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Zusammenfassung

Scḧafer, Kai–Oliver:
Exchange Coupled Manganese Complexes: Models for the Active Centres of Redoxpro-
teins Investigated with EPR Techniques

In dieser Arbeit wurden austauschgekoppelte, gemischtvalente Mangankomplexe in den Oxi-
dationsstufen MnIII MnIV und MnII MnIII , sowie die Mangankatalase ausThermus thermophilus
und das Protein B des schwefeloxidierenden Enzymkomplexes (SoxB) ausParacoccus pana-
trophusmit Methoden der Elektronenspin–Resonanz spektroskopisch charakterisiert. Zur Si-
mulation der EPR und ENDOR Spektren, die die Grundlage der Auswertung bildet, wurden
zwei Computerprogramme geschrieben, mit denen Spektren entweder auf der Basis von 2. Ord-
nung Sẗorungstheorie oder Diagonalisierung des Spin–Hamiltonians simuliert werden können.
Die EPR Spektren der MnIII MnIV Komplexe und der Mangankatalase im MnIII MnIV Zustand
wurden bei 9, 34 und 94 GHz Mikrowellenfrequenz gemessen. Mit diesem Multifrequenz–
Ansatz konnten dieg– und die Hyperfeinkopplungstensoren der Mangankerne sehr genau be-
stimmt werden. Im Falle der Mangankatalase war es erstmals möglich, ein solches Enzym
bei Mikrowellenfrequenzen oberhalb von 34 GHz EPR spektroskopisch zu untersuchen. Wei-
terhin wurde der nutzbare Radiofrequenzbereich des 9 GHz Puls–ENDOR Spektrometers so
erweitert, dass55Mn–ENDOR Spektren aufgenommen werden konnten. Damit sind die55Mn
Hyperfeinkopplungs– und Quadrupoltensoren experimentell direkt zugänglich. Der Aufbau
wurde an den Systemen MnII :CaO und MnII :CaCO3 getest und die Spektren auf theoretischer
Grundlage gedeutet. Darauf aufbauend konnten dann55Mn–ENDOR Spektren der Komplexe
MnIII MnIV (µ–O)2(bipy)4, MnIII MnIV (µ–O)2(µ–CH3CO2)(mdtn) und der Mangankatalase im
MnIII MnIV Zustand erhalten werden. Die Analyse der Spektren lieferte55Mn Hyperfeinkop-
plungstensoren, die sich nur geringfügig von denen mittels Multifrequenz–EPR bestimmten
unterschieden. Darüberhinaus konnten die nicht mit der EPR detektierbaren55Mn Quadrupol-
tensoren bestimmt werden und so Informationenüber die direkte Ligandensphäre der Man-
ganionen gewonnen werden. Im Gegensatz zu MnIII MnIV Komplexen sind MnII MnIII Kom-
plexe bisher wenig EPR spektroskopisch untersucht worden. Aus den 9 GHz EPR Spek-
tren von drei MnII MnIII Komplexen und des MnII MnIII Zustands der Mangankatalase konn-
ten dieg–Tensoren und55Mn Hyperfeinkopplungstensoren bestimmmt werden. Diese zeigten
deutliche Unterschiede zu denen der MnIII MnIV Komplexe. Diese Unterschiede konnten mit
Hilfe des Spin–Kopplungsmodells erklärt werden. Das Enzym SoxB ist bislang noch weit-
gehend uncharakterisiert. Die bei 34 GHz aufgenommenen EPR Spektren konnten mit einer
speziellen Simulationsstrategie ausgewertet und einem schwach anti-ferromagnetisch gekop-
pelten MnII MnII Zustand zugeordnet werden. Das angewandte Verfahren zur Auswertung läßt
sich auf andere,̈ahnlich komplexe biologische Systeme, wie z. B. Mangankatalase im MnII MnII

Zustand,̈ubertragen. Die in dieser Arbeit erhalteneng–Tensoren und die Hyperfeinkopplungs-
tensoren der Mangankerne bilden die Grundlage zur Verbesserung theoretischer Methoden
wie Dichtefunktionalberechnungen, aber auch für weitergehende EPR spektroskopische Un-
tersuchungen der Ligandensphäre, speziell der Protonenumgebung.
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Chapter 1

Introduction

Metals are commonly found as natural constituents of proteins. Processes that are performed

by metalloproteins include the respiratory dioxygen transport and electron transfer. Examples

for the latter process are the iron-sulfur clusters which are used to store electrons and pass these

on to other enzymes that take part in redox reactions. Metals, e.g., Zn2+ are also known to

stabilise protein structures. Metalloproteins that perform a specific catalytic function are called

metalloenzymes [1]. The metalloenzyme thereby chemically transforms another molecule, the

substrate, which binds to the enzyme during catalysis. Catalytic functions of metalloenzymes

are, e.g., the addition or the removal of the elements of water in the substrate (hydrolysis) and

the oxidation or reduction of the substrate by transferring electrons to or from the substrate.

These redox reactions generally involve two-electron processes, but multi-electron processes

may also be catalysed by metalloenzymes. Often, the active site of a metalloenzyme contains

more than one metal ion. Since the concept of bimetallic active sites is wide spread in nature,

some of the characteristic features are outlined (see also ref. [2]).

It is first of all relatively easy to modulate the properties of the active site. This can be

accomplished by different bridging structures. For example, mono-atomic or conjugated bridg-

ing ligands likeµ–oxo,µ–hydroxo orµ–aqua introduce a strong correlation between the metal

ions. While larger bridging ligands,µ–carboxylato orµ–imidazolato, often lead to properties

that reflect the individual ions. Binuclear active sites can undergo simultaneous two-electron re-

dox transition at a single electrochemical potential. In mononuclear sites, these reactions must

involve compensating changes in the ligand sphere or proton ionisation. In homobimetallic

sites an additional feature is symmetric charge delocalisation that facilitates reactions involving

concerted steps, as nucleophilic substitutions. The greater charge delocalisation can also lower

the activation barrier arising from nuclear reorganisation of the solvent. Polyatomic substrates

that require binding to more than one atom are generally better accommodated.

Many biological processes are catalysed by di- and tetramanganese enzymes. These include

1
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catalases (hydrogen peroxide disproportionation) [3–5], arginase (L-arginine hydrolysis) [6, 7],

sulfur-oxidising enzyme (energy metabolism in thiobacilli) [8], xylose isomerase (isomerisa-

tion of e.g. glucose to fructose) [9–11], hydrolases (phosphodiester, -triester and phosphoamide

hydrolysis), and water oxidase (photosynthetic oxygen production) [12]. These enzymes con-

tain two ligand bridged Mn ions at the active site, in the case of water oxidase, four Mn ions are

utilised. For a review of theses manganoenzymes see ref. [2]

In this work, dimanganese catalase fromThermus thermophilusand the protein B of the

sulfur-oxidising complex fromParacoccus pantotrophus(SoxB) will be studied.

Catalases catalyse the disproportionation of hydrogen peroxide into water and oxygen.

2H2O2
⇀↽ O2 +2H2O

Thereby they protect cells from oxidative damage by hydrogen peroxide, which is produced

during the oxygen metabolism. Hydrogen peroxide levels may be as high as 10% of the oxygen

that is consumed in cellular respiration. Hydrogen peroxide readily reacts with many reductants

usually found in cells and the hydroxyl radicals that are formed in turn are very potent oxidising

agents that react immediately with most molecules in the cell. Possibly they also play a role in

the prevention of cell aging and cancer development [13, 14]. Generally, catalases containing

a heme iron centre are found in most organisms, Mn catalases on the other side only in a few

bacteria, asTh. thermophilusor Lactobacillus plantarum[3, 15]. In these, the enzyme forms

hexamers of six equivalent subunits with a mass of 35 kDa each. Recently, very high resolution

(1.0 Å) X–ray structures were obtained of the enzyme isolated from both organisms in the

MnIII MnIII oxidation state [16, 17]. The central motif found in these structures is a four-helix

bundle which is depicted in Fig. 1.1. The Mn binding sites in thethermophilusenzyme are the

amino-acid residues of GLU36, HIS73, GLU70, HIS168 and GLU155. Four oxidation states

can be realised in the Mn catalases, MnII MnII , MnII MnIII , MnIII MnIII and MnIII MnIV . Only the

homovalent MnII MnII and MnIII MnIII states, however, show extremely high reaction rates for

the catalytic reaction. First evidence for a dinuclear Mn active site came from EPR spectroscopy

[18]. Since then all four oxidation states have been investigated [19–21]. The reduced MnII MnII

state consists of two weakly anti-ferromagnetically coupled MnII ions [21, 22]. The exchange

coupling constants for the MnIII MnIII state [23] and the active and inhibited MnII MnII state [24]

were measured using magnetic susceptibility measurements.

The sulfur-oxidising complex inParacoccus pantotrophuscatalyses the reaction

S2O2−
3 +

5
2

O2 +2e− ⇀↽ 2SO2−
4

which is part of the energy metabolism in thiobacilli. The sulfur-oxidising complex is a multi-

protein system. The active site of protein B contains a dinuclear manganese centre. So far this
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Figure 1.1: Ribbon diagram of the 1.0̊A resolution X–ray structure of a dimanganese catalase monomer

from Thermus thermophilus[16]. The two Mn ions are located within the four-helix-boundle.

protein has not been very well characterised. Evidence for a dimanganese site was obtained

from EPR spectroscopy, however, a detailed analysis of the EPR spectra was not performed [8].

Key points towards the understanding of the catalytic functions of these enzymes on a mech-

anistic basis involve knowledge of the molecular and electronic structure and the changes that

take place during catalysis. These questions include, for example, identification of the binding

sites for substrates, rearrangement of the protein surrounding of the active site upon substrate

binding, formation and cleavage of bonds or changes in electron distribution in redox processes.

Some of this information can be gathered from structural data that is usually obtained by X–

ray diffraction analysis of single protein crystals. These can, however, not always be obtained

and the ultra-high resolution necessary to precisely locate small atoms is even more difficult

to achieve. Here,1H and14N ENDOR spectroscopy, which is a EPR derived, high-resolution

double resonance spectroscopy, can be used advantageously to get information on the hydro-

gen and nitrogen containing environment of a paramagnetic centre. In the case of dimanganese

catalase and SoxB, EPR spectroscopy can be used to determine theg–tensor and the55Mn hy-

perfine couplings which yield insight into the electronic structure. Due to the complexity of
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these enzymes the use of inorganic complexes to model the active sites in metalloenzymes and

the calibration of spectroscopic methods on the model complexes has been a very successful

strategy [25–27].

In this work, a number of such model complexes in the oxidation states MnII MnIII and

MnIII MnIV will be studied using EPR techniques to obtain information about the electronic

structure of these complexes. These techniques will also be applied to the MnII MnIII and

MnIII MnIV states of dimanganese catalase. The results for the models can then be compared

with this metalloenzyme for which an X–ray structure in these oxidation states is not available.

EPR spectroscopy has previously been performed on a number of MnIII MnIV [19, 28–32] com-

plexes. MnII MnIII complexes have been studied only in a few cases [19, 30, 33]. EPR data also

exists for the MnII MnIII and MnIII MnIV states of dimanganese catalase [19, 30, 34]. Most of the

studies, however, were carried out at low microwave frequencies (≤ 34 GHz). At low frequen-

cies the hyperfine interaction has a prominent impact on the spectra and theg–tensor is only

poorly resolved. This makes the precise determination of those unresolved tensor components

difficult. Furthermore, higher order hyperfine corrections have to be accounted for which com-

plicate the low frequency EPR spectra. Use of higher microwave frequencies eliminates most

of these complications and the combined use of low and high frequency bands should lead to a

much improved accuracy of theg– and hyperfine tensor data. There is one example of a multi-

frequency EPR investigation on MnIII MnIV complexes at microwave frequencies at 94 GHz

and above [32], however, the spectra published suffer from MnII impurities. One aim of this

work is therefore to establish a multi-frequency EPR approach using microwave frequencies

of 9, 34 and 94 GHz to obtain very precise data sets for the model complexes and the diman-

ganese catalase. This approach should include optimised sample preparations to minimise MnII

contaminations and an evaluation method that accounts for the different field dependencies of

theg– and hyperfine tensors. These data can then be used as a basis for multi-resonance EPR

spectroscopy, for example,1H ENDOR or as a test for theoretical methods that correlate EPR

parameters with the molecular structure, e.g., density functional theory. Since the MnII MnIII

complexes are not well studied, the effects of some properties of these complexes on the EPR

spectra are not fully understood and a spectroscopic approach to these complexes is not yet

completely established.

A direct experimental approach to determine the55Mn hyperfine couplings can be realised

through55Mn ENDOR spectroscopy. Continuous wave (cw)55Mn ENDOR spectroscopy has

previously been performed in our lab [31, 35]. A complete evaluation of these spectra was so far

not possible since the existing computer programs for spectral simulations utilise second-order

perturbation theory to calculate resonances. This method, however, can not be used for an accu-

rate simulation of55Mn ENDOR spectra. Moreover, the cw approach has several disadvantages

compared with pulsed ENDOR techniques. Therefore, in this work an experimental setup for
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pulsed55Mn ENDOR spectroscopy is to be developed along with the means to evaluate these

spectra. A comparison of the hyperfine coupling data obtained by EPR and55Mn ENDOR will

allow to evaluate the multi-frequency EPR approach in terms of accuracy. Moreover, the55Mn

quadrupole interaction can be determined by55Mn ENDOR and thus further information about

the ligand sphere of the Mn ions will be available.

The most demanding system to be investigated is the SoxB enzyme which is only partly

characterised. Based on the spectroscopy and the data evaluation methods established for the

rather well characterised MnII MnIII and MnIII MnIV complexes an investigation of the EPR

properties of SoxB is planned. Here, the contribution of EPR can be, e.g, identification of

the oxidation states and the nature of the exchange interaction between the Mn ions.

The knowledge gained from the studies of these dinuclear systems may be valueable with

respect to even more complex metalloenzymes, e.g., the water-oxidase of photosystem II, which

is still of particular interest.
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Chapter 2

Theory

This chapter gives a short overview of the theoretical background of EPR and ENDOR spec-

troscopy. Most principles are treated extensively in the standard literature [36–38]. A particular

emphasis on EPR of transition metal ions can be found in refs. [39–41]

2.1 Magnetic Interactions – The Spin Hamiltonian

The concept of the spin Hamiltonian is based on the work of Pryce and Abragam [42, 43] and

is the basis of the theoretical descriptions of EPR. The most general spin Hamiltonian relevant

to the work described here is

Ĥ = −2J~̂S1
~̂S2 + ∑

i=1

~̂SiDi
~̂Si + ∑

i=1
µB

~BTgi
~̂Si

−∑
k=1

µngn,k
~BT~̂Ik + ∑

i=1
∑
k=1

~̂SiA ik
~̂Ik + ∑

k=1

~̂IkPk
~̂Ik (2.1)

= ĤEX + ĤZF + ĤEZ + ĤNZ + ĤHF + ĤQP

which includes the exchange (ĤEX), zero-field (ĤZF), electron Zeeman (̂HEZ), nuclear Zeeman

(ĤNZ), hyperfine (̂HHF ) and quadrupole interactions (ĤQP). These interactions are discussed

below.

2.1.1 Zeeman Interaction

The interaction of an electron or nuclear spin with an external magnetic field is called Zeeman

interaction and is described by

ĤEZ = µB
~BT(~̂L+ge~̂S) (2.2)

ĤNZ = −µN
~BTgn~̂I (2.3)

7



8 2.1. Magnetic Interactions – The Spin Hamiltonian

HereµB andµN are the Bohr and nuclear magneton, respectively,ge is the electronicg–factor

and gn the nuclearg-factor. Theg–factor of a free electron is isotropic and has the value

ge = −2.0023193043737[44]. The angular momentum̂~L in a molecule is usually quenched,

however, spin–orbit coupling leads to an admixture of part of the orbital momentum to the spin

momentum. This introduces second-order contributes toge, which may causeg to be orienta-

tion dependent, especially in transition metal ions. Furthermore, deviations fromge can be quite

large. An electron with the impulse~p that moves in an electric field~E experiences a coupling

of the spin to the orbital motion which is described by the Hamiltonian

ĤSO=
ēh

2m2c2
~̂S(~E×~p) (2.4)

which can often be written as

ĤSO= λ~̂L~̂S (2.5)

whereλ is the effective spin–orbit coupling constant. The electric field is due to the electro-

static potential of the surrounding ligands and therefore, the spin–orbit coupling depends on the

symmetry of the crystal-field.

For example, MnIV is a d3 ion and in an octahedral field the ground state is an orbital

singlet (A2g) (see also Fig. 2.1). This state is connected through spin–orbit coupling only to the

excitedT2g states, and nearly isotropicg-values are observed experimentally. A calculation of

theg-value taking into account the octahedral crystal-field yields [41]

g = ge− 8λ
∆E

(2.6)

T1g

T2g

E

A2g

E

IV
Mn

Figure 2.1: Splitting of the zero-field energy levels for ad3 ion in an octahedral crystal field.

The electronic Zeeman interaction can be rewritten as

ĤEZ = µB
~BTg~̂S (2.7)

The interaction matrixg, commonly called theg–tensor, therefore yields information about the

electronic state of the system.
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Nuclearg–tensors depend on the composition of the nucleus only. For the experiments

performed in this work, it is sufficient to consider them to be isotropic and use a scalar nuclear

g factorgn. Since the nuclear magneton is about 1830 times smaller than the Bohr magneton

the splitting of the spin levels in an external magnetic field is also smaller.

2.1.2 Hyperfine Interaction

The hyperfine interaction is basically a dipolar coupling between the electron and a nuclear

spin. It is described by the following Hamiltonian

ĤHF = µBgeµNgn

[
3(~̂S~r)(~̂I~r)

r5 −
~̂Ŝ~I
r3

]
+

8π
3

µBgeµNgn~̂Ŝ~Iδ (r) (2.8)

In eqn. 2.8δ (r) is Dirac’s delta function, which, when integrated over the wave function, yields

the value of the wave function at the nucleus,r = 0. Both terms in eqn. 2.8 are limiting cases

of the same interaction. The first term describes the pure dipole-dipole interaction between the

electron and nuclear spin. For electrons that are not close to the nucleus, likep, d or f electrons,

this is the main contribution to the hyperfine interaction. The interaction for electrons that have

a non-vanishing probability to be found at the nucleus (s-electrons) is given by the second term,

the so-called Fermi–contact interaction. Note that in many-electron systems even thep, d or f

electrons may have partials character and therefore contributions from Fermi–contact have to

be considered. The hyperfine interaction can be expressed in terms of the hyperfine coupling

tensorA. The spin Hamiltonian then is

ĤHF = ~̂SA~̂I (2.9)

The isotropic part of the tensor tr(A) is due to the Fermi–contact and is a probe of the electronic

spin density at the nucleus.

2.1.3 Nuclear Quadrupole Interaction

Nuclei with I ≥ 1 possess a nuclear quadrupole moment. The quadrupole interaction arises

from the interaction of an electric field gradient at the nucleus with the nuclear quadrupole

moment and is represented in terms of the symmetric traceless tensorP. The corresponding

spin Hamiltonian is

ĤQP = ~̂IP~̂I (2.10)
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The spin Hamiltonian may be expanded

ĤQP =
1
2

Pz
(
3Î2

z − I(I +1)
)
+

1
2
(Px−Py)

(
Î2
x − Î2

y

)
(2.11)

+Pxy(ÎxÎy + ÎyÎx)+Pyz(ÎyÎz+ ÎzÎy)+Pzx(ÎzÎx + ÎxÎz)

and in its principal axis system the Hamiltonian matrix converts to

ĤQP = P‖

{(
Î2
z −

1
3

I(I +1)
)

+
1
3

η
(
Î2
x − Î2

y

)}
(2.12)

The parameterP‖ is the field gradient along the axis of the largest gradient and the asymmetry

parameterη represents the gradient symmetry in the plane perpendicular to that axis. The

parameters then translate as follows

P‖ =
3Pz

2
(2.13)

η =
Px−Py

Pz
(2.14)

If η = 0, the tensorP is axial.

The matrix elements of the quadrupole tensor are proportional to the product of the quadrupole

momentQ and the electric field gradientVi j

Pi j =
eQ

2I(2I −1)
Vi j (2.15)

Quadrupole moments arise from charge distributions around the nucleus that have non-spherical

symmetry.

eQ=
∫

ρ(r)(3z2− r2)dτ (2.16)

whereρ(r) is the charge density. The electric field gradientVi j is

Vi j =
∂ 2V

∂xi∂x j
(2.17)

The electrostatic potentialV at the nucleus is due to the surrounding charges andxi ,x j = x,y,z.

Thezcomponent of the field gradient isVz = eqand thus

P‖ =
3
2
· e2qQ
2I(2I −1)

(2.18)

Therefore, the quadrupole interaction is a measure of the electric environment of the nu-

cleus. The MnIII ion in octahedral ligand fields, e.g., exhibits prolongedd
z2 to ligand orbital
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bonds due to a Jahn-Teller distortion. This leads to a non-spherical charge distribution and thus

gives rise to a considerable quadrupole interaction. This is not as pronounced in MnIV ions,

but a non-symmetric bonding situation may also lead to noticeable quadrupole coupling. More

commonly, however, quadrupolar interactions are utilised to investigate the bonding situation in
14N. Of particular interest are, e.g., the14N nuclei in amino acids which can function as ligands

to metal ions in proteins.

2.1.4 Zero-field Interaction

In ions possessing more than one unpaired electron, the interaction of the individual magnetic

moments with the local fields of the other electrons leads to a removal of degeneracy of the spin

levels even without an external magnetic field. Therefore this interaction is called zero-field

interaction or zero-field splitting (ZFS). In a system with high local symmetry (octahedral or

tetrahedral) the ZFS contributes only a constant energy to all Zeeman levels and has thus no

effect on an EPR spectrum. In a system with lower local symmetry the electron distribution is

polarised and the ZFS then depends onm2
s. The corresponding spin Hamiltonian is

ĤZFS= DŜ2
z +E(Ŝ2

x− Ŝ2
y)+

1
2
(Dx +Dy)~̂S2 (2.19)

The last term in eqn. 2.19 yields a constant energy, since all spin functions are eigenfunctions

of ~̂S2. It is equal to−1
3DS(S+ 1). The scalar quantitiesD andE are the axial and rhombic

ZFS parameters. In the case of axial symmetryE = 0. The energy of the ZFS is typically in

the range of0±10 cm−1 and is therefore often larger than the Zeeman energy. As a result, the

allowed EPR transitions are spread out over a broad magnetic field range and can sometimes

not even be observed. In Fig. 2.2 this is demonstrated for a MnIII and a MnIV ion.

The spin Hamiltonian for the zero-field splitting can also be written as

ĤZFS= ~̂SD~̂S (2.20)

whereD is a symmetric traceless matrix. In an axis system, in whichD is diagonal, the param-

etersD andE relate to the matrix elements ofD as follows:

D =
3
2

Dz (2.21)

E =
Dx−Dy

2
(2.22)

For systems withS> 2 the ZFS is also observable in systems with high local symmetry,

e.g., MnII in CaO. The effect of crystal fields with cubic symmetry makes it necessary to include
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Figure 2.2: Energy level scheme of a MnIV (top) and a MnIII ion (bottom). The EPR allowed (∆ms =±1)

transitions at 9 GHz (solid) and 94 GHz (dotted) are indicated. On the scale used for MnIII , the 9 GHz

microwave energy is within the linewidth. The resulting EPR spectra are drawn schematically below. For

the calculation of the levels the spin Hamiltonian included Zeeman and zero-field interactions. Typical

values forD were used (MnIV : S= 3/2,D = 0.8 cm−1 , MnIII : S= 2,D =−3.5 cm−1 ). The magnetic

field was applied along thez–axis.
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terms of higher order in̂Sx, Ŝy andŜz, e.g.,Ŝ4
i . The zero-field spin Hamiltonian for such a system

with octaedric or tetrahedral symmetry is

Ĥ =
1
6

a

(
Ŝ4

x + Ŝ4
y + Ŝ4

z−
1
5

S(S+1) [3S(S+1)−1]
)

(2.23)

in whicha is the cubic zero-field splitting constant.

2.1.5 Exchange Interaction

The exchange interaction is a true quantum mechanical phenomenon and is thus not understand-

able in terms of a classical analogue. It is rather a consequence of the Pauli principle, which

states that the total wave function of a many-particle system consisting of fermions has to be

antisymmetric under the exchange of particles. The strength of this interaction results from the

fact that it is part of the Coulomb interaction and therefore of electrostatic nature. A discus-

sion of the numerous terms that contribute to the exchange interaction is beyond the scope of

this work. Good overviews can be found in the literature [45–47]. In general, the exchange

interaction is written as

Ĥ = ~̂S1J~̂S2 (2.24)

and includes an isotropic part and an anisotropic part. The latter arises from magnetic dipolar

interactions or pseudo-dipolar exchange interactions. For the exchange coupled complexes, the

anisotropic part can be neglected. Two contributions to the isotropic part have to be consid-

ered. The direct (Heisenberg-Van Vleck) exchange arises from the direct overlap of magnetic

orbitals centred at the two interacting paramagnets. Many different formulations of the spin

Hamiltonians are found in the literature that describe the direct exchange1. Independent of the

formulation of the spin Hamiltonian the exchange interaction is called anti-ferromagnetic if the

total spin of the ground state is minimum (spins are paired) and ferromagnetic if the spin is

maximum (parallel alignment of spins). The most frequently used spin Hamiltonian is

Ĥ =−2J~̂S1
~̂S2 (2.25)

for which the exchange is anti-ferromagnetic ifJ < 0, and ferromagnetic ifJ > 0

The second contribution, indirect exchange or super-exchange, is mediated via bridging

ligand orbitals located between the two centres, so that the ligand forms a bond with either

centre. Much of the theoretical work was done by Anderson [48], for a review see ref. [49].

1These spin Hamiltonian include, e.g.,Ĥ =−2J~̂S1
~̂S2, Ĥ =−J~̂S1

~̂S2 andĤ = J~̂S1
~̂S2
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In most cases direct exchange is anti-ferromagnetic because an electronic configuration

with mostly paired spins is energetically favourable. Super-exchange may be ferro- or anti-

ferromagnetic depending on the overlap of the magnetic orbitals and hence on the particular

bridging situation. In most cases the anti-ferromagnetic contributions are dominant. Exchange

pathways that are possible in MnIII MnIV dimers with different bridging ligands have been inves-

tigated by McGrady et al. [50] and Delfs et al. [51] using density functional (DFT) calculations.

These pathways are shown in Fig. 2.3. The isotropic exchange spin Hamiltonian (eqn. 2.25)

may also be used to describe the super-exchange, however, the coupling constantJ then in-

cludes different contributions. For a good review, see ref. [52].

Usually, the isotropic part of the exchange interaction (eqn. 2.25) gives the main contribu-

tion to the total exchange interaction and the single spinsS1 andS2 couple to a total spinS,

which is

|S1−S2| ≤ S≤ S1 +S2 (2.26)

The energies and energy differences between adjacent energy levels are

ES = −J[S(S+1)−S1(S1 +1)−S2(S2 +1)] (2.27)

ES−ES−1 = 2JS (2.28)

An energy level scheme for a coupled MnIII MnIV dimer is depicted in Fig. 2.4.

2.2 Spin–Coupling Model

It was mentioned above that the isolated electron spins can be coupled yielding an effective

electron spin in a system where electron exchange is the strongest interaction. It is therefore

convenient to express the spin Hamiltonian for such a system in terms of this effective spin.

This can be done by use of the spin–coupling model. For a complete description, see ref. [53].

The general spin Hamiltonian of a dimer

Ĥ = −2J~̂S1
~̂S2 +

2

∑
i=1

~̂Sidi
~̂Si +

2

∑
i=1

µB
~BTgi

~̂Si

−∑
k=1

µngn,k
~BT~̂Ik +

2

∑
i=1

2

∑
k=1

~̂Sia
i
k
~̂Ik +

2

∑
k=1

~̂IkPk
~̂Ik (2.29)

includes the exchange, zero-field, electron and nuclear Zeeman, hyperfine and quadrupole in-

teraction. The contribution of the cross-terms in the hyperfine coupling (a1
2, a2

1) which are due

to a coupling of the electron spin at centre 1 with the nucleus at centre 2 and vice versa is small
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Figure 2.3: Main exchange pathways in Mn dimers with (µ-oxo) (left) and (µ-oxo)(µ-carboxylato)

(right) bridges. A schematic drawing of the core structures is shown on top. Note that the additional

(µ-carboxylato) bridge introduces a tilt in the Mn-O-O-Mn plane. The pathway is named after the Mn

d-orbitals involved in the pathway. TheJx2−y2/x2−y2 andJx2−y2/z2 pathways are possible for both types

of bridging. TheJz2/z2 path is a direct exchange between the two Mndz2 orbitals and does not involve

ligand orbitals. From refs. [50, 51].

and can often be neglected. Within each manifoldS the spin Hamiltonian can be written in the

coupled representation as

ĤS = −J
[
S(S+1)−S1(S1 +1)−S2(S2 +1)

]
+~̂SD~̂S+ µB

~BTG~̂S

−
2

∑
k=1

µNgn,k
~BT~̂Ik +

2

∑
k=1

~̂SAk
~̂Ik +

2

∑
k=1

~̂IkPk
~̂Ik (2.30)
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Figure 2.4: Energy level scheme of an exchange coupled MnIII MnIV system. Interactions included in

the spin Hamiltonian are exchange, zero-field and electron Zeeman interaction. Thems states in the

Seff > 1/2 levels are split additionally by ZFS. The five Mnd-orbitals that are split intoeg andt2g by

an octahedral crystal field and the alignment of the electron spins for theSeff = 1/2 andSeff = 7/2 are

shown on the right. Values used for the presentation areJ = −100cm−1, SIII = 2, DIII = −3.5 cm−1,

SIV = 3/2, DIV = 0 cm−1.

The uncoupled spin basis is transformed to the coupled basis by use of the Wigner-Eckardt

theorem. The uncoupled (intrinsic) quantities (d, g, a)2 are related to the coupled ones (D, G,

A) by the spin–projection factors. These can be calculated easily for a system consisting of two

centres

c1 =
S1(S1 +1)−S2(S2 +1)+S(S+1)

2S(S+1)
(2.31)

c2 =
S2(S2 +1)−S1(S1 +1)+S(S+1)

2S(S+1)
(2.32)

2Note: quantities referring to the uncoupled representation are given in lower case, those referring to the

coupled representation in upper case.
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Table 2.1: Typical exchange coupling and ZFS parameters used in the spin-coupling model for Mn

dimers in various oxidation states and the resulting spin-projection factors.

