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Abstract
In the last few years, fast arbitrary waveform generates (AWGs) have become
commercially available in the field of electron paramagnetic resonance (EPR).
Pairing AWGs with local oscillator devices gives access to frequency and amplitude modulated microwave pulses and sufficiently broadband digitizers exist
for appropriate detection. But replacing monochromatic rectangular pulses
with frequency and amplitude modulated pulses is not an innocent procedure.
Compared to the one during monochromatic rectangular pulse, spin dynamics
during frequency-swept pulses is fundamentally different and as a consequence
routine experiments can lead to surprising new results. Although passage
pulses are well known and studied in nuclear magnetic resonance (NMR) spectroscopy, their effects are far from being fully understood in EPR spectroscopy.
In response to the need of a way to simulate pulse EPR experiments with
frequency swept-pulses, the open-source spin dynamics analysis (SPIDYAN)
toolbox, which runs in MATLAB, was developed. SPIDYAN was then integrated into EasySpin, the most widely used software package for simulations
in EPR, which gave it a significant speed boost and greatly enhanced its capability and usability. If relaxation effects can be neglected, the program solves
the Liouville-von Neumann equation and propagates spin density matrices,
if not, the quantum mechanical master equation and Liouvillians are used
for propagation. Other capabilities include predefined as well as user-defined
shaped pulses, arbitrary multi-dimensional experiments with incrementation
of any pulse or delay parameter, arbitrary spin systems, incorporation and
compensation of resonator and amplifier distortions, phase cycling, detection
during pulses and a variety of detection and excitation operators.
Replacing monochromatic rectangular pulses by linearly frequency-swept (chirp)
pulses in the three-pulse electron spin echo envelope modulation (ESEEM)
experiment leads to additional symmetry breaking peaks that correlate nuclear
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frequencies to Fourier transform (FT) EPR spectra. The origin of these peaks,
whose position depends on the sweep direction of the pulses, is explained using
SPIDYAN simulations as well as product operator formalism in combination
with novel application of coherence transfer schemes. These investigations
show that the additional peaks arise if coherence or polarization had been
transferred to an electron spin transition through coherence transfer processes
before this transition is actually passed during the frequency sweep. Such
transverse interference results from excitation of a chain of transitions that
connect levels of the source transition, where coherence resides before mixing,
and the target transition, where it resides after mixing. In many cases such
unintended magnetization transfer will not contribute to the intended signal
or will even diminish the intended signal by destructive interference. Since
the change in electron spin coherence order during the pulse is the same for
all pathways that contribute to the signal (symmetric and asymmetric peaks),
the additional cross peaks cannot be removed by phase cycling. Though it is
possible to reconstruct the symmetric correlation pattern through geometric
averaging of the spectra from up- and down-sweep in some cases, this work
also shows that complete removal is not guaranteed.
This thesis also presents a new pulse sequence for correlating dipolar frequencies
in molecules with more than two paramagnetic centers. This triple electron
resonance experiment (TRIER) is an extension of the double electron-electron
resonance (DEER) experiment, which is widely used for distance determination
in the nanometer range. Linear chirp pulses with smoothed edges are used
to create a refocused observer echo, and two hyperbolic secant pulses with
distinct excitation windows to excite two other subsets of spins. These pumped
spins are coupled to the observed spin through the dipole-dipole interaction.
A two-dimensional dipolar modulation pattern is recorded by variation of
the position of the two pump pulses. By two-dimensional FT of the echo
integral, a plot is obtained that correlates dipolar frequencies within the same
molecule. These correlation patterns can be used in conjunction with DEER.
In the presence of two conformers, DEER traces give two distances which can
not be unambiguously assigned. TRIER can potentially provide the missing
connection between distances as correlations between dipolar frequencies.

Zusammenfassung
Über den Zeitraum der letzten Jahre ist die Anzahl von “arbitrary waveform
generators” (AWGs, engl. für Arbiträrgeneratoren), die auf dem Gebiet der
gepulsten Elektronenspinresonanz (EPR) verwendet werden, kontinuierlich
gestiegen. In Kombination mit lokalen Oszillatorgeräten (LO) und ausreichend
Detektionsbandbreite ist es nun möglich, frequenz- und amplitudenmodulierte
Mikrowellenpulse zu generieren, welche die Grundvoraussetzung für adiabatische und schnelle Passage darstellen. Das Ersetzen der bisher vorherrschenden
monochromatischen Rechteck- mit derartig modulierten Pulsen ist jedoch nicht
immer ohne Konsequenzen. Im Gegenteil, verglichen mit der Spindynamik
welche während monochromatischen Pulsen herrscht, ist jene während frequenzmodulierten Pulsen sehr verschieden. Obwohl adiabatische Pulse auf dem
Gebiet der Kernspinresonanz (NMR) relativ gut erforscht sind, führen sie in der
EPR noch regelmässig zu Überraschungen. Um die zugrundeliegende Spindynamik zu erforschen, wurde im Laufe dieser Arbeit das Simulationssoftwarepaket
SPIDYAN entwickelt, welches innerhalb einer MATLAB Umgebung ausgeführt werden kann. Obwohl SPIDYAN zuerst ein eigenständiges open-source
Programm war, wurde es später in EasySpin, dem am weitesten verbreitete
EPR-Simulationsprogramm, integriert. Wenn Relaxationseffekte für die Simulation vernachlässig werden können, löst SPIDYAN die Liouville-von-NeumannGleichung im Hilbertraum. Ist Relaxation hingegen erwünscht, so berechnet
SPIDYAN Lösungen der quantenmechanischen Mastergleichung im Liouvilleraum. Desweiteren umfasst das Programm vordefinierte Experimente, indirekte
Dimensionen, in welchen die Variation beliebiger Simulationsparameter möglich
ist, Phasenzyklen, vordefinierte Pulsformen, frei wählbare Spinsysteme sowie
eine Variation von Detektions- und Anregungsoperatoren.
Ein weiterer Teil dieser Arbeit befasst sich mit dem ESEEM-Experiment, mit
welchem es möglich ist, Kernfrequenzen in paramagnetischen System zu detek-
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tieren. Dieses kann zu einem EPR/ESEEM-Korrelationsexperiment erweitert
werden, welches das EPR- mit dem ESEEM-Spektrum korreliert und in der
Regel symmetrische 2D-Spektren ergibt. Werden dabei jedoch frequenzmodulierte Pulse verwendet, erscheinen zusätzliche Signale im Spektrum, welche
eine Asymmetrie erzeugen. Die Position dieser Signale hängt davon ab ob
die Frequenz der Pulse durch die Modulation zeitlich zu- oder abnimmt. Die
verantwortlichen Vorgänge werden in dieser Arbeit mithilfe von numerischen
SPIDYAN-Simulationen und analytischen Methoden wie dem Produktoperatorformalismus und dem Zeichnen von Kohährenzübertragungsskizzen ausführlich
erläutert. Eine genaue Analyse zeigt, dass diese neuen Korrelationen tatsächlich
auf Übertragungspfade von Kern- auf Elektronenkohärenz zurückzuführen sind,
welche mit monochromatischen Pulsen nicht möglich sind. Es wird gezeigt,
dass dieser Effekt nicht durch Phasenzyklen vermieden werden und in vielen
EPR-Experimenten mit frequenzmodulierten Pulsen auftreten kann. Dennoch
ist es bei EPR/ESEEM-Korrelationenspektren manchmal möglich, die symmetrische Form zu rekonstruieren, indem der geometrische Durchschnitt von
einem Spektrum mit Pulsen mit zunehmender Frequenz und einem mit Pulsen
mit abnehmender Frequenz gebildet wird.
Im Laufe dieser Dissertation wurde auch eine neue EPR-Pulssequenz eingeführt,
welche es erlaubt, dipolare Frequenzen in Molekülen mit mehr als zwei paramagnetischen Zentren zu korrelieren. Bei dieser triple electron resonance (TRIER)
genannten Methode handelt es sich um eine auf zwei Dimensionen erweiterte
Version des double electron-electron resonance (DEER-)Experiments, welches
vor allem für die Bestimmung von Abständen innerhalb eines Moleküls im Nanometerbereich genutzt wird. In TRIER werden sogenannte Chirp-Pulse, also
Pulse mit einer linearen Frequenzmodulation, verwendet, um ein refokussiertes
Spinecho zu erzeugen. Zwei Pumppulse mit einer hyperbolischen Frequenzmodulation und variabler Position verursachen eine Modulation des Echos. Durch
eine zweidimensionale Fouriertransformation ist es möglich, aus dieser Modulation ein dipolares Korrelationsspektrum zu erzeugen, welches nur Peaks enthält,
die einer Korrelation zwischen zwei Spin-Spin Abständen aus dem selben Molekül entsprechen. Über ein aufwendiges Datenverarbeitungsverfahren können
aus diesen Daten auch zweidimensionale Abstandskorrelationsmappen generiert
werden. Mit derartigen Korrelationsmustern können DEER-Daten von Molekülen, von welchen mehrere Konformere existieren, eineindeutig interpretiert
und dann für Strukturbestimmungen verwendet werden.
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1. Introduction
In the year 1922, Walther Gerlach and Otto Stern published their groundbreaking observation of the deflection of a beam of silver atoms passing through an
inhomogeneous magnetic field [1]. At that time, quantum physics was still a
young and emerging field, and it took three years until a theoretical explanation
was brought up by George Uhlenbeck and Samuel Goudsmit [2, 3]. In 1925,
they postulated a quantized angular momentum as a property of the electron,
which they termed spin, and so set the foundation for electron paramagnetic
resonance (EPR), or electron spin resonance (ESR), as it exists today.
Boosts to microwave technology due to the advent of radio detection and
ranging (RADAR) during the Second World War, led to the detection of the
first EPR spectrum by Yevgeny Zavoisky [4] in 1944. The first nuclear magnetic
resonance (NMR) spectra were recorded only one year later [5, 6]. During their
first two decades, both NMR and EPR were mostly based on continuous-wave
(CW) irradiation. Starting in the late 1950s NMR was revolutionized by fast
Fourier transform (FT) techniques and turned into pulse NMR. A quick search
with Google’s n-gram engine (books.google.com/ngrams), which counts the
number of appearances of certain keywords in publications for each year B , B This does not include scienshows how FT NMR catalyzed development in the field of NMR (Figure 1.1). tific publications in journals.
This eventually led to the invention of magnetic resonance imaging in the
early 1970s [7], which also explains the strong interest in the keyword nuclear
magnetic resonance around 1990.
The analogous technique of pulse EPR, on the other hand, suffered from expensive instrumentation and from a stagnating development of faster microwave
circuitry. For a long time, only two centers in the world pursued pulse EPR: the
group of Bill Mims at the Bell Labs in the USA and the one of Yuri Tsvetkov of
the Siberian branch of the Soviet Academy of Science in Novosibirsk. This only
changed when microwave equipment started to become cheaper and Bruker

2
Figure 1.1: Relative number of
appearances of the three keyword electron paramagnetic,
electron spin and nuclear magnetic resonance in the corpus
of books written in English between 1925 and 2010. The
spike in references to NMR appears to be connected to the
increased interest in MRI. The
data is taken from Google’s
ngram viewer.
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electron paramagnetic resonance
electron spin resonance
nuclear magnetic resonance
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B Bandwidths of up to 1 GHz

have been achieved with a single pulse [8].

