-1.4 -2.3 -2.8 -0.5 3.3  

  Mn D
[e] 

1.8 -1.8 -2.2 -0.4 2.6  

  Weighted
[f] 

 -2.1 -2.5 -0.4 3.0 -0.003 

         

         

YII-1
0 MnD-Ca

[b]
  0.6 1.1 -1.0 -0.8 1.8 0.003 

         

 MnA-term.
[c]

  1.8 2.4 -0.9 -0.8 1.7 0.003 

         

 MnC-term.
[c] 

 2.8 -2.8 -1.8 0.5 1.3 -0.003 

         

 MnA-MnB Mn A
[d] 

-0.1 -0.1 -2.2 -0.3 2.5  

  Mn B
[e] 

0.1 -0.1 -1.7 -0.3 2.0  

  Weighted
[f] 

 -0.1 -2.0 -0.3 2.3 -0.003 

         

 MnB-MnD Mn B
[d] 

-1.1 1.1 -2.2 -0.5 2.7  

  Mn D
[e] 

0.8 1.4 -2.8 -0.7 3.5  

  Weighted
[f] 

 1.2 -2.5 -0.6 3.1 -0.002 

         

 MnC-MnD Mn C
[d] 

-0.3 0.3 -2.2 -0.1 2.3  
  Mn D

[e] 
0.2 0.3 -2.8 -0.1 3.0  

  Weighted
[f] 

 0.3 -2.5 -0.1 2.6 -0.001 

         

         

exp.
 Structure

[g]
        

 Loll   1.2 -2.2 0.8 1.4  

 Guskov   1.0 -2.0 -1.5 3.5  

         
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. 
[b]

Results for carboxylate bridging MnD and Ca. 
[c]

Results for 

terminal carboxylate. 
[d]

HFC data for bridging carboxylate using spin-projection coefficient for the first 

center. 
[e]

HFC data for bridging carboxylate using spin-projection coefficient for the second center. 
[f]

HFC 

tensor for bridging carboxylate calculated by weighting the differently projected tensors with the respective 

Mn-
13

C distances. 
[g]

Simulations based on Q-band Mims ENDOR data.
[39]

 The results are based on a 

weighted spin projection, using distances from different X-ray structures by Loll et al. and Guskov et al. 

(see text).
[39]
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calcium, an alternative disfavored in ref. [39]). For carboxylates that bridge 

symmetrically two manganese sites, we have spin-projected the intrinsic HFC tensors first 

for either of the two sites (according to the spin-projection coefficients of Eq. (4.76)) and 

then averaged the two resulting coupled tensors (see also Chapter 6). A distance-weighted 

averaging gave identical results, due to the essentially symmetrical bridge (no spectra 

simulations along these lines are available so far). For terminal or Mn-Ca bridging 

carboxylates, spin projection factors were taken only for the directly bonded Mn site in 

the given BS state. 

Inspection of the data in Table 7.5 indicates that it is difficult to give a unique 

assignment, due to two reasons: (i) several bonding situations provide rather similar 

projected tensors, and (ii) the uncertainties and approximations involved in the ENDOR 

simulations are too large. We may, however, exclude a few possibilities. In particular, it 

appears (i) that a terminal carboxylate on MnC without a compensation of its negative 

charge gives much too large isotropic HFCs. This holds particularly for SG2009
-1

, where 

MnC is the Mn
III

 site. (ii) A carboxylate bridging the antiferromagnetically coupled Mn
IV

-

Mn
IV

 pair MnA-MnB exhibits a vanishing isotropic HFC for both models. This seems also 

in disagreement with the ENDOR spectra.
[39]

 

The apparently best overall agreement with the simulation results would be for an 

MnB-MnD bridging site in YII-1
0
. Carboxylates bridging MnB and MnD or MnC and MnD 

in SG2009
-1

 give larger Aiso values than the ENDOR simulations, but this may be within 

the joint uncertainties of computations and simulations.
[39]

 Symmetrically bridging 

carboxylates provide generally larger HFC anisotropies and larger rhombicities than 

terminal or MnD-Ca bridging ligands, but this may also be outside the current accuracy of 

the measurements. 

 

7.2.4 Conclusions 

 

The computation of EPR parameters for different structural models of the OEC and 

their comparison with experimental data has provided an intriguing possibility to narrow 

down the number and type of acceptable structural models. Due to the electronic 

complexity of the spin-coupled tetranuclear cluster, BS-DFT calculations followed by 

spin projection are currently the only way to access the parameters of the EPR, ENDOR 

or ESEEM spectra of the OEC in a meaningful way by quantum-chemical methods. Close 
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analysis of a suggested procedure to obtain the necessary spin-projection coefficients by a 

numerical fit of the HDvV Hamiltonian indicated that the currently available accuracy of 

BS-DFT is not generally sufficient to arrive at very reliable coefficients. Together with 

the possible importance of the currently neglected ZFS contributions to the spin-

projection matrices, this limits the accuracy of computed hyperfine coupling tensors. 

Alternative spin-projection coefficients based on considering some interrelations between 

the Heisenberg exchange-coupling constants provide a simplified and more easily 

applicable projection scheme with little loss of accuracy. It was also found that the 

exchange-coupling constants computed here overall exhibit far smaller values than 

assumed before from knowledge for dinuclear Mn
III

Mn
IV

 complexes. This is an important 

observation, as substantial structural conclusions have frequently been based on the 

assumed, much larger antiferromagnetic couplings. 

Computed 
55

Mn HFCs for an energetically feasible and mechanistically based 

model cluster, SG2009
-1

, agree excellently with the results of EPR and ENDOR spectra 

simulations for the S2 state, but models based on EXAFS data (with YII-1
0
 as the chosen 

representative) provide almost as good agreement within the expected accuracy of the 

computational scheme. Improved projection schemes including zero-field splitting effects 

are desirable for improved accuracy and to access the HFC anisotropies. 

Most notably, the present extension to ligand magnetic resonance parameters 

provides further insight: while the computed isotropic 
14

N HFCs for a coordinated 

histidine tend to underestimate experiment somewhat, the 
14

N HFC anisotropies appear 

particularly informative. SG2009
-1

 is singular among the more widely considered models 

in having the histidine residue D1-His332 bound to the unique Mn
III

 center of the S2 state. 

The computed 
14

N HFC anisotropy for this model is more than a factor 2 larger than for 

all other models and agrees closely with the simulation of ESEEM spectra. This is partly 

due to an intrinsically larger anisotropy and partly due to the larger spin-projection 

coefficient for the Mn
III

 site, and it agrees with the interpretation of the experiments. Even 

with the limitations of the spin-projection procedures in mind, this provides some support 

for the SG2009
-1

 model and for the considerations attached to it regarding the reaction 

mechanism of water oxidation by the OEC. This indicates furthermore that hyperfine 

couplings of ligands bonded to the OEC may provide even more diagnostic probes than 

the 
55

Mn HFCs. As a further example, 
13

C HFCs have been computed for a variety of 

carboxylate carbon nuclei in the ligand framework of the models. The introduction and 

study of specifically isotope-labelled amino acids or substrate analogs into the OEC is a 
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currently very active research area. In combination with quantum-chemical calculations 

as those presented here, such experiments may provide substantial further insight for all 

S-states of the OEC observable by magnetic-resonance techniques. 

 

7.2.5 Improved Insights Obtained After Recent Progress in the Structure 

Elucidation of the OEC 

 

The 2011 high-resolution structure by Umena et al.
[6]

 clearly supported the 

superiority of Siegbahn’s 2009 model
[45]

 (SG2009
-1

) over all other proposals that had 

been discussed up to 2010 (including EXAFS based proposals like YII-1
0
). As pointed 

out in Chapter 2, further refinement of this model did not only improve the agreement 

with all currently available experimental findings regarding the OEC, but also gives 

access to a well-defined picture of the overall mechanism on an atomic scale, that seems 

capable of solving the old question of how nature splits water into oxygen.
[15-17]

 However, 

the results also indicate, that even though substantial differences regarding the structure 

have been proposed, the employed computational level may not be sufficient for a final 

discrimination and evaluation of the models. 

The finding of overall small exchange-coupling constants between the manganese 

sites in the OEC has indeed been established by subsequent quantum-chemical 

calculations and seems to be an intrinsic feature for such systems,
[28, 30, 80]

 clearly 

disfavoring any discussion on the basis of the strong-exchange limit. Recent calculations, 

however, still lack a convenient inclusion of ZFS interactions in the applied spin-

projection schemes. Work on improved spin-projection procedures are under way in our 

lab. 

With the high-resolution structure confirming the D1-His332 ligation to the Mn
III

 

site of the S2 state, the present study is an important evidence for the capability of modern 

quantum-chemical methods as substantial support and prediction tools, even for highly 

complex systems as the OEC. In fact, labeling of specific atoms (e.g. 
14

N and 
17

O) turned 

out to be a very powerful technique regarding the structural refinement of the OEC and 

the mechanism of water-splitting.
[29, 35, 81]
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7.3 Ammonia Binding to the S2 State of the Oxygen-Evolving Complex 
 

 

This section represents largely our own publication in ref. [42], with some 

adaptation. 

A main reservation against Siegbahn’s mechanistic scenario of water-splitting in 

PSII, which has been introduced as the leading proposal in section 2.2.5 in Chapter 2, had 

been the question of substrate water binding and exchange. Based on experience with 

simpler inorganic model systems, it seemed very unlikely that an oxo ligand bridging two 

or more Mn
III

 and/or Mn
IV 

centers could represent one of the two exchangeable substrate 

water binding sites. In particular, it remained unclear how an exchange rate faster than 1 

s
-1

 in the S2 and S3 states of the OEC (in fact faster than in the more reduced S1 state) 

could be explained. In an elegant quantum-chemical study, Siegbahn
[16]

 showed recently 

how a complicated process involving several internal electron and proton transfer steps 

may explain the unexpectedly facile exchange of one bridging oxygen (O5) (see also 

Figure 7.3 for a schematic view). Indeed, a flexible positioning of the O5 oxo ligand had 

already been hinted at by the X-ray diffraction data.
[6]

 Based on a computational study 

and comparison with EPR data, Pantazis et al.
[30]

 suggested that in the S2 state O5 may 

move from one Mn center (MnA) to another one (MnD), accompanied by an internal 

MnDMnA electron transfer, thus explaining the well-known simultaneous presence of 

EPR multiline (S = 1/2) and g = 4 (S = 5/2) signals for the S2 state. Recent EPR studies 

confirmed O5 to be a likely candidate for one of the two water substrate sites.
[29]

 Together 

these studies assign a special significance to the O5 oxo bridge in the water exchange 

process. 

An alternative way of understanding better the water exchange process is provided 

by the study of substrate analogues. The substrate-analogue inhibitor ammonia has 

received particular attention. Early studies suggested unprotonated NH3 to be the relevant 

inhibiting species around pH 7.
[82, 83]

 Binding of ammonia to the S2 and S3 state and 

associated blocking of the S3 → (S4) → S0 transition was suggested.
[84, 85]

 Chloride 

competition experiments
[86, 87]

 indicated two different binding sites for ammonia, of 

which the first is chloride-dependent and accessible also to other amines, whereas the 

second, chloride-independent site, which this study focuses on, is specific to ammonia. 