Oxidation state S1 S2 c1 c2 J/cm−1 D1/cm−1 D2/cm−1

MnII MnII 5/2 5/2 1/2 1/2 0-10 0 0

MnII MnIII 5/2 2 7/3 -4/3 0-20 0 -4-0

MnIII MnIII 2 2 1/2 1/2 0-10 -4-0 -4-0

MnIII MnIV 2 3/2 2 -1 50-200 -4-0 0-1

Theg–tensor of the coupled system (G) and the effective hyperfine tensors (Ak) are [54]

G = c1g1 +c2g2 +
c1c2

5J
(g1−g2)

[
(3c1 +1)d1− (3c2 +1)d2

]
(2.33)

A1 = c1a1
1−

a1
1

5J
c1c2

[
(3c1 +1)d1− (3c2 +1)d2

]
(2.34)

A2 = c2a2
2 +

a2
2

5J
c1c2

[
(3c1 +1)d1− (3c2 +1)d2

]
(2.35)

where 1 and 2 are the indices for interactions involving the two centres. Note that the quantities

gn,k andPk are the same in both representations, since the corresponding interactions do not

involve the electron spin. The ground state of an anti-ferromagnetically coupled MnII MnIII

or MnIII MnIV dimer has an effective spin ofS= 1/2 and therefore the zero-field interaction

vanishes in the coupled representation.

The EPR properties of the complexes investigated in this work depend strongly on the ox-

idation state of the Mn ions. It is therefore reasonable to classify the experiments accordingly.

A summary of the EPR properties resulting from the spin-coupling model for four different

oxidation states is given in Table 2.1.

If the ratio of the spin-coupling constants takes an integer value, e.g.,c1/c2 = −2 for a

MnIII MnIV dimer, characteristic hyperfine splitting patterns are obtained because then many of

the 36 lines coincide if both intrinsic hyperfine coupling tensors are identical and isotropic. In

the MnIII MnIV case, the EPR spectrum to first-order consists of 16 lines with relative intensities

of 1:1:2:2:3:...:3:2:2:1:1. The homovalent case, e.g., MnII MnII is identical to the case of two

equivalent nuclei, for which2 ·2I + 1 = 11 lines are observed. These examples are shown in

Fig. 2.5. The MnII MnIII case is more complicated due to the non-integer ratioc1/c2 =−7/4.

The third term in eqn. 2.33 and the second term in eqns. 2.34 and 2.35 are zero-field depen-

dent correction terms. According to theJ/D ratio two limiting cases are obtained. In the strong

coupling limit (J À D) their contribution is quite small [30]. However, due to the anisotropy

of the ZFS correction, these terms can increase or decrease the anisotropy of the effectiveG–

and hyperfine tensors compared with the anisotropy of the isolated ions. This has been labelled

’hyperfine transfer’ by Zheng et al. In the strong coupling limit, the transfer is in the order of
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Figure 2.5: General features of EPR spectra obtained for MnII MnII ,MnIII MnIII and MnIII MnIV dimers.

Shown are simulations obtained by a first-order calculation assuming a fixed (independent of oxidation

state) intrinsic Mn hyperfine coupling ofaiso = 8 mT and an isotropic g-value. The effective hyperfine

coupling tensors are obtained by use of the spin-coupling model. Due to the integer ratios of the spin-

projection factors in the MnIII MnIV (c1/c2 = −2) and homovalent MnII 2, MnIII
2 (c1/c2 = 1) cases and

the assumption of intrinsic isotropicg– and oxidation state independent hyperfine tensors, most of the

expected 36 lines fall together as indicated in the stick diagrams.

10–20 MHz [30]. This is the usual case for MnIII MnIV dimers. The situation is quite different

for MnII MnIII dimers. Here, the exchange couplingJ is small, so that oftenJ ≈ D. Then, the

correction terms have a large impact on the coupled EPR parameters, leading to a large hy-

perfine transfer. This is demonstrated in Fig. 2.6 where for a series ofJ values the effective

parameters have been computed based on constant intrinsic values.

2.3 Theory of EPR–Spectroscopy

EPR–spectroscopy is a magnetic resonance spectroscopy. The transitions between energy levels

are induced by radiation that is in the microwave frequency range. When only Zeeman inter-

actions are considered, the energy level splitting of a system with unpaired spin in a magnetic
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Figure 2.6: The influence of exchange coupling on the EPR spectra. Left: The calculated (eqns. 2.33–

2.35) effectiveG– and55Mn hyperfine coupling tensors for different values ofJ. Right: The resulting

simulated EPR spectra. The intrinsicg– and55Mn hyperfine coupling tensors on which the calculations

were based were taken from Gerritsen [55] and From et al. [56].

field is given by

Ĥ = geµB
~̂S~BT (2.36)

When the magnetic field is applied inz direction

Ĥ = geµBB0Ŝz (2.37)

In the simplest case,S= 1/2, there are only two orientations of the electron spin in the external

field an thus two possible energies. The splitting of the energy levels is linear in the magnetic

field strength. Resonance occurs, when the energy of the incident radiation equals the difference

of two energy levels. For theS= 1/2 case,

hν = ∆E = geµBB0 (2.38)
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For technical reasons, in EPR experiments, the external magnetic field strength is varied and the

incident frequency is fixed. In the case of an orientation-dependentg-factor, the resonance con-

dition also becomes orientation dependent. In its principal axis system, theg–tensor assumes

diagonal form

g =




gx 0 0

0 gy 0

0 0 gz


 (2.39)

For an arbitrary orientation of theg–tensor with respect to the external magnetic field the effec-

tive g-factor is given by the expression3

g2(θ ,φ) = g2
xxsin2θ cos2φ +g2

yysin2θ sin2φ +g2
zzcos2θ (2.40)

If the hyperfine coupling is also anisotropic, a similar equation is obtained to describe the

effective hyperfine coupling The combination of both anisotropicg– and hyperfine coupling

tensorsA lead, depending on the magnitude of the particular anisotropy, to complex but specific

derivative mode line patterns in an EPR spectrum. This is shown in Fig. 2.7.

2.4 Theory of ENDOR–Spectroscopy

Electron nuclear double resonance (ENDOR) [57] is a double resonance technique in which

NMR transitions are observed by monitoring the intensity of an EPR transition. ENDOR offers

many advantages over EPR spectroscopy. One of the major advantages is the much improved

spectral resolution compared with EPR. This is due the reduced number of lines in an ENDOR

spectrum, which is given by

NENDOR= 2k (2.41)

wherek is the number of non-equivalent nuclei interacting with the electron spin. In contrast,

the number of lines in an EPR spectrum is

NEPR=
i=k

∏
i=1

(2ni Ii +1) (2.42)

whereni is the number of nuclei within each group of non-equivalent nuclei.

This is especially helpful when EPR lines are inhomogeneously broadened by unresolved

hyperfine couplings, e.g., in biological systems where ENDOR can be applied successfully [58].

3For the definition ofθ andφ , see Fig. 3.5 on page 38
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The main disadvantage is the loss of sensitivity, since the ENDOR effect is detected by the

change of the EPR signal. The intensity of the ENDOR signal is only a few percent of the

intensity of the EPR signal in cw experiments.

The ENDOR spin Hamiltonian contains, in addition to those interactions relevant for EPR,

the nuclear Zeeman interaction and, for nuclei withI > 1/2, the quadrupole interaction. Gen-

erally, the form of the Hamiltonian is the same for different types of nuclei, with the exception

of the quadrupole interaction, and

Ĥ = µB
~BTG~̂S−∑

k

µNgn,k
~BT~̂Ik +∑

k

~̂SAk
~̂Ik +∑

k

~̂IkPk
~̂Ik (2.43)

When quadrupole interactions can be neglected the resonance frequenciesνENDOR and line

splittingsν+−ν− up to third order are [59]

νENDOR = |Ams|− A|Ams|
2ν0

(2ml ±1)+
A|Ams|

2ν2
0

νn(2ml ±1)
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−A2|Ams|
2ν2

0

[
I(I +1)+S(S+1)− [

m2
s +3ml (ml ±1)+2

]]
(2.44)

ν+−ν− = 2νn +
A2

ν0

[
S(S+1)−m2

s

]− A2νn

ν2
0

[
S(S+1)−m2

s

]

−A3(2ml ±1)
ν2

0

[
2S(S+1)−3m2

s

]
(2.45)

in which ν0 is the microwave frequency,νn = (µNgnB0)/h is the free nuclear frequency and

ml is themi level of the transitionml ↔ ml + 1. Note that the ENDOR frequency depends on

both thems andmi state of the transition. Most of the time, ENDOR spectroscopy is performed

on S= 1/2 systems and then eqn. 2.44 can be simplified. Moreover, it is practical to make a

distinction between different types of nuclei (1H, 14N and55Mn) and deal with the first-order

solution of the respective spin Hamiltonian separately. This way relatively simple expressions

can be obtained for the resonance frequencies.

1H ENDOR

Protons (I = 1/2) exhibit the largest nuclearg value of all stable nuclei (gn = 5.5857). In most

cases, the resulting nuclear Zeeman energy is larger than half the hyperfine splitting, even at

low magnetic fields. The first-order resonance frequencies are then

νENDOR=
∣∣∣∣νn± A

2

∣∣∣∣ (2.46)

and occur centred around the free nuclear frequencyνn and are separated by the hyperfine

splitting A. An energy level diagram is depicted in Fig. 2.8. For the isotropicS= 1/2, I =
1/2 case, two EPR and two ENDOR transitions are allowed. In the first-order treatment, the

ENDOR spectra are identical, regardless on which EPR line the NMR transitions are monitored.

14N ENDOR

The14N nucleus (I = 1) has a relatively smallg-value (gn = 0.4038) leading to a small Zeeman

splitting compared to the hyperfine coupling. Furthermore, quadrupole interactions are possible

which add to the complexity of the spectra. If the hyperfine coupling is about the same as the

Larmor frequencyνn, ENDOR spectra are difficult to interpret due to mixing of states. In

this case, ESEEM–spectroscopy (electron spin echo envelope modulation) is better suited [60].

With this pulsed technique small hyperfine couplings and pure nuclear quadrupole transitions
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can be observed. The first-order resonance frequencies are, in the general case,

νENDOR=
∣∣∣∣
A
2
±νn± 3e2qQ

2h

2ml +1

2I(2I −1)

∣∣∣∣ (2.47)

whereml is the spin state of the lower of the two energy levels which are involved in the

transition. For14N, two nuclear transition are allowed for eachms manifold,−1↔ 0 and

0↔ 1. The magnitude of the quadrupolar splitting is the same for either transition and eqn. 2.47

simplifies to

νENDOR =
∣∣∣∣
A
2
±νn± 3e2qQ

4h

∣∣∣∣

=

∣∣∣∣∣
A
2
±νn±

P‖
h

∣∣∣∣∣ (2.48)

As a result, four lines are expected in the experiment, centred aroundA/2, spaced byP‖ and

again by2νn. It should be kept in mind though, that this is only an approximation. In a real

system, especially when the tensors are anisotropic, the terms in eqn. 2.48 may be energetically

close for certain orientations. Then the first or even second-order approximation does not hold

and forbidden transitions can occur. In any case, an exact calculation of the energies via matrix

diagonalisation is necessary for14N, and even more, for55Mn nuclei.
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55Mn ENDOR

55Mn nuclei (I = 5/2) also have a relatively smallg-value (gn = 1.3819) and quadrupolar in-

teractions may be of importance. In contrast to14N, 55Mn nuclei are not ligands, but are found

as central atoms in a variety of oxidation states and ligand fields. Therefore, depending on the

environment, completely different ENDOR spectra can be obtained. In this work, the55Mn

nuclei can be sorted into three categories: (i) MnII in weak/cubic ligand fields, (ii) MnII in

strong/axial ligand fields and (iii) MnII , MnIII and MnIV in exchange coupled Mn dimers. They

will be treated separately, since each features unique properties.

(i) Mn II in weak/cubic ligand fields

The electron spin of a MnII ion is S= 5/2 and in the case of weak ligand fields the ZFS is

typically small. Thems levels are nearly degenerate without magnetic field. With a magnetic

field, the degeneracy is lifted and sixms levels are obtained, each of which is further split into

six mi levels. 30 EPR transition are allowed by the selection rule∆ms =±1. These are largely

independent of thems state and thus the±5/2↔±3/2,±3/2↔±1/2 and−1/2↔ 1/2 transi-

tions coincide so that only six lines are observed in the first-order approximation. Applying the

∆mi =±1 selection rule, a total of 30 ENDOR transitions are allowed. The ENDOR frequency

increases with the magnitude ofms. As a result, e.g., themi : −3/2↔−1/2 NMR transition

monitored on thems : −5/2↔−3/2 andms : 1/2↔ 3/2 EPR lines (which coincide) will oc-

cur at different ENDOR frequencies. The allowed EPR and ENDOR transitions in the central

(ms = ±1/2) manifolds of aS= 5/2, I = 5/2 are the same as thoseS= 1/2, I = 5/2 system,

which is shown in Fig. 2.9. In the ENDOR spectra monitored on the outer EPR lines only two

resonances are observed, because only a transition to one othermi level (mi : ±5/2↔±3/2)

is allowed. The splitting between the lines is approximately2νn. On the other EPR lines, four

lines are observed since two othermi levels may be reached. Another feature is the high se-

lectivity. In theS= 1/2, I = 1/2 case, the ENDOR spectra were the same whether they were

detected on themi =−1/2 or themi = +1/2 EPR line. Here, different ENDOR transitions are

observed on different EPR lines. Thus, themi levels observed in ENDOR can be selected by

choice of the EPR line.

(ii) Mn II in strong/axial ligand fields

When axial ZFS is present, the sixms levels are split into three Kramer’s doublets in the

absence of a magnetic field. With a magnetic field, all levels except thems± 1/2 levels are

effected by the ZFS. Depending on the magnitude of the ZFS, only these central six lines are

observable while the others exhibit low intensity powder shapes or are broadened beyond ob-

servability. The aforementioned selection scheme is then not only selective with regard tomi ,
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but alsoms.

(iii) Exchange coupled Mn dimers

The ground state of either an anti-ferromagnetically coupled MnII MnIII or MnIII MnIV dimer

is S= 1/2 and both share the same ENDOR properties. For EPR, only thems = −1/2↔ 1/2

transitions are possible and this case resembles that of (i) when limited to the central EPR

transitions. There is, however, an important difference. In the case of dimers, quadrupolar

interactions, which didn’t play a role in (i) or (ii), now matter. Furthermore, the hyperfine

tensors are no longer isotropic, but may be rhombic. The effects of both factors is discussed

below.

To first-order, the (mi dependent) energies of the quadrupole spin Hamiltonian in theI = 5/2

case are (field alongz-axis)

EQP =
e2qQ
20h

[
3m2

i −
15
2

]
= P‖(2m2

i −5) (2.49)
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and the splitting between successivemi levels is

Emi+1−Emi
=

3e2qQ
20h

(2mi +1) = 2P‖(2mi +1) (2.50)

Thus, there will be a shift in the ENDOR line positions that depends on themi level of the tran-

sition. Moreover, the direction of the shift is related to bothms andmi levels of the transition.

From eqn. 2.50 the shift for the transition+3/2↔ +5/2 is +6P and for the−5/2↔−3/2

transition−6P. The sign of the shift is reversed for the otherms manifold. An example is

given in Fig. 2.10, where for clarity only a single55Mn nucleus interacts with an electron. The

spectra depicted are more complicated since the calculation included the full quadrupole tensor

and thus powder pattern lineshapes are obtained. The shifts corresponding to thez component

are larger than for thexycomponents and have opposite signs because of the tensor symmetry.

The inclusion of anisotropicg– and hyperfine tensors complicates the ENDOR spectra by

removing themi filtering scheme. This is because the lines are no longer isolated, but overlap

can occur for a given magnetic field, especially in the centre of the EPR spectrum. Another

complication concerns the experiment. The ENDOR lines exhibit powder shapes with low

intensities if large anisotropies are encountered, e.g., for MnIII .
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Figure 2.10: Simulated EPR spectrum (top right) and calculated ENDOR spectra monitored on lines

A and B. The upper trace in the ENDOR spectra excludes the quadrupolar interaction, the lines are

separated by2νn. The bottom trace including quadrupolar interaction shows powder shape lines. The

shifts induced by the quadrupole interaction are indicated. Note the opposing shift directions in the

ms = −1/2 andms = 1/2 manifolds and the reversing of direction when themi transitions change sign

(A: mi−5/2↔ 3/2, inward shift, B:mi3/2↔ 5/2, outward shift).P= e2qQ
20h . In the energy level diagram

(top left) the contribution of the quadrupole interaction which depends on themi state is shown. For

example, for themi =±5/2 states, the energy is increased by5P. The splitting between themi = +5/2

andmi = +3/2 is decreased by6P in the lower and is increased by6P in the upperms manifold. This

leads to the line shifts observed in the ENDOR spectra. The ENDOR transitions that are observed in the

spectra are indicated.
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Chapter 3

Materials and Methods

3.1 cw–EPR and Related Techniques

cw–EPR and derived techniques include, e.g., electron nuclear double resonance (cw–ENDOR)

and electron nuclear triple resonance (cw–TRIPLE). In this work, cw–EPR and cw–ENDOR

were used. A short overview is given below.

3.1.1 cw–EPR

In cw–EPR experiments, the incident frequency – usually in the microwave range – that drives

the transitions between two electron spin states is applied continuously while the magnetic field

is varied (swept). Resonance occurs, when the energy difference between two states, which

depends on the magnetic field, equals the incident frequency. The small population differences

between energy levels relevant to EPR lead to to severe sensitivity problems in the detection of

the signals. Therefore lock-in detection and a field modulation technique is used to obtain the

spectra. These are recorded as derivative signal intensity over magnetic field strength.

When on-resonance, two concurrent processes are responsible for the signal intensity, the

absorption of the microwave frequency that drives the transition and the relaxation of the excited

spin state. In a cw experiment, the signal can be saturated if the rate of absorption, which

is proportional to the microwave power, is higher than the relaxation rate. Generally, lower

temperatures yield a higher population difference between the upper and lower states. On the

other hand, spin-lattice relaxation is faster at higher temperatures. This means that optimum

conditions vary from sample to sample.

29
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3.1.2 cw–ENDOR

In a cw–ENDOR experiment the nuclear transitions are detected on a partially saturated EPR

line. If the swept radio frequency (RF) induces nuclear transitions connected to the EPR transi-

tions corresponding to that line, desaturation of the line occurs. The resulting change in intensity

is monitored. For sensitivity reasons the applied RF is modulated and therefore the derivative of

the signal intensity is recorded. The cw–ENDOR experiment depends strongly on both the elec-

tronic (We) and nuclear (Wn) relaxation rates. An example foraS= 1/2, I = 1/2 system is shown

in Fig. 3.1. The EPR transition
∣∣ms,mi

〉
= |−1/2,+1/2〉↔ |+1/2,+1/2〉 is pumped and when

the RF is on-resonance, spin population is transferred from|+1/2,+1/2〉 to |+1/2,−1/2〉.
Through the relaxation pathsWe(|+1/2,−1/2〉 ↔ |−1/2,−1/2〉) and Wn(|−1/2,−1/2〉 ↔
|−1/2,+1/2〉) the ground state is reached. If this process can compete with the direct relax-

ation pathWe(|+1/2,+1/2〉 ↔ |−1/2,+1/2〉), good ENDOR intensities are obtained. When

there are no cross relaxation paths, e.g.,Wx(|+1/2,−1/2〉↔ |−1/2,+1/2〉) optimum ENDOR

intensity is obtained when the electronic equals the nuclear relaxation. In most cases, how-

ever, the electronic relaxation is much faster and has to be decreased by lowering the measuring

temperature.

3.2 Pulsed EPR and Related Techniques

Instead of applying an electromagnetic (microwave) radiation continuously, as in cw–EPR, the

incident frequency can be pulsed. The quantum mechanical treatment is quite complex and is

published for example in Slichter [38]. Here, only a short summary will be given. A more
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detailed overview is given in refs. [61, 62].

A pulsed experiment is best described in a vector model as shown in Fig. 3.2. If the static

magnetic field is applied is applied along thez-axis, the spins precess around this axis and the

magnetisation is in this direction. At a timet = 0 a microwave pulse that is in resonance is

applied inx direction. The length of the pulse is chosen so that the magnetisation is rotated by

90◦ (π/2 pulse). Shortly afterwards (t = 0+) the magnetisation is along they-axis as a result

of the pulse. The spins begin to precess in thexy plane. The magnetisation that is detected

in y direction starts to decay and leads to the free induction decay (FID) signal. This decay is

due to field inhomogeneities or spin–spin interactions that lead to slightly different precession

frequencies for the individual spins. This is observed at a timet = τ. At this time a second

resonant microwave pulse is applied inx direction that rotates the magnetisation about180◦

(π pulse). This reverses the precession of the spins as shown fort = τ+. At a timeτ after the

second pulse, the original magnetiation is restored, so that at timet = 2τ a so called spin echo is

detected. The decay of the magnetisation caused by spin-spin interactions can not by reversed

by the second pulse. This process is called spin-spin relaxation. The associated time constant

(phase memory time) is calledT2. The amplitude of the spin echo decreases exponentially with

T2.

3.2.1 Field–Swept Echo EPR

One of the simplest pulsed EPR experiments is the so called field–swept echo EPR experiment

(FSE), in which after aπ/2-τ-π pulse sequence the integrated echo is recorded while the mag-

netic field is stepped. This is the pulsed analogue of a cw–EPR experiment. In the experiments

carried out in this work, a typicalπ pulse length was 128 ns. For the investigated metal com-
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plexes theT2 time is very short. This requires that the inter-pulse delay timeτ has to be also

very short (about 400 ns).

3.2.2 Davies–ENDOR

One of the major obstacles in cw–ENDOR is the requirement that the different relaxation times

and microwave/RF fields have to be balanced so that an ENDOR effect is detectable. With

pulsed ENDOR spectroscopy, this limitation can be overcome, since the pulse sequence is,

in most cases, short enough that relaxation effects can be eliminated. Two pulse sequences,

invented by Davies [63] and by Mims [64], are commonly employed. Both make use of the

transfer of spin polarisation. In this work, only Davies–ENDOR experiments were performed

and the principle of this experiment is outline below.

With a first selective microwaveπ-pulse, the spin population of a single EPR transition

is inverted. With a selective RFπ-pulse, the nuclear spin population in onems manifold is

inverted. Thus the original population difference of the EPR transition vanishes and so does

the spin echo (see Fig. 3.3). The relaxation process that limits the time between inversion pulse

and detection sequence is the spin-lattice relaxation with the timeT1. At low temperatures,T1

is usually sufficiently long to perform ENDOR experiments.

3.3 Simulation of EPR/ENDOR Spectra

One of the most important methods to evaluate EPR and ENDOR spectra is the computer-

aided simulation. For this purpose, two simulation programs were written in this work that

use a different approach for the calculation of the resonances. One program (maureen) uses

perturbation theory. It is suited to simulate EPR spectra ofS= 1/2 systems and incorporates

electron Zeeman and hyperfine interactions. A more general approach is realized in the program

(barley), which uses a full matrix diagonalisation approach. Both EPR and ENDOR spectra

can be calculated. These programs are described in detail below.

3.3.1 The Simulation Programmaureen

In our group two computer programs for the simulation of EPR and ENDOR spectra have been

written by R. Fiege [65] (eprfit) and Ch. Geßner [66] (spleen). Both calculate the resonances

by use of perturbation theory, where the hyperfine interaction is treated as a perturbation up

to second order in the magnetic field strength. The programeprfit simulates EPR spectra

and allows to optimise the EPR parameters by fitting simulated to experimental spectra by
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use of a modified Levenberg–Marquardt algorithm. However, the program is not very fast

and parameters have to be entered via a very strict and limited input scheme. The program

spleen was written mainly to calculate ENDOR spectra. It employs a very flexible way to read

parameters, but unfortunately, it does not allow to fit experimental spectra. In this work, the

programmaureen was written to extend the existingeprfit program and to provide a more

flexible parameter input. The improvements made are summarised below.

• Flexible input of parameters utilising a scanner/parser to read the input file.

• Clean implementation of the Levenberg–Marquardt algorithm.

• The possibility to read not only Bruker ESP type files, but also Bruker BES3T and ASCII

type files.

• Order of perturbation can be selected (1. or 2. order).



34 3.3. Simulation of EPR/ENDOR Spectra

• Selected field ranges may be excluded from the fit, e.g. if other signals impair an experi-

mental spectrum.

• Nuclear spin states that contribute to the spectrum can be selected, e. g. for a nucleus with

I = 5/2, only the contribution from themi =−3/2 can be calculated.

• Use of anisotropic linewidths.

• Calculation of ”stick diagrams”

One of the most useful tools for the interpretation of EPR spectra of MnIII MnIV or MnII MnIII

complexes or the analysis of55Mn–ENDOR spectra, especially orientation selected, are stick

diagrams. They are created on-the-fly bymaureen. An explanation how this is accomplished is

given below.

Stick Diagrams

Usually, in a powder spectrum contributions from different tensor components (e.g.G, AIII ,

AIV ) are difficult to see and an assignment of the powder lines to specific transition is nearly

impossible. Stick diagrams visualise these contributions and can help to make an assignment

of a line to a specific spin state. A stick diagram consists of three trees each representing

a single Cartesian tensor component. Each single tree is based on a calculation in which the

magnetic field vector is aligned either to thex-, y- or z-axis. Thex component tree is constructed

as follows (see Fig. 3.4): At first, only theG–tensor is accounted for resulting in a single

line. In the second step, the first hyperfine tensor (hereAIII ) is added yielding six resonances

(I III = 5/2). In the next step the second hyperfine tensor (hereAIV ) is added. Each of the former

six lines is now further split into hextets. If there were more nuclei, this procedure would be

repeated for all nuclei. They andz trees are prepared in a similar way. By comparing the stick

positions with the powder lines, an assignment can be done.

3.3.2 The Simulation Programbarley

The computation of EPR and ENDOR spectra, in which interactions other than electron–

Zeeman or electron–nuclear hyperfine coupling have to be included or the spin system to be

simulated is not in aS= 1
2 state, is not possible with the existing programsmaureen and

spleen, because they are based on a second order perturbation approach with equations solved

for S= 1/2 and hyperfine interactions only. Especially14N and55Mn–ENDOR spectra or EPR

spectra of MnII can not be simulated, since they include either nuclear–Zeeman and quadrupo-

lar interactions or originate from high–spin states (S= 5/2). Though it is in principle possible
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to extend these programs to include higher electron spins or other interactions, the perturba-

tion equations become quite complex and a generalisation to arbitrary spin systems is often

tedious [67]. Therefore, in this work a simulation program was developed that allows to calcu-

late these kinds of spectra.

The most general approach is the method of full–matrix diagonalisation (FMD). With this,

the complete spin Hamilton operatorĤ for the system of interest is constructed and its eigen-

values (energies) and eigenvectors (states) are calculated.

Ĥ = Ĥ0 +B0ĤB0
(3.1)

The spin Hamilton operator may include all interactions that have been described in chapter 2.1.

The complete spin Hamiltonian can be separated into a field–dependentB0ĤB0
and a field–

independentĤ0 part to save computation time (the field–independent part is set up only once).

The eigenvaluesE and eigenvectorsC of the spin Hamilton matrix are determined numerically

by use of standard diagonalisation algorithms.

E = C†ĤC (3.2)
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Thereby one obtains the energy and the state of the system depending on the strength of the

external magnetic field. From these the resonance positions and intensitiesPi f of the transition

i → f can be calculated. For the resonance positions

hν = Ei(B0)−Ef (B0) (3.3)

and the intensities of the transitions

Pi f =
2π
h̄2

∣∣∣〈Ci |Vi f |C f 〉
∣∣∣
2(

νi f −ν
)

(3.4)

V̂ = −µBM̂B1cos(νt) (3.5)

The magnetic moment operatorM̂ for EPR experiments is an analogue of the electronic Zeeman

operator, for ENDOR experiments of the nuclear Zeeman operator. Furthermore, in eqn. 3.4ν
is the frequency andB1 is the strength of the radiation that induces the transitions. The radiation

can be applied such that its magnetic field vector~B1 is either perpendicular (~B0⊥ ~B1) or parallel

(~B0‖~B1) to the static magnetic field.

Powder spectra are usually obtained by summation of many single point simulations with

different orientations of the magnetic field vector relative to the molecule.

S=
∫ π

0
dφ

∫ π

0
dθPi f (φ ,θ) (3.6)

In barley, a spiral is laid out over the unit sphere to account for the different orientations.

The spiral method was developed by Mombourquette [68]. An algorithm was implemented by

Geßner [66]. Here, the implementation by Fiege is used [65].

The disadvantage of the FMD method compared with a perturbation theoretical approach

is the greatly enhanced need of computation power. Therefore FMD methods require either

state-of-the-art computers or additional approximations to speed up the calculation. Some of

the approximations and special features used bybarley are discussed below.

In contrast to other simulations programs, the parameters used to define the spin system or

the experimental setup are read from an input file. Thereby it is not necessary to re-compile the

program in the case of a parameter change, especially a change of electron or nuclear spins. To

achieve this kind of flexibility, algorithms have been developed that

• create for an arbitrary spinJ the corresponding spin operator~̂J.

• set up a common spin spaceH =
⊗n

i Hi from an arbitrary number of spin spacesHi

• generate an interaction operatorŴ for most EPR relevant interactionsW.
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The quantum mechanical and mathematical background for this has been provided and is dis-

cussed in detail by Poole and Farach (ref. [69]), so that the interested reader may confer there.

The by far most time consuming steps in the calculation of EPR spectra by the FMD method

are (i) the diagonalisation itself and (ii) the calculation of the transition probabilities and speed-

ups therefore are most effective when applied to either (i) or (ii).

Van Veen [70] has suggested a speed-up regarding (ii). Usually the vector~B1 is chosen per-

pendicular to the external magnetic field vector~B0. There are, however, numerous possibilities

to chose from. An arbitrary one is sufficient for most axial systems, but unfortunately not for

rhombic systems. For these an auxiliary~B2 has to be constructed, such that~B1 and~B2 define a

plane perpendicular to~B0 (see Fig. 3.5). The magnetic moment operator has to be sampled over

a number of field vectors in that plane to account for many orientations. Instead of sampling

many transition probabilities for systems with rhombic symmetry Van Veen showed that the

averaged transition probability can be used. For EPR experiments, the averaged probability of

a transition from statei to statef is

Pi f =
π
2

µ2
BB2

1

(∣∣∣〈Ψi |gxcosθ cosφ Ŝx +gycosθ sinφ Ŝy−gzsinθ Ŝz|Ψ f 〉
∣∣∣
2

+
∣∣∣〈Ψi |gxsinφ Ŝx−gycosφ Ŝy|Ψ f 〉

∣∣∣
2
)

(3.7)

In practice, this can lead to a dramatic reduction in computing time, depending on how many

orientations in the plane are sampled.