began to offer the first pulse EPR spectrometers in 1987. Around the same
time, several groups changed from CW to pulse EPR method development
with home-built spectrometers. By the mid-1990s, most of the pulse EPR
techniques used today had been developed and application work took off.
Today, EPR is going through another phase of transformation and is changing
quickly: The last decade featured the introduction of commercially available
fast arbitrary waveform generates (AWGs). While short rectangular microwave
pulses (∼ 10 ns) in pulse EPR spectroscopy can cover bandwidths of about
100 MHz, the spectral width of paramagnetic transition metal complexes and
some other compounds may exceed 1 GHz, which restricts sensitivity and the
application of some of the common pulse EPR sequences on such compounds.
But in combination with local oscillator devices and sufficiently broadband
digitizers, AWG-setups finally give the EPR community access to frequency
and amplitude modulated pulses with much larger bandwidths B . As the
required hardware keeps getting cheaper, more and more research groups invest into AWG based spectrometers, either as pre-built configurations offered
by the spectrometer manufacturer or as home-built setups with even larger
bandwidths and higher spectral purity than offered commercially. By utilizing
bandwidths that cover a substantial fraction of typical EPR spectra, many experimental schemes with amplitude and phase modulated pulses were recently
developed [9–17]. Frequency-swept pulses not only give precise spin control
through adiabatic or fast passage, but more importantly they do so over a
much larger bandwidth than a monochromatic rectangular pulse can. The
constant flip angles that can be achieved over large excitation widths allow
the increase of signal intensity. Although passage pulses are well known and
studied in NMR spectroscopy [18, 19], their effects are still not fully understood
in EPR spectroscopy, where forbidden transitions can be excited and resonator
bandwidth is smaller than the spectral width.
This work shows some of the exciting research in frequency-swept pulse EPR,
and builds up on the base that has been laid by earlier research in the same
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field at ETH Zurich [20]. After a short introduction to the theoretical basis
of EPR in Chapter 2, this theory is used to explain the spin-dynamics behind frequency-swept pulses, which is fundamentally different to that behind
monochromatic rectangular pulses. Chapter 4 discusses different pulse types
and their effect on different types of spin systems. This analysis makes heavy
use of graphics that were created with the new the pulse propagation engine of
EasySpin B , which was developed during this thesis and introduced in Chapter B The EasySpin framework it3. Chapter 4 also introduces a technique that can be employed to discuss spin self was developed at ETH
dynamics on a very conceptual level and reduces math to a minimum: coher- Zurich during the doctoral thesis of Stefan Stoll, who is now
ence transfer schemes. These methods are then used in Chapter 5 to explain teaching at the University of
additional symmetry breaking cross peaks in FT EPR-correlated three-pulse Washington.
electron spin echo envelope modulation (ESEEM) spectra that only appear
with frequency-swept pulses. With the help of product operator formalism and
coherence transfer schemes, it is possible to trace the new cross peaks back
to coherence and polarization that had been transferred to an electron spin
transition before this transition is actually passed during the frequency sweep.
Chapter 6 introduces a new pulse sequence for EPR that allows the correlation
of dipolar frequencies in molecules with more than two paramagnetic centers.
This triple electron resonance experiment (TRIER) is an extension of the
double electron electron resonance (DEER) experiment, which is widely used
for distance determination in the nanometer range. With TRIER dipolar
frequency correlation spectra and distance correlation maps of three model
compounds as well as of two triple-labeled protein samples were obtained.
These data sets were in good agreement with DEER data and simulations.
This thesis concludes with a summary and an outlook in Chapter 7. The Appendix contains information on the spectrometer (Appendix A) and additional
coherence transfer schemes that were not discussed in detail in the main text
(Appendix B). In Appendix C a detailed description on obtaining TRIER
data is given, as well as a comprehensive characterization of the investigated
molecules.

2. Theory
This chapter gives a brief introduction to the theory the work in this thesis is
based on and is in no way meant to be complete and extensive. Good reads to
get started on spin dynamics are [21–25].

2.1

Spin Operators
Spin dynamics in EPR are best described using spin operators that have their
classical equivalent in angular momentum. The spin vector B operator
 
Ŝx
 

S=
(2.1)
Ŝy 
Ŝz
of a S = 1/2 spin can be represented using the three Hermitian Pauli matrices
!

1
Ŝx =
2

0

1

1

0

i
Ŝy =
2

0
1

0

1
Ŝz =
2

1

0

1

−1

(2.2)

!
−1

(2.3)

!
.

(2.4)

B In this work, vectors are written using bold, italic letters, S
and matrices bold, upright letters, S.
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Together with the unity operator
Ê =

1

0

0

1

!

(2.5)

the spin system can be fully described. Often it is convenient to use raising
Ŝ+ = Ŝx + iŜy =

0 1

!

(2.6)

0 0

and lowering operators
Ŝ− = Ŝx − iŜy =

0 0

!

(2.7)

1 0

in combination with the polarization operators
1
Ŝα = Ê + Ŝz =
2

1 0

!

(2.8)

0 0

and
1
Ŝβ = Ê − 2Ŝz =
2

0 0
0 1

!
.

(2.9)

In general, the angular momentum operators of any spin with quantum number
S are square matrices of dimension 2S + 1. The spin operators are presented
in terms of Zeeman basis states |S, mi = |mi and for a single spin they are
in the order of increasing secondary spin quantum number mS = −S, −S +
1, . . . , S. The matrix elements of the Cartesian and ladder operators can then
be calculated [23] from
p
1
hm| Ŝx |ni = (δm(n+1) + δ(m+1)n ) S(S + 1) − mn
2
p
i
hm| Ŝy |ni = − (δm(n+1) − δ(m+1)n ) S(S + 1) − mn
2
hm| Ŝz |ni = δmn n
p
hm| Ŝ+ |ni = δm(n+1) S(S + 1) − mn
p
hm| Ŝ− |ni = δ(m+1)n S(S + 1) − mn

(2.10)
(2.11)
(2.12)
(2.13)
(2.14)

where
(
1, if i = j,
δij =
0, if i 6= j.

(2.15)
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is the Kronecker delta.
(a|b)
(a|b)
(a|b)
(a|b)
The five types of single-transition operators Ŝx , Ŝy , Ŝz , Ŝ+ and
(a|b)
Ŝ− [25–27] treat the transition between the two levels indexed by a and b
1
hm| Ŝx(a|b) |ni = (δma δnb + δmb δam )
2
i
(a|b)
hm| Ŝy |ni = − (δma δnb − δma δnm )
2
1
hm| Ŝz(a|b) |ni = (δma δna − δmb δnb )
2
(a|b)
hm| Ŝ+ |ni = δma δnb

(2.16)

(a|b)
hm| Ŝ− |ni

(2.20)

= δmb δna

(2.17)
(2.18)
(2.19)

are very useful when working on spin systems with many levels.
Coupled spins are described using product operators, which are obtained by
taking the direct product of the single spin operators. For example, the product
operator Ŝx Iˆz of a S = 1/2, I = 1/2 spin system is


0 0 1 0


!
!
0 0 0 −1
0
1
1
0
1
1
1


Ŝx Iˆz = Ŝx ⊗ Iˆz =
⊗
= 
 . (2.21)
2 1 0
2 1 −1
4 1 0 1 0 


0 −1 0 0
Product operators are represented in Zeeman basis states with |m1 , m2 , m3 , . . .i,
where m1 is the secondary spin quantum number for the first spin, m2 for the
second spin, etc. The basis functions are in ascending order of mi , left to the
right. For example the states of S = 1/2 as the first and I = 1 as the second
spin are:
|−1/2, −1i , |−1/2, 0i , |−1/2, +1i , |+1/2, −1i , |+1/2, 0i , |+1/2, +1i

2.2

The spin Hamiltonian
The description of the motion of a quantum mechanical system in time needs an
operator that describes its total energy. This operator is called the Hamiltonian
and represents the sum of the kinetic and potential energies of all particles
in the system. Under normal circumstances the complete Hamiltonian H
of a molecule is extremely complex, which makes it an unfeasible deed to
obtain exact solutions of equations of motion. Fortunately, magnetic resonance
experiments can be described by a drastically reduced spin Hamiltonian Ĥ,
which contains only spin coordinates and phenomenological constants. The
Hilbert space of Ĥ is of finite dimension and usually allows one to obtain closed
solutions even for complex spin systems. The spin Hamiltonian is the sum of
the static spin Hamiltonian Ĥ0 and all perturbations Ĥ1 :
Ĥ = Ĥ0 + Ĥ1

(2.22)
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2.2.1 The static spin Hamiltonian
Several terms contribute to the static spin Hamiltonian
Ĥ0 = ĤEZ + ĤNZ + ĤHF + Ĥex + Ĥdd + ĤNQI + ĤZFS (2.23)
|
{z
}
| {z }
|
{z
}
|
{z
}
Zeeman

hyperfine

electron−electron

high−spin

which describes the energy states and all interactions of a system that contains
a paramagnetic species and nuclear spins and was first derived by Abgragam
and Pryce [28]. Through experimental schemes the information in Ĥ0 can be
extracted and used to draw conclusions on underlying processes in the observed
system or its structure.
Within the static spin Hamiltonian, the term ĤEZ accounts for the Zeeman
interaction of the electrons. If the spin-system contains at least one nucleus,
the nuclear Zeeman term ĤNZ needs to be considered and hyperfine couplings
between the electrons and the nuclei are then described by ĤHF . All weak
couplings between electrons are contained in Ĥex and Ĥdd . If the systems
contains nuclear spins with spin quantum numbers I > 1/2 the term ĤNQI
deals with the arising quadrupole contribution. The equivalent of a nuclear
quadrupole are electron group spins with S > 1/2, which are treated with the
zero-field splitting term ĤZFS .
All of these interactions are covered extensively in magnetic resonance textbooks.
Hence, the following sections will give only a brief overview of the individual
terms and the fundamental principles they are based on.
2.2.2 Electron Zeeman interaction
In a strong, static magnetic field, the most dominant interaction usually is the
one between the magnetic field and the electrons. The electron Zeeman term
of one electron is given by
ĤEZ =

µB T
B gS
~ 0

(2.24)

where µB is the Bohr magneton, BT
0 the transpose B of the magnetic field
throughout this work to indi- vector B0 = (B0x , B0y , B0z ), g the g-tensor and S the electron spin vector
cate the transpose of a vector
operator (Ŝx , Ŝy , Ŝz ). The g-tensor can be characterized by six values (the
A or a tensor or matrix A.
three principal values gx , gy , and gz and three Euler angles) and its principal
axis frame is usually taken as the molecular frame, with all other interactions
defined relative to this frame. For isotropic systems, the principal values of the
g-tensor are identical (gx = gy = gz ). This is not the case for axial symmetry
(gx = gy 6= gz ) and orthorhombic symmetry (gx 6= gy 6= gz ). Deviations
of the g value of a bound electron from the ge value of the free electron is
to a large extent due to spin-orbit coupling [24]. As g-tensors are usually
a complicated function of the contributing frontier orbitals of the molecule
that the paramagnetic species resides in, the principal values can be used to
B Similar to the chemical shift categorize the paramagnetic centers B . Within the high-field approximation,
in NMR.
it is assumed that the electron Zeeman interaction dominates the static spin
B The symbol T will be used
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Hamiltonian and the energies of the spin states become proportional to mS ,
which is the magnetic quantum number of the electron spin.
2.2.3

Nuclear Zeeman interaction
The nuclear Zeeman interaction is the nuclear equivalent to the electron Zeeman
term and describes the coupling of a nuclear spin I to B0 . As chemical shifts
are not resolved in the experiments considered in this work the nuclear Zeeman
interaction is isotropic and can be written as
ĤNZ = −

µn
gn BT
0I
~

(2.25)

where µn is the nuclear magneton, gn the nuclear g value B and I the nuclear
spin vector (Iˆx , Iˆy , Iˆz ).
In the laboratory frame B this equation can be simplified to

B Depending on the atom and

(2.26)

ter) fixed frame, such that one
can assume B0 = (0, 0, B0 ).