Direct binding of ammonia to manganese was suggested for this second site, using many 

experiments, such as EPR,
[88-90]

 EXAFS,
[91]

 and FT-IR
[92, 93]

 spectroscopy. An alteration 
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in the line shape and hyperfine spacing of the Mn multiline EPR signal of the S2 state has 

been observed under conditions of ammonia ligation to the OEC.
[88, 89]

 The appearance of 

hyperfine structure in the g = 4 signal has been reported using oriented ammonia-treated 

PS II samples.
[94, 95]

 Based on ESEEM results,
[90]

 formation of an amido (NH2) bridge 

between two manganese ions has been suggested (while earlier suggestions were based on 

an imido bridge
[96]

). An NH2 bridge would also be consistent with EXAFS experiments of 

Dau et al.,
[91]

 who report elongation of one Mn-Mn distance by 0.15 Ǻ when the system is 

treated with NH3. FTIR experiments suggest a significant alteration in the core structure 

of the cluster during the S1 to S2 transition, which also had been attributed to the possible 

substitution of an oxo-bridge.
[92]

  

 

 

Figure 7.3. Schematic water-exchange mechanism in the S2 state according to quantum-chemical 

calculations (adopted from refs. [16] and [42]). The unique Mn
III

 ion is indicated, and the exchangeable 

oxygen atom is marked in grey. 

 

A recent study by Pérez Navarro et al.
[31]

 used a variety of pulsed EPR methods and 

mass spectrometry to study ammonia binding to the S2 state. They concluded that NH3 
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replaces a terminal water ligand (W1) at MnA, trans to the bridging O5 ligand (which 

bridges MnA and MnB in the S = ½ “multiline structure”), and that ammonia thus does not 

replace a substrate water. Spectroscopic changes upon ammonia binding (e.g. alteration of 

the S2 multiline EPR signal) were attributed to perturbations due to this replacement of 

W1 by ammonia. This is in contradiction with the interpretation of the earlier ESEEM 

data
[90]

 (which were, however, confirmed quantitatively in ref. [31]) in terms of a bridging 

amido unit, and with the EXAFS data.
[91]

 While ref. [31] was accompanied by quantum-

chemical studies, these were restricted to only the W1 position, and the chosen model 

clusters were not large enough to include crucial hydrogen-bonding interactions with the 

bound ammonia ligand, which were suggested to account for the appreciable observed 

asymmetry of the nitrogen hyperfine and nuclear quadrupole coupling tensors of the 

otherwise almost axial terminal NH3 ligand. To shed light on the apparently contradictory 

evidence regarding ammonia binding in the S2 state of the OEC, extensive broken-

symmetry DFT studies of different possible ammonia binding modes and sites have been 

performed and are reported here. The molecular and electronic structure, energetics, as 

well as EPR/ESEEM parameters of a wide variety of models are systematically 

examined. 

 

7.3.1 Model Systems 

 

All model systems were derived from Siegbahn’s optimized, extended 2011 

quantum-mechanical (QM) model (SG2011
0
) for the S2 state,

[15, 97]
 which incorporates 

information from the 1.9 Å resolution X-ray structure,
[6]

 contains 196 atoms, and is 

electrically neutral (see Figure 7.4). The model includes explicitly all metal-bound amino 

acids, the second-shell residues Asp61, His337, Arg357, as well as protein residues and 

the water network around the chloride ion. Notably, this size of QM model should 

provide also a realistic hydrogen-bond network environment for the bound ammonia 

ligand at different sites.  
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Figure 7.4. Structure and residue labels of the SG2011
0
 model.

[15, 97]
 Manganese is indicated in light blue, 

calcium in yellow, chloride in magenta, nitrogen in blue, oxygen in red, and hydrogen in white. 

 

Figure 7.5 shows both distinct core structures I and II which are thought to give 

rise, respectively, to the multiline (S = 1/2) and g = 4 (S = 5/2) EPR signals in the S2 

state.
[12, 13, 30]

 While structure I features the five-coordinated Mn
III

 ion at position D, 

structure II exhibits five-fold coordination at the A site, which now becomes the unique 

Mn
III

 site. Labeling of the manganese ions and oxygen units follows ref. [49] (for 

manganese atoms) and ref. [6] (for oxygen atoms).  

 

 

Figure 7.5. Core structures with labeling of Mn sites and oxygen units of the parent models I (S = 1/2 

ground state, “multiline g = 2 structure”) and II (S = 5/2 ground state, “g = 4 structure”). Manganese is 

indicated in light blue, calcium in yellow, oxygen in red, and hydrogen in white. 
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Models for ammonia binding (see Figure 7.6) were constructed by replacing an oxo, 

hydroxo or water ligand by NH3, NH2 or NH, depending on the site. The resulting 

structures are labeled M-Y-NHX
c
, where M signals the parent model, I or II, from which 

the structure was derived, Y defines the oxygen unit which has been substituted, and 

NHX the protonation state of the ammonia substituent. Superscript c indicates the total 

charge of the model. Initially a large variety of possible binding sites have been examined 

by optimization on the high-spin S = 13/2 surface (see Tables B4/B5 and Figure B1 in 

Appendix B). The subset of model systems shown in Figure 7.6 has then been 

reoptimized on the lowest-energy BS surface, corresponding to S = 1/2 for core structure 

I and to S = 5/2 for core structure II. Note that QM/MM modeling for the further protein 

environment was not done, as the QM models are thought to be sufficiently large
[98]

 for 

the purpose of the present study. 

 

7.3.2 Computational Details 

 

Structure optimizations were done with the Turbomole code (6.3)
[51]

, at BP86
[99, 100]

 

density-functional (DFT) level, using def2-TZVP basis sets
[101]

 for the heavier elements 

(Cl, Mn and Ca) and def2-SV(P) basis sets
[102]

 for the remaining atoms. The “resolution 

of the identity” (RI) approximation for the Coulomb term was used with the 

corresponding def2-TZVP (Mn, Ca, Cl) and def2-SV(P) (light atoms) auxiliary basis sets. 

The unrestricted Kohn-Sham DFT (UKS) optimizations were carried out on the 

respective broken-symmetry (BS) DFT energy hypersurface, except for a number of 

model systems provided in Tables B4/B5 and Figures B1 in Appendix B, where only 

optimizations of the high-spin state were used. Tight SCF convergence criteria and 

increased integration grids (”grid4” in Turbomole convention) were applied. Subsequent 

UKS single-point calculations for magnetic properties employed the B3LYP hybrid 

functional
[52, 53]

 (known to provide improved exchange and hyperfine couplings compared 

to BP86), a NMR_9s7p4d manganese basis set constructed for calculations of hyperfine 

couplings (HFCs)
[55]

 and similarly flexible IGLO-II basis sets
[57, 58]

 for the ligand atoms. 

The MAG-ReSpect property package was used for calculations of HFCs and nuclear 

quadrupole couplings (NQCs) following established protocols described in ref. [40] and 

[70]. HFCs were spin-projected using the analytical projection factors (see Eq. (4.76) in 

Chapter 4) from our previous work on the OEC (see also Section 7.2).
[40]

 A brief 
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Figure 7.6. Core structures of key ammonia-substituted models (cf. Figure B1 in Appendix B for further 

models). Manganese is indicated in light blue, calcium in yellow, oxygen in red, and hydrogen in white. 
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comparison to results from numerical diagonalization of the Heisenberg-Dirac-van-Vleck 

(HDvV) Hamiltonian
[41, 61]

 is given in Table 7.13 of the EPR parameter section for 
55

Mn 

hyperfine couplings. In case of bridging atoms, spin-projection factors for either of the 

bridged manganese ions, as well as an average weighted by the respective distances from 

the given manganese to the bridge atom are compared. Convergence to the correct BS and 

HS states was ensured by examining Mulliken spin densities. 

Unless noted otherwise, full optimizations were done for all models. To evaluate 

the effect of the protein environment, in some instances also optimizations employing 

backbone constraints (as described in ref. [97]) have been employed. In these cases, semi-

empirical DFT-D3 dispersion corrections
[103]

 were added, and solvent effects were 

included using the COSMO model. The effect of backbone constraints on the EPR 

parameters will be examined particularly. The backbone-constrained models will be 

appended by a subscript “f”. 

 

7.3.3 Results and Discussion 

 

In the following, the discussion will start with the structures and their energetics. 

The electronic structure characterized by the computed exchange couplings and the EPR 

parameters will be analyzed in the end of this section. 

 

Structure 

Tables B4/B5 and Figure B1 in Appendix B provide a complete list of ammonia 

substitution patterns and protonation states studied. Here the discussion will be limited to 

only the six models derived from the W1 and O5 binding sites (Figure 7.6), which reflect 

the dominant previous suggestions of ammonia binding sites. Two models derive from 

substitution of W1 by a neutral NH3 molecule in either core model I or II (I-W1-NH3
0
, 

II-W1-NH3
0
). Two models replace O5 by an amido ligand (I-O5-NH2

+1
 and II-O5-

NH2
+1

), and two models substitute O5 by an imido ligand (I-O5-NH
0
 and II-O5-NH

0
). 

The amido-substituted systems are positively charged, i.e. they exhibit one proton more 

than the others, which are neutral. The fate of the lost proton in the neutral models will 

not be discussed in detail but the maximum effect on the relative energetics will be 

estimated from pKa values. Importantly, during optimization, the amido-substituted 

model I loses a proton at the W1 site, leaving MnA coordinated by two hydroxide ligands. 
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The proton is transferred to the close-lying Asp61 residue (a similar observation is made 

for parent model I, but only when backbone constraints are applied). 

Table 7.6 compares metal-metal distances for these six ammonia-substituted models 

with the parent models. Terminal substitution of W1 affects the metal-metal distances 

very little. For parent model I, maximal changes are 0.02 Å for a Mn–Mn distance (MnB–

MnD) and 0.04 Å for a Ca–Mn distance (MnD). Results for core structure II are similar. 

This agrees with expectation, as terminal substitution should not affect the core structure 

dramatically. 

 

Table 7.6. Comparison of selected optimized metal–metal distances (Å) for parent and 

ammonia-substituted models.
[a] 

Model MnA-MnB MnB-MnC MnB-MnD MnC-MnD MnA,B,C,D-Ca 

      

I 2.76 2.81 3.38 2.79 3.72, 3.46, 3.34, 3.61 

If
 2.76 2.79 3.28 2.83 3.68, 3.44, 3.23, 3.60 

I-W1-NH3
0
 2.76 2.82 3.36 2.80 3.72, 3.44, 3.33, 3.57 

I-W1-NH3
0

f
 2.77 2.80 3.30 2.82 3.70, 3.41, 3.27, 3.59 

I-O5-NH2
+1

 2.88 2.80 3.43 2.76 4.47, 3.98, 3.41, 3.76 

I-O5-NH2
+1

f
 2.88 2.76 3.41 2.78 4.69, 4.54, 3.79, 3.85 

I-O5-NH
0
 2.75 2.78 3.40 2.77 3.72, 3.46, 3.34, 3.63 

      

      

II 3.17 2.81 2.88 2.75 3.91, 3.36, 3.40, 3.37 

IIf
 3.11 2.78 2.91 2.78 3.92, 3.36, 3.30, 3.40 

II-W1-NH3
0 3.19 2.81 2.88 2.75 3.93, 3.35, 3.40, 3.36 

II-W1-NH3
0

f
 3.09 2.78 2.87 2.75 3.92, 3.38, 3.30, 3.43 

II-O5-NH2
+1

 3.17 2.81 3.06 2.75 4.29, 3.66, 3.36, 3.87 

II-O5-NH
0
 3.14 2.82 2.93 2.75 3.94, 3.40, 3.40, 3.39 

      
[a]

BP86/def2-TZVP(def2-SV(P) results. Subscript “f” indicates backbone-constrained optimizations. 