The diagonalisation (i) inbarley uses the Eispack [71] routineshtridi, tqli2 andhtribk,

that have been ported to C by the author. With these routines the matrix to be diagonalized is

brought to tridiagonal form before the actual diagonalisation is performed. This method is to

date the most efficient for solving the special eigenvalue problem of a hermitian matrix. It scales

with n3, wheren is the dimension of the matrix. This scaling behaviour is responsible that, e.g.,

MnIII MnIV complexes in the uncoupled representation or the Mn cluster in PSII (S2 state) can

only be calculated on supercomputers (dim(H)=720x720 and7202x7202, resp.); even a single

diagonalisation takes an enormous amount of time.

A further reduction in computing time can only be achieved if the number of diagonalisation

steps necessary to compute the spectrum can be reduced. A number of possible solutions can be

found in the literature [70, 72]. Two approximations that are used inbarley shall be discussed

in the following.

EPR Experiments: the linear Approximation

For many systems is is true that the energy for a given state vector|ms;mi ; . . .〉 depends linearly

on the external magnetic field. Furthermore, there are often no energy levels crossings in the
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Figure 3.5: Arrangement of the magnetic field vectors that are used for the calculation of the transition

probability. Vector~B0 represents the external magnetic field. In perpendicular detection mode, any

vector in the plane spanned by~B1 and~B2 represent the magnetic field vector of the incident radiation.

field range of interest. This is mostly the case for high magnetic fields and relatively small

field sweeps. Then it is possible to calculate the exact energies at two field points — usually

at the start and at the end of the field sweep — by diagonalisation and interpolate the energies

in between by a function linear in the magnetic field strength. The eigenvectors are assumed to

be constant over the field range. For each field position the energies, and thus the transitions

and the spectrum, be calculated without further diagonalisation. The number of diagonalisation

steps is thereby reduced to two steps per orientation in contrast ton steps in the exact method,

wheren is the resolution of the field axis. If the field sweep is so large that the assumptions

are not valid, it can be divided into a number of smaller sweeps. The complete spectrum can

be assembled from these ”sub-sweeps”. This approximation method is selected by setting the

experiment keyword toEPR SWEPT in the parameter file.

EPR Experiments: analytical Calculation of Resonance Positions

In ref. [72] another approximation is described, that reduces the computation time even further

compared to the linear approximation. Again the eigenvalues and eigenvectors are obtained

from exact diagonalisation at two field points, but now the transitions are not searched for by

stepping the magnetic field as before. Instead the resonance positions are calculated. The

dependence of the energy levels on the magnetic field strength is

E′ = C†ĤB0
C (3.8)
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and thus the resonance positions are

Bi f = B0 +
hν±∆Ei f

∆E′i f
(3.9)

where∆Ei f and∆E′i f are the differences between theith and f th energy level regardingE and

E′. This approximation requires a linear course of the energies with the strength of the magnetic

field and constant eigenvectors. This simulation method is selected by setting the experiment

keyword toEPR ANALYTIC.

A comparison of the three EPR simulation methods used inbarley is shown in Fig. 3.6

for the example of an MnII ion (S= I = 5
2) in CaO. It can be seen clearly that the method

EPR ANALYTIC did not find all of the transitions that are present inEPR SWEPT and the method

with no approximations,EPR. MethodEPR SWEPT, however, yielded an acceptable result even

for such a complex spin system. Comparison of the computation times shows thatEPR is about

160 times slower thanEPR SWEPT. Note that the computation time depends in both cases on the

axis resolution. A high resolution on the field axis, however, is necessary since the resonance

positions are not known in advance and the line intensities become distorted if the linewidth

in eqn. 3.4 can not compensate a relatively low resolved field axis.EPR SWEPT simulations

are a sensible compromise between accuracy and speed and were employed e.g. to calculate

spectra of the MnIII MnIV complexes (using the spin Hamiltonian in coupled representation). A

further threefold reduction is gained fromEPR SWEPT to EPR ANALYTIC and in the latter case

the computation time is independent of the axis resolution. Moreover, this routine is well suited

to simulate EPR spectra withS= 1
2.

A further reduction of computing time can be achieved by interpolating also the orienta-

tional dependence of the energies. Suggestions can be found in the literature [70, 72–74]. The

adoption of these methods will be part of future improvements.

ENDOR Experiments

The calculation of ENDOR spectra requires a different approach than the calculation of EPR

spectra. Here, the resonance position is obtained directly from the energy difference between

two levelsEi andEf . Since the magnetic field is kept at a constant strength, only a single matrix

diagonalisation step is necessary, which leads to a large reduction in computing time. On the

other hand more time has to be spent calculating the intensity of the possible EPR transitions

that are connected to the ENDOR transition. For example, the ENDOR transitioni → f can,

in principle, be detected on the EPR transitionsi → j and j → f , where j is the index over all

levels. An ENDOR simulation is selected by setting the experiment keyword toENDOR.
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Figure 3.6: Comparison of the three simulation routines ofbarley . This example is a a simulation

of MnII in CaO (S= 5/2,I = 5/2). Bottom: without approximations (EPR). The spin Hamilton operator

is diagonalized at each field point. Computing time: 13 h 15 min. for 1000 points resolution on

the field axis. Middle: energies are assumed to increase linear with the magnetic field (EPR SWEPT).

Computing time: 10 min. for 2000 points. Top: Resonance positions are calculated according to eqn. 3.9

(EPR ANALYTIC). Computing time: 3 min. for 2000 points. Common parametersgiso = 2.0013, D =
80 MHz, aiso = −245 MHz, 16300 orientations. All calculations were performed on an AMD Athlon

XP 1700+ computer.
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Energy Level Diagrams

Energy level diagrams can be calculated by specifying the experiment keywordLEVELS. The

program stores the energies calculated from eqn. 3.2 and the magnetic field strength on disk. A

file is prepared for each energy level. Additionally, the equilibrium level population (Boltzmann-

factor) and the spin states are stored. Since only the energies are calculated, not the transition

probabilities, and moreover, only a single orientation with respect to the magnetic field vector,

energy level diagrams can be obtained even for very complex spin system, e.g. diagrams of

MnII MnIII in the uncoupled representation or the Mn-cluster in photosystem II.

Boltzmann Diagrams

Since the calculations performed with the FMD method yield a nearly complete description of

the states for a given system, it is also possible to calculate the spin population of all energy

levels and the temperature dependence of the population distribution. This is achieved in a so-

called Boltzmann simulation (keywordBOLTZMANN). If this calculation is selected, the relative

spin populationNi/N of the ith energy level is calculated for all energy levels according to

Boltzmann statistics at a static field position.

Ni

N
=

exp(−Ei/kT)
∑exp(−Ei/kT)

(3.10)

The temperature is varied as specified by thestart andsweep keywords in the parameter file.

The output file contains for each temperature the current Boltzmann distribution and can be

used to visualise the temperature dependence of the population distribution.

A related calculation is the selected with experiment keywordPROBABILITY. Thereby, the

EPR transition probabilitypi f for a transitioni → f is monitored as the temperature is varied.

The output file then contains a list of all allowed EPR transitions for a given static field along

with the probability for each temperature specified by thestart andsweep keywords in the

parameter file. Note that the probability is not weighted by a lineshape function. Therefore

the spectrometer frequency is not accounted for and even off-resonance transitions may have a

significant probability.

A documented sample input file is given in the Appendix.

3.4 Materials

All model complexes were synthesised in the group of Prof. Dr. Wieghardt, Max-Planck-Institut

für Strahlenchemie, by Dr. Thomas Weyhermüller and Dr. Helga Hummel. The dimanganese
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catalase fromThermus thermophiluswas provided by Dr. Vladimir Barynin, University of

Sheffield. The protein B of the sulphate-ixidizing system fromParacoccus pantotrophuswas

prepared in the group of Prof. Dr. Friedrich, Universität Dortmund, by Dr. Armin Quentmeier.

3.4.1 MnIII Mn IV (µ–O)2bipy (BIPY)

The complex [MnIII MnIV (µ-O)2bipy4]ClO4, bipy=bipyridin (BIPY) is one of the earliest and

best characterised complexes with a MnIII MnIV (µ-O)2 core. It was first synthesised in 1960 by

Nyholm and Turco [75]. A X-ray structure was published by Plaksin et al. [76], but only data

for the core was given. A more recent and more detailed X-ray structure was given by Jensen

et al. [77].

From the X-ray structure it is seen that the Mn ions are inequivalent. For the MnIII ion the

axial bonds are longer than the equatorial bonds (2.213Å vs. 2.127Å). This is due to the Jahn-

Teller effect that is expected for ad3 ion in octahedral coordination. In general, a deformation

of the octahedral symmetry is energetically favourable ford3 ions. In this case an elongation

of the axial bonds (0.194̊A) is observed. Moreover, the MnIII -O are longer than the MnIV -O

bonds, on average the lengths are 1.885Å and 1.810Å, resp. The Mn-Mn distance was found

to be 2.705Å.

The complex is well characterised and a number of data has been published [28, 76, 78–

81]. Cooper et al. [79] observed ”‘Mixed Valence Absorption Bands”’ at 1.2µm with a full

width at half height of 0.46µm using optical and IR-spectroscopy. Detailed results from optical

and MCD spectroscopy are also published by Gamelin et al. [81]. A formation of a trinuclear

species ([Mn3O4(bipy)4(OH2)2]4+) is known to take place at low pH values (pH≤ 1.9) [80].

The exchange coupling constantJ was determined from the temperature dependence of the

magnetic susceptibility. Cooper et al. publishedJ =−150±7 cm−1 [28] 1, Plaksin et al. found

J =−147K [76] and Inoue gaveJ =−144cm−1 [82].

Morrison et al. [78] determined the redox potential for the oxidation MnIII MnIV →MnIV MnIV

using cyclic voltammetry to beE0 = +1.32 V. For the reduction MnIII MnIV → MnIII MnIII

the redox potential isE0 = +0.36 V. Similar data have been obtained by Cooper et al. (E0 =
+0.29V andE0 = +1.25V [79]) and Sarneski et al. (E0 = +0.25V andE0 = +1.2 V [80]).

3.4.2 MnIII Mn IV (µ–O)2phen (PHEN)

The complex [MnIII MnIV (µ-O)2phen4]ClO4, phen=o-phenantroline (PHEN) was originally syn-

thesised in 1966 by Goodwin and Sylva [83]. Stebler et al. [84] published an X-ray structure in

1All J values refer to the spin Hamiltonian̂H =−2J~̂S1
~̂S2
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Figure 3.7: X–ray crystal structure of complex BIPY based on data by Jensen et al. [77].

1986. In contrast to complex BIPY a difference between MnIII and MnIV could not be resolved

in the structure due to disorder. From their data the complex is more symmetric than BIPY and

has a centre of inversion and a C2 symmetry axis in the centre of the Mn1-O1-Mn2-O1 plane.

Axial Mn-N bonds have a length of 2.128̊A, the Mn-Mn distance is 2.700̊A.

For complex PHEN extensive physico-chemical data is available also [78, 79, 84] which

will be summarised briefly. IR, optical spectroscopy and electrochemistry was performed by

Cooper et al. [28]. An exchange coupling constantJ =−148cm−1 was measured by Stebler et

al. [84]. Cooper et al. foundJ = −134±5 cm−1 [28]. The redox potentials for the oxidation

and reduction, MnIII MnIV →MnIV MnIV and MnIII MnIV →MnIII MnIII , were found to beE0 =
1.28V andE0 = 0.34V, resp. [79].

3.4.3 MnIII Mn IV (µ–O)2)(µ–CH3CO2)tacn2 (TACN)

The synthesis of complex [MnIII MnIV (µ-O)2(µ-OAc)tacn2]BPh4, tacn=1,4,7-triazacyclono-

nane, OAc=CH3CO2 (TACN), was published by Wieghardt et al. [85]. From the same authors,

X-ray structure analysis and physico-chemical characterisation was performed. The Mn–Mn

distance is with 2.588̊A very short for a complex with a Mn2O2 core. Together with the ad-
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Figure 3.8: X–ray crystal structure of complex PHEN based on data by Stebler et al. [84].

ditional µ-OAc ligand, this results in a tilt of the Mn1–O1–O2–Mn2 plane. The torsion angle

between the O1–Mn1–O2 and O1–Mn2–O2 planes is about16◦. The exchange coupling con-

stantJ was measured to be−110cm−1 . Theµ-OAc ligand was found to be quite labile, the

formation of a bis-µ-O bridged species takes places after addition of a few drops of conc. HCl.

3.4.4 MnIII Mn IV (µ–O)2)(µ–CH3CO2)dtne (DTNE)

The complex [MnIII MnIV (µ-O)2(µ-OAc)dtne]BPh4, dtne=1,2-di-(1,4,7-triazacyclononyl)-ethane

(DTNE) was synthesised by T. Weyhermüller [86, 87]. In contrast to complex TACN a highly

resolved X-ray structure was obtained from which the different Mn ions could be discerned.

Moreover, it was possible to locate the nitrogen bound hydrogen atoms in the structure and

calculate the other hydrogen atoms. The Mn–Mn distance is with 2.558Å even shorter than

in TACN and the tilt is therefore greater. The torsion angle between the O1–Mn1–O2 and

O1–Mn2–O2 planes is about19◦. The exchange coupling was found to beJ =−110cm−1 .
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Figure 3.9: X–ray crystal structure of complex TACN from data by Wieghardt et al. [85].
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Figure 3.10: X–ray crystal structure of complex DTNE from data by Weyhermüller [86, 87].

3.4.5 MnIII Mn IV (µ–O)2(µ–CH3CO2)mdtn (MDTN)

The complex [MnIII MnIV (µ-O)2(µ-OAc)Me4dtne]BPh4, Me=methyl (MDTN), was synthe-

sised and characterised by T. Weyhermüller [87, 88]. X–ray analysis reveals a Mn–Mn distance

of 2.577Å, however, a distinction between MnIII and MnIV is from the bond lengths to the

ligands not possible. The torsion angle of the Mn1-O3-O4-Mn2 planes is18◦. The measured

value for the exchange coupling wasJ =−130cm−1 .



46 3.4. Materials

Mn1 O4

Mn2
O3

N4

N5

O1 O2

N2

N3

N1

N6

Figure 3.11: X–ray crystal structure of complex MDTN from data by Weyhermüller [87, 88].

3.4.6 MnIIMn III (µ–OH)(µ–(CH3)3CCO2)2((CH3)3tacn)2 (pivOH)

The complex [MnII MnIII (µ-OH)(µ-piv)2(Me3tacn)2](ClO4)2, piv=(CH3)3CCO2), (pivOH) was

prepared and characterised by H. Hummel [89]. Aµ-OH bridge was verified by X-ray structure

analysis. The oxidation states of the Mn ions could be discerned in the structure. An elongation

of the Mn2–N5 and Mn2–O3 bonds is the result of a Jahn-Teller distortion. Note that the

Jahn-Teller axis is in plane with theµ-OH and a (µ-piv) bridge. The Mn-Mn distance was

found to be 3.449̊A. The exchange coupling constant was determined to beJ = −8.5 cm−1

from magnetic susceptibility measurements. From these, also theg-factor g = 1.98 and the

ZFS parameterDIII = (−)8 cm−1 could be obtained. The electrochemistry of pivOH is quite

complex, a number of side reactions can occur. One problem is that the complex is oxidised

to MnIII
2(µ-O)(µ-piv)2Me4tacn2]2+ in solution. For the reduction MnII MnIII→MnII MnII E0 =

−0.17V2 , for the oxidation MnII MnIII→MnIII MnIII E0 =−0.5 V, see Fig. 3.12.

The complex MnII MnIII (µ-O)(µ-piv)2 (pivO)] is identical to pivOH, except that the bridg-

ing oxygen is not protonated. The MnII MnIII state was prepared electrochemically starting from

the MnIII MnIII state, which was synthesised and isolated by H. Hummel [89]. A X–ray struc-

ture and physico-chemical data exists only for the stable MnIII MnIII state. The Mn–Mn distance

(3.193Å) and the Mn–(µ–O) distances are shorter than in pivOH. The complex is coupled fer-

romagnetically, withJ = +5.4 cm−1 andDIII = (−)1.3 cm−1 . The electrochemistry has been

discussed above.

2Potentials are relative to the redox couple Fc+/Fc
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Figure 3.12: Redox- and protonation equilibria in the electrochemistry of pivOH. From ref. [89].
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Figure 3.13: X–ray crystal structure of complex pivOH from data by Hummel [89]. For the deprotonated

form, pivO, a structure exists only of the MnIII
2 state. It is, however, likely that only the geometry of the

core (Mn1-O-Mn2) changes when the MnIII
2 state is reduced to MnII MnIII .

3.4.7 MnIIMn III (µ–C6H5CO2)2((CH3)4alkox) (phCO2)

The complex [MnII MnIII (µ–phCO2)2(Me4alkox)](ClO4)2, ph=phenyl, (phCO2) was synthe-

sised and characterised H. Hummel [89]. Data obtained from X–ray structure analysis reveals a

Mn-Mn distance of 3.445̊A. Furthermore, a distinction between MnII (Mn1) and MnIII (Mn2)

could be made. A Jahn-Teller distortion leads to prolonged Mn2–N4 and Mn2–O5 bonds. All

other Mn2 bonds are shorter than the corresponding Mn1 bonds, e.g., Mn2–N5 2.099Å, Mn1–

N2 2.264Å. From magnetic susceptibility measurements the exchange coupling constantJ =
−10.9 cm−1 , theg-factorg = 1.97and the ZFS parameterDIII = (−)8.8 cm−1 were obtained.
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Table 3.1: Comparative data for some synthetic dinuclear Mn complexes

Complex Oxidation state Mn-Mn/Å Mn-O/Å J/cm−1

Mn2O2(bipy)4 III,IV 2.705 1.810–1.890 −150

Mn2O2(phen)4 III,IV 2.700 1.808–1.820 −134

Mn2O2(OAc)(tacn)2 III,IV 2.588 1.808–1.817 −110

Mn2O2(OAc)(dtne) III,IV 2.553 1.78–1.83 −110

Mn2O2(OAc)(mdtn) III,IV 2.577 1.81–2.065 −130

Mn2O(piv)2(Me3tacn)2 III,III 3.193 1.821–2.095 +5.4

Mn2OH(piv)2(Me3tacn)2 II,III 3.449 1.932–2.117 −8.5

Mn2(PhCO2)2(Me4alkox) II,III 3.445 1.896–2.185 −10.9

The redox potentials were determined to beE0 =−0.16V, E0 = +0.43V andE0 = +1.27V for

the oxidations MnII MnII→MnII MnIII , MnII MnIII→MnIII MnIII and MnIII MnIII→MnIII MnIV .
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Figure 3.14: X–ray crystal structure of complex phCO2 from data by Hummel [89].

3.4.8 Dimanganese Catalase

Dimanganese catalase from eitherLactobacillus plantarumor Thermus thermophilushave been

crystallised in the MnIII MnIII state and the X-ray structures of these forms have been solved

to very high resolution [16]. The data given below refer to the form isolated fromTh. ther-

mophilus. The Mn–Mn distance is 3.113̊A. One Jahn-Teller axis is along O3–Mn1–O9, the
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other is along O4–Mn2–O5. The Mn2–O5 bond is with almost 2.61Å extremely long for

a Mn–O type bond. Magnetic susceptibility measurements were performed and yieldedJ =
−1.7 cm−1 for the MnIII MnIII state in a low pH form andJ < −175cm−1 for the MnIII MnIV

state [23]. The same authors propose a high pH form that is much more strongly coupled than

the low pH form (−80 to−100 cm−1 ). For the MnII MnII state the exchange coupling was

calculated from EPR measurements and isJ =−14cm−1 [19]. Recent magnetic susceptibility

measurement yieldedJ =−5.0 cm−1 [24].
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Figure 3.15: X–ray crystal structure of the active centre of dimanganese catalase fromTh. thermophilus

in the MnIII MnIII state. After data by Barynin [90].

3.4.9 Protein B of the sulfur-oxidising complex

A sample of Protein B of the sulfur-oxidising complex (SoxB) fromParacoccus pantotrophus

was prepared by A. Quentmeier. After isolation and purification the enzyme was suspended in

a buffer consisting of 10 mmol/l Tris/HCl pH 7.5, 2 mmol/l Na2S2O3, 1 mmol/l MgSO4 and

1 µmol/l phenylmthylsulfonylfluoride (PMSF) and stored in liquid Nitrogen. The protein con-

centration was about 20 mg/ml. X–ray diffraction data is not available and so far the exchange

coupling constantJ, including the sign, is not known.
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3.5 Experimental

3.5.1 Sample Preparation

The EPR measurements were performed on frozen solutions using dimethylformamide (DMF)

as a solvent for TACN, DTNE and MDTN. A mixture of CH2Cl2/CH3CN (3:1) was used for

BIPY and PHEN, because these complexes form aggregates in pure CH3CN leading to large

linewidths. Furthermore, the particular mixture of CH2Cl2/CH3CN forms a glass upon freezing.

For the complexes pivOH and phCO2 a mixture of CH2Cl2/CH3CN (5:1) was used. The ratio is

of particular importance, since relatively narrow lines are observed only if an excess of CH2Cl2
is used.

Concentrations for EPR were typically 1–2 mmol/l, for the ENDOR experiments a concen-

tration of 5 mmol/l was used. To avoid traces of water, the solvents (UVASOL spectroscopy

grade, Fa. Merck) were dried over 3Å molecular sieves.

Dimanganese catalase fromTh. thermophilusis isolated in the MnIII MnIII state which has

a S= 0 ground state and is therefore EPR silent. The protocol to prepare the MnII MnIII and

MnIII MnIV states is derived from the procedure used by Khangulov et al. [19] and was supplied

by V. Barynin. It includes the following steps:

1. Prepare stock solutions of 100 mM phosphate buffer pH 6.8, 0.5 M MOPSO buffer

pH 6.8, 0.5 M MES buffer pH 6.3.

2. The sample is washed with a buffer containing 10 mM MOPSO pH 6.8 and concentrated

using a centricon 30. This is repeated once.

3. The concentrated sample is then treated with 2 mM hydroxylamine to reduce it to the

MnII MnII state. It is washed with a buffer containing 100 mM NaCl, 10 mM MOPSO

pH 6.8 and then twice with 10 mM MOPSO pH 6.8.

4. For the oxidation to MnIII MnIV the sample is treated with 10 mM KIO4 in 10 mM phos-

phate buffer pH 6.8. The sample is then washed twice with 10 mM phosphate buffer

pH 6.8. The sample finally is resuspended in the same buffer and filled in EPR tubes for

the measurements.

5. To obtain the MnII MnIII state the MnIII MnIV is treated with 0.2 M KI in 50 mM MOPSO

pH 6.8 or, alternatively, 0.2 M KI in 50 mM MES pH 6.3. The sample is filled in EPR

tubes for the measurements.

The final Mn concentration is about 5 mmol/l.
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3.5.2 Hardware and Measuring Conditions

The 9 GHz cw-EPR experiments were performed on a Bruker ESP 300E spectrometer in com-

bination with either a Bruker ER4102 standard or a ER411 dual mode resonator. To achieve

low temperatures an Oxford Instruments ESR 910 cryostat was used with an ITC4 tempera-

ture controller. The microwave frequency and magnetic field strength was monitored using a

Hewlett-Packard 5352B frequency counter and a Bruker ER035M NMR gaussmeter, respec-

tively.

The 9 GHz FSE–EPR and Davies–ENDOR spectra were recorded on a Bruker ESP380

spectrometer in combination with a Bruker ESP360D-P ENDOR accessory and a Bruker EN-

DOR probehead. For the temperature control an Oxford Instruments ESR 935 cryostat with an

ITC4 temperature controller was used. The development of the55Mn–ENDOR setup was part

of this work and is described in detail in section 5.1.

The 34 GHz EPR experiments were carried out on a Bruker ESR 200D spectrometer using

a Bruker ER 5106QT resonator. For the data acquisition and spectrometer control an Atari

TT computer was used running a lab-written control program. The temperature was controlled

with an Oxford Instruments ITC4 in combination with a ESR 935 cryostat. The microwave

frequency and magnetic field strength was monitored using a Hewlett-Packard 5352B frequency

counter and a Bruker ER 035M NMR gaussmeter, resp.

Pulsed and cw EPR experiments at 94 GHz were performed on a Bruker E680 Elexsys

spectrometer. Details can be found in ref. [91].

The measuring temperature was chosen to be as low as possible to gain signal intensity.

Firstly because of the increased population difference within theS= 1/2 manifold and, sec-

ondly, due to the increased population of the ground state compared to the excited states. Both

are directly related to the Boltzmann distribution of the energy levels. At 9 GHz measure-

ments were done at 5 K. At 34 GHz the temperature for the measurements of the MnIII MnIV

complexes was higher (40 K) due to problems with the setup. The MnII MnIII complexes had

to be measured at 10 K despite these problems. At higher temperatures the excited states are

populated significantly for these complexes. At 94 GHz the EPR signal is saturated easily at

low temperatures even at moderate microwave power levels. Therefore, measurements were

performed at 20 K.

3.5.3 Elimination of MnII Signals at 94 GHz

For the MnII MnIII and MnIII MnIV complexes additional difficulties are encountered at high mi-

crowave frequencies. That is, impurities originating from free MnII (S= 5/2, I = 5/2) ions.

These give rise to six sharp EPR lines, see Fig. 3.6 on page 40, and are particularly pronounced
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at high frequencies. They arise from thems = −1/2↔ +1/2 transition. These lines are seen

even when the MnII concentration is very low. So far these impurities have been a major obsta-

cle in high-field EPR on dimanganese systems [32]. Lines from other transitions are broadened

by ZFS and are usually not seen in cw mode.

There are several experimental techniques that can be used to eliminate interfering signals,

when chemical sample purification is unsuccessful or the sample is not stable in solution. For

example, in cw mode one could vary the temperature and microwave power. The disadvantage

is that the signal of the saturated species usually adds to the background and often suitable

experimental conditions can not be found. It is therefore more convenient to use pulsed EPR

techniques which allow for more selective experiments that make use of differentT1 and/or

T2 relaxation times in different species [62]. Another method to separate the MnII from the

MnIII MnIV signals is based on different transition moments of species with different electron

spin, in this case MnII (S= 5
2) and MnIII MnIV (S= 1

2) [92, 93]. Fig. 3.16 schematically gives

an overview of the different separation methods.
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Figure 3.16: Overview of the methods used to eliminate MnII impurities. Top: by increasing the inter-

pulse delay time, the fast-relaxing signal has decayed when the spin echo is observed. Bottom: When

long pulses are employed, the spin echo may be integrated at an early and a late time window to separate

contributions from theS= 1/2 and theS= 5/2 system. All experimental spectra were recorded at

94 GHz.
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EPR on MnIII Mn IV Systems

High–frequency EPR has only been available commercially for a relatively short time. There-

fore, multi-frequency EPR has been limited to lower frequencies, typically 3, 9, 16 and 34 GHz.

However, as shown in ref. [87], even at 34 GHz,G– and hyperfine tensor anisotropies are of

comparable magnitude and are therefore not well separated. At lower frequencies, most spec-

tral features are reproduced by finding correct hyperfine tensors. A variation of theG–tensor

has little impact on the spectra. Thus the error in the determinedG–tensor components can be

quite large. Moreover, at low frequencies EPR spectra are complicated by higher order hyper-

fine effects. At high–field, theG–tensor can be determined very accurately (e.g., at 94 GHz

0.1 mT corresponds to∆G = 6 ·10−5). Because of the large Zeeman energy, only first-order

terms contribute.

In the following, the tools to obtain high-quality EPR spectra of exchange coupled MnIII MnIV

systems are presented and a multi-frequency EPR approach to reliably obtain theG– and55Mn

hyperfine coupling tensors is outlined.

4.1 Results

4.1.1 Evaluation of the Spectra

Due to the complexity of the experimental spectra, a full set of EPR parameters can be obtained

only via spectral simulations. Because of the large number of independent variables, a global

minimum is not easily found using only one frequency band, e.g. 9 GHz. Fortunately,G and hy-

perfine parameters scale differently for different microwave frequencies, therefore it is possible

to determine the parameters more reliably by this multi-frequency approach.

At high–field, theG–tensor can be determined very accurately. Because of the large Zee-

man energy, the second-order terms are small. With an accurately determinedG–tensor, the

53
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hyperfine tensors can then be adjusted at frequencies where the hyperfine anisotropy is domi-

nant, e.g., at 9 GHz. The reduction of the number of free parameters in the fit then leads to a

higher reliability of the hyperfine–tensors. Using this simulation approach, it was possible to

confidently determine the EPR parameters for all species.

To obtainG and 55Mn hyperfine tensors, simulations were done using the second order

perturbation programmaureen. It was shown by Haddy et al. [29], that at 9 GHz third order

corrections to the EPR parameters are smaller than 0.5% and thus a second order treatment

is sufficient for this frequency. For each hyperfine tensor three Euler angles are needed to

describe the orientation of its principal axis system with respect to theG–tensor axis system.

Determination of these parameters are carried out by fitting the simulated and experimental

spectra. Hydrogen and nitrogen hyperfine and higher order manganese quadrupolar splittings

are not resolved in the EPR spectra. However, these unresolved splittings contribute to the

width of the EPR lines. This was taken into account by a convolution of the spectra using

a Gaussian lineshape of appropriate width. The simulations of the complexes TACN, DTNE

and MDTN were started with the data set published previously [31]. For the complexes BIPY,

PHEN and the catalase, the data given by Zheng et al. [30] were used. Fitting was restricted

to G–tensors only for the 94 GHz spectra. The improvedG–parameters were then applied to

simulations at 9 and 34 GHz. If necessary, hyperfine parameters were adjusted in the 9 GHz

simulations. The fitting cycle was then restarted with the improved data set. This procedure was

terminated when no further improvement of the spectral simulations could be achieved yielding

parameters consistent for all three frequency bands. These data are shown in Table 4.2. The

best results were obtained with non-zero Euler angleβ 1 for all synthetic complexes. This angle

describes the declination of thez-axis. For the dimanganese catalase, the assumption thatG–

and hyperfine tensor axes are collinear turned out to be sufficient.