ĤNZ

= −ωI Iˆz

isotope, gn can have a positive
or negative sign.

B A (usually to the spectrome-

where ωI is called the nuclear Larmor frequency.
2.2.4

Hyperfine interaction
Maybe the most important source of information in EPR spectroscopy is
the hyperfine interaction. It originates the from overlap of the orbitals the
unpaired electron resides in with the nucleus as well as through-space dipoledipole coupling of the electron with a nuclear spin that is closer than about
1 nm. The corresponding term of the spin Hamiltonian can be written as
ĤHF = STAI

(2.27)

where A is the hyperfine tensor. Two slightly different interactions contribute
to the hyperfine tensor:
A = aiso 1 + T

(2.28)

The isotropic Fermi contact describes the non-zero probability to find the
electron at the same point as the nucleus. This is possible only for electrons
that reside in an s orbital and is quantified through the isotropic hyperfine
coupling constant aiso B .
B See [24] or [29] on how to
The dipolar coupling tensor T on the other hand describes the electron- calculate aiso .
nuclear dipole-dipole coupling of electrons in p, d and f orbitals. The tensor is
symmetric and traceless and the individual matrix elements can be computed by
considering the ground state of the wave function that describes the molecular
orbital [24].
2.2.5

Weak electron-electron interactions
While strongly interacting unpaired electrons are usually combined in a group
spin that leads to zero-field splitting (Sec. 2.2.7), two weakly coupled electrons
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are better described by their individual spins S1 and S2 . The dominant
interaction usually is the dipole-dipole coupling, but if the orbitals of the two
electrons overlap, the Heisenberg exchange coupling becomes relevant.
B In solids this happens if the

two electrons are closer than
about 1.5 nm. In solution this
can happen if two paramagnetic molecules collide.

Exchange coupling
If the orbitals of two paramagnetic centers overlap significantly B , the two
unpaired electrons can be exchanged. The exchange coupling is isotropic and
takes the form
Ĥex = ST
1 JS2 .

(2.29)

Dipole-dipole coupling
The dipole-dipole coupling between two electrons is analogous to the hyperfine
coupling between an electron and a nucleus:
Ĥdd = ST
1 DS2
B This is usually a good ap-

proximation for organic radicals, but not transition metals
and rare earth ions, where the g
anisotropy is usually too large.

(2.30)

However, in the special case when both electron spins have parallel magnetic
moment B , the dipole-dipole coupling tensor D takes the form


−ωdd


.
D=
(2.31)
−ωdd


2ωdd
The dipole-dipole coupling itself can be calculated through
ωdd = 2π

g1 g2 µ2B µ0 1
(1 − 3 cos2 θ)
4πh r3

(2.32)

where g1 , g2 are the g values of the two electrons, µ0 is the vacuum permeability,
r the distance between the electrons and θ the angle between the inter-spin
vector and the magnetic field (Figure 2.1).
Figure 2.1: Coupling between
two electron spins S1 and S2 .
The dipolar frequency depends
on the distance r and the angle
θ between the inter-spin vector
and the magnetic field B0 .

z
S2
r
S1

B0

θ

y

x

2.2.6 Nuclear spin quadrupole interaction
Though the nuclear quadrupole interaction can be neglected in the interpretation of most EPR spectra, it does play a role in EPR experiments that
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probe hyperfine couplings. All high-spin nuclei (I > 1/2) add a quadrupole
contribution to the spin Hamiltonian
ĤNQI = ITPI

(2.33)

where P is the nuclear quadrupole tensor with the principal values (Px , Py , Pz )
B . The principal values of P are given by
e2 qQ
Pz =
2I(2I − 1)~
Px − Pz = ηPz
Px + Py + Pz = 0

(2.34)
(2.35)

B The principal frame of nuclear quadrupole does in general not coincide with the principal frame of the g-tensor or
molecular frame.

(2.36)

where e is the elemental charge and η the asymmetry parameter. Q the
quadrupole moment and q the charge of the nucleus.
2.2.7

Zero-field splitting
Several electron spins that are strongly coupled among themselves B are
usually described by a group spin S > 1/2. If the symmetry of the group
spin is non-cubic an additional interaction that is analogous to the nuclear
quadrupole interaction arises. The field-independent zero-field splitting term
B of the spin Hamiltonian can be written as
ĤZFS = STDS.

(2.37)

where D is the symmetric and traceless zero-field splitting tensor. If D is the
axial and E the transversal component of the magnetic dipole-dipole interaction
and
D = 3Dz /2

(2.38)

E = (Dx − Dy )/2

(2.39)

it is possible to write Eqn. 2.37 in the principal axes system of D:




1
ĤZFS = D Ŝz2 − S(S + 1) + E Ŝx2 − Ŝy2
3

(2.40)

For systems with cubic symmetry (no zero-field splitting) the zero-field splitting
parameters are D = E = 0, for systems with axial symmetry D 6= 0 and E = 0
and for symmetries lower than axial D 6= 0 and E 6= 0.
2.2.8

Oscillatory Hamiltonian
Electromagnetic pulse can induce electron and nuclear spin transitions if they
have a frequency that is close to the transition frequency. The field of such
an excitation pulse B1(t) acts on all spins (electrons and nuclei) in the system

B Think of electrons located in

the d orbitals of a transition
metal atom.

B The zero-field splitting term

is also sometimes referred to as
the fine structure term.
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and is in general time dependent.
For an electron spin the excitation Hamiltonian takes the form
µB T
B (t)gS
~ 1

(S)

Ĥ1 (t) =

(2.41)

and for a nucleus
(I)

Ĥ1 (t) = −

µn
gn BT
1(t)I.
~

(2.42)

2.3 Time evolution of spin systems
In every spin dynamics class, one of the first lectures concerns itself with
a single, isolated spin, which can be described in terms of the motion of a
classical vector - the Bloch equations [6]. However, most systems of interest
contain several coupled spins and the description in terms of magnetization
vectors is no longer possible. The motion of such a system requires a quantum
mechanical frame work, where the state of the spin system is expressed by a
density operator.
2.3.1 The density operator
Most quantum systems that are investigated in EPR will usually be ensembles
B The simplest example are of spins in a mixed state B . Such an ensemble is made out of many spin
spins in thermal equilibrium.
packets that all could be in different states, which makes it impossible to
use a single wave function. Instead, a set of wave functions |Ψk (t)i and their
probabilities pk are required. The time dependence of |Ψk (t)i is expressed by
time-dependent coefficients ci (t)
|Ψk (t)i =

nH
X

ci (t) |ii

(2.43)

i=1

where nH is the dimension of the Hilbert space. The density operator then is
the average over the ensemble
X
σ̂(t) =
pk |Ψk (t)i hΨk (t)|
k

=

X

pk

XX
i

k

=

XX
i

ci (t)c∗j (t) |ii hj|

j

(2.44)

ci (t)c∗j (t) |ii hj|

j

with the bar denoting an ensemble average and c∗j (t) being the complex conjugate of cj (t).
The expectation value hÂi of an operator Â can be obtained from the trace of
the product of the observable with the density operator:
n
o
hÂi = tr Âσ̂(t)
(2.45)
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Density operator formalism
The Hamiltonian is the driving force behind the change of the spin system
during the course of a pulse experiment. EPR relies on the manipulation of
the spin Hamiltonian through external perturbations. The outcome of any
sequence of microwave (and radio frequency) pulses can be calculated with the
Liouville-von Neumann equation:
h
i
dσ̂(t)
= −i Ĥ(t), σ̂(t)
(2.46)
dt
where the brackets denote the commutator of Ĥ(t) and σ̂(t). Fortunately,
the setup of the spectrometer B that was used for all experiments in this
work, helps with solving Eqn. (2.46): The output power of the AWG remains
constant during one time step of duration ∆t B which in turn means that the
Hamiltonian is time-independent during each of those steps. Formal integration
then gives
σ̂(∆t) = exp(−iĤ∆t)σ̂(0) exp(iĤ∆t).

(2.47)

The exponential operator
U (∆t) = exp(−iĤ∆t)

(2.48)

is called the propagator. After each time step, the output power of the
AWG may change causing a new spin Hamiltonian and a new propagator.
A pulse (or an entire experiment) consists of many of such short time steps
that are governed by different Hamiltonians. Such a sequence of propagators
U1 (∆t), U2 (∆t), ...Un (∆t) can be combined to solve Eqn. (2.47) in one step:
σ̂(n∆t) = Un (∆t)...U2 (∆t)U1 (∆t)σ̂(0)U1† (∆t)U2† (∆t)...Un† (∆t)

(2.49)

This method of propagating density matrices with propagators is called density
operator formalism [21, 24, 30]. Other methods that allow the treatment of
time-dependent Hamiltonians are for example the average Hamiltonian [31] or
Floquet theory [32].
2.3.3

Propagation in Liouville space
In EPR, relaxation often plays an important role or is even used to obtain
information on the system [33]. Proper treatment of relaxation effects however,
is impossible with the density operator formalism described so far. Instead, the
equations of motion need to be formulated in Liouville space, which replaces
ˆ to a
operators with superoperators. The application of a superoperator â
density operator σ̂ in Hilbert space can be calculated by
XX
ˆ kl =
(âσ̂)
aklmn σ̂mn
(2.50)
m

n

and its dimension in Liouville space nL is the square of the Hilbert space
dimension nH .

B For more details on the setup
see Appendix A.

B This corresponds to the time
resolution of the AWG, see
Chapter 3 and Figure 3.1.
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The general equation for evolution, the quantum mechanical master equation,
can be written as
d
ˆ
ˆ
σ̂(t) = −iĤσ̂(t) − Γ̂ [σ̂(t) − σ̂eq ] .
dt

(2.51)

ˆ
ˆ
The matrix elements Γ̂klkl of the relaxation superoperator Γ̂ describe the decay
of an element σ̂kl of the density operator and can be obtained from the Redfield
relaxation matrix, as described by Ernst, Bodenhausen and Wokaun [25]. The
ˆ
elements of the Hamiltonian superoperator Ĥ can be calculated from the spin
Hamiltonian Ĥ by
ˆ
Ĥklmn = Ĥkm δnl − δkm Ĥnl

B It should be noted that this

matrix division can lead to
wrong results, as was shown
in [34] where a different approach is introduced to compute steady state solutions.

