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Summary

In this thesis continuous wave (cw) and pulse electron paramagnetic

resonance (EPR) techniques at different microwave frequencies are applied to

transition metal containing systems of biological and catalytical relevance.

The first part starts with the characterization of two forms of methyl-

coenzyme M reductase (MCR) from the Methanobacterium marburgensis,

namely MCRred2, and MCRoX] MCR catalyses the final reaction of the energy-

conserving pathway of the methanogenic archaea in which methyl-coenzyme M

(CH3-S-C0M) and coenzyme B (HS-CoB) are converted to methane and CoM-S-

S-CoB. MCR operates under strictly anaerobic conditions. It is composed of three

different subunits in a 01^272 arrangement and contains the nickel porphinoid F430,

which is the prosthetic group of MCR. This study is aimed at determining the

molecular (both geometric and electronic) structure and ultimately how those two

forms are related to proposed catalytic mechanisms. For this purpose the active

site (co-factor F430) of MCR needs to be characterized. Hence, g values and

hyperfme and nuclear quadrupole couplings were measured. To help in the

assignment of the various signals and to determine conclusively if the substrate

analog coenzyme M (HS-CoM) is directly bound to the nickel porphinoid F430,

selective isotopic labelings of HS-CoM are used. These data enabled the

determination of the spin density, the SOMO character and the ligand



Summary

environments around the metal center in these two different forms of the enzyme.

This information is of importance to understand the properties and the role of the

complexes.

MCRred2 exhibits two very different hyperfine couplings of the F430

'corphin' nitrogens. This finding is ascribed to a distortion of the F430 macrocycle.

The use of the labeled substrate analog (H33S-CoM), allows us to detect the

interaction of Ni (I) F430 with the thiol group of HS-CoM. The principal values of

the hyperfine matrix were measured which enabled the spin density on the sulfur

to be estimated to 7-17%. Information on the geometric location of HS-CoM was

obtained by determining the hyperfine couplings of the ß-methylene protons of

HS-CoM. This is aided by deuteration of these two ß-protons. By simulating the

experimental spectra the isotropic and the dipolar part of the deuterium hyperfine

matrix could be extracted. From the dipolar part the Ni-H distances (H-ßi: 0.27

nm, H-ß2: 0.37 nm) for the two ß-protons are calculated. Furthermore, by growing

MCRred2 in 2H20, an exchangeable proton with a very large anisotropy was

identified. It is tentatively assigned to a sulphydryl proton of HS-CoM. Values for

the 61Ni hyperfine interaction are also given.

For MCRoxi the same approach as for MCRred2 was used, which brings us

to a different and interesting outcome. Coordination of the Ni-F43o with the thiol

group of the HS-CoM is proved by using H33S-CoM. From the isotropic and the

dipolar part of the hyperfine matrix of 33S the spin density was calculated to be

5.7 %. In contrast to MCRred2, the spin density is smaller and the sulphur p-orbital

carrying the spin density was found to be oriented parallel to the F430 macrocycle.

This implies a contribution from a dyz or dxz nickel orbital. The hyperfine matrix

and the quadrupole tensor of the 'corphin' nitrogens were determined. Four

different types of nitrogens could be identified. MCR,,xi grown in 61Ni medium

allowed us to determine the principal values of the hyperfine matrix and the

quadrupole tensor. The largest coupling was observed perpendicular to the F430

macrocycle. This interaction was larger than the one found in MCRred2 implying

more spin density on the Ni and less on the ligands. Using 2H-labeled HS-CoM

enabled us to determine the hyperfine couplings of the ß-protons. From the

viii
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dipolar part the Ni-H distances (H-ßi: 0.28 nm, H-ß2: 0.38 nm) for the two ß-

protons were calculated. All these data point towards a ground state with

predominantly dx~_y character and a small admixture of the dyz orbital. The

currently discussed hypothesis is that the ground state of MCR<,xi is either a

Ni(III)-thiolate or a high-spin Ni(II) coupled to a thyil radical. Our results clearly

show that there is only a small percentage of spin density on the thiol sulphur of

HS-CoM, the majority is on the Ni ion. From an EPR point of view our data thus

support the Ni(III)-thiolate formulation.

This study is novel in that it compares the geometry of enzyme-substrate

interactions in the active sites of MCRred2 and MCR^i MCRoxi may have

mechanistic relevance as a MCRredi precursor since an oxl-like intermediate (a Ni

(Il)-thiolate) was proposed in one of the anticipated catalytic cycles of MCR.

MCRred2 is a good model to mimic conformational changes that presumably could

also occur in the catalytic cycle. Indeed, the addition of coenzyme B (HS-CoB),

needed to convert MCRredli; to MCRred2, induces a conformational change which

allows the thiol group of HS-CoM to bind to Ni(I). A similar behavior may occur

in the catalytic cycle when HS-CoB binds, which could allow CH3-C0M to

interact with Ni(I)F430. In this respect the origin of the exchangeable proton

observed in MCRred2 is important. Perhaps it belongs to one of the tyrosines,

Tyra333 or Tyr*5367. This may give a hint towards their function since the tyrosines

are positioned in a way that can be expected to stabilize the negative sulfur of

coenzyme M once the methyl radical has been released.

The second part deals with the characterization of metal-containing

organic pigments namely copper(II) and cobalt(ll) phthalocyanine (CuPc and

CoPc, respectively). The influence of the substituents in the Pc's macrocycle and

of the matrix on the electronic structure of these metal complexes is analyzed in

order to get a better understanding of their chemical functionality. The hyperfine

and the nuclear quadrupole couplings of the isoindole nitrogens are determined as

well as the hyperfine couplings of the protons and the fluorines of the macrocycle.

This is achieved by deuteration of the solvents. The spin density distribution,

which influences the catalytic activity, has been determined. Furthermore, density

ix
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functional theory (DFT) computations were used to calculate the EPR parameters,

which are in agreement with the experimental ones.

The paramagnetic defects in semiconductors or insulators are monitored

for novel quasi-one-dimensional platinum compounds based on the structure of

Magnus' green salt. Such defect or impurity centers may significantly influence

the electrical and optical properties of these materials. The difference in

conductivity between [Pt(phen)2][Pt(drnit)2] (phen, or L1 = phenanthroline and

dmit or L2 = dimercaptoisotrithione) and [Pt(mebipy)2][Pt(dmit)2], (mebipy or

L1 = 4,4-dimethyl-2,2'-dipyridyl, and mnt or L2 = maleodinitriledithiolate) might

be governed by the different amounts of paramagnetic impurities. A combination

of EPR with other spectroscopic techniques show the presence of a dimer

([Pt(L1)2][Pt(L2)2]), with the majority of the spin density on the ligand and not on

the central platinum ion. Furthermore comparison of the conductivity and the spin

concentrations for the different samples shows that the [PtL']2[Pt(dmit)2]

materials are semiconductors, whereas the [PtL1]2[Pt(mnt)2] compounds are

insulators.

x



Zusammenfassung

Gegenstand dieser Dissertation sind die "continuous wave" und die

gepulste paramagnetische Elektronen-Spin-Resonanzspektroskopie (EPR) bei

verschiedenen Mikrowellen frequenzen von Systemen, die Übergangsmetalle

enthalten und die in der Biologie und der Katalyse von Bedeutung sind.

Im ersten Teil werden zwei unterschiedliche Formen von Methyl-

Coenzym M Reduktase (MCR) aus Methanobacterium marburgensis,

charakterisiert, nämlich MCRred2 und MCRoxi. MCR katalysiert die letzte

Reaktion im energieerhaltenden Pfad von methanogenen archaea, wobei Methyl-

Coenzym M (CH3-S-C0M) und Coenzym B (HS-CoB) zu Methan und CoM-S-S-

CoB umgewandelt werden. MCR wirkt unter streng anaeroben Bedingungen und

besteht aus drei verschiedenen Untergruppen in einer a2ß2y2 Anordnung. Es

enthält das Nickel-Porphinoid F430, welches die prosthetische Gruppe von MCR

bildet. In der vorliegenden Arbeit werden die geometrische und elektronische

Struktur untersucht, mit dem Ziel, diese zwei Formen mit vorgeschlagenen

katalytischen Prozessen in Zusammenhang zu bringen. Um dies zu erreichen,

muss die aktive Gruppe von MCR (Cofaktor F430) charakterisiert werden. Es

wurden g-Werte, Hyperfein- und Kernquadrupol-Kopplungen gemessen.

Selektive Isotopenmarkierung des substrat-analogen Coenzym M (HS-CoM)

wurden eingesetzt, um die verschiedenen Signale zuzuordnen und um
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festzustellen, ob HS-CoM direkt an das Nickel-Porphinoid F430 gebunden ist. Mit

diesen Daten wurden die Spindichte, die SOMO Eigenschaften und die Liganden

in der Umgebung des Metallzentrums in den zwei unterschiedlichen Formen des

Enzyms bestimmt. Es handelt sich dabei um wichtige Informationen, um die

Eigenschaften und die Rolle der Komplexe zu verstehen.

In MCRred2 weisen die „corphin" Stickstoffe von F430 zwei sehr

unterschiedliche Hyperfein-Kopplungen auf. Dies wird einer Verzerrung im F430

Makrozyklus zugeschrieben. Der Einsatz des isotopenmarkierten

Substratanalogen H33S-CoM erlaubt es, die Wechselwirkung von Ni(I)F430 mit der

Thiolgruppe von HS-CoM zu messen. Durch die Bestimmung der Hauptwerte der

Hyperfein- Matrix konnte die Spindichte auf dem Schwefel auf 7-17% geschätzt

werden. Durch die Messung der Hyperfein-Kopplung der ß-Methylen Protonen

von HS-CoM wurden Informationen zur geometrischen Lage von HS-CoM

gewonnen. Dies wurde durch eine Deuterierung der zwei besagten ß-Protonen

möglich gemacht. Die Hyperfein-Matrix des Deuteriums konnte aus einer

Simulation der experimentellen Spektren extrahiert werden. Aus dem dipolaren

Teil wurden die Ni-H Abstände der zwei ß-Protonen berechnet (H-ßi: 0.27 nm,

H-ß2: 0.37 nm). Zudem hat eine Züchtung von MCRred2 in 2H20 eingeben, dass

ein austauschbares Proton mit einer sehr grossen Hyperfein-Anisotropie

vorhanden sein muss. Dieses Proton wurde versuchsweise einem Sulphydryl-

Proton von HS-CoM zugeordnet. Es werden auch Werte für die Hyperfein-

Wechselwirkung mit 61Ni angegeben.

Für MCRoxi wurde die gleiche Vorgehensweise wie für MCRred2

angewendet, die zu anderen, sehr interessanten Resultaten geführt hat. Mittels

H33S-CoM konnte eine Koordination von Ni-F43o mit der Thiolgruppe des HS-

CoM nachgewiesen werden. Die Spindichte konnte aus dem isotropen und dem

dipolaren Teil der Hyperfein-Matrix des 33S zu 5.7% bestimmt werden. Die

Spindichte ist im Vergleich zu MCRred2 geringer und das p-Orbital des Schwefels,

welches die Spindichte trägt, liegt parallel zum F430 Makrozyklus. Diese Tatsache

bedingt einen Beitrag von einem dyz oder dxz Orbital des Nickels. Die Hyperfein-

Matrix und die Kernquadrupol-Tensoren der „corphin" Stickstoffe wurden

xii
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bestimmt. Das in einem 61Ni Medium gezüchtete MCRoXi erlaubte es, die

Hautwerte der Hyperfein-Matrix und des Kernquadrupol-Tensors von 6lNi zu

bestimmen. Die grösste Kopplung wurde senkrecht zum F430 Makrozyklus

beobachtet. Diese Wechselwirkung war stärker als in MCRred2, was auf eine

höhere Spindichte am Nickel und eine geringere an den Liganden hinweist.

Durch Einsatz von 2H-markiertem HS-CoM konnten die Hyperfein-Kopplungen

der ß-Protonen bestimmt werden. Aus dem dipolaren Teil wurden die Ni-H

Abstände der zwei ß-Protonen berechnet (H-ßi: 0.28 nm, H-ß2: 0.38 nm). Diese

Daten weisen auf einen Grundzustand mit vorwiegend dx2.y2 Charakter hin, mit

einem geringen Anteil des dyz Orbitals. Gegenwärtig wird angenommen, dass der

Grundzustand von MCRoxi entweder ein Ni(III)-thiolat oder ein an ein Thyil-

Radikal gekoppeltes high-spin Ni(II) ist. Unsere Resultate beweisen, dass sich

nur ein geringer Anteil an Spindichte auf dem Thiol-Schwefel von HS-CoM

befindet, und der grösste Teil auf dem Ni Ion lokalisiert ist. Die EPR Daten

weisen also auf einen Ni(III)-thiolat Grundzustand hin.

Die vorliegende Studie ist insofern neu, als dass die Geometrien der

Enzym-Substrat-Wechselwirkungen in den aktiven Zentren von MCRred2 und

MCRoxi verglichen werden. MCRoxi könnte eine mechanistische Relevanz als

Vorläufer von MCRrCdi haben, da ein oxl-ähnlicher Zwischenzustand (ein

Ni(II)-thiolat) in einem der vorhergesagten katalytischen Kreisläufe von MCR

vorgeschlagen wurde. MCRrCd2 ist ein gutes Modell, um Veränderung in der

Konformation, die vermutlich auch im katalytischen Kreislauf von MCR

vorkommen, zu simulieren. Die Zugabe von Coenzym B (HS-CoB), das benötigt

wird um MCRredic zu MCRred2 zu konvertieren, führt zu einem Wechsel der

Konformation, womit die Thiolgruppe von HS-CoM an Ni(I) binden könnte. Ein

ähnliches Verhalten kann im katalytischen Kreislauf auch vorkommen wenn HS-

CoB bindet, was eine Wechselwirkung zwischen CH3-C0M und Ni(l)F43o

erlauben würde. Unter diesem Aspekt ist die Herkunft des austauschbaren

Protons, das in MCRred2 beobachtet wurde, wichtig. Es könnte zu den Tyrosinen

Tyra333 oder Tyrß367 gehören. Dies gibt einen Hinweis auf ihre mögliche Funktion,

da diese so angeordnet sind, dass eine Stabilisierung des negativen Schwefels von

Coenzym M nach Freisetzung eines Methyl Radikals, möglich wäre.

xiii



Zusammenfassung

Der zweite Teil der Arbeit behandelt die Charakterisierung von

metallhaltigen organischen Pigmenten, nämlich Kupfer(II) und Kobalt(II)

Phthalocyanin (CuPc und CoPc). Der Einfluss des Substituenten im Pc-

Makrozyklus und der Matrix auf die elektronische Struktur dieser

Metallkomplexe wurde analysiert, um tiefere Einsicht in ihre chemische

Funktionalität zu erhalten. Die Hyperfein- und die Kernquadrupol-Kopplungen

der isoindol-Stickstoffe wurden bestimmt, sowie die Hyperfein-Kopplung der

Protonen und der Fluor kernen des Makrozyklus. Das wird durch die Deuterierung

der Lösungsmittel erreicht. Die Verteilung der Spindichte, die die katalytische

Aktivität beeinflusst, wurde untersucht. Ausserdem wurde die

Dichtefunktionaltheorie (DFT) verwendet, um die EPR Parameter zu berechnen,

die im Einklang mit den experimentellen Werten sind.

Für neue auf der Struktur der Magnussalze basierende quasi¬

eindimensionale Platin-Verbunde wurden die paramagnetischen Defekte in

Halbleitern und Isolatoren bestimmt. Solche Defekte können die elektrischen und

optischen Eigenschaften dieser Materialien entscheidend beeinflussen. Der

Unterschied zwischen [Pt(phen)2][Pt(dmit)2] (phen, oder L1 = Phenantrolin, und

dmit oder L2 = Dimercaptoisotrithion) und [Pt(mebipy)2][Pt(dmit)2] (mebipy

oder L1 = 4,4-dimethyl-2,2'-dipyridyl, und mnt oder L2 = maleodinitrildithiolat)

könnte durch verschiedene Mengen an paramagnetischen Verunreinigungen

bewirkt werden. Die Kombination von EPR mit anderen spektroskopischen

Methoden zeigt die Anwesenheit des Dimers ([Pt(L')2][Pt(L2)2]), bei dem der

grösste Teil der Spindichte auf dem Liganden und nicht am zentralen Pt-Ion

vorliegt. Ausserdem zeigt ein Vergleich der Leitfähigkeit und der Spin-

Konzentrationen an unterschiedlichen Proben, dass die [Pt(L')2][Pt(dmit)2]

Materialien Halbleiter und die [PtL'ktPtfmnt^] Verbindungen Isolatoren sind.

XIV



Chapter 1

General Introduction

Nature has harnessed the rich and wide-ranging chemistry of transition

metals to catalyze a variety of biological reactions essential to sustain life. The

reactivity of the transition metal complexes depends on the ligands, the

coordination geometry, and the oxidation state of the metal. Biological systems

have taken advantage of the reactivity of transition metals by coordinating the

metal(s) in the framework of the protein structure that controls the reactivity and

oxidation states of the metal(s) [1].

The knowledge of the molecular structure and the spin density distribution

in paramagnetic transition metal containing systems like metalloenzymes, which

are involved in chemical reactions taking place in living organisms, synthetic

inorganic and organic transition metal compounds, and semiconducting or

insulating materials, is of great importance to understand their role.

Multifrequency electron paramagnetic resonance (EPR) (continuous wave

(cw), electron spin echo envelope modulation (ESEEM) and pulse electron-

nuclear double resonance (ENDOR)) helps to obtain this information, since these

techniques focus directly on the active site and its closest vicinity [2-4]. Hence, in
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contrast to nuclear magnetic resonance (NMR) EPR is not restricted by the size of

the protein. EPR allows the observation of magnetic parameters of open-shell

systems whose interpretation contributes towards revealing the electronic and the

molecular structure.

After a general introduction given in this chapter, the theory of cw and

pulse EPR will be explained in more detail in chapter 2. The different topics are

illustrated with examples closely related to the various systems studied in the

thesis. In the following chapters the possibilities of the EPR techniques in

revealing structural information on transition metal complexes in biological and

synthetic samples will be demonstrated. One of the projects discussed in this

thesis is focused on the understanding of the structure/function relationship of

methyl-coenzyme M reductase (MCR). MCR, a nickel-containing enzyme present

in methane-producing Archaea [5], is responsible for the actual formation of

methane in a process called methanogenesis. This process takes place in many

microbial habitats where oxygen is excluded, such as swamps, fresh water, lake

sediments, the intestinal tract of animals and the hindgut of termites. The main

sources of methane are the increasing areas of rice production and the rising

amount of life stock. Part of this methane escapes to the atmosphere and acts as a

potent greenhouse gas.

Since 109 tons of methane is produced per year by methanogenic archaea

who contain the MCR, it is of importance to slow down this methane formation or

to use in a better controllable way. Therefore, insight is needed into the

environmental regulation of this process, and the characterization of the proteins

involved.

The work presented in Chapter 3 was made possible by a multidisciplinary

research collaboration with three research groups. Highly reactive, forms of the

enzyme MCR that show the MCRred2 or the MCRoXi EPR signals were isolated in

the group of R.K. Thauer (MPT für terrestrische Mikrobiologie Marburg,

Germany).

2
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The major aim of this work was the characterization of these forms. In

order to prove that the coenzyme M thiolate (HS-CoM) is coordinated to the co-

factor F430, the ammonium salt of the isotopically labeled [ "S]-2-

mercaptoethanesulfonate (H33S-CoM) and [2,2-2H2]-2-mercaptoethanesulfonate

(HS-CoM(ß-d2) were synthesized in the group of B. Jaun (Laboratorium für

Organische Chemie, ETH Hönggerberg, Zürich). The collaboration with the

groups of R.K. Thauer and B. Jaun gave us the opportunity to investigate these

two different states of the enzyme by EPR.

Chapter 3 gives an overview of the currently available data concerning the

geometry and the coordination around the nickel in MCRred2 and MCR^i, which

may play a role in the reaction mechanism. MCR contains two active sites, each

including the nickel-containing F430 as a co-factor. In vivo, Ni(l) is the active state,

but during the crystallization process, it is always found to be converted to the

Ni(II) state by auto-oxidation, even when anaerobic conditions were used.

Consequently, a crystal structure of MCR with F430 in the active Ni(I) state is not

yet available. NMR studies of the paramagnetic Ni(I) state give also little

information, since the presence of the unpaired electron causes large shifts and

line broadenings, making the spectral interpretation difficult if not impossible.

EPR is therefore the method of choice to investigate the active states of MCR.

The interpretation of the EPR parameters is of importance to understand the redox

states and the catalytic mechanism of the enzyme.

In Chapter 4, we illustrate how the EPR techniques exploited in the study

of MCR, can also be successfully used in the analysis of synthetic compounds

containing paramagnetic transition metal centers. On the one-hand, a series of

novel soluble platinum compounds designed to mimic the characteristics of

Magnus' salt is discussed. These materials which are based on the structure of

Magnus' green salt, exhibit potential applications in the field of electronic

devices, mainly due to their semiconducting properties or metallic properties. [6,

7]. On the basis of a cw EPR and hyperfine sublevel correlation (HYSCORE)

study, paramagnetic species could be fully identified and the relation to the

conductivity properties of the samples could be analyzed.

3
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This work is a result of a project carried out in collaboration with the

research group of P. Smith (Institut fur Polymere ETH-Hönggerberg, Zürich). The

contribution of this group is confined to the synthesis and a part of the

characterization of the quasi-one-dimensional platinum compounds (Infrared

spectroscopy (IR), UV/vis, circular dichroism (CD) and electrical conductivity

measurements).

Moreover we will present a detailed analysis of some metal-containing

organic pigments, namely copper(ll) and cobalt(II) phthalocyanine (CuPc and

CoPc). They are used in industry in a variety of applications, ranging from

conventional dyes, catalysts, coatings for read/write CD-RW's to anti-cancer

agents. Their extremely high thermal stability, insolubility in most solvents, high

dying power, and color intensity have ensured their reputation and wide

application in the painting, printing, textile, and paper industry, as well as in

chemical-fibre and plastic-dying processes [8-10]. Several electrically conducting

phthalocyanines are used in commercial electronic devices [11]. In the case of

these paramagnetic metal phthalocyanine s (MPc) the g matrix, which is related to

the color of the complex and the spin-density distribution which influences its

catalytic activity, is determined using EPR. Simulations and interpretations of the

spectra are shown and discussed and a qualitative analysis of the data using

previous theoretical models is given. Furthermore, density functional theory

computations (DFT) support the interpretation of the obtained EPR data.

4



Chapter 2

Fundamentals ofcw andpulse EPR

The theoretical concepts concerning cw and EPR spectroscopy and the

terminology necessary for understanding the topics discussed in the following

chapters are outlined [2-4]. Starting from all the tensors that appear in the spin

Hamiltonian, we will obtain the nuclear frequencies for our systems, which are

useful for the analysis of the observed spectra. The magnitudes of the interactions

between electron and nuclear spins and their environment determine whether

relevant information can be obtained by cw and pulse EPR.

2.1 The Spin Hamiltonian

Abragam and Pryce [12] developed the concept of the spin Hamiltonian. Using a

perturbation approach, it can be shown that the energies of states within the

ground state of a paramagnetic species with an effective electron spin S and m

nuclei with spin / are described by

"
k=l k=l

n
, J i*k



Fundamentals ofcw andpulse EPR

The effective spin, S, is defined by the number (25+1) of the low-lying energy

levels which are responsible for the EPR spectrum and which are split in a

magnetic field.

Mimwrwrs \l^ Ultl ivmlft

0 7tlm 0 4 Tim 0 pt
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—I 1 1 1 1 1—
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Nuclear Zeeman

Electron Zeeman

^tunii ^f t-î Lb

Nuclear Quadrupole

Fiel Fit. |t ij\ i jk nt^

1 Mil/

I

iMH/

|

Lledir it ^r un I Shtr

«I

_1

f",)\j I) CM/

__J [__

Figure 2-1 Typical eneigies of election- and nuclear-spin interactions tor miciowave (mw)

frequencies between S- and W-band, together with methods of choice

The terms in equation (2.1) refer to the following interactions: First term:

Electron Zeeman interaction CM-/), second term: Zero-field splitting (7Y/ns), third

term: hyperfine couplings between the electron spin and the m nuclear spins

{'Hwy), forth term: Nuclear Zeeman interaction (*Hnz), fifth term: Nuclear qua¬

drupole interactions for spins with nuclear spin quantum numbers / >l/2 (TYnq),

and sixth term: spin-spin interactions between pairs of nuclear spins OHnn). The

spin Hamiltonian contains only spin coordinates described by the electron spin

vector operator S and the nuclear spin operators /k. The electron Zeeman and

nuclear Zeeman interactions are field dependent, hence the possibility to perform

I-PR at different magnetic fields will be a powerful tool to separate different

interactions from each other. K>r the calculation of the eigenvalues and
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eigenstates of a Hamiltonian it is important to know the magnitude of the terms in

eq. (2.1). This allows one to decide whether the relevant information about the

system can be obtained by cw or pulse EPR. An overview of the interaction

strengths is presented in Figure 2-1. In the following we will limit our discussion

to those terms of the Hamiltonian that are relevant in this thesis, namely "Hez ,

*Hhf, *Mnz, and ^nq .

2.1.1 Electron Zeeman interaction (EZI)

The magnetic moment associated with the electron spin S is randomly

oriented and, for 5 = 1/2, the two energy levels are degenerate in the absence of a

magnetic field. The interaction between a paramagnetic center with an electron

spin 5=1/2 and the external magnetic field Bq results in a splitting of the two

energy levels as the electron spin can only be oriented parallel or anti-parallel to

the magnetic field vector. The splitting between the two energy states is called the

Electron Zeeman interaction (EZI) and is proportional to the magnitude of Bo, as

is shown in Figure 2-2.

Figure 2-2 Illustration of the electron Zeeman splitting for an 5=1/2 system in an external

magnetic field. Transitions between energy levels induced by microwave irradiation and are

shown.

7
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This interaction, derived from the classical expression for the potential

energy of a magnetic dipole in a magnetic field, is described by the electron

Zeeman term

7fEZ=^-Ê0gS, (2.2)

where ßc denotes the Bohr Magneton, h is the Planck constant, and B0 is the

transpose of the magnetic field vector Bo. The g matrix contains the orientation

dependence of the electron Zeeman splitting.

The energies obtained as solution of eq. (2.2) are given by

E±=±±gVeB0, (2.3)

with the effective g value.

In cw EPR, a transition is usually measured at a fixed frequency and the magnetic

field is varied until resonance is reached; therefore

(E+-E_) = hœ^g&eB0. (2.4)

The spin can then flip from one orientation to the other (Figure 2-2). At thermal

equilibrium, an excess of population exists in the lower energy state, the EPR

signal strength depends on this Boltzmann population difference. From eq. (2.4)

by using values of ße and H in appropriate units and a>/27r, - v, the resonance

condition becomes

So(mT)^1.448xv(GHz), (2.5)

For a free electron (ge = 2.0023) in a magnetic field of 330 mT, the resonant

frequency is 9.248 GHz.

8
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Since the ground state of most molecules (including organic radicals which have

excited states high in energy) has zero orbital angular momentum (L), one might

expect that the g factor would have the value of the free electron gc. However, the

spin-orbit interaction admixes the "pure spin" ground state with excited states and

causes a small amount of the orbital angular momentum to appear in the actual

ground state which couples to the electron spin and makes it sensitive to its

environment. The resultant transmission produces a magnetic field that adds

vectorally to the external magnetic field. One of the results is a change in the g

factor. The splitting of the electron Zeeman levels depends on the symmetry of the

coordination environment and the orientation of the system in the applied field.

Second-order perturbation theory then yields for the g matrix [2]

g = gtl + 2\A, (2.6)

where I is the 3x3 unit matrix, X is the spin-orbit coupling constant and A is a 3x3

matrix. Any anisotropy or deviation from ge results from the matrix A, and

involves only contributions of the orbital angular momentum from excited states.

In eq. (2.6) the g matrix which contains information about the symmetry of the

inner fields can be obtain experimentally. Tn a compound with a paramagnetic

metal ion the g matrix is essentially determined by this metal ion and the directly

coordinated ligand atoms. The g values observed in the EPR spectrum can often

be used as a fingerprint to identify the metal ion and to provide information on the

symmetry of the paramagnetic center.

In the principal axes frame the g matrix is expressed by

g

Sz.

(2.7)

where gx, gy and gz are the principal values ofg.

9
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For orthorhombic symmetry, the orientational dependence of the g value is

described by

g(Q,ty) = (gx2 sin2 8cos2 § + g2 sin2 9sin2 § + g:2 cos2 6)', (2.8)

where (Q,^>) are the polar angles describing the orientation between Bo and the

principal axes of the g matrix.

For axial symmetry, where the z axis is the rotational symmetry axis, the principal

values are reduced tog± = gx
=

gy andg\\ = gz with

g(Q) = (gl sin2 Q + g2 cos2 Qy. (2.9)

An axial g matrix with g\\ > gj_, represented by a rotational ellipsoid, and the line

shape of the EPR spectrum obtained for a large number of paramagnetic systems

with random orientation of their g ellipsoids with respect to the static magnetic

field Bo are shown in Figure 2-3. This situation is typical for a powder spectrum,

which is a superpositions of many different single crystal spectra with random

orientation. For a given magnetic field Bo, all spins fulfilling the resonance

condition g(Q)=h co/ßeBo, i.e., all spins for which the vector B0 spans an angle 6

with the z axis of the g ellipsoid, contribute to the spectrum. These spin packets

are schematically exemplified in the powder line shape in Figure 2-3. The extreme

positions of the powder spectrum are obtained by inserting g\\ and gi into the

resonance condition. The asymmetric line shape is mainly due to the fact that the

number of spin packets contributing to the spectrum is larger in the xy plane than

along the z axis.

10
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Figure 2-3 Schematic drawings of an axial g ellipsoid and the corresponding EPR spectrum. The

powder line shape results from the contributions of a large number of individual spin packets with

different resonance positions. The arrows correspond to principal g values.

2.1.2 Nuclear Zeeman interaction (NZI)

As for the electron spin S, also the nuclear spin / is quantized in a magnetic field,

resulting in the nuclear Zeeman splitting of the nuclear spin states. The NZI is

expressed by

^Nz=-gn\hl- (2-10)

For stable isotopes, / covers the range from 1/2 (e.g. *H, 195Pt, 13C) to 6 (50V). The

dimensionless gn factor, as well as the nuclear spin quantum number /, is an

inherent property of the nucleus; e.g., gn (]H) = 5.58; g„ (2H) = 0.857; gn (14N) =

0.40; gn (33S) = 0.43. The NZI usually has no influence on cw EPR spectra since

this interaction is much smaller than the EZI (e.g., for protons the NZI is 1/658

of the EZI). For a given nuclear spin quantum number / a splitting into (21+1 )

energy levels is observed, each level being characterized by the nuclear magnetic

spin quantum number mi
= /, 7-1,....-/.
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2.1.3 Hyperfine interaction (HF1)

One of the most important sources of information in an EPR spectrum is obtained

if in the environment of the electron spin there are nuclei with a spin quantum

number / > 0, such as protons (/ = 1/2), ,4N (/ = 1) or 33S (/ = 3/2). The

interaction between the electron and a nuclear spin is denoted as hyperfine

interaction and is described by the Hamiltonian

ffHF=SAI. (2.11)

The hyperfine matrix A depends on two different physical mechanisms: the

isotropic or Fermi contact interaction and the anisotropic electron-nuclear dipole-

dipole interaction.

The Fermi contact interaction i^Hv) plays a role if there is finite (unpaired)

electron spin density at the nucleus. This Fermi contact interaction depends on the

symmetry of any spin-polarized orbitals. There will be no isotropic interaction

with a nucleus if the electron resides in an orbital with a node at the site of the

nucleus. This interaction is given by

7fF = a-aoSr, (2.12)

with

«iSo=f^MA|^o(0)|2, (2-13)

where |*Fo(0)| is the electron spin density at the nucleus and a\so is the isotropic

hyperfine coupling constant. The latter (assuming 100% spin density at the

nucleus) can be obtained from standard tables (e.g., «^('H) = 50.68 mT,

tfiso (19F) = 1886.53 mT). The isotropic interaction aiso can also be significant

12



Chapter 2

when the unpaired electron resides in a p, or a d orbital. Spin density at the

nucleus is then induced by configuration interaction or spin polarization, which

transfers spin density from the single occupied molecular orbital (SOMO) to the

nucleus via s-orbital [2, 13].