 

Substitution of bridging oxygen O5 by NH2 increases the distance between the 

bridged manganese ions. For the S = 1/2 core structure I this corresponds to an increase 

of the MnA-MnB distance from 2.76 Å to 2.88 Å (I-O5-NH2
+1

), in good agreement with 

the reported elongation (0.15 Å) in an EXAFS study
[91]

 (experimentally, an increase of 

one Mn–Mn distance from 2.72 Å to 2.87 Å was reported). For the S = 5/2 core structure 

II, O5 bridges MnB and MnD (I-O5-NH2
+1

). Substitution of O5 by NH2 thus increases the 

MnB – MnD distance by 0.18 Å, and the calcium ion is shifted away from the cluster, 

distorting somewhat the Mn3CaO4 heterocubane. The MnB–MnD distance is, however, 

already too large compared to the EXAFS data in the parent model II, making this an 
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unlikely possibility for the elongated bond. An imido bridge is shorter than an amido 

bridge and thus the elongations of the corresponding Mn-Mn distances due to substitution 

of O5 by NH are small (between 0.03 Å and 0.05 Å), for both core structures (changes in 

Mn-Ca distances are also small). 

Table 7.6 includes also results for optimizations with backbone constraints (labeled 

by subscript f). Differences to the fully optimized models are essentially negligible for 

Mn–Mn distances of group I core structures, with somewhat larger deviations in the Ca–

Mn distances (in particular for I-O5-NH2
+1

f). For group II models, the constraints have 

moderate effects on the Mn-Mn distances (the MnA–MnB distance is shortened by 0.1 Å). 

All attempts to find a suitable minimum structure for II-O5-NH2
+1

f failed. Substitution of 

O4 by an NH2 bridge would also provide a significant elongation of the MnA–MnB 

distance (I-O4-NH2
+1

, see Table B4 in Appendix B). In view of the known unique 

flexibility of the O5 position in the S2 state, this seems less likely, however. The same 

may be said for other NH2 bridge positions, where either the MnC–MnD distance or the 

MnB–MnC distance would be elongated (Table B4 in Appendix B). I-O5-NH2
+1

 thus 

appears be the most likely candidate model to explain the EXAFS-based suggested 

elongation of an Mn–Mn distance.
[91]

 

 

Energetics 

A comparison of energies requires an identical number of atoms and total charge. 

Different charges and protonation states thus complicate matters, as one needs estimates 

for the energies (free enthalpies) of transferring protons between the restricted quantum-

chemical model clusters and the protein surroundings. A rough estimate may alternatively 

be obtained by placing the proton at some reasonable position within the model. For 

example, model I-W1-NH3
0
 has been modified by adding a proton to the hydroxyl ligand 

W2 at MnA (see also Figure 7.6). This leads to a monocationic model, now termed I-W1-

NH3
+1*

, thus allowing some comparison between terminal NH3 and bridging NH2 

coordination (Table 7.7). As the hydrogen-bonding environment of the terminal or 

bridging position may be modified compared to the parent structures, an extra water 

molecule has been added in some cases to allow extra hydrogen bonds to bound ammonia 

(see subscript H2O at the model names). Whatever measure is taken, the terminal 

coordination of neutral NH3 at W1 position is about 20-30 kcal/mol more favorable than 

bridging amido or imido positions (Table 7.7; terminal NH3 substitution at calcium-based 
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W3 or W4 positions gives energies about 7-8 kcal/mol above W1 substitution, only 

substitution of W2 is energetically competitive; see Table B5 in Appendix B). To 

estimate if placement of a proton onto a more favorable residue outside the QM region 

could alter this picture, one needs to transfer pKa values into energy contributions. For 

roughly neutral pH and any reasonable pKa value for a protein residue, such a correction 

will typically not exceed 5 kcal/mol. It appears thus, that terminal coordination of a 

neutral NH3 molecule to MnA will remain appreciably superior energetically to any of the 

studied bridge binding modes. This provides an important piece of evidence in favor of 

such a terminal coordination. 

 

Table 7.7. Relative energies for ammonia-substituted model systems (in kcal/mol).
[a]

 

 BS state
[b] 

ΔE 

   

I-W1-NH3
0
 DCBA  0.0 

I-O5-NH
0 

BCDA  22.5 

   

I-W1-NH3
+1*

 DCBA  0.0 

I-O5-NH2
+1

 DCBA  26.7 

   

I-W1-NH3
+1*

H2O DCBA  0.0 

I-O5-NH2
+1

H2O DCBA  27.1 

   
[a]

Energy (B3LYP/NMR_9s7p4d/IGLO-II) relative to the most stable structure for a given composition 

(computed on the lowest BS-state surface). 
[b]

A bar indicates local spin-down arrangement on the given 

manganese center for the given BS solution. 

 

Table 7.7 includes only structures derived from core I, i.e. from the structure 

associated with the multiline (S = 1/2) signal of the S2 state. Core II based structures tend 

to be inferior in most cases, as shown in Table 7.8. Starting from the parent models 

without ammonia substitution, the computed energy difference favors the S = 1/2 

structure I by about 8 kcal/mol. This is more than in some other computational studies, 

which give energy differences between the BS states for the two core structures that range 

from less than 1 kcal/mol to 3.4 kcal/mol,
[15, 30, 33]

 depending on the chosen QM model 

and computational level. It seems that the size and construction of the QM model has a 

large effect on this energy difference, as does the chosen DFT method and basis set. 

While this will require further study, for the purpose of the present investigation it is of 

only minor importance, as mainly relative energies for substituted structures derived from 

one given core model are compared. Terminal NH3 substitution at MnA increases the core 
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I/II energy difference by 4-5 kcal/mol (less for backbone-constrained optimizations). 

Bridged NH2 or NH substitution reduces the differences, i.e. it is predicted to stabilize 

structure II relative to structure I. 

 

Table 7.8. Relative energies between model I and II structures (in kcal/mol).
[a]

 

  BS state
[b] 

ΔEI-II 

    

parent models I DCBA  0.0 

 II BCDA  7.8 

    

 If
 

DCBA  0.0 

 IIf
 

BCDA  14.5 

 

NH3 models I-W1-NH3
0
 DCBA  0.0 

 II-W1-NH3
0
 BCDA  12.6 

    

 I-W1-NH3
0

f
 

DCBA  0.0 

 II-W1-NH3
0

f
 

BCDA  16.3 

    

 I-O5-NH2
+1 

DCBA  0.0 

 II-O5-NH2
+1

 BCDA  0.7 

    

 I-O5-NH
0
 BCDA  0.3 

 II-O5-NH
0
 BCDA  0.0 

    
[a]

Energy (B3LYP/NMR_9s7p4d/IGLO-II) relative to the most stable structure for a given composition 

(computed on the lowest BS-state surface). 
b
A bar indicates local spin-down arrangement on the given 

manganese center for the given BS solution. 

 

Electronic Structure and Exchange Couplings 

While the above calculations were always based on the lowest BS state, the other 

BS states have also been computed in order to extract Heisenberg exchange-coupling 

constants. Diagonalization of the HDvV Hamiltonian based on the computed BS-state 

energies can be used not only to discuss low-lying excited states of the system but also to 

compute spin-projection coefficients for hyperfine couplings (see section 4.7.2). 

For the parent models the conclusions of previous work with various QM models 

are confirmed at the computational level used. That is, for model I an S = 1/2 ground state 

with the first excited state (S = 3/2) at 32 cm
-1

 is obtained. Parent model II exhibits an S = 

5/2 ground state with a close-lying S = 7/2 excited state at 53 cm
-1

. The S = 1/2 ground 
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state of core I is due to an antiferromagnetic coupling between the “dangler” MnA (S = 

3/2) and MnB (Table 7.9 and 7.10).  

 

Table 7.9. Total ground-state and first excited-state spins, and first excitation energies (in 

cm
-1

) obtained from diagonalization of the HDvV Hamiltonian.
[a] 

 SGS SES ΔEGS-ES 

    

I 1/2 3/2 32 

If
 1/2 3/2 37 

I-W1-NH3
0
 1/2 3/2 31 

I-W1-NH3
0

f
 1/2 3/2 45 

I-O5-NH2
+1

 1/2 3/2 17 

I-O5-NH2
+1

f
 1/2 3/2 25 

I-O5-NH
0
 7/2 5/2 3 

       

II 5/2 7/2 47 

IIf
 5/2 7/2 32 

II-W1-NH3
0 5/2 7/2 45 

II-W1-NH3
0

f
 5/2 7/2 19 

II-O5-NH2
+1

 5/2 7/2 22 

II-O5-NH
0
 5/2 7/2 52 

    
[a]

B3LYP/NMR_9s7p4d/IGLO-II data. 

 

Within the heterocubane, the coupling between MnB and MnC is ferromagnetic, that 

between MnC and MnD antiferromagnetic, whereas the other couplings are very small 

(giving a heterocubane spin of S = 2). The S = 5/2 ground state for the core II structure is 

due to a sign change of the MnC-MnD coupling. That is, a total spin of 9/2 for the 

heterocubane cage
[80]

 couples antiferromagnetically to the S = 2 of the ”dangler” MnA. 

The computed MnA-MnB couplings for core II structures are significantly more negative 

than for core I structures, due to the presence of a mono-oxo bridge. Ammonia 

substitution for core I structures retains the S = 1/2 ground state, except for replacement 

of O5 by NH (Table 7.9). The change in the latter case is due to a sign change of the 

MnA-MnB exchange coupling, as the NH bridge obviously causes a major modification to 

the corresponding exchange pathway compared to O5. This change in ground state does 

not agree with the persistence of a (modified) multiline g = 2 EPR signal upon ammonia 

substitution, and imine-bridged models will thus not be considered for EPR parameter 

calculations (see next section). For the other core I substitutions, the MnA-MnB coupling 

is reduced, but no change in ground state results. For core II substitution models, the S = 
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5/2 ground state (g = 4 signal in the EPR) is retained in all cases. Particularly large 

changes in some exchange couplings are seen for II-O5-NH2
+1

. 

 

Table 7.10. Computed Heisenberg exchange-coupling constants (cm
-1

).
[a] 

Model JAB JAC JAD JBC JBD JCD 

       

I -20 2 1 19 2 -20 

If
 -23 2 3 17 8 -26 

I-W1-NH3
0
 -20 2 0 20 4 -20 

I-W1-NH3
0

f
 -30 2 1 17 7 -24 

I-O5-NH2
+1

 -6 2 4 13 -3 -21 

I-O5-NH2
+1

f
 -18 -4 1 10 3 -17 

I-O5-NH
0
 26 3 6 10 0 -21 

       

II -53 1 3 28 3 18 

IIf -62 1 6 22 5 21 

II-W1-NH3
0 -54 2 3 27 3 18 

II-W1-NH3
0

f
 -44 1 8 24 6 19 

II-O5-NH2
+1

 -107 2 -1 14 -5 16 

II-O5-NH
0
 -47 1 6 19 31 10 

       
[a]

B3LYP/NMR_9s7p4d/IGLO-II data. 