(2.52)

where δkl is the Kronecker delta. In general the density matrix σ̂eq is not
the equilibrium density operator, but a steady state solution of the equation
of motion. Picture a spin during a time step of a microwave pulse: The
equilibrium state is now not only governed by the static magnetic field, but
also by the microwave pulse Together, they make up an effective field. This
field changes every time step, which means the steady state solution needs
to be computed for each time step. This can be approximated by setting the
left-hand side of Eqn. (2.51) to zero, replacing on the right-hand side σ̂(t) by
σ̂ss , and solving for σ̂ss B :


ˆ ˆ −1 ˆ
σ̂ss = iĤ + Γ̂
Γ̂ σ̂eq
Formal integration of the master equation yields
h
 i
ˆ ˆ
σ̂(∆t) = σ̂ss + (σ̂(0) − σ̂ss ) exp −iĤ − Γ̂ ∆t


ˆ
= σ̂ss + (σ̂(0) − σ̂ss ) exp L̂∆t

(2.53)

(2.54)

ˆ
ˆ
ˆ
where L̂ = −iĤ − Γ̂ is called the Liouvillian. This equation describes the
evolution of the spin system, given that the Hamiltonian and the relaxation
superoperator are both time-independent. Hence, to compute the effect of a
pulse on the spin system, it is necessary to repeat this procedure for each of
time step during which Ĥ and σ̂ss are constant.
2.3.4 Product operator formalism
In certain situations it may be of advantage to use a slightly more straightforward and simplified approach to spin dynamics. With the product operator
formalism [35–38] σ̂ is treated as a linear combination of basis operators, of
which the basis can be chosen freely. For the treatment of S = 1/2 spins it
is usually sufficient to use the Cartesian spin operators (Ŝx , Ŝy and Ŝz ) in
combination with the identity operator Ê.

2.3 Time evolution of spin systems
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However, a basis that relates directly to the individual matrix elements might
be a better choice, especially if the spin system contains more than one spin
with spin quantum number 1/2. The single-element basis contains raising and
lowering operators, which raise or lower the magnetic quantum number, and
polarization operators that describe states that are completely polarized. In
the S = 1/2 case, these four operators are Ŝ+ , Ŝ− , Ŝα and Ŝβ and can be
obtained from the Pauli matrices and the unity operator B . As this basis
corresponds to the individual elements of σ̂, they can be visualized as:
!
Ŝα Ŝ+
σ̂ =
(2.55)
Ŝ− Ŝβ

B See Section 2.1.

The Liouville space basis of a system with coupled spins can be determined
from the direct product of the basis sets of the individual spins. For a two-spin
system consisting of an electron S = 1/2 and a nucleus I = 1/2, the complete
basis contains sixteen product operators. If we chose the single-element basis
for both spins, the product basis takes the form:
n
o n
o
Ŝα , Ŝβ ,Ŝ+ , Ŝ− ⊗ Iˆα , Iˆβ , Iˆ+ , Iˆ− =
n
Ŝα Iˆα , Ŝα Iˆβ , Ŝα Iˆ+ , Ŝα Iˆ− , Ŝβ Iˆα , Ŝβ Iˆβ , Ŝβ Iˆ+ , Ŝβ Iˆ− ,
(2.56)
o
Ŝ+ Iˆα , Ŝ+ Iˆβ , Ŝ+ Iˆ+ , Ŝ+ Iˆ− , Ŝ− Iˆα , Ŝ− Iˆβ , Ŝ− Iˆ+ , Ŝ− Iˆ−
A physical interpretation of this Liouville basis set is given in Table 2.1.
Product Operators

Physical Interpretation

Ŝα Iˆα , Ŝα Iˆβ
Ŝβ Iˆα , Ŝβ Iˆβ
Ŝα Iˆ+ , Ŝα Iˆ−

populations in the α-manifold of the electron

Ŝβ Iˆ+ , Ŝβ Iˆ−
Ŝ+ Iˆα , Ŝ− Iˆα
Ŝ+ Iˆβ , Ŝ− Iˆβ

nuclear coherences in the β-manifold of the electron

Ŝ+ Iˆ+ , Ŝ+ Iˆ+
Ŝ+ Iˆ− , Ŝ− Iˆ+

forbidden electron-nuclear double quantum coherences

Table 2.1: Physical interpretation of the product operators
for a S = 1/2, I = 1/2 system.
For S and I the single-element
basis was chosen.

populations in the β-manifold of the electron
nuclear coherences in the α-manifold of the electron
electron coherences in the α-manifold of the nucleus
electron coherences in the β-manifold of the nucleus
forbidden electron-nuclear zero quantum coherences

With such a basis set it is now possible to describe the evolution of a spin
system in the product operator formalism framework B : For an operator A
that evolves under an operator B, it is possible to write
φB

A −−→ cos(φ)A − i sin(φ) [B, A]

B It is possible to chose from
any of complete basis sets for
the individual spins.

(2.57)

where B is the operator resulting from a pulse, φ is the flip angle. If B is one
of the interactions of the spin Hamiltonian φ = ωt, where ω is its amplitude.
The commutators [B, A] can be found in literature or calculated [24] B . An B The Mathematica toolbox

SpinDynamica [39] is great for
all things concerning product
operator formalism.
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example of the commutators for a two-spin system with S = 1/2 and I = 1/2
is given in Table 2.2.
As the spin Hamiltonian usually consists of more than one operator terms, Eqn.
(2.57) can be applied consecutively to describe evolution under a Hamiltonian
for one time interval:
φB1

φB2

φBn

A −−→ C1 −−→ C2 ... −−−→ Cn

B This is done in Chapter 5 to
explain correlation peaks.

(2.58)

If the flip angles are not exactly π or π/2, each application of the product
operator formalism will lead to two differently weighted terms. After the next
product operator formalism step the size of this expression increases to four,
then to eight and so on. The number of terms increases exponentially. Already
systems that contain as few as two spins can, especially in combination with
frequency modulated pulses, quickly lead to entire pages full of spin operator
expressions. Hence, treatment of non-ideal experiments with product operator
formalism usually requires some smart assumptions which reduce the size of
the problem. This could involve reducing σ̂ to single elements or removing
terms from σ̂ of which one is certain that they can be safely ignored B .

2.4 Frequency-swept EPR

B Optimal control pulses can

be used to increase bandwidths
as well [9].

B This equation has been

known in optical spectroscopy
since 1932 [45–48].

B Adiabatic passage is illustrated on different spin systems
in Chapter 4.

Until very recently, the EPR community relied almost exclusively on monochromatic rectangular pulses. But they are often not capable to excite the entire
spectrum. In fact, the width of EPR spectra of transition metal complexes
can easily exceed the excitation bandwidth by an order of magnitude or more.
This restricts measurement sensitivity in many pulse EPR experiments. One
way to enhance the excitation bandwidth is by employing adiabatic inversion
B . With the arrival of frequency-modulated pulses in EPR [10–14, 16] things
changed and not only did it suddenly become possible to increase the excitation
bandwidth by an order of magnitude [8, 40], but also did spin dynamics no
longer follow the set of rules that was sufficient in work with monochromatic
rectangular pulses over the last decades [41, 42]. Although the principles
of adiabatic passage had been investigated already in NMR [43], the theory
behind it is far from completed. For example, one of the recent surprising
findings was that the flip angle of a passage pulse is governed by the LandauZener-Stückelberg-Majorana equation [20, 44] B .
The following is by no way meant to give a comprehensive description of
frequency-swept pulses in EPR, but it should provide the basic concepts that
are required to understand the advantages and the disadvantages of passage
pulses as well as provide the framework to grasp the underlying principles that
govern the experiments in this work B . For a more in-depth discussion, good
starting points are recent articles [20, 44, 49] and textbooks [29].

2.4.1 Pulse shapes
Two components play a major role in shaping pulses: the frequency and the
amplitude modulation function. The frequency modulation function (FM)
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Iˆy Ŝx
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Iˆy Ŝz
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Ŝx

0

0
Iˆx

0
−Iˆz Ŝy
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Ŝz

−Ŝy
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−Ŝz

0

Ŝx
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Commutation with
Ê

0

Table 2.2: Commutators for a two-spin system with S = 1/2 and I = 1/2. For brevity i was omitted for all commutators and the factor 2 was omitted
for all two-spin operators. For example, Ŝx stands for iŜx and Ŝx Iˆy for 2iŜx Iˆy .
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controls how the frequency of the pulse is changed, relative to the initial
frequency, which is the instantaneous frequency of the pulse at the beginning
of the pulse. With the amplitude modulation (AM) function, the envelope
function of the amplitude - the pulse power - is modified. A vast variety of
frequency and amplitude modulation functions is available to chose from, but
the description of them all would go beyond the scope of this discussion. The
following shaped pulses, of which examples are shown in Chapter 4, were used
in this work:
Monochromatic rectangular pulse
Undoubtedly the most used pulse type in EPR, the monochromatic rectangular
pulse has a constant frequency and a rectangular envelope of the amplitude:
FM = 0

(2.59)

AM = 1

(2.60)

The excitation bandwidth of the pulse depends on the amplitude and the pulse
length. However, due to is rectangular shape, such pulses suffer from side
lobes in the frequency-domain excitation function. In practice, the shape is
somewhat distorted due to the bandwidth of switches, amplifiers, and the
resonator.
Gaussian pulse
The Gaussian pulse is a monochromatic pulse with amplitude envelope shaped
like a Gaussian function [50]. The steepness of the excitation profile is controlled
with tFWHM , which corresponds to the temporal width of the pulse at half the
maximum amplitude.
FM = 0


4 (ln 2) t2
AM(t) = exp − 2
tFWHM

(2.61)
(2.62)

Gaussian cascade pulse
A Gaussian cascade pulse consists of a superposition of three or four time
shifted Gaussian pulses [51, 52]. Each of the Gaussian pulses has its own width
and amplitude. These parameter are optimized such that they provide good
inversion profiles. Indeed, Gaussian cascade pulses are best suited for π pulses,
and cannot be used for flip angles of π/2, Section 6.7.1. For a Gaussian cascade
pulse, made up of N Gaussian pulses, with tp being the total pulse length,
xn being the positions of the individual Gaussian pulses in fractions of tp , An
the individual pulse amplitudes and tFWHM,n the individual pulse widths, the
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frequency and amplitude modulation functions are:
FM = 0
AM(t) =

N
X

(2.63)
"

An exp −

n=1

4 (ln 2) t2
(t − xn tp )2
(tFWHM,n tp )2

#

(2.64)

Linear chirp pulse with smoothed edges
In a linear chirp, the frequency varies linearly with time and the sweep rate is
calculated from the bandwidth of the pulse ∆f and the pulse length tp :
FM(t) =

∆f
t
tp

(2.65)

The frequency can increase (up-chirp) or decrease (down-chirp). To avoid
wiggles in the frequency-domain excitation function, the tails of the pulse can
be smoothed with a quarter period of a sine with a length of trise [10] B :

π(t+tp /2)
t
t
for
− 2p < t < − 2p + trise

sin 2trise ,
t
t
AM(t) = 1,
for − 2p + trise < t < + 2p − trise (2.66)


π(t−tp /2)+trise
t
t
sin
, for
− 2p < t < − 2p + trise
2trise
Chirp pulses can be used for excitation and refocusing. As the frequency is
being swept, the pulse affects the individual spin packets at different times
and certain conditions must be fulfilled to ensure proper refocusing of the
magnetization at the time of detection [44, 55]. In case of a two-pulse echo,
the second pulse (the π-pulse) has to have half the length of the first one (the
π/2-pulse). This sequence is often referred to as the Böhlen-Bodenhausen echo
[56] B .
Hyperbolic secant pulse
The hyperbolic secant pulse combines a hyperbolic secant amplitude envelope
with a hyperbolic tangent frequency modulation function [58], which gives a
well-defined frequency-domain excitation function:
∆f
βt
tanh
2 tanh(β/2)
tp

 n 
t
AM(t) = sech 2n−1 β
tp
FM(t) =

(2.67)
(2.68)

Recent investigations [55] have shown that the apodization parameter β has an
optimum of about 10. The order n of a conventional hyperbolic secant pulse is
1, which requires high pulse amplitudes. Higher orders up to 6 allow one to
reduce the power, but come at the cost of slanted edges of the excitation profile.
In some cases it is possible to improve the power efficiency of a hyperbolic
secant pulse by using different n values for the first and second half of the pulse
[59, 60]. If hyperbolic secant pulses are used for an echo sequence the exact
refocusing conditions differ slightly to the one of a linear chirp [55, 58, 61].