Interaction between an electron and a nuclear dipole some distance away is the

source for the anisotropic component of the hyperfine coupling. The orientation

dependent dipole-dipole interaction between the magnetic moments of the

electron and the nucleus is described by the electron-nuclear dipole-dipole

interaction (î%d)- The energy of this anisotropic interaction is written as

fBD=^g&S£n r5 r3
= 577, (2.14)

where r is the vector connecting the electron and the nuclear spin and T is the

symmetric and traceless dipolar coupling matrix. The dipolar interaction

(described by 7) acts through space between the nucleus and the electron. As the

unpaired electron is delocalized in its orbital, the dipolar interaction depends on

the integral over the SOMO. For orbitals with inversion symmetry, this interaction

vanishes. However, different interactions of the unpaired electron with electrons

of different spins can spin-polarize other doubly occupied orbitals. These

polarized orbitals will also interact with the nucleus. For 3d complexes, there is

often significant spin density in the 2p and 3p orbitals. One of the useful

parameters that can be derived from the matrix T is the so-called uniaxiality

parameter

To=^gß,{r-'}, (2.15)

where the angular brackets imply integration over ap or d orbital. The anisotropic

hyperfine couplings for one unpaired electron in a p orbital centered on an atom

can be found in tables (e.g., 14N: 1.981 mT, 33S: 3.587 mT).
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When the ligand nuclei are at a sufficient distance (r > 0.25 nm) from the electron,

the hyperfine coupling between the electron and the nuclear spin is often treated in

the point-dipole approximation. Here, the electron spin density is considered to be

located at a single point in the space (for example on the metal ion)

471
r3

T..=pM £3L°*«P«P" g.hrr.-d-)
<j F 4tt v^h *>\ >j '') [i,j=x,y,z].(2.\6)

Equation (2.16) can then be used to determine the positions and distances of the

ligand nuclei from the metal center by their orientationally dependent hyperfine

interactions. This derivation is predominantly used for protons (since the dipolar

interaction is the only source of anisotropy).

The total hyperfine matrix A can be written as the sum of the isotropic hyperfine

coupling, aiso, and the dipolar part

A =

A A
xx xy

y* yy

Ax,

Ay=

A„

= 7ali0+Ä(a,ß,y) Ä(a,ß,y), (2.17)

where the second term represents the dipolar coupling with the matrix R which

transforms the matrix T from the laboratory frame to the molecular frame with

Euler angles a,ß,y. Since the g matrix is usually used as the molecular reference

frame and is not coaxial with the A matrix, a rotation of the A matrix relative to

the g frame is needed. The dipolar part T is composed from contributions of

different molecular orbitals, e.g., for l4N the dipolar part can be split in to a other

orthorhombic matrices due to the contribution of different 3p (px, py, pz) orbitals.

For an axial system equation (2.17) becomes
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A = laiso+R(a,$,y)

-T

-T

2T

fl(a,ß,Y). (2.18)

The largest dipolar coupling (27) is found along the vector r connecting the

electron and nuclear spin.

2.1.4 Nuclear quadrupole interaction (NQI)

Nuclei with a nuclear spin quantum number / > 1/2 are distinguished by a non-

spherical charge distribution resulting in a nuclear electric quadrupole moment Q.

The interaction of this charge distribution with the electric field gradient, caused

by the electrons and nuclei in its close vicinity, is described by

9f = IPI,
NQ

(2.19)

where P is the traceless nuclear quadrupole tensor. In its principal axes system the

Hamiltonian can be written as

fij -pi11 p/21 pi1- e^Q
nNQ-rxlx ^ry1y +rz'z

_

4/(2/— l)/z
U2-I(I + \) + T\(Ix2-l2) , (2.20)

where the nuclear quadrupole tensor is

_

e2<lQ

4/(27-1)/?

^-(1-Ti) 0 0^|
0 -(1 + ti) 0

0 0 2
V

(2.21)

15



Fundamentals ofcw andpulse EPR

with the magnitude eq of the Electric Field Gradient (EFG) seen by the nucleus,

its quadrupole moment Q (the electrical shape of the nucleus is a fixed parameter

for each isotopic species) and the elementary charge e. r\
= (PK-Py)/Pz is the

asymmetry parameter with \PZ\ > \Py\ > \PX\ and 0<r)<l; it describes the deviation

of the field gradient from axial symmetry. The largest principal value of the

quadrupole tensor is given by Pz = e2qQ/(21(2I-\)h). In the literature the two

quantities e2(\Qlh and r\ are usually given. In an EPR spectrum, the nuclear

quadrupole interactions manifests itself as shifts of the allowed resonance lines

and in the appearance of forbidden transitions, both of these effects are not easy to

observe in disordered systems. In nuclear frequency spectra measured by ESEEM

and ENDOR methods, the nuclear quadrupole interaction manifest itself as a first-

order line splitting.

2.2 Basics for pulse EPR and ENDOR

In this section the basic knowledge for the pulse EPR experiments discussed in

the following chapters is given.

2.2.1 Microwave pulses

At thermal equilibrium the macroscopic magnetization M is aligned parallel to Bo.

The behavior of the magnetization during a pulse experiment can easily be

described using a coordinate system which rotates with frequency &>mw about the z

axis. In the experiment, mw radiation is applied with frequency oamw and polarized

in the xy plane. The oscillating B\ field (with comw) of this radiation can be

decomposed into two counter rotating components one of which is rotating in the

same direction as the Larmor precession of the spins. Hence, in the rotating frame

B\ is a stationary field, defined along -x. A 90° pulse along x thus transfers the

longitudinal magnetization ML in to transverse y magnetization. If the Larmor

frequency does not exactly match the microwave frequency the magnetization

precesses about the z axis with frequency Q = ö)s-oomw. The difference frequency
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Cl is measured directly, since the detection system usually is aligned in the

direction of the y axis in the rotating coordinate system. More rigorous

mathematical descriptions are found in the book by Schweiger and Jeschke [4].

In pulse EPR, the ESEEM phenomenon is of primary interest in studying

disordered systems. The ESEEM effect is caused by the hyperfine and nuclear

quadrupole interactions. The treatment here is restricted to an 5 = 1/2, 7 = 1/2, and

an 5= 1/2, 7=1 electron-nuclear spin system.

2.2.2 Spin system with 5= 1/2, /= 1/2

The nuclear spin Hamiltonian (a combination of eqs. 2.2, 2.10 and 2.11), for an

5 = 1/ 2, 7 = 1/2 system with an isotropic g matrix and an anisotropic hyperfine

interaction, can be express in the laboratory frame, where the static magnetic field

vector Bo is taken along the laboratory z-axis, as

<H{) = (o95„ + fo77, + SAI, (2.22)

where co/ = -gr$Mh and u>s
= g$cBolh are the nuclear and the electron Zeeman

frequency, respectively. Here, they are expressed in angular frequency units, in

the following chapters the nuclear frequency are expressed in frequency units (v/=

<o//2ri). The hyperfine tensor contains secular (57/z), pseudo-secular (Szlx, 5z/y) and

non-secular (5X/X, 5x/y, 5y/x, 5y/y) terms. In the high-field approximation, the

non-secular terms can be neglected, since these off-diagonal elements are small

compared to the frequency difference of the diagonal elements. If we switch to a

frame where the nucleus lies in the xz plane of the laboratory frame, eq. (2.22)

becomes

9^0 = <osSz + (0,1. + ASJ, + BS. Ix, (2.23)

with B = (B2+B2)m.
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In the rotating frame the Hamiltonian is given by

9/ü= ClsSz + (ü,I. + ASJZ + BSJX. (2.24)

For an axial hyperfine interaction the coefficients A and B are related to the

principal values A\\ and A± of the hyperfine matrix and to the dipolar coupling

constant T by

A = AA cos2 9 + A± sin2 9 = aiso + T(3 cos2 0-1) (2.25)

# = (4-,41)sin9cos9 = 37'sin9cos9. (2.26)

Diagonalization of the Hamiltonian in eq. (2.24) yields the following expressions

for the two nuclear frequencies

1
2

(2.27)

and

i

(2.28)

and the allowed (Aws = ±1, A/w/ = 0) and forbidden (Am$ = ±1, A/77/= ±1) electron

transition frequencies can = ojs + a>./2, »24 = g>s - co./2 and cum = cos + eo+/2, CO23 =

cos - co+/2, respectively, with co+ = W12 + (O34 and co.= I 0012 - 0)34 | ( for the definition

of ©12 and 0034 see fig. 2-4). Depending on the dominating interaction one has to

consider the weak coupling \A\ < 2|co/| or strong coupling \A\ > 2|co/| case.

ma = m12 = «i+f
Bl

OJp — Ico^^l —

J34 MM
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The effective quantization vector, experienced by the nucleus is obtained by

addition of the HF and NZ interactions. For an isotropic case (B = 0), the NZ

interaction and the HF field act in the same direction for both weak and strong

coupling in the ms = -1/2 manifold. The splitting between the nuclear Zeeman

states is thus increased by both interactions. In the ms
= 1/2 manifold the NZ

interaction and the HF field act in the opposite direction. At exact cancellation

(\A\ = 2|oo/|) these two terms cancel and the nuclear frequency is zero in this

manifold. In the strong-coupling case, since HF > NZ, the energy of the |aß> and

|aot> states are interchanged in their order, as compared to the weak coupling case

(see Figure 2-4).

The energy level scheme for an 5 = 1/2, 7 = 1/2 system for the weak and strong

coupling case, together with the EPR and nuclear frequency spectra, is shown in

Figure 2-4.

Energy

EPR

NMR
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m, = 1/2
M3>

m, = 1/2

m. = -1/2
lßß>

ms = -1/2

EZI

Tsrlßa>

m, = 1/2

NZI
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Figure 2-4 Energy level scheme for an S = 1/2,1 = 1/2 system in the weak and strong coupling
case together with the possible electron (full arrows: allowed transition; dashed arrows: forbidden

transitions) and nuclear transitions (dash-dotted arrows) for the strong coupling case. For an

isotropic hyperfine interaction the values of nuclear frequencies are shown, a: EPR and c: nuclear

frequency spectra (NMR) for the weak coupling case, b: EPR stick spectrum and d: NMR stick

spectrum for the strong coupling case.
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In Figure 2-4 the six possible transitions between the four levels are indicated for

the strong coupling case. The allowed electron transitions, involving only a flip of

the electron spin (Am$ = ±1, Ams = 0) are indicated by black full arrows, the

forbidden electron transitions where both the electron and the nuclear spin flip

(A«2S = ±1, (Ami ~ ±1) are depicted by dashed arrows. The dashed arrows

represent the nuclear transitions which take place within the ms manifolds. Figure

2-4a shows this situation in the stick spectrum for a frequency-swept EPR

experiment at a fixed field B0. Also the stick NMR spectrum is shown in Figure 2-

4c from which the coupling is measured directly. The number ofNMR lines for n

nuclei with spin 7 is given by the 4D 7 rule (27NMR lines from each of the two ms
n

manifolds). The number of lines in the EPR spectrum is given by 11(2/+ 1).
n

Consider an experiment in which A/2 is made larger and larger relative to oj/.

Initially, one would observe a two-line spectrum with a splitting ofA according to

«a = <*>/ ± A/2 (Figure 2-4c, NMR stick spectrum). As A/2 is made larger than co/, a

two-line spectrum centered at eo/ would result with low-frequency peak being at

some negative frequency (üi-A/2 as shown by the dotted line in Figure 2-4d (NMR

stick spectrum). Figure 2-4 indicates that the energy levels corresponding to levels

1 and 2 have crossed, thus the negative peak is actually observed at the positive

frequency A/2-g>i. The high-frequency peak will continue to appear at A/2+(ù;.

This situation is shown in Figure 2-4 b,d where the pair of lines is centered around

A/2.

2.2.3 Spin system with 5 = 1/2, 7 = 1

In the section above the influence of the magnitude of the hyperfine term relative

to the nuclear Zeeman term on the energy levels for a nucleus with spin /= 1/2

was shown. For nuclei with 7=1, with the hyperfine interaction approximately

twice the NZI, the level splitting of one m$ manifold is primarily determined by

the NQT. At 'exact cancellation', when the hyperfine and nuclear Zeeman terms

match, the effective field experienced by an 7 = 1 nucleus vanishes in one of the

two ms manifolds. The nuclear frequencies within the manifold therefore
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correspond to the nuclear quadrupole resonance (NQR) frequencies tun = 2Kx\,

co = 7C(3-T|), and co+ = K(3+r\), with K = e qQ/4n. This condition leads to a line

narrowing and consequently the intensity increases. The manifold where the NZ

and HF interaction are additive gives rise to much broader resonances and often

the only distinguishable feature is the double quantum (dq) transition, Am; = 2.

This is because to first order the dq frequencies are free from quadrupole

broadenings. The splitting due to the NQI is usually larger for N than for H due

to the very small NQI of 2H.

If the anisotropic hyperfine interaction is small compared to the isotropic and the

nuclear quadrupole interaction the double-quantum frequency is given by

ö>rfj=2 («s««*+<*>/) +K2(3 + r()2 (2.29)

The energy level diagram illustrating this situation is shown in Figure 2-5.

L

m, = -1

ms= 1/2 rr^=0
m, = 1

^
m, = 0

ms = -1/2 rrh= 1

EZI NZI

Tim.

m, = -1 "JÄ/2

HFI

cad

©iq1=A/2+a>1+3/2P,

Q3K

NQI

Figure 2-5 Energy level diagram for an S - 1/2, / = 1 spin system under the condition of exact

cancellation (|coi| = \A/2\).

If the hyperfine energy with coupling constant A exceeds both the NZI and the

NQI for an axially symmetric system with 7 = 1 we will get the energy level

diagram shown in Figure 2-6a. In this energy level diagram it is assumed that the

HFI with coupling constant A exceeds both the NZI and NQI. The allowed EPR
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(solid lines) and NMR (purple solid line) transitions and the forbidden (dashed

lines) transitions are indicated. The EPR spectrum (Figure 2-6a) consist of three

lines as expected for the coupling of the unpaired electron with an /= 1 nucleus.

The NMR (ENDOR) spectrum, however, reflects the quadrupole interaction and

consist of four Ami = ±1 lines (see Figure 2-6b (middle, bottom)) two NMR

transitions from each of the two ms manifolds. The frequencies CO12, 0023, «45, »56

of these transitions are given in general by the first-order equations

%NDOR=4±(Ö'±3lf- (2-30)

ËZI NZI HFI NQI

a
,_ 1

EPR

10 ci A/2 lu m

Figure 2-6 Energy level diagram for an S = 1/2, I = 1 spin system with an axial quadrupole

coupling, an isotropic g value and an isotropic hyperfine interaction. The bold arrows show the

allowed EPR transitions, the purple arrows the NMR (ENDOR, ESEEM) transitions, and the

dashed arrows the forbidden EPR transitions, a: stick EPR spectrum, b: ENDOR (NMR) spectra

showing the case of a small nuclear quadrupole coupling (top), 3P7 < 2o)i (middle), 2P£ > 20[

(bottom).

The separations between the lines with frequencies co^ and 0023 or CO45 and co56

equals 3P if 3PZ < 2cö/ (Figure 2-6b, middle), or 2co/ if 3P: > 2co/ (Figure 2-6b,

bottom). The four ENDOR lines predicted by eq. (2.30) are often not resolved.

When P is smaller than the ENDOR linewidth, 0.1-0.5 MHz for frozen solutions

NMR

(ENDOR)

2io<1l'
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of transition metal ions, only two lines centered at A/2 and separated by 2co/ are

observed (Figure 2-6b, top).

2.3 Orientation selection and observer positions

In this section we discuss the g and/or A anisotropy, which is usually large in the

case of transition metal centers and leads to broad cw EPR spectra. In EPR even

the shortest mw pulses (n/2 = 4 ns) cannot excite the whole EPR spectrum and,

thus, the pulse is orientationally selective. By setting the observer field B<> at the

extreme edges of the spectrum only a very limited range of orientations

contributes to the ESEEM or ENDOR spectrum; this is commonly called a

"single-crystal-like" position (position 2 in Figure 2-7a, position 1 in Figure 2-7b,

positions 1 and 3 in Figure 2-7c). At these observer positions the nuclear

frequency spectra exhibit sharp lines.

Nuclear frequency spectra obtained with an arbitrary Bo orientation show a much

less pronounced structure and are more difficult to interpret (position 2 in Figure

2-7c) since the spectrum consists of many orientations (see also Figure 2-3). For

systems with an axial g matrix, an observer position exists in the EPR spectrum

which corresponds to all the B0 orientations in the plane defined by g±_ (position 1

in Figure 2-7a). Thus, setting the magnetic field at such a position results in a

nuclear frequency spectrum which is a superposition of the spectra arising from

all selected B0 orientations. Depending on the g and hyperfine interaction matrices

the low- and high-field end of a spectrum may be dominated by orientations far

away from canonical orientations (see Figure 2-7b, position 2: extra absorption

peak corresponding to a non-canonical orientations). The orientation selection can

be improved by performing the experiment at higher mw frequencies (increase of

the EZI with constant HFI).
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Figure 2-7 Typical field-swept powder RPR spectra and orientation selections on a quarter of the

unit sphere, hull arrows: Observer positions for recording singlc-crystal-likc nuclear frequency

spectra. Dashed arrow: observer position for recording all orientations in a plane. Dotted arrow:

extra absorption peak, a: Axially symmetric spectrum with g g_ and / - 7/2 with A, • • A, (e.g.

Co(II) low-spin complex); b: Axially symmetric spectrum with g
•

g± and / = 3/2 with A • • /L

(e.g. Cu(II) complex); and c: orthorhombic spectrum (e.g Ni(I) complex or Fc(lll) low-spin

complex).

2.4 Electron Spin Echo Envelope Modulation (ESEEM)

The EPR spectra of paramagnetic metal ion containing compounds and

metalloproteins are usually inhomogcnously broadened. For disordered systems
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hyperfine and nuclear quadrupole splittings are usually not resolved in the EPR

spectra, and consequently the enquired information is lost. Pulse EPR can recover

the hyperfine and nuclear quadrupole interactions of nuclei in the immediate

environment of the unpaired electron(s). Properly interpreted, these couplings

provide a wealth of detailed information about the molecular structure of the

system under investigation.

In the ESEEM experiment the nuclear transition frequencies are monitored

indirectly through the EPR transitions. The nuclear transition frequencies are

observed due to a mixing of frequencies of forbidden and allowed EPR

transitions, which have been coherently excited using short, intense microwave

pulses. ESEEM experiments are performed by recording the echo intensity

generated by a sequence of resonant mw pulses, separated by free evolution times.

The recorded echo envelope is a time-domain ESEEM signal. In the presence of

nuclear spins weakly coupled to the electron spins, the intensity of the echo is

modulated at the nuclear transition frequencies of the interacting nuclei.

2.4.1 Two-pulse ESEEM

The two-pulse ESEEM experiment was introduced by Rowan, Hahn and Mims

[14]. In the two-pulse experiment (7r/2-T-7t-T-echo) at time x after the second pulse

an electron spin echo is generated- The modulation of the echo intensity, obtained

as a function of x is related to the nuclear transition frequencies.

The echo modulation formula [15] in angular frequencies is given by

V2p(x)-\~^j 2-2cos(ouaT)-2cos(topTj + cos(œ_T) + cos(o)+T) , (2.31)

where coa and top are the basic frequencies with amplitude k/2 and co+ and co. are

the combination frequencies with amplitudes k/4 and inverted phase. The

modulation depth parameter is defined by
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For an axially symmetric hyperfine interaction B is given by eqn. (2.26). The

modulation vanishes for an isotropic hyperfine interaction where A±_ = A\\ and at

canonical orientations ofA. The modulation depth is maximum for 6 = 45° (eqn.

(2.26)). The depth parameter k approaches zero for very weak hyperfine couplings

(2|co/| « \A\) and very strong hyperfine couplings (2|co/| » 1^1). In studies of

disordered systems it is difficult to determine the magnetic parameters from a

two-pulse ESEEM spectrum, since the broad lines are associated with a rapid

decay of the modulation pattern in the time domain, and for short t-values the

observation of the echo modulation is limited by the dead-time of the

spectrometer.

2.4.2 Three-pulse ESEEM

In a three-pulse ESEEM experiment (7t/2-i-7i/2-r-jr/2-r-echo) an echo envelope

modulation is observed when the time delay T between the second and the third

pulse of a stimulated echo sequence is incremented. The experiment starts with a

7t/2 pulse which creates electron coherence, the second ti/2 pulse creates nuclear

coherence. After the free evolution time T, the third n/2 pulse transfers the nuclear

coherence back to the electron coherence. The echo envelope, obtained as a

function of time T is modulated by the nuclear transition frequencies of the nuclei

coupled to the electron spin.

The three-pulse echo modulation formula is given by [15]:
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^^r) = 1-i{[1-cos((aPT)][1-cos((ücI(r + T))] + [l-cos(a)aT)][l^cos(Cop(r + T))]}. (2-33)

When T is varied the echo envelope is modulated only by the two basic

frequencies coa and cop. Sum and the difference frequencies do not appear.

However, according to eq. (2.33) the amplitudes at the two frequencies depend on

copx and toax. The occurrence of blind spots due to the amplitude factors [1-

cos(coat)] and [l-cos(copx)] are observed for x = 27tn/coa/p with n = 0,1,2... These

factors become then zero and the corresponding basic frequencies do not

contribute to the modulation. Blind spots can be avoided by using x < 27i/tomax,

where comax is the maximum nuclear frequency. The three-pulse ESEEM

experiment should be performed at several x values to detect all frequency

components. On the other hand, the blind spot behavior can be used to suppress

strong matrix lines and their combinations by using x = 27tn/|co/|.

The three pulses of the stimulated echo sequence generate also three primary

echoes and one refocused primary echo. For certain values of x and Tthe primary

echoes and the refocused echo cross the stimulated echo, which leads to

distortions of the three-pulse ESEEM time-domain signal. The unwanted primary

echoes can be removed by phase cycling [16].

2.4.3 Hyperfine Sublevel Correlation Experiment (HYSCORE)

A HYSCORE spectrum correlates nuclear frequencies in one ms manifold to

nuclear frequencies in the other ms manifold of the electron spin. The two-

dimensional (2D) version of the four-pulse ESEEM experiment (see Figure 2-8),

introduced by Höfer et al. [17], is very often used in this thesis.

The 2D experiment improves resolution, provides important correlation

information and simplifies the analysis of congested ID spectra by spreading out

the nuclear frequencies into a second dimension.
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7T/2 Tt/2

Figure 2-8 Pulse sequence for HYSCORE

The first two mw n/2 pulses separated by a time interval x create nuclear

coherence (NC). The NC evolves with frequency co^ (CO34) (for frequencies see

the energy level diagram in Figure 2-6) during time t\ The 71 pulse transfers the

NC of one ms manifold to other ms mainfold. The NC evolve, then with frequency

ft>34 ((O12) during time t2. A third n/2 pulse transfers the NC back to electron

coherence (EC) which is detected by means of a stimulated echo. Hence, after

double Fourier transformation (FT) of the time-domain signal cross peaks at (co[2,

CO34) and (co34, CÛ12) are observed. Figure 2-9 shows HYSCORE spectra for the

weak and strong coupling case. For the weak coupling case (Figure 2-9a), where

CO12 and CO34 have the same sign, the stronger cross peaks are observed in the first

quadrant. For the strong coupling case (Figure 2-9b) with different signs of 0012

and CO34, the cross peaks are dominant in the second quadrant.

Figure 2-9 Peaks in HYSCORE spectra. Full circles represent the dominant cross peaks, a: weak-

coupling case, \A\ < 2|oi|; and b: strong-coupling case \A\ > 2\eui\.

Since in HYSCORE the spectrum is disentangled into a second dimension, the

evaluation of the magnetic parameters is simplified. Due to off-resonance effects,

the mixing pulse does not achieve an effective flip angle n for all spin packets, so
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that part of the nuclear coherence is not affected by the pulse. This nuclear

coherence thus evolves at the same frequency during both evolution periods,

leading to diagonal peaks (coi2, CO12) and (0)34, CO34), which may complicate the

analysis. To avoid this effect one should use a n pulse which is harder than the n/2

pulses. The modulation formula for an /= 1/2 nucleus is given in [18, 19].

The 5= 1/2, 7= 1/2 system

For I = 1/2, Dikanov and Bowman [20] have derived analytical formulae for the

contour-lines of correlation ridges in the HYSCORE experiment. A typical

correlation pattern is shown in Figure 2-10 for an axial hyperfine tensor.

Figure 2-10 Simulated HYSCORE powder spectrum for an S = 1/2, / = 1/2 spin system with an

axial hyperfine tensor. The intensity profile along the correlation ridge is bell-shape type with a

single maximum and with zero intensity at canonical orientations. Simulation parameters:

AJ2k = Ay/2n = -6 MHz, Av/2n = 12 MHz, t = 20 ns.

It consists of two arcs, with a maximum frequency shift from the anti-diagonal at

NI of [21]

Aco„ =
9T2

32|co,
(2.34)

The importance of the shift Acomax, which is caused by the pseudo-secular part of

the hyperfine coupling, for inferring the anisotropic hyperfine coupling becomes
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obvious when we note that the end points of the arcs correspond to a depth

parameter k = 0. Equation (2.34) can be used for the determination of T. The

maximum frequency shift Acomax from the anti-diagonal at |co/| corresponds to an

orientation of 9 = 45° between the ß0-field and the z-component of the hyperfine

tensor. According to eq. (2.34), the anisotropic hyperfine coupling can be

calculated from the maximum shift of the cross peaks with respect to the (co/, co;)

peak. An additional advantage of this method is that in case of an anisotropic g

matrix, the relative orientation of the hyperfine matrix versus the g matrix can be

deduced directly from the spectrum. An alternative procedure for the analysis of

weak couplings of 7 = 1/2 nuclei in HYSCORE spectra has been developed by

Dikanov and Bowman [20]. In many cases, however, a common problem is that

the sensitivity at the edges is poor, since the modulation intensity is zero at

canonical orientations of the hyperfine tensor.

The 5= 1/2, 7= 1 system

For nuclei with 7 > 1/2, the frequencies of the (Ami = 2) transition to first order do

not depend on the nuclear quadrupole coupling. The correlation patterns of all the

other transitions depend on the nuclear quadrupole coupling to first order, which

causes an orientation-dependent shift of the correlation features along the

diagonal. The sign of the shift is opposite for the transitions (Ams = 0, 1) and (Ami

= 1,0), hence the first-order patterns are symmetric with respect to the anti-

diagonal at |co/|. The pattern depends also on the relative orientations of hyperfine

and nuclear quadrupole interactions. The HYSCORE spectra of a disordered S =

1/2, /= 1 system with small nuclear quadrupole interaction [22, 23] (e.g. 2H) and

with three different angles between the unique axes of hyperfine and nuclear

quadrupole tensor are shown in Figure 2-11. In addition to the relative orientation

between the hyperfine and nuclear quadrupole interaction tensor, it is possible, in

principle, also to determine the relative orientation of the two tensors with respect

to the g matrix.
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Figure 2-11 Simulated HYSCORE powder spectra of an S = I/2, / = I system with an axial g

matrix for an orientation selection at the g±_ spectral position. The effect of the angle A9 between

the unique axes of the hyperfine and nuclear quadrupole tensor is shown. The parameters are t =

288 ns, co,/27t =2.18 MHz, AJ2n = Ay/2n = 0.22 MHz, AJ 2n = 1.46 MHz, PJ2n = 90 kHz and

Pxl2n = Py/2n = -45 kHz: a: A6 = 0°; b: A6 = 90°; c: A6 = 45° [adapted from ref.23].

For / = 1 with non-zero quadrupole coupling, e.g., for the case of an unpaired

electron interacting with one TM with an anisotropic HFI, the t>J cross peaks of

the double-quantum frequencies dominate the HYSCORE spectrum. All the

possible cross peaks in a HYSCORE spectrum for a single orientation are shown

in Figure 2-12a, c. For one tJ nucleus 18 correlation ridges are predicted as

shown in Figure 2-12a but not all peaks are seen in an experimental HYSCORE

spectrum. To show this characteristic behavior simulated HYSCORE spectra,

with orientation selection at a single-crystal-like position, are displayed in Figure

2-12b, d. For strongly coupled tJ (öiSO/27i > 2co/ ) only 6 correlation peaks appear

in the (-,+)-quadrant (Figure 2-12b). Figure 2-12d shows that only four correlation

peaks are present in the (+,+)-quadrant in accord with simulation parameters for a

weakly coupled 14N (a\J2n < 2coi ).
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Figure 2-12 Simulated HYSCORE spectra for a single l4N nucleus. The spectra correspond to a, b:

strong and c, d: weak hyperfine coupling, a, c: frequency simulation spectrum; here the

simulations were computed by exact diagonalizations of the spin Hamiltonian, thus the intensity of

the ridges is not taken in to account, b, d: simulation computed taking in account intensity of the

peaks. The cross-peaks present in the experiment are highlight by a rectangular box (a). The

assignment of the observed cross peaks to the nuclear transition is assisted by reference to the

energy level scheme depicted on the right. Simulation parameters: a, b: a,,0/27r = 8 MHz, (Bi/2ji =

1.07 MHz, Pz/2ti =1.2 MHz, n = 0.2. c, d: a,J2n = 1.5 MHz, co,/2ju = 1.07 MHz, Pz/2ti =1.2 MHz,

n = 0.2.

For 7 = 1 with strong nuclear quadrupole coupling (see simulation parameters in

Figure 2-12) analytical formula describing the frequency and the shape of the

cross peaks have been derived [24].

In general, frequencies characterized by strong dispersion, due to anisotropy, are

difficult to resolve in ESEEM spectroscopy. In case of hyperfine anisotropy, N

cross peaks representing the double-quantum lines are usually less dispersed and

dominate the HYSCORE spectrum.

When the hyperfine and the nuclear Zeeman couplings are similar in magnitude,

i.e., in the matching regime \A\ ~ 2co/, cross peaks in the HYSCORE spectrum

have comparable intensity in both quadrants.
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2.5 MULTIFREQUENCY ESEEM

It is common nowadays to use a multi-frequency approach, which implies that

several mw frequencies are needed to obtain a complete characterization of a

paramagnetic system. The availability of commercial spectrometers operating

between 1 GHz (L-Band) and 95 GHz (W-band) and beyond give the possibility

to employ this approach. The most used frequencies are depicted in Figure 2-2.

The resolution of anisotropic spin interactions can be manipulated by a variation

of the external magnetic field. By varying the magnetic field we can influence co/

and thus manipulate the spectrum. At high magnetic fields the spectral resolution

of ESEEM or ENDOR spectra in the nuclear-frequency dimension increases. For

example hyperfine lines of nuclei with neighboring Larmor frequencies at X-band

(e.g., 14N, 2H, 13C) will be well separated at W-band, by a factor of 10. The effect

of the magnetic field on the ESEEM or ENDOR spectra gives the possibility to

resolve different nuclei with distinct hyperfine couplings.

The salient properties of the ESEEM spectral features that are strongly influenced

by the strength of the external field, are the frequencies of the nuclear transitions

and their amplitudes, i.e. the modulation depth parameter k. According to eq.

(2.32) k depends on coa, cop, and co; of the nucleus concerned, and therefore on the

field strength B0 or mw frequency. For small hyperfine couplings, k ~

(5/coi)2. A reduction of the mw frequency therefore causes a considerable increase

in the modulation amplitudes. Generally, the largest modulation depth is achieved

when |A|~2co/.

An additional advantage of performing experiments at high frequency is the

possibility to have single-crystal-like orientation selection due to the increased

spectral resolution in the EPR spectrum (see above).
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2.6 Electron nuclear double resonance (ENDOR)

ENDOR is a well-established magnetic resonance technique for obtaining

detailed molecular and electronic structure information about paramagnetic

species. Although the shapes of ESEEM and ENDOR spectra are generally

different, the methods give complementary information. ESEEM is very well

suited for measuring weak hyperfine couplings of the order of the nuclear Larmor

frequencies, while ENDOR generally works better for strong hyperfine couplings.

In 1965 Mims [25] demonstrated that ENDOR experiments can be carried out

with pulsed mw and rf excitation. In such a pulse ENDOR experiment, the

intensity of the electron spin echo is measured as a function of the radio

frequency. For the description of pulse ENDOR experiments, we can use an

S = 1/2, 7 = 1/2 model system with an isotropic g value an isotropic hyperfine

interaction a\sa described by the spin Hamiltonian

9/o= msS: +co77, +aiS0S:L. (2.35)

In the doubly rotating frame the Hamiltonian becomes

7/0=ClsS: +£Vr +airoS./;. (2-36)

with the frequency offset f2/= co/-corf.

The ENDOR effect is based on the transfer of polarization between electron and

nuclear transitions. The nuclear polarization, created by a single mw pulse is

changed by a selective rf pulse. During the detection period, the nuclear

polarization is transferred to electron coherence and indirectly observed via an

FID or an echo of the electron spins.

2.6.1 Davies-ENDOR

The pulse ENDOR scheme (Figure 2-13) introduced by Davies [26] is based on

selective mw pulses. A selective mw n pulse inverts the polarization of a

34



Chapter 2

particular EPR transition (see Figure 2-14). During the mixing period, a selective

rf pulse with flip angle ß2 is applied on-resonance with one of the nuclear

frequencies, the polarization of this transition is changed accordingly. This change

which also alters the polarization of the observed transition, is then measured via

a primary electron spin echo.