 

EPR Parameters 

The very asymmetric 
14

N nuclear quadrupole coupling tensor of the bound NH3 

ligand in the early ESEEM experiments
[90]

 had been a main argument in favor of an 

interpretation in terms of bridging NH2 coordination, as a terminal NH3 ligand might be 

expected to exhibit a much more axial tensor. The ESEEM data had been confirmed in 

the more recent experimental study.
[31]

 However, the authors argued that the asymmetry 

may derive from the hydrogen-bonding environment around the terminal NH3 ligand at 

W1 position (e.g. Asp61 is known to be very close). The models used in the computations 

in ref. [31] did not, however, include the relevant second-shell amino-acid residues and 

thus gave an essentially axial tensor. The models used here are larger, and thus one may 

probe the effects of hydrogen bonding on the nitrogen EPR parameters. Fully optimized 

and backbone-constrained structures are compared, as it is known that the EPR 

parameters may be rather sensitive to the detailed structural parameters. Indeed, as shown 

in Table 7.11, the nitrogen nuclear quadrupole coupling asymmetry η of the terminal 

substitution at W1 is (i) substantially asymmetric and (ii) much more asymmetric in the 
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backbone-constrained structure. The two results bracket the measured asymmetry values 

(which also differ somewhat for the different experiments), whereas the quadrupole 

coupling itself is slightly overestimated and less sensitive to the details of the structure. 

Table 7.12 shows that (i) it is in particular the hydrogen bond from Asp61 to the ammonia 

hydrogen atom H2, which determines the asymmetry of the environment, and (ii) this 

hydrogen bond is much stronger in the backbone-constrained model than in the fully 

optimized one. This explains the dependence of η on the details of the structure 

optimization. It appears possible that the backbone-constrained model overestimates this 

H-bond interaction, whereas the fully optimized structure underestimates it somewhat. 

 

Table 7.11. 
14

N Nuclear quadrupole coupling tensors and spin-projected isotropic 
14

N 

hyperfine couplings for ammonia-substituted model systems with S = 1/2 ground state (in 

MHz).
[a]

 

 BS state Projection |Aiso| |e
2
qQ| η 

      

I-W1-NH3
0 

DCBA  MnA
[b] 

3.39 1.94 0.35 

I-W1-NH3
0

f
 

DCBA  MnA
[b] 

3.16 1.92 0.62 

      

I-O5-NH2
+1 

DCBA  MnA
[c] 

3.41   

  MnB
[d] 

2.65 1.70 0.77 

  Weighted
[e] 

3.04   

I-O5-NH2
+1

f
 

DCBA  MnA
[c] 

3.42   

  MnB
[d] 

2.66 1.83 0.78 

  Weighted
[e] 

3.04   

      

exp.
[f] 

  2.29 1.61 0.59 

exp.
[g]

   2.36 1.52 0.47 

      
[a]

B3LYP/NMR_9s7p4d/IGLO-II data. 
[b]

Isotropic HFC for terminal ammonia ligand using the analytical 

spin-projection coefficient 
7

9  for MnA. 
[c]

Isotropic HFC for bridging amido ligand using spin-projection 

coefficient 
7

9  for MnA. 
[d]

Isotropic HFC for bridging amido ligand using spin-projection coefficient 1  

for MnB. 
[e]

Isotropic HFC for bridging amido ligand calculated by weighting the differently projected values 

with the corresponding Mn-N distance. 
[f]

 
14

N ESEEM data.
[90]

 
[g]

 
14

N ESEEM data.
[31]

 

 

A bridging NH2 ligand at the O5 position gives an even larger asymmetry, which 

thus overestimates the experimental η value significantly. Here the sensitivity to the 

optimization procedure is smaller, and the quadrupole coupling itself is somewhat lower 

and thus slightly closer to experiment. The isotropic HFC is overestimated somewhat for 

both W1 and O5 substitution. However, as this depends a lot on the details of spin 
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projection (the bridging position required averaging of spin-projected values), in contrast 

to the quadrupole coupling tensor, we regard the HFC results as less characteristic and 

reliable. Model I-O5-NH
0
 has not been included, as it would not be consistent with an S 

= 1/2 ground state. Overall, the quadrupole coupling asymmetry does indeed support a 

terminal NH3 ligand at the W1 position, in a very unsymmetrical hydrogen-bonding 

environment. 

 

Table 7.12. Asymmetry of terminal ammonia hydrogen-bonding environment in  

I-W1-NH3
0
 (distances in Å) and its dependence on backbone constraints during 

optimization.
[a] 

 N - MnA N – H1 N – H2 N – H3 H2 – OAsp61 H3 – OH2O 

       

I-W1-NH3
0 2.057 1.031 1.052 1.038 1.816 2.023 

I-W1-NH3
0

f
 2.023 1.031 1.066 1.036 1.651 2.053 

       
[a]

BP86/def2-TZVP/def2-SV(P) results. 

 

Additionally, detailed computations of isotropic 
55

Mn and 
17

O HFCs, as well as 
14

N 

HFCs of the histidine nitrogen atom bonded to MnD have been performed. The results are 

provided in Tables B6 – B9 in Appendix B. Deficiencies in current spin-projection 

procedures for the OEC models do not allow for placing much weight on these data 

regarding the preferred substitution sites. In particular, Table 7.13 shows how sensitive 

the scalar spin-projection coefficients obtained from numerical diagonalization of the 

HDvV Hamiltonian are (i) to the size of the model and (ii) to details of the structure 

optimization (full optimization vs. backbone-constrained structures). This is due to the 

fact that even very small changes in some individual exchange-coupling constants may 

cause dramatically altered numerical spin-projection coefficients (see also section 7.2).
[40]

 

Interestingly, the smaller models from refs. [28] and [41] appear to provide values closer 

to the idealized analytical coefficients from ref. [40] (see also Eq. (4.76) in section 4.7.2) 

than the present, larger models. Some of the backbone-constrained structures give 

completely unrealistic numerical spin-projection coefficients, most likely due to the 

deprotonation of W1. The analytical values based on recursion formulas depend only on 

the qualitative spin-coupling pattern chosen and thus typically do not change for the 

substituted models, provided the ground state is basically unchanged. This, on the other 

hand, may mean that this treatment misses important changes in the spin projection 

caused by ammonia substitution. Additionally, the spin projection so far neglects the 
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effects of local zero-field splittings (which is why HFC anisotropies are even less reliable 

than the isotropic HFCs; see Chapter 5 and ref. [70]). 

 

Table 7.13. Comparison of calculated on-site spin expectation coefficients for model 

systems with S = 1/2 ground state.
[a] 

 MnA MnB MnC MnD Coupling 

      

I +0.994 -0.847 -0.991 +1.844 DCBA  

If
 +0.384 -0.389 -0.992 +1.996 DCBA  

I-W1-NH3
0 

+0.745 -0.692 -0.999 +1.947 DCBA  

I-W1-NH3
0

f
 +0.150 -0.174 -0.971 +1.996 DCBA  

I-O5-NH2
+1 

+1.542 -0.980 -0.827 +1.265 DCBA  

I-O5-NH2
+1

f
 +0.733 -0.697 -0.995 +1.960 DCBA  

1d2’ 
[b] 

+1.270 -0.970 -0.944 1.646 DCBA  

1d2’-own
[c] 

+1.305 -0.982 -0.944 +1.622 DCBA  

Analytical
[d] 

+1.286 -1.000 -1.000 +1.714 DCBA  

      
[a]

B3LYP/NMR_9s7p4d/IGLO-II data. Spin-projection coefficients obtained numerically from 

diagonalization of the Heisenberg-Dirac-van-Vleck Hamiltonian
[41, 61]

 (see also section 4.7.2). 
[b]

DFT model 

and values from ref. 
[28]

. 
[c]

DFT model system taken from ref. [28] without optimization. Values calculated 

at computational level described in the computational details section. 
[d]

Simplified analytical spin-projection 

coefficients from recursion formulas,
[40]

 based on a “best” spin-coupling pattern (see also section 4.7.2). 

 

Given these limitations, the computed 
55

Mn HFCs (Table B7 in Appendix B) are 

not sufficiently accurate to discuss in detail the modification of multiline signal by 

ammonia substitution (which appears to involve changes of at most 20 MHz in the 

isotropic values
[31]

). Computed variations in case of using analytical spin-projection 

coefficients are very small, and the numerical coefficients are too doubtful to discuss 

changes on this order of magnitude (note in particular the results for backbone-

constrained models; Table B7 in Appendix B). 

The calculated histidine (His332) 
14

N isotropic HFCs are improved (larger) with 

respect to previous, smaller models (Table B6 in Appendix B; see also section 7.2).
[31, 40]

 

However, given that the ammonia substitution occurs quite remote from MnD, where 

His332 is coordinated, effects on the histidine HFC are minor and not characteristic for a 

given substitution pattern. Tables B8 and B9 in Appendix B provide also 
17

O HFCs for 

bridging and terminal core oxygen atoms, respectively. Again, the results depend 

sensitively on structure and details of the spin projection. Compared to the results for the 

smaller models of ref. [31], the present calculations confirm the order of magnitude of the 
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non-projected “raw” values (e.g. the likely assignment of the medium-sized 
17

O HFCs 

measured to a bridging oxo ligand and of terminal oxygen atoms to the background 

signals), but they differ quantitatively. In case of bridging oxygen ligands, the need of 

averaging the spin-projected values further compounds the difficulties (Table B9 in 

Appendix B). Perez-Navarro et al. had argued
[31]

 that the absence of a large proton HFC 

coupling in the ammonia-substituted case speaks against substitution of an oxo bridge by 

an NH2 unit. Table B10 in Appendix B summarizes 
1
H HFC raw values for various NH3, 

NH2 and NH substitution patterns. Obviously, there is no fundamental difference 

between, e.g., a terminal NH3 ligand at W1 position and a bridging NH2 ligand at O5 

position. While the spin-projection coefficients differ somewhat for the two cases 

(weighting is likely needed for the bridging position), the differences are not so large as to 

distinguish the two cases fundamentally. That is, sizeable 
1
H HFCs are expected in both 

cases. 

 

7.3.4 Conclusions 

 

The present systematic quantum-chemical study on ammonia-substituted model 

systems of the oxygen-evolving complex of photosystem II has shed light on the partly 

contradictory evidence regarding the preferred substitution site. While the asymmetry of 

the 
14

N nuclear quadrupole coupling tensor and the appreciable elongation of one Mn-Mn 

distance inferred from EXAFS data had pointed to an NH2 ligand bridging two Mn sites, 

recent EPR data favored substitution of a terminal water molecule (W1) on MnA by NH3. 

Recently, substitution of a µ-oxo bridge (most likely O5) has been further supported by 

Vinyard et al., who studied the kinetics of flash-induced dioxygen production in the 

presence and absence of ammonia.
[104]

 They proposed that the observed decrease in the 

OEC reduction potential cannot be explained through terminal substitution by neutral 

ammonia but instead arises from a µ-nitrido ligand replacing the O5. The authors, 

however, take only little notice of computational work on this topic and avoid a 

discussion of their results in the context of the quantum-chemical data. 