4.1.2 Accuracy of the Simulation Method

To ensure that the improved values are not limited by the accuracy of the perturbation simulation

method, an estimation of the error was made by (i) analysis of the uncertainty of the EPR

parameters yielded by the fit algorithm, (ii) calculating the energy levels up to second and third

order and also by diagonalisation of the complete spin Hamiltonian to test the accuracy of the

second order approach, and (iii) comparing the second order perturbation simulations to FMD

simulations to estimate how the limitations of the second order approach will effect the EPR

parameter set.

(i) The main error results from the variance that exists for a parameter determined by the fit

1The standard Euler angles (θ ,ψ andφ ), e. g., Bronstein [94] and the ones used in the perturbation routine [95]

(α,β andγ) correlate as follows:α ≡ φ , β ≡ θ andγ ≡ ψ.
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procedure. In many cases a fit that is based only on theχ2 value does not reproduce the correct

spectral features, so that this has to be corrected manually. Once a minimum is found that also

reproduces all essential spectral features, the fit procedure is stopped. The sensitivity of the

parameters to a variation is depicted in Fig. 4.1. Here, beginning with the best parameters, the

hyperfine parameters are each altered in a defined manner. In this case, the parametersAIII
x (top)

andAIV
x (bottom) are varied. Clearly, this small change in the parameters is observable in the

9 GHz spectra. Changes inAIII
z or AIV

z are not easily observed since the corresponding lines are

superimposed by lines corresponding to eitherx or y orientations. Significant changes in the

spectra are only notes when thezcomponents are altered by about 0.4 mT. At 94 GHz the accu-

racy for thez components is increased because at this microwave frequency these components

are well resolved.

385 390 395 400

= − 0.2 mTax
IV ax

IV = + 0.2 mT

aIII
x = − 0.2 mT

385 390

aIII
x

395 400 385 390 395 400

385 390 395 400385 390 395 400 385 390 395 400

= + 0.2 mT

Magnetic Field / mT

Best parameters

Figure 4.1: Enlarged high-field side of experimental spectra of complex DTNE (solid) taken at 9 GHz

with spectral simulations (dotted). The middle traces show simulation using the best parameter set. The

effect of variations in the hyperfine coupling parameters are shown on the left (decrease by 0.2 mT) and

right (increase by 0.2 mT).

(ii) The energies for a model spin system that has all the properties of the complexes (high

nuclear spin and large hyperfine coupling) were calculated up to second and third order. Ad-

ditionally, the energy levels were obtained from full-matrix diagonalisation. The results are

shown in Table 4.1. In summary, the third order treatment yields resonance frequencies that are
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identical within 0.3 MHz compared to the exact values under the conditions used. The second

order frequencies lie within 3 MHz of the correct values, where the largest deviation occurs for

the lines corresponding tomi±3/2. When considering the apparent hyperfine splitting between

two lines, the relative error is within 0.7%. At 94 GHz, higher order contributions become less

important and thus the accuracy of the second order treatment is increased. The maximum rel-

ative error in the hyperfine splitting is 0.02%. Even the simple first order approach is accurate

within 0.9%.

Table 4.1: Resonance frequencies for the six transitions of aS= 1/2, I = 5/2 system calculated up

to second, third order and by full-matrix diagonalisation.g = 1.995, a = 400 MHz, B0 = 345.0 mT,

νMW = 9.70GHz. hfs denotes the apparent hyperfine splitting between two lines,∆ is the rel. difference

of the hfs compared to the exact value. All values are given in MHz, except noted otherwise.

2. order 3. order FMD

mi state νres hfs ∆ / % νres hfs νres hfs

−5/2 8654.0 8655.7 8655.8

−3/2 9087.2
433.2 0.3

9090.3
434.6

9090.4
434.6

−1/2 9503.9
416.6 0.5

9505.2
414.9

9505.0
414.6

+1/2 9903.9
400.0 −0.7

9902.5
397.2

9902.3
397.3

+3/2 10287.2
383.4 −0.4

10284.1
381.7

10284.2
381.9

+5/2 10654.0
366.8 0.4

10652.3
368.2

10652.3
368.1

(iii) For a comparison of spectral simulation the same parameter set was employed in sim-

ulations using the second order and the FMD method. The results are shown in Fig. 4.2 for

complex BIPY. It can be seen that all simulations model the experiment quite well. At 9 GHz

deviations increase when moving from the centre of the spectrum to the low-field side. This

is in agreement with the theory which predicts that the second order treatment is not accurate

enough for low magnetic fields. The error, however, is quite small. At 94 GHz, the agreement

is also quite good. Small deviations are found at around 3370 mT and 3400 mT. When the

nuclear Zeeman interaction is excluded from the FMD simulation, the agreement is improved

(not shown).

For an estimation of the error, the experimental spectrum would have to be fitted using

the FMD programbarley. The current calculation speed for a single EPR spectrum (about

30 min.), however, does not allow for a standard fit procedure. Instead, the calculated FMD

spectrum could be fitted using the perturbation method. The resulting parameter set is then a

description of the FMD simulation in terms of the perturbation method and could be compared

to the original data set. This approach is problematic as features characteristic for the FMD

spectra, e.g., the line intensities are orientation, temperature and field dependent, would be
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modelled by variation of theG– and hyperfine tensors. Thus quantities would be correlated that

are physically independent and the result would obviously be incorrect. All evidence points

to a sufficient accuracy of the second order perturbation treatment. As Haddy et al. [29] have

pointed out, a third order perturbation treatment is necessary for lower frequencies like S–Band

(3 GHz), but second order is sufficient for frequencies of 9 GHz and above. From this work

the same conclusion can be drawn. Moreover, by use of high frequencies, the existing small

inaccuracies at low frequencies were compensated and the reliability of the data set thereby

improved.
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Figure 4.2: Experimental spectra of complex BIPY at 9 GHz (left) and 94 GHz (right) and simulations

based on different methods. The simulations are based on an identical parameter set, except that the FMD

simulations require an additional temperature parameter (hereT = 5 K). Bottom: FMD simulation. Top:

second order simulation. Computation times were less than a second for the perturbation simulations

and 30 min. for the FMD simulations on an AMD Athlon XP1700+.

4.1.3 Spectral features

9, 34 and 94 GHz EPR spectra were obtained from complexes BIPY, PHEN, TACN, DTNE

and MDTN, as well as from dimanganese catalase in either cw or pulsed mode. It was possible

to obtain cw spectra of highly purified TACN, DTNE and MDTN that contained no visible

MnII impurities. The experimental spectra at three different microwave frequencies (9, 34 and

94 GHz) are shown in Figs. 4.3 to 4.8 along with the spectral simulations.

The EPR spectra of complexes BIPY and PHEN (Fig. 4.3 and 4.4) are almost identical for

each frequency and will be treated together in the following. The 9 GHz spectra consist of
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more than 16 resolved lines. Additionally, shoulders can be identified at low field, while at high

field, the lines appear to be further split. On the high field side, the last line has the shape of a

perpendicular tensor component. On the low field side this is not as pronounced, but still visible.

This is an indication that the symmetry is nearly axial and the hyperfine anisotropy is larger than

theG–tensor anisotropy. The 34 GHz spectrum looks quite different from that at 9 GHz. Most

pronounced is the shift of first derivative peak intensity from the centre of the spectrum (9 GHz)

to the high field side (34 GHz). Also, the spectral width – measured from the first peak to the

last peak – increased from 125.7 mT to 130.4 mT. Since the hyperfine–anisotropy is frequency

independent, this is an indication of increasedG–tensor anisotropy. When the frequency is

further increased to 94 GHz the shape of the outermost lines is characteristic of components

of a rhombic tensor. Clearly, theG–tensor anisotropy is now much larger than the hyperfine–

anisotropy. The spectral width of the 94 GHz spectrum has increased further (to 147.4 mT).

We conclude that the hyperfine anisotropy and the unresolved hyperfine broadening dominates

the spectrum at frequencies below 34 GHz, while above 34 GHz theG–tensor anisotropy is

dominant. The intensity is distributed rather evenly over the whole spectrum, resembling more

closely the case at 9 GHz than at 34 GHz. Finally, the increase in linewidths from 9 GHz to

94 GHz suggests a frequency dependent line broadening mechanism.
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Figure 4.3: Experimental 94, 34 and 9 GHz spectra of complex BIPY (solid) and spectral simulations

(dotted) using a consistent data set for the three frequencies (see Table 4.2). MnII signals in the 94 GHz

spectrum were eliminated by T2 separation. Shown here is the pseudo-modulated FSE spectrum. Note

that the same field scale (160 mT) has been used for all three spectra. Experimental conditions: 9 GHz:

νMW: 9.60 GHz,PMW: 50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 10 K, 4 scans in 672 sec. 34 GHz:

νMW: 33.98 GHz,PMW: 3 µW, mod.amp.(12.5 kHz): 0.2 mT, T: 40 K, 1 scan in 168 sec. 94 GHz:νMW:

94.09 GHz, shot rep. 10 Hz,π–pulse length: 400 ns, inter-pulse delayτ : 1200 ns, T: 20 K.
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Figure 4.4: Experimental 94, 34 and 9 GHz spectra of complex PHEN (solid) and spectral simulations

(dotted) using a consistent data set for the three frequencies (see Table 4.2). MnII signals in the 94 GHz

spectrum were eliminated by T2 separation. Shown here is the pseudo-modulated FSE spectrum. Note

that the same field scale (160 mT) has been used for all three spectra. Experimental conditions: 9 GHz:

νMW: 9.60 GHz,PMW: 50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 10 K, 4 scans in 672 sec. 34 GHz:

νMW: 33.99 GHz,PMW: 3 µW, mod.amp.(12.5 kHz): 0.2 mT, T: 40 K, 1 scan in 168 sec. 94 GHz:νMW:

94.12 GHz, shot rep. 10 Hz,π–pulse length: 400 ns, inter-pulse delayτ: 1200 ns, T: 20 K.
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For the complex TACN (Fig. 4.5), the distribution of line intensities and the shape of the

outer lines are comparable to BIPY and PHEN at 9 GHz. The sharp axial features of the high

field side of the BIPY and PHEN spectra, however, are broadened, suggesting more rhombic

hyperfine tensors. The spectral width is with 115.2 mT small compared to BIPY and PHEN. At

34 GHz, the high field side of the TACN spectrum is comparable to those of BIPY and PHEN,

while they differ drastically on the low field side. A loss of intensity in the derivative mode

on the low field side is not seen for TACN. Furthermore, the first lines still can be attributed

to a nearly axial tensor. The spectral width is only increased by 2.8 mT to 118.0 mT. These

facts suggest that either the hyperfine–anisotropy is larger for TACN than for BIPY and PHEN

or theG–tensor anisotropy is smaller in TACN than in BIPY and PHEN. At 94 GHz, a loss in

intensity is observed on the high field side. In contrast to BIPY and PHEN, the shape of the

first line does not change significantly from 9 to 94 GHz. The increase of spectral width to

132.2 mT (∆ = 14.2 mT) is again larger than from 9 to 34 GHz, but slightly smaller compared

to BIPY. An increase in linewidth is noted for TACN (see Fig. 4.5), too.

The spectra of complexes DTNE and MDTN (Figs. 4.6 and 4.7) are also quite similar and

will be discussed together. The 9 GHz spectra show spectral widths of 117.8 and 120.2 mT,

which are smaller than the widths of BIPY and PHEN, but larger than the widths of TACN.

Both spectra exhibit a similarity with the 9 GHz TACN spectrum with respect to the distribu-

tion of peak intensities and line widths. At the edges lines in the DTNE and MDTN spectra

show shoulders, which are not present in TACN. Also, on the high-field side resolved tensor

components can be seen in the DTNE and MDTN spectra. At 34 GHz, there is only a slight

increase in spectral width (118.6 and 121.8 mT) compared to 9 GHz. Linewidths, however, are

larger at 34 GHz (1.7 mT). The first lines on the low-field side look similar to those found for

TACN. The high-field side exhibits a hyperfine pattern that is quite different. Moreover, there

is an increasing loss of first derivative peak intensity on the high-field side in the series TACN,

DTNE and MDTN. The 94 GHz spectra of DTNE and MDTN differ with respect to the first

low-field peak, which features a shoulder in DTNE, but not in MDTN. The spectral width is

now larger for MDTN compared to DTNE (138.0 vs. 133.8 mT), suggesting that theG–tensor

anisotropy is different in both complexes. The linewidths have increased further, to 2.3 mT

(DTNE) and 2.8 mT (MDTN).
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Figure 4.5: Experimental 94, 34 and 9 GHz spectra of complex TACN (solid) and spectral simulations

(dotted) using a consistent data set for the three frequencies (see Table 4.2). Note that the same field

scale (160 mT) has been used for all three spectra. Experimental conditions: 9 GHz:νMW: 9.46 GHz,

PMW: 50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 20 K, 4 scans in 672 sec. 34 GHz:νMW: 34.00 GHz,

PMW: 6 µW, mod.amp.(12.5 kHz): 0.2 mT, T: 40 K, 1 scans in 168 sec. 94 GHz:νMW: 94.18 GHz,PMW:

80 nW, mod.amp.(20.0 kHz): 0.5 mT, T: 20 K, 1 scan in 672 sec.
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Figure 4.6: 9, 34 and 94 GHz EPR spectra of complex DTNE (solid) and spectral simulations (dotted)

using a consistent data set for the three frequencies (see Table 4.2). Note that the same field scale

(160 mT) has been used for all three spectra. Experimental conditions: 9 GHz:νMW: 9.46 GHz,PMW:

50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 20 K, 4 scans in 672 sec. 34 GHz:νMW: 34.00 GHz,PMW:

6 µW, mod.amp.(12.5 kHz): 0.2 mT, T: 40 K, 1 scans in 168 sec. 94 GHz:νMW: 94.00 GHz,PMW:

50 nW, mod.amp.(20.0 kHz): 0.5 mT, T: 20 K, 1 scan in 672 sec.
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Figure 4.7: 9, 34 and 94 GHz EPR spectra of complex MDTN (solid) and spectral simulations (dotted)

using a consistent data set for the three frequencies (see Table 4.2). Note that the same field scale

(160 mT) has been used for all three spectra. Experimental conditions: 9 GHz:νMW: 9.47 GHz,PMW:

50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 20 K, 4 scans in 672 sec. 34 GHz:νMW: 33.99 GHz,PMW:

6 µW, mod.amp.(12.5 kHz): 0.2 mT, T: 40 K, 1 scan in 168 sec. 94 GHz:νMW: 94.00 GHz,PMW:

160 nW, mod.amp.(20.0 kHz): 0.5 mT, T: 20 K, 1 scan in 672 sec.
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The final spectrum is that of dimanganese catalase (Fig. 4.8). The most striking difference

between catalase and the synthetic complexes is the much smaller linewidth and therefore the

very good spectral resolution at all three frequencies. At 9 GHz, the first two lines on the

low and high field side are highly symmetric in shape and are characteristic for axial hyperfine

tensor symmetry. As in the previous cases, the hyperfine interaction dominates theG–tensor

anisotropy. The high field part looks quite similar to that of BIPY. Notable are the two sharp

features in the centre of the spectrum which are not found in the other 9 GHz spectra. The

spectral width is within the error margins equal to that of TACN (115.4 mT). Interestingly, the

same is true for the 34 GHz spectrum (118.0 mT). Also in agreement with TACN, there is almost

no change in the shape of the outer four lines. Thus the rhombicity (Gx−Gy) is very small. The

first derivative peak intensities are very similar throughout the whole spectrum. At 94 GHz, the

spectral width increases to 136.6 mT (∆ = 18.6 mT), which exceeds that found for BIPY. Thus,

theG–tensor anisotropy in catalase is larger than in BIPY. Due to the very good resolution of

the cw mode spectrum, the three peaks on the high field side can be used to directly extract

information about the hyperfine coupling. The splittings are indicated in Fig. 4.8, top. In the

spectra of the model complexes these two peaks are not split because of the larger linewidths.

Based on their shape, they are assigned to the sameG–tensor orientation (z). The smaller

splitting can then be attributed toAIV
z and the larger toAIII

z . Note that both splittings are similar

in magnitude. A ratio|AIII

AIV | = 2 is predicted by simple spin–coupling theory (neglect of zero

field interactions) assuming thataIII
z = aIV

z [28]. In monomeric MnIII complexesAIII
z is usually

somewhat smaller (e.g.−52.8·10−4 cm−1 in TiO2 [55]) than in MnIV (e.g.−72.7·10−4 cm−1

in TiO2 [96]), therefore a smaller ratio|AIII

AIV | is not unexpected. On the low field side of the

spectrum, the separation of the peaks as indicated can be attributed to a hyperfine splitting of

theGx–tensor component,AIV
x (see also Fig. 4.8). Together with the resonance positions which

yield information about theG–tensor, five of the 12 tensor components can be extracted, thereby

reducing the number of free variables, so that this spectrum can be evaluated accurately, even

though MnII lines impair the middle part of the spectrum. Linewidths at 94 GHz (1.1 mT) are

only slightly larger than at 9 GHz (1.0 mT).
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Figure 4.8: Experimental 94, 34 and 9 GHz spectra (solid) and spectral simulations (dotted) of the

MnIII MnIV state of dimanganese catalase fromTh. thermophilus. MnII impurities in the 94 GHz FSE

spectrum were eliminated using pulsed techniques (see ref. [93]). The 94 GHz cw spectrum (top) shows

a better resolution than the pseudo-modulated FSE spectrum, but contains MnII lines. The identified

hyperfine splittings AIVx , AIV
z and AIII

z are indicated. Experimental conditions: 9 GHz:νMW 9.66 GHz,

PMW: 50 µW, mod. amp.(12.5 kHz): 0.2 mT,T: 30 K, 4 scans in 336 sec. 34 GHz:νMW 33.98 GHz,

PMW: 50µW, mod. amp.(12.5 kHz): 0.2 mT,T: 30 K, 4 scans in 336 sec. 94 GHz (cw):νMW 94.08 GHz,

PMW: 16 nW, mod. amp.(10.0 kHz): 0.2 mT,T: 20 K, 4 scans in 1376 sec.
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Table 4.2: EffectiveG and MnIII and MnIV hyperfine coupling tensor principal values for the binuclear

complexes.a

Complex i G AIII / mT AIV / mT Giso AIII
iso / mT AIV

iso / mT

x 2.0013 −14.5 7.9

DTNE y 1.9974 −16.8 6.9 1.9942 −13.9 7.4

z 1.9838 −10.6 7.6

x 2.0026 −15.0 7.9

MDTN y 1.9961 −17.2 6.9 1.9939 −14.4 7.5

z 1.9830 −11.2 7.7

x 2.0025 −14.7 7.9

TACN y 2.0005 −16.4 7.1 1.9960 −13.8 7.6

z 1.9851 −10.5 8.0

x 1.9990 −17.9 7.5

BIPY y 1.9932 −17.1 7.7 1.9913 −16.2 7.8

z 1.9817 −13.4 8.3

x 1.9992 −17.9 7.6

PHEN y 1.9940 −17.1 7.7 1.9917 −16.1 7.9

z 1.9821 −13.3 8.3

x 2.0048 −15.2 8.0

MnCat y 2.0040 −14.7 8.3 1.9988 −13.5 8.5

z 1.9876 −10.7 9.1

a The tensor components were obtained from a simultaneous fit of 9, 34 and 94 GHz EPR spectra, see

text. Errors:∆g =±1·10−4, ∆AIII =±0.2 mT, ∆AIV =±0.2 mT.
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4.2 Discussion

4.2.1 Visualisation of Spectral Features: Stick Diagram

Once the parameter set is obtained, an extended computer simulation can be carried out to

analyse the spectra on a fundamental basis and to deconvolute the lines in the spectra. One

suitable approach is the calculation of stick diagrams, in which every resonance line is attributed

to a defined spin transition. For the complexes BIPY, TACN and MDTN as representatives of

the three categories of complexes stick spectra are shown in Figs. 4.9 to 4.11 at three frequencies

(9, 34 and 94 GHz) as an example.

For BIPY, it is clearly seen that at 9 GHz the first line on the low-field side consists of

contributions from thex andy components. On the high-field side, these components are su-

perimposed resulting in the axial lineshape. The width of the spectrum is given by the width of

thex branch. At 34 GHz, the rhombicity of theG–tensor is resolved and thex,y branches are

clearly separated, particularly on the low-field side. Here, the anisotropies add and the separa-

tion of components is increased, while at the high-field side, thex andy components are well

separated. Note that thez components are shifted towards the high-field edge of the spectrum.

However, the last line can clearly be attributed to ay component, and is therefore a sign that the

G–tensor anisotropy begins to dominate the spectrum. Because of the separation of thex and

y components, the spectral width is increased. This increase can be measured as the splitting

between the last lines in thex andy branches. The width of thezbranch is still small compared

with they branch and is thus not visible. At 94 GHz, the rhombicG–tensor is clearly resolved.

The first two low-field lines belong to thex component branch, while on the high-field side, two

isolatedzcomponent lines are observable. This is a clear sign that theG–tensor anisotropy now

is predominant.

TheG–tensor of complex TACN is almost axial. At 9 GHz, the spectral width is determined

by the width of they component branch. The smallz component of the hyperfine coupling is

responsible that thez branch is hidden. The same situation is found at 34 GHz and the spectral

width is unchanged. Only at 94 GHz, thezcomponents can be seen on the high-field side. Note

also that the particular interplay ofG– and hyperfine tensor anisotropy leads to a lineshape

typical of an axial tensor on the low-field side.

Complex MDTN has clearly rhombicG– and hyperfine tensors. On the high-field side,

this leads to the peculiar hyperfine line pattern which consists of partially resolved, i.e.,x,y

components. The width of the spectrum is given by they component hyperfine couplings. This

is also the case at 34 GHz, even though theG–tensor anisotropy is the largest for all complexes

studied. As in the TACN case, on the low-field side thex andy components fall together in the

first two peaks yielding an axial lineshape. Because of the largeG–tensor anisotropy, at 94 GHz
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Figure 4.9: Experimental spectra and stick diagrams of complex BIPY at 9, 34 and 94 GHz. Green:

Field aligned alongx axis. Blue: Field aligned alongy axis. Red: Field aligned alongz axis. At 9 GHz,

the z component ’tree’ is not visible. At 94 GHz, theG–tensor is well resolved and the outer lines

represent single tensor components (low-field:x, high-field:z.)

single components are observed at the edges of the spectrum. Note, however, that because of
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Figure 4.10: Experimental spectra and stick diagrams of complex TACN at 9, 34 and 94 GHz. Green:

Field aligned alongx-axis. Blue: Field aligned alongy-axis. Red: Field aligned alongz-axis.
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the largeyzhyperfine anisotropy only a single peak is separated on the high-field side.
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Figure 4.11: Experimental spectra and stick diagrams of complex MDTN at 9, 34 and 94 GHz. Green:

Field aligned alongx-axis. Blue: Field aligned alongy-axis. Red: Field aligned alongz-axis.

Another useful procedure is the decomposition of spectra according to fixedmi levels. This
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is shown in Fig. 4.12 for the dimanganese catalase. In this way, lines can be assigned immedi-

ately to certain spin states.
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Figure 4.12: Assignment of the lines in the 94 GHz EPR spectrum of the MnIII MnIV catalase. Bottom:

high–field part of the experimental spectrum. Top: simulations with fixedmIII
i , as indicated. The addition

of the traces yields the experimental spectrum. The splittings in each trace can be assigned to the MnIV

hyperfine coupling,AIV
z , (Distance of vertical lines of the same colour). The MnIII hyperfine coupling

AIII
z can be obtained from the distance of the lines in adjacent traces with fixedmIV

i (Distance of vertical

lines of the same line type). The assignment of thex,y components can be achieved in an similar way,

but has not been included for clarity.

The total spectral width of the spectra is determined by two factors: (i) unresolved hyperfine

couplings (inhomogeneous broadening) and (ii) theG–tensor anisotropy and55Mn hyperfine

coupling (isotropic and anisotropic part). The latter one is frequency independent to first order.

Thus, it is expected that a certain frequency has to be reached in order to measure an increase

in total spectral width. Below that frequency, the spectral width is determined by the hyper-

fine splitting. The frequency at which theG–tensor anisotropy exceeds the hyperfine–tensor
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anisotropy can be calculated to first order according to

|Gi−G j |
GiG j

hν
β

= I(AIII
i −AIII

j +AIV
i −AIV

j ) (4.1)

where the indicesi and j denote the different tensor components. Such a calculation has been

carried out for all complexes. For most complexes, 34 GHz is just sufficient to reach this limit,

however, two different patterns in the increase in spectral width over microwave frequency can

be identified. One class shows a relatively large increase even at 34 GHz, the other class shows

no or lesser increase. The complexes BIPY, PHEN and the dimanganese catalase belong to the

former class, while TACN, DTNE and MDTN to the latter. For the former, the spectral width at

9 GHz is determined by thex components of the hyperfine coupling. The∆Axy hyperfine–tensor

anisotropy is quite small, so that at 34 GHz the∆Gxy anisotropy is already larger than this. The

other anisotropies that must be considered are∆Axz and∆Gxz. The calculation reveals that∆Gxz

is indeed larger than∆Axz, and, moreover, this increase in widths exceeds that of the∆Gxy

anisotropy. Since∆Gxz is the largest anisotropy inG, this is even more pronounced at 94 GHz.

The spectral width at 9 GHz in the latter class is given by the hyperfiney components. Except

for TACN, ∆Axy is quite large, and that is the reason why at 34 GHz no or only a small increase

is seen: only for MDTN∆Gxy is larger than∆Axy. The other relevant anisotropies are∆Ayz

and∆Gyz, where∆Ayz is so large that frequencies above 60 GHz must be used to make∆Gyz

dominant. This is observed at 94 GHz. Eventually, at very high frequencies, the components

will be separated according to the splitting corresponding to∆Gxz, which is larger than∆Gyz.

This peculiar situation is depicted in Fig. 4.13 for the example of complex MDTN.

The rhombicity of theG–tensor∆Gxy = Gx−Gy, ranges from5 · 10−4 (MnCat) to 65·
10−4 (MDTN). At 9 GHz this is smaller than 1.2 mT and can not be resolved. At 94 GHz,

however, the splitting increases by a factor of ten. This amounts to 6–11 mT for the complexes

with relatively large rhombicity (DTNE, PHEN, BIPY and MDTN). For MnCat and TACN the

respective splittings (1 and 3 mT) are still comparable to the linewidths and a separation ofx

andy components is difficult to observe even at 94 GHz.

4.2.2 g–Strain

The increase of linewidths at higher EPR frequencies, as observed for the synthetic complexes,

is due to occurrence of a slight variation ofG–values in the samples, a phenomenon calledg–

strain [97, 98]. In particular, theG–values have been found to depend on the distance between

MnIII and the axial ligated nitrogen atoms and an estimate for the broadening due to variations

of that distance has been given [32]. To investigate this strain, it is necessary to eliminate

all other sources of line broadening, like power saturation effects or intermolecular spin-spin

coupling.
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Figure 4.13: The scaling of the tensor anisotropies with microwave frequency in the example of complex

MDTN. At the intersection points of lines of the same type half the hyperfine tensor anisotropy is equal

to theG–tensor anisotropy of the respective tensor components, see eqn. 4.1. Further increase of the

microwave frequency leads to an increase of the splitting of the respective tensor components and, if this

splitting has the major contribution to the spectral width, also of the total spectral width.

To evaluate the magnitude of theg–strain in the model complexes, a natural linewidth that

represents pure homogeneous broadening was calculated by simulating a single line using all

hydrogen and nitrogen hyperfine couplings. These data were available from ENDOR exper-

iments performed earlier on these complexes [87]. In these simulations, lineshapes were as-

sumed to be Lorentzian with a width of 250 kHz. For TACN, DTNE and MDTN, the unstrained

EPR linewidth obtained in this way was about 1.2 mT, and for BIPY and PHEN about 0.9 mT.

From the experiments linewidths of 1.4 mT (9 GHz), 1.7 mT (34 GHz) and 2.3 mT (94 GHz),

e.g., for DTNE were obtained. This indicates, to first order, a linear dependence of the com-

pound linewidth on the microwave frequency used in the experiment. From this, the increase of

the linewidths observed from 9 to 94 GHz would correspond to a∆G = 6·10−4.

For the catalase the strain is smaller. Linewidths increase only very slightly from 1.0 mT at

9 GHz to 1.1 mT at 94 GHz. In this system, the protein surrounding is well defined, in contrast

to the heterogeneity caused by the micro-crystalline environment found in frozen solvents. The

mean deviation from the principalG–values is therefore smaller.
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4.2.3 Comparison with Previous Data

Comparison with data published previously [87] shows that theG–tensors have not been deter-

mined accurately enough at frequencies below 34 GHz. The hyperfine coupling tensors differ

from the previous data mainly for the MnIII ion. In the case of BIPY, the single largest deviation

is 0.4 mT in theAIII
z component. For other complexes, the differences are smaller. For MnIV ,

deviations are within 0.1 mT, except for theAIV
x component in TACN, where it is 0.2 mT. These

changes are still small compared to the linewidths which limits the accurate determination of

these parameters. This shows that the hyperfine data can be determined reasonably well at low

frequencies.

Table 4.3 lists the data obtained for complex BIPY and dimanganese catalase that were

published by other authors. For the dimanganese catalase so far only low–frequency spectra

have been recorded and simulation data are rare [29, 30]. A simulation using the data given by

Zheng et al. [30] was in very good agreement with the 9 GHz spectrum. At 34 and 94 GHz,

however, the agreement was worse, indicating that the hyperfine tensors were determined quite

well, but theG–tensor components were not. The data from the simulations differ from Zheng

et al. mostly with respect to theG–tensor and thez component of the MnIII hyperfine tensor.

This is a result of the improved accuracy obtained for theG–tensor at 94 GHz. Since the

hyperfine tensorz components are partially resolved in the 94 GHz spectrum, the accuracy for

these components is improved compared to 9 GHz, where thezcomponents are usually hidden

and are the least accurate. The change inGz was then used to fine–tune the values of theAIII ,IV
z

components. OurG–tensor is slightly rhombic and has a larger anisotropy than that in ref. [30].

Even though the changes in the anisotropy (∆Gxz= Gx−Gz= 0.0172here vs. 0.014 in ref. [30])

and rhombicity (∆Gxy = Gx−Gy = 0.0008here vs. 0.000 in ref. [30]) seem small, they lead

to differences in the splitting of the resonance line positions of the corresponding canonical

orientations of 5.3 and 1.3 mT, resp. at 94 GHz and are thus readily observable. The MnIII

hyperfine tensor is also more anisotropic (see Table 4.2).