Figure 2-13 Davies-ENDOR sequence

The echo can disappear completely if the rf matches exactly one of the two

allowed NMR transition frequencies and if the pulse flip angle corresponds to an

rf jt-pulse for the nuclear spin. This corresponds to an ENDOR efficiency of 50%.

1 u

rf

1 u

Figure 2-14 Effect of an rf pulse resonant with the nuclear transition with frequency <aa on the

population of the energy levels (high light) in a Davies-ENDOR experiment.

The intensities of the NMR lines in the Davies-ENDOR spectrum depend on the

length tmvi (selectivity) of the first mw pulse. This effect is described by the

selectivity parameter rjs
= aiso^mw/27i. For rjs » 1, the mw pulse excites one EPR
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transition of each spin packet, whereas in the case of r|s < 1, both transitions are

affected. This is called self-ELDOR effect, since two electron transitions with

different frequencies are excited. The absolute ENDOR intensity is described as a

function of the selectivity parameter rjs by

^5) = ^^-. (2-37)
ri2 +±

1 * 2

where Kma* is the maximum ENDOR intensity obtained with

Tls^- (2.38)

Equation (2.38) describes the hyperfine contrast selectivity of a Davies-ENDOR

experiment, i.e., the suppression of small hyperfine couplings if the first mw pulse

is too lousy. Due to the fact that the rf is small compared to the Larmor frequency

of the electron spins, the electron spins follow the oscillations of the rf field

adiabatically. This modulates the hyperfine field generated by the electron spin at

the nucleus. The effective rf field experienced by the nucleus therefore differ from

the applied rf field. The effect is called hyperfine enhancement, since the field that

induces transitions is enhanced by the hyperfine interaction and is expressed by

the enhancement factor

E =

m?a-

1 . "'S iso

(2.39)

Pronounced hyperfine enhancements are found for strongly coupled nuclei, e.g.,

for 14N nuclei at X-band with A/2n = 40 MHz and co; /2n=1.07 MHz, the

enhancement factor is approximately E = 20. For low-frequency nuclear

transitions, E is close to zero so that direct excitation of such transitions by rf
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radiation becomes difficult. This is the reason why pulse ENDOR is most useful

to observe nuclear transitions with frequencies higher than about 5 MHz.

2.6.2 Mims-ENDOR

The pulse ENDOR scheme (Figure 2-15) introduced by Mims is based on the

stimulated echo sequence with three non-selective mw tt/2 pulses.

H/2 It/2 It/2

mw
II Yk

Figure 2-15 Pulse sequence for the Mims-ENDOR experiment. The interpulse delays are constant

and the radio frequency is varied.

The preparation sequence, n/2-x-n/2, creates a grated polarization pattern which is

changed by the selective rf pulse and is recorded as a function of corf via the

stimulated electron spin echo. In Mims-ENDOR experiments there are blind spots

that depend on the hyperfine coupling constant <3jso and the time t. The intensity is

maximum for t= (2n+l)7i/aiso and zero for t= 2nn/a[S0. Blind spots can be

avoided by adding several spectra recorded with different x values. Due to this

blind spot behavior the maximum hyperfine coupling for which the ENDOR

spectrum is essentially undistorted is given by AmSLX = l/2x, where t is limited by

the deadtime.

2.7 Equipment, data manipulation and simulation

The types of EPR spectrometers, the manipulations of experimental data and the

program used to simulate the experimental spectra, are given in this section. The

experimental conditions of the different types of pulse sequences are given in the

figure captions.
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Spectroscopy. The X-band cw-EPR spectra were recorded on a Bruker

Elexys spectrometer (mw frequency, 9.43 GHz) equipped with a liquid nitrogen

cryostat. The X-band pulse ENDOR and EPR experiments were carried out on a

Bruker Elexsys spectrometer (mw frequency, 9.73 GHz) equipped with a Helium

cryostat from Oxford Inc. Pulse measurements at Q-band (mw frequency, 35.3

GHz) were performed on a home-built spectrometer [27], The W- band (94.1659

GHz) cw spectra were measured on a Bruker 680 spectrometer equipped with a

Helium cryostat from Oxford Inc. The magnetic field at both X- and Q-band was

measured with a Bruker NMR ER 035 M gaussmeter and calibrated with 2,2-

diphenyl-1-picrylhydrazyl (DPPH, g
= 2.0036) and a lithium phthalocyanine

radical marker (LiPc, g = 2.0023). The magnetic field at W-band was calibrated

using the two central lines from a sample containing manganese ions in a CaO

lattice (g = 2.0011, ABpp - 0.07 mT, A = 8.623 mT, ABS0S = 0.094 mT).

The spectra were recorded at different observer positions to analyze all the

molecular orientations (orientation selectivity [28]).

Data manipulation. The data were processed with the program MATLAB

7 (The MathWorks, Inc., Natick, MA). The time traces of the HYSCORE spectra

were baseline corrected with a third-order polynomial, apodized with a Hamming

window and zero filled. After a two-dimensional Fourier transformation the

absolute-value spectra were calculated. The HYSCORE spectra recorded with

different x values were added to eliminate x-dependent blind spots. The cw EPR

and the ENDOR spectra were simulated with the program EasySpin

(www.esr.eth/.ch, [29]) and the HYSCORE spectra with a program written in-

house [30].

2.8 Sample Preparation

Methanothermobacter marburgensis is the strain deposited under DSM 2133 in

the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig).

The sample preparation is described elsewhere [31]. All sample handling was

performed in an anaerobic chamber (Coy Instruments) filled with 95% N2/ 5% H2.
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The enzyme in the MCRred2 state was prepared from samples in the MCRredi state

that contained 10 mM of coenzyme M (HS-CoM) in the buffer (50 mM Tris/HCl

pH 7.6). The MCRred2 EPR signal was induced by adding 5 mM of coenzyme B

(HS-CoB) and subsequent incubation of the sample for two minutes before

freezing and storage in liquid nitrogen. Note that a frozen sample that only

contains MCRred2 cannot be prepared; a significant amount of MCRredi is always

present. For the samples containing HS-CoM enriched in 33S the enzyme

preparation was washed 4 times before HS-CoB was added, with a buffer

containing 10 mM of either H33S-CoM, coenzyme M in D20, or HS-CoM(ß-d2)

using a centricon with a 100 kDa cut off (Millipore, Bedford MA). To induce the

MCRoxi state, the coenzyme-free and concentrated MCR was supplemented with

30 mM of coenzyme M (either H33S-CoM, or HS-CoM(ß-d2)), 30 mM of

coenzyme B and 5 mM of freshly prepared polysulfide. All the biological samples

were prepared by the R. K. Thauer group.

The synthesis of ammonium [ S]-2-mercaptoethanesulfonate (H S-CoM)

(4) and of ammonium [2,2-2H2]-2-mercaptoethanesulfonate (HS-CoM(ß-d2) were

done in the group of B. Jaun.

The details of the development of the synthesis and the analytical data and

the purification method for all intermediates are described in [32, 33].

The synthesis of ammonium [2,2- H2]-2-mercaptoethanesulfonate (HS-

CoM(ß-d2) and the analytical data are described in [33].

The frozen samples of MCRred2 and MCRoxi, in EPR tubes, were delivered to

Zurich from Marburg (Germany) in a polyester box cooled with dry ice and in

Zurich they were stored in liquid nitrogen.
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Chapter 3

Biological applications:

Understanding the inner working of

methyl-coenzymeM reductase

To understand the properties of MCR and the actual catalytic mechanism

of MCR from methanogenic archaea we have performed a detailed pulse EPR

spectroscopic characterization of the prosthetic groups of MCR from M

marburgensis. The molecular (both geometric and electronic) structure of the

active site of two different forms of the MCR, namely MCRred2, MCRoxi will be

presented in this chapter.

A brief introduction to the different nickel enzymes together with a

detailed background on MCR and the prosthetic group F430 will be given in

section 3.1. Information on the coordination environment ofMCR^and MCRoxi,

namely the interaction with the substrate analog H33S-CoM, with protons in the

near surroundings of cofactor F430, and with the 'corphin' nitrogens of F430, is

given in section 3.2 and 3.3. This information is obtained by applications of

multifrequency HYSCORE and pulse ENDOR spectroscopies in combination

with isotope labeling (61Ni, H33S-CoM, HS-CoM(ß-d2) and 2H20).



Biological applications

3.1 INTRODUCTION

The discovery of nickel in the active site of the enzymes urease,

hydrogenase, CO-dehydrogenase, methyl-coenzyme M reductase, Ni-superoxide

dismutase, and glyoxalase I, has created a very active field exploring the

biochemistry of nickel [34-39]. Molecular biology, biochemistry and spectroscopy

[40-45] have been used to identify and characterize the active sites of the

enzymes. The nickel enzymes are a relatively new class of metalloenzymes. We

will focus in this work on MCR [5, 43, 46-50].

MCR is involved in the methane-forming step in the energy metabolism

of all methanogenic archaea [5], which grow anaerobically using an energy-

conserving process called methanogenesis. The following genome sequences of

methanogens are known: Methanococcus jannaschii [51], Methanothermobacter

thermoautotrophicus [52], Methanosarcina acetivorans [53], Metahnopyrus

kandleri [54], and Methanococcus maripaludis

[www.genome.washington.edu/UWGC/]. The archaea oxidize H2 with nickel-

containing hydrogenase and use the electron to reduce one to two carbon-

containing molecules (i.e., C02, formate, methanol, CO, and acetate) to methane.

Several pathways are used to reduce the various carbon substrates, but all

pathways converge to the common intermediate methyl-coenzyme M

(CH3-S-C0M, 2-(methylthio) ethane sulfonate). MCR catalyzes the reduction of

methyl-coenzyme M with coenzyme B (HS-CoB, 7-thioheptanoyl-

threoninephosphate) to methane and C0M-S-S-C0B (Figure 3-1).

About 109 tons of methane is produced per year by the reaction in Figure

3-1. The microbial decomposition of organic compounds in anaerobic fresh water

environments, such as lake sediments, the intestinal tract of animals and the

hindgut of termites, results in the production of methane.
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Figure 3-1 Last step reaction of methane formation catalyzed by methyl-coenzyme M

reductase

Part of this methane escapes to the atmosphere and acts as a potent

greenhouse gas. The main sources of methane are the increasing areas of rice

production and the rising amount of life stock. To slow down this methane

formation, insight is needed into the microbial basis, the environmental regulation

of this process, the characterization of the proteins involved, and the cellular

regulation ofthe enzyme activity.

In 1933 [55, 56] a methanogenic organism, capable of growth in an

inorganic medium with formate as the sole carbon source, was isolated from river

mud. The cell suspension of methanogen isolated by Stephenson [55] catalyzed

the reduction of CO, formaldehyde and methanol to methane with H2. The cell

suspension did not yield methane from compounds of two or more carbon atoms

because it seems possible that, despite all the efforts to purify it, the culture was

contaminated with one of the sulphate reducers present in the river mud. Ellefson

and Wolfe first characterized MCR [57] as a yellow protein of an apparent

molecular mass of 300 kD, composed of three different subunits arranged in an

a2ß2Y2 configuration ( Figure 3-2). MCR has been purified from different

methanogens. The biochemistry of MCR from Methanobacterium marburgensis

(formerly known as Methanothermobacter thermoautotrophicus, strain Marburg)

has extensively been studied [50, 58, 59].
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Figure 3-2 Sttuctutc ot methyl-coenzyme M reductase Subunits a and a1 are indicated in red

and orange, subunits ß and ß' in daik and light green, and subunits 7 and f in dark and light blue

I he position of I no (indicated in yellow) gives the approximate location ot the two active sites

(adapted Irom lei [44"|)

MCR contains nickel in a letrapyrrolic structure called F4j() (see Figure 3-

3).

HOOC.

I igurc 3-3 Structure ol coenzyme F4i0 The propionate substituents ot ring A, B, C, Ü are

perpendicular to the telrapyrrole plane and point toward the apex, whereas the lactam ring is

dnected toward the mouth ol the channel
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All methanogens contain F430, and this cofactor is found exclusively in

methanogens [61]. MCR ( Figure 3-2) and the F430 cofactor (Figure 3-3) have

been studied extensively by spectroscopic, analytical and biochemical methods

[34, 36, 61, 62]. MCR accounts for 10% of the cell protein, but two genetically

distinct forms of the protein exist in the cell [47, 49, 63], depending on the

atmosphere during the growth condition. The two forms of MCR possess distinct

specific activities, amino terminal sequences, subunit sizes and charge properties.

However, they contain F430 and identical subunit compositions [48].

MCR purified from Methanobacterium marburgensis (mbm) cells grown

under a gas mixture of 80% H2 and 20% C02, shows no activity. The inactive

state of the enzyme preparation is designated as MCRSjient [44]. In this state, MCR

contains bound HS-CoM and HS-CoB and can only be partially reactivated by

enzymatic reduction. When the gas mixture is changed to 100% H2 prior to

harvesting, the enzyme is present in the MCRredi state. This can be correlated with

the activity of the enzyme [64]. Upon further gassing with 100% H2, a second

form appears, designated as MCRred2 state [65]. The enzyme in the MCRredi and

MCRred2 states shows high specific activity [58]. Even under strictly anaerobic

conditions, the activity of the enzyme is lost within a few hours, and the enzyme

enters an inactive state denoted as MCRredi silent-

When mbm cells are gassed with 80% CO2 and 20% N2 before being

harvested, the enzyme enters into the MCRoxi state, which can also be induced

when cultures of mbm growing on 80% H2 and 20% CO2 are supplemented with

Na2S [66]. The MCRoxi state has only very low activity but can be reduced in

vitro with Ti(IlI) citrate to the MCRredi state [50]. A schematic representation of

the induction and interconversion of different states of MCR is depicted in Figure

3-4.
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Figure 3-4 Overview of the in vitro interconversion among some of the different EPR

detectable MCR states. The two states marked by a box are obtained in vivo under the

conditions specified in the text. Also MCRrcdi can be obtained in vivo, but this form is probably

different from MCRredicand MCRrcd|m.

When cultures of mbm growing on 80% H2 and 20% CO2 are

supplemented with Na2S03 or Na2S204 a new state can be induced which is

designed MCR^.

3.1.1 Coenzyme F430, the prosthetic group ofMCR

It was in 1978 when Gunsalus and Wolfe [67] observed for the first time

a low-molecular mass non-fluorescent compound with an absorption maximum at

430 nm. Schoenheit [68] discovered that growth of methanogens is dependent on

nickel. In 1980 it was shown that nickel was required for the synthesis of F430 [69,

70] and that F43o is a nickel tertrapyrrole [71]. The structure of F43owas elucidated

in the group of A. Eschenmoser at ETH Zurich [60, 72]. In 1982 [73] it was found

that F430 (Figure 3-3) is a prosthetic group of MCR. The presence of nickel and

the state of reduction of the tetrapyrrole ring system are the striking features of

coenzyme F430. It has only five double bonds, of which two pairs are conjugated,

but they are separate by two single bonds and do not form a larger conjugated

bond system. The yellow color of F430, in contrast to the red color of porphyrins

and corrinoids, is related to this low degree of conjugation. For understanding the

function of F430 in MCR some properties of the non-protein-bound cofactor are
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considered to be of importance. F430 is released from MCR upon denaturation

with perchloric acid or trichloroacetic acid. F430 isolated in the Ni(II) oxidation

state can be reduced to the Ni(I) oxidation state. In aqueous solution, the standard

redox potential E0 of the Ni(II)/Ni(l) couple is between -600 mV and -700 mV

(vs. NHE) [74, 75]. Due to the negative redox potential MCR is a very labile

enzyme rapidly inactivated in the presence of trace of O2 or other electron

acceptors.

3.1.2 Crystal structure ofMCR in the MCRredi-silent, MCRoxt-siient and MCRsiient

states

The first crystals of MCR were obtained in 1991 by Rospert [58]. From

this time on enzymes from various methanogens were crystallized and tested for

diffraction. In 1997, the first good crystals were obtained from the purified

enzymes of mbm. They were aerobically crystallized in the enzymatically inactive

enzyme states MCRoxi-silent, and MCRsiient [77]. The crystal structures of MCRoxi-

Siient and MCRsiient have been solved and refined to 1.16 Â and 1.8 Â, respectively

[44, 77]. The results have confirmed many of the proposed models for MCR.

The enzyme as purified generally contains also 2 mol of coenzyme M

(HS-CoM) and 2 mol of coenzyme B (HS-CoB). The two subunits ß and ß' form

the core structure, while the y and y' subunits are attached to the top and the

bottom core ( Figure 3-2). Two molecules of F43o are embedded between the

a, a', ß, y subunits and the a, a', ß', y' subunits. F430 was identified as the

prosthetic group of MCR [57, 70, 71], in an inactive and EPR-silent Ni(II) state

(d8, D = +10±1 cm"1 (~ 300 GHz), S=l) [44, 76-79].

The two cofactors F430 are roughly 50 Â apart from each other, forming

two separated structurally identical active sites. In each binding site, the three

coenzymes (HS-CoM, HS-CoB, F430) are embedded inside a narrow 30 Â long

channel. The channel and the coenzyme-binding site are formed by residues of the

subunits a, a', ß, and y, indicating that one trimer is not sufficient to accomplish

the enzymatic reaction. F430 is bound at the bottom of the channel such that its
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tetrapyrrole plane points with its front face (reduced pyrrole rings A, B, C, D,

Figure 3-3) towards the mouth of the channel. The Ni atom is coordinated to four

equatorial nitrogens, as fifth ligand the side chain oxygen of glutamine (Gin11 )

protrudes from a long loop to the rear face of F430 and approaches the Ni(II) to 2.3

Â. The thiol group of HS-CoM, which is positioned almost parallel to the

tetrapyrrole plane, occupies the sixth coordination site of the nickel in MCRoxi-

siient- The thiol group binds axially to nickel (2.42 Â) and interacts with the

hydroxyl groups of Tyra333 and Tyr'3367 and a water molecule that bridges HS-

CoM and HS-CoB. Its negatively charged sulphonated group anchors HS-CoM to

the polypeptide chain. HS-CoB is anchored to the protein mainly by salt bridges

to the negatively charged L-threonine phosphate moiety. The thiol group of HS-

CoB is positioned 8.7 Â from the nickel of F430 and 6.2 Â from the HS-CoM thiol

sulphur. The model of the MCRsiicnt structure (Figure 3-5b) is mainly

distinguished from that of MCR„xisiient (Figure 3-5a) by binding of the oxidized

instead of the reduced forms of HS-CoM and HS-CoB. One oxygen of the

sulfonate is axially coordinated to the nickel (2.1 Â).

Figure 3-5 Schematic drawing of the active sites ofMCR together with the channel, a: MCR„xi.

Sllent, b: MCRs,knt (adapted from ref. [87]).

Both MCRoxi-silent and MCRsiient display inactive states ofMCR with F430

bound in the Ni(TI) state. The crystal structure of a third state of the enzyme called

MCRredtsiient has also been solved [77]. Nevertheless, the arrangement of the

coenzymes and their protein environment, combined with available biochemical

and spectroscopic data, allow for conclusions about the active site and a proposal

for a catalytic mechanism. Two reaction mechanisms of several ones proposed,
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have survived the onslaught of new data. Both take into account that: (i) the

catalytic cycle starts with the enzyme in the Ni(I) oxidation state; (n) the enzyme

exhibits a ternary complex involving CH3-C0M and HS-CoB; (iii) of the two

substrates CH3-C0M has to bind to the enzyme first. The mechanisms differ in the

proposed interaction between CH3-C0M and Ni. The mechanism outlined in

Figure 3-6 assumes that the reaction cycle starts with a nucleophylic attack of

Ni(I) on the methyl group of CoM (®), which yields CH3-Ni(III) F430 [77-81]

involving protonation of CH3-C0M by Tyra333 and Tyrp367 to the sulphonium

cation in the transition state.

Figure 3-6 Cartoon showing the steps in methane formation from CH-j-CoM and HS-CoB as

proposed by Jaun and Thauer [36, 44, 81]. The grey area mimics the channel in which F430 is

embedded (taken from ref. [44]).
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Model reactions indicate that the methyl transfer reaction is facilitated

when the leaving group is protonated [81]. Perhaps the proton comes from HS-

CoB. CH3-Ni(III) is a strong one-electron oxidant and therefore withdraws an

electron from the protonated HS-CoM, generating a thiyl radical that is a strong

acid and dissociates (©). The CH3-Ni(II) spontaneously protonolyses to CH4 and

Ni(II)F43o. H' could be provided by the CoM thiyl radical cation (H+ + SCoM).

The CoM thiyl radical could react with the thiolate of HS-CoB, generating a

disulphide radical anion. The redox potential of this last species is negative

enough to reduce Ni(II) F430 to N(I) F43o (®). In step © methane and CoM-S-S-

CoB are released, and the next cycle can be started with renewed binding of CH3-

CoM and HS-CoB.

A second mechanism (Figure 3-7) has been proposed based on DFT

calculations. It assumes that the CH3-C0M reacts through the sulphur of its

thiomethyl group with Ni(I) yielding a Ni(II) thiolate complex [82]. In the first

step (t) the nickel interacts with the thioether sulphur of CH3-C0M resulting in

the formation of a methyl radical and the Ni(II)-thiolate complex. The methyl

radical then abstracts a hydrogen atom from HS-CoB forming CH4 and the CoB

radical (2). In step 3, the CoM anion is released and reacts with the CoB radical to

form the disulfide anion radical that rereduces Ni(II) to Ni(I) (4).

For both mechanisms, there are so far pro and contra arguments.

Evidence that supports the first mechanism (Figure 3-6) comes from studies with

substrate analogs and inhibitors [83-86]. It can explain the observed inversion of

the stereoconfiguration in the ethyl-coenzyme M reduction to ethane [84] and that

a methyl-Ni(II) intermediate is involved, which has been shown to be an

intermediate in the reduction of activated methyl thioethers to methane by free

reduced F430 pentamethyl ester [85, 86]. The low catalytic efficiency of the ethyl-

coenzyme M reduction, is better explained by the first mechanism (Figure 3-6),

than by the second one (Figure 3-7).
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Figure 3-7 Cartoon showing the steps in methane formation from CH3-CoM and HS-CoB as

proposed by Pelmenschikov et al. [82] The grey area mimics the channel in which F430 is

embedded (taken from ref. [82]).

Assuming that for maximal reactivity, the methyl group has to be

positioned above the Ni(I) in the first mechanism, as shown in Figure 3-8a, and

the thioether sulfur has to be positioned in the second mechanism as shown in

Figure 3-8b, a steric hindrance due to the R group (R = CH3) will move the

reactive carbon of ethyl-coenzyme M from the "ideal" position, whereas in the

second mechanism the positioning of the sulfur is not effected by the size of R.
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Figure 3-8 First coordination step of the two catalytic mechanisms. Optimal position of CH3-

CoM in the active site of MCR assuming a: the first catalytic mechanism and b: the second

catalytic mechanism (taken from ref. [83]).

The first mechanism can easily explain that MCR is less efficient in ethyl-CoM

reduction than in CH3-C0M reduction, whereas the second mechanism cannot.

This interpretation is naturally based on the assumption that the first step in the

catalytic cycle is rate determining, as supported by the calculated energy profiles,

which is an argument in favor of the second mechanism. The first step appears

much more feasible for the second mechanism than for the first mechanism [82].

Furthermore, the inversion of stereoconfiguration, which would require hydrogen

abstraction by the intermediate methyl radical before it has time to rotate inside to

the active site, is an argument against the second mechanism (Figure 3-7).

Further prove for the steric hindrance, which is again in favor of the first

catalytic mechanism is given by the inertness of allyl-coenzyme M as a substrate

(R is too bulky in Figure 3-8a). Allyl-coenzyme M did not produce propene,

which should have been produced in the case of the second mechanism.

Furthermore the formation of MCR-BPS from MCRrcdi and 3-

bromopropanesulfonate (BPS) was interpreted to proceed in a reaction yielding an

alkylated Ni, most probably a high-spin Ni(II) with the alkyl radical as axial

ligand or a Ni(Ul), which are both resonant structures [83]. Arguments against the

first mechanism are that in solution, Ni(T)F43o is not a strong enough nucleophile

to attack the methyl group of unactivated CH3-C0M in a nucleophilic substitution

reaction [82], and it is unknown whether CH3-Ni(III) is a strong enough oxidant to

oxidize the CoM thiolate to the thiyl radical.
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3.1.3 Paramagnetic forms ofMCR: MCRrCdi, MCRred2, MCR^i and MCROX2

We have seen that depending on the isolation condition in vivo, different

forms of the enzyme and interconversions (see Figure 3-4) in vitro between

various MCR species are formed [87, 88]. It is of importance to characterize all

these forms since they might play a role in the reaction mechanism. A crystal

structure of MCR with F430 in the active Ni(I) state is not yet available. During

crystallization Ni(I) always converted to the Ni(II) state by auto-oxidation, even

under strictly anaerobic conditions. There is thus no structure of the active

enzyme in complex with its substrate CH3-C0M or with the substrate analog HS-

CoM. However, interactions of substrates (e.g., CH3-C0M or HS-CoB) or

substrate analogs (e.g., HS-CoM) with Ni(I) in the enzyme can be inferred from

changes in the EPR signal.

The active form MCRredi exhibits an axial Ni-based EPR spectrum

characteristic of a d9, S = 1/2 Ni(I) complex with the unpaired electron in the dx2.y2

orbital and a hyperfine structure due to the four pyrrole nitrogen ligands. MCRredi

is converted into MCRred2 in the presence of HS-CoM and HS-CoB, the MCRred2

signal apparently being generated at the expense of the MCRrcdi signal. Up to

now, at most 50% of MCRredi is found to be converted to MCRred2- MCRred2 can

be induced also in vivo because in methanogenic archaea the CH3-C0M is

generated from HS-CoM. Upon addition of HS-CoM to the cell extracts, the

MCRred2 signal increases. MCRred2 can also be induced in vitro by adding HS-CoB

to MCRredi- Upon addition of CH3-C0M, the MCRred2 state is converted to the

MCRredi state. The MCRred2 state can be converted to the MCRoxi state by

addition of polysulfide. The MCRoxt state is obtained from the MCRred2 state by

the addition of sulfide. Finally the presence of O2 converts the MCRred2 state to

the MCRox3 state [88]. Several of these states, including the MCR„xi and MCRoX2,

and various subgroups of these forms are EPR-visible. Whereas the red states are

catalitically active, the two ox states are not. However, since the ox states are also

visible in vivo they are probably also ofphysiological relevance.

The designation red and ox were given to the EPR signals exhibited by

MCR when they were first discovered in methanogens incubated under conditions
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considered to be reducing (100% H2) or oxidizing (80% N2 and 20% C02). The

oxidation state of all the red forms is Ni(I) [50, 58, 59]. This was concluded from

similarities of the EPR and UV/vis spectra with those of the free cofactor in the

Ni(T) state [74]. For MCRrCd2 the assignment of the oxidation state was based on

the reversible interconversion of the MCRredt and MCRred2 state in vivo and in

vitro, in which a redox change is excluded. In the case of the ox state, the

oxidation state is not clear yet. ENDOR spectra of MCRoxi and MCRoX2 were

interpreted in favor of Ni(I) [89, 90]. Tn support of Ni(I) is the finding that by

cryoreduction of the EPR-silent forms of MCR both MCRoxi and MCRredi signals

can be partially induced. Conversely, MCR<,xi is converted in vitro into MCRredt

at pH 9 in the presence of Ti(III) citrate, which is a strong reductant and which is

known to reduce free F430 to the Ni(I) state under these conditions [75]. Supposing

Ni is in the +1 oxidation state, this has been explained as a reduction of a double

bond in the macrocycle [91]. However, this hypothesis is not consistent with the

direct determination of the number of electrons needed to reduce Ni(II)p43o to the

species exhibiting the MCRredrtype spectra [92].

A reduction with Ti(III) citrate could be explained if the nickel in

MCR„xi is Ni (HI). The reduction would then involve a two-electron process

leading to the +1 state.

Another interpretation of the cryoreduction data suggest that y-irradiation

actually leads to the formation of a {Ni(II)-(')SR} species [92-95], since the

removal of the a-antibonding electron from the {Ni(II)-(")SR} unit in MCRoxi-siient

could be facilitated by the formation of a stable two-center/two electron a-bond.

Additional points relevant to the electronic structure ofMCRoxi are:

O Amsterdam Density Functional (ADF) calculations indicate that the

spectra are also consistent with Ni(III) [97, 98]

D> the two ox forms exhibit a UV/vis spectrum which is closer to the one

of Ni(TI)F43o than to Ni(I)F43o or Ni(llI)F43o [99], An XAS study demonstrates
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similar electron density on nickel in MCRoxi and in the Ni(II) state MCRoXi-siient-

At the same time, the EPR spectra of 61Ni-labeled MCRoxi samples indicate that

the unpaired electron interacts with the nickel in a similar fashion as in the

MCRredi samples, indicating that the unpaired electron resides mainly on the

nickel. Since in MCRoxi the sixth ligand is most probably the sulphur of HS-CoM

it was proposed that the difference between MCR„xi and MCRoxi-siient is mainly in

the electron density on this sulphur [96]. From MCD experiments [79, 100] it is

known that the Ni(II) state in MCR is a d8 high spin (<S = 1) state with two

unpaired electrons, one in the dx2_ y2 orbital and one in the dz2 orbital. EPR results

thus indicate that upon reduction to Ni(I) or oxidation to Ni(III) an electron is

added or taken out of the dz2 orbital, and EXAFS results suggest that the change in

electron density takes place on the sulphur. However, XAS data on MCR^i do

not discern between the two possible cases of an Ni(II)-thiolate or an Ni(II)-thiyl

radical. Recent TD-DFT [95] calculations show that the {Ni(II)-()SR}

species can be formally described as Ni(II) coupled to a thiyl radical.

P> in the presence of traces of O2, the MCRredi and MCRred2 signals are

instantaneously quenched, whereas the decay rate of the MCRoxi signal is similar

under aerobic and anaerobic conditions.

In the next sections, we will discuss the EPR characterization of

MCRred2, and MCRoxi, in more detail. It will be shown how pulse EPR techniques

can be used to gain new insights in the differences between these forms ofMCR.

3.2 New information on the coordination

ENVIRONMENT OF Nl(I)F430 IN THE MCRred2 STATE

Here we report on the hyperfine and the nuclear quadrupole interactions

of the Ni and ligand nuclei of MCRred2, including the four pyrrole nitrogens, the

thiol sulfur and the ß-protons of HS-CoM, the Ni ion, and the exchangeable and

not-exchangeable protons. In addition, one strong anisotropic proton coupling,

which is assigned to an exchangeable proton, was observed. Moreover, two large

and nearly isotropic 'H hyperfine couplings were observed. We tentatively assign
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these couplings to protons coming from the macrocycle. This information could

be obtained from the preparation of MCRred2 samples with 33S and 2H labeled

HS-CoM, and from growth of MCRred2 on 2H20 and 61Ni. A combination of

HYSCORE and pulse ENDOR experiments carried out at X-band and Q-band

frequencies enabled the EPR parameter to be accurately determined.

3.2.1 Results

The W-band EPR spectrum of MCRredi and MCRred2 (and relevant

simulations b-e) are shown in Figure 3-9. The spectrum shows the presence of

additional species obtained during the preparation of MCRred2 (see section 3.1).

2900 3000 3100 3200 3300

B [mT]

Figure 3-9 Experimental (a) and simulated (b) W-band spectrum of the MCR^ sample. The

spectrum shows the presence of other MCR species, namely MCR„xi (c), MCR^ (d), MCR„x3

(e) and MCRredi (g\\ is indicated by an arrow). The high-field end of the spectrum (~ 3200-

3300 mT) shows the presence of two different MCRre(n species. Experimental conditions: mw

frequency 94.5 GHz, mw power 2 mW, T = 90 K, modulation frequency 100 kHz, modulation

amplitude 0.5 mT.

The spectrum of MCRredt overlaps with the spectrum of MCRred2, except

for the g\ feature of MCRred2 at the low-field end. The spectrum of MCRred2

exhibits strong rhombicity with g values (g\, g2, #3) = (2.2901, 2.2358, 2.1772),

indicating that the unpaired electron is in a low symmetry environment. The g
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values measured at W-band are more accurate than the X-band data [84] because

of the higher resolution obtained by going to higher frequencies (see Table 3-1).

The large deviation of the g principal values from the g value of the free electron

is typical for a metal-based complex with a large spin-orbit interaction.

Table 3-1 g values ofMCR,^ in comparison with other MCR forms and Ni(I) complexes.

