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Abstract

Hyperfine spectroscopy experiments detect nuclear spins around paramagnetic centers. They
reveal magnetic interactions that contain valuable structural information on distance and
orientation of the coupling partners. One can therefore use them, to study the magnetic
nuclei in water molecules around organic radicals. Such radicals occur as important
intermediates in enzymatic reactions.}’O is a particularly interesting target nucleus to
detect water molecules, since it does not exchange with other oxygen moieties in protein
environments, allowing for unambiguous assignment of spectral signatures to H,7O. It
has already been used to study water coordination around transition metal ions. The
low gyromagnetic ratio and high nuclear spin have, however, discouraged the use of 'O
hyperfine spectroscopy to study water around organic radicals so far.

This thesis shows the application of 1’O hyperfine spectroscopy to organic nitroxides and
tyrosyl radicals. The Mims ENDOR experiment is used at 94 and 263 GHz to detect
small, isotropic hyperfine couplings in a range of 0.5 — 0.7 MHz at three trapped tyrosyl
intermediates in "active" complexes of E. coli ribonucleotide reductase. The sharp spectral
features give the first direct experimental evidence of hydrogen-bound water molecules at
the radical intermediates, which are part of a long range proton-coupled electron transfer
chain across different subunits of the enzyme. Small theoretical models are used to link the
observed hyperfine couplings to a well defined, in-plane coordination of the water molecules.
Very small amounts of spin density (~ 0.01 %) on the oxygen nucleus, facilitated by the
hydrogen-bond, are enough to cause detectable hyperfine splitting in the spectra. The
exquisite capability of very high-field ENDOR spectroscopy to produce narrow spectral lines
is shown and rationalized, allowing a reevaluation of our previous models of the tyrosyl
radical intermediate Y3g.

The thesis then answers the previously open question: Which hyperfine spectroscopy
experiment is best suited to study " O water around organic radicals ? The performance of
three different types of hyperfine spectroscopy, recorded at 34 and 94 GHz EPR frequency,

Is compared for two nitroxide radicals as well as one tyrosyl radical. While all techniques



detect 7O signals, the HYSCORE experiments at 34 GHz best show the presence of large
hyperfine couplings in the range of 1 — 8 MHz for the two nitroxide radicals. Mims ENDOR
experiments at 94 GHz best reveal small, isotropic couplings of 0.6 — 0.8 MHz for the
nitroxide radical with a five-membered ring as well as the tyrosyl radical. Theoretical models
and molecular dynamics simulations are used to show that large, anisotropic 'O couplings
correspond to out-of-plane coordination while small isotropic couplings indicate in-plane
coordination for all three radicals.

All experiments performed in this thesis show that O hyperfine spectroscopy is a well
suited method to detect water molecules at organic radicals. The strong dependence of 'O
hyperfine coupling parameters on the hydrogen-bond geometry results in easily recognizable

coupling structures, i.e. fingerprint signatures, of in-plane water binding.
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Introduction

The interaction between electron and nuclear spins is called hyperfine (hf) interaction.
Hyperfine interactions contain valuable information about the relative distance and orienta-
tion of the coupled spins and typically lie in the radio- to microwave frequency range, i.e.
MHz to GHz. Nuclear magnetic resonance (NMR) and electron paramagnetic resonance
(EPR) spectroscopy, which operate in these frequency ranges and directly detect either
nuclear or electron magnetic moments, are therefore the techniques of choice to resolve
hyperfine interactions. A large variety of NMR techniques has been developed to detect the
influence of hyperfine coupling on magnetic nuclei.l2 However, fast electron relaxation and
strong electron-nuclear interaction complicate the detection of closely bound nuclel around
paramagnetic centers (PC). EPR spectroscopy can harness the large magnetic moment of
electron spins for signal detection as well as cope with their fast relaxation times and is
consequently often the method of choice. In many cases, hyperfine interactions strongly
influence the lineshape of EPR spectra and can be resolved as distinct singularities. The
large abundance of nuclear spins around PCs in bulk samples can, however, significantly
complicate the assignment of spectral signatures and lead to broadened EPR spectra, from
which an analysis of the hf structure becomes impossible.

A subset of EPR experiments, termed hyperfine spectroscopy, has therefore been specifically
designed to detect the hyperfine coupled nuclei. The first among them was continuous
wave (cw) electron-nuclear double resonance (ENDOR), in which electrons and nuclei are
separately manipulated by microwave (mw) and radio-frequency (rf) irradiation.l3! The
development of pulsed microwave technology led to the Mims¥! and Davies!® ENDOR
experiments, in which the spin system is manipulated by short mw and rf pulses on the
nanosecond and microsecond scale, respectively. Subsequently, electron spin-echo envelope
modulation (ESEEM) with its two-dimensional variant hyperfine sublevel correlation spec-
troscopy (HYSCORE), %7 as well as electron-electron double resonance detected NMR
(EDNMR)E were introduced. Both techniques utilize only microwave pulses and rely on
the excitation and detection of forbidden EPR transitions to detect nuclear resonance



1 Introduction

frequencies. Technological advancements continue to drive the research in hyperfine spec-
troscopy methods, which now utilize high-powered microwave sources at frequencies of
34 GHz and higher,®19 broadband excitation with arbitrary waveform generators!*! and
high-field EPR at frequencies of up to 263 GHz.l12716l

Hyperfine spectroscopy has been applied in a large variety of systems to investigate the
structure of nuclei around paramagnetic centers. Biological systems such as large en-
zymes are of particular interest, since they often contain PCs in the form of transition
metal ions or highly reactive radical intermediates. A few recent example that high-
light the application of hf spectroscopy in biological machines are studies of photosystem
Il (PSII),11%18) nitrogenase, ! [FeFe] hydrogenases, 222U radical S-adenosyl-L-mehionine
(SAM) enzymes, 2223 and ribonucleotide reductases (RNR).[24728l

One aspect of structural biology, which has gained significant interest in recent years, is
the involvement of water molecules in biological transformations (Figure [1.1]).2% Especially
the involvement in electron transfer processes, 2733l proton-wires®#73¢ and proton-coupled
electron transfer (PCET)[242%3738] has been studied. The identification of internal waters

in proteins can be achieved by X-ray crystallography.l29# The crystallization of transient

A Photosystem Il B Bacteriorhodopsin C Ribonucleotide Reductase

Figure 1.1: Water molecules (cyan) in important biological machines. A: Water-cluster
between the oxygen-evolving complex (OEC) and the mechanistically relevant tyrosine D
(Yp) in PSII (pdb: 3WU2).3741 B: Proton-wire in bacteriorhodopsin (pdb: 1C3W).134
C: Water molecule at the PCET pathway residue Y73 in the isolated a-subunit of E. coli
class la ribonucleotide reductase (pdb:1RLR).I39 Hydrogen bonds are indicated with black
dotted lines.

protein complexes is however difficult. Hyperfine sprctrosopy, on the other hand, is not
limited to protein crystals as it can detect PCs in frozen solutions. The use of hyperfine
spectroscopy to detect water molecules requires a careful choice of the target nucleus.
Water offers three options of detectable nuclear spins: *H, 2H and *O®)] The *H nucleus
has almost 100 % natural abundance (NA) and the largest gyromagnetic ratio, but it's

(@ This list is by no means complete and is limited to the last decade.
(®)Not counting the radioactive H nucleus for practical purposes.
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Figure 1.2: Water coordination to transition metal ions (A) and organic radicals (B).
Direct coordination to TM via the 17O atom results in short (< 2.5A) PC---On,0
distances (cyan) while hydrogen-bond coordination to organic radicals leads to longer
(> 3A) PC--Op,o distances.

abundance in any bulk system can make signal assignment to water molecules ambiguous.
The 2H nucleus offers increased specificity due to its low NA (~ 0.01%) and is readily
introduced into bulk systems by buffer exchange. Nevertheless, its tendency for fast
exchange with amino- or hydroxyl-hydrogens leaves a small uncertainty in the assessment
of spectral signatures. The 'O nucleus has a similarly low NA (~ 0.04 %) but shows
very slow chemical exchange with other organic molecules,*? offering the high specificity
needed to unambiguously assign spectral signatures to ’O-labelled water molecules. Two
important properties of the *”O nucleus challenge the acquisition and interpretation of hf
spectra: Firstly, it's low gyromagnetic ratio (y:ip/v17o ~ 7.4)3 leading to low sensitivity
and secondly, it's high nuclear spin (/ = 5/2) leading to a large number of signals as well as
quadrupolar signal broadening.