4.2.4 Intrinsic Properties of the Mn Ions

Now that accurate EPR data of these coupled systems are available, it is desirable to elucidate

the magnetic resonance properties of the isolated MnIII and MnIV ions in the complexes accord-

ing to eqns. 2.33 to 2.35. This procedure requires either knowledge of the intrinsic hyperfine

tensorsaIII andaIV , to calculate the ZFS parametersdIII anddIV or vice versa. The same is

true for the intrinsicg–tensorsgIII andgIV . There are some data on monomeric MnIII and MnIV

complexes in the literature [55, 56, 96, 99–101]. Based on these data it is possible to estimate

the properties of the coupled systems as shown in Table 4.4, to demonstrate the transfer of hy-
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Table 4.3: EffectiveG and MnIII and MnIV hyperfine coupling tensor principal values for the binuclear

complexes obtained by other authors.

Complex i G AIII / mT AIV / mT Giso AIII
iso / mT AIV

iso / mT

x 1.998 −17.8 7.5

BIPYa y 1.992 −17.2 7.6 1.990 −16.2 7.8

z 1.982 −13.5 8.2

x 2.008 −15.1 8.1

MnCatb y 2.008 −15.1 8.1 2.002 −13.8 8.4

z 1.990 −11.1 8.9

x 2.014 −14.6 8.4

MnCata y 2.014 −15.2 8.0 2.009 −13.7 8.5

z 2.000 −11.2 9.0

a Data from Zheng et al. [30]
b Data from Haddy et al. [29]

perfine anisotropy from MnIII to MnIV [30] and to correlate the rhombicity of the tensors with

a distortion in the Mn-O-O-Mn plane [31, 87]. A correlation of the intrinsicg–tensors with

the tilted structures of the complexes TACN, DTNE and MDTN was done previously [31, 87]

and has not been tried here. In principle, due to the tilt angle between the MnIII –O1–O2 and

MnIV –O1–O2 planes in these complexes, the intrinsicg– and hyperfine tensors are not diagonal

in the same coordinate system. Naturally, in MnIII thez axis is defined such that it is along the

Jahn-Teller distortion which lifts the degeneracy of thed
z2 andd

x2−y2 orbitals and leads to the

occupancy of thed
z2 orbital. They axis is defined as the line bisecting the O1–MnIII –O2 angle

and thex axis is defined as the line joining the twoµ–O atoms, see Fig. 4.14. A rotation around

thex axis is then needed to transform the MnIV g–tensor to the coordinate system of MnIII . This

procedure, however, can not account for the small variation in theG– and hyperfine tensors in

the series TACN, DTNE and MDTN. To do this, a theory is needed that can correlate structural

data with magnetic resonance data, such as density functional theory (DFT). To my knowledge,

satisfactory results for the complex systems have not yet been obtained.

Based on the experimental data, it can be attempted to find a correlation between the models

and the catalase (s. Table 4.2). TheG–tensor of dimanganese catalase has the largest isotropic

value within the studied complexes. Furthermore, it shows the smallest rhombicity (∆Gxy =
5 · 10−4), so that theG–tensor has nearly axial symmetry. Both the isotropic value and the

anisotropy agrees best with the model complex TACN (∆Gxy = 20·10−4). Given the structural

similarity between catalase and TACN this is not unexpected and shows that structural features

– in particular the type of bridging ligands – and the magnetic resonance parameters are closely
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Figure 4.14: Coordinate systems used in the planar (BIPY and PHEN) and tilted (TACN, DTNE, MDTN

and dimanganese catalase) cores of the MnIII MnIV complexes.

related.

The isotropic part of the catalase MnIII hyperfine tensor is−13.5 mT, which is closer

to that in the carboxylate bridged models (−13.8 to−14.4 mT), than in BIPY and PHEN

(≈−16.0 mT). Recent DFT calculations on bridged manganese dimers show that the main ex-

change pathways involve thedyz/dyz anddxz/dxz metal orbitals. In the mixed valent MnIII MnIV

case, the unpaired electron in thed
z2–orbital of MnIII is delocalised via a crossed exchange

pathway into an non-bonding MnIV d
x2−y2–orbital [50] in theµ-O bridged complexes. In theµ-

OAc bridged complexes super-exchange via this additional bridge was found to be small [102].

However, the tilt of the Mn2O2 core introduced by this bridge enhances the aforementioned

crossed exchange pathway. Therefore the unpaired electron is even more delocalised in the

(µ −O)2(µ −OAc) bridged case. This would decrease the spin density at MnIII , thereby de-

creasingAIII
iso. This could account for the experimentally determined differences in the mag-

nitude of the isotropic MnIII hyperfine coupling. Ideally, an increase of the isotropic MnIV

hyperfine coupling would prove that the spin density is transferred from MnIII to MnIV . This,

however, is only observed in the case of catalase. For the complexes TACN, DTNE and MDTN

the isotropic MnIV hyperfine coupling is even slightly smaller than in BIPY and PHEN. From

the EPR experiments, which determine the manganese hyperfine coupling only, it can not be

concluded that the missing spin density on MnIII is transferred to the nitrogen or oxygen lig-

ands.
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Table 4.4: Intrinsicg– and55Mn hyperfine tensors of the complexes using zero-field splitting parameters

given by Gerritsen [55] and From et al. [56]. The MnIII g–tensor was recalculated in the decoupling

procedure, for MnIV , the one given by From et al. is fixed. No attempt was made to account for the tilted

core structures in theµ-carboxylato bridged complexes. For a more detailed analysis, see ref. [87]

Complex i gIV
i aIV

i /mT gIII
i aIII

i /mT

x 1.9879 -8.12 1.9951 -7.45

TACN y 1.9870 -7.29 1.9937 -8.31

z 1.9907 -7.59 1.9878 -5.11

x 1.9879 -8.12 1.9945 -7.35

DTNE y 1.9870 -7.09 1.9921 -8.51

z 1.9907 -7.21 1.9872 -5.16

x 1.9879 -8.08 1.9952 -7.59

MDTN y 1.9870 -7.06 1.9915 -8.70

z 1.9907 -7.37 1.9868 -5.48

x 1.9879 -7.66 1.9914 -9.04

BIPY y 1.9870 -7.83 1.9880 -8.66

z 1.9907 -7.97 1.9840 -6.55

x 1.9879 -8.16 1.9963 -7.68

MnCat y 1.9870 -8.47 1.9954 -7.42

z 1.9907 -8.76 1.9891 -5.25



Chapter 5

55Mn–ENDOR on Mn III Mn IV Systems

The determination of the55Mn hyperfine couplings by simulation of the EPR spectra was de-

scribed in chapter 4. The accuracy of these values is limited by large inhomogeneous EPR

linewidths due to unresolved1H and14N hyperfine couplings, Furthermore, another important

interaction, the55Mn nuclear quadrupole interaction, was not accessible through EPR. This in-

teraction, however, yields additional information about the electronic environment of the Mn

ions and thus about the ligand sphere.

Using ENDOR–spectroscopy on the Mn nuclei one has the chance to directly measure the
55Mn hyperfine couplings. The1H and14N hyperfine couplings do not influence the accuracy

since these resonances occur in a low–frequency range (1–30 MHz), while the Mn resonances

are higher in frequency (MnIV : 70–140 MHz, MnIII : 140–300 MHz).

At magnetic field strengths of 250–450 mT the hyperfine coupling contributes after the

electronic Zeeman term the largest energy. SinceA/2À νn the lines in the ENDOR spectra

are expected to be centred aroundA/2. The effective hyperfine coupling for MnIII (400 MHz)

is about twice as large as for MnIV (200 MHz, s. Table 4.2). The MnIII resonances are thus

well separated from the MnIV resonances and due to the larger anisotropy of the MnIII hyper-

fine coupling, they will be spread out over a broader frequency range than those of MnIV . The

nuclear Zeeman splitting of55Mn is νN = 3.0 MHz at 345 mT, in the first-order approximation,

the lines are separated by2νN = 6.0 MHz. Due to the contribution from the quadrupole interac-

tion, however, the splittings observable in the ENDOR spectra are either larger or smaller than

2νN, depending on the transition that is monitored.

79
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5.1 Experimental

A 55Mn–ENDOR setup for cw spectroscopy has previously been developed in our lab [31,

35, 87]. There are, however, several disadvantages of the setup and the cw method in general.

Firstly, the layout of the55Mn ENDOR coil, which is identical to the1H ENDOR coil described

in ref. [103] except that the number of turns is reduced to four, was such that the maximum RF

field was concentrated over a very small area. For comparison, the effective range of the 16-

turn1H ENDOR coil is about 5 mm [103]. An alternative layout of the coil that was part of this

work yielded a larger area and a better location of the RF field. This was achieved by increasing

the length of the solenoid using the same number of turns. The main obstacle in the cw ap-

proach, however, could not be overcome. That is, high power microwave and radio-frequency

are applied simultaneously which lead to radio-frequency dependent baseline drifts. Further-

more, standing RF waves led to background signals and made experiments without background

subtraction impossible. An example is shown in Fig. 5.1. Therefore, a new setup was developed

using a pulsed ENDOR approach.

Up to now, pulsed55Mn–ENDOR experiments were only performed in the lab of R. David

Britt in Davis, California [59, 104, 105]. This is because most commercially available (9 GHz)

pulse spectrometers are specialised for ENDOR in the low-frequency range and an extension

to the higher frequency range required for the detection of Mn resonances is difficult. In the

low-frequency range,1H– and14N–ENDOR resonances, which are usually of interest, can be

observed. Consequentially, the inductance of ENDOR coils is tuned specifically for low fre-

quencies and ENDOR frequency generators have been developed to deliver optimum output

below 80 MHz. The two main problems in the high frequency range, sweep frequency genera-

tion and ENDOR coil, and their solutions are discussed below.

5.1.1 Sweep Frequency Generation

The generation of RF pulses in the Bruker ESP380 spectrometer is accomplished using the so

called DICE system. A scheme of the DICE system is shown in Fig. 5.2. The low power, con-

tinuous wave RF is generated using direct digital synthesis (DDS). Through a phase multiplexer

(MUX) the RF is sent to the pulse gate where the RF pulses are formed. Finally, the pulses pass

through an attenuator and mixer. The system is controlled by the spectrometer software. Theo-

retically, frequencies up to 200 MHz can be generated. This would suffice for MnIV resonances,

frequencies for spectroscopy on MnIII can not be reached. In practice, the power output of the

DICE system drops significantly for frequencies above 100 MHz (see Fig. 5.3). A possible

solution is to use a second, fixed high frequency cw source (Rode&Schwarz SMT02, local,νL)

and mix this frequency with the variable low frequency DICE output (remote,νR). This setup
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Figure 5.1: cw ENDOR spectrum of complex BIPY compared with the corresponding Davies (pulsed)

ENDOR spectrum. a) Experimental cw ENDOR spectrum obtained at 347.5 mT. b) Same spectrum after

a baseline obtained at 410.0 mT was subtracted. The feature marked (x) at 134 MHz is a subtraction

artifact. c) Pseudo-modulated Davies ENDOR spectrum recorded on the same EPR line.

is shown in Fig. 5.2. Using this approach, the frequency range of the RF pulses can be extended

to 300 MHz and above. Frequency limitations arise only from the specifications of the mixer

(MiniCircuits ZP-1MH, LO 13 dBm, IF 0–600 MHz) and high-power amplifier (ENI 4100L,

100 W,1.5−400MHz) used, as well as from the impedance of the ENDOR coil. Furthermore,

since in ENDOR experiments the RF is swept, the usable sweep width is still limited by the

DICE system.

As an example, MnIV resonances could be observed using a local frequencyνL = 70 MHz

and a remote frequencyνR = 0. . .100MHz yielding a sweep frequencyν+ = 70. . .170MHz.

The mixing process not only produces an addition frequencyν+, but also a subtraction fre-
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Figure 5.2: Schematic drawing of the setup used for the generation of high frequency RF pulses.
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Figure 5.3: Output power of the DICE system over DICE frequency.

quencyν−. In the previous example, this would equalν− = 70. . .− 30 MHz. Note that

this frequency passes the1H and14N frequency range twice and therefore ENDOR transitions

from the respective nuclei are induced and interfere with the MnIV resonances. To eliminate

these side-effects, a high-pass filter (MiniCircuits NHP-100, passband 90-400 MHz) was in-

serted just before the high-power amplifier. For the same reason, the addition frequencyν+

can not be used for sweeps in the MnIII range, asν− would pass through the MnIV reso-

nances. For example, whenνL = 140 MHz andνR = 0. . .140 MHz the resulting sweep fre-

quency isν− = 140. . .0 MHz. For MnIII the subtraction frequencyν− was used andνL was

set to 280 MHz, just above the expected MnIII frequency range, yielding a sweep frequency
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ν− = 280. . .140MHz using a remote frequencyνR = 0. . .140MHz. The addition frequency

ν+ for this particular mixer setting isν+ = 280. . .420MHz. Since there are no resonances in

this frequency range, a low-pass filter is not needed to suppress interfering signals. Due to the

broad frequency range in which the MnIII resonances occur, the DICE system had to be used

whereνR > 100MHz resulting in lower RF power and thus reduced signal intensities.

At later stages of the experiments, the DICE system itself was modified to yield constant

power levels above 100 MHz. First, an active level control (ALC), developed at the MPI für

Strahlenchemie, M̈ulheim, was inserted between the phase MUX and the pulse gate. The ALC

compares the current power level to the wanted level and amplifies the signal, if necessary.

Secondly, the Bruker pulse gate utilises an op–amp that has a bandwidth of 100 MHz to keep

the RF matched to 50Ω. This is the main source for the decrease of power at high frequencies.

By adjusting the bandwidth to 200 MHz, the decrease is avoided but the overall power level

decreases. The so modified DICE system now delivers a constant output up to 180 MHz.

Unfortunately, by adding another amplifier (ALC) into the circuit, the suppression of harmonics,

especially the 3rd harmonic, is also decreased.

Harmonics are generally a problem in ENDOR spectroscopy, since they introduce artificial

signals. In the setup used, suppression of harmonics is extremely important due to the various

effects on the spectra. The main source of harmonics is the DICE system, which generates the

variable frequency. These harmonics are also mixed with the local frequency, leading to a num-

ber of undesired sweep frequencies which interfere with the main sweep. These frequencies,

however, can be calculated easily and their effect on the spectra can be predicted. Ifn is the

number of the harmonic, the frequencies are

ν = νL±nνR (5.1)

The resonances induced by harmonics are usually very narrow and are typically observed as

spikes in the spectra. The position of these artifacts in the spectra depends on the particular

mixing conditions. If the local frequencyνL is decreased by 20 MHz, the 2nd harmonic artifacts

occur at a remote frequencyνR that is 10 MHz lower, the 3rd harmonic artifacts whenνR is

6 MHz lower. Thus if a resonance is suspected to be a harmonic artifact, it can be identified

by varying the local frequencyνL. Resonances caused directly by the remote frequencyνR are

a minor problem since the mixer has a sufficient isolation of the remote frequencyνR for the

frequencies in use. An example of a spectrum with harmonic distortions is shown in Fig. 5.4.

5.1.2 ENDOR Coil

First, the standard Bruker ENDOR probehead for the1H range was used for the55Mn ENDOR

experiments. Especially the ENDOR coil was designed for frequencies below 50 MHz. The
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Figure 5.4: Effect of harmonic distortions on the55Mn–ENDOR spectrum of MDTN recorded atB0 =
405.0 mT. On the MnIV side (70–140 MHz) only one line is observed at 103 MHz. In the MnIII range

(140–280 MHz), only the resonance at 247 MHz can be attributed to MnIII . The resonances marked (x) at

165 (weak), 201 and 234 MHz are harmonic artifacts and occur when the sweep frequency passes through

the MnIV resonance (|ν |= |νL−nνR|= 103MHz). This is observed at 165 MHz:νL−3νR (mirrored),

201 MHz: νL−2νR and 234 MHz:νL−3νR. The local frequency was set toνL = 300.5 MHz for the

sweep in the MnIII range.

characteristic frequencyf of the RLC-circuit that can be used to describe the probehead/coil

system [106] is calculated according to

f =
1

2π
√

LC

whereL is the inductance andC the capacitance. The inductance of a solenoid type coil is given

by [107]

L =
22n2d

1+2.2l/d

in which n is the number of turns,d is the diameter andl is the length of the coil. For a

saddle type coil that is used in the Bruker probehead, the calculation of the inductance is more

complicated, however, in this caseL also increases with the number of turns. Originally, the

characteristic frequency was about 110 MHz and at this frequency the RF was in resonance,

resulting in a broad peak in the ENDOR spectra. However, MnIV resonances also occur in

this frequency range. Moreover, at frequencies above the characteristic frequency, most of the

RF power is consumed as heat thus lowering the signal intensity of the higher frequency MnIII

resonances. To solve this problem, a new coil was custom made by Bruker. By reducing the

number of turns, the inductance of the coil was lowered and the resonance shifted towards

higher frequencies. Fewer turns also lead to a decrease in the strength of the RF field and

therefore longer RF pulses had to be used. An optimum value (π pulse length) of 4–5µs was
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found for the given RF power, see Fig. 5.5. Note that this is much shorter thanπ pulse lengths

used for protons and is a result of the ENDOR enhancement effect for55Mn.
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Figure 5.5: ENDOR amplitude over RF pulse length resulting in a characteristic nutation pattern used

to determine the optimum RFπ-pulse length. The resonance at 110 MHz of complex MDTN was

monitored.

5.2 Measurements on MnII :CaO and MnII :CaCO3

As standard samples for test measurements the systems MnII :CaCO3 and MnII :CaO were cho-

sen. They were prepared by precipitation of a Ca2+ solution containing about 500 ppm Mn2+

ions using NaHCO3. After filtration and drying of the precipitate for two hours under vacuum,

MnII :CaCO3 was obtained. Heating to temperatures above 1000◦C yielded MnII :CaO. The

white powders where filled in EPR sample tubes and could be used for measurements without

further processing. The MnII :CaO sample is sensitive to water, so that long term use is only

possible with a well dried and sealed sample. FSE–EPR and55Mn–ENDOR spectra obtained

for MnII :CaO and MnII :CaCO3 in the frequency range 80–180 MHz are shown in Fig. 5.6 and

Fig. 5.7, respectively. All spectra were recorded at 5 K.

Even though these are a single ion spin systems, the interactions involved are quite complex

(see also section 2.4). Since these are high-spin ions (S= 5/2), zero-field interactions must

be taken into account. While the MnII ions in MnII :CaO are octahedrally coordinated, the

coordination in the case of MnII :CaCO3 is tetragonal distorted. The spin Hamiltonian for the

MnII :CaO system therefore contains cubic terms, the one for MnII :CaCO3 axial terms. Because

of the symmetric electron configuration of MnII the ZFS is rather small in both cases. The
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Figure 5.6: FSE EPR and55ENDOR spectra of MnII :CaO (solid) and spectral simulations (dotted)

recorded on the six central (ms = −1/2↔ +1/2) EPR transitions. The field positions at which the

ENDOR spectra were recorded are indicated in the EPR spectrum. For the simulation, the following

parameters were used:giso = 2.0013andaiso =−245.0 MHz.

consequence for the EPR spectra is that only the electronic (ms) |−1/2〉 ↔ |1/2〉 transitions

give rise to six sharp lines corresponding to ami state of−5/2,−3/2, ...,+3/2,+5/2 as seen in

the FSE-EPR spectrum of MnII :CaO and MnII :CaCO3 (pos. 1–6). The otherms transitions are
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Figure 5.7: FSE EPR and55ENDOR spectra of MnII :CaCO3 recorded on the six central (ms =−1/2↔
+1/2) EPR transitions. The field positions at which the ENDOR spectra were recorded are indicated

in the EPR spectrum. The ENDOR spectra were recorded in a very early stage of the development of

the ENDOR setup and are not optimised. In this particular case the high-pass filter was not used. The

background visible in the spectra is the result of low-frequency resonances around 20–40 MHz induced

by the subtraction frequencyν−.

broadened by the zero-field interaction and exhibit powder line shapes with low intensity. In the

EPR spectrum of MnII :CaCO3 Fig. 5.7 also the zero-field shifted|±1/2〉 ↔ |±3/2〉 transitions

are visible as low intensity peaks to the left and right of the central peaks.
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The ENDOR spectra obtained for MnII :CaO on positions 1 through 6 in Fig. 5.6 show needle

sharp lines with a width of about 150 kHz. This is an indication that the hyperfine coupling is

isotropic and the ZFS does not effect these lines. For pos. 1 and 6, the EPR lines are attributed

to themi = −5/2 andmi = +5/2 states, resp. On these lines, only two ENDOR transitions

are allowed (compare Fig. 2.9 on page 25). These are themi = −5/2↔ −3/2 (pos. 1) and

mi = 3/2↔ 5/2 (pos. 6) transitions in thems = −1/2 andms = +1/2 manifolds. These two

ENDOR lines can be identified for pos. 1 at 90/142 MHz and at 94/162 MHz for pos. 6. At

all other positions four ENDOR transitions are allowed, e.g., at pos. 2, which corresponds to a

mi = −3/2 state, themi = −5/2↔−3/2 andmi = −3/2↔−1/2 transitions are possible in

thems =−1/2 andms = +1/2 manifolds. In the ENDOR spectra recorded on pos. 2–5, at least

three lines are resolved. The high-frequency lines are spaced by about 5 MHz. The splitting of

the low-frequency line pair is very small and decreases from pos. 2 to pos. 5 so that at pos. 5

only one line is resolved. When comparing two adjacent field positions it is evident that two

of the lines found in the lower position also occur in the higher position. For example, the

lines at 90/142 MHz in the spectrum taken at pos. 1 also appear in the spectra taken at pos. 2,

and the lines at 91/147 MHz (pos. 2) are also found for pos. 3. This has been described in the

theory section and is a result that on the EPR lines that correspond to themi = ±3/2,±5/2

states up (mi ↔mi +1) and down (mi ↔mi−1) ENDOR transitions are allowed. The ENDOR

experiment detects the energy difference between twomi levels and due to the unambiguity of

the ENDOR spectra it is possible to assign the observed resonances to the transitions in the

simple energy level scheme shown in Fig. 5.8.

If there were no zero-field interactions present, the higherms transitions, e.g.,ms =−3/2↔
−1/2, would occur at the same field position as the central transitions. Due to the moderate

ZFS in the system, the higherms transitions are observed at different field positions. The

resonance position for these transitions depend on thems state, more specifically, the higher the

ms state, the larger the shift with respect to the central EPR lines. This is the result when the

ENDOR frequencies are calculated up to third order, see eqn. 2.44 on page 22. Therefore, the

peaks left and right of the central lines as seen in Fig. 5.7 for MnII :CaCO3 are attributed to the

ms = ±3/2↔±1/2 transitions. Thems = ±5/2↔±3/2 transitions are even more shifted.

The corresponding ENDOR transitions for thems =−3/2↔−1/2 EPR lines are found around

340 MHz. The ENDOR transitions belonging toms = +3/2↔+1/2 andms =±3/2↔±5/2

EPR lines are shifted to frequencies (¿400 MHz) not detectable with the setup.

The ENDOR spectra of MnII :CaCO3 are similar to those of MnII :CaO, except that the lines

are not needle sharp, but exhibit tensorial shape. The axial distortion of the symmetry in this

lattice leads to a slightly axial hyperfine tensor and therefore to this lineshape. The two EN-

DOR lines observed for pos. 1 are found at 90–96 and 146–160 MHz, which is shifted towards

slightly higher frequencies compared with MnII :CaO. An interesting feature is the change of the
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Figure 5.8: Energy level scheme for MnII :CaO derived from the55Mn ENDOR spectra. Shown are the

mi levels in thems = −1/2 (left) andms = +1/2 (right) manifolds. The six allowed EPR transitions

are labelled according to the EPR lines in Fig. 5.6. The ENDOR transitions that are allowed and the

corresponding resonance frequencies are indicated.

tensorial line pattern when pos. 1 and pos. 6 are compared. For pos. 1 low-frequency component

is the parallel component, for pos. 6 this is the perpendicular component. The low-frequency

component of the line at 146 MHz in pos. 1 is the perpendicular, for pos. 6 it is the parallel

component.. The same situation is found for pos. 2 and 5.

The ENDOR transitions observed in Fig. 5.6 originate from nuclear transitions within the

ms = ±1/2 manifolds. However, these resonances cannot be calculated using a simple first-

order calculation. Firstly, when high spin systems are involved, the dependency of the energy

on thems level is mispredicted. This is clearly seen in Fig. 5.8 where the splitting of themi

levels is different in bothms manifolds. Secondly, the large hyperfine coupling introduces

strong deviations from first-order. Sturgeon et al. have found that calculations of the ENDOR

frequencies up to third order are within 5% of the correct value determined by full-matrix

diagonalisation [59].

Spectral simulations of the MnII :CaO ENDOR spectra using the FMD method show that

the spectra can be reproduced by using spin Hamiltonian eqn. 2.43 without the quadrupole

interaction. The uneven splitting of the lines in thems = +1/2 andms = −1/2 manifolds are

the result of the high electron spin and the large hyperfine coupling.
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5.3 Results for the MnIII Mn IV Complexes

The next stage involved experiments on the synthetic MnIII MnIV complexes and on the MnIII MnIV

state of dimanganese catalase fromTh. thermophilus. FSE-EPR and ENDOR experiments

were performed on frozen solutions of BIPY in MeCN/CH2Cl2 (1:3) and MDTN in DMF. The

preparation of the MnIII MnIV state of the catalase was described in chapter 4 on page 53. The

concentrations were about 5 mmol/l. Since each sample exhibits a unique 2-pulse modulation

pattern, it was necessary to determine optimised pulse sequences for each sample. This was

achieved by monitoring the echo amplitude as a function of the inter-pulse delay timeτ. For

BIPY, MDTN and catalase, the values forτ were 480, 400 and 360 ns, respectively. The spin

lattice relaxation for BIPY was found to be much slower than for MDTN and catalase at 4.5 K.

Measurements on BIPY were therefore performed at 5 K and the shot repetition time had to be

adjusted accordingly, for BIPYTSRT= 50 ms, MDTN and catalaseTSRT= 10 ms. Depending

on how well the spin echo could be inverted with the first microwaveπ-pulse, aπ-pulse length

of either 64 or 32 ns was used. The RFπ-pulse length was 4.4µs.

5.3.1 Spectral features

The ENDOR spectra of the MnIII MnIV dimers are quite different from those of MnII :CaO be-

cause of anisotropic tensors and additional quadrupole interactions. Before they are discussed,

a short explanation of the selection mechanism that applies to the spectra of the dimers shall

be given. Fig. 5.9 shows the low field part of a simulated EPR spectrum of complex BIPY.

The contributions are grouped according to fixed MnIV mi levels. In this way, the EPR tran-

sitions that contribute to the ENDOR spectra can be identified for each field position. Spin

states for EPR transitions are given in the following as
∣∣ms,mIII

i ,mIV
i

〉
and for ENDOR tran-

sitions as
∣∣mIII

i ,mIV
i

〉
. For example, atB = 283.0 mT the EPR signal arises from the transi-

tion |−1/2,−5/2,−5/2〉 ↔ |1/2,−5/2,−5/2〉, i.e,ms :−1/2↔+1/2 with mIII
i =−5/2 and

mIV
i =−5/2. Specifically, the perpendicular tensor edge is selected. In the ENDOR spectrum,

only two lines are observed. They arise from the|−5/2,−5/2〉 ↔ |−5/2,−3/2〉 transition in

the lowerms =−1/2 and upperms = 1/2 manifold. The|−5/2,−5/2〉 ↔ |−3/2,−5/2〉 tran-

sitions are also possible, but their frequency is higher than the range selected here. Thus, in

the ENDOR experiment at this field position, the lines can be assigned to theAIV
⊥ tensor com-

ponent. They are centred at approximatelyA/2 as predicted by the first-order equations in the

case of dominating hyperfine interaction. The line splitting is much larger than2νn (6.0 MHz

at 283.0 mT), which is a sign that quadrupole interactions play an important role. Since the

line shifts induced by quadrupole interactions aremi dependent, the analysis of themi levels

involved can be applied here also. Due to the combined Zeeman and quadrupole splitting, a
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line pair occurs at 91/109 MHz. The pure quadrupole splitting (12 MHz) is obtained by sub-

tracting the Zeeman splitting. Each line is shifted by 6 MHz, the low-frequency line to lower

frequencies, the high-frequency line to higher frequencies.

At 291.0 mT, more than two lines are observed. In addition to the two lines from above,

a new line at 96 MHz can be identified. The line at 91 MHz has significantly lost intensity

compared with the line at 109 MHz. This is an indication that two line pairs might be visible

for this position, the 91/109 MHz pair and a new 96/109 MHz pair. It can be seen in the EPR

spectrum, that for this field position two EPR transitions are selected. The previously described

one (this time on the parallel edge), and a new one,|−1/2,−5/2,−3/2〉↔ |1/2,−5/2,−3/2〉.
The new lines can then be attributed to the|−5/2,−3/2〉 ↔ |−5/2,−1/2〉 ENDOR transition.

For this transition, a different quadrupole shift is observed which is smaller than the previous

one. Note that the shift is not symmetric, thus the double intensity for the 109 MHz line.

The farther the field position is chosen towards the centre of the EPR spectrum, the more

states contribute to the EPR line and, as a result, more and more ENDOR transitions become

possible. This is seen very clearly for field positionB = 298.0 mT. Some points are notable

for this case: i) the same ENDOR lines (91/109 MHz) are observed for the|−3/2,−5/2〉 ↔
|−3/2,−3/2〉 and the|−5/2,−5/2〉 ↔ |−5/2,−3/2〉 transition. This is a consequence of

the hyperfine splitting pattern, i.e., a full set ofmIV
i levels is connected to eachmIII

i level.

ii) all lines that are present in the previous spectrum, are also observed here. Only the line

at 102 MHz is new for this position. This allows a possible assignment of this line to the

|−5/2,−1/2〉 ↔ |−5/2,+1/2〉 transition for which no quadrupole shift is expected. The other

line of the pair is the found at 109 MHz. iii) only the low frequency line of the pair of lines

is apparently affected by the quadrupole shift, while the high frequency lines remain at about

109 MHz. This is further supported by the relative intensities of the low/high frequency lines,

which is about 1:1 at 283.0 mT, 1:2 at 291.0 mT and greater 1:3 at 298.0 mT.

So far, the MnIV hyperfine tensor showed little anisotropy. The line shifts were mainly

due to the different quadrupolar contributions. However, since the quadrupole interaction is of

at least axial symmetry, a strong orientational dependence of the shift was expected, but not

found. A reason for this is the relatively weak intensity of thezcomponent compared to thex,y

components, in combination with the difficulty to select orientations (field positions), were the

zcomponents predominate.

The FSE–EPR and55Mn–ENDOR spectra of complex BIPY recorded in the MnIV and MnIII

frequency range at 5.0 K along with spectral simulations are shown in Figs. 5.10 and 5.11, resp.