Complex gi g2 gl

MCRfed2 (W-band) 2.2901 2.2358 2.1772

±0.0005 ±0.0005 ±0.0005

MCRrul2 (Q-band) 2.2869 2.2313 2.1753

MCRred2 (X-band) [87]

Ni(I)(STPP)(S02) [101]

2.2880 2.2348 2.1790

2.075 2.087 2.187

Ni(I)(STPP)(2,4-Me2py)2[101] 2.262 2.233 2.131

[Ni(I)(DAPA)SPh)2] [102] 2.283 2.201 2.164

(CTPP)Ni(III)OH[103] 2.274 2.190 2.109

MCR^dl (X-band) [87] 2.2745 2.0820 2.0680

MCR„xi (X-band) [88] 2.2310 2.1667 2.1532

MCRox2 (X-band) [88] 2.2263 2.1425 2.1285

MCR„x3 (X-band) [88] 2.2170 2.1400 2.1340

2.2060 2.1550 2.1300

The Q-band EPR spectrum is shown in Figure 3-10, together with the

observer positions I, II, III used in the HYSCORE and ENDOR experiments.
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1100 1150 1200 1250

B[mT]

Figure 3-10 First-derivative Q-band FID-detected EPR spectrum of the MCRred2 sample, a:

experimental spectrum, b: simulation of the MCRred2 signal present in (a), c: simulation of

MCRrcdi with g values given in Table 3-1. The labels I (1103.2 mT), II (1130.2 mT), and III

(1155.7 mT), indicate the field positions used in the ENDOR and HYSCORE experiments.

14-n
3.2.2 Interaction with the surrounding N nuclei

The poor resolution of the EPR spectra of MCRred2 can be traced back to

g and/or A strain caused by the environment surrounding the nickel ion which

seems to be not so well defined as in other EPR-active MCR species. It is thus

necessary to use high-resolution techniques such as HYSCORE and pulse

ENDOR to obtain further information about the coordination sphere.

Figure 3-11 shows an X-band ENDOR spectrum recorded at a low-field

position where only MCRred2 exists. Signals from weakly coupled protons, which

overlap with signals from strongly coupled nitrogens, can be suppressed by using

short mw pulses (hyperfine contrast selective ENDOR [4]). The spectrum is then

dominated by signals from strongly coupled nitrogens and signals from two

protons with a relatively large hyperfine coupling (indicated by asterisks).
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Figure 3-11 X-band Davies-ENDOR spectrum recorded at 303.7 mT, a: experimental, b:

nitrogen simulation. Experimental conditions: lengths of the mw n/2 and rc pulses 26 ns and 52

ns, respectively, t = 900 ns, length of the rf jc pulse 5.4 us, frequency increments 50 kHz, T =

15 K., mw frequency 9.68 GHz.

Figure 3-12 shows Q-band ENDOR spectra measured at different

observer positions. The spectra arise only from nitrogens since the protons are

shifted to higher frequencies (around 48 MHz).

5 10 15 20

v, [MHz]

Figure 3-12 Q-band nitrogen Davies-ENDOR spectra recorded at the observer positions
indicated in Figure 3-10. la, IIa and Ilia: experiments, lb, Ic, Id, lib and Illb: simulations, He

and IIIc: experimental spectra of a sample containing only MCR^. Experimental conditions:

lengths of the mw n/2 and k pulses 30 ns and 60 ns, respectively, t = 220 ns, length of the rf n

pulse 29 (is, frequency increments 50 kHz, T= 15 K, mw frequency = 35.30 GHz, repetition

rate 1 kHz.
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The low-field ENDOR spectrum (trace la) contains only signals from

MCRred2, whereas trace Ha and Ilia contain contributions from both MCRredi and

MCRred2- Traces He and IIIc were measured on a separate sample containing only

the MCRredi species, which allows the features originating from MCRredt in traces

IIa and Ilia to be identified.

Simulations of both the X- and Q-band ENDOR spectra were achieved

by considering three 14N nuclei; two equivalent nitrogens with öiS0
= 24.6 MHz

(indicated with (x2 14N) in Table 3-2) and one nitrogen with also
= 22.5 MHz

(indicated with (xl 14N) in Table 3-2).

Table 3-2 Hyperfine and nuclear quadrupole parameters of the pyrrole nitrogens of the

'corphin' macrocycle of MCRred2 in comparison with other MCR forms and Ni(I) complexes.

Complex A, A2 A, #iSO |e2?Ö/h| n

[MHz] [MHz] [MHz] [MHz] [MHz]

MCRred2 26.6 23.2 24.0 24.6 2.0 0.00

N(B,C,D)a ±0.7 ±0.7 ±0.7 ±0.7 ±0.5 ±0.2

(x2 MN)b

(xl l4N)b 26.2 20.2 21.0 22.5 2.5 0.19

±0.7 ±0.7 ±0.7 ±0.7 ±0.5 ±0.2

MCR^j 16.0 13.5 11.8 13.8 2.4 0.15

N(A)a ±0.7 ±0.7 ±0.7 ±0.7 ±0.5 ±0.2

Ni(I)(STPP)(S02) 29.5 28.0 34.51 30.7 _ .

[101]

a
Labels A, B, C, D indicate the pyrrole nitrogens of the macrocycle, see Figure 3-3.b The two

equivalent hyperfine couplings can most likely be assigned to the two trans nitrogens in rings B

and D, and the third hyperfine coupling would then be due to the nitrogen in ring C.

At the low-field position the simulations of the individual components are

given; Id (1 14N), Ic (2 equivalent 14N), and lb the sum. For trace Id a stick

diagram is also given showing how the nitrogen frequencies are determined by the

hyperfine, nuclear Zeeman and nuclear quadrupole interactions. In a powder
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sample broad lines rather than sharp peaks are generally observed since many

molecular orientations contribute to the spectrum at each field position, this makes

the interpretation without simulations difficult (in particular, trace IIa, measured

along gi). However, spectra recorded at the edges of the EPR spectrum (trace la

and Ilia for MCRred2) are "single-crystal" like since they select only a narrow

range of molecular orientations. The peaks are thus sharper and amendable to a

simple interpretation using a stick diagram.

Matched Q-band HYSCORE spectra [104] measured at the observer

positions indicated in Figure 3-10 are shown in Figure 3-13 (a, b, c: experiments,

d: simulation of b).

v, [MHz] v, lMHzl

Figure 3-13 Matched nitrogen HYSCORE spectra measured at Q-band for different observer

positions, a: I, b: 11, and c: III (see Figure 3-10), d: simulation of b. The cross peaks are labeled

in the following way: sq (single-quantum) and dq (double-quantum) frequencies in the a or ß

electron spin manifolds; superscripts refer to the nitrogens with strong (s) and weak (w)

hyperfine couplings. Experimental conditions: lengths of the mw ji/2 and rc pulses 16 ns,

length of the second and the third matched mw jt/2 pulses 24 ns, U=t2 = 96 ns, Ar = 8 ns (data

matrix 256 x 256), x = 112, 132, 152, and 192 ns, T= 20 K, mw frequency 35.30 GHz, an

eight-step phase cycle was used.

These spectra clearly reveal the presence of an additional nitrogen(s)

with a smaller hyperfine coupling (aiso = 13.8 MHz), which was barely observable

in the ENDOR spectra. The nitrogens with the larger hyperfine couplings could

also be observed in the HYSCORE spectra after matching the mw pulses to
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increase the modulation depth. In Figure 3-13 selected cross peaks from the two

types of 14N nuclei have been labeled. The peaks are predominantly found in the

(-, +)-quadrant, indicating that for both types of nitrogens we have a strong-

coupling situation, \A\ > 2|v/| « 7 MHz. The double-quantum (dq) cross peaks in

particular are informative, since along a principal axis they are centered at A, split

by four times the 14N nuclear Larmor frequency (v/ « 3.5 MHz) and are free from

nuclear quadrupole broadening to first order. In Figure 3-13b the dq cross peaks

from the weaker coupled nitrogen are centered around (-20.6, 7.0) MHz and (-

7.0, 20.6) MHz, and from the stronger coupled nitrogens around (31.2, 17.4) MHz

and (-17.4, 31.2) MHz. At the observer position in the center of the EPR spectrum

(Figure 3-13b), many molecular orientations contribute to the HYSCORE

spectrum and, thus, ridges whose length reflects the anisotropy of the coupling

parameters are observed. The HYSCORE spectra recorded at the edges of the

EPR spectrum (Figure 3-13a and Figure 3-13c for the MCRred2 species) are

"single-crystal" like, the peaks are thus sharper.

At field positions outside the EPR spectrum of MCRred2 the features from

the nitrogen(s) with the smallest hyperfine coupling disappear, and only strongly

coupled nitrogen signals remain, consistent with the nitrogen couplings of

MCRredi given in [105]. Note that the diagonal peaks in the first quadrant are

caused by an improper transfer of nuclear coherence between the two electron

spin manifolds by the n pulse and slight phase errors in the phase cycling

procedure. In Figure 3-13d, a simulation for observer position II (along gi) is

given which includes three stronger («iso = 24.6, 24.6, 22.5 MHz) and one weaker

coupled (öiS0= 13.8 MHz) nitrogen (see Table 3-2). Simulations were done for all

fields positions [106],

In the simulations both the A matrix and Q tensor are rotated with respect

to the g matrix. For the two equivalent nitrogens (a = 24.6 MHz) the Euler

angles are [a,ß,y] = [45,0,0]°, and for the third nitrogen (also = 22.5 MHz) and the

nitrogen with the weakest coupling (ali0= 13.8 MHz), [a,ß,y] = [135,0,0]°. For all

four nitrogens the axis of the largest absolute nuclear quadrupole value points

along A\ and the smallest absolute value along A3. The axes of the largest

hyperfine couplings (A\) are expected to point along the Ni-N bond, in this case
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the #i and g2 axes approximately bisect the N'-Ni-N bond angles (see Figure 3-

14).

A„Ql.Vl

A2,Q2 t s%1

ND M NB-»- A, ,Q3

Nr
_

gl

Figure 3-14 Schematic drawing of the g, and AN matrices and Q tensor in F430 used in the

simulations, with a = 45°.

3.2.3 61Ni interactions

To verify that MCRred2 is a nickel-based EPR signal, cells were grown in

a 61Ni-enriched medium. The cw EPR spectrum of 61Ni-labeled MCRred2 (Figure

3-15) is considerably broadened due to a 6,Ni hyperfine interaction.

i

290 300 310 320 330 340 350
B [mT]

Figure 3-15 Experimental X-band cw EPR spectra of MCR^ 58Ni (a), and MCRrcd26lNi (b).

Experimental conditions: mw frequency 9.45 GHz, mw power 2 mW, T= 105 K, modulation

frequency 100 kHz, modulation amplitude 0.4 mT.

The hyperfine interaction is estimated to be A (61Ni) = [39, 44, 67] MHz

[87, 88],
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3.2.4 S interaction

Figure 3-16 shows the X-band EPR spectra of MCRred2-HS-CoM (32S

(99.25%) with nuclear spin / = 0, 33S (0.75%) with / = 3/2) and MCRred2-H33S-

CoM. For a better comparison, the signals of MCRredi were subtracted from the

redl/red2 mixture normally obtained in these preparations. The EPR spectrum of

33S-labeled MCRred2 shows a pronounced line broadening at the high-field feature

corresponding to the gj, principal value. This is a strong indication for the presence

of a large 33S hyperfine coupling along this principal axis direction. No significant

broadenings are observed at g\ and g2. From spectral simulations the 33S hyperfine

coupling along g3 is estimated to be roughly \A?\ = 35 MHz, with upper limits

along gi andg-2 of \A\^\ = 25 MHz.

285 290 295 300 305 310 315 320

B[mT]

Figure 3-16 EPR spectra of MCRred2. a: MCRred2 with H32S-CoM, b: MCRrcd2 with H'"S-CoM,
Solid lines: experimental spectra, dashed lines: simulated spectra. Experimental conditions:

mw frequency 9.45 GHz, mw power 2 mW, T = 77 K, modulation frequency 100 kHz,

modulation amplitude 0.6 mT.

A clear-cut proof of the coordination of HS-CoM to Ni(l) is obtained

from HYSCORE spectra measured at Q-band at the low-field end (g\ value) of

the EPR spectrum. Figure 3-17a, b shows the single-crystal-like HYSCORE

spectra of MCRred2-HS-CoM and MCRred2-H33S-CoM atgi. The additional peaks

observed in Figure 3-17b (labeled) originate from 33S interactions. The two cross

peaks in the (-, +)-quadrant at (-10.8, 31.8) MHz and (-31.8, 10.8) MHz are

assigned to triple-quantum transitions with Am\ = 3. For a simplified system with
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an isotropic g tensor and an axial hyperfine tensor, the two triple-quantum fre¬

quencies can be written to first order as

v(±) =3
( A
±—L- + v, sin2^

+4
+—-+v, COS2/? (3.1)

with the hyperfine principal values A± and A^, and the angle ß between the A\\

principal axis and the static magnetic field vector B0.
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Figure 3-17 HYSCORE spectra of MCRrLd2, recorded at g, a: MCRred2 with H12S-CoM b:

MCRred2 with H^S-CoM. The arrows marks peaks that originate from "S interactions (33S: /

= 3/2). Experimental conditions- lengths of the mw n/2 and ji pulses 12 ns, starting values of

the two variable times t\ and t2 48 ns, time increments At = 8 ns (data matrix 175 x 175),

t = 96, 124, and 152 ns, T - 25 K, mw frequency 35.3 GHz, an eight-step phase cycle was

used

For a nuclear quadrupole interaction small compared to the hyperfine

interaction, these frequencies are to first order independent of the nuclear

quadrupole interaction, and differ by 6vi for ß = 0, 90°. In Figure 3-17b the
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observed splitting of 20.9 MHz is slightly smaller than 6v, = 21.7 MHz, indicating

that the orientations selected in this experiment are close to the principal axis of

A±. The 33S hyperfine coupling A along g\ can easily be estimated from the

equation

4e)2 ~vtq =18v/(also+r(3cos2^-l)) = 18v/^, (3.2)

where ali}0 is the isotropic hyperfine coupling and T is the dipolar coupling. For the

hyperfine coupling along g\ we then find \A\ = 13.8 MHz and for the principal

value 1,4x1 we estimate a coupling of about 15 MHz. Several additional peaks are

observed in the (+, +)-quadrant of Figure 3-17b. The strong diagonal peak at 23

MHz is most probably a sulfur double-quantum transition (Ami - 2), and the cross

peaks represent correlations between sulfur transitions and/or nitrogen-sulfur

combination transitions. An unequivocal assignment of all the new peaks

observed in the 33S sample is difficult, since the HYSCORE spectrum could only

be observed along gi. This is because the large anisotropy of the 33S hyperfine

coupling broadens the peaks beyond detection as soon as the B0 observer field

used in the HYSCORE experiments is shifted to higher values.

3.2.5 Information about 'H/2H interactions

Proton HYSCORE spectra. The X-band spectra of MCRred2 are shown in

Figure 3-18 together with the corresponding simulations (see below). The

HYSCORE spectra show an intense and broad ridge close to the anti-diagonal at

the proton Zeeman frequency (-14 MHz) extending from (7.8, 18.2) to (18.2, 7.8)

MHz, i.e., A < 10.4 MHz (g2). These smaller couplings will be dealt within the

next section. In addition, the spectra contain arc-shaped ridges far above the anti-

diagonal with maxima near (26.7, 2.58) MHz. Initial hyperfine parameters for the

simulation of the ridges were determined from the experimental spectra using

equations (2.25)-(2.28). The refined parameters obtained by simulation are

^('H) = [-29, -26, -5] MHz with a = -20 MHz (negative sign is due to spin
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polarization), T= [-9, -6, 15] MHz, and Euler angles [a, ß, y] - [30, 40, 0]° (see

also Figure 3-19).
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Figure 3-18 X-band HYSCORE spectra of MCRred2. a: g,, (B0 = 302.0 mT), b: g2, (B0 = 309.3

mT), c: gy, (Bq =319.5 mT), d, e, f simulations of a, b, c with parameters given in Table 3-3.

Experimental conditions: lengths of the mw pulses 7t/2 and n 16 ns, starting values for the two

variable times t\ and t2 96 ns, time increments &t\ - A/2 = 12ns, t = 96, 132, 162, and 192 ns,

mw frequency 9.68 GHz, T= 20 K. a, c: sum of four different t values, b: x = 56 ns, Remote

echo detection [102]). An eight-step phase cycle was used.

2H HYSCORE spectra. Figure 3-19 shows a surface plot of the

HYSCORE spectra of MCRred2 (a) and MCRred2 in 2H20 (b).
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Figure 3-19 Surface plot of X-band 11YSCORL spectra of MCRlul2 at #, (ß„ 302.0 mT) a:

MCR,td2 and h- MCR,„p-"H^O The comparison shows thai the arc-shaped ridges (indicated by

arrows) decrease in intensity in b Experimental conditions, lengths of the mw tc/2 and

7t pulses 16 ns, starting values for the two variable times /, and h 96 ns, time increments A/, -

A/2 = 12ns, t= 96, 132, 162, and 192 ns, mw frequency 9.68 GH/, T 20 K An eight step

phase cycle was used

Comparison between the spectra shows that the arc-shaped ridges in the

MCRred2-2H20 sample with the hyperfine coupling of ^('il) = [-29, -26, -5] MHz

decreases significantly in comparison to the intensity in the MCR,ai2-H20 sample

(Figure 3-19, see arrows), confirming that these ridges come from an

exchangeable proton Note that the form of the diagonal peak with A < 10.4 MHz

has not significantly changed, indicating that they are predominately coming from

non-exchangeable protons (sec below).

Correspondingly, in the HYSCORE spectra measured on the MCR,cj2-

"H20 sample, new cross-peaks appear in the low-frequency range, which can be

assigned to deuterium nuclei. Figure 3-20 and Figure 3-21 show the X- and the

Q-band HYSCORE spectra, respectively. Since the gyromagnetic ratio for

deuterium gn( H)/#n(~H) is - 6.5 times smaller than for proton, the hyperfine

interaction is expected to scale as //(2H) = A(]H) /6.5. Figure 3-20d-f and Figure

3-2 ld-f show the simulations at three different field positions (indicated in the

inset of the figures) at X- and Q-band, respectively. The hyperfine couplings

determined by simulations are shown in Tabic 3-3; these values are consistent

with those used to simulate the arc-shaped ridges in Figure 3-18.
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Figure 3-20 X-band ÎIYSCORL spectra of MCR,Ld2 'HiO at three ditterent field positions

(indicated in the inset) a (ß<r 302 0 mT), b (Bu= 310 0 ml), c (ö0~ 317 3 mT) experimental

spectra, d, e, t simulations ot a, b, c, respectively (see Table 3-3) 1 xpenmenta! conditions

lengths ot the mw tc/2 and n pulses 16 ns, starting values tor the two variable times /, and / 96

ns, time increments A/i
~~ A/^ - 16ns, t

~ 1 32 ns, mw frequency 9 78 GHz, 7"~2() K An eight

step phase cycle was used The simulations were computed by exact diagonalizations ot the

spin Hamiltonian, thus the intensity otthe ridges is not taken into account The ditterent colors

in the simulations indicate the lollowing correlation peaks red sqj sq,, blue dq dq, green sq-

dq, magenta sqrsq2
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ligure 3-21 Q-band remote echo-detected HYSCORE spectra [102] of MCR,«« in 'H20 at

three different field positions (indicated in the inset) a(ß(l - 1088 0 mT), b (B„ 1121.0 mT),

c {Bo = 1146.0 mT): experiments; d, e, f: simulations of a, b, c, respectively (see fable 3-3).

I xperimental conditions: lengths of the mw n/2 and n pulses 24 ns, starting values for the two

variable times t\ and /2 96 ns, time increments A/, = A/2- 16 ns, t = 46 ns, mw frequency 34.88

GHz, 7 = 20 K. An eight-step phase cycle was used. The simulations were computed using
exact diagonalization of the spin Hamiltonian, the intensity of the ridges is not taken into

account. sqrsqi correlation peaks are plotted.
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The HYSCORE spectra show clear splittings due to the nuclear

quadrupole interaction, which was simulated with c"qQ/h - 0.4 MHz, r\= 0.1.

Both the A matrix and the Q tensor are rotated with respect to the g matrix. The

Euler angles for the hyperfine matrix are [a, ß, y] = [30, 40, 0]°, and for the

nuclear quadrupole tensor [a, ß, y] = [60, 45, 0]°. The matrix line in the X- and Q-

band ?H HYSCORE spectra is due to other exchangeable protons close to the

paramagnetic center.

3.2.6 Information about the ß-methylene protons of HS-CoM

Proton ENDOR spectra. Figure 3-22 shows the proton Davies-FNDOR

spectra measured at Q-band, at the observer position g\ for two samples: MCRieti2

(solid line), and MCRred2-HS-CoM(ß-d2) (dotted line). Comparison of the

ENDOR spectra of MCRrui2 and MCRroj2-HS-CoM(ß-d7) reveals significant

changes, in particular the peaks around ± 4 and ± 5.5 MHz have diminished in

intensity.

II I 111 ,*
l

Miv l!i
-8-6-4-2 0 2 4 6 8

vw ,-\ [MHz]

Figure 3-22 Q-band Davies-FNDOR spectra of MCRrtd2 at g, MCRKll2 (solid line), MCR,u)2-

HS-CoM(ß-di) (dotted line) The arrows show the peaks that decrease in intensity. The blue

(H ßi) and the cyan (H-p\) lines are simulations of the ß-protons with parameters given in

Table 3-3 Experimental conditions, length of the mw n/2 pulse 30 ns, length of the mw tt

pulse 60 ns, t 2^0 ns, length of the rf n pulse 8 S us, frequency increments 100 kHz, T 17

K, mw frequency 34 88 GHz
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In order to unequivocally assign peaks belonging to ß-methylene protons

of IIS-CoM, wc measured 'll and ~\l HYSCORE spectra. Figure 3-23 shows H

spectra measured near £2 for MCR^i?, and MCRreti2-HS-CoM (ß-d^). Note that the

111 HYSCORE (Figure 3-23) arc the same ones that were shown in

Figure 3-19, but in Figure 3-23 the frequency range between 7-19 MHz is shown.

Clearly the long ridge in Figure 3-23a has decrease in intensity in comparison to

Figure 3-23b and can thus be assigned to one of the ß-methylene protons (H-ßi).

The simulation of this ridge yields accurate principal values for the hyperfine

coupling, /f('H) = [-1 1.5, -1 1.5, -0.25] MHz.
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Figure 3-23 X-band HYSCORF spectra of MCR,,ll2. a: MCR,t.d7, and b: MCRlt,12-HS-CoM(ß-

d2). Insets: Echo-detected X-band F.PR spectra (first derivative) showing the observer position
used to record the HYSCORE spectra (ß„

~ 302.0 mT). HYSCORF! experimental conditions:

lengths of the mw n/2 and t: pulses 16 ns, starting values loi the two variable times /1 and /? 96

ns, time increments A/, - A/: - 12 ns, t 96, 132, 162, and 192 ns, mw frequency 9.68 GHz,

T - 20 K. An eight-step phase cycle was used.

Figure 3-24 shows the ~H HYSCORE spectra of

MCR,ed2-HS-CoM (ß-d2) taken at different field positions.
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I igure 3-24. X-band "11 HYSCORE at three different field positions (see insets, a- ß» 304.9 mT,

b: ß()
- 312.2 ml, c: ö„

- 320 5 m 1 ) of MCR,Ld2-l lS-CoM(ß-d2). The cross peaks are ascribed to

sq frequencies, and originate from two different types of deuterium nuclei are labeled in a

Lxperimental conditions, lengths of the mw n/2 and n pulses 16 ns, r= 132 ns, A/i A/2 16 ns,

/ = 20 K, mw frequency 9.75 GHz. An eight-step phase cycle was used.

The spectra are the sum of two deuterium nuclei, the one identified above

with /4(2H) = [-11.5, -11.5, -0.25]/6.5144 MHz (see Figure 3-23) and a more
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isotropic coupling of A(2H) = [-7.9, -7.7, -2.4] /6.5144 MHz. Both nuclei have a

nuclear quadrupole coupling of approximately 200 kHz (see Table 3-3).

Table 3-3 Hyperfine couplings and nuclear quadrupole parameters for different protons
a

for

MCRred2

MCRred2 A, A2 A3 also [a, ß, y] \e2qQ/h\ r, [a,ß,-y]

[MHz] [MHz] [MHz] [MHz] (deg) [MHz] (deg)

Protons -29 -26 -5 -20 [30,40,0]
°-4 °-15 [60,45,0]

ex*'b

H-ß,a'c -11.5 -11.5 -0.25 -7.75 [74,46,-175] 0.2 0.3 [180,42,67]

H-ß2a'c -7.9 -7.7 -2.4 -6 [-105,23,1691 0.2 0.1 [180,112,122]

8

hyperfine couplings are given for a proton ('H, / = Vi), to get the corresponding deuterium

hyperfine coupling the values have to be divided by 6.5411. Nuclear quadrupole parameters are for

deuterium (2H, 7= 1).bexchangeable in H20, ''ß-methyleneprotons from HS-CoM (ß-d2).

3.2.7 Quasi-isotropic proton couplings

Figure 3-25 shows the proton Davies-ENDOR spectra measured at Q-

band at the observer position g\ for the samples MCRred2-normal (red trace),

MCRred2-2H20 (blue trace) and MCRred2-HS-CoM(ß-d2) (black trace). Comparison

of the three spectra reveals that two quasi-isotropic signals are present in all the

samples with hyperfine couplings of A = [10, 10.8, 10.2] MHz and

A = [6.8, 7.2, 7] MHz (see Figure 3-25). These two signals are therefore not due to

the ß-methylene (ß-d2) protons of HS-CoM or exchangeable protons (protons not

exchangeable under our experimental conditions). Note that these quasi-isotropic

peaks disappear when the observer position is moved outside the EPR spectrum of

MCRred2 (data not shown).
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Figure 3-25 Q-band Davies-ENDOR spectra of MCRrod2 at g,. MCRrcd2-normal (red trace)

MCRred2 -2H20 (blue trace), and MCRrHl2-HS-CoM(ß-d2) (black trace). Experimental

conditions: length of the mw jt/2 pulse 30 ns, length of the mw n pulse 60 ns, x = 250 ns,

length of the rf 71 pulse 8.5 (is, frequency increments 100 kHz, T- 17 K, mw frequency 34.88

GHz.

The fact that there is no significant difference between the MCRred2-

normal (red trace) and MCRred2-2H20 (blue trace) spectrum is expected since the

exchangeable proton has a large anisotropy and thus appears in the ENDOR

spectra as a broad signal with correspondingly low intensity. In addition Figure 3-

25 shows a number of weakly coupled protons from the macrocycle and possibly

from axial ligands with hyperfine couplings < 4 MHz.

3.2.8 Discussion

EPR spectra. Many rhombic five- and six-coordinated nickel(I) and

nickel(III) complexes are described in the literature [107, 108], but for most of

them the smallest g value is close to ge
= 2.0023, and the average g value, gav

=

(g\ + g2 + g.i)/3, is much smaller than the one found for MCRred2- The same trend

is observed for Ni(I)F430M and Ni(III)F43oM.
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g values similar to those found in MCRred2 have been reported, for

example, for some Ni(l)(STPP) complexes (STPP=5,10,15,20-tetraphenyl-21-

thiaporphyrin), where the nickel is coordinated to three nitrogens and one sulfur

ligand of the macrocycle [101], for the pentacoordinated nickel complex

Ni(T)(DAPA)(SPh)2 (DAPA=2,6-bis[l-(phenylimino)ethyl]pyridine), with two

thiolate ligands in the equatorial plane and three nitrogens of the DAPA ligand

occupying the remaining coordination sites [102], and for Ni(III)

tetraphenylcarbaporphyrin, Ni(lII)(CTPP), an inverted porphyrin where the nickel

ion is coordinated to three nitrogens and one carbon in the porphyrin plane [103]

(see Table 3-1).

In the case of Ni(I)(STPP) it has been found that the rhombicity of the

EPR spectra is mainly caused by the axial ligands, rather than by a replacement of

one of the pyrroles by a thiophene. The g matrix of the complex

Ni(I)(STPP)(S02), for example, is nearly axial, whereas for Ni(I)(STPP)(2,4-

Me2py)2, with two axial 2,4-lutidine ligands, the g values are very close to those

of MCRred2- A similar behavior is found for the Ni(IIT)(CTPP) complexes, where

again depending on the axial ligands, the g matrix reflects approximately

tetragonal symmetry or can be highly rhombic. In all these compounds the

rhombicity was attributed to a ground state described as a linear combination of

dxV ar,d dz2 orbitals. This is also expected for the MCRred2 case.

,4N interactions. The pulse EPR data show that MCRrcd2 is characterized

by two distinguished sets of nitrogen ligands with hyperfine couplings that differ

by about a factor of two. In the ENDOR experiments nitrogens with hyperfine

coupling in the range 20.2-26.6 MHz are observed, whereas in the HYSCORE

spectra a nitrogen(s) with a hyperfine coupling in the range 11.8-16.0 MHz is

identified. The two vastly different nitrogen couplings indicate that the

macrocycle is significantly distorted, a finding, which is corroborated by the large

rhombicity of the g matrix.

The MCRred2 nitrogen with the smaller hyperfine interaction

(fliso = 13.8 MHz) observed in the HYSCORE experiments is tentatively assigned

to the pyrrole nitrogen of ring A of the cofactor F430 in MCRred2 (see Figure 3-3).
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Ring A is more flexible than the rings B, C and D, which are n conjugated. In

MCRred2 we therefore assume that pyrrole ring A is slightly bent out of the plane

of the macrocycle. This together with the influence of the axial ligands would

lower the symmetry and cause a strong mixing of the d orbitals of the groundstate.

That this ,4N hyperfine coupling represents an interaction with the nitrogen of the

glutamine is unlikely since the glutamine is assumed to coordinate via its oxygen

to the Ni ion and the nitrogen is remote (^0.4 nm from the Ni ion in MCRsiient)-

Consequently the isotropic hyperfine coupling of the glutamine nitrogen is

expected to be much smaller than aiso
= 13.8 MHz. It is worthwhile emphasizing

that both ENDOR and HYSCORE spectra recorded at field positions where only

MCRredi is present did not contain a weaker coupled nitrogen. These data show

that there is a significant difference in the spin density distribution and

macrocycle geometry between MCRredi and MCRrCd2-

Based on the simulations of the MCRred2 nitrogen ENDOR and

HYSCORE spectra and on chemical arguments we assume that the larger nitrogen

hyperfine couplings arise from the three directly coordinated nitrogens of rings B,

C and D (see Table 3-2). The isotropic part of the hyperfine couplings

(aiso « 24.6 and 22.5 MHz) are smaller than the nitrogen hyperfine couplings

found in MCRredt (aiso* 28.5 MHz) [87, 89], Ni(I)F43o (aiso* 27.8 MHz) [61] and

Ni(I)(STPP)(S02) (aiso = 30.7 MHz) [101], reflecting the lower spin density on the

macrocycle and the stronger dz2 admixture.

From previous studies on related systems it is expected that the axis of

the largest nitrogen hyperfine coupling will point along the Ni-N bond [61, 109],

which for all four pyrrole nitrogens is in the plane spanned by g\ and g2 (see Table

3-2). This orientation implies that Ai and gi are normal to the macrocycle plane,

which is consistent with expectations from the Ni and 33S hyperfine tensor which

have their largest value along the g3 axis (see section 3.2.4). The SOMO seems

still to be predominantly dx2-y2 in character, since the largest nitrogen hyperfine

couplings are closer to the values found for Ni(I)F43uM, MCRredi and MCR^i

[89], (for MCR„xi see also section 3.3.2), as well as forCu(lI)TPP and CuPc (d*y

with ,4-40 MHz [109], and A ~ 45 MHz, respectively, see also section 4.2), than
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to complexes with a dz2 ground state (e.g. CoTPP(py) with A ~ 3 MHz [110], or

CoPc(H2S04) with A ~ 2 MHz, see section 4.3).

61
Ni interaction. The cw EPR spectrum of MCRred2 (see Figure 3-15) is

broadened by the 6lNi hyperfine interaction confirming that MCRred2 is a nickel-

based signal. The orientation of the hyperfine interaction, with the largest value

pointing along the g3 axis and thus perpendicular to the F43o plane, is consistent

with the known g-values and pyrrole nitrogen hyperfine interactions, and thus

indicates a ground state consisting mainly of dx2.y2 character but with dz2

admixture. Indeed, the magnitude of the hyperfine interaction of MCRred2

C46lNi = [39, 44, 67] MHz) is significantly smaller compared to the MCRredi

(^61Ni = [52, 52, 195] MHz [87]), which has a dx2.y2 ground state and to MCR<,xl

(/l6,Ni = [39.4, 41.7, 132] MHz, see section 3.3). The difference in the hyperfine

couplings can be rationalized by noting that the dipolar part T for a dz2 ground

state is negative and for a dx2.y2 ground state positive [111].