B The WURST pulse [53, 54]

has a very similar amplitude
envelope function.

B In fact this pulse sequence

was first introduced by Kunz
for application in the field magnetic resonance imaging (MRI)
[57].
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2.4.2 Passage pulses
During adiabatic passage the magnetization follows an effective field ωeff (t),
which leads to almost perfect inversion (Figure 2.2). With the instantaneous
Figure 2.2: During adiabatic
passage the the spin follows an
effective field ωeff(t) which depends on the microwave amplitude ω1 and the frequency difference ∆ω(t) between the spin
and instantaneous microwave
frequency ωmw (t).

ωmw (t)  ω0

ωmw (t) = ω0

ωmw (t)  ω0

z

z

z

∆ω(t)
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ωeff (t) = ω1 (t)

ω1 (t)
x

x

y
ω1 (t)
∆ω(t)
x ωeff

frequency ωmw (t) of the pulse and the frequency of a single transition ω0 , the
resonance offset can be defined as ∆ω(t) = ωmw (t) − ω0 . With ω1 (t) being the
amplitude of the irradiation field, ωeff (t) can be calculated from
p
ωeff (t) = ω1 (t)2 + ∆ω(t)2 .
(2.69)
The requirement for the magnetization to follow ωeff (t) is better expressed via
the adiabaticity factor Q(t) [62]:
p
ω1 (t)2 + ∆ω(t)2
ωeff (t)
Q(t) =
=
(2.70)
|dθ/ dt|
|dθ/ dt|

B ∆ω(t) = 0, which is the

case when the instantaneous
frequency is on resonance with
the transition and the effective
field that this transition sees
passes through the transverse
plane.

B An adiabatic sweep inverts

the spin state, which means it
can also invert coherence.

Here θ is the angle between the effective and the magnetic field and dθ/ dt
can be interpreted as the instantaneous angular velocity. A more in depth
discussion on adiabaticity can be found in [55] and [19].
As can be seen from Eqn. (2.70) Q(t) varies during the sweep. It reaches a
minimum on passage B , which is the critical value for the transition probability
and is therefore called the critical adiabaticity Qcrit . With the frequency modulation function ω(t) and t0 being the time of passage, the critical adiabaticity
can be computed with:
Qcrit =

ω1 (t)2
| dω(t)/ dt|

(2.71)
t0

Adiabatic inversion requires Qcrit to be larger than unity (Qcrit > 5) B . Still,
almost perfect inversion can be achieved even when the adiabatic approximation appears not to be fulfilled throughout the entire pulse. This unexpected
behavior can be explained with the principles of superadiabaticity, first discussed by Berry [63, 64] and applied to magnetic resonance by Deschamps [49].
Pulses with a Qcrit smaller than 5 are termed fast passage pulses.
Recently [44] it was shown that the inversion efficiency I = (1 − hSz i /2) of a
passage pulse can be approximated by the expression
I = 1 − exp (−πQcrit /2) .

(2.72)
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This equation agrees with the Landau-Zener-Stückelberg-Majorana formula
describing adiabatic transition at a level anti-crossing [65]. To measure transfer
of coherence order the complex expectation value hS − i can be used. The
coherence transfer coefficient T = |hS − i| follows the same expression as I in
Eqn. 2.72 B . Thus, an equivalent flip angle β can be defined by
β = arccos [2 exp (−πQcrit /2) − 1] .

(2.73)

From this it is apparent that, starting from polarization, maximum coherence
generation is achieved at β = π/2, which corresponds to a critical adiabaticity
of Qcrit = 2 ln (2) /π. Eqn. (2.73) also shows, that for large Qcrit the equivalent
flip angle asymptotically approaches the limit for inversion β = π, which is an
upper bound.
As can be seen by Eqn. (2.71), the critical adiabaticity scales quadratically
in ω1 (t), which is limited by the available microwave power, and, on the scale
of ultra-wideband experiments, by the resonator bandwidth. If the resonator
profile is known, the frequency dependence of ω1 (ω) can be compensated,
guaranteeing a uniform adiabaticity and flip angle over the entire excitation
band [10].
2.4.3

Offset-independent adiabaticity
In an EPR spectrometer, the pulse modulation functions are usually distorted by
hardware effects, mostly by the bandwidth of the resonator. Such imperfections
have a strong effect on ω1 and on Qcrit . Within linear response theory, the
waveform actually experienced by spins can be computed by convolution of
the AWG output pulse with the transfer function of the transmitter part of
the spectrometer. This transfer function is usually dominated by the resonator
and, to a much lesser extent, the TWT.
Hence, it is often sufficient to incorporate the frequency response of the resonator
using an RLC series circuit model:
Hideal (ω) =

1 + iQL

1


ω
Ω0

−

Ω0
ω



(2.74)

Here, ω is the frequency, QL is the loaded quality factor and Ω0 the resonance
frequency of the resonator.
The compensation of the magnitude transfer function ω1 (ω) = |Hideal (ω)| by
the pulse is based on the principle of offset independent adiabaticity [66, 67].
In particular, a pulse with smooth amplitude modulations ω1 (t) achieves a
uniform adiabaticity Qcrit , if the instantaneous frequency ωmw (t) obeys the
relation
δωmw (t)
ω1 (t)2
=
.
δt
Qcrit

(2.75)

In order to fulfill this criterion in presence of a spectrometer transfer function
ω1 (ω), ω1 (t) is substituted with ω1 (ω) evaluated at the instantaneous frequency

B Adiabatic passage truly is

just a state-space rotation by
an angle of π in the xy plane.
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[10]. The compensation method therefore directly links time and frequency
domain without the need for a convolution.
When working on the spectrometer it is often advantageous to obtain the
transfer function of the transmitter arm experimentally, which can then be
used with Eqn. (2.75) directly.
2.4.4 Polarization and coherence transfer
In multilevel systems, as exemplified here for S = 1, passage of the first transiB This is illustrated using den- tion changes polarization on the second transition B . With level populations
sity operator simulations in p1 (0) and p2 (0) of transition (1 ↔ 2) before passage, the populations after
Section 4.2.2.
passage can be calculated with the set of equations
p1 = p1 (0) + [1 − exp (−πQcrit /2)] [p2 (0) − p1 (0)]
p2 = p2 (0) + [1 − exp (−πQcrit /2)] [p1 (0) − p2 (0)] .

(2.76)

If Qcrit of the pulse is large enough, populations are exchanged and polarization
on transition (2 ↔ 3) becomes ∆p23 = p1 (0) − p3 (0). Eqn. 2.76 can be
consecutively applied for a cascade of ideally selective passage of transitions in
a system with S > 1. Assuming large Qcrit , passage of n transitions leads to an
n+1-fold enhancement of polarization on the nth transition. This has been used
in NMR [68] and EPR [8, 40, 69] spectroscopy for polarization enhancement
of central transitions of half integers spins S > 1/2. In such systems the
amplitude of the pulse ω1 experienced by the transition is dependent on mS as
p
ω1 ∝ S(S + 1) − mS (mS + 1).
(2.77)

B This is illustrated using co-

herence transfer schemes in Section 4.3.

Hence, during a chirp Qcrit differs for the transitions that are consecutively
passed and needs to be calculated separately for each transition. Moreover,
passage of level anti-crossings related to multi-quantum transitions need to be
considered if the field strength ω1 is comparable to the frequency separation of
the passed transitions [70, 71].
Similar to polarization enhancement, coherence can be transferred and enhanced
with passage pulses B . After passage of transition (l ↔ m) the amplitude of
(+)
the coherence clm is
p
(+)
(−)
clm = 2∆plm exp (−πQcrit ) (exp (πQcrit /2) − 1)
(2.78)
where ∆plm = pl − pm is the polarization on this transition before passage.
This expression holds only if no coherence existed on transition (l ↔ m)
(−)
before passage (clm = 0) and always applies for a single passage pulse and an
isolated S > 1/2 spin at thermal equilibrium. But in spin systems with a more
complicated topology of transitions (such as multi-spin systems), coherence
transfer may not occur consecutively for all coherences that share one level
with the transition that is passed. In such systems coherence on the same
transition may be generated at various times during the sweep, which results
in interference effects.
(−)

3. A software tool for shaped pulses
It is very common in EPR to verify experimental results with simulations. This This chapter is based on the
was not any different during the early 2010s when AWG setups first started to publication [72], which first
appear. But spin dynamics during frequency-swept pulses differs significantly introduced SPIDYAN. Now,
SPIDYAN has become part of
from the one during monochromatic pulses and established simulation software EasySpin, which can be downpackage like EasySpin, the most widely used software package for simulations loaded at www.easyspin.org.
in EPR, did not support shaped pulses. Therefore, the open-source MATLAB
toolbox spin dynamics analysis (SPIDYAN) was developed as part of this work.
From the beginning, the focus was on building a simple and clean interface B . B This is an aspect of (sciThe demand for a such a software program was demonstrated when, towards entific) software development
the end of my thesis, SPIDYAN was incorporated into EasySpin through a that often gets overlooked.
collaboration with the group of Stefan Stoll at the University of Washington.
This benefited future developers of the spin propagation engine and the entire
EPR community, which now has tools at hand to simulate arbitrary pulse
experiments with shaped pulses through a familiar interface. The completely
rewritten code for the spin propagation engine was put on a version control
system, which not only ensures that code cannot be lost, but also enables others
to contribute more easily. This measure also strongly reduces the probability
that the software package is no longer maintained and becomes outdated,
which is a too familiar fate for many academic software projects. A thorough
automatic testing environment for currently existing features safeguards against
the introduction of bugs.
When SPIDYAN was initially introduced [72], it only supported single- and
two-spin systems and a handful of predefined interactions. These limitations
were soon lifted by SPIDYAN 2.0 which added support for arbitrary spin
systems. A much larger leap forward was taken, when SPIDYAN became
part of EasySpin. Not only did this require the program to be rewritten from
scratch (approx. 7 000 lines of code) B , but also led to a complete overhaul of B As a consequence not only a
very significant speed-up was
achieved, but also many new
features were added.

24

B This is the mode that was
used in Chapter 4.