In the MnIV frequency range, highly resolved ENDOR spectra could be obtained for all field

positions (Fig. 5.10). On the outer positions (1 and 8) the spectra are quite simple, comprised

of two lines at 91/109 MHz and one line at 110 MHz, respectively. At all other positions the

spectra are composed of at least three lines. All spectra share an intense resonance at about
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Figure 5.9: Bottom: low field part of a simulated EPR spectrum of BIPY showing the contributions from

singlemi levels. Top: the ENDOR spectra recorded on the indicated positions. Each simulated trace

(red, blue and green) was prepared using the EPR parameters from chapter 4. In the simulations, themi

values of MnIII ranged from−5/2 to 5/2, while the MnIV mi states were fixed at selected values (red:

mIV
i =−5/2, blue: mIV

i =−3/2 and green:mIV
i =−1/2). For example, in the red trace the resonances

from 280–295 mT are attributed to the state|−5/2,−5/2〉 and from 297–397 mT to|−3/2,−5/2〉. For

details, see text.

110 MHz. For pos. 4, this resonance is especially broad. For pos. 6, a second intense peak at

105 MHz is observable. Also for this position, resonances at 123 and 130 MHz occur which

are not found in the other spectra. When compared to pos. 1, these resonances, together with

the resonance at 105 MHz, appear to belong to the same tensor component. The large splitting

suggests that this is az orientation.

A first estimate of the magnitude of the quadrupole interaction can be obtained from the

spectra recorded at pos. 1 and 8, were only one ENDOR transition is allowed for MnIV . At

pos. 1, the quadrupole shift for each line was already calculated to be 6 MHz. For themi :

−5/2↔−3/2 transition, the line shift is±6P for thezcomponent and∓3P for thex,y compo-

nents, whereP= e2qQ/20h and the sign change accounts for the twoms manifolds (s. Fig. 2.10

on page 27). The value calculated isP= 2.0 MHz. On pos. 8, the same situation applies, except

that a quadrupole shift for the ENDOR transitionmi : 5/2↔ 3/2 in the opposite direction is
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observed. The shift for each line is about equal toνn, thus only a single line is detected.

The ENDOR spectra in the MnIII frequency range (Fig. 5.11) recorded on pos. 1 and 6

exhibit the same features that were found in the corresponding MnIV spectra, i.e., two lines for

pos. 1 and a single line for pos. 6. The lines for pos. 1 are found at 207 and 235 MHz leading

to a splitting of 27 MHz, which is larger than that for the MnIV lines obtained at the same

position. The same procedure as for MnIV can be applied to get an estimate forP in MnIII .

Here,P = 3.5 MHz. The increased tensor anisotropy is apparent from the spectrum at pos. 3.

Here, weak resonances occur at 170 and 195 MHz, and strong resonances from 240–270 MHz.

Notable is the shift of the intense resonance in the spectra taken at pos. 5 to 6. These spectra

were recorded on the last line of the EPR spectrum, which exhibits a lineshape characteristic

of axial hyperfine tensor symmetry. On the perpendicular edge (pos. 6) a narrow ENDOR line

with high intensity is obtained. While the magnetic field is moved towards the parallel edge,

the ENDOR line looses intensity and a broad resonance evolves that shift away from the narrow

line.

Figs. 5.12 and 5.13 show FSE–EPR and55Mn–ENDOR spectra of complex MDTN recorded

in the MnIV and MnIII frequency range at 4.5 K.

The MnIV ENDOR spectra of MDTN (Fig. 5.12) recorded at pos. 1 and 8 are quite similar to

those of BIPY, however, the resonances are shifted. For pos. 1, lines are found at 83/105 MHz,

and for pos. 8 one broad line at 104 MHz is observed. Furthermore, for BIPY, the main reso-

nance at about 110 MHz was relatively independent of the field position. In the MDTN spectra,

this is not the case. For pos. 6, 7 and 8, the line occurs at 110, 114 and 104 MHz. This re-

flects the anisotropy of the MnIV hyperfine coupling, which is much larger for MDTN than for

BIPY. This also leads to an enhanced orientation selection, especially on the high field side,

where positions can be selected that favour either thex, y or z components (compare Fig. 4.11

on page 71). As a result, at pos. 8 (and 1), they component is selected almost exclusively. At

pos. 7, thex and at pos. 6 thez component has relatively high intensity. Especially the larger

quadrupole shift related to thez component is seen for pos. 6, where these resonances are at

92/130 MHz, yielding a splitting of 38 MHz, which is much larger than2νn. Note also, that the

direction of the shift is reversed compared to the other lines. An estimate for the quadrupole

tensorzcomponent yieldsP = 2.6 MHz. For pos. 3 and 4, the spectra show a number of nicely

resolved lines. These positions are very well suited to test spectral simulations, since many

orientations contribute to the ENDOR spectra, yet good resolution is maintained. Furthermore,

the resonances in the range of 120–130 MHz can be identified from their large quadrupole shift

as components corresponding to azorientation.

The ENDOR spectra of MDTN in the MnIII frequency range are shown in Fig. 5.13. Spec-

tra for pos. 1 and 6 are again simple, two line for pos. 1 centred around 220 MHz and a single

line for pos. 6 at 247 MHz. They can be attributed to a single MnIII hyperfine tensor compo-
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nent (y). For pos. 5 two lines occur, centred around 230 MHz. These lines can be attributed

to a x tensor component. The resonances that are observed at pos. 5 and 6 arise from the

|5/2,5/2〉 ↔ |3/2,5/2〉 transition. Obviously, the quadrupole shift is different though themi

levels are identical. This indicates rhombic quadrupole tensor symmetry. For pos. 4 the reso-

nance at 247 MHz is identical to that found at pos. 6, but additional resonances are observed in

the range 170–215 MHz. These are probably related to thez component, since from the EPR

results this component was found to have the smallest value.

In Fig. 5.14 the FSE–EPR and55Mn–ENDOR spectra of dimanganese catalase are shown

recorded in the MnIV and MnIII frequency range at 4.5 K. The FSE–EPR spectrum exhibits a

non-vanishing background past the spectral range of the MnIII MnIV resonances. It is highly

likely that the background originates from the MnII MnII or MnIII MnIII state. This is an indi-

cation for an incomplete oxidation of the MnII MnII state to MnIII MnIV and was not seen in

cw mode EPR. However, the ENDOR spectra where all impaired by a distorted baseline. The

ENDOR spectra shown for pos. 1 and 2 are difference spectra, obtained by subtraction of a

baseline spectrum. Unfortunately, this procedure was not possible for the central field positions

since the background signal were field dependent. From the EPR data determined in chapter 4

the MnIV hyperfine tensors exhibit axial symmetry. Therefore, at pos. 1 and 2 bothx andy

tensor components are selected. The ENDOR spectra obtained are, however, clearly different

from those of BIPY at similar field positions. The hyperfine tensors of BIPY were also ax-

ial. For catalase broad resonances from 90 to 125 MHz are observed at pos. 1 and from 110

to 135 MHz at pos. 2. The typical single resonance that was found for BIPY and MDTN is

not observed for catalase. This suggests that the quadrupole shift is i) smaller in catalase and

ii) that the shift is different for thex andy components, indicative of a rhombic quadrupole

tensor. Furthermore, the resonances are shifted towards higher frequencies compared with the

synthetic complexes suggesting larger hyperfine couplings. In the MnIII frequency range, two

lines centred at 190 MHz are found for pos. 1 and strong resonance at 225 MHz for pos. 2. The

smaller and narrower line at 200 MHz might be a subtraction artifact.
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Figure 5.10: FSE–EPR and55Mn–ENDOR spectra (black) of complex BIPY in the MnIV frequency

range and spectral simulations (red). The field positions on which the ENDOR spectra were obtained are

indicated in the FSE–EPR spectrum. Experimental: EPR:νMW = 9.70 GHz, τ : 480 ns, MWπ-pulse:

128 ns, shot rep. (SRT): 20 Hz, 20 averages in 35 min,T = 5.0 K. ENDOR (common):τ: 480 ns, MW

π-pulse: 64 ns, RFπ-pulse: 4400µs, T = 5.0 K. (1): 283.0 mT, SRT: 50 Hz, 320 averages in 56 min.

(2): 290.9 mT, SRT: 100 Hz, 800 averages in 2 h 20 min. (3): 298.1 mT, SRT: 100 Hz, 400 averages in 1

h 10 min. (4): 306.3 mT, SRT: 100 Hz, 600 averages in 52 min. (5): 347.5 mT, SRT: 10 Hz, 30 averages

in 26 min. (6): 350.8 mT, SRT: 40 Hz, 400 averages in 1 h 27 min. (7): 392.0 mT, SRT: 40 Hz, 400

averages in 1 h 27 min. (8): 408.0 mT, SRT: 20 Hz, 200 averages in 1 h 27 min.
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Figure 5.11: FSE–EPR and55Mn–ENDOR spectra (black) of complex BIPY in the MnIII frequency

range and spectral simulation (red). The field positions on which the ENDOR spectra were obtained

are indicated in the FSE–EPR spectrum. The sharp resonances at 195 MHz in trace 2 are harmonic

artifacts. Experimental: EPR:νMW = 9.70 GHz, τ: 480 ns, MWπ-pulse: 128 ns, shot rep. (SRT):

20 Hz, 20 averages in 35 min,T = 5.0 K. ENDOR (common):τ: 480 ns, MWπ-pulse: 64 ns, RF

π-pulse: 4400µs, T: 5.0 K. (1): 283.0 mT, SRT: 20 Hz, 1160 averages in 8 h 27 min. (2): 306.3 mT,

SRT: 200 Hz, 1280 averages in 56 min. (3): 350.8 mT, SRT: 40 Hz, 400 averages in 1 h 27 min. (4):

355.4 mT, SRT: 20 Hz, 120 averages in 52 min. (5): 404.0 mT, SRT: 40 Hz, 3200 averages in 11 h 39

min. (6): 408.0 mT, SRT: 40 Hz, 800 averages in 2 h 55 min.
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Figure 5.12: FSE–EPR and55Mn–ENDOR spectra (black) of complex MDTN in the MnIV frequency

range and spectral simulations (red). The field positions on which the ENDOR spectra were obtained are

indicated in the FSE–EPR spectrum. Experimental: EPR:νMW = 9.70 GHz, τ : 400 ns, MWπ-pulse:

128 ns, shot rep. (SRT): 50 Hz, 20 averages in 7 min,T = 4.5 K. ENDOR (common):τ =400 ns, MW

π-pulse: 32 ns, RFπ-pulse: 4400µs, shot rep. (SRT): 50 Hz,T: 4.5 K. (1): 286.0 mT, 1960 averages

in 11 h 25 min. (2): 355.8 mT, 100 averages in 35 min. (3): 358.8 mT, 100 averages in 35 min. (4):

366.4 mT, 100 averages in 35 min. (5): 386.5 mT, 225 averages in 39 min. (6): 395.0 mT, 400 averages

in 1 h 10 min. (7): 402.0 mT, 100 averages in 17 min. (8): 405.0 mT, 100 averages in 35 min.
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Figure 5.13: FSE–EPR and55Mn–ENDOR spectra (black) of complex MDTN in the MnIII frequency

range and spectral simulations (red). The field positions on which the ENDOR spectra were obtained are

indicated in the FSE–EPR spectrum. Experimental: EPR:νMW = 9.70 GHz, τ : 400 ns, MWπ-pulse:

128 ns, shot rep. (SRT): 50 Hz, 20 averages in 7 min,T = 4.5 K. ENDOR: τ =400 ns, MWπ-pulse:

32 ns, RFπ-pulse: 4400µs,T = 4.5 K. (1): 286.0 mT, SRT: 100 Hz, 4200 averages in 12 h 14 min. (2):

302.3 mT, SRT: 100 Hz, 5000 averages in 7 h 17 min. (3): 366.4 mT, SRT: 200 Hz, 1600 averages in 2

h 20 min. (4): 395.0 mT, SRT: 390 Hz, 4000 averages in 1 h 27 min. (5): 402.5 mT, SRT 200 Hz, 9600

averages in 7 h. (6): 405.0 mT, SRT 50 Hz, 400 averages in 2 h 20 min.
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Figure 5.14: FSE–EPR (top) and55Mn–ENDOR spectra of MnIII MnIV –catalase (black) in the MnIII and

MnIV frequency range and spectral simulations (red). The field positions on which the ENDOR spectra

were obtained are indicated in the FSE–EPR spectrum. Signals from other catalase oxidation states

were removed by baseline subtraction. Spectral simulation are shown in blue. Experimental: EPR:

νMW = 9.70GHz, MW π-pulse: 128 ns,τ: 600 ns, shot rep. (SRT) 200 Hz, 1 scan in 2 min,T = 4.5 K.

ENDOR (common):τ =360 ns, MWπ-pulse: 32 ns, RFπ-pulse: 4400µs, shot rep. (SRT) 200 Hz,

T = 4.5 K. (1) 288.0 mT, 4000 averages in 5 h 50 min. (2) 401.7 mT, 4000 averages in 5 h 50 min. (3)

288.0 mT, 4000 averages in 5 h 50 min. (4) 401.7 mT, 4000 averages in 5 h 50 min.
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5.3.2 Evaluation of the spectra

The data for the hyperfine and quadrupole tensors can only be obtained by spectral simulations.

In principle, the quadrupole coupling could be evaluated ’by hand’ on the outer positions where

only a singlemi level contributes by comparing the actual line splitting with2νn. However, the

correct hyperfine coupling is difficult to determine even for these simple spectra. For example,

for the spectra recorded at 402.5 mT, one would obtainAIV
x /2 = 112 andAIII

x /2 = 226 MHz

from the respective resonance positions. As mentioned in section 2.4, the first-order approxi-

mation is not sufficient when large hyperfine interaction are involved. Thus, higher order effects

have to be expected, and are observed in the spectra. The correct hyperfine couplings are cal-

culated to be 109.7 and 209.5 MHz. For central field positions, manymi levels and orientations

contribute and an assignment of the resonances and hence data evaluation is not possible with-

out simulations.

Spectral simulations were performed using the full-matrix diagonalisation programbarley.

All interactions from the spin Hamiltonian eqn. 2.43 were included. TheG– and55Mn hyper-

fine tensors for BIPY and MDTN were taken as determined from the EPR simulations (see

chapter 4). Additionally, the measuring temperature and two linewidths needed to be set. The

first linewidth is the one used in the final convolution of the ENDOR spectrum. The other one is

the width of the EPR line. The latter one proved to be especially important because through the

EPR line position the ENDOR transitions are selected and the width contributes to the selection

in case of overlap of EPR lines. Thus the EPR linewidth parameter acts as a filter. The ENDOR

linewidths varied from 0.8–1.5 MHz depending on the field position on which the ENDOR

spectrum was recorded. An isotropic ENDOR linewidth was used in the simulation, however,

the experimental linewidths appeared to be anisotropic, especially thez component seemed to

be broader than the other components. This could have been accounted for in the simulation,

but would have resulted in a further decrease of the calculation speed. The EPR linewidths

ranged from 1.0–1.2 mT (MDTN) to 1.2–1.4 mT (BIPY). The lineshapes were Lorentzian (EN-

DOR) and Gaussian (EPR). The temperature is used to calculate the level population. Here, the

experimental values were used, T=5.0 K (BIPY) and 4.5 K (MDTN). For BIPY, the quadrupole

parametersP‖ andη have been determined previously from spectral simulations of55Mn EN-

DOR spectra by Randall et al. [104]. For MnIV they areP‖ = +2.0 MHz andη = 0.3. For

MnIII P‖ =−4.5 MHz andη = 0.1 was found. These values were taken as a starting point for

the simulations of the BIPY55Mn ENDOR spectra. For MDTN, the quadrupole tensors have

not been determined previously. As an estimate, the values by Randall et al. were used also.

First, the simulations were carried out for the spectra in the MnIV region. Good starting

points for the simulation are the ENDOR spectra recorded on the edge positions in the EPR

spectrum. Here, the resonances often originate from a single tensor component and, moreover,
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due to the highmi level of the corresponding transition, there are pronounced quadrupole shifts

that allow for an accurate determination of the tensor components. For example, the resonances

in the spectrum of MDTN recorded at 405.0 mT (pos. 8 in Fig. 5.12) can be attributed to a

mIV
i : 3/2↔ 5/2 transition, specifically, they components are selected. Both MnIV hyperfine

and quadrupole couplingy components can then be determined with very high precision. Next,

at 402.5 mT (pos. 7 in Fig. 5.12) lines are attributed to the samemi transition, but to thex

components. The simulation can be checked by applying the so obtained parameters to sim-

ulations of the spectra recorded on the low-field side, e.g., at 286.0 mT the lines arise from

themIV
i :−5/2↔−3/2 transition,y orientation. The quadrupole tensor is thereby fully deter-

mined, since from the constraint that the tensor is traceless, thez component can be calculated.

For a final verification of the data, a field position is chosen where thez component may be

observed, e.g., 395.0 mT for MDTN (pos. 6). The spectra obtained for the other field positions

can be simulated very well using these parameters as shown in Fig. 5.12.

This procedure works well for MDTN, in which the hyperfine tensors are truly rhombic.

For BIPY, the hyperfine tensors are nearly axial and a good orientation selection is not possible.

Therefore, at the outer field positions (pos. 1 and 8 in Fig. 5.10) a mixture ofx andy components

is encountered and instead of two variables on has four. In this case, it proved to be easier to

begin with an axial quadrupole tensor thereby reducing the number of parameters. Helpful was

also the comparison of the powder spectra with single point spectra obtained at orientations

along the Cartesian axesxyz. Though the absolute peak positions often varied compared with

the powder spectrum, the relative intensities and positions of the line corresponding to thexyz

orientations could be used to predict the necessary changes to the parameter set.

The relative peak intensities in the powder spectra are influenced by the following variables:

i) the MnIV and ii) the MnIII hyperfine coupling, iii) the EPR linewidth and iv) the strength of

the static magnetic field. For simulations in the MnIV range the corresponding hyperfine tensor

can not be used to alter the relative peak intensities, since the observable resonance positions

would shift also. The same applies for the MnIII hyperfine tensor when simulating the MnIII

range. The MnIII hyperfine tensor can be used to adjust the relative intensities in the MnIV

simulation, however, any unreasonable changes will later be observed in the MnIII simulations.

When the argument is reversed, it will become obvious that relative peak intensity can be used

to tune the MnIII hyperfine coupling. Via the EPR linewidth most of all the number of orien-

tations that contribute to the ENDOR spectrum is influenced. Therefore, in many cases only a

broadening of the ENDOR line is observed by increasing the EPR linewidth. However, when

the splitting between lines corresponding to different EPR transitions is not large, additional

ENDOR transitions may be selected by a larger EPR linewidth and relative peak intensities

may change. The last parameter is the magnetic field strength. It turned out that even small

changes (0.2 mT) can have a large impact on the ENDOR spectra. It is therefore absolutely
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necessary to have exact data for theG–tensor and the static field.

It is noteworthy that for some field positions single peak intensities are not correctly calcu-

lated in the simulation, e.g., in the spectrum of MDTN recorded at 302.3 mT there no peak at

113 MHz is visible while the corresponding peak at 93 MHz is observed. This is also a problem

in the MnIII simulations. For the same field position, the experiment shows a loss of intensity

at 216 MHz compared with the simulated spectrum. Even more seriously, the intensities of the

peaks in the spectra recorded at central field positions (355.8–370.5 mT) are not reproduced

satisfactorily. Possible reasons for this can be found on either the experimental or the simula-

tion side. An experimental problem mentioned before are resonances induced by harmonics of

the sweep frequency.

Most likely, the simplistic simulation approach, that does not account for time-dependent

phenomena, but uses a static Hamiltonian, is not sufficient to fully reproduce line intensities in

a pulsed experiment.

Another concern are non-collinear tensor axes systems. If the principal axes systems of the

quadrupole tensor and theG–tensor are not coincident, the quadrupole tensor axis system has

to be transformed via Euler rotations. If the rotation angle is not equal to90◦, off-diagonal

tensor elements are created, in this particular case,Pyz andPzy. These elements are created on

the cost of they andz elements on the diagonal. Thus before the rotation, they must have been

larger. The rotation process can be thought of as a transfer from the diagonal elements to the

off-diagonal elements. One however misses additional tensor components if only the diagonal

elements are considered. In the EPR section it was observed that the tilt in the molecular

structure introduced by the additionalµ-carboxylate bridge leads also to non-zero Euler angles

for the55Mn hyperfine tensors. It can be assumed that also the quadrupole tensor is effected by

this tilt, however, finding the correct Euler angles without a fitting procedure is very difficult

and therefore has not been tried. Neglect of non-zero off-diagonal tensor elements may be a

further reason for the discrepancy in the line intensities.

The data obtained from the simulations are listed in Table 5.1.

5.4 Discussion

The 55Mn hyperfine tensor data determined by ENDOR can now be compared with the data

obtained earlier via EPR simulations. These are also shown in Table 5.1. Most values from

ENDOR agree within 3 MHz with those from EPR. An exception is the MnIII tensor of complex

BIPY. Here the largest difference is about 7 MHz. These changes have almost no effect on the

anisotropy (Ax−Az) of the tensor, but decrease the rhombicity making it more similar to the data

given by Randall et al. [104]. For the BIPY MnIV hyperfine tensor only relatively small changes
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Table 5.1: 55Mn hyperfine and quadrupole tensor principal values obtained by spectral simulations of
55Mn–ENDOR spectra. The values in parentheses were obtained by EPR. All values are given in MHz.

MnIII MnIV

Complex i Ai Pi Ai Pi

x −494 (−502) 1.5 212 (211) −1.0

BIPY y −481 (−481) 0.9 210 (215) −0.5

z −370 (−374) −2.4 229 (232) 1.5

x −480 1.65 212 −0.5

BIPYa y −480 1.35 212 −0.9

z −360 −3.0 231 1.4

x −418 (−420) −0.3 220 (221) −1.2

MDTN y −481 (−482) 1.35 194 (193) −1.1

z −316 (−314) −1.05 213 (216) 2.3

x −414 (−412) 0.4 230 (233) −1.3

MnCat y −427 (−427) 0.4 224 (224) 0.2

z −299 (−299) −0.8 254 (254) 1.1
a Data from Randall et al. [104]

compared with the EPR data are found. The data obtained by ENDOR are identical within

3 MHz to those of Randall et al. The hyperfine tensor data for MDTN could be determined

with an increased accuracy compared with BIPY, because of the rhombicity in the hyperfine

tensors and the resulting enhanced orientation selection. The data obtained with ENDOR are

in close agreement to those determined by EPR. This is also observed for dimanganese catalse

for which very narrow EPR lines in all frequency bands used in chapter 4 ensured precise

determination of the hyperfine tensors via EPR. This underlines that the EPR data obtained

with the multi-frequency EPR approach is very accurate.

In order to decide which method is better suited to determine the55Mn hyperfine tensors, it

is necessary to analyse the accuracy of both methods and compare both data sets on that basis.

The error margin for the hyperfine tensors was given in chapter 4 as∆A = ±0.2 mT, which

corresponds to∆A =±6 MHz. Within this limit the hyperfine tensors may be varied to obtain

nearly identical EPR simulations. Spectral resolution is the major source for this uncertainty

and the situation can only be improved by smaller linewidths. Additionally, there is an error

in the determination by using a second-order treatment to simulate the EPR spectra. In the

previous chapter it was concluded that the errors in the data that were inherent to the simulation

method were about±0.5%. For the MnIII hyperfine tensors this is about 2.5 MHz, for MnIV it

is 1.3 MHz. The total error is thus about±9 MHz for MnIII and±7 MHz for MnIV .
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At low microwave frequencies the errors in the hyperfine tensorz components determined

by EPR are larger than for thex,y components, because of the lowG–tensor resolution. The

ENDOR data for thezcomponents is in principle much more accurate because the correspond-

ing lines are usually not superimposed by lines corresponding tox,y components. This is due

to the fact that the MnIII and MnIV resonances are well separated and the rather large anisotropy

of the hyperfine tensors. The only problem in the determination of thez components is the low

intensity and the broad shape of the corresponding lines. Thex,y hyperfine tensor components

can be obtained with high accuracy, especially when the tensors are rhombic as for complex

MDTN. In that case, there is a strong orientation selection that allows for the determination of

single tensor components. For hyperfine tensors with nearly axial symmetry (BIPY and cata-

lase) this level of selection is not possible and thex,y tensor components have to be evaluated

together. An ENDOR transitionmi ↔ mi + 1 can occur in thems = −1/2 and ms = +1/2

manifolds and thus two linesν− andν+ are observed in the spectra. variation of the hyperfine

coupling alters the position of both of these lines. The centre of these two lines is given byA/2

to first order, therefore the lines should shift by 1 MHz if the hyperfine coupling is changed by

2 MHz. The exact treatment yields line shifts of about 1.3 MHz which are usually observeable

in the experimental spectra. Along with the change in line position, often a change in linewidth

is observed which is due to a change in the orientation selection. Forx andy tensor compo-

nents, especially for spectra obtained on edge positions, both effects allow to make a distinction

between two hyperfine couplings that differ by about 3 MHz. Thez components can be deter-

mined to an accuracy of about 5 MHz because of the reduced intensity and the broadness of the

corresponding ENDOR lines.

To ensure that the data set obtained by ENDOR does not alter the EPR spectrum, a simula-

tion of a 9 GHz EPR spectrum of complex BIPY has been carried out using the FMD method

and the parameter set obtained by55Mn ENDOR. All interactions included in the ENDOR spin

Hamiltonian were used also in the EPR simulation. A comparison of an experimental 9 GHz

EPR spectrum and the simulation is shown in Fig. 5.15.

The ENDOR results and the comparison with the EPR data shows that the ENDOR data

set is identical to the EPR data within the error margins of EPR. The accuracy of the ENDOR

data is improved compared with the EPR data and within the smaller error margins the EPR

data is identical to the ENDOR data with the exception ofAIII
x andAIV

y for BIPY. Since the

full spin Hamiltonian matrix was diagonalised, the simulation approach used to evaluate the

ENDOR spectra is not limited by approximations. However, the number of parameters for

an ENDOR simulation is increased in comparison with an EPR simulation (EPR linewidth,

quadrupole parameters). Together with the slower simulation speed it takes much more time to

obtain a correct data set. The time to acquire an ENDOR spectrum is dramatically longer than

the time to do an EPR experiment. Therefore, for the systems investigated here, a thorough
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Figure 5.15: 9 GHz cw EPR spectrum of complex BIPY and spectral simulation based on the parameter

set obtained from the ENDOR experiments, see Table 5.1. The spin Hamiltonian used for the EPR

simulation is the same as the one used for the ENDOR simulations. Experimental:νMW: 9.60 GHz,

PMW: 50 µW, mod.amp.(12.5 kHz): 0.1 mT, T: 10 K, 4 scans in 672 sec.

multi-frequency EPR analysis is better suited to obtain the55Mn hyperfine coupling tensors.

This situation is different, however, when multi-frequency high-resolution EPR spectra are not

available, for example for theS2 state of photosystem II.

The quadrupole interaction is not detectable by EPR, however, it is observable in the EN-

DOR experiments. For BIPY, the magnitude of the MnIV quadrupole tensor components is

nearly identical to that of Randall et al. [104], however, thex andy components are exchanged.

In order to understand these differences, the MnIII hyperfine tensors must be considered also. In

the truly axial system with respect toG– and hyperfine tensors given in ref. [104], bothx andy

components are selected. The same ENDOR simulation is obtained when these components of

the quadrupole tensor are exchanged. With the rhombic parameters used here for BIPY the out-

ermost lines correspond to ax orientation and only this specific assignment of the quadrupole

tensor yields good results. The MnIII quadrupole tensor does not compare so well with that of

ref. [104]. Again, one component (x) is in very good agreement, while the others are not. From

the experimental spectra, a definite conclusion which parameter set is the true one is not possi-

ble, since the near-axiality of the system does not allow for a selection of a singley orientation

and, moreover, the resonances attributed to thezcomponents (pos. 2 and 3 in Fig. 5.11) are too
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broad and too low in intensity to make a distinction between both data sets. The data obtained

here does, however, reproduce the peculiar line shape observed on pos. 6 in Fig. 5.11 better than

the data set from ref. [104].

The quadrupole parameters and thus the geometry of the field gradients for MnIII and MnIV

can be related to the ligand sphere observed in BIPY as follows [104]: the MnIII –N bonds

perpendicular to the plane MnIII –µ-O–µ-O–MnIV have an average length of 2.217Å. The in-

plane MnIII –N bonds are significantly shorter (2.127Å). This is due to a Jahn-Teller distortion

and leads to an elongation of the electron cloud in the direction of the MnIII d
z2 orbital. The

resulting topology of the field gradient is reflected in the sign ofP‖, which is negative in this

case. For MnIV , the bond lengths perpendicular to the plane are 2.01Å and in-plane they are

2.08Å. This leads to a slight compression of the electron cloud along the line perpendicular to

the MnIII –µ-O–µ-O–MnIV plane. Here, a positive sign ofP‖ is observed.

The centre of these two linesν− andν+ depends strongly on the hyperfine coupling, as

mentioned above, but only to lesser degree on the quadrupole parameters, which increase or

decrease the line splitting. Therefore the determination of precise quadrupole parameters is

more difficult than the hyperfine couplings. To a certain degree it is possible to simulate an

ENDOR line with more than one combination of hyperfine and quadrupole parameters and a

calculation of the error for the latter is difficult. An estimate, however, can be obtained by

comparing the linewidth with to shift due to the quadrupole interaction. On the edge positions

of the EPR spectra, e.g., pos. 8 in Fig. 5.12 the ENDOR spectra are quite simple and here

most precise determination of the parameters is possible. The width of the single ENDOR line

observed for pos. 8 is about 4 MHz and the line shifts due to the quadrupole interaction are|6P|.
Variations inP smaller than 0.3 MHz result in shifts that are smaller the half the linewidth and

are barely noticeable.

The quadrupole tensorPz component for MnIV has the same sign (+) in BIPY and in MDTN.

The same topology of the field gradient, a compression alongz direction, can be assumed

for MDTN, also. However, compared with BIPY MDTN has one oxygen atom (from theµ–

carboxylato bridge) in place of a nitrogen atom for either Mn ion. The exact bond lengths

can be taken from the DTNE X–ray data which are more accurate than the MDTN data. The

only structural difference concerns an exchange of NH groups with NCH3 groups, see Fig. 3.10

and Fig. 3.11. The Mn–O bond, that is perpendicular to theµ-O–MnIV –µ-O plane is shorter

(1.97Å) than the average MnIV –N bond length (2.08̊A). The compression found in BIPY is

thus more pronounced in MDTN and the value of thePz component for MDTN is somewhat

larger than for BIPY, 2.3 MHz vs. 1.5 MHz, respectively.