33S interaction. The cw and HYSCORE data with 33S-labeled HS-CoM

prove that the thiol group of HS-CoM coordinates to the Ni(I) ion of F430- Since

this interaction is dependent on the presence of HS-CoB we propose that HS-CoB

is not only required as a second substrate, but also induces a change forcing the

real substrate CH3-S-C0M and Ni(I) of the prosthetic group to interact.

An estimate of the spin density on 33S can be obtained from the

hyperfine tensor and by considering the relative signs of the principal hyperfine

values. Assuming three positive principal values (A\, A2, Ai) = (15, 15, 35) MHz

an isotropic part aiso = 21.7 MHz and a dipolar part of (-6.7, -6.7, 13.4) MHz is

calculated. For a hyperfine tensor (A\, A2, Ai) = (-15, -15, 35) MHz, the isotropic

part is a,so
= 1.7 MHz and the dipolar part (-16.7, -16.7, 33.4) MHz. In the first

case a spin density of 0.6% in the s-orbitals is estimated from the isotropic part,

and a spin density of 7% in a 3p-orbital from the dipolar part. For the second case

the corresponding values are 0.05% (s-orbital) and 17% (3p-orbital). In either case

the large spin density on the sulfur ligand is an additional indication that the

ground state of MCRrCd2 has a relatively high percentage of dz2 character. The
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largest hyperfine principal value is Ax which corroborates the proposal that the g3

principal axis is perpendicular to the macrocycle.

lH/2H exchangeable protons (MCRred2-2H20). X- and Q-band

HYSCORE data showed that there is an exchangeable proton with a very large

anisotropy A(W) = [-29,-26,-5] MHz (see Figure 3-18, Figure 3-19, Figure 3-20

and Figure 3-21). This proton must be near to a center that carries significant spin

density. There are several possibilities for an exchangeable proton, namely the

hydroxy protons of the tyrosines HO-Tyr
ß365 and HO-Tyr ß333, the HN proton

from the lactame ring of the macrocycle, the NH2 protons from the glutamine

(gin147), the protons of a water molecule, and the sulfhydryl proton from HS-

CoM. However, if we take the Ni(II) X-ray structure into account then only the

sulfhydryl proton of HS-CoM is close enough to explain the experimental data.

We consider this proton in detail first. The X-ray structure of MCRoXiSiient (after

adding the proton and making a geometry optimation) was used as a model to

verify this hypothesis. The axis of the largest principal value of the dipolar part of

the hyperfine matrix should point towards the two centers that carry most of the

spin density, the sulfur and the nickel. The vector sum should point between them.

The directions of the vectors joining the H-S proton and H-Ni are shown in Figure

3-26.

Figure 3-26 Schematic drawing of F4W with HS-CoM. The largest value of the dipolar part of

the hyperfine matrix (2T, 27"') pointing towards the nickel and the sulfur ions are shown,

together with the orientation of the g3 axis. The ß-methylene protons of HS-CoM are also

indicated: (H-ß^ close to Ni ion) and (H-ß2).
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The dipolar part (7") was calculate (eq. 2.16) taking into account the

distance between H-S (0.137nm) and the spin density on the sulfur (p = 17%).

The same was done for the dipolar part (7") of H-Ni (0.334 nm, p
= 75%).

The Euler angles relating the g matrix orientation to the hyperfine

matrices orientation were [a,ß, y] = [0,35,0]° and [a,ß,y] = [0,10,0]°,

respectively. The diagonalization of the total dipolar hyperfine matrix (sum of the

two contributions) yields T = [-7.6, -6.5, 14.2] MHz with ß=30°. The

experimental hyperfine principal values, A(lH) = [-29, -26, -5] MHz, determined

by simulations of the *H HYSCORE spectra, see Figure 3-19, yield an isotropic

part of a\so
= -20 MHz and a dipolar part of T= [-9, -6, 15] MHz.

Comparison of the dipolar part derived by simulations of the HYSCORE

spectra, see Table 3-3, with the values determined from X-ray structure shows that

within error limits, the dipolar part and the Euler angle are in good agreement.

The exchangeable proton of both tyrosines are also candidates, but

would have to be much closer than in all the available Ni(Il) X-ray structures. A

geometrical distortion is however possible in MCRred2, the 14N data suggest that

there is a bending of the F430 macrocycle. A definitive assignment of this proton

coupling will require a good description of the structure of MCRred2, and then a

calculation of the electronic structure (e.g., by DFT) matching the experimental

EPR data.

We now consider the possibility of a metal hydride species (Ni-H). From

the experimentally determined dipolar coupling we can calculate the distance

r(Ni-H) = 0.199-0.208 nm (assuming a spin density on the nickel in the range

p(Ni) = 75-85%) ). This distance is a bit larger than those of the Ni(II) hydrides,

where calculations and neutron diffraction give values around 0.175 nm [112].

Furthermore, NQR data of known metal hydrides show that the maximum nuclear

quadrupole coupling is \e2qQ/h\ = 37 kHz for a distance of /-(M-H) = 0.15 nm

[112]. The nuclear quadrupole coupling is much smaller than the one we get from

simulations of the experimental 2H HYSCORE spectra (see Table 3-3).
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ß-methylene protons of HS-CoM. The hyperfine and nuclear quadrupole

couplings for both ß-protons of HS-CoM were well determined by a combinations

of HYSCORE (see Figure 3-23, Figure 3-24) and ENDOR (see Figure 3-25) using

HS-CoM and HS-CoM(ß-d2). A chemical model with F430 and HS-CoM orientate

as in the X-ray structure of MCRoxi-siiem was used to interpret the data.

The orientation and anisotropy of the two ß-proton hyperfine couplings

were then calculated using the point dipolar model considering the four pyrrole

nitrogens, the nickel and the sulphur. The spin density p on these nuclei was

estimated from EPR data. The orientation of the largest absolute value of the two

nuclear quadrupole interactions was taken to point along the respective C-H

bonds. The HS-CoM was then moved until the anisoptropic part of the two

hyperfine tensors matched the experimental data. Hyperfine and nuclear

quadrupole couplings from the ß-protons of HS-CoM can thus be used to

determine key distances and angles and thus the position of HS-CoM.

Quantitatively we can say that since the anisotropy of the two protons is

significantly different, the two Ni-H distances are also different. In the case of a

proton the anisotropic part of the hyperfine interaction can be calculated from the

point-dipolar model, and since in our case the distance between the electron and

protons is relatively large this approximation is good. The main error in this

calculation is the estimation of the spin density on the nickel, which cannot be

calculated directly from the hyperfine interaction because of spin polarization.

However, we can obtain a good estimate since we can calculate the spin density

on the sulphur and the four nitrogens, knowing that there are no other larger

couplings, so that the sum should add to 100%). Thus, using p(S) = 17%, p(N) =

1%) (average of four nitrogens), and p(Ni) = 75% we get Ni-H(ß) distances p(H-

ßi) = 0.27 nm and p(H-ß2) = 0.37 nm. Note that the sum of the spin density is

93% the rest could be localized in some other nucleus of the macrocycle, and/or

the sulphydryl proton of HS-CoM which has a strong hyperfine coupling. In

comparison to the Ni(II) crystal structure, these values are shorter, implying also a

shorting of the Ni-S bond length from 0.24 to 0.19 nm, which is reasonable

considering the strong 33S-Ni(I) interaction for MCRred2-
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Quasi-isotropic protons. Finally, we discuss possible assignment for the

two quasi-isotropic hyperfine couplings of (A\, A2, A3) = (10, 10.8, 10.2) MHz and

(A\, A2, A3) = (6.8, 7.2, 7) MHz. Specific assignments of these coupling without

deuterated samples are difficult. Nevertheless, we can discuss some of the

possibilities. There are several protons close to the Ni ion, namely protons from

the F43o macrocycle, a NH proton from the lactam ring, protons from the benzene

rings of the two Tyr, or the a-protons from HS-CoM. From *H ENDOR spectra

measured at different field positions (see Figure 3-27), the largest hyperfine

coupling (in absolute value) is found to be along g2.

-7 -6.5 -6 -ö!s -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5

Vendor-vh [MHz]

Figure 3-27 Q-band Davies-ENDOR spectra of MCRred2 at different field positions. The labels

(I), (II), (III) indicate spectra measured at g\, g2, gi, respectively. Experimental conditions:

length of the mw n/2 pulse 30 ns, length of the mw n pulse 60 ns, x = 250 ns, length of the rf n

pulse 8.5 ns, frequency increments 100 kHz, T= 17 K, mw frequency 34.88 GHz.

This may indicate that these hyperfine interactions belong to proton(s)

from the macrocycle since the g2-axis is lying in the plane. A quasi-isotropic

hyperfine coupling (<3iso = 10.21 MHz) was observed for the aldehyde proton of

bis-salicylaldoximato copper(II) (Cusal2) and ascribed to a proton (/7-C-H-C=N-

OH) with a trans effect considering a spin density on the nitrogen p(N) of

approximately 0.05 [113]. That can be related then to the assignment of the two

protons near ring A in the plane of the macrocycle..
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3.3 NlF430 IN THE MCRoxi STATE

MCRred2 is converted to the EPR detectable form MCRoxi by addition of

polysulfide [88]. The MCR„xi form is catalytically inactive and but can be

converted back to the active MCRredt form by incubation with Ti(III) citrate [50].

The oxidation state of this form has been highly debated in the literature (see

section 3.1.3 and references therein).

The following study on MCRoxi provides the hyperfine and/or nuclear

quadrupole couplings for 6,Ni, the protons of HS-CoM, and the thiol sulfur of

H33SCoM. This information can be used to determine the spin density, the SOMO

and the geometry around the nickel.

3.3.1 Result

The W-band spectrum of MCRoxi-H33SCoM (and a simulation) is shown

in Figure 3-28. The spectrum shows the presence of an impurity between 3020

and 3080 mT (marked by asterisks). Since this impurity is not present in the other

MCRoXi preparations it is assumed to originate from the preparation of H' ' SCoM.

300O 3050 3100 3150

B[mT]

Figure 3-28 W-band EPR spectrum of MCR0X|-H ^CoM. a: experiment, b: simulation.

Simulation parameters (g^gy, gz) = (2.1526, 2.1672, 2.2310). The impurity is indicated by
asterisks. Experimental conditions: mw frequency 94.1659 GHz, modulation amplitude 0.5

mT, mw power 0.114 mW, modulation frequency 100 kHz, T= 90 K.
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A rhombic signal was detected with g values

(gx,gy, gz) = (2.1526, 2.1672, 2.2310). These values are in agreement with the X-

band data but are more accurate because of the higher resolution afforded by W-

band.

The X-band spectrum of MCR^i (Figure 3-29a) shows hyperfine

splittings due to the interaction with the four 'pyrrole' nitrogens that disappear in

the W-band spectrum because of the g and A strain effects. Figure 3-29c shows

the second derivative of the EPR spectrum. The simulation parameters are given

in Table 3-4.

/^v, _/A

290 300 310 320

B [mT]

290 300
B[mTJ

310 320

Figure 3-29 X-band EPR spectra of MCRoxi (a): experiment and (b): simulation, (c) second

derivative of (a) and (d) simulation of (c). The linewidth used for the simulation is (23.07, 20.54,

20.64) MHz. For simulation parameters see Table 3-4. Experimental conditions- mw frequency
9.422 GHz, mw power 1 mW, modulation amplitude 0.3 mT, modulation frequency 100 kHz,

T= 105 K.

6K
3.3.2 Interactions with the Ni nucleus of cofactor F43o

To verify that MCR^i is a nickel-based EPR signal, cells were grown in

61Ni-enriched medium. As shown in Figure 3-30, the cw EPR spectrum of 61Ni-

labeled MCRoxi is considerably broadened due to a 6lNi (/ = 3/2) hyperfine

interaction. Comparison between 61Ni-MCRoxi and 59Ni-MCRoXt (I = 0) shows a
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clear Ni hyperfine splitting in the gz direction, readily simulated with /^(61Ni) =

132 MHz.

290
"""

300
J

"

310
l

320
B [mT]
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"

'

300"
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320
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Figure 3-30 Experimental (a) and simulation (b) X-band spectra of '''Ni-labeled MCRoxi. (c)
second derivative of (a), (d): simulation of (c). Simulations were achieved considering 70% of 6lNi

(7=3/2) and 30% of s4Ni (/ = 0). In the simulations a linewidth of (25.16, 25.16, 20.6) MHz was

used. Experimental conditions: mw frequency 9.422 GHz, mw power 1 mW, modulation

amplitude 0.1 mT, modulation frequency: 100 kHz, T= 105 K,

However, the hyperfine splitting due to 61Ni along gx and gy is similar in

magnitude to that of the four nitrogens resulting in a very complicated splitting

pattern. By first accurately simulating the MCRoxi spectrum with four nitrogens

and then adding a 61Ni hyperfine coupling (note in the simulations only 70%> of

the nickel was considered to be 61Ni and 30%) 59Ni), a very good simulation

explaining all the features of the 61Ni MCRoxi spectrum, was obtained. The

hyperfine coupling is given in Table 3-4 with the axis of the largest hyperfine

value pointing along gz.
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Table 3-4 14N and 61Ni hyperfine and nuclear quadrupole parameters for MCR,,*!. Comparison
of pyrrole nitrogens of the F4-)0 macrocycle magnetic parameters with published data of

MCRÜXi are also given [86].

Complex

MCRoxl

Ax

[MHz] [MHz]

A7

[MHz] 1MHz]

\e2qQ/h\

[MHz]

14N(A)

14N(B)

14N(C)
14N(D)

N(A)a

N(B)a

N(C)a

N(D)a

[89]

61Nib

26.7 23.4 25.0 25.0 3.5 0.16

31.5 26.7 24.5 27.6 2.9 0.16

30.1 24.9 24.0 26.3 3.4 0.02

35.5 26.4 26.5 29.5 2.9 0.21

31 22 24 25.6 3.2 0.25

31.5 24.5 21 25.6 2.6 0.10

33 24 24.5 27.1 3.2 0.25

33.5 26.5 26.3 28.8 2.6 0.10

39.4 41.7 132 71.0 7.3 0.01

a

Labels A, B, C, D indicate the pyrrole nitrogens of the macrocycle, see Figure 3-3. The

hyperfine matrices A of l4N were rotated with respect the g matrix by the following Euler angles;
for N(A) : [a,ß,y] = [45,0,0]°, N(B) : [a,ß,y] = [135,0,0]° , N(C) : [a,ß,y] = [225,0,0]°,

N(D) : [a,ß,y] = [315,0,0]°.
b
The hyperfine matrix A of 61Ni was rotated with respect to the g

matrix by the following Euler angles [34.3,0,0].

3.3.3 Interactions with 'corphin' nitrogen nuclei from F430

To obtain a more detailed picture of the nitrogen interactions, pulse

ENDOR spectra of 61Ni MCRoxi at Q-band were collected at different magnetic

field positions. Figure 3-31 depicts l4N Davies-ENDOR spectra (black traces)

together with the simulations (red traces: 14N simulations, blue traces: 61Ni

simulations). Simulation parameters are collected in Table 3-4.
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35

Figure 3-31 Q-band nitrogen Davies-ENDOR spectra of Ni-MCR„xi recorded at the observer

positions: a: (1131.5 mT), b: (1147.0 mT) c: (1160.5 mT), and d: (1177.3 mT). Experiments:
black lines, 14N simulations: red lines,

6
Ni simulations: blue lines. Experimental conditions:

length of the mw jt/2 pulse 30 ns, length of the mw jt pulse 60 ns, t = 220 ns, length of the rf n

pulse 32 us, frequency increments 50 kHz, T - 15 K, mw frequency 35.30 GHz, repetition rate

1kHz.

Simulations were achieved by considering four different types of

nitrogens and 61Ni (70%) with alS0
= 71 MHz (see Table 3-4). The orientation of

the A matrix and Q tensor used in the simulations are given in Figure 3-14. Note

that the interpretation of the spectra at the high-field end is difficult due to the

presence of 61Ni couplings that are of the same order of magnitude as those for the

nitrogens (c,d).

3.3.4 Coordination of the thiolate sulphur in HS-CoM to nickel

In order to test a possible axial binding of HS-CoM in the MCRoxi state,

33S enriched HS-CoM was used. The EPR spectrum of 33S-labeled MCRoxi shows
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a line broadening at the high-field end of the spectrum with loss of resolutions of

the nitrogen hyperfine interactions, and an extra splitting in the low-field end of

the spectrum in comparison with MCRoxi (data not shown). Note that the MCR-

H S-CoM sample contains an impurity (see Figure 3-28), therefore reliable

information can only be obtained from the higher and the lower edges of the

spectrum. From simulations the S hyperfine coupling is estimated to be roughly

Mz(33S)| = 10 MHz at the low-field end of the spectrum, while at the high-field

end only an upper limit from linewidth considerations can be given,

Ax,y < 25 MHz. To get an accurate value of the S hyperfine coupling HYSCORE

spectra at Q-band were acquired at different field positions.

Figure 3-32 shows the single-crystal-like HYSCORE spectrum of

MCRoxi-H33S-CoM at gL. Selected cross peaks originating from 33S interactions

are labeled in Figure 3-32 as triple (Am/ = 3, tq), double (Am/= 2, dq), and single

(A/w/= 1, sq) quantum transitions.

N
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20
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^avV
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Figure 3-32 HYSCORE spectra of MCR0X, with H33S-CoM recorded atgz. The cross peaks that

originate from 33S interactions (31S: / = 3/2) are labeled. Experimental conditions: lengths of

the mw n/2 and n pulses 12 ns, starting values of the two variable times t\ and t2 48 ns, time

increments At = 8 ns (data matrix 175 x 175), x = 96, 124, and 152 ns, T= 25 K., mw frequency
35.3 GHz, an eight-step phase cycle was used.

The cross peaks in the (-, +)-quadrant at (-8.36, 16.60) MHz and

(16.60, -8.36) MHz can be ascribed to strongly coupled nitrogen nuclei, whose

position is explained using the nitrogen parameters in Table 3-4. The S

hyperfine coupling was estimated from simulations at three field positions to be

88



Chapter 3

A = [X, 20, 10] MHz, with the largest hyperfine value lying in the F4?0 plane. In

the simulations the A matrix is collinear with respect to the g matrix and the Q

tensor was rotated by the Euler angles [a,ß,y] = [0, 45, 0]°. The nuclear

quadrupole coupling \e~c/Q/h\ was estimated to be 2.8 MI Iz with T] =0.1.

3.3.5 Information about the ß-methylene protons of HS-CoM in MCR0\1

To identify the ß-protons of HS-CoM we measured "H HYSCORE spectra

of MCR„v|-HS-CoM(ß-d2) at X-band at different field positions, see Figure 3-33.
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figure 3-33 X-band 2H HYSCORF at three different field positions (indicated in the inset) of

MCR,,X|-IlS-CoM(ß-d->) (left) The cross peaks can be assigned to sq transitions, and originate

from two different types of deuterium nuclei. In the simulation spectra (right) the two

deuteiium nuclei with different hyperfine coupling are indicated in red (11-ßi) and black (H-

ßa). Experimental conditions: lengths of the mw n/2 and n pulses 16 ns, r- 132 ns, A/|
- A/s =

16 ns, T - 20 K, mw frequency 9.75 GHz. An eighl-slep phase cycle was used.
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At all field positions we observed deuterium ridges centered around the

deuterium Larmor frequency, which represent single-quantum transitions. Two

nuclei are contributing to this pattern. In Figure 3-33a one nucleus manifests itself

in two long ridges (due to the resolved nuclear quadrupole splitting of about

\e2qQlh\ ~ 200 kHz ) running approximately parallel to the anti-diagonal from 1.2

to 2.6 MHz. The second nucleus has a much smaller hyperfine coupling and an

unresolved nuclear quadrupole splitting which produces one intense elongated

peak at approximately 1.6-2.3 MHz along the anti-diagonal. The 2H HYSCORE

spectra were simulated with the parameters given in Table 3-5. The nuclear

quadrupole value is consistent with a deuterium bound to a carbon [114].

Table 3-5 Hyperfine couplings of the ß-methylene protons (H-ßi, H-ß2) ofHS-CoM for MCROXi

MCR, At

[MHz]

A2

[MHz]

A,

[MHz]

Û,so

[MHz]

[et, ß, yJ

(deg)

le^g/hl

[MHz]

n [<*, ß, Y]

(deg)

H-ß,a -7 -6.4 4.4 -3 [-93,125,14] 0.15 0.1 [180,119,82]

H-ß/ -3.5 -3.3 0.8 -2 [-91,36,-155] 0.09 0.1 [180,119,82]

"

hyperfine couplings are given for a proton (H, I = 14), to get the corresponding deuterium

hyperfine coupling divide by 6.5411. Nuclear quadrupole parameters are given for deuterium (2H,
7=1).

3.3.6 Discussion

EPR spectra, discussion ofground state. The EPR spectrum of MCRoxi

is typical of an S = 1/2 spin system with approximately axial symmetry. The fact

that g\\ > gi indicates that the unpaired electron is in the dx2.y2 orbital which lies in

the plane of the macrocycle. From the EPR spectrum, it is not possible to

definitely assign the oxidation state. Indeed, Ni(I) (d9) or Ni(III) (d7) complexes

can have either a (dxV)1 or (dz2)' ground state, depending on the strength of the

axial ligands.

The tetragonal compressed Ni(III) complexes [(CN)2Ni(III)TPP]~ and the

complex [Ni(III)(CN)4(bpy)]" have an S = 1/2, dx2-y2 ground state with g\\ > gj_,
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similar to the MCRoxi case [115, 116]. The change in the electronic ground state

from d/ to dx2.y2 is attributed to the strong ligand field of the axial ligands CN" and

bpy. MCRoxi is not comparable with the limiting case of Ni(III)F43oM with a pure

d,2 ground state (g = 2.020, 2.211, 2.211).

Alternatively, the MCRoxi EPR data can be rationalized in terms of a d
,

S = 1/2 Ni(I) species, with an admixed ground state involving a d72 contribution as

a result of an axial thiol ligand. Binding of the thiol of HS-CoM (see Figure 3-32),

could explain the increase in gx in comparison with the MCRredi species [87], as in

the case of MCRreCi2- However, a recent publication shows that MCRoxi is very

likely not Ni(I). In this work it was shown that the formation of MCRredi does not

involve reduction of the macrocycle, and since red 1-type species are more

reduced than ox I -type species, the oxidation state of nickel in the latter protein

cannot be +1. An accurate measurement of the nickel and sulphur hyperfine

interactions as performed in this work was needed to determine the unpaired spin

density and thus to elucidate the oxidation state (see discussion later).

61
Ni interaction. The cw EPR spectrum is broadened by 6,Ni hyperfine

interaction and thus MCRoxi is a nickel-based signal. Based on simulations of6 Ni

ENDOR and X-band cw spectra, we could determine this interaction. The

orientation of the hyperfine interaction, with the largest value pointing along the

gz axis (perpendicular to the F430 plane) is consistent with the known g values and

pyrrole nitrogen hyperfine interactions, and thus indicates a dx2y2 ground state.

The magnitude of the hyperfine interaction is quite similar to MCRretn

04(61Ni) = [52, 52, 195] MHz [87]). The MCRoxi hyperfine interaction is

significantly larger in comparison to MCRred2 (^(6,Ni) = [39, 44, 67] MHz), which

also has the thiol sulfur of HS-CoM coordinated. This is reflected in less spin

density in the thiol sulfur of HS-CoM for the MCRoxi than for MCRrcd2. 61Ni

hyperfine interactions (AL = 131 MHz, Axy = 36 MHz) have also been reported by

Duin et al. [96]. The values reported here for Axy are more accurate due to the

combination of cw and 6,Ni pulse ENDOR techniques (data not shown) and

simulations of the experimental EPR spectra and their second derivative including

all five nuclei (4x14N and lx61Ni) (see Figure 3-30). The nuclear quadrupole data

have been determined for the first time (see Table 3-4).
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N interactions. The ENDOR spectra (Figure 3-30) were simulated with

a set of four magnetically distinct nitrogen hyperfine couplings. The isotropic part

of the hyperfine couplings (see Table 3-4) are larger than those found in MCRrcd2

(see section 3.2.4). This reflects the higher spin density in the dx2.y2 orbital for

MCRoxi- Therefore, the SOMO seems to be predominantly dx2.y2 in character,

since the isotropic nitrogen hyperfine couplings, 24.7 < «1S0 < 29.5 MHz are close

to the values found for MCRredi as well as for Ni(I)F430. It is worth to empathize

that a nitrogen with small hyperfine interaction (a1S0 =13.8 MHz, see Table 3-2) as

found for the MCRred2 form is not present in MCRoxi.

14N hyperfine and quadrupole interactions for MCRoxi have also been

obtained by Telser et al. [89, 103], From their cw ENDOR spectra at 35 GHz they

also distinguished four magnetically distinct nitrogen ligands. Their results do not

match our present data. Comparison with their spectra and simulations indicate

that this is due to an imperfect fit of the ENDOR spectra by Telser et al.

nS interactions. The HYSCORE experiments with 33S-labeled HS-CoM

prove that in the MCRoxi state the thiol group of HS-CoM coordinates to the Ni

ion of F430. According to simulations, the largest hyperfine value points along gy,

with the principal axis in the F430 plane. This anisotropy reflects a contribution

from a sulphur p-orbital parallel to the F430 plane. An estimation of the spin

density on S can be obtained from the hyperfine tensor (Ax, Ay, Az) = [ 10, 21, 8]

MHz which yields an isotropic part of a-,so = 13 MHz and a dipolar part of

T = [-3, 8, -5] MHz. A spin density of 0.4% in the s-orbital is estimated from the

isotropic part, and a spin density of 5.6% in the 3p-orbitals is estimated from the

dipolar part (p(py) = 4.9 %, p(pz) = 0.7%). In MCRoxi the spin density on the

sulfur ligand is less than in MCRrcd2, this could be due to a different ground state

(e.g., Ni(I) vs Ni(Ill)). Note that both MCRred2 and MCRoxi have the same nuclei

coordinating to the nickel atom (four pyrrole nitrogens, the oxygen from Gin, and

the sulfur from HS-CoM). In the case of MCRred2 the large spin density on the pz

orbital of the sulfur ligand is a proof that the ground state of MCRred2 has a

relatively strong admixture of dz2. In MCR0Xi the large spin density is found in the

py orbital of the sulphur. A suitable d orbital at the nickel ion, which overlaps with

the py orbital of the sulfur and would facilitate spin density transfer, is the dyz
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orbital. From the available data we can assess that the SOMO is still

predominantly dxV> but with a small admixture of the dyz orbital.

ß-methylene protons of HS-CoM. The hyperfine and nuclear quadrupole

couplings for both ß-protons of HS-CoM were well determined by 2H HYSCORE

(see Figure 3-34) using HS-CoM(ß-d2). This data are used to obtain a good

estimate for the positions ofHS-CoM in MCR„xi using the point-dipole model and

the spin densities on nickel, the four nitrogens and sulphur. The same approach as

in the MCRred2 case was used for MCRoxi-

Using the spin density p(S) = 5.6%, p(N) = 1%, and p(Ni) = 80% we get

from the anisotropic part of the experimental hyperfine values for H-ßi, and H-ß2

(Table 3-5) the two protons distances r(Ni-(H-ßO) = 0.28 nm, and

r(Ni-(H-ß2)) - 0.38 nm. In comparison to the Ni(II) crystal structure

/»(Ni-(H-ßi)) = 0.31 nm, and r(Ni-(H-ß2)) = 0.41 nm, these values are smaller

requiring a move of HS-CoM towards NiF43<) to match the anisotropy of the

experimental data. This implies also a shortening of the Ni-S bond length from

0.24 nm to around 0.2lnm.

3.4. Conclusions and outlook

The conversion of MCRredi to MCRrCd2 upon addition of HS-CoB occurs

only in the presence of HS-CoM and is associated with the reversible coordination

of the thiol group of HS-CoM to the active site Ni(I). This is revealed by EPR and

HYSCORE data with unlabeled and 33S-labeled HS-CoM (see section 3.2.4). The

addition of HS-CoB induces a conformational change to MCRredic bringing the

thiol group of HS-CoM into binding distance to Ni(I). Furthermore, the pyrrole

ring A is slightly bent out of the plane of the macrocycle. This together with the

influence of the axial ligands would lower the symmetry and cause a strong

mixing of the d orbitals of the groundstate. Due to these unique features, the

available crystal structure could not be used to explain the EPR data. Therefore a

good description of the structure of MCRred2, followed by a calculation of the

electronic structure that matches the experimental EPR data is needed. Efforts in
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this direction are underway using DFT. The 2H HYSCORE data of MCRred2-H-

CoM(d2) gives a good estimate for the positions of HS-CoM in MCRred2 using the

point-dipole model and the spin densities on nickel, the sulphur and the nitrogens.

The distances can be used as constrains for chemical models of MCRrcd2. MCRred2

is likely a good model that mimics conformational changes in the catalytical cycle

because the same can apply in the reaction of CH3-C0M with Ni(T) in the first step

of the catalytic cycle discussed earlier.

Although for MCRoxi the coordinations around the nickel are similar to

those in MCRred2, we obtain a different and remarkable results for MCRoxi-

For MCRoxi, the hyperfine matrix and the nuclear quadrupole tensor of

the F430 nitrogens were revealed by cw and 14N ENDOR. Accurate simulations of

the experimental spectra show a set of four different nitrogen couplings with

large isotropic hyperfine values. This finding could indicate that the macrocycle is

less distorted (either geometrically or electronically) than in MCRred2, since a

nitrogen with small hyperfine interaction as found for the MCRred2 form is not

present in MCRoxi- By means of HYSCORE experiments the hyperfine matrix

and the nuclear quadrupole tensor of 33S were identified. This information is

obtained by isotopic labeling of the thiol group ofHS-CoM. The data suggest that

for MCRoxi the interaction with the sulphur of HS-CoM is smaller than in

MCRred2. From the isotropic and anisotropic part of the hyperfine matrix of' S we

were able to calculate the spin density on the sulphur, with 4.9% in the 3py orbital,

which is parallel to the plane of F43o. This indicates that the ground state has

predominantly dx2.y2 character with a small admixture of dy7. A finding which is in

favor of a high-spin Ni(II) ion antiferromagnetically coupled to a thiyl radical, as

has been proposed recently [92-96], or of Ni(ITI) in a compressed geometry. Our

outcome clearly shows that the thiol sulphur of HS-CoM bears a small percentage

of spin density and that the larger part is on the Ni ion. This finding points

towards the Ni(IH)-thiolate formulation. MCRoxi grown in 61Ni medium allow us

to determine the magnitude of the hyperfine matrix and the nuclear quadrupole

tensor. Simulation of the 1H/2H HYSCORE spectra yielded the complete

hyperfine matrices and the nuclear quadrupole tensors for the ß-protons of HS-

CoM. From the dipolar part the Ni-H distances were calculated. Data from the ß-
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protons of HS-CoM provide geometric constraints on the position of HS-CoM

relative to F430. Altogether, the EPR data provide a comprehensive description of

the spin density of MCRoXl that any model of the ground state will have to

account for.
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Chapter 4

Applications in chemistry and materials

science

The use of multifrequencies cw EPR, pulse ENDOR and HYSCORE

techniques in addressing inorganic chemistry problems will be illustrated by two

representative examples. One example involves the determination of the

electronic structure of metal phthalocyanine (MPc) complexes, the effect of the

electron-withdrawing or -donating character of groups located at the periphery of

the phthalocyanine ligand, and the influence of solvent polarity. All these

parameters are of importance for the redox chemistry of these complexes. In the

second example, interesting properties of platinum-containing conducting

materials are shown. In order to fully exploit the possibilities of the newly

synthesized materials their structure-function relation need to be understood.

Section 4.1 will give a brief introduction to the industrial use of

phthalocyanines. Some of the applications of MPc are already given in chapter 1,

some other applications are described in the following sections.



Applications in chemistry and materials science

The g values, the copper hyperfine couplings and the hyperfine

interactions with the 14N, 'H, and 19F nuclei of the macrocycle and the

surrounding matrix molecules of Cu(II)phthalocyanine (CuPc), copper(II)

2,9,16,23-tetra-tert-buty1-29/7,31 //-phthalocyanine (CuPc4) and copper(II)

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29/7,31 phthalocyanine

(CuPc ) in various matrices are discussed in detail in section 4.2. Simulations and

interpretations of the spectra are also shown and discussed and a qualitative

analysis of the data using previous theoretical models is given. It will be shown

that DFT calculation can facilitate the interpretation of the EPR parameters.

In section 4.3 the influence of sulfuric acid on the electronic structure of

cobalt(II) phthalocyanine is studied. The obtained EPR parameters are compared

with the corresponding data of related metal phthalocyanine, porphyrin and corrin

complexes. This comparison reveals interesting information on the influence of

the metal, the ring structure and the solvent matrix on the electronic structure of

these metal complexes.