First of all, the computed energetics clearly favor terminal substitution at W1 by 

about 20-30 kcal/mol over any of the bridging NH2 or NH substitution variants, and 

terminal NH3 coordination at the calcium site is also less favorable by about 7-8 kcal/mol. 

While the transfer of protons from or to the quantum-chemical model clusters may alter 
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these results somewhat, the expected changes are estimated to be less than 5 kcal/mol. 

Thus, terminal substitution is strongly supported by the present energy calculations. 

It had been assumed in ref. [31] that an asymmetric hydrogen-bonding environment 

of the NH3 ligand at the W1 position may account for the appreciable asymmetry of the 

14
N nuclear quadrupole coupling tensor of this ligand, but the computations provided in 

that work did not allow this to be evaluated. The present larger cluster calculations 

confirm this assumption and give reasonable asymmetries for terminal substitution, 

whereas bridging NH2 substitution (e.g. at the ominous O5 substrate-binding position) 

actually leads to a too large asymmetry. Very recently, substitution by neutral ammonia 

at the W1 site has been further supported by an EPR study comparing the spectra 

obtained from ammonia-treated wild-type and D1-D61A mutant PSII.
[105]

 The latter 

involves a non-hydrogen-bonding alanine residue instead of the aspartate D1-Asp61 unit. 

With no hydrogen-bonding possible, an almost perfectly axial nuclear quadrupole 

coupling tensor, as typically observed for terminal ammonia ligands, for the ammonia 

substitute has been reported. Overall, the previous interpretation of ESEEM data in terms 

of a bridging NH2 coordination is thus incorrect. 

With energies and 
14

N ESEEM data thus confirming the interpretation of a recent 

EPR study in terms of terminal substitution of W1, the suspicious elongation of one Mn-

Mn distance upon ammonia substitution inferred from an early EXAFS study remains the 

central piece of evidence in favor of a bridging NH2 substitution. The present calculations 

show that for all models studied, such an elongation can indeed only be caused by 

bridging NH2 substitution. Hence, the reliability of the EXAFS data and of their 

interpretation is a key issue to be settled, which is clearly outside the scope of the present 

computational study. However, the first author of the EXAFS study confirmed to us,
[106]

 

that the 1995 EXAFS data likely suffered from radiation damage, which at the time could 

not be avoided. It is thus conceivable that the reported elongation may be an experimental 

artifact. Clearly, a direct comparative EXAFS study of untreated and ammonia-treated 

OEC samples in a modern experimental setup under identical conditions is desirable to 

provide a final answer. The present computational study provides in any case clear 

evidence for terminal substitution of W1 by neutral NH3, in support of ref. [31]. This is 

important, as W1 is likely not a substrate binding site. Instead, O5 is emerging as one of 

the two substrate waters,
[31]

 with an additional water substrate likely binding to MnD 

during the S2  S3 transition (see also Chapter 2, section 2.3.5). This may explain also, 
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why oxygen evolution is not stopped but only reduced somewhat when ammonia binds to 

the “non-chloride-competitive” site.
[107]

 



 

 

 

Chapter 8  

_________________________ 

 

Summary 

 

 
 

 

 

 

 
 

 

In this work, Density Functional Theory (DFT) methods have been used to study a 

variety of native and artificial systems containing multinuclear manganese sites as an 

integral part of their structure. These types of systems play an important role in biological 

catalysis, especially for the formation or conversion of oxygen-based agents such as 

hydrogen peroxide or the dioxygen molecule. Most of the catalysts exhibit multinuclear 

metal clusters with paramagnetic character at the active site. Their electronic structure 

involves complicated exchange coupling patterns and is thus challenging for quantum-

chemical methods. It requires either sophisticated multireference techniques that are 

currently not applicable due to their poor scaling with system size, or so-called broken-

symmetry DFT. From an experimental perspective, Electron Paramagnetic Resonance 

(EPR) spectroscopy is one of the most powerful tools for the structural and electronic 

characterization of systems containing paramagnetic centers. The quantum-chemical 

calculation of the EPR parameters of the abovementioned exchange-coupled systems, 

however, requires spin-projection techniques in order to facilitate interpretation of the 

complicated experimental spectra. 
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This thesis is composed of three parts that deal with model systems for different 

manganese compounds and the necessary quantum-chemical techniques to describe their 

EPR spectra properly. The first part consists of a validation study of an analytical spin-

projection scheme for dinuclear mixed-valence Mn
III

Mn
IV

 systems, which has been 

extended by inclusion of (computed) local zero-field interactions. This is an essential 

requirement for a full description of systems with small exchange couplings, e.g. the 

oxygen-evolving complex in photosystem II. The non-heme manganese catalase is 

subject of the second part, where different structural models of the catalase active site are 

evaluated employing structural criteria and EPR parameters. Finally, quantum-chemical 

studies on the oxygen-evolving cluster (OEC) of photosystem II (PSII) in its S2 state are 

presented. They focus on providing reliable quantum-chemically calculated EPR 

parameters to evaluate structural proposals of the OEC, and on ammonia binding to the 

OEC. 

Going into more detail, the calculations reported in Chapter 5 aimed at shedding 

light on the influence of the inclusion of computed local zero-field splitting (ZFS) 

interactions on a well-defined analytical spin-projection scheme for hyperfine couplings 

(HFC) in dinuclear mixed-valence Mn
III

Mn
IV

 complexes. The scheme should cover the 

strong-exchange limit, where the exchange coupling is considerably larger than on-site 

contributions to the zero-field splitting. It is applied to a set of model complexes 

including examples for different exchange coupling strengths, ranging from strong, over 

intermediate coupling interaction to weak coupling, where exchange coupling and local 

ZFS interactions are of comparable magnitude. The calculated local ZFS interactions are 

underestimated by standard DFT methods but these deficiencies can be compensated by 

an empirical scaling factor, thus providing reasonable on-site ZFS contributions. The 

spin-projection scheme performs well for strong and intermediate coupling cases, 

whereas it breaks down for cases exhibiting weak exchange couplings. The local ZFS 

contributions in the employed scheme give rise to a significant transfer of hyperfine 

anisotropy from the Mn
III

 ion, which exhibits a significantly more anisotropic hyperfine 

tensor than the Mn
IV

 ion in general, to the Mn
IV

 site. The improved description of the 

anisotropic part of the hyperfine tensor on both manganese centers grants access to the 

orientation of the individual hyperfine tensor components relative to the molecular 

structure. The ZFS-induced anisotropy transfer from the Mn
III

 to the Mn
IV

 center can 

therefore be visualized by a non-negligible reorientation of the Mn
IV

 hyperfine tensor, if 

the local ZFS interactions are included into the spin-projection scheme. The ability of 
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computational chemistry to provide reliable hyperfine couplings, both in absolute values 

and orientation, is crucial for comparison with experiment, e.g. for EPR studies on single 

crystals of this type of manganese systems. 

In Chapter 6, various model systems of the superoxidized Mn
III

Mn
IV

 redox state of 

the active site of the manganese catalase have been evaluated with broken-symmetry 

DFT. The models have been constructed based on crystallographic data of the 

biologically active Mn
III

Mn
III

 oxidation state, differing in the size of the protein 

environment included around the metal centers. Two reasonably distinct structural 

patterns have been found for the system. They differ in the binding mode of a glutamate 

residue (mono- vs. bi-dentate) and the oxidation-state distribution of the two manganese 

ions, but they are energetically almost degenerate. The calculated EPR parameters, 

obtained after application of the spin-projection scheme validated previously, show 

overall good agreement with experimental data. The models with increased ligation 

sphere are overall superior to the smaller ones, which exhibit a minimal coordination 

environment. Closer inspection of the presented parameters reveals a preference of the 

mono-dentate glutamate binding mode that gives rise to distorted square-pyramidal 

coordination at the Mn
III

 center. Especially the experimental orientations of the individual 

components of the g-tensor and 
55

Mn hyperfine coupling tensors are only recovered for 

models exhibiting this specific binding mode. Interestingly, this is in contradiction to 

previous experimental studies, which usually assumed a bi-dentate binding mode. The 

employed “standard” computational level underestimated the isotropic hyperfine 

couplings for the Mn
III

 site, even after spin projection, due to an insufficient description 

of core-shell spin-polarization. An in-depth analysis of the individual orbital contributions 

to the isotropic HFCs revealed that the usually applied semi-empirical global scaling of 

the metal HFCs fails to incorporate structural dependencies of the individual 

contributions to the isotropic HFC, specifically contributions arising from the valence-

shell orbitals. The latter are significantly influenced by the strong distortions from perfect 

octahedral metal coordination, which are found for both the mono- and bi-dentate 

glutamate-binding modes in the investigated set of model systems. To take these changes 

into account, a “core only” scaling factor, affecting only the core-shell contribution, is 

suggested. It is shown, that such a “core only” scaling scheme provides much better 

isotropic metal HFCs than the global factor used previously. The new scaling scheme has 

been additionally applied to a model system of the oxygen-evolving complex of 

photosystem II. A previously calculated Mn
III

 HFC, which was unusually small, has been 
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in strong contradiction to experimental interpretations, where the largest HFC has usually 

been assigned to Mn
III

. Use of the “core only” scheme increases the Mn
III

 HFC and 

improves the agreement with the experimental assignment. Overall, the new scaling 

scheme provides promising results, and further studies should take into account the 

dependency of the valence-shell contribution of the metal HFC on the coordination 

sphere. 

In the last chapter, quantum-chemical studies on the S2 state of the oxygen-evolving 

complex in photosystem II are presented. The first section addresses the evaluation of 

several structures proposed for this system by modern broken-symmetry DFT methods 

using EPR parameters as the major criterion. One representative of the mainly EXAFS 

based “twisted-core” models and a model system constructed by Siegbahn based purely 

on quantum-chemical calculations have been chosen for this study. These model systems 

have been suggested prior to the publication of a high-resolution crystal structure of the 

PSII, but especially the Siegbahn model exhibits remarkable similarity to the latter. The 

study is supplemented by an extensive validation of spin-projection schemes for 

multinuclear systems, namely a numerical technique employing the exchange-coupling 

constants, and analytical spin-projection coefficients derived from symmetry 

considerations regarding the magnetic topology of the system. Both schemes provide 

accurate spin-projection coefficients for the Mn centers present in the OEC for all 

investigated model systems. The exchange-coupling constants have been calculated for 

both model systems and were found to be of very small magnitude (< |35| cm
-1

). This is 

considerably less than assumed in experiments and clearly indicates the necessity of a 

spin-projection scheme beyond the strong-exchange limit, including local ZFS 

contributions. The calculated and spin-projected 
55

Mn HFCs are slightly in favor of the 

Siegbahn model compared to the EXAFS based model, but do not allow for a final 

discrimination of the model systems. In contrast, the computed 
14

N HFC tensor of the 

directly ligated histidine residue agreed excellently with experiment only for the Siegbahn 

model and the histidine was predicted to bind to the single Mn
III

 center of the S2 state, as 

found only in the Siegbahn model system. This binding pattern has been confirmed after 

the high-resolution crystal structure became available. The uncertainties of the spin 

projection preclude more useful insight from further ligand EPR data, such as 
13

C HFCs. 