For MnIII in MDTN a Jahn-Teller distortion is observed which prolongs the bonds perpen-

dicular to theµ-O–MnIII –µ-O plane. Bond lengths are MnIII -Oax 2.14Å and MnIII -Nax 2.20Å

compared with the averaged in-plane MnIII -N bond lengths 2.07̊A This distortion is a larger
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than in BIPY, but the topology (elongation) is the same and should lead to a negative sign of

Pz. However, due to the uncertainty in the components of the MnIII quadrupole tensor a definite

decision can not be made.

The quadrupole data for dimanganese catalase is based only on the spectra recorded at the

edge positions and is therefore not as reliable as the data obtained for the model complexes.

The two lines observed in the low-field edge detected MnIV ENDOR spectra of both BIPY and

MDTN were split much further than in the case of catalase indicating a smaller quadrupole

shift. Also, on the high-field edge spectra two lines are observed instead of a single line in the

models. This is reflected in the data obtained from the simulation.
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Chapter 6

EPR on MnIIMn III Systems

In the case of anti-ferromagnetically coupled Mn dimers, two oxidation states feature aS= 1/2

ground state and are thus readily accessible through EPR spectroscopy. The MnIII MnIV state

has already been discussed in chapter 4. In this chapter the MnII MnIII state is investigated. So

far only few publications exist on the EPR spectroscopy on MnII MnIII systems [19, 30, 33, 34,

108–111], data on theG– and55Mn hyperfine tensors obtained by spectral simulation is even

fewer [30, 33, 34].

EPR spectra of complex phCO2 were recorded at 9 and 34 GHz microwave frequency,

spectra of the MnII MnIII state of dimanganese catalase and complexes pivOH were additionally

recorded at 94 GHz. Spectra of complex pivO were recorded at 9 GHz only. The temperature

for the EPR measurements was chosen to be as low as possible for the respective spectrometer.

At 9 GHz,T=5 K using the Oxford EPR 900 flow cryostat andT=2 K using the Oxford EPR 910

flow cryostat. At 34 GHz and 94 GHz, the selected temperature was 10 K.

6.1 Results

6.1.1 Spectral Features and Evaluation

The 9 GHz EPR spectra of the MnII MnIII state of dimanganese catalase and the complexes

phCO2, pivOH and pivO are shown in Fig. 6.1.

The 9 GHz spectrum of the MnII MnIII state of catalase (Fig. 6.1, a) is a typical ’multi-

line’ spectrum, At least 19 lines are resolved. The spectral features originate mainly from the

interaction of the unpaired electron with the two Mn nuclei. Almost no shoulders are visible,

only the high-field side (400–425 mT) features a complicated hyperfine line pattern. Notable is

also the loss of first derivative peak intensity in the centre of the spectrum. There are important

differences compared to the spectra of the MnIII MnIV complexes. First of all, the spectral

109
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width of the spectrum exceeds that of MnIII MnIV catalase by far. Here, the total extent is about

168.3 mT, for catalase 115.4 mT was found. Secondly, the linewidths in this catalase spectrum

are larger than those, in the 9 GHz spectrum of the MnIII MnIV state. Measured on the first

peak, a full width at half height of 2.7 mT is found (MnIII MnIV state: 1.0 mT). On the low-

field side, the first four peaks exhibit lineshapes typical for those of rhombic tensor components

corresponding to a single Cartesian orientation. This indicates either very largeG– or hyperfine

tensor anisotropy. A distinction can not be made from the line shape alone (compare Fig. 2.7

on page 21). From the relative line intensities (1:1:1:3) it is clear that this MnII hyperfine

tensor component must be more than twice as large as the corresponding MnIII hyperfine tensor

component, as a ratio ofA
II

AIII = 1 leads to intensities of 1:2, andA
II

AIII = 2 to 1:1:2. TheG– and

hyperfine tensor information for this single component can be evaluated in a way similar to the

analysis of the 94 GHz spectrum of the MnIII MnIV state of catalase. The splitting between the

first two peaks is attributed toAIII
z (=7.4 mT), the splitting between the first and the fourth to

AII
z (=23.2 mT). Next, the correspondingG–tensor component can be evaluated. It results from

the field position of the four peaks and is aboutGz=2.015. From these values, the complete set

of approximated parameters for thez component is obtained, with the exception of the Euler

angles.

It was not possible to record spectra at 34 GHz and 94 GHz. Even though many parameters

were varied, like temperature and microwave power, no signals from the MnII MnIII state could

be detected. Interestingly, weak signals from the MnIII MnIV state were observed. The amount

of this state, however, was small. At 94 GHz, lines from MnII were additionally visible.

The G– and55Mn hyperfine tensors were determined by spectral simulations using the

programmaureen. The simulations were started with the parameter set given by Zheng et

al. [30]. To obtain a good agreement between experiment and simulation, it was necessary to

adjust these parameters. Since the peaks on the low-field side could be assigned to a single

tensor component (z), the correspondingG– and hyperfine tensors could be evaluated directly.

Then, only thex,y components needed to be determined via a fit procedure. At the last stage,

also thez-component was readjusted in a fit. The final parameters are given in Table 6.1, the

experimental 9 GHz spectrum along with the spectral simulation and a stick diagram is shown

in Fig. 6.2.

Next, the 9 GHz spectrum of complex phCO2 is discussed, see Fig. 6.1, b. Only the low-

field part of the spectrum vaguely resembles the catalase spectrum. The central and high-field

parts are completely different. The spectral width of the phCO2 spectrum (173.1 mT), however,

is about the same as that of the catalase 9 GHz EPR spectrum. The particular shape of the

spectrum can be used to obtain some information about theG– and hyperfine tensors. From

this analysis, it will become evident, that the parameters of the catalase can not be used as a

starting point for spectral simulations. In the catalase spectrum, the first three peaks are identical
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Figure 6.1: Experimental 9 GHz EPR spectra of the MnII MnIII state of dimanganese catalase (a), com-

plex phCO2 (b), complex pivOH (c) and complex pivO (d). Experimental: Catalase:νMW: 9.59 GHz,

PMW: 10 µw, mod. amp.: 0.2 mT at 12.5 kHz, T: 7 K, 4 scans in 22 min. phCO2: νMW: 9.46 GHz,

PMW: 1 mW, mod. amp.: 0.2 mT at 12.5 kHz, T: 5 K, 16 scans in 22 min. pivOH:νMW: 9.47 GHz,

PMW: 1 mW, mod. amp.: 0.5 mT at 12.5 kHz, T: 5 K, 16 scans in 22 min. pivO:νMW: 9.47 GHz,

PMW: 1 mW, mod. amp.: 0.2 mT at 12.5 kHz, T: 5 K, 16 scans in 22 min.
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9 GHz

250 400350300
Magnetic Field / mT

g yg z g x

Figure 6.2: Experimental 9 GHz EPR spectrum (solid) of the MnII MnIII state of dimanganese catalase

along with a spectral simulation (dotted) and stick diagram. Green: Field aligned alongx-axis. Blue:

Field aligned alongy-axis. Red: Field aligned alongz-axis.

in their shape and their splittings. The fourth peak still exhibits the same shape, but it has twice

the intensity. In the phCO2 spectrum, however, only the first two peaks are identical in shape.

The third, with a relative intensity of two, features a shoulder which resembles the shape of the

middle component of a rhombic tensor. The line splittings assigned toAII
z andAIII

z are 20.3 and

9.4 mT, resp. The relative peak intensities of 1:1:2 are in close agreement with these values,

since these intensities follow from aA
II
z

AIII
z

= 2 ratio. For the catalase, the relative intensities are

1:1:1:3 and thus the ratio is greater than two. TheGz component is obtained from the field

position of the three peaks and yields about 2.02. No shoulders are visible on the fourth peak

in the catalase spectrum. Therefore, in catalase the hyperfine coupling must be larger or theG–

tensor more anisotropic. Following the same simulation procedure as outlined for the catalase,

it was possible to obtain an excellent fit of the experimental spectrum of phCO2 This is shown

in Fig. 6.3, the data is given in Table 6.1.

The experimental 9 GHz spectrum of complex pivOH (Fig. 6.1, c) has the largest spectral

width of all systems investigated (182.8 mT). The first and last two lines are almost identical

in shape to those in the phCO2 spectrum. In contrast, the sharp features in the range 340–

390 mT are not observed in phCO2. These lines do not originate from free MnII , since those

would be centred aroundg = 2.00, corresponding to 330 mT. In the same way as above, the

splittings corresponding toGz, AII
z andAIII

z could be determined from inspection of the first

low-field peaks. They are 2.015, 22.6 and 10.4 mT, resp. On the high-field side, the analysis
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Figure 6.3: Experimental 9 GHz EPR spectrum (solid) of complex phCO2 with spectral simulation

(dotted) and stick diagram. Green: Field aligned alongx-axis. Blue: Field aligned alongy-axis. Red:

Field aligned alongz-axis.

was carried out similarly, however, the focus is laid on the last three lines. Their shapes exhibit

zero-crossings, as found for a perpendicular component of an axial tensor. This indicates that

resonances originating from at least two components occur at the same field position.

The experimental spectrum of complex pivOH at 34 GHz is depicted in Fig. 6.4. The

linewidth and the spectral width has increased significantly compared with the 9 GHz spectrum.

The spectral width has, e.g., increased from 182.8 to 214.0 mT, which indicates a very largeG–

tensor anisotropy. Noticeable is the shape and the splitting pattern of the first six lines. They can

be grouped so that each pair of lines has the same intensity. The line splitting within each group

(10.3 mT) and also the two splittings between the three groups (23.4 mT) are nearly constant.

The values agree with the hyperfine splittings corresponding to theAII
z andAIII

z components

obtained from the 9 GHz spectrum. Moreover, the field position of the first six lines shows that

theGz component of theG–tensor is identical to the one obtained from the 9 GHz spectrum. On

the high-field side of the spectrum, the last peak is barely visible because of the large linewidth.

Note that the linewidth of this peak is much larger than for the first low-field peak. This points to

a large anisotropy of the linewidths, that has also been found in previous EPR measurements on

synthetic MnII MnIII complexes [33]. The particular shape of that peak excludes the possibility

of a completely axial system. Further evidence for rhombicity can be obtained from the S-shape

of the spectrum. In derivative mode, more intensity on the low-field side is above the baseline,

while on the high-field side, more intensity is below the baseline if the tensor with the largest
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anisotropy is of rhombic symmetry. A broadening then leads to this particular shape. The six

lines in the centre of the spectrum are due free MnII .

Simulations of the 9 and 34 GHz EPR spectra were performed starting with the parameters

determined directly but a satisfactory data set could not be obtained. The best simulations

based on a consistent data set are shown in Fig. 6.5. The data set is given in Table 6.1. The

9 GHz simulation reproduces all spectral features quite well, except the field region from 300

to 325 mT and the line intensities from 270 to 325 mT. The same data set simulates the low-

field region up to 1180 mT of the 34 GHz spectrum also quite well. However, the high-field

side is not well reproduced with respect to both line positions and intensities. Especially from

the intensities it can be concluded that the system is more rhombic than the parameter set

used. Only thez component of theG– and hyperfine tensors is consistent for both microwave

frequencies. Main difficulties are the large anisotropic linewidths which smear out the spectral

features that can usually be used to predict necessary changes to be made in the parameters and

the MnII lines in the central part of the 34 GHz spectrum. Use of the fitting procedure is not

helpful since theχ2 value can primarily be lowered through the linewidths. In most cases the fit

produces approximations of the broadened lines. The characteristic features, e.g., the isolated

components on the low-field side have only small effects on theχ2 value because of their low

intensity.

An experimental spectrum of complex pivOH was recorded at 94 GHz but the spectrum

looked quite different from an expected MnII MnIII dimer spectrum. First, 17 hyperfine lines

could be identified and the spectral width was found to be about 135 mT. Compared with the

9 and 34 GHz spectra, this is a significant reduction and can only be explained by assuming

smaller hyperfine couplings and a reducedG–tensor anisotropy. The typical peaks on the low-

field side that were attributed to a singleG–tensor component and were present in the 9 and

34 GHz spectra could not observed. Further evidence that the 94 GHz spectrum does not

correspond to a MnII MnIII dimer was obtained from the linewidths, which were 2.9 mT. This

value was typically observed at 9 GHz. At 34 GHz they were already larger for pivOH due to

g–strain. It is therefore unlikely that lines become narrower when the microwave frequency is

increased.

The experimental 9 GHz spectrum of complex pivO is shown in Fig. 6.1, d. Exactly 16

lines are observed in the spectrum, with only few shoulders. Of all spectra of the MnII MnIII

complexes, pivO features the smallest spectral width (160.3 mT). The linewidths are compa-

rable to those observed in the other MnII MnIII dimers (2.8 mT). The spectrum is, however,

different from the other spectra in many ways. First, the characteristic isolated components on

the low-field side are not observed. Instead, the lineshape on this side can be attributed to the

perpendicular component of an axial tensor. The first two lines are of equal intensity with a

splitting of 9.7 mT. On the high-field side, the same lineshape is observed. Furthermore, the
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Figure 6.4: Experimental 34 GHz EPR spectrum of complex pivOH. Hyperfine splittings that could be

identified are indicated. Note that the whole low-field region up to 1175 mT consists of contributions

from a single orientation (z). The high-field peaks (1310-1330 mT) also belong to single orientations (x).

The six lines aroundg = 2.0 (1210 mT) are likely to be MnII impurities. Experimental:νMW: 34.0 GHz,

PMW: 8 µW, mod. amp.:0.2 mT, 12.5 kHz, T: 10 K, 8 scans in 11 Min.

first two lines on the low-field side are mirror images of the last two high-field lines, indicating

that the spectrum is dominated by the hyperfine tensor anisotropy. The absence of the isolated

low-field components points to aG–tensor anisotropy that is significantly smaller than that in

the other complexes. Because of the relatively simple hyperfine pattern, the simulation of the

pivO spectrum is straightforward. The result is shown in Fig. 6.6, data is given in Table 6.1.
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Table 6.1: EffectiveG and MnII and MnIII hyperfine coupling tensor principal values for the binuclear

complexes.a

Complex Gi AII
i / mT AIII

i Giso AII
iso / mT AIIII

iso / mT

x 1.997 −19.2 10.9

pivO y 2.002 −21.3 10.9 2.003 −20.5 10.9

z 2.010 −20.9 10.9

x 1.948 −22.0 10.8

pivOH y 1.935 −19.2 9.9 1.966 −22.1 10.5

z 2.015 −25.1 10.8

x 1.948 −19.5 9.7

phCO2 y 1.967 −16.4 8.5 1.978 −20.5 9.3

z 2.018 −24.9 9.7

x 1.950 −19.3 8.0

Mn II Mn III Cat y 1.959 −18.4 7.8 1.975 −21.2 7.9

z 2.016 −25.9 8.0

x 1.958 −18.9 7.9

Mn II Mn III Cat [30] y 1.965 −17.9 7.5 1.983 −20.9 7.9

z 2.025 −26.0 8.4

x 1.813 −15.5 7.0

bpmp [33] y 1.883 −15.5 7.0 1.907 −19.9 8.7

z 2.026 −28.6 12.1

x 1.905 −16.4 7.8

bcmp [33] y 1.905 −16.4 7.8 1.944 −19.6 9.0

z 2.022 −26.2 11.3

a The tensor components were obtained from a fit of 9, 34 GHz EPR spectra, see text. Errors:∆g =

±5·10−3, ∆AIII
xz =±0.2 mT, ∆AIII

y =±0.5 mT, ∆AIV
xz =±0.2 mT. ∆AIV

y =±0.3 mT.
b bpmp = Mn2(bpmp)(µOAc)2, see ref. [33]
c bcmp = Mn2(bcmp)(µOAc)2, see ref. [33]
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Figure 6.5: Experimental 9 and 34 GHz EPR spectra (solid) of complex pivOH with spectral simulation

(dotted) based on a consistent data set and stick diagram. Green: Field aligned alongx-axis. Blue: Field

aligned alongy-axis. Red: Field aligned alongz-axis.
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Figure 6.6: Experimental 9 GHz EPR spectrum (solid) of complex pivO with spectral simulation (dot-

ted) and stick diagram. Green: Field aligned alongx-axis. Blue: Field aligned alongy-axis. Red: Field

aligned alongz-axis.
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6.1.2 Temperature dependent Measurements

To get an estimate for the temperature dependence of the MnII MnIII signals, a number of cata-

lase and pivOH spectra were recorded at different temperatures at 9 GHz. These are shown in

Figs. 6.7 and 6.8. For catalase, the ground state signal is still observable at 20 K with good

intensity. At higher temperatures, this signal becomes much weaker and broad resonances are

detected at about 60, 170, 220 and 270 mT. These are attributed to the excited spin states. At

40 K, signals aroundg = 2.00could be assigned to the MnIII MnIV state, which exists as an im-

purity. Since the MnIII MnIV signals are observable over a wide temperature range and at higher

temperatures these signals can not be saturated under the microwave power used, this state is

visible even in small amounts. Moreover, the resonances are concentrated over a smaller field

range, making them more intense than the excited MnII MnIII states,

9 GHz EPR spectra of pivOH taken at temperatures ranging from 10 to 40 K are shown

in Fig. 6.8. Broad unresolved resonances are found at around 150 mT. They arise from higher

spin states, likely theS= 3/2 state. These resonances are effected by the zero-field splitting

and are thus shifted according to the ZFS parameters. These are observable even at 10 K.

With an increase of the temperature, the ground state signal loses intensity. At 30 K, new

resonances appear at around 350 mT. This is even more pronounced at 40 K where the ground

state signals disappeared completely. The new resonances feature narrow line widths (¡0.2 mT)

and a splitting that is constant over the whole field range. The magnitude of the splitting is

with 0.4 mT about half the hyperfine coupling of an isolated Mn ion, indicating that the spin-

projection factors arec1 ≈ c2 ≈ 0.5. These are found for homovalent dimers, e.g., MnIII MnIII ,

but occur also for the excited states (S≥ 5/2) of a MnII MnIII dimer. For theS= 5/2 state,c1 =
0.66 andc2 = 0.34, for theS= 7/2 state,c1 = 0.59 andc2 = 0.41. It seems to be more likely

that the resonances observed at 40 K originate from a MnII MnII or, more likely, a MnIII MnIII

dimer. This is because of two reasons. Firstly, the electrochemistry of pivOH [89] revealed that

in solution a complex equilibrium exists between several oxidation/protonation states, including

MnIII MnIII (see Fig. 3.12 on page 47). The spin-projection factors for these homovalent dimers

are alwaysc1 = c2 = 0.5, except for the ground state,S= 0. Secondly, resolved hyperfine

structure for theS= 3/2 state of the MnII MnIII dimer was not observed but broad resonances

were found for this state. The broad signals are also expected for theS= 5/2 state.
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Figure 6.7: Temperature dependence of the 9 GHz EPR spectra of the MnII MnIII catalase. Signals

originate from the MnIII MnIV state were subtracted from the spectra at 30 and 40 K. Resonances from

the excited states are found at around 60, 170 and 280 mT. Experimental:νMW= 9.59 GHz, PMW=10µw,

mod. amp.=0.2 mT at 12.5 kHz, 4 scans in 22 Min.
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Figure 6.8: Temperature dependency of the 9 GHz EPR spectra of complex pivOH. Left: Broad sweeps

(500 mT). Right: 230 mT sweeps centred aroundg = 2. Resonances from the excited states are found

at around 130 mT and also around 350 mT. The top trace shows the resolved hyperfine structure in the

field region 290–400 mT at 40 K. At least 25 narrow lines with an average splitting of about 0.4 mT are

visible. Experimental:νMW= 9.60 GHz, PMW=1 µw, mod. amp. 0.5 mT at 12.5 kHz.
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6.2 Discussion

The differences in theG– and 55Mn hyperfine tensor data between the MnII MnIII and the

MnIII MnIV complexes can be rationalised on the basis of the spin-coupling model. The spin-

projection factors arec1 = 7
3 andc2 =−4

3, instead ofc1 = 2 andc2 =−1 for a MnIII MnIV dimer.

The hyperfine coupling is thus expected to be larger for the MnII MnIII complexes if the intrinsic
55Mn hyperfine coupling is independent of the oxidation state. Furthermore, MnII MnIII systems

exhibit an exchange coupling that is usually an order of magnitude smaller than in MnIII MnIV

systems [19, 30, 33, 108]. Typical values forJ are about−5 to−20 cm−1. As a consequence,

the strong-coupling regime (JÀD) no longer holds and the ZFS correction terms in eqns. 2.33

to 2.35 on page 17 can not be neglected. It follows that a significant amount of anisotropy

is transferred from the MnIII to the MnII ion via ZFS. In Table 6.2 the expected effectiveG–

and hyperfine tensor values obtained from a model calculation are listed for differentJ andD

values while the intrinsicg– and hyperfine tensors were the same in all cases. For MnIII and

MnII values given by Gerritsen et al. [55] and Low [112], respectively, were used. The values

used for the exchange couplingJ were either obtained by SQUID measurements (cases a-c)

or represent an estimate (case d). For all cases the ZFS parameterD for MnIII published by

Gerritsen et al. [55] was used, except in case c where the value was obtained by SQUID mea-

surements [89]. To demonstrate the differences between the MnII MnIII and MnIII MnIV dimers,

case b is discussed as a representative of the MnII MnIII complexes. The calculation yields an

increase of the anisotropy of the effective MnII hyperfine coupling by 6.8 mT and a decrease of

that of MnIII by 2.3 mT compared to the intrinsic values, see Table 6.2, case b. This is remark-

able, since an isolated MnII ion exhibits nearly isotropicg– and hyperfine tensors due to the

symmetricd5 electron configuration. The isotropic parts of the effective hyperfine coupling for

MnII and MnIII calculate to−20.6 and9.8 mT, resp. For a MnIII MnIV dimer, isotropic values

are−15.2 and7.8 mT for MnIII and MnIV , resp., using intrinsic data by Gerritsen et al. [55] and

From et al. [56]. These values are considerably smaller than those for a MnII MnIII complex.

Remarkable is also the change of proportions in theG-tensor components. In MnIII MnIV

dimers, thezcomponent was thesmallestcomponent. In the MnII MnIII dimers, thezcomponent

has thelargestvalue. This is in perfect agreement with the experimental data and results from

the fact that the intrinsicg-tensor of MnIII is the smaller of the two intrinsicg-tensors in the

MnII MnIII dimers, but the larger one in the MnIII MnIV dimers.

Further comparison of the theory derived values with the experiment shows that the anisotropy

∆G= Gz−Gx of theG–tensor comes out too small in the calculations (Table 6.2, cases a and b).

For pivO the experimental value (∆G = 0.01) is in good agreement with the calculated values.

For cases a, b and d the anisotropy is∆G = 0.008, ∆G = 0.008and∆G = 0.012, respectively.

For the other complexes the experimentally observed∆G is much larger (0.06). For phCO2
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Table 6.2: EffectiveG and MnII and MnIII hyperfine coupling tensor principal values calculated from

the spin-coupling model for differentJ andD values. Cases a) and b) reflect theJ value measured in

complexes phCO2 and pivOH, resp. [89]. Case a) also represents the dimanganese catalase. In case c)

both theJ andD as measured by magnetometry for complex pivOH were used [89]. Case d) shows the

effect of a stronger exchange coupling that is assumed for complex pivO. Based on intrinsic data from

Gerritsen [55] and Low [112]. MnII : g : iso= 2.0013, aiso =−8.81 mT, D = 0. MnIII : g = (2.00, 2.00,

1.99), a = (−9.0,−8.6,−5.7) mT, D =−3.5 cm−1 .

J DIII /cm−1 i Gi AII /mT AIII /mT

x 2.003 −18.7 10.1

Case a) −10.0 −3.5 y 2.003 −18.7 9.6

z 2.011 −24.4 10.0

x 2.003 −18.3 9.7

Case b) −8.5 −3.5 y 2.003 −18.3 9.3

z 2.011 −25.1 10.4

x 2.004 −15.4 6.8

Case c) −8.5 −8.0 y 2.004 −15.4 6.5

z 2.003 −30.9 14.2

x 2.003 −19.3 11.4

Case d) −30.0 −3.5 y 2.003 −19.3 10.9

z 2.015 −21.8 8.4

and pivO, rhombicG-tensors are clearly observed in the experiment, for catalase it is nearly

axial. The large hyperfine coupling (AII ) is predicted quite well by the spin-coupling model

with respect to the isotropic value and the anisotropy. The largestAII tensor component isAz,

just like for theG-tensor. The tensor axis with the smallest component value (y) coincides with

the second largestG-tensor value in all complexes. The anisotropy of the MnII hyperfine tensor

for pivO is significantly smaller than that in the other complexes. This can be accounted for

by assuming a larger exchange coupling in pivO, see Table 6.2, case d. A stronger coupling is

reasonable since from the X–ray structure of the MnIII MnIII state a shorter Mn–Mn distance and

Mn–O bonds were observed. By protonating theµ–oxo bridge, these distances are prolonged

and the strength of the exchange coupling is reduced. The agreement between experimental an

calculated values for theAIII hyperfine tensors is also quite good. These are nearly axial with

the component on the principal axis (y) having the smallest value in both the theory and the ex-

periment. It is notable that the isotropic value for catalase (7.9 mT) is significantly smaller than

the value for phCO2 (9.3 mT) and the calculated (9.8 mT). Complex pivO exhibits the largest

MnIII hyperfine coupling, which can again be explained by a stronger exchange coupling. The
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rhombicity of the calculated tensor, however, is too large and comparison with the experiment

suggests that the intrinsic MnIII hyperfine coupling is more isotropic.

Table 6.2, case c also lists tensor values that were calculated using the MnIII ZFS parameter

that was obtained from the SQUID measurements,DIII =−8.0 cm−1 [89]. It is evident that too

much anisotropy is transferred for both hyperfine tensors and also that the resultingG-tensor is

nearly isotropic, which is not observed in the EPR experiments. The conclusion is that theJ/D

value determined by SQUID measurements is too small and that eitherJ must be larger orDIII

smaller.

Of the two synthetic complexes for which EPR parameters could be obtained the data for

pivO are clearly different from those of catalase. Even though the EPR spectra of phCO2 and

catalase don’t look similar, there are quite a few simimlarities in the data. First, the agree-

ment between theG–tensors is surprisingly close, this includes the isotropic values and the

anisotropy. A relatively large deviation is observed only for the principaly tensor component.

Here the value for phCO2 is larger by 0.008. Second, what is true for theG–tensor is also true

for the MnII hyperfine tensor. The anisotropy is slightly larger for catalase and again the largest

deviation is found for the middle tensor component. However, this time the larger value is ob-

served for catalase. Only the MnIII hyperfine tensors do not show the same similarities as the

other tensors. The main reason is that the isotropic value for catalase is 1.4 mT (17 %) smaller

than that for phCO2.

Using the spin-coupling model the experimentally obtained values can also be decoupled

yielding data of the isolated ions. This requires knowledge of the ZFS parameters and of one

g–tensor of the isolated ions and the exchange couplingJ. For the ZFS parameters the values

obtained by Gerritsen [55] and Low [112] can be used for MnIII (D = −3.4 cm−1 ) and MnII

(D≈ 0.0 cm−1 ) as a first approximation. Note that with a different assumption for the strength

of the zero-field interaction, the decoupled parameters may change significantly. Furthermore,

it is reasonable to use theg–tensor of MnII as given by Low in the decoupling procedure, since

it is known to higher precision than the MnIII g–tensor by Gerritsen.J values were determined

for phCO2 and pivOH by Hummel [89], for catalase an approximate value exists [30]. Unfor-

tunately, the EPR parameters of pivOH could not determined reliably and a calculation of the

intrinsic parameters is not performed. The data are shown in Table 6.3.

These data underline the similarity of theG–tensors of phCO2 and catalase for the differ-

ence in the intrinsic MnIII g–tensors is smaller than 0.004. Theseg–tensors are clearly more

anisotropic than the one given by Gerritsen (gIII = (2.00, 2.00, 1.99)) and may result from a

larger Jahn–Teller distortion in the dimers compared with MnIII in TiO2. For aII an isotropic

value of about 8.8 mT was expected. Both observed tensors exhibit approximately this value

(8.6 and 9.0 mT for phCO2 and catalase, resp.). However, additionally an axial symmetry is

observed, with the principal value being the smallest (y component) in phCO2 and the largest
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Table 6.3: Intrinsic g and MnII and MnIII hyperfine coupling tensor principal values for the binuclear

complexes derived by use of the spin-coupling model. The MnIII g–tensor was calculated on the basis of

a fixed MnII g–tensor.

Complex gII
i AII

i / mT gIII
i AIII

i / mT

x 2.0013 −9.11 2.0362 −8.50

phCO2 y 2.0013 −7.66 2.0238 −7.45

z 2.0013 −9.16 1.9837 −5.65

x 2.0013 −8.80 2.0361 −6.71

Mn II Mn III Cat y 2.0013 −8.39 2.0300 −6.54

z 2.0013 −9.90 1.9873 −4.95

(z component) in catalase. The deviations from spherical symmetry reflect the different distri-

butions of the electron spin in both complexes. In MnIII ions it was found that the occupation

of thed
z2-orbital and the resulting elongation of the bonds inz direction leads to a decrease of

thez component of both MnIII g– and hyperfine tensor. The same decrease is found for phCO2

and may therefore point to a similar distortion for the MnII ion. On the other hand the increase

of thez component in catalase may be due to a compression of the bonds in the respective di-

rection. On the MnIII side, the intrinsic data obtained for phCO2 fits remarkably well within the

intrinsic MnIII hyperfine tensors determined in the MnIII MnIV complexes TACN, DTNE and

MDTN, and with the hyperfine data from Gerritsen. Catalase also exhibits the MnIII specific

decrease in thezcomponent. The isotropic value of the hyperfine tensor (6.02 mT) is, however,

much smaller then the values in the other complexes (7.0 mT).

An open question is why no EPR signals of pivOH at 94 GHz and the MnII MnIII state

of catalase at 34 and 94 GHz could be observed. An identical situation is encountered for

the S−2 multiline signals of PSII [113]. The S2 multiline signal, however, is detectable at

34 GHz [114, 115], but not at 94 GHz [116]. The only experimental spectrum that could be

recorded at microwave frequencies above 9 GHz is the pivOH spectrum. The EPR lines show

considerable broadening which is frequency dependent and can be attributed tog–strain. A

further increase of the microwave frequency then leads to an amount of line broadening that

makes a detection using cw–techniques impossible. For the MnII MnIII complexes bpmp and

bcmp for which both 9 and 34 GHz spectra were recorded [33], simulation data showed that

one component was broadened so much that it was not observable anymore. Something similar

is observed for pivOH and points not only to strain effects but also to anisotropic relaxation

phenomena which makes these signals difficult to detect.