In section 4.4 a detailed analysis is given of a series of novel soluble

platinum compounds designed to mimic the characteristics of Magnus' salt. The

compounds are [PtL2][Pt(mnt)2] and [PtL2][Pt(dmit)2], where L represents

phenanthroline or 4,4-dimethyl-2,2'-dipyridyl, and mnt (dmit) denotes

maleodinitriledithiolate (dimercaptoisotrithione). The studied complexes have

square planar configurations in which the platinum units are stacked face to face.

Some of the complexes have semiconductive properties and/or high thermal

stability. Although chemical analysis predicted the compounds to be diamagnetic,

cw EPR revealed the presence of a considerable amount of paramagnetic centers

in the compounds. On the basis of a cw EPR and HYSCORE study at X-band,

these species are identified and the relation to the conductivity properties of the

samples is discussed.
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4.1 Introduction to Metal-Phthalocyanine

The phthalocyanine (Pc) macrocycle (Figure 4-1) is a synthetic

analogue of the porphyrin macrocycle. Around seventy different metal ions can be

placed in the central cavity of Pc and the choice of this cation strongly influence

the physical properties of the metal phthalocyanines. Many of the metal ions (e.g.

Cu2+, Co2+, Fe2+) are held so tightly that they cannot be removed without the

destruction of the macrocycle.

Figure 4-1 Structure of M(II)Pc (M=Cu,Co R=R= H, CuPc, CoPc) and the related complexes

copper(II) 2,9,16,23-tetra-tert-butyl-20//,i7//-phthalocyanine (CuPc1), (R' = tert-butyl, R= H) and

copper(II) 1,2,3,4,8,9,10,1 l,15,16,17,18,22,23,24,25-hexadecafluoro-29//,J7//-phthalocyanine

(CuPcF), ( R=R = F). The definition of the axes used in the analysis is also given. Positions of

peripheral (p) [2,3,9,10,16,17,23,24] and non-peripheral (np) [1,4,8,11,15,18,22,25] atoms are

shown.

Due to their photocatalytic activities [117] these compounds are also

applied as oxidation-reduction catalysts in industrial synthesis, enzyme catalysis,

and in electrochemical reduction of oxygen and water in fuel cells [118-119].

Furthermore, Pes are applied in the production of heavy isotopes and are used as

corrosion inhibitors [118]. Moreover, stacks of metal porphyrins (MP) and MPc

complexes have turned out to be good organic conductors [121], and their liquid-
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crystalline phase is of great technological importance as the active constituent of

liquid-crystal displays (LCDs) and is used in electronics, opto-electronics and

iono-electronics [122, 123].

Due to their ability to bind small molecules such as NO or O2, cobaltous

phthalocyanines (CoPc) and porphyrins (CoP) have been proposed as suitable

candidates for denitrification or are used as gas sensors [124, 125]. Furthermore,

CoPc and CoP are found to act as versatile catalysts [126-128]. Co(II)

macrocycles supported on a polymer matrix are of particular interest because of

their operational simplicity and enhanced selectivity, and since they can easily be

separated from reaction products [129, 130].

Metal-free phthalocyanine and the majority of its divalent metallic

derivatives have limited solubility in most solvents except in sulfuric acid. The

solubility in common organic solvents can be greatly increased by placing

substituents on the Pc ring at peripheral (p = 2, 3, 9, 10, 16, 17, 23, 24) and non-

peripheral (np = 1, 4, 8, 11, 15, 18, 22, 25) benzo-sites (see Figure 4-1). The ring-

substituents reduce the intermolecular attractions between the Pc's in the

crystalline form thereby increasing their solubility.

In view of the different industrial applications of MPc's, the influence of

the benzo-substituents and of the solvents on the characteristics of the complexes

should be known. It has been demonstrated that the introduction of appropriate

electron-donating and withdrawing substituents in the Pc macrocycle allows for a

fine-tuning of the electronic structure. In the case of paramagnetic MPc's the g

matrix, which is related to the color of the complex and the spin-density

distribution which influences its catalytic activity, can be determined using EPR.

Most EPR investigations on MPc's done so far are based on cw EPR

[131-143]. The results are partially contradicting and many of the magnetic

parameters are still not known. A much more detailed investigation of the

influences of matrix molecules and ring substituents on the spin-density
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distribution in these complexes can be achieved using different pulse EPR and

ENDOR techniques.

This investigation shows that for the design of new MPc materials, it is

of importance to evaluate the effect of electron-donating and electron-

withdrawing peripheral and non-peripheral substituents in the macrocycle and to

asses the influence of different solvents on the electronic structure of the

complexes.

4.1.1 Experimental Part

Sample Preparation. CuPc, CuPc1, CuPcF, and 29//,37/7-phthalocyanine

(H2PC) (98%) and CoPc (98%) were obtained from Aldrich. As solvents, sulfuric

acid (Merck, 98 % suprapure) and toluene (Fluka, puriss., absolute, over

molecular sieves) were used. Deuterated sulfuric acid (2H2S04) and toluene-d8

(>99.6% purity) were obtained from Cambridge Tsotope Laboratories (CIL). Since

the commercially available compounds are not of sufficient purity for EPR

studies, CuPc, CuPc1, CuPcF
, H2Pc, and CoPc were washed successively with

water, acetone and ethanol in a soxhlet apparatus to remove organic impurities,

and dried at 80 °C over night. The dried products were then further purified by

vacuum evaporation for 1 hour (10"6 mbar). CuPc and CuPch
,
and CoPc were

dissolved in sulfuric acid or in 2H2S04 to a concentration of 10"3 M. CuPc1 was

dissolved in sulfuric acid, 2H2S04, toluene or toluene-d« to a concentration of 10'3

M. The magnetically diluted compound CuPc:H2Pc (1:500 weight ratio) was

prepared according to Abkowitz et al. [132] Sublimation was used to get rid of

the sulfuric acid and to obtain the ß-form [143, 144].

Spectroscopy. The UV/Vis spectra in paraghaph 4.2 were recorded at

room temperature with a Perkin Elmer Lambda 900 spectrophotometer between

200 and 900 nm with a scan rate of 375 nm/min. In addition to CuPc, reference

spectra of sulfuric acid and toluene solutions were measured to allow for a

baseline correction of the CuPc's complexes.
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More detailed information, about the cw and pulse EPR methods and the

spectrometers used to record the spectra in this chapter, as well as about data

manipulation and simulations, are given in chapter 2. The experimental

conditions used to recorded different spectra in this chapter are given as caption

for each figure.

DFT computations. DFT calculations were carried out for all the CuPc in

section 4.2. Spin-unrestricted density functional computations of hyperfine and

nuclear quadrupole couplings were performed with the Amsterdam Density

Functional (ADF 2003.01) package [145-149]. The geometry optimizations were

done using the RPBE functional together with a Slater-type basis set of triple-Ç

quality and a single set of polarization functions (TZP, old name: basis set IV).

For the calculations of the hyperfine and nuclear quadrupole parameters in ADF,

we also used the RPBE functional and a triple-Ç basis set with double polarization

functions with the zeroth-order regular approximation (TZ2P, formerly known as

basis set ZORA V) [149]. For each computation step solvent effects have been

taken into account by applying the Conductor like Screening Model (COSMO) of

solvation [150]. The dielectric constants were taken from ref. [150]. A spin

density cube was generated with 0.5 bohr (coarse grid) resolution using the

auxilar program DENSF within the ADF package. The visualization of the spin

density was performed with Molekel [151]. The hyperfine tensors have been

visualized using an in-house written, MATLAB-based program.

4.2 Copper phthalocyanine in different matrices

The application of cw EPR, HYSCORE and Davies- and Mims-ENDOR

spectroscopy at X- and Q- band frequencies in combination with isotope

substitutions to CuPc, CuPc1, and CuPcF will be presented in this section. The g

values, the copper hyperfine couplings and the hyperfine interactions with N, H

and 19F nuclei of the macrocycle and surrounding matrix molecules are

determined and discussed.
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4.2.1 Results

The UV/Vis spectra of CuPc, CuPc' and CuPcF in sulfuric acid and of

CuPc1 in toluene (not shown) show strong absorptions in the Q-band and in the B-

band (or Soret band) (see Table 4-1). The dominant Q-band absorption,

responsible for the characteristic blue color of the complexes, can be assigned to a

%-n* transition from the highest occupied molecular orbital (HOMO) of aiu

symmetry, to the lowest unoccupied molecular orbital (LUMO) of eg symmetry

[152]. This band splits when the complex has a symmetry lower than D4h- Non-

peripheral substitution influences greatly the Q-band absorption, whereas

peripheral substitution (such as in CuPc1) has little effect on the position of the Q-

band. The copper d-d absorption band largely overlaps with the n-n* absorption

bands of the organic ring, which has an extinction coefficient 104 higher than the

one of the d-d absorption band [137],

Table 4-1 Values ofÄ.(nm) for CuPc, CuPc' and CuPc1' in sulfuric acid and CuPc' in toluene.

Complex Soret Q-band

CuPc' in toluene 429 802,724

CuPc' in H2S04 448 816,721

CuPc in H2S04 441 719,701,668,636

CuPcF in H2S04 452 772,756,712

Therefore, d-d transition energies have to be assessed by other

spectroscopic methods such as EPR. The UV/Vis spectrum of CuPcF in sulfuric

acid shows that even after vacuum sublimation the sample is not pure (see also

later).
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The X-band cw-EPR spectra of CuPc and CuPc1 recorded in different

matrices at 120 K are shown in Figure 4-2a,c. The spectra are axially symmetric

with resolved copper hyperfine splittings (isotopes Cu and Cu, / = 3/2). These

features are further split due to the hyperfine interaction with the four

geometrically equivalent isoindole nitrogen nuclei (/ = 1). Based on symmetry

considerations, the gn axis is oriented perpendicular to the phthalocyanine plane

(along the molecular z-axis). The other two axes of the molecular frame are taken

as indicated in Figure 4-1. The g values can be more accurately determined at Q-

band than at X-band (Figure 4-2).

a

b

250 315

BlmTl

e

f

1278

Figure 4-2 a, b- Experimental and simulated X-band cw-EPR spectra at 120 K. a, b: CuPc in sul¬

furic acid, c, d: CuPc' in toluene, e, f: Experimental and simulated Q-band cw EPR spectrum of

CuPc1 in sulfuric acid at 120 K.. Experimental conditions: a, c: mw frequency 9.43 GHz, mw power

20 mW, modulation amplitude 0.2 mT, modulation frequency 100 kHz. e: mw frequency 35.30

GHz, mw power 20 mW, modulation amplitude 0.2 mT, modulation frequency 100 kHz.

The spectral features corresponding to the two principal g values (g\\ and

g±) overlap in the X-band spectra, whereas in the Q-band EPR spectra they are

fully separated. Since in the g±_ region the copper and nitrogen hyperfine couplings

are of the same order of magnitude (Figure 4-2), ^itu is difficult to determine. For

CuPc and CuPc' in liquid solution the isotropic copper hyperfine coupling can in

principle be evaluated from the room temperature EPR spectra. From the

knowledge of these parameters together with the clearly resolved A\\
u

splittings
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observed in the cw EPR spectra of the frozen solutions, the A_iCu values can be

calculated. Figure 4-3a shows that for CuPc' in toluene this procedure is indeed

successful.
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Figure 4-3 Experimental X-band cw EPR spectra recorded at room temperature in a flat cell, a, b:

CuPc1 in toluene, c: CuPc in sulfuric acid, d: CuPc1 in sulfuric acid. Experimental X-band cw EPR

spectra of CuPc' in sulfuric acid in a capillary, e: temperature 295 K. f: 255 K. g: 235 K. h: 200 K.

Experimental conditions: mw frequency 9.73 GHz, mw power 20 mW, modulation amplitude 0.2

mT, modulation frequency 100 kHz.

However, the EPR spectra of CuPc and CuPc' in sulfuric acid recorded

at room temperature in a flat cell do not show an average signal, but consist

predominantly of contributions of molecules with their complex plane

perpendicular to Bo (Figure 4-3c,d). Possible explanations for this finding are: (i)

the surface of the flat cell orients the CuPc molecules with their plane parallel to

the surface, (ii) the CuPc molecules undergo a complicated motional behavior

(slow motion regime for rotations around the in-plane axes, intermediate motion

for rotations around the parallel direction), and (iii) the torque on the molecule

caused by the magnetic field due to the g anisotropy is sufficiently strong to orient

the molecules. Option (i) was excluded by using a capillary instead of a flat cell.

Option (iii) could be discarded by freezing the sample when the field was applied

(Figure 4-3e-g). At higher temperatures, only the parallel component is observed,

whereas upon lowering the temperature also the perpendicular component

becomes visible. Below 235 K, the full powder spectrum is observed (Figure 4-

3h). This behavior agrees well with a slowing-down of the rotation around the

out-of-plane axis upon freezing and confirms case (ii). The g, ACu parameters
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obtained from simulations of the experimental cw EPR spectra (Figure 4-2) are

collected in Table 4-2.

Table 4-2 g and A1" principal values of CuPc and CuPc' in different matrices in comparison with

different CuP and CuPc complexes (hyperfine values given for the MCu isotope).In brackets is

given the matrices where CuPc are embedded in powder (P) or single-crystal (SC).

8i «Il

A^

[MHz]

4iCu
[MHz]

CuPc' (toluene) 2.0405

± 0.0005

2.1625

± 0.0005

-85

±3

-643

±3

CuPc' (H2S04) 2.0525

± 0.0005

2.1994

± 0.0005

-54

±3

-608

±3

CuPc (H2S04) 2.0520

± 0.0005

2.1990

± 0.0005

-52

±3

-616

±3

CuPc (H2Pc)

(powder)

2.0390

± 0.0005

2.1577

± 0.0005

-83

±3

-648

±3

CuPc (H2Pc) (SC) [ 137] 2.050 2.179 -57 -606

CuPc H2Pc(P)[13l] 2.060 2.179 -80 -637

CuPc1 (toluene) [136] 2.048 2.163 -96 -636

CuPc' (toluene) [136] 2.045 2.162 -90 -651

CuPc (H2S04)[135] - 2.168 - -588

CuPc (H2S04)[139j 2.045 2.175 -96 -606

CuPc (H2SO4)[140] 2.062 2.20 -54 -646.50

CuTPP(SC) [109] 2.045 2.190 -102.7 -615

CuTPP[153] 2.055 2.186 -98.6 -631
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The sign of the copper hyperfine values is taken negative in accordance

with earlier studies on copper complexes [154] and with the DFT results (Table 4-

3).

Table 4-3 Computed (DFT) copper hyperfine values for the different CuPc complexes. For a

visualization of the hyperfine tensor see Figure 4-8.

Ax

[MHz]

Ay

[MHz]

A,

[MHz]
PCU

CuPc (vacuo) -20 -20 -612 0.54

CuPc (H2S04) -6 -6 -615 0.56

CuPcF (vacuo) -18 -19 -613 0.54

CuPc1 (H2S04) -2 -3 -617 0.57

CuPc' (toluene) -15 -15 -615 0.55

CuPc' (H2S04) -8 -8 -616 0.56

To determine the hyperfine and nuclear quadrupole principal values of

the isoindole nitrogens, Davies-ENDOR spectra at X- and Q-band were recorded

at different settings of the magnetic field. Figure 4-4 shows the X-band nitrogen

Davies-ENDOR spectra of CuPc and CuPc' in different matrices taken at observer

position Bq \\ gj_. The spectra were recorded using hard mw pulses in order to

suppress the ENDOR signals of weakly coupled protons. Both the matrix and

macrocycle substituents affect the hyperfine and nuclear quadrupole couplings of

the isoindole nitrogens. The ENDOR signals shift to lower frequencies in going

from a relatively inert matrix (toluene or H2PC) to the polar sulfuric acid. Figure

4-5 shows the X-band and Q-band nitrogen Davies-ENDOR spectra of CuPc' in
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sulfuric acid recorded at the high-field position (B0 || g±), and the low-field

position (Bo || g\\, nt[ = - 3/2) together with the corresponding simulations.

/ \

A, ^

.. d

15 19 23 27 31 35

v,,,,, [Mil/]

Figure 4-4 Experimental X-band nitrogen Davies-ENDOR spectra recorded at the observer

position g±. a: CuPc' in toluene, b: CuPc' in H2S04. c: CuPc in H2S04. d: CuPc in H2Pc.

Experimental conditions: length of the mw n/2 pulse 26 ns, length of the mw n pulse 52 ns, x =

900 ns, length of the mw rf n pulse 5.4 us, rf increment 50 kHz, mw frequency 9.73 GHz, T= 15

K, repetition rate 100 Hz.
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Figure 4-5 Experimental and simulated X-band and Q-band nitrogen Davies-ENDOR spectra of

CuPc' in H2S04. a: X-band, observer position at gj_. c: X-band, observer position at g\\. e: Q-band,

observer position corresponding to gj_. g: Q-band, observer position at £y , mj =- 3/2. b, d, f, h:

simulations of a, c, e, g, respectively. Experimental conditions: a, c: length of the mw n/2 pulse 26

ns, length of the mw n pulse 52 ns, x = 900 ns, length of the rf n pulse 5.4 (is, rf increment 100

kHz, mw frequency 9.68 GHz, T= 15 K, repetition rate 200 Hz. e, g: length of the mw tt/2 pulse

20 ns, length of the mw n pulse 40 ns, x = 220 ns, length of the rf n pulse 25 us, rf increment 100

kHz, mw frequency 35.30 GHz, T= 25 K, repetition rate 200 Hz.
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From the Q-band ENDOR spectra at Bo \\gi_(Figure 4-5e) the values of

Ax, Ay, Qx, Qy can be derived as is indicated by the splitting pattern. The Q-band

ENDOR spectra at the low-field position (Figure 4-5g) show a well-resolved

doublet centered at Az/2 with a negligible nuclear quadrupole splitting. The

hyperfine and nuclear quadrupole values obtained from simulations are given in

Table 4-4. These experimental values can be compared with those obtained from

DFT calculations (Table 4-5).

Table 4-4 14N hyperfine and nuclear quadrupole parameters of the isoindole nitrogens for different

Cu(II)Pc and Cu(II)P systems. Single-crystal (SC).

Complex
A,

[MHz]

Ay

[MHz]

Az

[MHz] [MHz]

Qy

[MHz] [MHz]

CuPc1 (toluene) 56.36 44.78 45.70 -0.790 0.820 -0.030

±0.02 ±0.02 ±0.02 ± 0.005 ± 0.005 ± 0.005

CuPc' (H2S04) 52.36 41.24 41.75 -0.882 0.995 -0.113

±0.02 ±0.02 ±0.0 2 ± 0.005 ± 0.005 ± 0.005

CuPc (H2S04) 51.45 40.80 41.0 -0.878 0.998 -0.120

±0.02 ±0.02 ±0.02 ± 0.005 ± 0.005 ± 0.005

CuPc (H2Pc) 56.50 44.75 45.40 -0.760 0.765 -0.005

±0.02 ±0.02 ±0.02 ± 0.005 ± 0.005 ± 0.005

CuTPP (SC) 54.2 42.8 44.06 -0.619 0.926 -0.307

[109]

CuTPP (SC) 54.2 42.6 42.6 -0.696 0.826 -0.130

[109]

CuPc (H2Pc) 57.2 42.0 42.08 -0.800 0.950 -0.150

[153]
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Table 4-5 Computed (DFT) l4N hyperfine and nuclear quadrupole parameters of the isoindole

nitrogens of different Cu(Il)Pc complexes. For a visualization of the hyperfine tensor see Figure 4-

8.

Ax

[MHz]

Ay

[MHz]

A,

[MHz] [MHz]

Qy

[MHz]

&

[MHz]
7 P(s)

CuPc ( vacuo) 63 50 48 -0.74 0.90 -0.16 0.64 0.023

CuPc (H2S04) 61 49 48 -0.81 0.92 -0.11 0.76 0.022

CuPcF ( vacuo) 62 49 48 -0.71 0.91 -0.20 0.55 0.022

CuPc1 (H2S04) 61 48 47 -0.82 0.93 -0.11 0.76 0.021

CuPc1 (toluene) 62 49 48 -0.76 0.92 -0.16 0.65 0.022

CuPc' (H2S04) 62 49 48 -0.80 0.93 -0.13 0.71 0.022

To determine the magnetic parameters of the remote nitrogens of the

macrocycle HYSCORE experiments at X-band (not shown) were carried out. All

spectra show two diagonal peaks in the (+,+) quadrant at low frequencies. The

diagonal peak at (3.12, 3.12) MHz is attributed to weakly coupled carbons in

natural abundance, whereas the diagonal peak at (3.61, 3.61) MHz does not fit any

of the expected nuclear Zeeman frequencies. We assume that this peak stems from

interactions with the remote nitrogens of the Pc ring, with the hyperfine couplings

close to zero. For weakly coupled nitrogens, the strongest cross peaks in a

HYSCORE spectrum of an S = 1/2, / = 1 system generally correlate the two

double-quantum frequencies as given in eq. 2.29. For a very small hyperfine

interaction, vadq ~ vpdq which leads to a value of K2(3+r\)2 - 2.5 MHz for the

remote nitrogens. With 0 < rj < 1, we find 3.65 MHz > \e2qQ/h\ > 3.16 MHz, in

good agreement with the nuclear quadrupole resonance (nqr) data on the di-

coordinated nitrogen in 1-histidine (\e2qQ/h\ = 3.267 MHz, r\
= 0.129) [155].
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Figure 4-6 shows the X-band proton-ENDOR spectra of CuPc and CuPc'

in sulfuric acid and toluene and in the corresponding deuterated solvents observed

at the field position BQ || g±.

a

b

I t'

0

TEKBB
" V

Figure 4-6 X-band proton Davies-ENDOR spectra recorded at observer position gL. a: CuPc in

2H2S04, b: CuPc' in 2H2S04, c: CuPc' in d8-toluene, d: CuPc in H2S04, e: CuPc' in H2S04, f: CuPc1

in toluene. Experimental conditions: length of the mw n/2 pulse 200 ns, length of the mw n pulse

400 ns, x = 900 ns, length of the rf n pulse 10 us, rf increment 50 kHz, mw frequency 9.73 GHz,

T= 15 K, repetition rate 100 Hz.

The Davies-ENDOR spectra were recorded using weak mw pulses to

suppress the signal of the strongly coupled isoindole nitrogens. Upon deuteration

of the solvent some of the proton signals disappear, indicating that these features

represent hyperfine interactions with protons of the solvent. The remaining signals

are due to the interactions with protons of the macrocycle. The broad shoulders in

the proton-ENDOR spectra of CuPc' in sulfuric acid (Figure 4-6e) and in toluene

(Figure 4-6f) (maximum splitting of about 2 MHz ) are due to interactions with

solvent protons, since these features are lacking in the spectra of CuPc' in

deuterated solvents (Figure 4-6b,c). Furthermore, a strong peak at the proton
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Zeeman frequency Vu is observed for CuPc (Figure 4-6d) and CuPc' in H2SO4 and

toluene (Figure 4-6e,f), which disappears upon deuterafion of the solvents. This

signal represents a large number of distant solvent protons. From the ENDOR

spectra of CuPc in 2H2S04 (Figure 4-6a) the hyperfine interactions of the eight-

peripheral and eight-nonperipheral protons can be determined (Table 4-6).

Comparison between experimental and DFT results shown a good agreement

(Table 4-7).

Table 4-6 Principal values of the proton and fluorine hyperfine interactions of the p and np nuclei

of CuPc and CuPc1" in 2H2S04. x' andv' lie in the Pc plane, whereas z' points along the normal of

the plane, x" is assumed to lie along the Cu-H (Cu-F) direction.

Ax Ay A;- "iso
KÄ)

r(A)

[MHz] [MHz] [MHz] [MHz] (X-ray)

H(p) 0.85 0.37 0.25 0.49 7.9 8

±0.02 ±0.02 ±0.02 ±0.02

H(np) 0.85 -0.5 -0.5 -0.05 5.7 5.6

±0.02 ±0.02 ±0.02 ±0.02

F(p) 1.1 0.7 0.4 0.73 8.3 -

±0.2 ±0.2 ±0.2 ±0.02

h\np) 1.3 0.3 0.3 0.63 6.1 -

±0.2 ±0.2 ±0.2 ±0.02

The experimental and simulated ENDOR spectra are shown in Figure 4-7

a,c. Furthermore, comparison of the ENDOR spectra of CuPc and CuPc' in

2H2S04 reveals a coupling of 0.4 MHz that can be attributed to the tot-butyl

groups. Finally, a comparison of the spectra in Figure 4-6b and Figure 4-6c shows

that the hyperfine interaction with the protons of the Pc is only slightly dependent

on the solvent. Figure 4-7e shows the Mims-ENDOR spectrum of CuPcF in

2H2S04 taken at observer position B0 \\g± together with the corresponding

simulations. The spectrum represents the hyperfine interactions of the 19F nuclei

thus allowing assignment of the spin density at the peripheral (p) and

nonperipheral (np) positions ofthe Pch ring.
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Table 4-7 Computed (DFT) principal values of the proton and fluorine hyperfine interactions of

the p and np nuclei of CuPc and CuPc1 in vacuo and H2S04. For a visualization of the hyperfine
tensor see Figure 4-8.

nucleus
Ax

[MHz]

Ay

[MHz]

A,-

[MHz]

«ISO

[MHz]

r

[Â]
(3W

vacuo: Hip) 0.72 0.19 0.12 0.34 7.65 0.0003

vacuo: V\(np) 1.00 -0.29 -0.38 0.10 5.95 0.0000

H2S04: H(p) 0.71 0.18 0.12 0.34 7.66 0.0002

H2S04: H(np) 0.96 -0.30 -0.38 0.09 5.96 0.0000

vacuo: F(p) 2.7 0.71 -0.18 1.06 7.92 0.0001

vacuo: ¥{np) 1.25 0.97 -0.46 0.59 6.12 0.0001

H2S04: ¥(p) 2.95 1.00 0.14 1.36 7.92 0.0001

H2S04: F(np) 1.37 1.14 -0.28 0.75 6.12 0.0001

Note that the EPR spectrum of CuPcF in sulfuric acid showed the

presence of a second unidentified Cu(II) complex which could not be removed by

sublimation. This is in accordance with our earlier observations using UV/Vis

spectroscopy. The ENDOR spectra shown here are taken at field positions where

the second component did not contribute to the spectrum. Assuming that the spin-

density distribution in the macrocycle remains unchanged when going from CuPc

to CuPcF, the 19F ENDOR spectra can be simulated by using the corresponding

proton hyperfine values. The isotropic part of the hyperfine interaction scales as

a\J= aisoH(49910/1420) MHz [156]. We would therefore expect large 19F

couplings (a\so(F(np)) ~ 16.5 MHz, aiso(F(p)) ~ -1.68 MHz). Such couplings are

not observed, which indicates that the spin distributions in CuPc and CuPcF are

different. Figure 4-7f shows a good fit of the spectrum using the parameters in

Table 4-6.
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Figure 4-7 Experimental and simulated X-band Davies-ENDOR spectra, a.b: CuPc in 2H2S04 at

observer position gi. c,d: CuPc in 2H2S04 at observer position gj. e: Experimental X-band fluorine

Mims-ENDOR spectra of CuPcF in 2H2S04, observer position at g±. f: Simulation of e.

Experimental conditions for a, b: length of the mw n/2 pulse 200 ns, length of the mw jt pulse 400

ns, t- 900 ns, length of the rf n pulse 10 us, rf increment 50 kHz, mw frequency 9.73 GHz, T =

15 K., repetition rate 100 Hz. Experimental conditions for e: length of the mw n/2 pulse 16 ns,

length of the rf ji pulse 10 p.s, rf increment 50 kHz, mw frequency 9.73 GHz, T= 15 K, z= 120 to

280 ns, Ar = 8 ns.

In order to elucidate some of the experimental observations, DFT

computations of the magnetic parameters of CuPc, CuPc' and CuPcF have been

carried out. We have to emphasize that the precision of DFT computations with

the present functional is not overwhelming and quantitative agreement with the

experimental data cannot be expected. The computed hyperfine data for the

different complexes copper (Table 4-3), 14N (Table 4-5), *H and l9F (Table 4-7)

are given in Tables 4-3, 4-5, 4-7, respectively.

Figure 4-8 shows an overview of the calculated hyperfine tensors for t\T,

'H in CuPc. The tensor size, however, does not reflect the „real" situation since in
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this case the representation would be dominated by the copper hyperfine coupling

tensor; the figure is just meant to indicate the tensor principal axes.

Figure 4-8 Visualization of the hyperline tensors of the CuPc complex Both the form of the

ellipsoids and the mapping are representing the full tensor. The sizes of the tensors have been

normalized

The DFT results confirm that a change of the periphery of the

phthalocyanine macrocycle has little influence on the copper and isoindole

nitrogen hyperfine values as found experimentally (compare experimental data of

CuPc and CuPc1 in HoS04). The inclusion of the very rudimentary COSMO

solvent modeling fails to reproduce the experimental trends observed for the

copper and nitrogen hyperfine values. Although a toluene modelling correctly

leads to a lower value of \e'qQ/h\ of the isoindole nitrogens than a sulfuric-acid

modeling, Ihc trend for r\ is opposite to the one observed experimentally (see

fable 4-5). This shows that the observed FPR data cannot solely be explained by

a change in the polarity of the matrix as will be discussed later. Comparison of

fable 4-6 and Table 4-7 gives confidence in the assignment of the n and np proton

hyperfine interactions of CuPc in 2112S04. Furthermore, the F hyperfine values

computed for CuPcr are clearly smaller than those expected from a simple

extrapolation of the proton data of CuPc. This corroborates the experimental

observations and confirms that no fluorine signals were missed in the ENDOR

spectra.
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4.2.2 Discussion

Motional behaviour of the CuPc complexes in solution. The X-band

solution EPR spectrum of CuPc' in toluene recorded at room temperature (Figure

4-3 a) shows the typical four-line pattern expected for a coupling of an electron

spin with a nucleus with spin / = 3/2 (Cu) with well-resolved lines for mi = +3/2

and +1/2. The linewidth becomes larger at lower m\ values (m\ dependence of the

linewidth
,
F = A + B/wi + Cmi ) [157]. An unexpected behavior was found for

CuPc' and CuPc in sulfuric acid in a flat cell and in a capillary (Figure 4-3 c,d).

The cooling experiment (Figure 4-3e-g) revealed that at room temperature, the

rotation around the in-plane axes is slow, whereas intermediate rotation around

the z-axis is still possible. This rotation is stopped upon freezing, resulting in the

usual powder spectrum at T < 235 K (Figure 4-3h). This motional behavior which

is only observed in sulfuric acid, and can thus be ascribed to the large viscosity of

this solvent.

Interpretation of the EPR parameters. The g and A
u
matrices of CuPc

and CuPc' are axially symmetric, reflecting the D4h symmetry of the molecules.

The four isoindole nitrogens are equivalent within the experimental error of the

ENDOR experiments. The principal values of the matrices g and A
u

are given in

Table 4-2. The observation that g\\ > g±_ and \A\\\ > \A±\ implies a B!g groundstate.

The groundstate as well as the symmetry correspond to the DFT results. Using the

definition of the x and y axes in Figure 4-1, the relevant molecular orbitals with

D4h symmetry are [137, 139, 154, 158]

bi8 =adx>-/ -^(-cV+ctZ+^-ct/), (4 1}
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b2g=ßdxy-£~(n>+n2x~7c/-n/), (4.2)

% = £dS _t(< + Œ2y ~°i ~°a)< (4.3)

eK =

^,-77^(^2-^4)
(4.4)

The big and aig orbitals account for the a bonding to the metal, and b2g

represents the in-plane and eg the out-of-plane n bonding. Subscripts 1 and 3 (2

and 4) denote the nitrogens on the jc (y) axis. The g and copper hyperfine values

can then be expressed as

g„= 2.0023-
Ma2ß2

(4.5)

gx =2.0023 -
SÂa2Ô2

(4.6)

4 9 3

4 = A-^--« + Ag|, + ~Agl)
(4.7)

A±=P(-K-^a2+^Ag±), (4.8)

where X = -830 cm" is the spin-orbit coupling constant of the free Cu(II)

ion [159], -Pk is the isotropic hyperfine coupling constant, P = ßeßngcg^ r'3> =
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1164 MHz (63Cu') [159] is the dipolar hyperfine coupling parameter of the

unpaired electron and Ag\\j_ =

g\\j_ -2.0023. From eq. (4.7) and (4.8) and the

experimental copper hyperfine couplings, the values forK and a2 can be

determined (Table 4-8). a" is a covalency parameter which describes the in-plane

metal-ligand a bonding. For a pure ionic binding, a2 = 1, for covalent binding

a2 < 1. For the Cu(II) complexes under study, a2 is found to vary between 0.72

and 0.77 and k is in the range 0.28-0.31. This agrees with values reported earlier

for other copper complexes. The values of a2 indicate that approximately 74 % of

the spin density is on the copper dx2.y2 orbital. The big orbital is quite covalent in

nature. This result contradicts earlier DFT computations on CuPc systems where

a2 was predicted to be only 44 % [160]. These values are also lower than those

found in our present DFT analysis (54-57%, see Table 4-3). When comparing the

values of a2 for CuPc' in sulfuric acid and toluene, it becomes clear that the metal-

nitrogen bond is less covalent in the case of sulfuric acid. This might be caused by

the axial coordination of the sulfate anion which increases the ionicity in the

metal-nitrogen bond or to the protonation of all four external nitrogens. This

protonation would be due to the acid-base interaction between the sulfuric acid

and the external nitrogens of the phthalocyanine ring [161]. Normalization of the

b\s orbital yields

a2+a2 -2aaS = [ (4.9)

^(d^v|(-a/+< + <-cr/)}/2.2(d^v|(-^)).
(4io)

The overlap integral was earlier determined to be S = 0.093 [139]. Eq.