In the second section of Chapter 7, ammonia binding directly to the OEC in its S2 

state was investigated. The influence of ammonia on the metal cluster has been studied 

before, revealing structural changes and modified EPR signals compared to the native 
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system. Ammonia can therefore be used as a spectroscopic probe to gain more insight 

into the molecular and electronic structure of the OEC, particularly on substrate water 

exchange processes. Investigations have been carried out for an improved Siegbahn 

model, refined with the help of the the high-quality crystallographic data. Starting from 

the parent model, possible binding sites for ammonia have been modeled by substitution 

of water/hydroxide or µ-oxo bridging units by ammonia, amido, or imido units. The 

constructed models have been evaluated in detail by structural and energetic criteria as 

well as EPR parameters. An elongation of a Mn-Mn distance had been found by EXAFS 

studies after treatment with ammonia, suggesting the substitution of a µ-oxo bridge by an 

amido unit (most likely at the O5 position). In contrast, the 
14

N EPR parameters of the 

ammonia unit introduced into the ligation sphere of the cluster have been interpreted in 

favor of a terminal substitution of a water ligand at the W1 position by an ammonia 

molecule. The present calculations confirm this experimental assignment of the ammonia 

binding site to the W1 position. The unusually rhombic 
14

N nuclear quadrupole coupling 

tensor measured for the introduced ammonia has been reproduced computationally and 

explained by strong hydrogen bonding interactions to a nearby aspartic acid residue. This 

hydrogen bond gives rise to a significantly distorted ammonia ligand at the W1 position. 

The changes in the electronic structure introduced by ammonia are found to be small in 

case of terminal substitution, but can considerably affect the ground-state multiplicity if a 

bridging µ-oxo unit is substituted, in particular in case of a very unlikely imido 

substitution. Replacement of one of the µ-oxo bridges with an amido/imido unit 

reproduces the EXAFS predicted Mn-Mn distance elongation but fails to give reasonable 

EPR parameters for the ammonia derivative. The widening of a Mn-Mn distance is not 

found for the terminal substitution pattern. This criterion was subsequently discarded due 

to possible uncertainties in the EXAFS experiments caused by radiation damage. 

Energetically, terminal binding of neutral ammonia is clearly favored compared to all 

other substitution patterns. With the calculations providing evidence for a terminal 

substitution at the W1 site by a neutral ammonia molecule, the O5 unit (whose 

substitution has been disproven) remains the most likely candidate for a substrate water 

unit in the process of natural water-splitting. 
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Appendix A 
 

 

Table A1. Computed and spin-projected 
55

Mn hyperfine tensors (in MHz) for a larger 

variety of investigated dinuclear Mn
III

Mn
IV

 complexes and comparison with 

experiment.
[a] 

  Mn
III 

Mn
IV 

  Aiso Aiso* T1 T2 T3 Aiso Aiso* T1 T2 T3 

            

(1) no ZFS
b 

-274 -397 -54 -52 106 149 215 -6 -2 -7 

 1xZFS
b 

-273 -396 -52 -51 103 149 215 -6 0 6 

 2xZFS
b 

-273 -395 -50 -50 101 149 215 -8 3 5 

 3xZFS
b 

-272 -394 -49 -49 98 149 215 -10 3 7 

 4xZFS
b 

-271 -394 -49 -47 95 148 215 -12 2 10 

 Exp.
c 

 -389 -81 -17 92  207 -14 6 14 

            

(2) no ZFS
b 

-314 -455 -51 -47 98 151 219 -5 -1 5 

 1xZFS
b 

-313 -454 -50 -46 95 151 219 -5 -2 7 

 2xZFS
b 

-313 -454 -48 -45 93 151 219 -6 -4 9 

 3xZFS
b 

-312 -453 -47 -43 90 151 219 -7 -5 12 

 4xZFS
b 

-312 -452 -45 -42 87 151 219 -8 -7 15 

 Exp.
c
  -454 -48 -25 78  218 -8 -3 14 

 
 

          

(4) no ZFS
b 

-270 -392 -62 -47 108 150 217 -6 0 6 

 1xZFS
b 

-270 -391 -60 -45 106 150 217 -8 2 6 

 2xZFS
b 

-269 -390 -59 -44 103 150 217 -9 1 8 

 3xZFS
b 

-268 -389 -58 -42 100 150 217 -11 -1 12 

 4xZFS
b 

-268 -388 -57 -41 98 150 217 -13 -2 15 

 Exp.
c 

 -386 -73 -25 92  213 -14 8 11 

            
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Aiso is the total isotropic hyperfine coupling constant obtained 

from Eqs. (4.68.) and (4.69), Aiso* is the isotropic HFC after spin projection and scaling by the empirical 

factor of 1.45 (see Computational Details in section 5.2), Ti represents the traceless part of the full A tensor. 
b
”1xZFS” includes the computed local ZFS interactions without scaling, “NxZFS” with a scaling factor N, 

and “no ZFS” neglects the ZFS contribution. 
c
HF-EPR data taken from ref. [1]. 
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Table A2. Orbital contributions to the 
55

Mn isotropic hyperfine coupling constant (in 

MHz) in Mn
III

Mn
IV

 model complexes and catalase model systems for both oxidation 

states of the Mn centers.
[a] 

  A
[b] 

APC
[c] 

total exp. f
[d] 

  core VS SOMO     

         

[Mn2O2(bipy)4]
3+ +III -786.1 189.3 1.0 -27.6 -623.4 -908

[e] 
1.46 

 +IV 530.8 -132.6 21.4 34.4 454.0 654
[e] 

1.44 

[Mn2O2(phen)4]
3+ +III -780.5 197.0 6.0 -27.2 -604.7 -902

[f] 
1.49 

 +IV 526.2 -155.6 47.5 33.4 451.5 663
[f] 

1.47 

[Mn2O2OAc(dtne)]
2+ +III -763.3 253.9 4.5 -25.5 -530.5 -778

[e] 
1.47 

 +IV 539.1 -202.6 74.2 33.0 443.7 621
[e] 

1.40 

         

   
    f  1.45 

         

I-1a +III -768.2 328.1 10.5 -25.9 -455.5 -756
[g] 

1.66 

 +IV 544.9 -154.3 41.7 36.1 468.5 714
[g]

 1.52 

I-1b +III -763.2 368.4 6.0 -25.3 -414.1 -756
[g]

 1.83 

 +IV 553.9 -180.6 67.7 35.4 476.5 714
[g]

 1.50 

I-2b +III -764.3 362.2 6.0 -25.4 -421.5 -756
[g]

 1.79 

 +IV 552.8 -180.1 67.5 35.5 475.7 714
[g]

 1.50 

II-1b +III -769.7 374.1 4.7 -25.6 -416.6 -756
[g]

 1.81 

 +IV 567.0 -164.6 35.5 35.4 473.3 714
[g]

 1.51 

II-2b +III -772.5 372.5 4.9 -25.6 -420.7 -756
[g]

 1.80 

 +IV 563.1 -168.3 44.5 35.5 474.7 714
[g]

 1.50 

         
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. 
[b]

Contribution from core-s-type orbitals (core), valence-shell 

(VS) and singly occupied orbitals (SOMO) to the total isotropic metal HFC. 
[c]

Spin-orbit contribution (APC) 

to the isotropic HFC. 
[d]

Ideal (global) empirical scaling factor for the isotropic HFC. 
[e]

MF-EPR data.
[1]

 
[f]

MF-EPR data.
[2]

 
[g]

MF-EPR data.
[3]
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Table A3. Contribution to the spin density at the manganese nucleus (in a.u.) and d-

orbital population for a series of manganese model systems and catalase models. The 

oxidation state of the Mn centers is indicated.
[a] 

  2s 3s 3s/2s d-pop 

      

[Mn(CO)5] 0 -0.81 0.47 -0.58 1.99 

[Mn(CO)5NO]
2- +II -0.19 0.11 -0.59 0.51 

[Mn(H2O)6]
2+

 +II -1.87 1.01 -0.54 4.81 

      

[Mn2O2(bipy)4]
3+ +III -1.56 0.89 -0.57 3.83 

 +IV -1.12 0.68 -0.60 2.61 

[Mn2O2(phen)4]
3+ +III -1.57 0.89 -0.57 3.85 

 +IV -1.13 0.68 -0.60 2.64 

[Mn2O2OAc(dtne)]
2+ +III -1.54 0.88 -0.57 3.77 

 +IV -1.15 0.69 -0.60 2.68 

      

I-1a +III -1.54 0.88 -0.57 3.78 

 +IV -1.18 0.71 -0.60 2.76 

I-1b +III -1.55 0.89 -0.57 3.80 

 +IV -1.17 0.70 -0.60 2.72 

I-2b +III -1.54 0.89 -0.57 3.78 

 +IV -1.18 0.71 -0.60 2.76 

II-1b +III -1.55 0.89 -0.57 3.81 

 +IV -1.20 0.72 -0.60 2.82 

II-2b +III -1.55 0.89 -0.57 3.82 

 +IV -1.20 0.71 -0.60 2.80 

      
[a]

B3LYP/NMR_9s7p4d/IGLO-II results.  
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Table A4. Determination of the core-only scaling factor of the isotropic metal HFC from 

orbital contributions to the 
55

Mn isotropic hyperfine coupling constant (in MHz). Results 

for the complete set of Mn
III

Mn
IV

 model complexes and catalase model systems are 

provided.
[a]

 

  exp. APC
[b] 

 A   f
[f] 

    VS
[c] 

SOMO
[c] 

core*
[d] 

corecalc
[e]  

         
[Mn2O2(bipy)4]

3+ +III -908
[g] 

-27.6 189.3 1.0 -1070.7 -786.1 1.36 

 +IV 654
[g] 

34.4 -132.6 21.4 730.8 530.8 1.38 

[Mn2O2(phen)4]
3+ +III -902

[h] 
-27.2 197.0 6.0 -1077.8 -780.5 1.38 

 +IV 663
[h] 

33.4 -155.6 47.5 737.7 526.2 1.40 

[Mn2O2OAc(dtne)]
2+ +III -778

[g] 
-25.5 253.9 4.5 -1010.8 -763.3 1.32 

  621
[g] 

33.0 -202.6 74.2 716.5 539.1 1.33 

         

  
 

    f  1.36 

         

I-1a +III -756
[i] 

-25.9 328.1 10.5 -1068.7 -768.2 1.39 

 +IV 714
[i]

 36.1 -154.3 41.7 790.4 544.9 1.45 

I-1b +III -756
[i]

 -25.3 368.4 6.0 -1105.0 -763.2 1.45 

 +IV 714
[i]

 35.4 -180.6 67.7 791.4 553.9 1.43 

I-2b +III -756
[i]

 -25.4 362.2 6.0 -1098.7 -764.3 1.44 

 +IV 714
[i]

 35.5 -180.1 67.5 791.1 552.8 1.43 

II-1b +III -756
[i]

 -25.6 374.1 4.7 -1109.2 -769.7 1.44 

 +IV 714
[i]

 35.4 -164.6 35.5 807.8 567.0 1.42 

II-2b +III -756
[i]

 -25.6 372.5 4.9 -1107.8 -772.5 1.43 

 +IV 714
[i]

 35.5 -168.3 44.5 802.3 563.1 1.42 

         
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. 
[b]

Spin-orbit contribution (APC) to the isotropic HFC. 
[c]

Contributions to the isotropic HFC from valence-shell (VS) and singly occupied orbitals (SOMO). 
[d]

Ideal 

contribution from core-s-type orbitals (core*). 
[e]

Calculated contribution to the isotropic HFC from core-s-

type orbitals (corecalc). 
[f]