To account for the temperature dependence of the spectra, the populations of the spin levels
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according to Boltzmann were calculated for several temperatures. This is shown in Fig. 6.9.

For MnIII MnIV systems, only two levels are populated (S= 1/2 andS= 3/2) in the tempera-

ture range shown. For the latter one the relative population is small even at temperatures above

100 K so that at best only weak EPR signals can be expected. Due to the decreased exchange

coupling the excited states (S= 3/2, . . . ) in the MnII MnIII dimers are energetically not well

separated from the ground state and are populated significantly at temperatures around 100 K.

For the first excited state,S= 3/2, a maximum population is reached at about 40 K, and, more-

over, within this manifold, a large population difference is found that even exceeds that of the

ground state at this temperature. This should give rise to an EPR signal that is more intense

than the signal from theS= 1/2 manifold. At 94 GHz the level splitting within each manifold

due to the Zeeman interaction is increased with respect to the 9 GHz case, generally leading

to larger population differences and thus stronger EPR signals. The consequence for EPR ex-

periments on (weakly coupled) MnII MnIII dimers is that the ground state is observed only at

low (T < 20K) temperatures and the first excited state should be observable at temperatures at

about 40 K.

The temperature dependency observed in the experimental spectra of catalase and pivOH

agrees very well with the theory. In both spectra the ground state signal significantly looses

intensity when the temperature is raised to 40 K. For pivOH the ground state has disappeared

almost completely, for catalase it is still observable with low intensity, indicating that the ex-

change coupling in the latter is slightly stronger.
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Figure 6.9: Calculated temperature dependence of the relative population of spin states in a MnIII MnIV

(left) and MnII MnIII (right) system at 9 GHz (bottom) and 94 GHz (top). Only theS= 1/2 (blue) and

S= 3/2 (red) spin states are populated significantly for the MnIII MnIV dimer in the depicted temperature

range. In the MnII MnIII case, theS= 5/2 (green) andS= 7/2 (magenta) are populated additionally.

The degeneracy of thems sublevels is lifted in the magnetic field and leads, especially at 3.4 T, to a large

population difference in theS= 1/2 state. The calculation was performed with the programbarley and

was based on the following spin systems: MnIII MnIV : J = 150cm−1 S1 = 2, D1 = 3.5 cm−1 , g1 = 2.00,

a1 = 0 MHz, S2 = 3/2, D2 = 0 cm−1 , g2 = 2.00, a2 = 0 MHz. MnII MnIII : J =-8.5 cm−1 , S1 = 5/2,

D1 = 0 cm−1 , g1 = 2.00, a1 = 0 MHz, S2 = 2, D2 =-3.5 cm−1 , g2 = 2.00, a2 = 0 MHz
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Chapter 7

EPR on Homovalent Mn Dimers

7.1 Results

Samples of the Protein B of the sulphate-oxidising complex ofParacoccus Panotrophus(SoxB)

were measured atT = 20 K at 9 GHz and 34 GHz. The EPR spectra are shown in Fig. 7.1 and

7.2. The spectra are much better resolved at 34 GHz than at 9 GHz, so that the evaluation is

based mainly on the 34 GHz spectra. There are two main reasons for the differences at 9 and

34 GHz. Firstly, the allowed transitions are spread over a larger field range, since at 9 GHz

the Zeeman splitting is not much larger than the zero field splitting, which is encountered for

systems with spinS≥ 1. Secondly, the intensity of the transitions is higher at 34 GHz due to

the Boltzmann factor.

The main transitions at 34 GHz are found in the range of 900 to 1400 mT, see Fig. 7.2,

bottom. Resonances below 700 mT were not found. Only the resonances at 1170, 1240 and

1300 mT exhibit resolved hyperfine structure. In a field sweep of reduced width the hyperfine

lines can clearly be seen (Fig. 7.2, top). A total of about 40 hyperfine lines can be identified.

The splitting is about 4.2 mT, as predicted by theory for a homovalent Mn dimer. For each

electronic transition, the hyperfine structure should consist of eleven lines, it is, however, not

possible to form packets of eleven lines, with the exception of the resonance at 1300 mT. In the

other cases, there is an overlap of the different groups.

7.1.1 Simulation Strategy

The electron spins in a MnII MnII and a MnIII MnIII dimer areS1 = S2 = 5/2, I1 = I2 = 5/2 and

S1 = S2 = 2, I1 = I2 = 5/2, respectively. The resulting spin Hamiltonian has thus a dimension

of 1296x1296 and 900x900, respectively. A calculation of the EPR spectra based on a full-

matrix diagonalisation is possible only on the fastest computers available due to the computing

129
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Figure 7.1: Experimental EPR spectra of SoxB at 9 GHz andT = 20 K. Bottom: 600 mT field sweep.

Top left: the field range 60–120 mT shows resolved hyperfine structure. Top right: resolved hyper-

fine structure is also found in the range 200–300 mT. Experimental:νMW: 9.66 GHz,PMW: 20 mW,

mod.amp.(12.5 kHz): 1.0 mT, T: 20 K, 9 scans in 49 min.

time that is needed to find the eigenvalues and eigenvectors of such a large matrix. Further

complications arise from the spectra not resulting from aS= 1/2 state, but from integer spin

states withS≥ 1. Here zero-field interactions have to be accounted for. Despite these difficulties

a simulation procedure that can be used to interpret the experimental spectra has been outlined

by Howard et al. [121] and is described below.

Since in the experimental spectra the hyperfine structure is only partly resolved, an obvious

solution to reduce the amount of computing time is to exclude the hyperfine interaction from the

simulation in a first step and approximate the hyperfine structure with an appropriate convolu-

tion width. This is demonstrated in Fig. 7.3. The spin Hamiltonian then includes only zero-field

and electronic Zeeman interactions. The dimension of the corresponding matrix is thereby re-

duced by a factor of 36. In this way one obtains the general shape of the experimental spectrum.

In the next step the hyperfine interaction is included in the calculation but the magnetic field is

applied only along the Cartesian axes. The resulting spectra then do not represent powder aver-

ages but single crystal-like spectra. The magnitude of the hyperfine splittings, however, can be

determined. The combination of both simulations should then yield the experimental spectra.
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Figure 7.2: Experimental EPR spectra of SoxB at 34 GHz andT = 20K. Bottom: 700 mT field sweep.

Middle: Smaller field sweep (220 mT) centred at 1212 mT shows nicely resolved hyperfine structure.

Top: Magnification of the central part of the hyperfine structure. About 19 lines are visible with a con-

stant splitting of 4.1 mT. Experimental conditions:νMW: 34.0 GHz,PMW: 1 mW, mod.amp.(12.5 kHz):

1.0 mT, T: 20 K, 4 scans in 21 min (total).

7.2 Discussion

Only few references can be found on homovalent manganese dimers. Khangulov et al. [19, 22]

have investigated dimanganese catalase, Schultz et al. [120] and Howard et al. [121] synthetic

complexes. The most detailed analysis has been given by Howard et al. In this work, the results



132 7.2. Discussion

0.0

0.2

0.4

0.6

0.8

1.0

310 320 330 340 350 360 370 380

20 mT 

Magnetic Field / mT

In
te

n
si

ty
 / 

a.
u

.

Figure 7.3: First-order hyperfine splitting pattern for two equivalent55Mn nuclei (solid) and a Gaussian

lineshape function (dotted) used to simulate the pattern. A hyperfine coupling constantaiso =−4.5 mT

was used to obtain the splitting pattern and a linewidth of 20 mT (full width at half height) was used for

lineshape.

of ref. [121] are used as a basis to interpret the EPR spectra of the SoxB enzyme.

Monomeric MnII ions exhibit due to their highly symmetric electronic configuration isotropic

g– and Mn hyperfine coupling tensors. Typical values aregiso = 2.0002–2.0017 andaiso =−8.4

to−10.2 mT in octahedral coordination spheres, see ref. [41] and refs. cited there. Moreover,

in this coordination, the zero-field splitting parameterD = 0. In axial distorted environments

values up to|D|= 0.028cm−1 were observed [41]. The particularD value depends on the type

of ligands and on the bonding situation. In the SoxB EPR spectra the resonances are spread

out over a field range of about 400 mT at 34 GHz indicating thatD is non-zero. A value of

D = 0.03 cm−1 was used throughout as the ZFS parameter in the isolated ions. The result for

the zero-field splitting tensorD in the spin-coupled expression is quite complex [53]. The ex-

act value of the exchange couplingJ is unknown for SoxB. In a synthetic MnII MnII dimer, a

valueJ =−3 cm−1 has been given [121] and for dimanganese catalaseJ =−3 cm−1 was mea-

sured [24]. In the following simulations this value is used. TheJ/D value is sufficiently large to

neglect zero-field corrections to the coupledG– and hyperfine tensors. Based on these isotropic

intrinsic data the coupled tensors are also expected to be isotropic for the exchange coupled

MnII MnII dimer. The spin-projection factors used in the spin-coupling arec1 = c2 = 0.5. The

coupledG–tensor is the same (Giso = 2.0013) as the intrinsicg–tensors, unless the intrinsicg–

tensors are assumed to be different (see eqn. 2.33). Both of the Mn hyperfine coupling tensors

are half as large (A1,iso = A2,iso =−4.5 mT) as the intrinsic Mn hyperfine coupling tensors, lead-

ing to a hyperfine splitting pattern consisting of eleven lines using a first-order approximation

(see also Section 2.2).

First, the course of the energy levels over a magnetic field range up to 4 T was calculated.
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The result is shown in Fig. 7.4. From the diagram it is seen that the lowest state is indeed

theS= 0 state which has a constant energy over the whole field range. The first excited state

(S= 1) is separated from the ground state by 6 cm−1 (|2J|) at B = 0. The degeneracy is lifted

as the magnetic field is applied and the splitting of the|−1〉, |0〉 and|1〉ms states increases with

the magnetic field. The next excited state is a quintet which is separated from the triplet state

by 12 cm−1 (|4J|) at B = 0. Each of the fivems levels exhibits Zeeman splitting. EPR allowed

transitions may occur for∆ms =±1, which are indicated in Fig. 7.4 using a resonance condition

∆E = 1.2 cm−1 . This is the microwave energy at 34 GHz. These transitions would give rise to

the resonances shown in the idealised EPR spectra. A notable point is the different zero-field

splitting for each spin state. ForS= 1 thems =±1 levels are clearly separated from thems = 0

state. This splitting is obtained when the zero-field parameterD = 0.19 cm−1 . In theS= 2

manifold, the splitting between thems = 0, ms =±1 andms =±2 states is much smaller. This

is reflected in the EPR spectra where the two resonances forS= 1 are split much further than

the four resonances in theS= 2 state. From the splitting of thems = 0 andms = ±1 levels at

B = 0 a value forD = 0.03cm−1 can be obtained.

In a next step a calculation of the EPR transition probabilities at different temperatures

was performed at a fixed field (B = 1.2 T). The diagram (Fig. 7.5) shows that at temperatures

around 10 K the two allowed EPR transitions in theS= 1 manifold have maximum intensity.

The intensities for these transitions drop sharply as the temperature is increased. At the same

time, the intensities of the four allowed transitions in theS= 2 manifold increase and have a

maximum at around 15 K. At this temperature, however, thems = −1↔ 0 transition in the

S= 1 manifold is still more intense. The intensities of theS= 2 transitions decrease more

slowly than those of theS= 1 transitions so that at temperatures greater than 25 K the former

transitions are stronger. As a result, the signals obtained at a measuring temperatureT = 20 K

are expected to arise mainly from transitions within theS= 2 states, however, thems =−1↔ 0

transition in theS= 1 state is still very intense.

Spectral simulations of a coupled MnII MnII dimer atT = 20K are shown in Fig. 7.6. These

simulations were carried out under neglect of the hyperfine interaction. Two MnII ions were

used withg = 2.0013andD = 0.03 cm−1 . Both ions interact via an exchange coupling of

J = −3 cm−1 . The not included hyperfine interaction has been accounted for by a linewidth

of 20 mT, which is the expected spectral width for eleven lines and a splitting of−4.5 mT, see

Fig. 7.3. The resulting spectrum exhibits contributions from both the theS= 1 andS= 2 states.

The particular contributions from each spin state have been visualised in the following way. An

EPR spectrum of an isolated ion was simulated withS= 1, g = 2.0013andD = 0.19 cm−1 ,

which are the EPR parameters of the coupled system in theS= 1 state. Similarly, the spectrum

of theS= 2 state was obtained by usingS= 2, g = 2.0013andD = 0.03cm−1 .

Each of the simulated spectra shown in Fig. 7.6 exhibit an inversion centre at 1220 mT,
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Figure 7.4: Calculated energy level diagram of a MnII MnII . The three lowest spin states are drawn as

follows: black: S= 0, red: S= 1 and blue:S= 2. The calculation was performed with the program

barley. The parameters used were:g1 = g2 = 2.0013, J =−3.0 cm−1 , D1 = D2 = 0.03cm−1 .

which is a result of the high symmetry in the system. In comparison, the experimental spectrum

is clearly less symmetrical. This can be due to many reasons: signals of other paramagnetic

centres in the sample interfere with those of MnII MnII , resonances from higher spin states may

be superimposed to those of theS= 1 andS= 2 states. Furthermore, the coordination sphere

symmetry or the type of ligation may lead to anisotropic intrinsicg–tensors and may introduce

rhombic distortions to the intrinsic zero-field splitting tensors. And, finally, no distinction be-

tween the MnII ions involved has been made in the intrinsic EPR parameters, which may not be

the case.
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Figure 7.5: Temperature dependence of the EPR transition probability in a MnII MnII dimer calculated

at B = 1.2 T. The spin states involved in the transitions are indicated. The effective spin manifolds

are shown asS= 1 (red) andS= 2 (blue). Note that the transition probability does not include the

resonance condition, therefore the intensities represent the ’on-resonance’ case. The calculation was

performed with the programbarley. The parameters used were:g1 = g2 = 2.0013, J = −3.0 cm−1 ,

D1 = D2 = 0.03cm−1 .

Shown in Fig. 7.7 is the simulated hyperfine structure for theS= 1 andS= 2 state. The

spectrum for each state is obtained by summation of two individual simulations, in which the

magnetic field was aligned along thex andz axes. For symmetry reasons, thex andy orienta-

tions are identical. Because of the large ZFS in theS= 1 state, the hyperfine patterns on thex

andz edges are well separated. The ZFS in theS= 2 state is much smaller and the eleven line

hyperfine pattern that is obtained for each of the four allowedms transitions can not be resolved

separately. This leads to the multi-line pattern observed in Fig. 7.7 around 1220 mT.

In the last step the powder spectra and the single crystal-like spectra that include the hy-

perfine interactions for theS= 1 andS= 2 states are combined by simple addition. Since the

parallel component in a powder spectrum has less intensity than the perpendicular component,

the spectra along thez directions were weighted with a factor of 0.3. The result is shown in

Fig. 7.8, together with the experimental spectrum of SoxB.

The experimental 34 GHz spectrum of SoxB is modelled remarkably well considering the
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Figure 7.6: Simulation of a MnII MnII dimer spectrum (black) at 34 GHz andT = 20 K. The separate

contributions from theS= 1 state (red) andS= 2 state (blue) are also depicted and were obtained by

simulations of isolated ions with appropriate spin. Simulation parameters: MnII MnII : S1 = S2 = 5/2,

g1 = g2 = 2.0013, D1 = D2 = 0.03 cm−1 and J = −3 cm−1 . S= 1 state: S= 1, g = 2.0013 and

D = 0.19cm−1 . S= 2 state:S= 2, g = 2.0013andD = 0.03cm−1 .

simplicity of the simulation strategy. Comparison of the experiment with theS= 1 state simu-

lation reveals a similar shape and hyperfine structure for the resonances found around 1300 mT.

The corresponding resonances at 1100 mT do not show resolved hyperfine structure in the ex-

perimental spectrum. In the experiment, two resonances are superimposed leading to a different

lineshape than in the simulation. TheS= 2 state simulation models the central part of the exper-

imental spectrum around 1240 mT quite well. The same multi-line hyperfine pattern is observed

in both cases. TheG–values, however, appear to be slightly different. A further refinement of

the parameters would be necessary to improve the simulation. It would be especially desirable

to calculate the full powder spectrum of this enzyme. However, at the time being, the simulation

procedure is too slow to finish in a reasonable amount of time.

In conclusion, an analysis based on comparison with EPR data of synthetic MnII dimers and

theoretical analysis of MnIII dimers lead to the following insight.

The oxidation state of the Mn dimer in the enzyme SoxB as isolated is very likely MnII MnII .
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Figure 7.7: Simulation of theS= 1 (red) andS= 2 (blue) states of a MnII MnII dimer spectrum at

34 GHz. In addition to the Zeeman and zero-field interactions that were used before, two equivalent55Mn

nuclei interact with the electron spin. Because of the much increased amount of calculation time, the

magnetic field was applied only inx andz direction and both single crystal-like spectra were combined.

Simulation parameters:S= 1 state:S= 1, g = 2.0013, D = 0.19 cm−1 anda1,iso = a2,iso = −4.5 mT.

S= 2 state:S= 2, g = 2.0013, D = 0.03cm−1 anda1,iso = a2,iso =−4.5 mT.

The spectra are very similar to the simulation based on two MnII ions and to those obtained

on synthetic MnII MnII complexes [121] and this oxidation state of dimanganese catalase [19].

The relatively small zero-field splitting, that is an order of magnitude higher in MnIII , and the

isotropic hyperfine structure support this. A much larger zero-field splitting would shift the

resonances much further than observed in the experiment, especially in theS= 1 state. From

the hyperfine interactions the oxidation state is not so clearly distinguishable, since the intrinsic

values for MnII are not that much larger than for MnIII . However, for MnIII ions, usually axial

hyperfine tensors are found due to the singly occupiedd
z2 orbital. In a MnIII dimer the axiality

would most likely be conserved.

The exchange coupling constantJ is comparable to that in the synthetic complexes or the

MnII MnII state of dimanganese catalase, for whichJ is about−5 cm−1 . Since the magnitude of

J depends strongly on the geometry of the bridging ligands, it can be assumed that the coupling
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Figure 7.8: Experimental 34 GHz EPR spectrum of SoxB taken atT = 20K and simulation of theS= 1

(red) andS= 2 (blue) states of a model MnII MnII dimer spectrum. The simulations are the combinations

of the powder spectra that excluded the hyperfine interactions and the single crystal-like spectra obtained

for the Cartesianx andz orientations. To account for the different line intensities on the parallel and

perpendicular axes, thez oriented spectra were weighted with a factor of 0.3. Simulation parameters:

S= 1 state: S= 1, g = 2.0013, D = 0.19 cm−1 and a1,iso = a2,iso = −4.5 mT. S= 2 state: S= 2,

g = 2.0013, D = 0.03cm−1 anda1,iso = a2,iso =−4.5 mT.

is mediated by (µ–oxo) or (µ–carboxylato) ligands in SoxB. A precise determination ofJ in

SoxB is very important as in the weak coupling limit even a small variation inJ has a large

impact on the EPR parameters. Such a determination is possible by temperature dependent

EPR measurements. The accuracy of this method is, however, rather limited and magnetometry

measurements would be preferable.



Chapter 8

Conclusion and Outlook

A series of synthetic Mn dimers and two manganoenzymes, dimanganese catalase fromTh.

Thermophilusand the protein B of the sulphate-oxidising complex fromParacoccus pantotro-

phus(SoxB), have been investigated in the work presented here using EPR and related tech-

niques. The systems were grouped according to the oxidation state of the Mn ions in MnII MnIII ,

MnIII MnIV and homovalent (MnII MnII ) systems. Each class featured unique exchange coupling

and magnetic properties.

The first class consisted of the MnIII MnIV dimers. These included the synthetic complexes

BIPY, PHEN, TACN, DTNE, MDTN and the MnIII MnIV state of dimanganese catalase. All

complexes were strongly anti-ferromagnetically coupled with the coupling constantJ in the

range of−110 to−150 cm−1 resulting from very short Mn–Mn distances (2.5–2.8Å) that

in turn result from the specific bonding situation. Here, bis–(µ-oxo)(µ-carboxylato) ligation

leads to the very short distance of about 2.5Å, while the distances in the bis–µ-oxo bridged

complexes BIPY and PHEN are longer. The spin-projection factors, which are specific for the

oxidation states of the Mn ions, werec1 = 2 andc2 = −1 for MnIII and MnIV , resp. Devia-

tions from these values were very small since the strong exchange limit holds well for this class

of complexes. Using a multi-frequency (9, 34 and 94 GHz) EPR approach theG– and55Mn

hyperfine coupling tensors for these complexes could be determined with very high precision.

At 94 GHz theG–tensor is partially resolved and single hyperfine tensor components could be

observed thus facilitating the evaluation of the EPR spectra. These are quite complex because

of relatively large anisotropies with respect to theG– and especially the55Mn hyperfine ten-

sors. By utilising special pulse–EPR techniques it was possible to eliminate background signals

which originate from free MnII ions and impair the EPR spectra of the MnIII MnIV dimers at high

microwave frequencies. These signals have so far been a major problem in high-field EPR on

these systems. The 94 GHz spectra of catalase are the first EPR spectra recorded of an exchange

coupled manganoenzyme at microwave frequencies higher than Q–band (34 GHz). The syn-
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thetic MnIII MnIV dimers could be divided into (µ–oxo) bridged and (µ–oxo)(µ–carboxylato)

bridged complexes. The differences in the EPR parameters that were observed could be related

to the different types of bridges. These very accurate EPR data may be used to calibrate DFT

calculations which can then provide insight into the electronic structure of such systems on the

grounds of a theoretical description. These data are furthermore a prerequisite for the analysis

of EPR derived high-resolution techniques as ENDOR or ESEEM.

To directly observe the55Mn hyperfine coupling the existing pulse ENDOR setup was ex-

tended to allow experiments to be carried out at high radio frequencies necessary to detect

resonances from the55Mn ions in exchange coupled dimers. At the same time, a simulation

program was developed that uses a rigorous full-matrix diagonalisation approach to calculate

the55Mn ENDOR spectra. This computation method is required since a number of interactions

enter the spin Hamiltonian that is needed to describe these spectra. Many of the interactions

yield energetically close contributions that lead to a mixing of spin states and hence to inaccura-

cies when simulation methods are used that base on perturbation theory.55Mn ENDOR spectra

were recorded and evaluated for two synthetic MnIII MnIV complexes, BIPY and MDTN, and

for the MnIII MnIV state of dimanganese catalase. The data for the hyperfine coupling obtained

from ENDOR was in very good agreement with the data obtained from the multi-frequency EPR

experiments and demonstrates that the multi-frequency approch yields very accurate EPR data.

In addition to the55Mn hyperfine tensors, the evaluation yielded data on the55Mn quadrupole

tensors. Differences to a data set published by Randall et al.[104] for complex BIPY could

be rationalised on the basis of a different orientation selection due to the rhombicity in the

hyperfine tensors determined in this work compared with the axial hyperfine tensors given by

Randall et al. The quadrupole parameters was found to differ depending on the ligation sphere

and bonding situation of the Mn ions.

In this work the experimental and theoretical tools for obtaining and understanding55Mn

ENDOR spectra were developed and tested on synthetic MnIII MnIV dimers and a dinuclear

manganoenzyme. Experimentally more demanding are the MnII MnIII dimers with exhibit much

faster relaxation rates. These systems need to be investigated in the future. First experiments

show that an extension to even more complex systems as the water oxidase of photosystem II

poses in principle no problems on the experimental side. Investigation of the55Mn hyperfine

coupling tensors of this system using EPR spectroscopy has so far yielded no conclusive results

because four Mn ions lead to high spectral density and thus poor resolution.55Mn ENDOR

spectroscopy, on the other hand, would yield much more accurate data as the resolution is

much improved. However, some more work has to be done to improve the simulation program

with respect to calculation speed so that ENDOR spectra of systems of such a complex nature

can be evaluated.

In the same way the accuracy of the data obtained in the multifrequency EPR experiments
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was improved, the55Mn ENDOR data can be improved. At low-frequencies the relatively in-

complete orientation selection could be much enhanced at higher microwave frequencies, e.g.,

at 94 GHz. The experience gained from the development of the setup for the 9 GHz spectrom-

eter can be used to increase the ENDOR frequency range of the Bruker 94 GHz spectrometer.

The next class included the MnII MnIII complexes phCO2, pivOH, pivO and the MnII MnIII

state of dimanganese catalase. For this class, the Mn–Mn distances are typically larger (3.1–

3.5 Å). Instead of aµ–oxo bridge aµ–hydroxo bridge is usually found. As a result, the ex-

change coupling is drastically smaller with values in the range of−5 to−20 cm−1 . Due to

the altered oxidation state, also the spin-projection factors change,c1 = 7/3 andc2 =−4/3 for

MnII and MnIII , respectively. Therefore, EPR measurements that were performed on these com-

plexes at 9 GHz yieldedG– and55Mn hyperfine tensor data very different from the MnIII MnIV

complexes. The tacn and tacn-derived ligated complexes are particularly well-suited for com-

parison with the MnIII MnIV class, since only the oxidation states and bridging ligands differ

while the nitrogen dominated ligand sphere remains nearly unchanged.G–tensor anisotropies

for the MnII MnIII complexes in the range ofGz−Gx = 0.06exceeded those found in MnIII MnIV

dimers (Gz−Gx = 0.02) by far. As a result, even at 9 GHz theG–tensor is partially resolved and

lines corresponding to isolated hyperfine components were observed. Furthermore, the hyper-

fine couplings of both Mn ions is also noticeably larger than in the MnIII MnIV complexes. The

z component of the larger of the two hyperfine tensors has thelargestvalue in the MnII MnIII ,

but thesmallestvalue in the MnIII MnIV oxidation state.

The intrinsic (uncoupled) EPR parameters could be derived using the spin-coupling model

for complex phCO2 and dimanganese catalase. The MnIII hyperfine tensor for phCO2 is very

similar to those observed in theµ–carboxylato bridged MnIII MnIV complexes. For catalase,

the isotropic value of the intrinsic MnIII hyperfine coupling is smaller in the MnII MnIII state

while the anisotropies are comparable. The intrinsic MnII hyperfine tensors exhibit nearly axial

symmetry with different distortions for both system. At 34 GHz, EPR spectra of complex

pivOH could be recorded, an evaluation that is consistent with the 9 GHz data was, however,

not possible. For this complex, anisotropic linewidths and a line broadening caused byg-strain

were encountered at this frequency. EPR spectra at 94 GHz could not be recorded of this class,

probably due to strain effects that broaden the spectra to the point where a detection is not

possible. The temperature dependency of the EPR signals obtained at 9 GHz could be explained

by calculation of spin level populations for the systems at different temperatures. The observed

decrease of the EPR signals with increasing temperatures is consistent with theJ value obtained

from magnetic susceptibility measurements.

9 and 34 GHz EPR spectra could be recorded of Protein B of the sulfate-oxidising system

of Paracoccus Panotrophus(SoxB) that contains a homovalent, probably MnII MnII , active site.

These spectra show similar characteristics as spectra of the MnII MnII state of dimanganese
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catalase and synthetic MnII MnII complexes. Based on EPR data of isolated MnII ions it was

possible to model the 34 GHz EPR spectrum of SoxB using a simulation approach that uses the

full-matrix diagonalisation method. Due to the complexity of the spectra, a full evaluation was

not possible, however, good results were obtained by neglecting the hyperfine interaction in a

first step and combining those simulations with single crystal-like simulations that included the

hyperfine interaction. The contributions of theS= 1 andS= 2 states to the EPR spectra of the

coupled system were identified by calculation of the energy levels and the level populations.

These states are populated at a temperatureT = 20 K if the two MnII ions in SoxB are weakly

(J = −3 cm−1 ) anti-ferromagnetically coupled. The simulation problem was then reduced

from a coupled MnII MnII dimer to a model spin system that has all the properties of theS=
1 or S= 2 state of the coupled system. It was shown that the observed EPR signals in the

experimental spectrum arise from theS= 1 andS= 2 spin states thus simulated. The simulation

procedure established in this work can be applied to interpret the EPR spectra of biological

systems of similar complexity. For example, both catalytically active states of dimanganese

catalase (MnII MnII and MnIII MnIII ) yield EPR spectra arising from integer spin states.

For the understanding of the catalytic prcesses in biological systems detailed structural data

and the knowledge of the electronic structure is necessary. Structural data is usually obtained

using X–ray diffraction techniques. However, the required single crystals of proteins can not

always be obtained and, moreover, very high-resolution (< 1 Å) X–ray data is needed to detect

hydrogen atoms, which are known to play an important part in catalysis or protein-cofactor

interactions. Intermediates that are part of the catlytic cycle can often not be trapped in sin-

gle crystals. Here, EPR derived multi-resonance spectroscopy can be used advantageously, for

example1H ENDOR spectroscopy is sensitive to protons. Furthermore, magnetic resonance

spectroscopy yields important insight into the electronic structure. The experimental and sim-

ulation procedures to obtain very accurate EPR data and the data itself are the basis for these

future experiments.



Appendix A

Sample Input File for barley

#
# Example input parameters for barley
#
experiment epr_swept # Type of experiment
frequency 34.0 # Microwave frequency / GHz
center 11000.0 G # Center of sweep,

# for EPR field is swept,
# for ENDOR RF is swept and
# for BOLTZMANN temperature is swept

sweep 8000.0 G # Width of sweep
points 2000 # Resolution of x axis
alignment spiral # Field alignment
convolution gauss_d 200.0 G # Convolution lineshape and -width
temperature 20.0 # Temperature in K
simulation example.dat # Name of output file
ntheta 40 # Resolution of spiral

monomer Mn1 # Begin of a new monomer
electron Mn1 # Begin electron spin definitions
spin 5/2 # Electron spin
zf_axial 0.06 cm-1 # Zero-field interaction with axial symmetry
exchange Mn2 # Exchange interaction between Mn1 and Mn2

iso -3.0 1/cm
zeeman

iso 2.0013

nucleus 55Mn_1 # Begin nuclear spin system,
# nuclear spin and g-value are read from
# library according to the type of nucleus,
# here 55Mn

hyperfine
iso 7.8 mT
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monomer Mn2 # Begin of a second monomer
electron Mn2 # Begin electron spin definitions
spin 5/2
zf_axial 0.06 cm-1

# Exchange interaction is defined previously
zeeman

iso 2.0013

nucleus 55Mn_2
hyperfine

iso 240.0 MHz
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