(4.10) allows for the determination of the (a'/2)2 values from the a2 values. They

are also given in Table 4-8.
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Table 4-8 Parameters derived from the EPR data of the different CuPc complexes. Pk = Fermi

contact parameter, a2 : covalency parameter, p** : spin density on each of the isoindole nitrogen

atoms, A(b2g-big) : energy splitting.(a) Derived from eq. (4.5) and ß2 = 1.

complex K a2 (a'/2)2 f?
M.b2g-blK)

[cm-'](a)

CuPc1 (toluene) 0.310 0.729 0.0919 0.0318 30374

CuPc' (H2S04) 0.304 0.763 0.0825 0.0293 25831

CuPc (H2S04) 0.305 0.773 0.0799 0.0289 26215

CuPc (H2Pc) (P) 0.309 0.731 0.0913 0.0318 31414

To determine the energy splittings A(b2g-big) and A(eg-big) from the

experimental g values using eqs. (4.5) and (4.6), the covalency parameters of the

in-plane ti binding (ß2) and the out-of-plane ji binding (S2) have to be known. A

first guess of these parameters can be obtained indirectly from the analysis of the

hyperfine values of the isoindole nitrogens. From X-ray studies on ß-

polymorphous CuPc a Cu-N distance of r = 1.934 Â has been found [162]. Using

this distance the point-dipole part of the nitrogen hyperfine matrix can be cal¬

culated using eq. (2.16) with <j> = 90°. The hyperfine matrix of the isoindole

nitrogens can be split into an isotropic part a\so and three anisotropic contributions.

We find for CuPc' in toluene

56.36MHz

44.78MHz

45.70MHz

48.96MHz +

1.62MHz

-0.81MHz

-0.81MHz

6.10MHz

-3.05MHz

-3.05MHz

-0.32MHz

-0.32MHz

-0.64MHz

, (4.11)
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52.36MHz

41.24MHz

41.75MHz

= 45.13MHz +

1.63MHz

-0.80MHz

-0.87MHz

5.80MHz

-2.90MHz

-2.90MHz

+

-0.20MHz

-0.20MHz

0.40MHz

, (4.12)

for CuPc in sulfuric acid

51.45MHz

40.80MHz

41.00MHz

= 44.43MHz +

1.63MHz

-0.82MHz

-0.87MHz

5.48MHz

-2.74MHz

-2.74MHz

-0.09MHz

-0.09MHz

0.18MHz

, (4.13)

and for CuPc in H2Pc

56.50MHz

44.75MHz

45.40MHz

= 48.90MHz +

1.62MHz

-0.81MHz

-0.86MHz

6.22MHz

-3.11MHz

-3.11MHz

-0.23MHz

-0.23MHz

0.46MHz

(4.14)

From the Fermi contact term, the spin density (/P = also/ao with

oo
= 1538.22 MHz [163]) on each of the isoindole nitrogen atoms is calculated.

The pN values (Table 4-8) nicely correlate with the values of (a'/2)2

(pN~ l/3(a'/2)2) and the s-orbital spin densities on the nitrogen nuclei obtained by

DFT calculations. Figure 4-9 shows the spin density for the isoindole nitrogens

and the copper ion obtained by DFT calculations (Table 4-3, Table 4-5).

Figure 4-9 Spin density of the CuPc complex obtained from DFT calculations.
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Since the atomic a orbitals in eq. (4.3) are sp hybrids, the theory given

above is confirmed. The first anisotropic term in eqn. (4.11) to (4.14) is the point-

dipolar contribution, which is orthorhombic and not traceless because of the g

anisotropy. The second anisotropic term describes the metal-ligand a bonding and

the last term results from the out-of-plane tt bonding. No contribution from in-

plane 7i bonding is found (ß'~0), suggesting a true sp2 hybridization. This

confirms earlier results, [131, 137], but contradicts the work of Kivelson et al.

[139] who derived from their EPR data a marked covalency of the in-plane tu-

bonding and postulated this bonding as the origin for the large stability of the

metal phthalocyanines. The present DFT computations show that there is some in-

plane tc bonding, but that this does not contribute to the SOMO and is thus not

reflected in the EPR parameters. Substitution of ß2 ~ 1 in eq. (4.6) allows to

estimate the A(b2g-big) transition energy (Table 4-8). The calculated values agree

with the absorption band observed at 33300 cm"1 in CuPc [164]. This absorption

band was earlier also assigned to the A(b2g-b]g) transition [131]. Furthermore, the

calculated values agree with those derived for other Cu(II) complexes [154]. The

addition of sulfuric acid reduces A(b2g-big). An axial binding of sulfuric acid to

Cu(ll) would predominantly involve the dz2 orbital of the copper ion, which in

turn will influence the aig level. Since both a[g and big orbitals account for the a

binding to the metal, a lowering of the aig level through axial bonding will reduce

the a-bonding character in big (lower a'/2) and reduce the energy splitting,

A(b2g-b]g). The fact that the DFT computations with solvent modelling fail to

reproduce the experimental trends seems to corroborate the finding that axial

bonding rather than the mere difference in polarity is responsible for the observed

differences in the EPR data of CuPc' in sulfuric acid and in toluene.

Eqs. (4.11)-(4.14) indicate that a significant out-of-plane n bonding takes place

(S' > 0, S < 1). The covalency of this bonding increases upon addition off-butyl

substituents. Furthermore, the polar sulfuric acid environment reduces the

covalency in comparison to the apolar toluene or to the H2Pc environment. The

data can further be analyzed by calculating the out-of-plane it-bonding parameter

52 by inserting in eq. (4.6) the two possible values for the energy of the A(eg-big)
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absorption band taken from the experimental UV/Vis spectrum of CuPc in

sulfuric acid (14970 and 15723 cm" ). This yields Ô =0.14 and 0.16, respectively.

Table 4-4 shows that also the nitrogen nuclear quadrupole interaction is

very sensitive to the environment of CuPc. Since the electric field gradient

depends on the total electron density, it is not surprising that the change from an

apolar surrounding (toluene, H2PC) to sulfuric acid induces a lowering of the

asymmetry parameter and an increase of \e qQ/h\. Interestingly, the latter effect is

nicely reproduced by our DFT computations using solvent modelling, whereas the

prediction of the effect on r\ is wrong. This seems to indicate that the increase of

\e qQlh\ is predominantly governed by the change in polarity, whereas the

asymmetry of the electric field gradient depends on whether axial binding or

protonation of the externe nitrogens has taken place or not. Furthermore, the

nuclear quadrupole interaction of the isoindole nitrogens in CuPc is more

asymmetric than the one of the pyrrole nitrogens in CuTPP [109]. This may be

because CuPc is a flat molecule, while the macrocycle in CuTPP is more

distorted. The absolute signs of the nuclear quadrupole couplings cannot be

determined from the experiment. Brown et al. [109] showed that for CuTPP the

largest nuclear quadrupole coupling is negative when it is oriented along the

metal-N bond and positive when it is perpendicular to this bond but parallel to the

heterocycle plane. Together with our DFT data, this justifies the choice of the

signs of the Q tensor.

The hyperfine interactions with the p and np protons (Table 4-6) are

obtained from the ENDOR spectra of CuPc in deuterated sulfuric acid. The

distances determined from the point-dipole part of the hyperfine matrix are in

agreement with the X-ray data (p protons: 7.9 Â, np protons : 5.7 À) [162]. The

spin density on the Pc protons is caused by the conjugation of the ring tt system

and agrees with a single-crystal ENDOR study of CuTPP, which revealed a

hyperfine interaction of about (2.5, 0.7, 0.8) MHz with the ß-protons of the

porphyrin ring [109]. Since, in CuTPP, the ß-protons are closer to the Cu(II) ion,

their a{so values and point-dipole interactions are larger than for the protons in

CuPc. Furthermore, DFT computations (Table 4-7) corroborate the experimental
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assignment. The isotropic hyperfine couplings for the fluorine nuclei of CuPcF

deviate strongly from those predicted on the basis of the proton hyperfine values

in CuPc. This might be due to a compensation of the direct s-spin density by spin-

polarization effects. Spin polarization is not uncommon when tc bonding is

involved and the p-orbitals of the fluorine atoms may take part in the Tr-bonding

system of the macrocycle, which could be confirmed by the results of our DFT

calculations. The experimental findings are also corroborated by the DFT

computations (Table 4-7). The s-orbital spin density of the p protons in CuPc is

around 0.0002 whereas it is zero for the np protons. In the case of CuPc1 the

situation is slightly different: the main contribution to the spin density of the np-

fluorine nuclei arises from the s-orbitals, whereas it is a combination of s- and tt-

contribution for the p nuclei.

Analysis of the proton-ENDOR spectra of CuPc' in protonated and

deuterated solvents indicates that in both sulfuric acid and toluene the largest

observed proton hyperfine interactions stem from the solvent protons. This again

shows that the copper(II) ion senses the matrix environment. Finally, the

difference in the proton-ENDOR spectra of CuPc' and CuPc in sulfuric acid

indicate how powerful ENDOR can be in detecting small influences of

substituents.

4.3 Cobalt Phthalocyanine

The electronic structure of different paramagnetic cobalt

phthalocyanine (CoPc) complexes has been studied by various spectroscopic

means, including EPR [133, 136, 138, 141, 142]. The majority of these

investigations were done using cw EPR and some studies report conflicting data.

Here, the g and cobalt hyperfine parameters are re-evaluated and critically

compared with earlier results. The couplings between the unpaired electron and

the protons of the solvent are quantified thus establishing the interaction between

the metal complex and the solvent. Furthermore, the hyperfine and nuclear

quadrupole interactions of the isoindole nitrogens are determined using
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HYSCORE spectroscopy. The obtained EPR parameters are compared with the

corresponding data of related CoPc, porphyrin and corrin complexes. This

comparison reveals interesting information on the influence of the metal, the ring

structure and the matrix on the electronic structure of these metal complexes.

4.3.1 Results and Discussion

g matrix and cobalt hyperfine interaction. The X-band cw EPR spectrum

of a frozen sulfuric acid solution of CoPc recorded at 110 K and the

corresponding simulated EPR spectrum are shown in Figure 4-10a,b. The

spectrum is axially symmetric with resolved cobalt hyperfine splittings in the gn

region.

-A / V

V
—A /"'V~""V -"\/-~"~V-"""^

280 320

B[mT]

360

Figure 4-10 X-band cw-EPR spectrum of CoPc in sulfuric acid measured at 110 K. a: Experiment,
b: Simulation. The labels I-1V indicate the field positions used for the ENDOR and HYSCORE

experiments. Experimental conditions: mw frequency 9.73 GHz, mw power 20 mW, modulation

amplitude 0.2 mT, modulation frequency 100 kHz.

>Co
Table 4-9 shows the g and A parameters of CoPc obtained by

simulating the experimental cw EPR spectrum together with the corresponding

data of different Co(II) porphyrin, corrin and phthalocyanine complexes.
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Table 4-9 The g and A
°

principal values of CoPc in sulfuric acid and different Co(II) porphyrin,
corrin and phthalocyanine complexes. TPP = tetraphenyl porphyrin, OEP = octaethyl porphyrin

gi m

i Co

A±

[MHz]

à
Co

[MHz]

CoPc (H2S04)
2.295

±0.002

2.025

±0.002
< 15

258

±3

CoPc (H2S04) [141] 2.546 2.029 288 255

CoPc' (toluene) [136] 2.715 1.975 597 474

a-CoPc (a-ZnPc) [142] 2.60 1.99 192 330

ß-CoPc (ß-NiPc)[141] 2.94 1.89 840 450

CoTPP( toluene) [165]
2.930

2.795

1.925

1.962

780

617

420

415

CoTPP(py)( toluene) [110] 2.324 2.030 <40 236

CoTPP (1m) ( chloroform) [166] 2.294 2.039 - 194

CoOEP(Im) (chloroform) [166] 2.307 2.039 - 191

B,2r (base-off) ( methanol:H20) [167] 2.320 1.997 213 395

The g and the cobalt hyperfine values of CoPc and CoP depend mainly

on the matrix and to a lesser extent on the changes in the ring structure. There is a

clear difference between the A±_ and g± values of CoPc in H2S04 found in the

present study and those reported earlier [141]. This discrepancy is caused by an

obvious misinterpretation of the spectra shown in [141]. The main feature close to

280 mT in Figure 1 of ref. [141] represents the g± region with a small unresolved

cobalt hyperfine coupling and is not part of the g± region with a g value of

g±
= 2.546. The small signals observed in the low-field region represent part of

the spectrum of a second species, probably caused by precipitated CoPc. For CoPc

in sulfuric acid, as well as for CoTPP(py), CoTPP(lm) (TPP:
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tetraphenylporphyrin, py: pyridine, Im: imidazole) and CoOEP(Im) (OEP:

octaethylporphyrin) we find g\\ > ge and \A\^ > \AL\ with a smaller g anisotropy than

for CoTPP and CoPc1 in toluene, for which g\{ < ge and l^l < \A±\ (see Table 4-9).

CoTPP forms 1:1 and 1:2 charge transfer (CT) complexes with toluene [165],

whereas pyridine and imidazole are excellent rj-donors for CoTPP [110] and

CoOEP [166].

The values found in this work for CoPc suggest that sulfuric acid is the

only likely candidate for axial bonding that acts as a a-donor. The trend found

experimentally can be theoretically described using a first-order treatment [141,

165, 168-171]. Although this approach is rather simple, the results have been

shown to give a satisfying description of the experimental observations. In order

to obtain a more detailed description of the electronic structure, density functional

computations have to be carried out.

In the first-order approach, the ground state of an axial low-spin d Co(II)

complex can be written as (dx:) (dyz) (d^) (d:2) ,
with the x- and v-axes defined in

Figure 4-1. The energy difference AE (xz, yz —» z ) between the dzi and the dxz, dyz

orbitals influences the principal value g±, which can be approximated by

S±* 2.0023 + 6c, (415)

with

c, =—r~^ ^y (4-16)
AE\xz,yz->z2\

where X = 515 cm"1 is the spin-orbit coupling constant for Co(II) [172], A

strong axial perturbation increases AE (xz, yz —> z) and causes the g± value to

approach 2.0023. The values for AE (xz, yz —» z2) shown in Table 4-10 are

calculated using eqn. (4.15) and (4.16) and the experimental g±_ values in Table 4-

9.
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Table 4-10 Calculated values of AE (xz, yz ^> z2), K and Aiài obtained from eqn. (4.15-18) and the

experimental values ofA\\ and g± given in Table 4-9.

AE (xz, yz —>z2) K a^[

[cm"1] [MHz] [MHz]

CoPc (H2S04) 10557 -36 10

CoPc' (toluene) 4336 298 681

ß-CoPc (ß-NiPc) 3295 338 901

CoTPP (toluene)
3330

3898

305

262

860

708

AE (xz, yz —» z ) is much larger for CoPc in sulfuric acid than for CoPc'

and CoTPP in toluene. The larger energy difference is caused by a destabilization

of the dZ2 orbital due to the a-bonding with an axial ligand (sulfate). Similar

values for AE (xz, yz -» z2) are found for CoTPP(py) and Bi2r (base-off) in

methanol/water which supports the a-ligation. On the other hand, interactions

with 7t-acceptor orbitals are known to lower the energy of the orbitals dx:, dv: and

d-2, whereby dxzand ^decrease less than d-2 [171]. This explains the small value

of AE (xz, yz -> z2) for CoPc' and CoTPP in toluene. Also in solids such as a-

ZnPc or ß-NiPc CT-complexes are expected to be formed between CoPc and the

matrix. Indeed, for ß-CoPc in ß-NiPc AE (xz, yz —> z~) is found to be as small as

3295 cm" (Table 4-10), whereas for a-CoPc in a-ZnPc a value of 5169 cm" is

obtained. Together with the observation that l^l > \A±\ (typical for rj-donation)

this suggests that the data for the latter complex are incorrect. For CoTPP in

ZnTPP it was found that remaining water from the washing process can

coordinate to Co(II), resulting in an EPR spectrum with parameters very close to

those reported for a-CoPc in a-ZnPc [165]. This indicates that the latter sample

may not have been sufficiently dried.

127



Applications in chemistry and materials science

The cobalt hyperfine couplings derived from first-order calculations are

given by

All=K + P

AL = K + P -2-51^-
7 7

V ' ' J

(4.17)

(4.18)

with P =(uo/47th)gnßngeße<r"3>3d = 660 MHz for Co(II) [172] and the

isotropic Fermi contact interaction K. Using eqn. (4.17) and (4.18), the

experimental A\\ values and the c\ values calculated from eq. (4.15), K and ^can

be determined (Table 4-10). Although the A± values are not exactly predicted by

the first-order formulae, they follow the experimental trend. Larger values of AE

(xz, yz -> z") are related to larger axial perturbations and give rise to smaller

values of g±,A\\ and A±, as is observed experimentally .

The Fermi contact term

K=KdP3d+K,P4, (4.19)

comprises two components where p4s and pia are the spin density in the

4s and 3d orbitals and Ks = 3660 MHz, Ka = - 255 MHz (spin polarization) [173].

Since Ki and Ks have opposite signs, the observed overall decrease of K for

stronger axial perturbation cannot simply be correlated to a decrease in the net

spin density (p4s + p3a) on the cobalt nucleus. It can, however, be related to an

increase in the ratio p^/p^.

Direct evidence for solvent interactions. To corroborate the axial ligation

of sulfuric acid Davies- and Mims- 'H-ENDOR spectra were recorded at different

settings of the magnetic field. Figure 4-1 la,b show the Mims-ENDOR spectra for
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CoPc in H2SO4 and in 2H2S04, respectively, taken at observer position II (see

Figure 4-10).

I [

""

b J a \_ -

14 15 16 17

v,, [MH/1

figure 4-11 Mims-ENDOR spectrum of CoPc in sulfuric acid taken at observer position II (see

Figure 4-10). Experimental conditions: length of the mw jt/2 pulse 200 ns, length of the mw 71

pulse 400 ns, time interval x = 900 ns, length of the rf tt pulse 10 [is, rf increments 50 kHz, x

varied from 120 to 280 ns, At=8 ns, 7>15 K. The broken lines mark the signals that remain after

deuteration and hence are due to protons of the macrocycle. The solid lines indicate the features

stemming from the protons of the ligating sufuric acid. The nuclear Zeeman frequency of the

protons is also indicated by an arrow, a: CoPc in deuterated sulfuric acid, b: CoPc in sulfuric acid.

Similar spectra were obtained at other observer positions. No difference

was found between the Mims- and Davies-ENDOR spectra, confirming that no

strong proton couplings remained unobserved in the Mims-ENDOR spectra (blind

spots). The broad shoulders (maximum coupling of about 1.8 MHz) and the sharp

peaks with a splitting of about 0.9 MHz in the 'H-ENDOR spectrum (Figure 4-

1 la, signals marked by full lines) are due to the interaction with protons of the

solvent, since these features are largely suppressed in the spectrum of CoPc in

2H2S04 (Figure 4-1 lb). This is a clear proof that the cobalt(II) ion senses the

matrix environment. Furthermore, the signal at the proton Zeeman frequency, Vu,

is strongly reduced upon deuteration of the solvent, which is indicative of a

reduction of the number of protons at larger distances. The signals observed in

2H2S04 are due to interactions with protons of the macrocycle.
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Interestingly, the difference spectrum obtained by substracting the

spectrum of CoPc in H2S04 from the one in 2H2S04 was only marginally

dependent on the observer position. The pattern which consists of broad

shoulders with sharp peaks (marked in Figure 4-1 la) resembles a full powder

spectrum, resulting from a hyperfine interaction with (-0.9, -0.9, 1.8) MHz. The

spectrum of a single proton at a fixed position would clearly depend on the

observer field as found for instance for the o-proton of pyridine in CoTPP(py)

[110]. An independence of the observer position may occur when the protons

occupy a large number of positions on a (half) sphere around the Co(II) center.

The protons from the axially coordinating sulfuric acid are unlikely to bind tightly

to the sulfate, but will be able to occupy different positions around the ligating

anion, with roughly the same distance from the cobalt center. For each observer

position, protons of different CoPc species will then have different positions with

respect to the selected orientations, so that for all Bo field settings a powder

ENDOR spectrum consisting of virtually all orientations will be observed.

Assuming that the observed hyperfine couplings results from a purely dipolar

interaction, the distance r between the cobalt and the proton can be estimated

using eq. (2.16).

Earlier analyses showed for similar Co(II) complexes that 0.8 < pM < 1,

which leads to an average distance of 0.41-0.46 nm. This is a reasonable distance

for the charge-compensating protons around the ligating sulfate (for comparison

the o-protons of pyridine in CoTPP(py) are at a distance 0.31 nm from the cobalt

nucleus [110]). Note that based on the present data we can not decide whether

there are one or two sulfates coordinated to the cobalt ion. A crude equilibrium

geometry with PM3 (TM) using the SPARTAN program, and assuming that either

only one or two sulfuric acid molecules are coordinated, gives an average distance

Co-H = 0.42 nm. This is in agreement with our observation. To ascertain how

many sulfates are bound to the cobalt ion 170-labeled sulfuric acid, should be

used.
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The proton ENDOR spectra of CoPc in deuterated sulfuric acid result

from interactions with protons of the macrocycle (small contributions of the

solvent protons are still visible, since the solvent is only 99.6% deuterated). At an

observer positions near gi the maximum splitting is 1.07 MHz, whereas for an

observer positions near gn a maximum coupling of 0.29 MHz is found. Using the

Co-H distances determined by X-ray (peripheral protons: 0.85 nm, non-peripheral

protons: 0.59 nm [174]), the expected dipolar part of the hyperfine interactions is

(0.35, -0.17, -0.16) MHz and (1.03, -0.56, -0.45) MHz, respectively. The splittings

observed with the magnetic field in the molecular plane or along the plane normal

are in agreement with these values.

Probing the isoindole nitrogens. The hyperfine and nuclear quadrupole

interactions of the four isoindole nitrogens of the phthalocyanine macrocycle have

been studied with HYSCORE at X-band. The HYSCORE spectra for three field

positions depicted in Figure 4-12 (observer positions I, III and IV in Figure 4-10)

show strong cross peaks in the (-,+) and (+,+) quadrant. The cross peaks define

the dq frequencies from which the hyperfine values can be evaluated using eq.

(2.29). The nuclear quadrupole parameters can then be determined by trial-and-

error simulations of the HYSCORE spectra. The observation of the cross peaks

(±2vpdq, vadq) in Figure 4-12 indicates that more than one equivalent nitrogen is

present. The corresponding simulations of the HYSCORE spectra are shown in

Figure 4-12d,e,f. To save computing time, only one nitrogen nucleus is taken into

account in the simulations in Figure 4-12e,f. For observer position I (Figure 4-

12d, single crystal-like spectrum), the simulation with two equivalent nitrogens

show also the cross peaks (+2vpdq, vadq). The absolute signs of the hyperfine

couplings (either all positive or all negative) cannot be derived from this

experiment.
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Figure 4-12 X-band HYSCORE spectra of CoPc in sulfuric acid taken at observer position a: I, b:

III and c: IV (see Figure 4-10). The cross peaks between the double-quantum frequencies in the a

and ß spin manifolds are marked. Simulations of the HYSCORE spectra are also shown (d, e, f).

Experimental conditions: length of the mw n/2 pulse 24 ns, length of the mw Tt pulse 16 ns, i = 96,

344 ns, Ati = At2 = 16 ns, 7"= 15 K, data matrix (512x512).

Recent DFT computations of related Co(II) porphyrin and corrin

complexes showed that the hyperfine couplings of the ring nitrogens are negative

[167]. In accordance with these findings, we assume that also in CoPc the

observed 14N hyperfine couplings are negative. The 14N hyperfine and nuclear

quadrupole parameters are listed in Table 4-11.
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Table 4-11 Hyperfine and nuclear quadrupole parameters of the isoindole nitrogens of CoPc in

sulfuric acid and data of the ring nitrogens of different metal phthalocyanines, porphyrins and

corrins. x and v lie in the complex plane, the largest nuclear quadrupole value (absolute value) lies

along at, the smallest along z

MJ \Ay\ \A2\ \e2qQlh\ " ^iso

[MHz] [MHz] [MHz] [MHz]

CoPc (H2S04)
1.75

±0.10

1.3

±0.10

2.3

±0.10

1.95

±0.05

0.58

±0.05
1.78

CoTPP (toluene) [178] 3.7 3.7 4.3 1.75 0.52 3.90

CoTPP(py) (toluene) [110] 4.07 2.43 2.85 1.8 0.55 3.12

B|2r (base-off)

(methanol: H20) [167]
4.7 2.0 3.5 1.7 0.95 3.40

CuPc ( H2S04)

[section 4.2]
40.8 51.45 41.0 1.996 0.76 44.42

Furthermore, since the g matrix and the cobalt hyperfine matrix are axial,

the directions of the in-plane 14N hyperfine and nuclear quadrupole principal axes

cannot be determined. The simulations show, however, that the largest nuclear

quadrupole coupling (in absolute value) lies along the axis of the largest in-plane

hyperfine coupling (in absolute value). Both DFT computations on related Co(II)

and Co(IV) complexes [167, 175] and experimental evidence from CuPc in

different matrices (see section 4.2) indicate that the largest nuclear quadrupole

coupling is positive and lies along an axis perpendicular to the Co-N bond.

The hyperfine principal values of the isoindole nitrogens can be split up

into an isotropic part alS0 and three anisotropic contributions
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-1.75MHz

-1.30MHz

-2.30MHz

--1.82MHz +

-0.91MHz

1.82MHz

-0.80MHz

+

1.52MHz

-0.76MHz

-0.76MHz

-0.54MHz

-0.54MHz

1.08MHz

(4.20)

The first anisotropic term describes the point-dipole interaction between

the unpaired electron on the Co(II) ion and the nitrogen nucleus which can be

calculated using eq. (2.16) with the Co-N distance of r =0.1908 nm determined by

X-ray for ß-CoPc [ 174] and pM = 1. This interaction is orthorhombic and not

traceless because of the g anisotropy. After subtraction of this term, aiso can be

calculated. The last two anisotropic terms are axial and represent contributions

arising from in-plane and out-of-plane 7t-bonding. They are obtained after

subtraction of a\so and the point-dipole contribution. Note that a lower spin density

on the cobalt nucleus (pM < 1) will slightly change the absolute values of the

different terms, but will not alter the final conclusions.

The observation of in-plane rc-bonding indicates that the ground state of

CoPc in sulfuric acid is not a pure (dx:)2(dyz)2(dxy)2(dZ2)1 state, but rather a

(dxz)2(dy:)2(cL\dxy-a.2d:2)2(a\dXy+a2d22){ state with a2 » oi[. For CoTPP in toluene

and in ZnTPP larger in-plane and out-of-plane 7r-bonding is observed. The former

indicates that the ground state of CoPc in sulfuric acid has more dL> character (cti

is smaller). This agrees with the fact that the axially ligating sulfate ion will

destabilize the dZ2 orbital (note the large value for AE (xz, yz —» z ) in Table 4-10)

and thus also increase AE (xy -» z2) (dxy can be considered not to be influenced by

axial ligands [176]) inducing a smaller admixture of the dxy and dzi orbitals. Out-

of-plane 7t-bonding is influenced by the dxz and dyz orbitals. Ligation with strong

7i-acceptors such as toluene and ZnTPP will stabilize these orbitals far more than

mixing with the 7t-acceptor orbital of a a-donor axial ligand such as sulfate.

In the case of a negative Fermi contact term a\w, the s-spin density is

mainly caused by spin polarization effects, which is not uncommon when n-

bonding is involved. Interestingly, Table 4-11 shows that |ajSO| of CoPc is

significantly smaller than the values observed for the corresponding Co(Il)
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porphyrin and corrin complexes, independent of the fact whether rc-acceptor or a-

donor ligation occurs. This indicates a smaller spin polarization due to smaller n-

bonding. The latter may be correlated with a large value of AE (xz, yz ~> z2) for

CoPc in sulfuric acid (see Table 4-10).

The nuclear quadrupole interactions of CoPc and CuPc in sulfuric acid

have similar \e2qQ/h\ values but differ in the asymmetry parameters r\. The

asymmetry parameter reflects the deviation of the electric field gradient from

cylindrical symmetry and depends on the overall electron density. This

distribution will evidently be influenced by the transition metal ion and the ground

state (CoPc mainly d-j character, CuPc mainly dxi.y2 character). Several factors

influence the \e2qQlh\ value of ligating bases, including the nature of the ligand,

the metal-nitrogen distance and hybridization. Comparison of the data in Table 4-

11 with earlier work [175-178] indicates that \e2qQ/h\ is larger for macrocycle

nitrogens in CoPc than for CoP and cobalt corrin complexes despite the large

similarity between pyrrole, corrin and isoindole nitrogens. This might be related

to the difference in the size of the central cavity of those macrocycles.

4.4 Conclusion

The results presented in the sections 4.2 and 4.3 show that the

environment, the metal ion and the ring substituents have a remarkable effect on

the spin-density distribution in CuPc and CoPc and might thus influence the cata¬

lytic activity as well as the color of the complex. Both features are important for

industrial applications of the Pc complexes. Using pulse ENDOR spectroscopy in

combination with deuterated solvents the protons of the solvent and of the

macrocycle could be identified. In the case of CoPc with HYSCORE

spectroscopy, and 14N ENDOR at Q-band (CuPc), the hyperfine and nuclear

quadrupole couplings of the isoindole nitrogens could be determined. The

hyperfine parameters allow for an analysis of the in-plane and out-of-plane M-N

7i-bonding which can be compared with earlier observations for related metal

porphyrin and corrin complexes. Furthermore, the study presented in sections 4.2
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and 4.3 shows that advanced EPR and ENDOR methods present an excellent tool

to monitor these effects and that the spectral interpretation can be facilitated using

DFT computations (section 4.2)

The results should act as a stimulus for a more regular use of these

methods in the characterization of newly-synthesized paramagnetic metal

phthalocyanines. Moreover, the detection of sulfuric acid in CuPc diluted in H2Pc

indicates that the methods can also be successfully used in optimizing purification

processes.

4.5 Platinum complexes with insulator or semiconductive

behavior

The design and the synthesis of stable processable low-dimensional

materials with metallic or semiconducting properties is of great importance but

remains still a challenge in the field of supramolecular chemistry, especially in

view of applications in the field of molecular electronics [6, 7]. In order to fully

exploit the possibilities of a newly synthesized conducting material its structure-

function relationships need to be determined. Using two specific examples, it will

be shown that modern EPR can reveal interesting properties of conducting

materials. A detailed analysis will be given of a series of novel soluble platinum

compounds designed to mimic the characteristics of Magnus1 salt:

[PtL2][Pt(mnt)2] and [PtL2][Pt(dmit)2], where L represents phenanthroline or 4,4-

dimethyl-2,2'-dipyridyl, and mnt (dmit) denotes maleodinitriledithiolate

(dimercaptoisotrithione). The resulting compounds will be indicated in this work

with the general formula [PtL^HPtL^], where L1 represents phen or mebipy and

L2 designates mnt or dmit. The studied complexes present square planar

configurations in which the platinum units are stacked face to face. They have

semiconductive properties and high thermal stability. Although chemical analysis

predicted the compounds to be diamagnetic, cw EPR revealed the presence of a

considerable amount of paramagnetic species in the compounds. On the basis of a

cw EPR and HYSCORE study at X-band, the species could be fully identified and

the relation to the conductivity properties of the samples will be discussed.
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4,5.1 Introduction

One of the most widely studied of the related materials is Magnus' green

salt and its derivatives of the general formula [PtL'4][PtL"4] where L' is a neutral

and L" is an anionic ligand [179-181]. The resulting structures are composed of

alternately stacked and oppositely charged coordination units, as shown for the

example of Magnus' green salt in Figure 4-13.
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Figure 4-13 Representation of the structure of Magnus' green salt

Most of the Magnus' salt derivatives prepared so far are either largely

insoluble in common solvents or they decompose well below 200 °C. The soluble

complexes prepared so far typically contain organic ligands (commonly the

neutral ligands L'), and we assume that the thermal decomposition is induced by

dissociation of these ligands. It seems, therefore, likely that the thermal stability

can be improved by bidentate ligands. Recently, compounds of the type

[Pt(NH2R)4][Pt(mnt)2], where R denotes ethyl or octyl have been described [182].