Ideal empirical scaling factor of contribution from core-s-type orbitals. 
[g]

MF-EPR 

data.
[1]

 
[h]

MF-EPR data.
[2]

 
[i]

MF-EPR data.
[3]
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Figure A1. Optimized structures of dinuclear Mn
III

Mn
IV

 model complexes used for the determination of the 

empirical scaling factor applied to the isotropic metal HFC (see section 6.2). 
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Appendix B 
 

 

Table B1. S
2
 expectation values, relative energies (in cm

-1
) and Mulliken atomic spin 

densities (in a.u.) for various BS and HS states of models SG2009
-1

 and YII-1
0
 

employing different functionals.
[a]

 

 BS/HS state <S²> 
 

E 
-

(A) 
-

(B) 
-

(C) 
-

(D) 

        

SG2009
-1 

A B DC  48.9693783 246 2.97 2.90 3.94 3.00 

B3LYP A B DC  18.9383561 334 -2.91 2.89 3.93 3.00 

 A B DC  18.9302466 545 2.93 -2.86 3.93 2.99 

 A B DC  18.9429842 98 2.97 2.87 3.94 -2.97 

 A B DC  6.9226322 0 2.93 -2.89 3.93 -2.97 

 A B DC  6.9158869 131 -2.92 2.85 3.94 -2.97 

 A B DC  6.9503584 621 -2.95 -2.88 3.92 2.99 

 A B DC  12.9461075 26 2.96 2.91 -3.93 2.97 

        

        

SG2009
-1

 A B DC  48.9173899 285 2.91 2.84 3.94 2.93 

TPSSh A B DC  18.870822 347 -2.84 2.82 3.94 2.93 

 A B DC  18.858432 578 2.86 -2.79 3.93 2.93 

 A B DC  18.878377 112 2.91 2.80 3.95 -2.90 

 A B DC  6.8463323 0 2.86 -2.83 3.94 -2.91 

 A B DC  6.8351467 123 -2.84 2.79 3.94 -2.90 

 A B DC  6.8924407 671 -2.89 -2.81 3.93 2.93 

 A B DC  12.8815327 46 2.89 2.84 -3.93 2.90 

        

        

YII-1
0 

A B C D  49.0117142 386 2.95 3.01 3.05 3.88 

B3LYP A B C D  18.9794216 504 -2.93 2.95 3.04 3.88 

 A BC D  18.9180827 62 2.93 -2.89 3.00 3.87 

 A B C D  18.9403768 395 2.95 2.97 -2.95 3.85 

 A B C D  6.9182385 456 2.93 -2.92 -2.99 3.84 

 A B C D  6.9106211 427 -2.93 2.92 -2.95 3.85 

 A BC D  6.9432351 0 -2.95 -2.94 3.00 3.87 

 A B C D  12.9465815 319 2.95 2.97 2.99 -3.84 

        

        

YII-1
0
 A B C D  48.9448836 563 2.88 2.94 2.98 3.88 

TPSSh A B C D  18.8978287 651 -2.85 2.88 2.97 3.88 

 A BC D  18.8076448 45 2.85 -2.80 2.93 3.87 

 A B C D  18.8450924 431 2.88 2.90 -2.86 3.85 

 A B C D  6.8149691 454 2.85 -2.83 -2.91 3.83 

 A B C D  6.8011971 425 -2.86 2.84 -2.87 3.84 

 A BC D  6.8432851 0 -2.87 -2.86 2.92 3.87 

 A B C D  12.8553308 332 2.87 2.89 2.91 -3.83 

        
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. 
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Table B2. Partial derivatives of spin-projection coefficients ci computed by the numerical 

procedure of Eqs. (4.74) and (4.75) with respect to the underlying Heisenberg coupling 

constant.
[a]

 

 



1 0 0 %

A

A

C

C

 

  
 

 

 



1 0 0 %

B

B

C

C

 

  
 

 

 



100%

C

C

C

C

 

 
 
 

 

 



100%

D

D

C

C

 

 
 
 

 

 

SG2009, B3LYP 

A B
J     2.4% 0.6% -5.8% 4.0% 

A C
J      -1.8% -0.4% 5.2% -4.5% 

A D
J       1.7% 0.4% -5.2% 4.8% 

B C
J     -2.9% -0.7% 6.3% -3.8% 

B D
J      0.8% 0.2% -1.4% 0.5% 

C D
J     -0.3% -0.1% 1.0% -0.9% 

SG2009, TPSSh 

A B
J     4.7% -1.4% -5.7% 4.0% 

A C
J      0.6% -0.3% 0.1% -0.8% 

A D
J       1.4% -0.3% -2.8% 2.8% 

B C
J     -9.1% 2.7% 10.6% -6.9% 

B D
J      3.0% -0.9% -3.1% 1.7% 

C D
J     -0.6% 0.2% 0.9% -0.8% 

YII-1, B3LYP 

A B
J     -0.01% -0.001% -0.03% 0.03% 

A C
J      0.18% -0.01% 0.85% -0.76% 

A D
J       -0.14% 0.01% -0.69% 0.62% 

B C
J     0.02% -0.02% 0.51% -0.40% 

B D
J      -0.01% 0.02% -0.50% 0.38% 

C D
J     -0.03% 0.001% -0.13% 0.12% 

YII-1, TPSSh 

A B
J     -0.04% -0.0001% -0.06% 0.07% 

A C
J      0.34% -0.003% 0.97% -0.99% 

A D
J       -0.24% 0.002% -0.71% 0.72% 

B C
J     0.04% -0.003% 0.48% -0.41% 

B D
J      -0.003 % 0.003% -0.42% 0.34% 

C D
J     -0.09% 0.0007% -0.26% 0.27% 

[a]
Given in percentages change for a unit change of the exchange-coupling constants (in cm

-1
). 
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Table B3. Computed 
55

Mn hyperfine tensors (in MHz) for different broken-symmetry 

states of models SG2009
-1

 and YII-1
0
, compared to EPR/ENDOR simulation results.

[a]
 

 BS state[
b] 

 aiso*(site) Aiso* Aiso T1
 

T2 T3 AFC APC -
 

SG2009
-1 

A B DC  A -233 -299 -206 -12 -4 15 -191 -15 2.93 

  B -191 191 132 -7 -2 10 120 12 -2.89 

  C -151 -259 -179 -54 -44 99 -167 -12 3.93 

  D -222 222 153 -5 -3 8 141 12 -2.97 

 A B DC  A -236 236 163 -11 2 9 151 12 -2.91 

  B -235 -302 -208 -18 7 12 -193 -15 2.85 

  C -144 -247 -170 -55 -42 97 -159 -12 3.93 

  D -243 243 168 -6 -2 8 156 12 -2.96 

 A B DC  A -180 180 124 -4 -2 6 113 12 -2.95 

  B -201 201 139 -12 -1 14 127 12 -2.87 

  C -100 -171 -118 -55 -43 98 -106 -12 3.92 

  D -191 -245 -169 -11 3 8 -154 -15 2.99 

YII-1
0 

A BC D  A -181 181 125 -3 1 3 114 11 2.90 

  B -199 199 137 -12 -3 15 124 -12 -2.84 

  C -219 -281 -194 -13 0 13 -179 -15 2.94 

  D -154 -264 -182 -93 1 91 -170 -11 3.80 

 A B C D  A -222 222 153 -5 0 5 141 12 -2.90 

  B -262 -337 -232 -24 11 13 -216 -16 2.91 

  C -243 243 168 -16 4 12 156 12 -2.84 

  D -178 -305 -210 -102 7 96 -198 -12 3.80 

 A B C D  A -219 -282 -195 -6 -1 7 -179 -15 2.95 

  B -207 207 143 -16 0 16 130 13 -2.92 

  C -190 190 131 -11 -1 12 119 12 -2.99 

  D -187 -321 -222 -100 11 90 -210 -12 3.84 

exp.            

            

Kulik
  1  193  -18 -18 37    

et al.
[c]  2  205  -20 -20 40    

  3  245  -10 -10 20    

  4  295  15 15 -30    

            

            

Peloquin
  1  245  -13 -13 25    

et al.
[d]

  2  200  -20 -20 40    

  3  297  -14 -14 27    

  4  217  -17 -17 33    

            

Charlot
  1  186  -5 -2 7    

et al.
[e]

  2  243  -26 5 20    

  3  257  -32 -17 49    

  4  329  -17 -5 22    

            

            

Teutloff            

et al.
[f]    312  22 14 -37    

            
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Aiso* is the isotropic HFC after spin projection according to the 

coefficients in Eq. (4.76) and scaling by the empirical factor of 1.45 (see also Computational Details in 

section 7.2.2), aiso* is the corresponding scaled site value. The Ti represent the traceless part of the HFC 

tensor, AFC and APC the isotropic first-order Fermi-contact and second-order pseudo-contact (spin-orbit) 

contributions to Aiso. 
-

 is the Mulliken spin density at the manganese atom. 
[b]

Spin-coupling pattern of BS 

states for a given model. 
[c]

Simulation results from ref. [1]. 
[d]

Simulation results from ref. [2]. 
[e]

Simulation 

results from ref. [3]. 
[f]

Tensor for the site with the largest isotropic value, as obtained from the simulation of 

single-crystal Q-band 
55

Mn ENDOR for PSII from Th. elongatus.
[4]
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Table B4. Optimized metal – metal distances (Å) for ammonia-substituted model 

systems.
[a]

 

 MnA-MnB MnB-MnC MnB-MnD MnC-MnD MnA,B,C,D-Ca 

      

I 2.757 2.813 3.382 2.785 3.719, 3.464, 3.343. 3.611 

I-W1-NH3
0 2.755 2.819 3.364 2.799 3.717, 3.444, 3.334, 3.568 

I-W1-NH2
-1

 2.765 2.818 3.265 2.816 3.630, 3.419, 3.301, 3.523 

I-W2-NH3
+1

 2.691 2.793 3.348 2.796 4.560, 3.888, 3.207, 3.745 

I-O1-NH
0 2.740 2.811 3.389 2.825 3.668, 3.434, 3.277, 3.701 

I-O1-NH2
+1

 2.753 2.840 3.459 2.912 3.488, 3.393, 3.568, 4.254 

I-O2-NH
0 2.750 2.828 3.351 2.800 3.737, 3.486, 3.331, 3.581 

I-O2-NH2
+1

 2.708 2.869 3.280 2.805 4.103, 4.152, 3.700, 3.618 

I-O3-NH
0 2.732 2.830 3.437 2.824 3.715, 3.457, 3.336, 3.619 

I-O3-NH2
+1 2.732 2.967 4.049 2.871 3.801, 3.512, 3.373, 3.767 

I-O4-NH
0
 2.780 2.822 3.415 2.794 3.741, 3.483, 3.358, 3.594 

I-O4-NH2
+1

 2.870 2.775 3.361 2.820 3.808, 3.555, 3.376, 3.604 

I-O5-NH
0
 2.789 2.826 3.379 2.787 3.748, 3.502, 3.357, 3.619 

I-O5-NH2
+1

 2.856 2.806 3.421 2.778 4.492, 4.063, 3.440, 3.753 

I-W3-NH3
0
 2.753 2.822 3.391 2.797 3.751, 3.468, 3.333, 3.611 

I-W4-NH3
0
 2.752 2.823 3.391 2.791 3.710, 3.471, 3.359, 3.572 

      
[a]

RI-BP86/def2-TZVP/def2-SV(P) results. Models have been fully optimized on the HS (S = 13/2) surface. 