Despite these drawbacks, the ability to directly link spectral *”O signatures to isotopically-
labelled H,'"O water molecules has inspired hf spectroscopy studies of transition metal
(TM)-water complexes with ENDOR, #4431 EDNMR47) and ESEEM48:49 experiments.
Similar studies of water molecules coordinated to organic radicals as paramagnetic centers
have been scarce. A single EDNMR study has so far used of 1O water to determine the
hydration state of a nitroxide radical. But hyperfine couplings were neither reported nor
resolved in the EDNMR or ENDOR spectra.l®® This lack of detection is related to the
different coordination geometry of water molecules to transition metals vs. organic radicals
(see Fig. . TMs usually directly coordinate the oxygen nucleus at short PC--Oy o
distances, resulting in large hyperfine couplings. Organic radicals, on the other hand,
coordinate water via hydrogen-bonds, leading to longer PC.--Oy,o distances and smaller
couplings which are intrinsically harder to detect

The motivation to explore 1O hyperfine spectroscopy for organic radicals came from a pre-
vious ENDOR study of a radical intermediate in the active enzyme complex of Escherichia
coli (E. coli) class la ribonucleotide reductase. It showed the spectroscopic signature

of hydrogen-bound *H nuclei, which were proposed to originate from two coordinated



1 Introduction

water molecules to the essential tyrosyl radical.?®l The water molecules were deemed
mechanistically relevant for the proton-coupled electron transfer mechanism of the enzyme.
The open question remained: Can we give direct experimental evidence for water binding?
Prior to this work, it was not clear whether 1’O hyperfine couplings to organic radicals
can be resolved and if so, which method is best suited to the task. This thesis shows the

journey towards the answer:

Chapter [2| gives a general theoretical description of coupled electron-nuclear spin sys-
tems and the different hyperfine spectroscopy experiments to investigate them. It also

highlights important aspects for their application to the *”O nucleus.

Chapter 3| gives a brief overview of the materials and methods used throughout the

thesis.

Chapter 4| describes the development of numerical simulation algorithms for O EN-
DOR spectra to understand and compare state-of-the-art simulation programs used by the

EPR community.

Chapter[5|gives an introduction into the world of E. coli ribonucleotide reductase with a brief
overview of the current mechanistic understanding. It then shows the application of Mims
ENDOR spectroscopy at 94 and 263 GHz to detect '’ O-labelled water hydrogen-bound
to three tyrosyl radical intermediates in the RNR enzyme. Small density functional theory
(DFT) models of the tyrosyl and amino-tyrosyl radicals are introduced. They link the
spectroscopic results to a clearly defined binding structure of the water molecules in the
plane of the radicals. This part of the chapter has been published in the Journal of the
American Chemical Society. The final part of this chapter gives additional information
on the analysis of 1O Mims ENDOR spectra and show how the new spectroscopic and

structural information may be used for models of the radical intermediates in RNR.

Chapter [6] shows an optimization and comparison of the three hyperfine spectroscopy
techniques HYSCORE, EDNMR and ENDOR. Experiments performed at 34 and 94 GHz
EPR frequency with samples of three different, biologically relevant, organic radicals in
17O-labelled water are displayed and explained. Distinct differences and similarities in
the spectroscopic signatures of water molecules coordinated to nitroxides and tyrosyl
radicals are discussed. The same DFT methodology is used to rationalize the observed
hyperfine couplings and derive a clearly defined hydrogen-bond structure around the tyrosyl
radical vs. structural heterogeneity around the two nitroxide radicals. The chapter then

shows how molecular dynamics simulations of nitroxide radicals can be used to qualitatively



link this structural variety with broad coupling features. It highlights, how the hyperfine
spectroscopy is able to reveal distinct structural differences between nitroxide radicals with
different ring structures. This chapter is being prepared for submission.

Chapter [7) summarizes the hyperfine spectroscopy experiments performed throughout
this thesis, highlighting the great potential of 17O nuclei to link spectroscopic signatures
to structural information. It gives an outlook on future applications to other molecular
systems and radicals as well as the use of new spectroscopy methods such as multi nuclear

correlations experiments to increase structural information gained from 17O signals.






Theory of hyperfine spectroscopy

This chapter gives a brief summary of the basic theory necessary to understand EPR
hyperfine spectroscopy experiments. It provides an overview of the physical basis of magnetic
interactions and shows the mathematical tools to describe and simulate spectroscopy
experiments. The knowledge is summarized in a number of great textbooks and reviews.
Two books which are of particular value to EPR spectroscopists are the works of Schweiger

and Jeschkel® as well as Goldfarb and Stoll.>?

2.1 Static EPR Hamiltonian

The energetic structure of a paramagnetic center in the ground state, surrounded by nuclear
spins, can be described by a spin Hamiltonian ’}—Als, which is a sum of individual magnetic

interaction Hamiltonians:
7:[5 = 7:[EZ + 7‘22[:5 + 7:[EE + 7‘A[Nz + 7:[HF + 7:[NQ (2.1)
The contributions to the spin Hamiltonian are:

7:lEz — the electron Zeeman interaction

Hzrs — the zero field splitting

Hee — the electron-electron interaction

ﬁNz — the nuclear Zeeman interaction

Hur — the hyperfine interaction between electron and nuclear spins

7:[NQ — the nuclear quadrupole interaction

(@7 denotes Hamiltonians in angular frequency units while A indicates energy units
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For the understanding of magnetic resonance experiments, the investigated system can be
treated by an effective Hamiltonian, which neglects interactions irrelevant to the system.
All systems investigated in this thesis are isolated organic radicals with a S = /2 ground
state in dilute solutions. Zero-field splitting ?:LZFS and electron-electron interactions Heg

can usually be neglected in such systems and will not be discussed in detail.

2.1.1 Electron Zeeman interaction Hgz

~ ~

The interaction of the magnetic moment u. of an electron spin § = (§X,Sy,52)

pe = —pegS (2.2)

with an external magnetic field vector B is described by the electron Zeeman Hamiltonian
(in angular frequency units):

Her = “TfBTgé (2.3)

where ug is the Bohr magneton and £ is the reduced Planck constant. The orientation
dependence of the magnetic interaction is encoded in the symmetric g—tensor. It stems
from the spin-orbit coupling of excited electronic states, which causes deviations from the
g-value of the free electron g..!°3 This deviation is small for organic radicals but can get
large for transition metals. The orientation dependence is directly linked to the electronic

structure defined by the molecular environment. A coordinate system in which the g-tensor

Is diagonal
9 0 0
9=10 ¢ 0 (2.4)
0 0 g

I.e. Its principle axis system (PAS), Is therefore generally chosen as the molecular frame
of reference. Other magnetic interaction tensors will also be discussed in their respective
PAS and can be transferred into the molecular by rotation with three Euler angles «,
B and fy. Three cases of g-tensor symmetry can be distinguished: cubic symmetry
(91 = g» = g3), also called isotropic g-tensor, axial symmetry (g; = g> # g3) and rhombic
symmetry (g1 # g» # g3). The g-tensor symmetry reflects on the shape of the molecular

frame and so organic radicals most commonly have rhombic symmetry while symmetric

(b)vectors and matrices are indicated bold throughout this thesis

(9in the course of this thesis, all 3x3 interaction matrices will be called tensors as is the convention in
magnetic resonance

(Dthe indices 1,2 and 3 are used to denote the principle axis values of the tensors

(9)the z,x’,z" convention is used here



2.1 Static EPR Hamiltonian

transition metal complexes often show axial or even cubic symmetry. If a strong, external
magnetic field with the magnitude By is applied, the Zeeman energy of an electron spin
with a particular orientation to the external field and therefore an effective g-value gef Is

described by the electron Larmor frequency ws

Hez = i;geffgogz = wsS, (2.5)

A common measure of the interaction strength is the electrons gyromagnetic ratio defined

for the free electron by:

"
Ve = ?Bge (2.6)

2.1.2 Nuclear Zeeman interaction Hyz

The interaction of nuclear magnetic moments with external magnetic fields is described in

analogy to the electron Zeeman interaction by:

7'AlNz = —MT:gnBTi (2-7)

where wy is the nuclear magneton and g, is the isotope specific nuclear g-value. The major
difference lies in the negative sign, which indicates the reversal of energetic order associated
with the spin states of electrons and nuclei for positive nuclear g-values (*H,?H,*N,°F..).
For negative nuclear g-values as observed for 1’0 (g, = —0.757516), the energetic order is
equivalent to that of the electron. The g,-value's orientation dependence, which is described
by the chemical shielding tensor and often called chemical shift anisotropy, is orders of
magnitude smaller than the electron’s g-anisotropy. Therefore it is usually neglected in
hyperfine spectroscopy experiments, even though our recent studies have shown that it has
to be considered for applications at very high EPR frequencies.l®¥ For an external field B,

the Zeeman energy can be described by the nuclear Larmor frequency w,

7:[NZ = —/%\IgnBo/Az = —w/fz (2-8)