The onset of decomposition, however, was still below 200 °C in those compounds

(ca. 185 °C and 120 °C, respectively). Here, we report on the structural analysis of

complexes designed to contain exclusively bidentate ligands. The neutral ligands
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1,10-phenanthroline (phen) or 4,4'-dimethyl-2,2'-bipyridine (mebipy), and the

dianionic ligands dmit or mnt (Figure 4-14) were selected. In other words, ligands

which might also be of interest for their influence on luminescence or the

electrical conductivity in transition metal complexes [183-187].

phen mebipy

S

NC CN

s s

mnt dmit

Figure 4-14 Chemical structure of the bidentate ligands used in this work.

In order to obtain structural information on the complexes conventional

analytical techniques such as elemental analyses, IR and UV spectroscopy were

used. However, the lack of sufficiently large single crystals needed for X-ray

diffraction analysis prompted us to search for alternative analysis methods. We

show here that cw and pulse EPR spectroscopy reveal interesting information on

these platinum complexes. At first glance, the application of EPR might appear

surprising, however, it has been shown earlier with EPR spectroscopy that

Magnus' green salt contains dz2-like hole states that influence largely the

conductivity properties of the material [188, 189],

4.5.2 Experimental part

Synthesis of [PtL12][PtL22]. The full synthetic details and elemental

analysis of the complexes under study are reported in the PhD thesis of M.

Fontana [190]. Here we just mention that [Pt(L1)2](PF6)2, dissolved in

dimethylformamide at 60°C was mixed, after cooling, with an equimolar aceton

solution of (NBu4)[Pt(L2)2].
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Preparation of composites of polyvinyl alcohol) (PVAL) and

[PtL'2][PtL22] (L! = phen, mebipy; L2=mnt, dmit).For the preparation of films of

PVAL with incorporated platinum complexes, typically 5 mg of the platinum

compound was first dissolved in dimethyl sulfoxide (DMSO) at 110 °C for 30

min. PVAL (Polyscience, Mw 100.000)[191] was dissolved in 49 ml of water at

60 °C under reflux. The quantity of the polymer was adjusted to give composites

with the final polymer/Pt-compound ratios indicated in the following section. The

two solutions were mixed at 100 °C and kept at this temperature for 5 min. The

resulting solution was poured into a Petri dish and a slight stream of air was

conducted over the dish during 4 days, whereupon composite films formed which

could be retrieved.

Conventional characterization of the compounds. Thermogravimetric

analysis (TGA) and differential scanning calorimetry (DSC) was performed with

equipment from Netzsch (TG 209 and DSC 200, respectively) under nitrogen

atmosphere at heating rates of 10 °C/min. IR spectra were taken with CsCl pellets

on a Bruker IFS 66v spectrometer, UV/Vis spectra were recorded on a Perkin

Elmer Lambda 900 spectrophotometer. For the determination of the electrical

resistance, pressed pellets of 10 mm diameter and 2 mm thickness were enclosed

in a Teflon® cylinder equipped with electrodes contacting both sides of the pellets.

The temperature of the measurement system was varied by immersing the Teflon

cylinder in a hot sand bath or by placing the cylinder in a Dewar vessel filled with

ice or dry ice-solvent mixtures [192]. The temperature was measured within the

Teflon® cylinder at a distance of 1.5 mm from one of the electric contacts. The

electrical resistance was quantified with a Keithely 237 source measure unit after

a constant temperature was established. Film thicknesses were determined with a

micrometer gauge Mitutoyo, Briitsch Riiegger.

EPR spectroscopy. Quantitative EPR measurements were carried out

under non-saturating conditions, with the same modulation amplitude, receiver

gain, temperature, mw power, modulation frequency and number of scans, using

VOS045H20 in NaCl as standard at different concentrations. All signal

intensities are expressed as spins per molecule. More detailed information, about
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the cw and pulse EPR methods and spectrometers used to record the spectra in

this chapter, as well as about data manipulation and simulations, are given in

chapter 2. The experimental conditions used to record different spectra in this

section are given as caption for each figure.

4.5.3 Results and discussion

Solubility of the complexes. The four platinum-containing compounds

under study, [PtL'2][PtL22], were insoluble in cold and hot acetone, water,

methanol, tetrahydrofuran (THF), chloroform, dichloromethane, toluene, p-

dichlorobenzene, or xylene, but soluble in dimethylsulfoxide (DMSO), dimethyl

formamide (DMF) and 1-methyl-pyrrolidone The solution process was

accelerated by heating the compounds for 30 minutes at 110 °C.

Chemical composition. The chemical compositions of the four

compounds, [PtL12][PtL22], were confirmed with elemental analysis [190].

Fragments of the structure were evident from infrared (IR) spectra. An assignment

of some IR bands of the four compounds could be performed with the help of

related model substances reported in the literature [180, 193, 194].

Table 4-12 contains the IR frequencies of [Pt(phen)2][Pt(mnt)2] and

[Pt(mebipy)2][Pt(mnt)2] and, for comparison, of the model compounds

[Pt(phen)2](PF6)2, [Pt(mebipy)2](PF6)2 and (NBu4)2[Pt(mnt)2]. The positions of the

signals associated with the Pt-S, the C=N, and the aromatic C-H stretching

vibrations in [Pt(phen)2][Pt(mnt)2] and [Pt(mebipy)2][Pt(mnt)2] are very close to

those of the signals of the related frequencies of the corresponding model

compounds. A number of signals also arose in the region of the C=C bonds of the

ligands (mnt, phen, and mebipy) between 1430 and 1630 cm"1. Since the peaks of

the heteroarenes and those of mnt overlap and since they might also be influenced

by interactions between the ligands in the adjacent coordination units, the

corresponding frequencies could not be assigned unambiguously.
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Table 4-12 Selected IR frequencies (in cm"1) of [Pt(phen)2][Pt(mnf)2|, [Pt(mebipy)2][Pt(mnt)2] and

related model compounds.

Compound v(C-H)

aromatic

v(C-N) v(Pt-S)

(NBu4)2 [Pt(mnt)2] 2208 332

318

[Pt(phen)2](PF6)2 3067

3080

[Pt(phen)2][Pt(mnt)2j 3066 2183 334

3081 318

[Pt(mebipy)2](PF6)2 3085

6142

[Pt(mebipy)2][Pt(mnt)2] 3074 2198 333

3142 320

The same statements are valid for [Pt(phen)2][Pt(dmit)2] and

[Pt(mebipy)2][Pt(dmit)2] whose IR frequencies are compared with those of

(NBu4)2[Pt(dmit)2], [Pt(phen)2](PF6)2 and [Pt(mebipy)2](PF6)2 in Table 4-12.

The UV/Vis spectra of the [PtL12][PtL22] compounds dissolved in DMSO

are shown in Figure 4-15a-d and compared with the summed spectra of the

individual coordination units using [Pt(mebipy)2](PF6)2, [Pt(phen)2](PF6)2,

(NBu4)2[Pt(mnt)2], and (NBu4)2[Pt(dmit)2] as model compounds with

concentrations of 0.7, 0.72, 0.58, and 1.3910"4 mol/1 in DMSO. NaPF6 did not

absorb significantly in the range between 250-800 nm. Figure 4-15 shows clearly

that the spectra of the four [PtL12][PtL22] compounds differ from the summed

spectra of the coordination units. This seems to reflect an interaction of the

adjacent coordination units in the final products.
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Figure 4-15 UV/Vis spectra in DMSO solution (solid line) and summed spectra (dashed line) of

the related coordination units, a: [Pt(phen)2][Pt(dmit)2], b: [Pt(mebipy)2][Pt(dmit)2], c:

[Pt(phen)2][Pt(mnt)2], and c: [Pt(mebipy)2 ][Pt(mnt)2].

[Pt(phen)2][Pt(dmit)2], [Pt(phen)2][Pt(mnt)2] and [Pt(mebipy)2][Pt(dmit)2] show

a pronounced absorption maximum (A,max) at a wavelength of 454 nm (e- 13100

M"1 cm"1), 475 nm (e = 3000 M"1 cm"1), and 450 nm (s - 17640 M"1 cm"1),

respectively. [Pt(mebipy)2][Pt(mnt)2] shows two pronounced absorption maxima

qt a wavelength of 397 nm (e = 12000 M"1 cm"1) and 466 nm

(s = 12300 M"1 cm"1). The absorption maxima most likely originate predominantly

from L-L, L-M or M-L transitions as described in the literature [195].

Dichroic behavior. Crystals of Magnus' green salt show a dichroic

behavior [193-195], and dichroism could also be observed in samples of

[Pt(mebipy)2][Pt(mnt)2] and [Pt(phen)2][Pt(mnt)2]. Since the crystallites were too

small to be investigated individually, the preparation of a composite material with

uniaxially oriented crystallites was attempted with the help of a drawable polymer

matrix, as successfully applied already for crystallites of Magnus' green salt [199].

Upon drawing of the polymer, the polymer molecules orient and the forces acting

during this process can also orient crystallites included in the polymer matrix,

provided the crystallites themselves have a sufficiently anisotropic shape.
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Poly(vinyl alcohol) (PVAL) was selected as a common drawable polymer and

composites of PVAL and the platinum complexes were prepared by mixing the

dissolved components followed by casting of the resulting mixture into flat dishs.

After evaporation of the solvents composite films with a thickness between 0.2

and 0.6 mm were obtained. Composites with [Pt(mebipy)2][Pt(mnt)2] or

[Pt(phen)2][Pt(mnt)2] contents in the range of 0.3 and 1% w/w were prepared. In

optical micrographs, the films adopted the orange color of the dispersed crystals

of the platinum compounds. These compounds, however, were not

homogeneously dispersed in the polymer matrix. The composites could be drawn

at ca. 70 °C to draw ratios of 7-8, but orientation of the crystallites was already

visible at a draw ratio of 3 for both compounds. Upon orientation, the PVAL-

[Pt(mebipy)2][Pt(mnt)2] films showed dichroism. When observed by eye in an

optical microscope equipped with a polarizer, they appeared light orange when the

orientation axis of the film was parallel to the polarization plane of the incident

light, i.e., at an angle <p - 0°, while they appeared red at an angle <p - 90° [200].

The best result in terms of anisotropy in UV/Vis spectra and optical

microscopy were obtained for composites with 0.6 % w/w

[Pt(mebipy)2][Pt(mnt)2] and a draw ratio of 5. UV/Vis spectra of the drawn films

disclosed an optical anisotropy of the dominant absorption bands at 316, 414, 480

and 513 nm. The composites with [Pt(phen)2][Pt(mnt)2] showed a less

pronounced dichroism compared to [Pt(mebipy)2][Pt(mnt)2] films at the same

draw ratio (5) but UV/Vis spectra of the films recorded at <p
= 0° and (p

= 90°

showed distinct differences. In particular, the absorption maximum at 509 nm

became less pronounced at (p
= 0°, and an isosbestic point appeared at 465 nm.

Such phenomena were also observed in drawn composites of poly(ethylene) and

silver or gold colloids [201, 202] as a result of orientation-dependent extinction

coefficients. If the absorbance can be described with two extinction coefficients at

<p = 0° and 9 = 90°, isosbestic points arise at wavelengths at which both extinction

coefficients are equal.

Thermal stability. The thermal stability of the four Magnus' salt

derivatives was studied with differential scanning calorimetry (DSC) and
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thermogravimetric analysis (TGA) at a heating rate of 10 °C/min. The thermal

stability appeared to depend predominantly on the anionic ligand (mnt or dmit),

i.e., the thermal stability of the compounds studied here seems to be limited by the

thermal stability of the anionic ligands. More concretely, mass loss of

[Pt(phen)2][Pt(dmit)2] and [Pt(mebypy)2][Pt(dmit)2] observed with TGA began

around 210-220 °C, and accordingly the DSC thermogram showed the onset of an

irreversible transition in this temperature range. The complexes

[Pt(phen)2][Pt(mnt)2] and [Pt(mebipy)2][Pt(mnt)2] were found to be more stable

than their dmit counterparts. The mnt complexes showed mass losses in TGA and

onsets of irreversible transitions in DSC at 300-320 °C.

Electrical conductivity properties. The DC resistance of the

[PtL'2][PtL22] compounds was measured with two contacts clamped on each side

of pressed pellets of 2 mm thickness and 10 mm diameter. The resulting electrical

conductivity of [Pt(phen)2][Pt(mnt)2] and [Pt(mebipy)2][Pt(mnt)2] at room

temperature was in the region ofthat of insulators, i.e., 10"10 S/cm. However, the

electrical conductivity of the dmit complexes was in the semiconductor range,

namely 4.MO"6 S/cm for [Pt(phen)2][Pt(dmit)2] and 1.4-105 S/cm for

[Pt(mebipy)2][Pt(dmit)2]. For the latter two compounds the temperature-dependent

conductivity in the range from -100 °C to 100 °C agreed with the behavior of a

band-type semiconductor, where the charge carriers are relatively mobile in the

applied field [188, 204] as the electrical conductivity followed the expression

[204]

where rj0 is a constant, E0 the activation energy, k» the Boltzmann

constant, and T the temperature (in K). Such a dependency of the conductivity on

the temperature is characteristic for semiconductors with a single thermally

activated conduction process in the observed temperature interval [204], and

accordingly a logarithmic representation of the conductivity versus the inverse

temperature results in a straight line (Figure 4-16).
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Figure 4-16 a: Logarithm of the conductivity of [Pt(phen)2][Pt(dmit)2] and b:

[Pt(mebipy)2j[Pt(dmit)2] as a function of the inverse temperature.

From the slope of the curve an activation energy of 0.23 eV was

calculated for [Pt(phen)2][Pt(dmit)2] and of 0.16 eV for [Pt(mebipy)2][Pt(dmit)2],

These values are in the range of those of other Magnus' salt derivatives [204] and

Magnus' green salt itself [180, 188, 189, 204] (0.1 - 0.4 eV).

EPR analysis. Earlier EPR studies on Magnus' salt revealed that the

conductivity properties of this "one-dimensional" metal-chain compound are

related to the presence of dz2-like hole states and that the conductivity can be

influenced enormously by doping it with paramagnetic transition metal ions [ 180,

188, 189, 205], Since such a large difference in conductivity was observed for the

[PtL'2][Pt(dmit)2] and [PtL'2][Pt(mnt)2] samples, EPR experiments were

performed. Although the studied dianionic complexes of Pt(II) (d8 ion) are

expected to be diamagnetic (5* = 0), all of them showed strong EPR signals

(Figure 4-17c, Figure 4-18c).
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Figure 4-17 a: EPR spectrum of [Pt(mnt)2]" in (NBu4)2[Pt(mnt)2], b: simulation of a. c: [Pt(mnt)2]"

in [Pt(phen)2][Pt(mnt)2], d: Simulation of c. The asterisk indicates a radical component. The label

(I) (378.4 mT) indicates the field position used in the HYSCORE experiment. Experimental
conditions: mw frequency 9.73 GHz, mw power 20 mW, modulation amplitude 0.2 mT,

modulation frequency 100 kHz, T- 110 K.
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Figure 4-18 a: EPR spectrum of [Pt(dmit)2]" in (NBu4)2[Pt(dmit)2], b: simulation of a, c:

[Pt(dmit)2]" in [Pt(phen)2][Pt(dmit)2], d: Simulation of c. The label (I) (360.5 mT) indicates the

field position used in the HYSCORE experiment.

The EPR spectrum of (NBu4)2[Pt(mnt)2] is shown in Figure 4-18a. The

observed 195Pt splitting at the high-field side indicates the presence of one strongly

coupled Pt nucleus in the compound. The central line corresponds to the platinum
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isotopes with nuclear spin / = 0 with an abundance of 66.2 %, while the two

satellites represent the hyperfine pattern of 195Pt with 7=1/2 and 33.8 %

abundance. The g principal values (Table 4-13) are characteristic for [Pt(mnt)2]',

as was reported previously [202-206]. The EPR spectrum of [Pt(phen)2][Pt(mnt)2]

(Figure 4-17) consists of three contributions. The intensity of the EPR signal

represents (1.4 ± 0.1)-10"2 spins per molecule (thus 1.4 % of the material is

paramagnetic). The presence of the spectral features of (NBu4)2[Pt(mnt)2] (Figure

4-17a) indicates that not all of the initial products have reacted to form a new

platinum compound. A second component of radical character is indicated by an

asterisk. The third component is new and belongs to the reaction product.

Similarly, Figure 4-18 shows the EPR spectra of (NBu4)2[Pt(dmit)2] (a) and

[Pt(phen)2][Pt(dmit)2] (c) with the corresponding simulations (b) and (d). The

intensity of the EPR signal of [Pt(phen)2][Pt(dmit)2] revealed (3.7±0.3)-10~2 spins

per molecule. The EPR intensities of [Pt(mebipy)2][Pt(dmit)2] and

[Pt(mebipy)2][Pt(mnt)2] revealed (5.8±0.4)10"3 and (3.2±0.2)-10"3 spins per

molecule, respectively.

All the spectra corroborate the presence of a paramagnetic species

characterized by a highly rhombic g matrix. The similarity between the spectra of

(NBu4)2[Pt(mnt)2] and [Pt(L')2][Pt(mnt)2] and of (NBu4)2[Pt(dmit)2] and

([Pt(L1)2][Pt(dmit)2] suggests that the observed paramagnetic centers are related to

[Pt(mnt)2]" and [Pt(dmit)2]", respectively. Both the EPR intensity and the fact that

an electron spin echo can be observed for all compounds indicate that we are

dealing with a paramagnetic compound diluted in a diamagnetic solid matrix.

The principal values of the g and An matrices obtained from simulation

of the experimental EPR spectra of the solid platinum samples are collected in

Table 4-13.
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Table 4-13 g and An principal values of the different platinum compounds.

Compound
gi

± 0.005

gi

± 0.005

gi

± 0.005

1-4.1

±3

[MHz]

I'M

±3

[MHz]

Mai

±3

[MHz]

[Pt(mnt)2]" in (NBu4)2 2.215 2.064 1.822 100 365 290

[Pt(mnt)2]

NBu4[Pt(mnt)2] in 2.245 2.065 1.827 - 377 297

NBu4[Au(mnt)2J

[208]

[Pt(mnt)2]"in 2.248 2.051 1.822 120 368 290

[Pt(mnt)2][Pt(phen)2]

[Pt(mnt)2]" in 2.225 2.068 1.830 115 368 292

[Pt(mnt)2][Pt(mebipy)2]

[Pt(dmit)2]' in 2.153 2.073 1.860 180 320 205

(NBu4)2 [Pt(dmit)2]

NBu4[Pt(dmit)2] in 2.168 2.073 1.858 65 298 234

NBu4[Au(dmit)2]

[208]

[Pt(dmit)2]" in 2.179 2.060 1.857 120 345 230

[Pt(dmit)2][Pt(phen)2]

[Pt(dmit)2]" in 2.177 2.062 1.853 180 320 210

[Pt(dmit)2][Pt(mebipy)2]

The g3 axis is perpendicular to the complex plane, the g2 axis is between the S-Pt-S bond angle as

is the axis of the largest hyperfine coupling A2 [213, 214]. The hyperfine matrix An is taken

collinear with the g matrix.

In order to facilitate the identification of the different paramagnetic

species, HYSCORE experiments were undertaken. Figure 4-19a,b depict the

HYSCORE spectra of [Pt(phen)2][Pt(mnt)2] and [Pt(phen)2][Pt(dmit)2] measured

at observer position (I) indicated in Figure 4-17c and Figure 4-18c.
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Figure 4-19 HYSCORE spectra of a: [Pt(mnf)2j" in [Pt(phen)2][Pt(mnt)2J, c: simulation of a. b:

[Pt(dmit)2]" in [Pt(phen)2][Pt(dmit)2] measured at the observer position (1) (see Figure 4-17, Figure

4-18), d: simulation of b. The cross peaks are labeled in the following way: sq (single-quantum)
and dq (double-quantum) frequencies in the a and ß spin manifolds, the superscripts refer to the

nitrogens (N) and platinum (Pt) nuclei. The (+ +) quadrant is also labeled. Experimental
conditions: length of the mw n/2 pulse 24 ns, length of the mw n pulse 16 ns, t = 96 ns,

zl/i = At2= 16 ns, T= 15 K, data matrix (450x450).

Cross peaks due to the interaction with two types of nuclei can be

identified. A first set of cross peaks (see labeling in Figure 4-19) can be ascribed

to the interaction with at least one 14N nucleus. The peaks are predominantly

found in the (+, +) quadrant, characteristic of a weak-coupling situation, |A|< 2|vi|

(vi: nuclear Larmor frequency for 14N). Figure 4-19c shows a simulation of the

spectrum in Figure 4-19a (for simulation parameters, see Table 4-14). 14N cross

peaks are also found in the HYSCORE spectra of [Pt(mnt)2]~ in (NBu4)2[Pt(mnt)2]

and in [Pt(mebipy)2][Pt(mnt)2] (not shown), but are no longer observed in

[Pt(phen)2]Pt(dmit)2] (Figure 4-19b) and [Pt(mebipy)2][Pt(dmit)2] [201] so that

they can be ascribed to the nitrogens of mnt. The dmit ligand contains no
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nitrogens. The assignment is corroborated by the fact that double-quantum (dq)

peaks (2vadq, 2vpdq) were found in the HYSCORE spectra by lowering the contour

levels (labeled in Figure 4-19a).

Table 4-14 Principal hyperfine and nuclear quadrupole values of different platinum compounds.

Compound A?1 A2n Af V ^2N ^ \e\Qlh\ n

±0.7 ±0.7 ±0.7 ±0.7 ±0.7 ±0.7 ±0.5 ±0.2

MHz MHz MHz MHz MHz MHz MHz

[Pt(mnt)2]" in 3.3 -0.4 1.74 1.0 -0.1 -0.5 3.8 0.35

[Pt(mnt)2][Pt(phen)2]

[Pt(mnt)2]" in 2.8 -0.6 1.72 1.0 -0.1 -0.5 3.8 0.35

[Pt(mnt)2][Pt(mebipy)2]

[Pt(dmit)2]' in 2.2 -0.6 1.1 - - - - -

[Pt(dmit)2][Pt(phen)2]

[Pt(dmit)2]" in 2.6 -0.3 0.8 - - - - -

[Pt(dmit)2][Pt(mebipy)2]

These peaks indicate that at least two equivalent nitrogens contribute to

the spectrum. Furthermore, the nitrogens exhibit a large nuclear quadrupole

coupling in accordance with NQR data and DFT calculations on NCCN and HCN

nitrogen atoms [211]. A small 14N hyperfine and large nuclear quadrupole

interaction was also found in Cu(II)Zn(II)(et2dtc)2 (et2dtc=diethyl-

dithiocarbamate) [212]. The fact that the hyperfine coupling on the nitrogen atoms

is very small and does not change for the different complexes confirms earlier

assumptions that only a very small amount of spin density is on the peripheric

ligand nuclei [210].

The second set of cross peaks in Figure 4-19a can be ascribed to an

interaction with a 195Pt nucleus. A simulation of these peaks is again given in

Figure 4-19c. Figure 4-19d shows the simulation of the spectrum in Figure 4-19b

(one Pt, simulation parameters: see Table 4-14). The peak at (3.5, 3.5) MHz on
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the diagonal in the spectrum in Figure 4-19 corresponds to the nuclear Zeeman

frequency of Pt and results from Pt nuclei at large distances from the

unpaired electron. Observation of equivalent EPR spectra in the compounds under

study would thus provide direct evidence of the formation of "one-dimensional"

metal-metal chains. The [PtL'2][PtL22] compounds contain indeed paramagnetic

species, but they are clearly of a different nature as the hole states observed in

Magnus' salt.

In the simulations both the ^4N matrix and (Z1 tensors are rotated with

respect to the g matrix. For the nitrogen hyperfine matrices the Euler angles are

[a, ß, y] = [60, 90, 0]°. For the nitrogen nuclear quadrupole tensor the Euler

angles are [a, ß, y] = [30, 90, 0]°. Note that the simulations were done considering

only one nitrogen.

Figure 4-17c and Figure 4-18c give clear evidence for the existence of

[Pt(mnt)2]" and [Pt(dmit)2]" in [Pt(phen)2][Pt(mnt)2] and [Pt(phen)2][Pt(dmit)2].

Both radicals are already present in the starting materials, (NBu4)2[Pt(mnt)2] and

(NBu4)2[Pt(dmit)2], but their amount increases in the final product, possibly

through autoxidation. It is known that (NBu4)2[Pt(mnt)2] complexes possess

unusual redox properties arising from the fact that the highest energy electrons

occupy a delocalized molecular orbital that involves both metal and ligand

orbitals [207]. Earlier EPR studies of [Pt(mnt)2]" and [Pt(dmit)2]" showed that

the unpaired electron is in a b2g state [207, 208]. The SOMO is dominated by a

linear combination of the metal 5dxz orbital and the out-of-plane 3pz orbitals of the

four sulfur atoms of the ligand. From a crude approximation in which one neglects

spin-orbit coupling, the spin density in the platinum 5dxz orbital can be estimated

to be about 16%. Single-crystal EPR analysis revealed for [M(mnt)2]" (M=Pt, Ni,

Pd) that the unpaired electron is predominantly centered on the sulfur atoms

[208], whereas in Magnus' green salt the holes were found to be localized at

several platinum atoms [205].

The change observed in the g values upon coordination of [Pt(phen)2]21

and [Pt(mebipy)2]2+ with (NBu4)2[PtL22] indicates a change in the chemical
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environment of [PtL 2] •
The observation of small hyperfine interactions with an

additional Pt nucleus in [PtL,2][PtL22] (not present in the HYSCORE spectra of

(NBu4)2[PtL22]) indicates that at least a dimer is formed between [PtL22]~ and

[Pt(L')2]2+, but that the electron remains predominantly on the [Pt(L2)2]" segment.

The increase of the g anisotropy when going from (NBu4)2[PtL 2] to

[PtL'2][PtL22] indicates a decrease of the radical character of the species in

accordance with the transfer of electron spin density to the [PtL'2]2+ fragment. The

observation that the g anisotropy is smaller for the [Pt(dmit)2]"-containing than for

the [Pt(mnf)2]"-containing compounds reveals a larger radical character in the

former case, i.e., there is more spin density on the organic ligand for [Pt(dmit)2]\

The [Pt(L2)2]" radicals cannot result from [PtL12][PtL22]2 impurities in the

sample, because this would mean that the paramagnetic [PtL22]" complexes are

close to each other, resulting in a large dipolar coupling and a very short phase-

memory time. The lack of dq frequencies of weakly-coupled platinum in the

HYSCORE spectra suggests that only the interaction with one additional platinum

nucleus is observed, although the low natural abundance of 195Pt may make

observation of these combination peaks very difficult.

The combination of all spectroscopic results thus give us evidence of

dimer formation ([PtL'2][PtL22]), but not of metal-chain formation as described in

Magnus' salt. Tf a similar stacking is present in the compounds under study, the

conductivity properties cannot be described in terms of holes in the dz2 valence

band. On the contrary, the observed paramagnetic species have the majority of

their spin density on the sulfurs ligand and not on the central platinum ions. The

presence of these paramagnetic impurities will also interrupt and/or prevent the

regular stacking of the [PtL22]2" and [PtL!2]2+ units, because of the extra negative

counter ion needed to make the chain neutral. They may also be the reason why

single-crystal growth was found to be so difficult.

One can expect that the total amount of [PtL22]" in the sample may

influence the conductivity properties. Comparison of the conductivity and the spin

concentrations for the different samples shows that the fact that the
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[PtL']2[Pt(dmit)2] materials are semiconductors whereas the [PtL1]2[Pt(mnt)2] are

isolators does not stem from the presence of the paramagnetic species, but must be

due to the electronic properties of the dmit ligand. Notice that also the thermal

stability of the compounds is determined by the nature of the anionic ligand. It

can, however, not be excluded that the difference in conductivity between

[Pt(phen)2][Pt(dmit)2] and [Pt(mebipy)2][Pt(dmit)2] is governed by the different

amount of paramagnetic entities.

Finally, the [PtL 2][Pt(dmit)2] compounds combine semiconductivity,

thermal stability and solubility, which renders such materials useful for the

preparation of semiconducting films by deposition processes from solution. The

[PtL ]2[Pt(mnf)2] compound was in turn found to have dichroistic properties,

which was evident from oriented samples prepared in a PVAL matrix. Despite the

promising characteristics of the materials presented here, synthetic pathways

should be found to carefully control the formation of the paramagnetic [PtL22]"

complexes, which may influence the conductivity and crystal formation and may

have also consequences for the long-term stability and/or thermal stability of the

materials.

4.5.4 Conclusion

The present study shows that cw and pulse EPR techniques in

combination with more "standard" spectroscopic methods form an important tool

to characterize platinum compounds designed to have Magnus' salt

characteristics. The EPR analyses reveal that the [PtL'2][PL22] compounds contain

a considerable amount of paramagnetic [PtL22]" species (0.3-3.7 %). This may

explain why no sufficiently large single crystals can be grown. The UV/Vis, IR

and EPR results give evidence of dimer formation ([PtL 2][PL 2]), but no direct

proof for extensive metal-chain formation can be found. The EPR data also

clearly show that the conductivity is not governed by hole formation in the dz2

valence band as in Magnus' salt. Furthermore, combination of the EPR results

with conductivity measurements show that the major difference in conductivity
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between [PtL'2] [Pt(dmit)2] (semi-conductors) and [PtL']2[Pt(mnt)2] (isolators)

can be ascribed to the anionic ligand type and does not arise from differences in

the amount of paramagnetic entities, although the latter may influence the small

conductivity differences observed when the cationic complex [PflA]2* is changed.
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Symbols andAbbreviations

Symbols

l unity matrix

A hyperfine interaction matrix

A secular part of the hyperfine coupling

4j element of the hyperfine tensor

<^iso isotropic hyperfine coupling

*\\ hyperfine coupling constant along the z-axis of an axial A

matrix

AL hyperfine coupling constant perpendicular to the z-axis

Bo static magnetic field vector

B0 static magnetic field

D zero-field splitting
d(U) nuclear dipole-dipole tensor for nuclei / and k

e elementary charge 1.602176462(63)x 10",9C

g g tensor

£e g factor of the free electron 2.0023193043737(82)

gn nuclear g factor

g\\ g-value along the z-axis of an axial g matrix

g± g-value in the plane perpendicular the z-axis

h Planck constant, 6.62606876(52)xl0"34 J s rad

h A/271, 1.054571596 x 10"34 J s

Ho static spin Hamilton operator

I nuclear spin vector (I^f,!^
I nuclear spin quantum number

k modualtion depth parameter
K nuclear quarupole coupling for / = 1

M magnetization vector

M7 components of the magnetization vector

mi nuclear spin magnetic quantum number



Symbols and Abbreviations

ms electron spin magnetic quantum number

P nuclear quadrupole tensor

? charge of particle
r radius vector connecting two spins
R rotation matrix

R
transposed form of the matrix R

S electron spin vector operador (Sx, Sy, S£)
S electron spin quantum number

T dipolar hyperfine matrix

a first Euler angle

a spin state \m = +l/2>

ß second Euler angle

ß spin state \m = -l/2>

ße Bohr magneton, 9.27400899(37) x 10"24 J T"1

ßn nuclear magneton, 5.05078317 x 10"27

Y third Euler angle

n asymmetry parameter of nuclear quadrupole interaction

ns selectivity parameter

e angle between the effective field in the rotating frame and

the z-axis

e polar angle between the z-axis and B0

V frequency, v= a>/2n

(D+, Û3_ sum and difference of the signed nuclear angular

frequencies in the a and ß manifold of the electron spin

(ÛO transition frequency

©0 (0+> (0- zero-field NQR frequencies

0)/ nuclear Zeeman frequency

(Omw microwave angular frequency

03s resonance frequency

C0„, COp nuclear frequencies in the electron spin a and ß manifold

(012, 0)34 signed nuclear frequencies in the electron spin a and ß
manifold

ßs resonance offset of the electron spin

ABBREVATIONS

cw continuous wave

ENDOR Electron Nuclear Double Resonance

EPR Electron Paramagnetic resonance

ESEEM Electron Spin Echo Envelope Modulation

EZI Electron Zeeman Interaction

FID Free Induction Decay
HFI Hyperfine Interaction
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HYSCORE Hyperfine Sublevel Correlation spectroscopy

mw microwave

NQI Nuclear quadrupole interaction

NQR Nuclear quadrupole resonance

NZI Nuclear Zeeman Interaction

rf radio frequency
sq single quantum transition

dq double quantum transition

tq triple quantum transition
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Seite Leer /

Blank leaf
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