B Several detection operators

can be used at the same time,
which also includes transition
selective operators.
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the user interface. As a result, even inexperienced users can simulate complex
experimental sequences with shaped pulses and arbitrary spin systems with
only a few lines of code.
Today, the capabilities within EasySpin encompass user-defined as well as
predefined pulse shapes, arbitrary spin systems, incorporation and compensation of resonator and amplifier distortions, phase cycling, and fully integrated
treatment of relaxation. A particularly convenient feature is the ability to
design arbitrary multi-dimensional experiments (with an unlimited number of
indirect dimensions) that allow one to vary pulse and delay parameters.
Two modes of operation are available: In the first one, detection resembles the
one on an actual spectrometer and the user can simulate pulse sequences with
a powder averaged sample or a crystal in one or more orientations.
For advanced users a second mode is available that simulates individual spinpackets B , which provides a much deeper insight into spin dynamics. The
user also has complete control over detection and can chose from a variety of
detection operators B and detect during pulses. Also available is the option to
simulate circularly polarized microwave radiation and to use custom excitation
operators, which can be defined for each pulse individually.

3.1 Propagation
In order to propagate spin density matrices during pulses, the program first
approximates the pulse shape (Figure 3.1). By default EasySpin uses nlevels =
Figure 3.1: Approximation of
the wave form of a single pulse
for a vertical resolution with
11 levels. The time step is ∆t.
By default EasySpin uses 1025
levels and a much smaller time
step.
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+1
0
+1
+2
+3
+4
+5

∆t

t

B This can be changed by the
user.

1025 levels to digitize the pulse B , which allows the inclusion of zero and uses
the same number of levels for negative and positive values. This resembles an
AWG in an experimental setup very well, with the only difference being that an
AWG always has an even number of 2n levels, where n is the vertical resolution
in bits. For each time step ∆t, the amplitude of the wave, and therefore the
spin Hamiltonian, are constant and the binary wave form is used to propagate
the density matrix according to the solution for the Liouville-von Neumann
(Eqn. (2.47)) or the master (Eqn. (2.54)) equation for the incorporation of
relaxation effects. Besides experimental parameters (size of the spin system,
number of spin packets, number of indirect dimensions and points in each
of those dimensions), two operations are computationally expensive: matrix
multiplications for detection (Eqn. (2.45)) and the computation of matrix
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exponentials that are needed for propagators and Liouvillians.
While the former depends on the length of the detection window, the number of
detection operators and the size of the time step, which are all controlled by the
user, the latter can be tackled by efficient programming: First, a lookup-table
is created for each pulse, where all nlevels possible propagators are precomputed.
During propagation, the program reads the amplitude of the current time
point, loads the corresponding propagator and evolves the state for the time
step. When the number of points of the pulse (this is related to the time step)
is larger than nlevels , this alone already contributes to a significant decrease
in computation time. Lookup-tables are not feasible for circularly polarized
microwave radiation, as n2levels propagators need to be calculated.
In Hilbert space, simulations can be sped up even more for parts of the
simulation where detection is switched off: Propagators can be combined,
akin to Eqn. (2.49), and only one single propagation step is necessary to
evolve the system. This approach is extremely powerful in combination with
multi-dimensional experiments.

Simulation frames
By default the program uses a rotating frame B for the simulation that is B You can think of this simnot necessarily the rotating frame. The frequency at which this simulation ulation frame as a laboratory
frame rotates is automatically chosen. For this, the spin Hamiltonian is first frame that rotates at a certain
frequency. This frequency shift
computed in the lab frame and then a Zeeman-interaction equivalent is sub- only affects the diagonal eletracted, which shifts the entire EPR spectrum to lower frequencies. The nuclear ments of the density operator
Zeeman terms remain unaffected. As the time step is chosen according to the that correspond to electrons.
Nyquist criterion B , this allows the reduction of the duration of the simulation B For this, the program takes
into account the frequencies of
significantly.
However, if the off-diagonal elements of the Hamiltonian are large, this approx- the pulses.
imation might no longer be valid and the user can either manually adapt the
simulation frequency or request the simulation to be conducted in the lab frame.
By default the program assumes a separation between the lowest frequency
in the experiment definition and the simulation frequency of at least 3 GHz,
which is usually sufficient. In Figure 3.2 nitroxide spectra that are simulated
using a free induction decay (FID) are compared to analytical solutions for the
a) 33.0 GHz simulation frequency

b) 34.5 GHz simulation frequency

simulation
frequency
33

analytical
34
35
f [GHz]

Int. [arb. u.]

FID
Int. [arb. u.]

3.2

simulation
frequency
33

34
35
f [GHz]

Figure 3.2: Comparisons of a
nitroxide spectrum that is centered around 35.0 GHz, simulated with an FID and the analytical solution.
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same spin system parameters.s The nitroxide spectrum is in all cases centered
at 35.0 GHz. Even with a simulation frequency of 33.0 GHz, which translates to
a difference between the lowest frequency of the spectrum and the simulation
frame of 1.5 GHz, the spectrum is still very well reproduced (Figure 3.2a). But
0.1 GHz separation, as is here the case for a simulation frequency of 34.5 GHz,
is not enough and the spectrum from the FID is significantly distorted, which
can be seen in Figure 3.2b).

4. Spin dynamics during frequency-swept pulses
During my PhD I attended a number of conferences and workshops where I
would present my most recent results. This often (if not always) concerned
frequency-swept pulses in one way or another. However, I soon realized
that many of those that visited my poster had almost no experience with
shaped pulses and AWGs. Instead they were used to working with Bruker
spectrometers, which gave them a fairly good understanding of monochromatic
rectangular pulses But the lack in knowledge of spin dynamics during frequencyswept pulses often led to confusion. Still, AWGs are on the rise and starting to
replace the common single- and multi-frequency setups. And since Bruker has
started offering AWG setups with reasonable bandwidths for excitation and
detection, it is only a matter of time until EPR experiments with shaped pulses
become routine B . Nevertheless, without (at least some) basic understanding B I myself not even once opof what such frequency-swept pulses do on a spin dynamics level, AWG setups erated a Bruker spectrometer will be even more of a black box setup to users than the current generation of maybe this is the start of a new
type of EPR spectroscopist?
spectrometers already is.
Therefore I decided to include a guide to frequency-swept spin dynamics that
avoids most of the math and equations. Instead this chapter is going to rely
heavily on figures and to make things easier and to provide hands-on experience
with spin dynamics, the code that was used for the simulation can be found
online (www.epr.ethz.ch). This should help beginners in the field of shaped
pulses to picture what different types of microwave actually do to spins and
how it might affect their experiment (in a good or in a bad way). I am going
to use a variety of detection operators, with which I will be able to illustrate
the evolution of a spin system even during pulses. Only individual spin packets
will be discussed. This means no properties of an ensemble of spins, such as
FIDs, spectra or echoes, will be observed. All figures that contain the results
from density operator formalism simulation were generated using EasySpin [73],
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which, since its version 6.0 includes time-domain simulations of EPR systems
as described in Chapter 3 and can be downloaded at www.easyspin.org.
The development of this simulation software was part of my PhD project
which initially resulted in the MATLAB package SPIDYAN [72]. Through
a collaboration with Stefan Stoll at the University of Washington in Seattle
SPIDYAN was integrated into EasySpin, which not only greatly enhanced
functionality but also led to a significant speed-up.

4.1 The S = 1/2 system
The best way to start with spin dynamics is by considering the simplest system
we can think of: a single, isolated spin S with a spin quantum number 1/2.
In this case, the spin Hamiltonian (Section 2.2) consists only of the Zeeman
interaction and (during a pulse) the oscillatory part.
4.1.1 Monochromatic rectangular pulses
Since most researchers in the field of EPR are more or less familiar with
monochromatic rectangular pulses, we start looking at the dynamics during
such a pulse. The pulse has a constant frequency of 9.500 GHz, a length of 32 ns
and an amplitude of 15.62 MHz. The amplitude and the frequency domain
inversion profile are shown in Figure 4.1. To observe how the magnetization
a) amplitude modulation function

value hŜi i of a spin operator
Ŝi at a time pointnt is deo
termined through Tr Ŝi σ̂(t) ,
Eqn. (2.45).
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Figure 4.1: In a) the amplitude
of the monochromatic rectangular pulse is shown. In the frequency domain inversion profile b), the positions of the
two spin packets Ω1 = 0 and
Ω2 = +15 MHz, which are discussed, are highlighted. The
frequency axis is shifted such
that zero corresponds to the
microwave frequency.
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of the spin changes during the pulse, we can use hŜz i as detection operator
B . In the first example we are going to treat a spin with a Zeeman frequency
that is on resonance with the pulse and therefore 9.500 GHz. If we shift the
frequency axis such that zero corresponds to the microwave frequency, the
frequency offset of the spin is Ω1 = 0 MHz, which is marked in Figure 4.1b).
A density operator formalism simulation allows us to track the inversion of
this spin during the pulse and is shown in Figure 4.2a). For the correct pulse
length and amplitude this spin packet is pretty much perfectly inverted. But if
we increase the pulse length while the amplitude stays constant, the pulse then
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a) trajectory of a single spin packet

b) spin trajectories for different pulse lengths
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overturns the spin. This is shown in Figure 4.2b), where the spin trajectory is
plotted against pulses of different lengths.
An off-set as little as Ω2 = +15 MHz already has a rather big impact on the
dynamics of the spin. From the inversion profile (Figure 4.1b)) we can tell
that the pulse flips the spin only by a fraction of π, which is verified with the
simulation shown in Figure 4.3a. The same pulse that perfectly inverted the
first spin packet, now barely takes this spin packet to the transverse plane B
after around 23 ns. Even an increase of the pulse length can not improve the
a) trajectory of a single spin packet

b) spin trajectories for different pulse lengths
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Figure 4.2: Panel a) shows the
evolution of a single S = 1/2
spin during an on resonance
monochromatic rectangular πpulse. If the pulse length is
increased while the amplitude
remains constant b), the pulse
keeps turning the spin.
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flip angle Figure 4.3b). On the contrary, the spin oscillates between the ground
state and the partially inverted state similar to the first spin. By comparing
Figure 4.2b) and Figure 4.3b) we can see that the frequency of this oscillation
is higher for the off-resonant the spin.
This cyclic behavior in the presence of an oscillatory driving field is known as
Rabi oscillation [74] and the frequency as well as the amplitude of it depend on
the resonance offset between the frequency of the driving field and the energy
difference of the two-level system.
Although it is possible to improve the performance of monochromatic pulses by

B Where the density matrix

only contains Ŝx and Ŝy components and hŜz i = 0.
Figure 4.3: In a) the partial inversion of a single
S = 1/2 spin during an offresonance monochromatic rectangular pulse is shown. Even
increasing the pulse length cannot increase the flip angle, as
is shown in b).

30
B In particular when working
with transition-metals.
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shortening or shaping them, their rather narrow bandwidths limits excitation to
only a fraction of the spectrum B . Frequency-swept pulses offer an interesting
alternative with well defined (no wiggles) and broad inversion profiles.

4.1.2 Frequency-swept pulses

B At Q-band this requires with

high-power amplifiers. But
good news for those who do
not have enough power available: β < 10 usually still provides reasonable steep excitation bands.

b) inversion profile

a) amplitude and frequency modulation
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0

fmw [MHz]

Figure 4.4: In a) the amplitude
of the hyperbolic secant pulse,
with the vertical axis being on
the left, and instantaneous microwave frequency fmw , with
its vertical axis on the right,
are shown. The frequency domain inversion profile of the
pulse is shown in b). In both
panels the frequencies of the
three discussed spins marked
with dashed lines.

Mz /M0

details on what the individual
pulse parameters are.