The gyromagnetic ratio for a specific nucleus is defined as:

U
Yo = ?“gn (2.9)
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2.1.3 Hyperfine interaction Hyr

The interaction between electrons and nuclei is described by the hyperfine Hamiltonian
Hur = STAI (2.10)
The interactions are summarised in the hyperfine coupling tensor A:
A=2a,1+T (2.11)

which contains the isotropic hyperfine coupling constant as, (multiplied by the unity matrix
1 because it is a scalar) and the dipolar coupling tensor T. Both contributions are based
on the magnetic dipole interaction between electron and nuclear spins and thus contain
the product of the two gyromagnetic ratios.l*® Isotropic hyperfine coupling entails finite
spin-density p®# at the position of the coupled nucleus n, making the dipole interaction

distance independent.®

214 _
diso = ?ge/J'Bgn/l'Npg b (212)
The through-space dipolar interaction is described by the coupling tensor T. The elements
of the tensor Ty, reflect the general r—2 distance dependence of dipole interactions. The
nucleus is assumed as a point in space but the distribution of the electron spin is considered

by integrating over the ground state electron spin density distribution W

3rer - Ok

w0> (2.13)

"
Tw = Hohgeusgnum <\V0

For larger inter-spin distances (r > 3 A), the point-dipole approximation can usually be
applied to the electron as well and T can be simplified to a traceless tensor of the form:

) -1 0 O

Ko

T=— WUN— — 2.14

47rh9eusg N 3 0 10 ( )
0O 0 2

2.1.4 Nuclear quadrupole interaction Hpyq

The nuclear quadrupole coupling is described by the quadruple coupling Hamiltonian

Hng = 1TPT (2.15)

10



2.2 Spin dynamics

The non-spherical charge distribution in nuclei with spin / > 1/2 is described by the
quadrupole moment eQ. Its interaction with the surrounding electric field gradient (EFG)

eq is parameterized by the traceless quadrupole coupling tensor: >’

) —(1—mep) 0 0
p-_ 99 _ 0 —(1+mp) O (2.16)
~ 42— 1)n K '
0 0 2

The symmetry of the quadrupole coupling tensor is directly related to the shape of the
EFG tensor and so its asymmetry parameter is defined as np = (V4 — V4)/V5)?] where V4 , 5
are the EFG tensors PAS values. The quadruple coupling in itself is a purely electrostatic
interaction but is relevant to the spin Hamiltonian due to a perturbation of the nuclear

angular momentum.

2.2 Spin dynamics

Multiple models can be used to describe the time evolution of electron or nuclear spins
during magnetic resonance experiments. For didactic purposes, the vector model comes
in handy to describe simple spin echo experiments. Complex pulse sequences, however,
require a quantum mechanical treatment with the density operator formalism, which will be
explained in the following section. It follows the description of Schweiger and Jeschkel®!!
as well as Feintuch and Vega.l®®l A detailed description is essential for EPR experiments,
where the electron and nuclear Zeeman interaction are not always dominant, resulting in

Hamiltonians that are not diagonal (see previous Section).

2.2.1 Expectation values

An isolated spin system can be described by the wave function |W) which is a sum of its

orthogonal eigenfunctions |¢;) that span the N-dimensional Hilbert space:

W) = ZC/WW (2.17)

The time evolution of the quantum mechanical system follows the time-dependent Schrodinger

equation

9 [w(t) = i v () (2.18)

(Mthe asymmetry parameter is given here with the subscript P to differentiate it from another asymmetry
parameter used in a subsequent chapter

11



2 Theory of hyperfine spectroscopy

Physical properties of quantum mechanical systems are called observables and are expressed
as the expectation value of Hermetian operators Q (e.g. a Hamiltonian) acting on the

system:
(Q) = (v|Q[w) (2.19)
which can be written in terms of the eigenfunctions:

<W|©|W> = ZCZC/<¢/<|©|¢/> (2.20)

The relevant information about the system is encoded in the coefficient products c¢; ¢,

making it convenient to define a density operator p:
p=[V) (V] (2.21)
which has the coefficient products as expectation values:

(Wilblvi) = cra (2.22)
The operators expectation value can therefore be expressed as

<Q> = > (Wil plvi) (Vi Qi)

Ik
= (W] 6Q| k) (2.23)
Ik
= tr{pQ} = tr{Qp}
The density operator contains the full information of the isolated spin state:
e diagonal elements pyx = cic = |Ck|2 describe populations of states

e off-diagonal elements py; = c; ¢, describe coherences between states

2.2.2 Ensemble description

Magnetic resonance has recently made great advances in the detection of single spins, yet
the majority of experiments detect spin ensembles. Therefore, the system needs to be
described by an ensemble of wave functions |V;) and fractional populations P; that describe
the contribution of the individual spin states /. The expectation value of an operator can

then be calculated by summing over the weighted expectation values of the whole ensemble:

<©>ensemble - ZPI <©I> - ZP’ <\UI|©|WI> (224)

12



2.2 Spin dynamics

If the wavefunctions of the ensemble components |W) can be expressed by the same
basis vectors |1), the expectation values can be derived from a statistical average of the

coefficient products:
<©>ensemble - Z C;Q('Qbklélw/) (225)
kI
The ensemble averaged density operator & is then formulated in analogy to equation (2.21):

0= ZP/’ (W) (Wi =" acs [vn) (il (2.26)

2.2.3 Time evolution of the density operator

The time derivative of the density operator describes the time evolution of the spin system.
It can be calculated with the time-dependent Schrédinger equation (Eq. (2.18))):

0 0
~ (21w twi+ ) ()
(

— IR W) (W] — i [ (| R (2.27)
= —iH6 —i6H

0 . L A

aa = — [’H,a]

This is commonly known as the Liouville-von Neumann equation. Distinct evolutions of
the density operator are described by unitary transformations with propagators U, which

represent a rotation in the Hilbert space:
&(t) = 05071 (2.28)

For time-independent Hamilton operators, the propagator takes the form U= exp(—iﬁ,t)
so that one can write:

a(t) = exp(—i?—lt)&(O) exp (i?:[t) (2.29)
This is often conveniently represented as:
5(0) 24 5(¢) (2.30)

This methodology can be used to describe pulsed magnetic resonance experiments, but

requires two further mathematical manipulations. Hamilton operators in magnetic resonance

13



2 Theory of hyperfine spectroscopy

are intrinsically time-dependent, which prevent the use of Equation . A transformation
of the system into a frame where the Hamiltonians are time-independent solves this problem
and will be described in Section [2.2.5] Additionally, pulse sequences are made up of time
intervals with differing Hamiltonians and can not be described by a singe evolution step.
This problem can be solved by subdividing pulse experiments into small time intervals, in
which the Hamiltonian and therefore the propagator is time-independent. For / steps, the

evolution of & can then be written as:

A~ A~

6(t) = U,...0,0,0607* 07205101 (2.31)

1

or equivalently:

6(0) 2oy ety T 5 (4) (2.32)

The expectation value of any operator can be probed by calculating:
(Q) =tr {60} (2.33)

2.2.4 Product operator formalism

The density operator can be written as a linear combination of orthogonal basis operators

O,, called product operators:
6=> cO (2.34)
i

The transformation of the individual product operators follows the same rules explained
for the density operator. The evolution of a product operator A under another product
operator B leads to a third product operator C:

A

C = exp{—iwé}f\exp{itpé} or A“E ¢ (2.35)

The general solution for time-independent propagators is known as the Baker-Hausdorff

formula:

N ﬁcosw—i[ﬁ\,é} sin @

S

B #0
B] =0

h

_ (2.36)

~

if
A if

>

Conveniently, basis sets describing isolated spins can be chosen as the basis set of the

density operator for magnetic resonance experiments. Several choices are available:

14



2.2 Spin dynamics

Cartesian operators {§X,§y,§z,1}
The angular momentum operators of the individual spins form the Cartesian basis and are

a convenient choice, since they follow the cyclic permutation rules:

5.5 = i5.
5,.5.] =iS, (2.37)
S..5.] =15,

Single transition operators {5+ 5~ 5% 5°}
If selective excitation of single transitions need to be described, as is the case in hyperfine
spectroscopy experiments in particular (see Sec. , the polarization operators are highly

useful:

A 1 ~
] X (2.38)
P = 5(1 —-25))

Additionally, the raising 5T and lowering S~ operators can be defined to describe transfers

between states:

>

St =

&-

Uy
x
+
<

(2.39)

I
0y
X
|
<

If the Cartesian basis is chosen for the product operator description of magnetic resonance
experiments, it is important to know the equilibrium density operator G, before the

beginning of the pulse sequence. This may be written as:

A 1 i
Oeq = Zexp{—kBT} (2.40)

where Z is the partition function:

4 :tr{exp <—Z_;[_>} (2.41)

In the high temperature approximation, i.e. when kg7 is larger than the largest energy

difference between two states, the equilibrium density operator can be approximated as

R i
Oeq ™ 1- /(877— (242)

15



2 Theory of hyperfine spectroscopy

At the beginning of an EPR pulse sequence, the energy level distribution is dominated by
the Zeeman Hamiltonian 7 = wsS,. Substituting this into equation (2.42) and dropping

the invariant term results in:

Geg ™ —S, (2.43)

2.2.5 Rotating frame transformation

Time-independent Hamilton operators are necessary to conveniently describe pulse sequences
with the product operator formalism. The Hamiltonian for magnetic resonance experiments

is therefore split into a static component H, and a dynamic component i
H="Ho+ H: (2.44)

For a single-electron spin Hamiltonian, the static component is the electron Zeeman
interaction with the external magnetic field and the dominant dynamic component is the

interaction with oscillating magnetic fields, i.e. continuous of pulsed microwave irradiation:
H=Hez + How = wsS, + 2w1 Sy cos(Wmwt + dmw) (2.45)

with 2w; = ‘%BgeBl expressing the amplitude and ¢ the phase of the linearly oscillating
microwave field vector B;. The Hamiltonian can be made time-independent by transforming
the density operator and the spin Hamiltonian into a frame, that rotates with the frequency

of the microwave irradiation. This is done by the unitary transformation with the operator:
Of = exp(—iwmwtﬁz) (2.46)

The rotating frame density operator can then be calculated as:

R = ORsOR? (2.47)

HE = ORHOR — win S, (2.48)
The unitary transformation can be calculated by the recipe given in equation (2.36)):

ORHOR = wsS, + 2w (§X COS Wmwt — S, sin wmw) coS(Wmwt + Grw)
= wsS, + w; (§X COS Prmw — §y sin d)mw) (2.49)
+ ws {§X cos(2Wmwt + Grmw) — §y cos(2wmwt + quw)}

16



2.2 Spin dynamics

The time-dependent terms that oscillate with twice the microwave frequency are usually
neglected, assuming that they do not interact with the spins. This is called the rotating wave
approximation and is usually justified when 2w > w;. Small deviations of the transition
frequency ws are still occasionally observed and this is called the Bloch-Siegert-shift. The

full rotating frame Hamiltonian can then be written as:

?'A[R = wsﬁz + ws (gx Cos d)mw - §y sin (bmw) - wmwgz

" ~ (2.50)
= Aws + wy (SX COS Prmw — Sy sin d)mw)

With this, the time evolution of the density operator in the rotating frame can be calculated

by the Liouville-von Neumann equation:
— &R = —i[HF 67 (2.51)

In the following chapters, the rotation index & will be omitted from the density operator and
the Hamiltonian and only indicated by the use of the offset term Aws = ws — wmw for the
electron Zeeman Hamiltonian. Experiments of coupled spin systems, which utilize irradiation
with more than one frequency wmw, €.9. ENDOR, are sometimes described in the doubly-
rotating frame. The transformation rules for this frame are identical to the aforementioned
singly-rotating frame, with an additional unitary transformation UR? = exp(—iwrftfz). The
use of this frame will be indicated by the equivalent nuclear offset Aw; = w; — wyr.

2.2.6 Relaxation

The product operator formalism and Liouville-von Neumann equation given under
disregard processes, which destroy coherences or return polarization back to equilibrium. In
short, they disregard relaxation. This can be remedied by the introduction of a relaxation
superoperator Ia which returns the system back do equilibrium &¢q and is described by the

aptly named quantum mechanical master equation:

6at& = —i[H,6] + T (6 — 6eq) (2.52)
Relaxation theories belong to the more complex mathematical construct in magnetic
resonance and require large computational power to describe even small systems. A
numerically accurate description will therefore not be given but a phenomenological approach
will be used. In this approach, relaxation is mainly described by two processes, spin-lattice
and spin-spin relaxation, described by the T; and T, relaxation times, respectively. These

relaxation times come from the solutions of the static Bloch equation and describe how

17



2 Theory of hyperfine spectroscopy

quickly magnetization returns to the equilibrium state.

Spin-lattice relaxation returns z-magnetization, i.e. polarization, to thermal equilibrium
while spin-spin relaxation destroys x and y magnetization, i.e. coherences. As evident
from the name, the T; mechanism is mainly the exchange of energy with the surrounding
lattice or thermal bath. In practice however, more complicated processes such as spectral
diffusion also cause the destruction of out-of-equilibrium polarization. Likewise, the name
of the T, process indicates that interactions between different spins in the system cause
the dephasing of electron coherences. Once again, this might be the main contribution
but other effects such as nuclear spin diffusion enter into the process and therefore the
experimentally measured relaxation time of coherences is named phase memory time and
denoted by T,,.

2.3 Hyperfine spectroscopy experiments

EPR spectroscopy experiments that focus on the detection of electron-nuclear spin in-
teractions are generally summarized as hyperfine spectroscopy experiments. Modern hf
spectroscopy Is performed almost exclusively as pulsed experiments and can be categorized
into three families: 1. microwave single resonance techniques such as HYSCORE, the
2D variation of ESEEM;®71 2. microwave double resonance techniques based on the
EDNMR experiment;[® 3. microwave radio-frequency double resonance techniques based
on the ENDOR experiments.[*) The hf spectroscopy techniques all aim at the detection
of nuclear resonance frequencies via the EPR signal but differ in the excitation of and
detection schemes. ENDOR experiments detect exclusively allowed electron and nuclear
transitions, while EDNMR and HYSCORE require the excitation of generally forbidden
EPR transitions and coherences. The following sections will show the working principles of
the techniques and the requirements of the spin system described with the density operator
formalism. This is essential to understand the different hyperfine spectra and the influence

of experimental parameters on them.

2.3.1 The coupled S=1/2, I=1/2 spin system

The following sections will describe the hyperfine spectroscopy experiments with the aid of
the simplest possible coupled spin system: an electron spin S = 1/2 coupled to a nuclear
spin | = 1/2. This leads to the best understanding of the mechanisms of the hf spectroscopy
experiments. Higher nuclear spins quickly lead to calculations, for which analytical solutions
are no longer feasible. Since the main focus of this work is the hf spectroscopy of 'O
with a nuclear spin | = 5/2, important deviations from the described behaviour of nuclear

spin one-half will be mentioned. These are mostly associated with the nuclear quadrupole
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2.3 Hyperfine spectroscopy experiments

coupling. In practice, numerical simulations are the method of choice for dealing with high
nuclear spins, which will be shown in chapter (3]

The static spin Hamiltonian of the model system can be written as:

o = ‘L;BTgs: _ “?Ngnswm STAJ (2.53)

These assumptions will be made:

the electron spin can be described with a single effective g-value

the nuclear spin has a positive nuclear g-value

the electron is fully quantized along the external magnetic field B = (0,0,By)

the nuclear spin is quantized along an arbitrary direction determined by the relative

size of the nuclear Zeeman and hyperfine fields

If the last two assumptions are true, the spin system is treated in the so called general high

magnetic field case. The Hamiltonian can then be written as:
Ho = wsS, —wil, + ALS. 1+ ALS, I+ AL, S, (2.54)

This can be further simplified by turning the nuclear coordinate systems so that A,, = 0:

~ ~

7:[0 :wsgz_wli\z+A§z/z+B§z/x (2.55)

where A is then called the secular and B = /A2, + A2, the pseudo-secular hyperfine
coupling. For a system with a hyperfine tensor composed of an isotropic and an axially
symmetric dipolar coupling contribution (see Sec.[2.1.3)), they can be described as:

A= aio + T(3cos? 6 — 1) (2.56)
B = 3T sinfcosf (2.57)

where 6 is one of the Euler angles describing the relative orientation of the hyperfine tensor
to the g-tensor, i.e. the molecular frame. The pseudo-secular hyperfine coupling contributes
off-diagonal elements to the static spin Hamiltonian, thus it needs to be diagonalized to
obtain the eigenvalues, i.e. the energy levels, of the system. The Hamiltonian can first be

rewritten in terms of the previously mentioned single transition operators:

" . A\ anr  Boay- A\ spr B oag-
Ho = wsS, + <w, + 2) S, + ES“/X + (w, — 2) SPI, — ESB/X (2.58)
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2 Theory of hyperfine spectroscopy

The unitary transformation that diagonalizes the Hamiltonian can then be rationalized as
consecutive rotations of the individual spin manifolds around the y axis by the respective

angles 1, and 7g :
Udiag = U20P = exp{—i (naﬁa/} + 7]5§5/Ay)} (2.59)

The same transformation can also be written in the cartesian operator basis with the angles

¢ and n as:
Odiag = exp{—i (gi\y + n2~§zi\y)} (260)

The angles 1, and mg result from the geometric relation of the nuclear Zeeman field with
respect to the secular and pseudo-secular hyperfine field (Fig. 2.1, A and D):

B —-B/2 B —-B/2
Na = arctan(A/2 n w,) and N = arctan(A/2 — w,) (2.61)

The sum and difference of the two form the angles for the cartesian transformation:

’Ua—’f]ﬁ and :na+776

€=75 N 2

(2.62)

The angles essentially describe the effective magnetic fields experienced by the nuclear
spin within each different spin manifold. Fig. shows this for two specific limiting cases,
which are relevant for all hyperfine spectroscopy experiments.

In the weak coupling case (left), the nuclear Zeeman field w;, dominates and the hyperfine
fields (A/2 and B/2) cause a deviation from the z axis. The opposite is the strong coupling
case (right), in which the hyperfine fields dominate and the Zeeman field causes a deviation.
The geometric representation clearly shows, that the pseudo-secular part of the hyperfine
coupling is the reason for the deviation from the z quantization axis. The diagonalized

spin Hamiltonian in the tilted frame can then be written as:

ﬁglted = wSSZ + W12§afz + W34§6fz
R W (2.63)
= wsS, + %/Z + “’7252/2

The basic nuclear transition frequencies, which can also be imagined as the effective nuclear

fields can be written as:

A B .

Wis = Wy = |w; + 5 COS Mg — Esm Nee (2.64)
A B .

W3g =W = | Wy — o | cosTg + — sinng (2.65)
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Figure 2.1: The coupled S = 1/2,/ = 1/2 spin system in the weak (left) and strong
(right) coupling cases. A/D: Relative orientations of the nuclear Zeeman (blue) and
hyperfine (orange) fields that determine the quantization axis of the basic nuclear transition
frequencies wy and wg. Angles for the single transition operators are marked by dotted
circles while angles for the Cartesian operators are marked by dash-dotted circles. B/E:
Energy level diagrams with arrows marking the allowed (red) and forbidden (cyan) EPR
transitions as well as the allowed nuclear transitions (blue). Boltzmann distribution is
marked by the coloring (filled/unfilled) of the boxes. C/F: EPR spectra with relative
position of the allowed (solid red) and forbidden (dashed cyan) EPR transition frequencies.
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2 Theory of hyperfine spectroscopy

In the Cartesian basis, they are written as the sum and difference frequencies:
Wy = Wi + Wi and W_ = Wiy — W3s (2.66)

From this Hamiltonian, the energy level diagram of the coupled spin system can be derived.
It is shown in Fig. 2.1 B and E for the strong and weak coupling case, respectively. Six
transitions are possible between the four levels: two allowed EPR transitions (red) w3
and woq with Ams =1, Am; = 0, two forbidden EPR transitions (cyan) w14 and wo3 with
Ams = 1,Am; = 1 and two allowed nuclear (NMR) transitions (blue) wi» and ws4 with
Ams = 0,Am; = 1. This color code will be kept throughout the figures in this work. The
schematic EPR spectra for the two coupling cases are given in Fig. 2.1 C and F.

For the description of the hyperfine spectroscopy experiments, it is also necessary to
transform the dynamic Hamiltonian, i.e. the microwave Hamiltonian that induces transitions,
into the tilted frame. This is done by the same unitary transformation used for the static

Hamiltonian. For a set microwave phase (x) in the rotating frame, this means:
HE = O30 R Uging = w1052 S« Using (2.67)
Because this transformation occurs in the Cartesian base, expression (2.60]) is used to get:

A gl 4m28.],
ST

w1Sy w1 (§X cosn+2§yfy sin n) (2.68)

The matrix representation of this Hamiltonian clearly shows how allowed (red) and forbidden

(cyan) transitions are induced by terms with cosm and sinm, respectively:

0 0 cosm —sinm
~ R tilted 0 0 sinm cosn
H = w1 _ (2.69)
cosm sinm 0 0
—sinm cosm O 0

From this, and from the previous geometric considerations for the diagonalization, the
transition probabilities and intensities of the EPR transitions can be derived. The normalized
intensities/transition probabilities for the allowed (/,) and forbidden (/) transitions are

given as:

2 1,2 2 1,2
WP — 302 a2 w? — ]
— and lf=sin"n=+——

I, = cos’n =
Walg Walg

(2.70)

Generally, the larger the anisotropy of the hyperfine interaction, the larger the intensity of
the forbidden EPR transitions. While the forbidden EPR transitions might not be resolved
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2.3 Hyperfine spectroscopy experiments

in EPR spectra or their contribution might be very small, they form the basis of two of the
three hf spectroscopy methods, namely EDNMR and HYSCORE.

2.3.2 Experiment overview

ENDOR EDNMR ESEEM/HYSCORE
: B B on B
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Figure 2.2: Overview of hyperfine spectroscopy experiments for a coupled S = 1/2,/ = 1/2
system in the weak coupling case. A: ENDOR, which utilizes the excitation of allowed EPR
transitions to prepare the spin system and rf irradiation to detect the nuclear transitions
via the EPR signal. B: EDNMR, which uses long microwave excitation to drive forbidden
EPR transitions and detect the effect via the EPR signal. C: ESEEM/HYSCORE, which
utilizes broadband microwave pulses to excite allowed and forbidden electron coherences
and detect the evolution of nuclear coherences via the EPR signal.

Figure|2.2|shows an overview of the three hf spectroscopy methods with the pulse sequences
and their working principles illustrated for the weakly coupled spin system. It highlights
the main difference between the three methods: while ENDOR utilizes the excitation,
pumping and detection of allowed EPR transitions, EDNMR and ESEEM utilize the
excitation of allowed and also forbidden transitions. ENDOR and EDNMR are considered
pump-probe experiments, which record the spectra in the direct frequency dimension while
ESEEM/HYSCORE is a time-domain experiment in which evolution of nuclear coherences
Is detected via the EPR signal and the frequency domain spectrum is generated via Fourier
transformation (FT). Finally, ENDOR and EDNMR rely on the selective excitation of
transitions, while ESEEM utilizes broadband excitation. Exceptions to this last point exist
both for ENDOR and EDNMR and will be discussed in the respective sections (vide infra).

2.3.3 ENDOR

Pulsed ENDOR spectroscopy is generally performed with one of two pulse sequences:
Daviest®! or Mims!¥ ENDOR, each named after the respective inventor. Many more
elaborate pulse sequences exist, but the general working principle Is best explained using
these two. The Davies experiment is based on a refocused electron spin echo (Fig. [2.3))
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2 Theory of hyperfine spectroscopy

while the Mims experiment utilizes a stimulated echo (Fig.[2.4). Both aim for the generation
of electron-nuclear double spin order, a mixed state described by the 25,1, operator, which
Is the condition when one of the EPR transitions is inverted.