 

Table B5. Relative energies for ammonia-substituted model systems (in kcal/mol).
[a]

 

 BS state ΔE 

   

I-W1-NH3
0
 DCBA  0.0 

I-O1-NH
0
 DBCA  32.5 

I-O2-NH
0
 DCBA  29.5 

I-O3-NH
0
 DCBA  18.8 

I-O4-NH
0
 DABC  22.6 

I-O5-NH
0
 DABC  23.7 

I-W3-NH3
0
 DCBA  7.2 

I-W4-NH3
0
 DCBA  8.1 

   

I-W2-NH3
+1

 DCBA  0.0 

I-W1-NH3
+1*[b]

 DCBA  4.5 

I-O1-NH2
+1

 DCBA  38.5 

I-O2-NH2
+1

 DCBA  29.1 

I-O3-NH2
+1

 DCBA  36.1 

I-O4-NH2
+1

 DABC  16.8 

I-O5-NH2
+1

 DABC  32.8 

   
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. BS-DFT single-point energies at the fully optimized HS 

structures. 
[b]

Model I-W1-NH3
+1*

 is constructed from model I-W1-NH3
0
 by adding an extra proton at the 

W2 position (turning the OH ligand into an H2O ligand). Protonation at the W2 position is, however, very 

unlikely regarding the mechanistic picture of Siegbahn. Models offering two water ligands at the MnA 

center might therefore be artificial representatives of the OEC cluster. 
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Table B6. 
14

N histidine nuclear quadrupole splitting parameters and spin-projected 

isotropic 
14

N histidine hyperfine couplings for model systems with S = 1/2 ground state 

(MHz).
[a]

 

 BS state |Aiso| |e
2
qQ| η 

     

I DCBA  5.80 2.00 0.98 

If 
b 

DCBA  5.41 -2.02 1.00 

1d2’ 
[c] 

DCBA  4.83 2.44 0.73 

     

I-W1-NH3
0 

DCBA  5.67 2.04 0.94 

I-W1-NH3
0

f 
[b] 

DCBA  5.57 2.02 0.98 

I-O5-NH2
+1 

DCBA  6.37 1.96 0.88 

I-O5-NH2
+1

f 
[b] 

DCBA  4.94 1.98 0.86 

1d2’-NH3 
[c] 

DCBA  5.23 2.15 0.77 

     

exp.     

Stich et al.
[d]

  6.95 1.98 0.82 

Perrez Navarro et al.
[e]

  7.17 2.00 0.81 

     
[a]

B3LYP/NMR_9s7p4d/IGLO-II. Absolute values are given. An analytical spin-projection coefficient 

7
12  for the histidine-bound MnD1 has been used. 

[b]
Based on backbone-constrained structures. 

[c]
DFT 

results taken from ref. [5]. 
[d]

 
14

N ESEEM data.
[6]

 
[e]

 
14

N ESEEM data.
[5]

 

 

 

Table B7. Spin-projected and scaled isotropic 
55

Mn hyperfine couplings (in MHz).
[a] 

 analytical
[b] 

numerical
[c] 

 Mn Mn 

 A B C D avg.
[d] 

A B C D avg.
[d] 

           

I -278 174 192 -261 226 -215 148 190 -281 208 

If 
e 

-280 171 195 -242 222 -84 67 193 -281 156 

           

I-W1-NH3
0 -276 174 192 -260 226 -160 120 192 -295 192 

I-W1-NH3
0

f 
[e] -274 170 195 -241 220 -32 30 190 -280 133 

           

I-O5-NH2
+1 -270 172 190 -272 226 -324 168 157 -200 213 

I-O5-NH2
+1

f 
[e] -274 170 192 -253 222 -156 120 192 -295 189 

           
[a]

B3LYP/NMR-9s7p4d/IGLO-II results. Isotropic values without spin-orbit contributions. SO contributions 

add about 8-10% from the absolute value for Mn
IV

 and 6-7% for Mn
III

. 
[b]

Analytical spin-projection 

coefficients used were 
7

9  for MnA, 1  for MnB and MnC and 
7

12  for MnD. 
[c]

Numerical spin-

projection coefficients
[7, 8]

 calculated from Eqs. (4.74) and (4.75) are used (see also Table 7.13). 
[d]

Average 

isotropic 
55

Mn hyperfine coupling. 
[e]

Based on backbone-constrained structures. 

 



178 Appendix B 

Table B8. Calculated isotropic 
17

O hyperfine couplings for bridging core oxygen atoms 

(in MHz) and comparison of raw BS and various spin-projected values.
[a] 

      Aiso     

 O1 O2 O3 O4 O5 

 type
[b] 

 type
[b] 

 type
[b] 

 type
[b] 

 type
[b] 

 

           

I raw 2.28 raw 13.34 raw 3.66 raw 5.58 raw 1.52 

 C 0.76 B/C 4.45 B/C 1.22 A 2.39 A 0.65 

 D 0.98   D 1.57 B 1.86 B 0.51 

 wCD 0.87 wBC 4.45 wBCD 1.33 wAB 2.13 wAB 0.58 

If 
[c] raw 3.32 raw 10.81 raw 6.90 raw 7.68 raw 18.57 

 C 1.11 B/C 3.60 B/C 2.30 A 3.29 A 7.96 

 D 1.42   D 2.96 B 2.56 B 6.19 

 wCD 1.27 wBC 3.60 wBCD 2.53 wAB 2.94 wAB 7.09 

1d2’-own
[d] raw 0.28 raw 23.08 raw 5.56 raw 4.84 raw 16.53 

 C 0.09 B/C 7.69 B/C 1.85 A 2.07 A 7.08 

 D 0.12   D 2.38 B 1.61 B 5.51 

 wCD 0.11 wBC 7.69 wBCD 2.03 wAB 1.85 wAB 6.28 

1d2’ 
[e] raw 0.52 raw 23.05 raw 4.90 raw 4.48 raw 17.41 

 C 0.17 B/C 7.68 B/C 1.63 A 1.92 A 7.46 

 D 0.22   D 2.10 B 1.49 B 5.80 

 wCD 0.20 wBC 7.68 wBCD 1.79 wAB 1.71 wAB 6.61 

           

I-W1-NH3
0
 raw 1.87 raw 13.42 raw 3.90 raw 4.54 raw 0.65 

 C 0.62 B/C 4.47 B/C 1.30 A 1.95 A 0.28 

 D 0.80   D 1.67 B 1.51 B 0.22 

 wCD 0.71 wBC 4.47 wBCD 1.42 wAB 1.73 wAB 0.25 

I-W1-NH3
0

f 
[c] raw 2.78 raw 11.41 raw 6.14 raw 6.00 raw 5.94 

 C 0.93 B/C 3.80 B/C 2.05 A 2.55 A 2.57 

 D 1.19   D 2.63 B 2.00 B 1.98 
 wCD 1.06 wBC 3.80 wBCD 2.24 wAB 2.29 wAB 2.27 

I-O5-NH2
+1

 raw 3.43 raw 18.02 raw 1.27 raw 6.49 - 

 C 1.14 B/C 6.01 B/C 0.42 A 2.78 - 

 D 1.47   D 0.54 B 2.16 - 

 wCD 1.31 wBC 6.01 wBCD 0.46 wAB 2.48 - 

I-O5-NH2
+1

f 
[c] raw 0.77 raw 18.86 raw 3.77 raw 5.28 - 

 C 0.26 B/C 6.29 B/C 1.26 A 2.26 - 

 D 0.33   D 1.62 B 1.76 - 

 wCD 0.29 wBC 6.29 wBCD 1.38 wAB 2.02 - 

1d2’-NH3 
[e] raw 1.07 raw 23.19 raw 4.81 raw 5.34 raw 12.21 

 C 0.36 B/C 7.73 B/C 1.60 A 2.29 A 5.23 

 D 0.46   D 2.06 B 1.78 B 4.07 

           
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Experimental couplings of 9.7 MHz for the native system and 7.0 

MHz for the NH3-treated system were previously assigned to O5.
[5]

 
[b] “

raw” corresponds to the raw 

unprojected absolute HFCs. “A”, “B”, “C”, and “D” are absolute spin-projected HFCs using the following 

analytical spin-projection coefficients: 
7

9  for A (MnA), 1  for B (MnB) and C (MnC), and 
7

12  for D 

(MnD). “wXY” is the absolute HFC after weighting the differently projected values with the corresponding 

Mn X/Y-O distance. 
[c]

Based on backbone-constrained structures. 
[d]

DFT model system taken from ref. [9] 

without optimization. Values calculated at the computational level described in the computational details 

section 7.3.2. 
[e]

DFT models and “raw” absolute values from ref. [5]. 
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Table B9. Calculated isotropic 
17

O hyperfine couplings for terminal water oxygen atoms 

(in MHz).
[a] 

 
Aiso

 

 W1
[b] 

W2
[b] 

   

I 1.60 8.37 

If 
[c] 3.68 7.96 

1d2’-own
[d] 

2.63 5.63 

1d2’ 
[e] 1.69 5.20 

   

I-W1-NH3
0
 - 7.87 

I-W1-NH3
0

f 
[c] - 8.10 

I-O5-NH2
+1

 5.52 8.12 

I-O5-NH2
+1

f 
[c] 8.44 5.97 

1d2’-NH3 
[e] - 4.32 

   
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Couplings of 4.5 MHz and 1.4 MHz were previously assigned to 

W2 and W1.
[5]

 
[b]

Spin-projected absolute values are given for terminal oxygen ligands binding to MnA, 

using the analytical spin-projection coefficient 
7

9  for this Mn
III

 center. 
[c]

Based on backbone-constrained 

structures. 
[d]

DFT model system taken from ref. [9] without optimization. Values calculated at the 

computational level described in the computational details section 7.3.2. 
[e]

DFT models and values from ref. 

[5]. 

 

 

Table B10. Calculated isotropic 
1
H hyperfine couplings (in MHz) for the various bound 

ammonia-derived ligands.
[a] 

 Aiso 

 H1
[b] 

H2,Asp
[b] 

H3,water
[b] 

I-W1-NH
0 9.22 3.73 8.32 

I-W1-NH
0

f 
[c] 9.70 6.49 10.83 

    

 H1 H2  

I-O5-NH2
+1 8.04 7.34  

I-O5-NH2
+1

f 
[c] 6.77 8.49  

    
[a]

B3LYP/NMR_9s7p4d/IGLO-II results. Raw unprojected values are given. 
[b]

Indices correspond to the 

chemical nature of the closest hydrogen-bonding partner. See Figure 7.3. 
[c]

Based on backbone-constrained 

structures. 
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Detailed Listing of Models Studied in the Context of Ammonia Binding to the OEC 

in the S2 State 

 

All models listed in Figure B1 have been fully optimized according to the methodological 

details described in the “Computational Details” section 7.3.2, but on the HS (S = 13/2) 

energy surface. Models I-W3-NH3
0
 and I-W4-NH3

0
 exhibit no ammonia ligand directly 

bound to manganese ammonia. Since this is inconsistent with experiment, the models are 

included for comparison. 
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Figure B1. Optimized core structures of investigated ammonia substituted model systems. 
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