Amplitude [MHz]

B See Section 2.4.1 for more

Although frequency-swept pulses have been around in NMR for quite a while
[43], they are still sometimes considered to be a mysterious entity. This is
especially true in EPR, where adiabatic pulses have become available only very
recently. Two components make a frequency-swept pulse: The frequency and
the amplitude modulation function. We will mostly focus on a type of shaped
pulse that has proven very effective and reliable in recent work [55, 59, 75, 76],
the hyperbolic secant pulse.
For the first demonstration we are going to use a hyperbolic secant pulse with a
length of 200 ns, a bandwidth of 200 MHz and an order n of 1 B . The steepness
of the flanks of the pulse in the frequency domain is governed by the truncation
parameter β and recent investigations [75] have shown, that a value of 10
yields optimal results B . We are going to center the pulse around 9.500 GHz.
With a bandwidth of 200 MHz this means the pulse will be swept from 9.400
to 9.600 GHz. The amplitude as well as the frequency modulation functions
are shown in Figure 4.4a) and the inversion profile in Figure 4.4b). To makes
things a little simpler, we are using a frequency axis, where 0 corresponds to
the center of the frequency sweep at 9.500 GHz. Looking at the pulse shape,
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we see that the rate of change of the frequency at the beginning is very slow.
The sweep rate increases until the center of the pulse, where it reaches a
maximum and then decreases again. The steep inversion profile is the result
of the combined effort of the frequency and amplitude modulation function:
From Figure 4.4a) we can see that the amplitude is low at frequencies where
the sweep rate is small. The spins with resonance frequencies in this range
experience an effective field that changes slowly and can follow it easily and the
pulse amplitude can be small. At points where the frequency changes rapidly,
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the amplitude of the pulse increases, which ensures that spins with resonance
frequencies in that range can still follow the now quickly changing effective
field.
Now, let us look at how spins behave during this pulse: To do so, we are going
to look at three spins: The first one is going to be positioned at the center
of the sweep (Ω1 = 0 MHz) B . The second spin has a resonance frequency
Ω2 = −50 MHz that the pulse passes in the first half of the sweep and the third
spin is affected towards the end of the sweep, with Ω3 = +90 MHz. Once again
we are going to look at the expectation value of Ŝz to follow the inversion of
the spins. In Figure 4.5a) the trajectory of the three spins during the inversion
pulse is depicted. Except for the spin with an offset of +90 MHz, all spins are
a) trajectory of the three spin packets

b) bloch sphere one spin
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B Again, Ω is a relative fre-

quency, with zero corresponding to an absolute frequency
of 9.5 GHz, the center of the
sweep.

Figure 4.5: The inversion of
the three spins with resonance
frequency offsets Ω1 = 0 MHz,
Ω2 = −50 MHz and Ω3 =
+90 MHz during the hyperbolic
secant pulse is shown in a).
The times where the spins pass
through the transverse plane
are marked with dashed lines.
The Bloch-sphere for the spin
that is in center of the frequency sweep is shown in b).

hŜ xi

perfectly inverted. But even this spin at the very edge of the excitation band
is inverted reasonably well.
Taking a closer look at the individual spin trajectories, it becomes apparent
the three spins pass through the transverse plane B at different times. If we B hŜz i = 0 (dashed gray line
compare the time of passage to the times where the instantaneous frequency of in Figure 4.5a)
z
the pulse equals the resonances frequencies of the spins (dashed lines in Figure
4.4a) and Figure 4.5a)), we see that they are almost identical.
∆ω(t)
In Section 2.4.2 we talked about how the spin follows the effective field during
ωeff (t)
y
adiabatic inversion. The effective field ωeff (t) depends on the instantaneous
ω1 (t)
amplitude of the pulse and the frequency difference between the instantaneous
x
frequency B of the pulse and the resonance frequency of the spin. At the B
See
Figure
2.2 ⇑ and Eqn.
point of resonance, ∆ω(t) becomes 0, and the effective field now only contains
(2.69).
a transverse component that comes from the irradiation field ω1 (t). Now, if
the sweep rate of the pulse is small enough such that the spin had followed the
effective field Eqn. (2.70), the spin has to be in the transverse plane B .
B Strictly speaking the spin
A three-dimensional plot of the spin trajectory helps with getting a better only reaches the transverse
picture: Figure 4.5b) shows a Bloch sphere for the inversion of the spin with plane at the same time when
the instantaneous frequency is
Ω1 = 0 MHz. The spin starts at the bottom of the sphere and rotates upward. on resonance if the sweep rate
If you look closely, you can see that the direction of the rotation of the spin is infinitely small. Else the spin
changes at the point where it passes through the transverse plane. This is not lags a little behind. Increasing
the sweep rate makes the effect
more pronounced.
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a true spin property, but depends on how the signal is recorded: For Figure
4.5b) we need to detect hŜx i and hŜy i besides hŜz i. The directions x and y
depend on the choice of the reference frame that we can freely choose. As
the simulation is carried out in the simulation frame (Section 3.2), the signal
contains high frequency components, which are of no interest to us and can be
removed with a down-conversion. For this down conversion, I used a frequency
of fdc = 9.500 GHz, which then becomes the detection frame that x and y
are fixed to. As already mentioned before, the spin follows the effective field,
which rotates with the instantaneous frequency fmw (t) of the pulse and which
changes from low to high (Figure 4.4a)). At first the difference between fdc and
fmw (t) is rather large, and the detection frame rotates much faster than the
effective field that the spin is following. With increasing fmw (t) the difference
becomes smaller, until the simulation gets to the point where fdc = fmw (t),
where the effective field rotates at the same frequency as the detection frame this is the point where the spin seems to change rotation direction. After this
point the instantaneous frequency becomes larger than fdc and starts rotating
in the opposite direction. Since I conveniently chose fdc to be same as the
center frequency of the pulse, this happens exactly in the middle of the pulse.
If I had used a different frequency for down-conversion the spin would have
appeared to change its direction earlier or later during the pulse.
But the most interesting and exciting part about adiabatic passage is that it is
now no longer possible to flip a spin by more than π, no matter how hard we
try. We can change the pulse length, Figure 4.6a), or amplitude, Figure 4.6b),
but as long as the spin manages to follow the effective field, it will always end
up perfectly up inverted. In fact, increasing the pulse length (or amplitude)
a) trajectories for increasing amplitudes

b) trajectories for increasing pulse lengths

1
hŜz i

1
hŜz i

Figure 4.6: In a) spin trajectories for hyperbolic secant pulses
with increasing pulse amplitudes are shown. Spin trajcetories during identical hyperbolic
secant pulses with increasing
pulse lengths are shown in b).
This corresponds to a reduction of the sweep rate. This
show hows it is impossible to
overturn spins with adiabatic
pulses.
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allows the spin to follow the effective field better which can be seen by how
the trajectories become smoother. The parameter that describes the quality
of how well the spin follows the effective field at a given time t during the
pulse, is called the adiabaticity Q(t) (Eqn. (2.70)). The larger Q(t), the better
the spin follows the effective field. But as Q(t) depends on the instantaneous
sweep rate, a better quantity is the minimum value of Q(t) during the pulse,
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which is referred to as the critical adiabaticity Qcrit [44] B . Usually, Qcrit > 1 B See Section 2.4.2
already provides pretty good inversion and almost perfect inversion is achieved
with Qcrit > 5. As Q(t) is proportional to the pulse amplitude and indirectly
proportional to the sweep rate, it is rather easy to design good and robust
π pulses by either increasing the pulse length or the amplitude - as long as
Qcrit > 1 the spin will be inverted.
While it is easy to build a π-pulse, design of pulses with smaller flip angles is
trickier: The pulse needs to be composed in a way that the spin is not able to
follow the effective field B . When the pulse finishes, with the effective field B The spin has to lag behind.
pointing down, the spin should not have been flipped by more than the desired
flip angle. This translates into a reduction of Qcrit , which can be done in two
ways B : Either the pulse length is shortened which changes the sweep rate or B Recall Eqn. (2.70): Q(t) =
the pulse amplitude is reduced. An alternative for changing the sweep rate is ωeff /|dθ/ dt|
to increase the bandwidth.
It is usually easier to just reduce the amplitude. To obtain the correct critical
adiabaticity for a certain flip angle we can use the Landau-Zener-StückelbergMajorana equation (Eqn. (2.72)), which for a flip angle of π/2 gives Qcrit =
2 ln (2) /π. In Figure 4.7a) the frequency domain excitation profile of the
previously discussed hyperbolic secant pulse, but with an accordingly reduced
pulse amplitude is shown. The trajectories of the three previously discussed
a) excitation profile

b) trajectories of the three spin packets
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spins during this pulse is shown in Figure 4.7b), and it is easy to see that, again,
all spins that are within the excitation band end up at the same position.

4.2

High-spin systems
Spin dynamics of multi-level systems can be very different than those of twolevel systems, especially in combination with a frequency-swept pulse. Here
we are going to look at a S = 3/2 spin system. The three single-quantum
transitions ω1 , ω2 and ω3 are split by twice the zero-field splitting D (Figure
4.8), which we assume as D = 10 MHz for now. By choosing a small D, all
transitions can be excited by a monochromatic pulse - larger values of D in

Figure 4.7: The frequency domain excitation profile of the
same pulse as in Figure 4.4,
but with lower amplitude, such
that Qcrit that corresponds to a
flip angle of π/2 is shown. The
trajectories of the three highlighted spin packets are shown
in b).
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a) energy level scheme

Figure 4.8:
Energy level
scheme a) and stick spectrum
b) of a S = 3/2 system.

b) spectrum
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combination with frequency-swept pulses are discussed at the end of Section
4.2.2. In all the examples we are going to assume that the central transition
(ω2 ) is positioned at 9.500 GHz and that the frequency of the monochromatic
pulse is 9.500 GHz as well as that frequency-swept pulses are centered around
9.500 GHz.
4.2.1 Monochromatic pulses

a) amplitude modulation

b) inversion profile
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40
Mz /M0

Figure 4.9: a) Amplitude modulation function of the Gaussian pulse. The excitation window is shown in b) with the
position of the transitions ω1 ,
ω2 and ω3 of the S = 3/2 system with D = 10 MHz marked.

Amplitude [MHz]

B Even for D = 10 MHz.

Since the excitation bandwidth of monochromatic rectangular pulses is often
too narrow to excite all transitions B , a Gaussian pulse (Section 2.4.1) with
a length of 40 ns, an amplitude of 58.71 MHz and a FHWM time of 8 ns is a
better choice. The amplitude function of this pulse is shown in Figure 4.9a).
The positions of the three transitions are marked in the excitation window in
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Figure 4.9b).
To see what happens with the individual transitions during the pulse, we can
B Transition selective opera- use transition selective detection operators B . Polarization on the ω1 transition
tors are described in Section (−3/2 ↔ −1/2), corresponds to the population difference between the levels 1

2.1.
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and 2, is observed with

+1/2 0
 0 −1/2

Ŝz(1|2) = 
0
 0
0
0

0
0
0
0

0
0
0
0




.