Davies ENDOR In the Davies ENDOR sequence (Fig. 2.3] A) this is achieved by a

selective m-pulse that acts only on the allowed 1 <+ 3 or « transition (75,/%):

~ PN ~

Goq=—5,=-5,1° -5, P ™= 8 J* &, [P =25,], =65, (2.71)
After the preparation, a selective radio-frequency pulse with the flip angle ¢ is applied on
one of the nuclear transitions:
~sel Sy c Ja & 1B 1
g, — (SZ/ - S, ) —(1+ cosp)

2 (2.72)

1 A A
—1, {2(1 — Cosw)} — 5%, sinp = 0enpor

In the case of full inversion of a nuclear transition (¢ = ) the spin system is in a state of
nuclear polarization, i.e. —1,, while it remains in its state of electron-nuclear double spin
order, if the rf pulse has no effect. The latter case is true for off resonant irradiation. The

final selective spin echo sequence acts as a read out of the 1 <> 3 transition: %

N

Sxl® T?:Lo\ ns.Jx T

A o 1 a .
OENDOR > > O/ 5(1 + cos (p)Syfﬁ = Oecho (273)

The Davies pulse sequence and polarization transfer is illustrated in Fig.[2.3] The ENDOR
spectrum is detected by sweeping the rf frequency range and monitoring the intensity of
the EPR echo. This can be expressed by calculating the expectation value of transverse

magnetization (here S, magnetization) at the time of the echo:

lecho = <§y(techo)> =1tr {6-echo§y} = _jl-_(l + Cos (P) (274)

The echo intensity is directly linked to the effective flip angle of the rf pulse ¢ and therefore
reports on on- vs off-resonant irradiation. Equation (2.74) shows that the echo intensity
for full inversion of a nuclear transition drops to zero, while an echo intensity of 0.5 is
detected when the rf pulse has no effect.
Since the absolute echo intensity is affected by many more experimental parameters, the
ENDOR effect is usually quantified by the relative ENDOR efficiency Fenpor:

1 | /echo(Off res.) — lecho(oN res.)

FDavies _ - 275
ENDOR ™ 5 lecho (OFF res.) ( )

This description assumes ideally selective microwave pulses and is thus valid for the
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Figure 2.3: The Davies ENDOR experiment. A: Pulse sequence (top) and polarization
transfer (bottom) for a S = 1/2, | = 1/2 four level spin system during the three stages of
a selective Davies ENDOR experiment. EPR transitions and mw pulses are marked in
red while nuclear transitions and rf pulses are marked blue. Populations are indicated by
the fill-color of the boxes. Adapted from [5]. B/C: Distribution of spin packets (1,2,3)
with the same hyperfine coupling within the powder EPR spectrum. Excitation profile of
the preparation pulse is marked as grey area. D: ENDOR spectrum with three different
hyperfine couplings (As > A1 > As) with their intensities effected by the central blindspot

(grey area).

description of a single spin packet. In practice however, ENDOR is most often performed
on poly-crystalline powders with an inhomogeneously broadened EPR line consisting of all
possible molecular orientations and with microwave pulses of a finite length. In that case,
Davies ENDOR can be considered as a so called hole-burning experiment and the previous
description has to be altered slightly.

First, the length and shape of the "selective" microwave pulse needs to be considered: The
excitation profile of a rectangular microwave pulse is described by a sinc-function, as that
is the Fourier transformation of a rectangular time signal. The excitation bandwidth and
therefore the width of the hole burned into the EPR line can be estimated by its pulselength

t, as:

Avyp = ;} (2.76)
Next, the distribution of resonance frequencies in the powder sample needs to be considered:
In a broad EPR line, it is possible to excite either of the two (or both) EPR transitions
for spin packets with the same hyperfine coupling but different resonance frequencies
(Fig. m B and C). At the beginning of the Davies sequence, all transitions inside the
excitation function are inverted with an efficiency, corresponding to the excitation profile.

If the hyperfine coupling is large enough, i.e. larger than the excitation width of the
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2 Theory of hyperfine spectroscopy

preparation pulse, spin packets where only one of the EPR transition is inverted exist
(Fig. [2.3| B). If the hyperfine coupling is however smaller than the width of the excitation
function (Fig. 2.3} C), both EPR transitions are excited at the same time.

After the preparation pulse, and if only one EPR transition was excited, the radio-frequency
pulse transfers the inverted polarization from the central hole to a side hole. This reduces
the depth of the central hole, which is detected as a reduction in echo intensity. If both
EPR transitions are excited at the same time, no ENDOR effect is detected. Therefore,
Davies ENDOR spectra of powder samples have a hole at the Larmor frequenc of the
investigated nucleus, which suppresses small hyperfine couplings, that is directly related to
the length of the preparation pulse (Fig.[2.3, D). Longer preparation pulses can be used to
minimize the hole width, but this also has its drawbacks. Smaller excitation bandwidths
reduce the overall number of spin packets excited and reduce the signal intensity. It is

therefore mainly used for medium to large hyperfine couplings.

Mims ENDOR The preparation in Mims ENDOR is achieved by two non-selective /2
pulses, separated by a time interval T:

> S, THo %§X>§Z cos (?7‘) cos(AwsT)—
- A (2.77)

25,1, sin <2T> sin(AwsT) = 5g?enpse|

The generated electron nuclear double spin order 2§Z/AZ contains modulation terms of the
hyperfine interaction A and a resonance offset Aws. While the first is relatively obvious in
an ENDOR experiment, the second means that the Mims ENDOR sequence is inherently
designed for broadened EPR lines. After preparation, a selective rf pulse is applied in

analogy to the Davies experiment:

~nonsel 951 § é (A )_
Oprep . — 5, COS 5T | cos(BwsT

{2§2fz B (1 + cos w)} + ( )
2.78

~

1 ~ 1
I, [2(1 — cosw)} + 1, [2 sin (p} +

A~ J1 A
25,1, {2 sin (p] }sin (27'> sin(AwsT) = Genpor

(9this is true for the weak coupling case

26



2.3 Hyperfine spectroscopy experiments

A B
E T E E T A A
Vobs : : .’ill
. PRl | AN

Vi | o

Figure 2.4: The Mims ENDOR experiment. A: Mims pulse sequence. Microwave pulses
are marked in red while rf pulses are marked blue. B: ENDOR spectrum with three
different hyperfine couplings (A3 > A1 > Az) with their intensities effected by the Mims
blindspot function (grey area).

The readout is achieved with a stimulated echo through another /2 pulse:

Ié A A
GENDOR ——2% —Sy{ cos? <27> cos?(AwsT)+
(2.79)

1 A
5 sin? <2T> sin?(AwsT)(1 + cos (p)} = Gecho

The echo intensity for on resonant rf irradiation (¢ = ) and for the average over all
excited resonance offsets Aws can then be expressed as:

fecho = i[l + cos(AT)] (2.80)

and the ENDOR efficiency becomes:
: 1 A
Mims __ — .2 (77
FEnDorR = 5 SN <2T> (2.81)

The Mims ENDOR efficiency depends on the hyperfine coupling constant A and the
chosen time interval 7 in a periodic fashion, which means that it reaches maximum for
T = (2n+ 1)7/A and is zero for T = 2nm/A with n = 0,1,2,.... These zero intensities are
usually called the Mims blindspots, which are mapped directly onto the ENDOR spectrum.
Figure[2.4] B depicts the situation for three hyperfine couplings A; 53, which would normally
have equal intensity but are attenuated by the blindspot function (grey area) to yield three
different intensities. Because hyperfine couplings in solids are most often tensors and not
isotropic values, this blindspot function can lead to significant deviation of the ENDOR
lineshapes from the original tensor shapes (e.g. dipolar Pake patterns). To make sure, that
no spectral features are lost, Mims therefore needs to be performed with multiple 7-values,
sometimes called T-average Mims.

The non-selective preparation gives Mims ENDOR an overall sensitivity advantage over
Davies ENDOR, since a lot more spin packets are excited and contribute to the overall
echo intensity. Like in Davies ENDOR, the Mims ENDOR blindspot function causes a

spectral hole at the center of the ENDOR spectrum, i.e. w; = 0 in the weak coupling case.
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2 Theory of hyperfine spectroscopy

This blindspot, as well as the periodic blind spots to either side, can however be adjusted
by the choice of T-value. In general, longer T-values lead to a smaller hole and a shorter
spacing between periodic blindspots. This means, that small hyperfine couplings may be
investigated by the choice of very long preparation intervals (up to 4 ps).[14%) The limiting
factor for the choice of 7 is however the phase memory time of the investigated PC, as
the overall ENDOR sensitivity Senpor is @ product of the ENDOR efficiency and the echo

intensity determined by relaxation:
, 1 A T
SENDOR = Fé\f\;rSSOR . /Z;Tw = *SII’]Q —T ] /O exp (-) (282)
2 2 Tm

This means, that a maximum T-value exists, which is equivalent to the phase memory time
of the system.[®1]

The blind spot behaviour of nuclear spins | > 1/2 is different from the described formula,
as the direct mapping of hyperfine coupling to the ENDOR spectrum is lost when nuclear
quadrupole coupling comparable to the hyperfine coupling is present. An analytical derivation
for nuclear spin / = 1 has been reported but the same for / > 3/2 was deemed unfeasible.®?
This point will be discussed for / = 5/2 nuclei in detail under Section 4.3]

Apart from the distortions caused by the blindspot functions, ENDOR spectra show the
exact shape of the hyperfine and quadruple coupling tensors, since radio-frequency irradiation
is used to directly drive the nuclear transitions. The spectral resolution of experimental
ENDOR spectra is limited by the excitation bandwidth of the radio-frequency pulse and

the intrinsic linewidth of the individual hyperfine or quadrupole transition.

2.3.4 EDNMR

The electron-electron double resonance (ELDOR)-detected NMR experiment!® aims at the
detection of forbidden EPR transitions and consists of two steps. The first part of the pulse
sequence (Fig. is a long microwave pulse, performed at variable microwave frequencies
vnTa. Because of its length and microwave strength, it can no longer be considered as an
ideal microwave pulse and treatment with the density operator formalism is not feasible. !
Instead, a description of the individual EPR transitions is generally chosen to descibe the
experiment. The pulse rotates the allowed and forbidden EPR transitions of the system by
the angle @, ¢, determined by their transition probabilities defined under (2.70):

©af = Withtay/las = ©Voy/laf (2.83)

Since the transition probability for forbidden EPR transitions is generally rather low, long

irradiation times are necessary to invert them, i.e. to achieve ¢rf =~ w. Such long tyta
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Figure 2.5: The EDNMR experiment. A: Pulse sequence (top) and polarization transfer
(bottom) for a S = 1/2,1 = 1/2 four level spin system during the two stages of an
EDNMR experiment. Allowed EPR transitions and selective mw pulses are marked in red
while forbidden EPR transitions and the HTA pulse are marked in cyan. Populations are
indicated by the fill-color of the boxes. B/C/D: EDNMR spectra for selective detection
on the allowed w13 (B) or wo4 (C) transitions, as well as for detection in the powder (D).
Adapted from [63].

causes high turning angles (HTA) for the allowed transitions, which is the reason for the
name of the pulse. The thus created polarization difference is probed by a selective spin
echo acting on the allowed EPR transitions. The EDNMR signal is then detected as a drop
in echo intensity as a function of the HTA frequency. If the HTA pulse is on resonance with
the allowed EPR transition that is also used for detection, the said transition is saturated
and the echo intensity drops to 0. This is shown in Figure 2.5, B and C as the red signal
at the center of the spectrum. If the HTA pulse is on resonance with one of the two
forbidden transitions, the echo intensity is reduced in proportion to the turning angle s
(cyan signals).

As for the Davies ENDOR experiment, it is necessary to describe EDNMR of broad EPR
lines as a hole-burning experiment. The hole of long microwave pulses is best described by
a Lorentzian with a full width at half maximum (FWHM) of ~ 2w;. The depth of this hole

h can be described by the following expression:

h=1-—1,cos (wl tHTAﬁ> — l¢cos (wl tHTA\/E) (2.84)

Also in analogy to the Davies ENDOR description, the overlap of spin packets with the same
hyperfine coupling but different resonance offsets leads to EDNMR spectra, which are the
sum of the spectra expected for selective excitation of only one EPR transition (Fig.[2.5, D).
Powder EDNMR spectra are dominated by the so called central hole, produced when the

HTA pulse is on resonance with the allowed transitions and therefore equivalent to the hole
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2 Theory of hyperfine spectroscopy

in the EPR line.

In the weak coupling case, the nuclear transitions are detected as doublets, split by the
hyperfine coupling A around the nuclear Larmor frequencies w; symmetric around the
central hole. In the case of strong coupling, they appear centered at half the hyperfine
coupling and split by the nuclear Larmor frequency. If the hyperfine coupling is large enough
to be resolved in the EPR line, signals can appear exclusively on one side of the EDNMR
spectrum. This happens when the HTA pulse selects a specific nuclear spin manifold within
the EPR spectrum. If the nuclear transitions fall inside the central hole, they are obscured
by it and can no longer be detected.

The spectral shape of the anisotropic hyperfine patterns is distorted in the EDNMR spectra,
because the transition probability of the forbidden EPR transitions depends on the angle 6,
which describes the relative orientation of the hyperfine and g-tensors. It drops to 0 for
the canonical orientations, obscuring the typical singularities of e.g. dipolar Pake patterns.
Nuclear quadrupole coupling contributes to the non-secular terms of the spin Hamiltonian
and can therefore increase the transition probabilities of the observed transitions in the
EDNMR spectra.

The spectral resolution vg of EDNMR performed with rectangular HTA pulses is determined
by the integration length t,; of the detected echo and can be described empirically by
vr(MHZ) = 1.4/t,:(ps).14 This means, that spectral resolution and signal-to-noise ratio
of EDNMR spectra are intrinsically linked, since longer echo integration necessitates longer
evolution times T to avoid the overlap of echo and microwave pulses or spectrometer

deadtime.

2.3.5 ESEEM/HYSCORE

The HYSCORE experiment, which is a two-dimensional version of the ESEEM experiment,
aims at the detection of nuclear coherences via the EPR signal.l% |t consists of four
steps depicted in Figure |2.6| The first part of the pulse sequence is comprised of two
non-selective microwave pulses, separated by an evolution time 7. They prepare the spin
system by producing allowed (EC,, red) and forbidden (ECs, cyan) electron coherences
after the first pulse. As for the EDNMR experiment, this is only possible in the presence of

pseudo-secular hyperfine coupling:

~  5(Sxcosn+25,1ysi N .
5eq - 2( cosn+25y ysmn){ Sy cos?n — 2SX/y sinn = 6 (2.85)
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The evolution time 7 under the tilted Hamiltonian (Eq. [2.63) generates:

> T

T [7tilted ~
01 H—>S cosn cos(AwsT) cos(w'r> S, cosnsin(AwsT) cos(w2 )
—25, I, cosn cos(AwsT) sin(w2_7> + 25,1, cosnsin(AwsT) S|n<sz>
(57)
2

(2.86)
—2S, I, sinn cos(AwsT) cos<w2+7> + 25,1 sinn cos(AwsT) sin T
+25,1, sinnsin(AwsT) cos<w2+'r> — 25, I sinmsin(AwsT) sin (2fr> =0
And the second /2 pulse produces the following density operator:
. %(gx cosn+25y 1, sin 77) w
g > cos(AwsT) [cos ncos(27) + sin ncos(¢>]
+sin(AwsT) {cosZnsin<wT>2§ I, +sin nsm( )
2 (2.87)

—sin(AwST)sin(2n)sin<Cg§T> [cos(%’%)g I +S|n< 5 )§ A_

_Sin(AwsT)Si”(Q'fl)Sin<u;T> {cos(é )Sﬁl +S|n< > >§ /A:

The first two terms describe nuclear polarization, while the last two terms describe nuclear
coherences (NC, light and dark blue) in the two nuclear sub-manifolds o and 3. During the
first evolution interval t;, the nuclear coherences evolve. The third microwave pulse inverts
the electron spin manifolds, which also exchanges the nuclear coherences. After a second
evolution time t, the nuclear coherences are converted to detectable electron coherences
by the final microwave pulse. The modulations of the stimulated echo are then recorded as
a function of the two evolution times. As evident from expression (2.87), many different

pathways contribute to the overall echo modulation V:

k
vzl—ZZ\/, (2.88)

For a single spin packet, the intensity of the modulation is determined by the modulation

depth parameter k:

k = sin?(2n) = ( Suwi ) (2.89)

Walug

The important modulation contributions for the HYSCORE experiment are contained in

two terms:

V, = C (1) cos® n [cos (Wa i +wpta+w, T/2) + cos (wpti+we tr+w, T/2)] (2.90)
Vi, = —C(7) sin’ n [cos (wat1 —wpta+w_T/2) + cos (Wt —Watr—w_T/2)] (2.91)
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Figure 2.6: The HYSCORE experiment. A: Pulse sequence (top) and polarization/coher-
ence transfer scheme (bottom). Microwave pulses are shown in red. The transfer scheme
depicts a graphic representation of the spin Hamiltonian with polarizations (P) marked in
grey at the beginning of the pulse sequence. Allowed (EC,) and forbidden (ECs) electron
coherences are shown in red and cyan, respectively. Nuclear coherences (NC) are shown in
dark and light blue to distinguish between the two electron spin manifolds. Transfers and
evolutions are marked by black arrows. B: Energy level diagram with coherences shown in
the same color scheme. C: HYSCORE spectrum with two signals. Signal in the weak
coupling case (blue squares) appear centered at w; in the (+,+)-quadrant, while signal in
the strong coupling case (blue circles) appear cantered at half the hyperfine coupling A/2
in the (-,+)-quadrant. Figure adapted from [65].

A HYSCORE spectrum is then generated by the discrete Fourier transformation of the
experimental time trace. It can be split into the four quadrants, denoted by the relative sign
of the frequency axis. Out of the four quadrants, two pairs are mutually symmetric ((+,+)
and (--)/(-+) and (+,-)) and so it is enough to inspect only two of them. Figure[2.6, C
shows a hypothetical HYSCORE spectrum with two contributions in either of the two
quadrants. The contributions to the (+,+)-quadrant originate from the V, modulation term,
because it has a positive phase modulation w,. This dominates when 1 =~ 0/, which
describes the weak coupling case. Due to the 2D nature of the experiment, signals appear
split along the anti-diagonal by the hyperfine coupling A centered at w;.

Signals in the (-,+)-quadrant originate from the V}, modulations due to its negative phase
modulation w_, which dominates for n ~ 7/2, i.e. in the strong coupling case. Signals
here appear to be split along the anti diagonal by twice the nuclear Larmor frequency, while
being centred at half the hyperfine coupling.

The 7-dependent factor C in in the modulation terms (Eq. and (2.91)) accounts
for the first evolution interval, which introduces blindspots into the HYSCORE spectrum,
similar to the situation in Mims ENDOR. Since HYSCORE is a FT method, these blindspots
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are fixed at the same frequencies for a given evolution time 7, regardless of the hyperfine
coupling. To gain the full correlation pattern, multiple HYSCORE experiments with different
T-values have to be recorded.

In analogy to EDNMR, HYSCORE does not display the full shape of the hyperfine or
quadrupole coupling tensors, because the modulation depth depends on the pseudo-secular
coupling B, which vanishes at the canonical orientations of the coupling tensors. Broad
coupling features appear as so called ridges in the HYSCORE spectrum, whose extent
across the anti-diagonal gives information about the coupling size while the curvature can
be analyzed to get information about the dipolar hyperfine coupling.

HYSCORE spectra of nuclei with quadrupole coupling become significantly more com-
plicated, since the number of nuclear transitions that can evolve increases. An essential
feature of HYSCORE is the separation of hyperfine and quadrupole coupling in two different
dimensions. Quadruple coupling separates the individual frequencies along the diagonal
while the hyperfine coupling causes broad features across the anti-diagonal. More detailed
information about HYSCORE of / = 5/2 nuclei is given in Chapter [6]

The spectral resolution of HYSCORE is determined by the sampling interval and the length
of the detected time traces. Longer evolution times and smaller time intervals lead to
increased resolution but also to longer acquisition times. This means that spectral resolution

and signal-to-noise ratio are linked.
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Materials and methods

This chapter will describe the materials and methods used throughout this work. Certain
aspects will be repeated in the following chapters since they were included for the respective

publications.

3.1 Sample preparation

3.1.1 Protonated and deuterated BDPA

Protonated a,y-bisdiphenylene-3-phenylallyl (BDPA, Fig. [3.1, A) was purchased from
Sigma Aldrich as 1:1 complex with benzene. Deuterated BDPA was synthesized by the
facility for synthetic chemistry of the MPI for biophysical chemistry in Gottingen in 2012,
following the synthesis procedure for protonated BDPA.[%) Both radicals were dispersed in
polystyrene (PS, Sigma Aldrich, 35000 average molecular weight) by dissolution of radical
and matrix in CHCI;, followed by drying under nitrogen gas and grinding to a fine powder.

This was performed by B. Angerstein in our research group.

3.1.2 Nitroxide radicals

4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl radical (TEMPOL, T¢, Fig.[3.1, B) and 90 %
70 labelled water (H,*"O) was purchased from Sigma Aldrich. 3-Hydroxymethyl-(1-oxy-
2,2,5,5-tetramethylpyrroline) (TEMPYL, Tt, Fig. , C) was purchased from Santa Cruz
Biotechnology. TEMPOL and TEMPYL were dissolved in H217O and mixed with glycerol
to yield a concentration of 200 uM radical in a solution of 80 % H,'’O and 20 % glycerol

(v/v).
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Figure 3.1: Overview of investigated radicals. A: BDPA/a,y-bisdiphenylene-G-phenylallyl
B: TEMPOL/4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl radical C: TEMPYL/3-
Hydroxymethyl-(1-oxy-2,2,5,5-tetramethylpyrroline) D: Tyrosyl radical E: Amino-tyrosyl
radical.

3.1.3 Radical intermediates in E. coli RNR

The incorporation of unnatural amino acids (UAAs) into E. coli ribonucleotide reductase
followed the previously reported protocols.[6768 Proteins with UAAs were expressed and
purified by Brandon Greene and Chang Cui (MIT). Wild-type (wt) protein was expressed
and purified by myself during a stay at MIT.

Purified ao (wt, Y730F, NH2Y731 and NH,Y730) was exchanged into 5 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (pH 7.6) containing 1.5 mM MgSOQO,,
0.1 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM B-mercaptoethanol with Ami-
con spin filters (30 000 NMWL). 100 pL protein solution was supplemented with 300 pL
buffer and spun at 12 000g for 5min. This process was repeated 6 times. Adenosine
triphosphate (ATP) and cytidine diphosphate (CDP) were added and the protein concen-
tration was adjusted with assay buffer (50 mM HEPES, pH7.6, 15mM MgSO,, 1 mM
EDTA) to yield a final concentration of 30 uM a5, 500 uM ATP and 167 uM CDP. 100 pL
quantities of this solution were frozen in liquid nitrogen and lyophilized overnight.

The samples were rehydrated in 10 pL H217O to yield solutions of 300 uM a,, 5mM
ATP and 1.67 mM CDP in assay buffer. Recovery of wild-type (wt) a, activity after the
lyophilization procedure was checked by spectrophotometric activity assay and found to be
90 - 100 % (data not shown).

Purified B> (wt, F3Y12, F3Y120/E52Q) was exchanged into assay buffer with the aforemen-
tioned protocol and had the following concentrations: 890 uM wt-3>, 980 pM F>Y155-05,
1600 UM F3Y125/EsQ.

EPR samples were prepared by mixing the previously described o, solutions containing
substrate and effector with the corresponding 3> solution (Table and addition of H217O
to a final concentration of 180 pM a,3>, 3mM ATP and 1 mM CDP. The final amount of
H,"O was approx. 80 %. The reaction mixtures were hand quenched in liquid N5 inside
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EPR tubes. The quench times followed the previously established protocols for maximum
radical yield.2%:26:69)

EPR samples containing only 3, with H,'"O were prepared by diluting the aforementioned
solutions of B> (wt and F3Y12,) with H217O to a final protein concentration of 180 M
and approx. 90% H,'’O. The (B, solution was left to incubate for 10 min at 4°C to
allow for sufficient exchange of water molecules within the protein, i.e. close to Y12, and

subsequently frozen in lig. N5 inside the EPR tubes.

3.1.4 EPR samples

1.6 mm outer diameter (OD)/1.1 mm inner diameter (ID) quartz tubes (WG-221T) and
0.9mm OD/0.5mm ID suprasil tubes (WG-213ST9S) were purchased from Wilmad-Lab
Glass. 0.33mm OD/0.2mm ID (CV2033-S-100) suprasil capillaries were purchased from
CM scientific. Q-band samples contained 10 — 12 pL solution in 1.6 mm OD/1.1 mm ID
quartz tubes. W-band samples contained 2 pL solution in 0.9 mm OD/0.5mm ID suprasil
tubes. 263 GHz samples contained 30 — 50 nL solution in 0.33mm OD/0.2 mm ID suprasil

capillaries.

3.2 Experimental setup

3.2.1 Spectrometers

Q-band: 1.2 T, 34 GHz 34 GHz experiments were performed on a Bruker E580 pulsed
Q-band spectrometer with a 170 W microwave amplifier (AIE 187Ka-13402) leading to
typical m-pulse lengths of ~ 12ns at maximum output power. The ENDOR resonator
(Model EN5107D2) was placed in a liquid helium fed cryostat (Oxford Instruments). Radio-
frequency pulses were generated by a two-channel rf pulse forming unit (Bruker Dice-Il)
and amplified by a 600 W rf amplifier (Amplifier Research, Model 600A600A).

W-band: 3.4T, 94 GHz 94 GHz experiments were performed on a Bruker E680 pulsed
W-band spectrometer with a 2 W microwave amplifier (Quinstar) leading to typical m-pulse
lengths of ~ 20ns at maximum output power. The ENDOR resonator (Model EN600-
1021H) was placed in a liquid helium fed cryostat (Oxford Instruments). Radio-frequency
pulses were generated by a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>