With the polarization detection operator for the central transition ω2 (−1/2 ↔
+1/2)



Ŝz(2|3) = 


0
0
0
0
0 +1/2 0
0
0
0 −1/2 0
0
0
0
0







and the other satellite transition ω3 (+1/2 ↔ +3/2)



Ŝz(3|4) = 



0
0
0
0
0
0 


0 +1/2 0 
0
0 −1/2

0
0
0
0

we are now able to track the three transitions individually during the Gaussian
pulse. From Figure 4.10 we see that all transitions are inverted at the same
time. The trajectories look very similar to the ones we previously saw with
Figure 4.10: Transition selective detection operators show
that a monochromatic Gaussian pulse inverts all transitions
that are inside of the excitation
band at the same time.
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hŜz

(k|l)

i

(3|4)
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adiabatic pulses, but do not be fooled by this. Here, inversion is driven only
by the amplitude modulation function B of the Gaussian pulse, which ramps
up and down very slowly at the beginning and end of the pulse. This means
the spin is only affected and subsequentially inverted at those times, where the
pulse has a large amplitude. And, since it is a monochromatic pulse after all,
if the amplitude of the pulse was to be set too high, flip angles of more than π
are possible.

B Whereas for the adiabatic

pulse the trajectory depends on
the frequency and amplitude
modulation function.
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4.2.2 Frequency-swept pulses
Spin-dynamics are different not only between monochromatic and frequencyswept pulses but also between different types of frequency-swept pulses. First
we are going to look at a hyperbolic secant pulse, which sweeps through the
frequency relatively fast. Then, we will see how a chirp pulse with a linear
frequency sweep can be used as a prepolarization pulse.
Hyperbolic secant pulse
The hyperbolic secant pulse we are going to use has the same pulse parameters
as in Section 4.1.2. However, to have an excitation band that resembles that
of the Gaussian pulse, we are going to use a bandwidth of 80 MHz. Time
and frequency domain of the pulse are shown in Figure 4.11. The evolution
b) inversion profile
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Figure 4.11: In a) the frequency domain inversion profile of the hyperbolic pulse with
a bandwidth of 100 MHz is
shown. The position of the
three transitions of the S =
3/2 spin system are highlighted
in the inversion profile in b).
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of polarization on the three transitions during this pulse is shown in Figure
4.12a). Although the result is very similar to the one from Gaussian pulse, the
a) evolution of polarization

b) frequency sweep of the pulse
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Figure 4.12: In a) transition
selective operators reveal that
during a frequency-swept pulse
the transitions ω1 , ω2 and ω3
of the high-spin system are not
inverted at identical times. A
schematic depiction of this is
given in b) where the frequency
modulation function of the hyperbolic pulse is shown. The
points where the instantaneous
frequency of the pulse equals
the transition frequencies are
marked.
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path that leads there is different: Figure 4.11a) very clearly shows that the
transitions are not inverted at the same time. This is a result of the frequency
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sweep which passes the resonance frequencies of the transitions sequentially
B , shown in Figure 4.12b). Since the frequency is swept from high to low,
the transition (−3/2 ↔ −1/2) is the first that is on resonance and therefore
inverted. Next the central transition is hit and the transition (+1/2 ↔ +3/2)
is inverted last.
As the hyperbolic pulse sweeps relatively fast through the frequency, the
individual transitions are inverted very closely to each other, temporarily
speaking. In particular, the inversion of the next transition already happens,
while the previously hit transition has not been fully inverted yet.

B Section 4.1.2 showed that a
spin passes through the transverse plane when the instantaneous frequency approximately
equals the resonance frequency
of the transition.

Linear chirp with smoothed edges
Let us now look at what happens if the transitions in the spectrum are more
widely spaced and a linear rather than hyperbolic tangent sweep of the frequency
is applied. For this we are going to increase the splitting between the lines
by using a zero-field splitting of D = 150 MHz B and a chirp pulse (Section B Remember, the lines are split
2.4.1) with smoothed edges (Section 2.4.1). Because of the larger D, the by 2D, Figure 4.8.
spectrum becomes wider and we need to increase the bandwidth to 800 MHz.
To maintain a reasonable sweep rate the pulse length is increased to 1 µs. The
amplitude and frequency modulation function are shown in Figure 4.13a). To
b) inversion profile

a) amplitude and frequency modulation
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ensure a clean inversion profile, the amplitude modulation function is smoothed
with 200 ns rise and fall time. The times when the instantaneous frequency
of the pulse equals the frequencies of the three transitions are highlighted.
Comparing this to the hyperbolic secant pulse from before, we can see right
away that three resonance frequencies are much further apart in the sweep.
The frequency domain inversion profile is shown in Figure 4.13b), with the
individual transitions highlighted. Now, if we look at what happens to the
transitions Figure 4.14a), we notice several things: Since the transitions are now
better separated they all get individually inverted before the following transition
is affected significantly. Schematically, this is shown in Figure 4.14b) where
boxes represent populations: Before the pulse, the system is in equilibrium,

Figure 4.13: Characterization
of a linear chirp with smoothed
edges. In a) the amplitude
modulation function is shown
in blue, with the corresponding
axis being the left vertical axis.
The right vertical axis in a) corresponds to the frequency modulation function which is shown
in orange. The frequency domain inversion profile of the
pulse is shown in b) with the individual transitions of the highspin system highlighted in both
panels.
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a) evolution of polarization
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b) energy level scheme
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Figure 4.14: In a) the build-up
of polarization on the (+1/2 ↔
+3/2) during the chirp pulse
is shown. This happens, because the individual transitions
are inverted sequentially by the
pulse, which is shown schematically in b). In the background
of b) the frequency modulation function of the pulse is
shown, with the points passage of the individual transitions highlighted. This transfers the equilibrium population
from the lowest level all the
way to the top.
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and the levels are populations are populated accordingly. According to Figure
4.13a), passage of ω1 happens at around 120 ns and exchanges the populations
between the levels −3/2 and −1/2. After complete passage of ω1 the pulse
sweeps through the central transition ω2 (at 500 ns), which transfers the
population that had initially been on the −3/2 level to the +1/2 level. The
central transition now has double the polarization that it had before the pulse.
Passage of the last transition exchanges populations between levels +1/2 and
+3/2 which puts the equilibrium population from −3/2 all the way to the top,
B A quantitative discussion of resulting in an almost three-fold enhancement of the ω3 transition B !
consecutive passage is given in Shuffling of populations with frequency-swept pulses can happen in any highSection 2.4.4 and [44].
spin system and might even lead to undesired loss of signal. But at the same
time it can be used to our advantage: Many systems of interest contain halfinteger high-spin centers and experiments are usually conducted on the central
B In fact, polarization enhance- transition B . If we managed to increase the population differences on the
ment experiments were first central transition, we can expect a significant increase of the signal-to-noise
carried out in NMR with
ratio. To do so, it is necessary to use two pulses back to back: In the case of
quadrupolar nuclei [77, 78].
the S = 3/2 system the first pulse must only invert the (−3/2 ↔ −1/2) and
the second pulse the (+1/2 ↔ +3/2) transition. Both pulses should be chirp
pulses and swept from the outside of the spectrum towards the center. But
this sweep must stop well before the central transition or else the enhancement
could be completely lost. In Figure 4.15a) the frequency domain inversion
profiles of two such pulses are shown. By sweeping the first from −400 to
−120 MHz and the second pulse +400 to +120 MHz (relative to the central
transition), it is ensured that the central transition remains unaffected. Both
pulses have a length of 500 ns, and applying them back to back gives the
polarization enhancement shown in Figure 4.15b). You might notice that the
polarization of the end central transition now ends up at −3 whereas in the
previous example, the enhanced satellite transition had a polarization of +3.
This is because the central transition is not inverted, and the larger population
remains on the −1/2 level, Figure 4.16. Nevertheless, the polarization of the
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a) pulse profiles of both pulses

b) energy level scheme
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Figure 4.15: The frequency domain inversion profiles of the
two chirp pulses with opposite
sweep directions are shown in
a) and the three transitions of
the S = 3/2 system are highlighted. The sweep ranges are
set such, that the central transition remains unaffected by
both pulses. In b) the magnetization build-up of the central
transition is show. Both pulses
have a length of 500 ns and the
second pulse is applied directly
after the first pulse, without a
delay.

transition was successfully enhanced at this point.
Figure 4.16: Schematic illustration of the enhancement of
the central transition. The two
pulses (their frequency modulation functions are shown in
grey), shuffle polarization from
the outer to the inner transitions.
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The maximum achievable enhancement factor increases with the number of
levels (Section 2.4.4), and in a S = 7/2 B , it should be possible to increase the B e.g. a Gd3+ system
polarization 7 fold, a number that could indeed be reached for single crystal.
However, most investigated systems in EPR are either a powder or a frozen
solutions with distributions of both zero-field splitting values, which reduces
the effectiveness of prepolarization pulses. Yet even in such unfavorable cases
it has been shown that enhancements of more than 3 are possible with two
passage pulses [8, 40].

4.3

Coherence transfer schemes
Product operator formalism (Section 2.3.4) is a well-established method to
analyze pulse sequences and usually one of the first things that are discussed
in magnetic resonance lectures. A great way to carry out product operator
formalism computation on a larger scale is with the Mathematica toolbox
SpinDynamica [39], developed by Malcolm H. Levitt at the University of
Southampton, which, thanks to Mathematica’s symbolic language, can usually
present the result in a compact and readable form. But even then, for certain

40

B The initial state σ̂0 is Ŝz .
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problems, the results of these simulations can be hard to interpret. This is
more likely for large, coupled spin systems or a series of pulses.
An additional challenge presents itself when working with frequency-swept
pulses. In the first example of Section 4.2.2 the sweep rate of the hyperbolic
secant pulse was very large and density propagator formalism simulations
showed that all transitions where inverted almost at the same time. In product
operator formalism this hyperbolic secant pulse can be approximated by an
ideal pulse with an infinite bandwidth B :
(4.1)

π Ŝ

x
Ŝz −−→
−Ŝz

In the second example in Section 4.2.2 the chirp pulse inverts the transition
sequentially. The approximation of an ideal pulse with infinite bandwidth is
no longer suitable. Instead, the chirp needs to be treated as if it was a series of
three selective pulses of which each corresponds to the passage of one transition:
(1|2)

(2|3)

(3|4)

x
x
x
Ŝz −−−
−→−−−
−→−−−
−→ ?

π Ŝ

B In order to keep this output

relatively compact and readable, prefactors were omitted
where possible.

π Ŝ

π Ŝ

(4.2)

To solve this we need an expression for the transition selective operators. In
the shift basis the 16 basis functions of the S = 3/2 system are B :
n
2
3
2
2
Ê, Ŝ− , Ŝ−
, Ŝ−
, Ŝ−
Ŝz + Ŝz Ŝ−
, Ŝ− Ŝz + Ŝz Ŝ− , 10Ŝ− Ŝz2 + 10Ŝz2 Ŝ− − 17Ŝ− ,
Ŝz , 20Ŝz3 − 41Ŝz , 4Ŝz2 − 5Ê, Ŝ+ Ŝz + Ŝz Ŝ+ ,
2
2
2
2
3
Ŝ+ , Ŝ+
, 10Ŝ+
Ŝz + 10Ŝz2 Ŝ+ − 17Ŝ+ , Ŝ+
Ŝz + Ŝz Ŝ+
, Ŝ+

o
(4.3)

Each element within the density matrix σ can now be described with a linear
combination of these basis functions. For example, the transition selective
(1|2)
excitation operator Ŝx , which connects the levels (−3/2 ↔ −1/2) results
from
Ŝx(1|2) = −

1
√ (Ŝ+ + Ŝ− )+
16 3

1
√ (Ŝ+ Ŝz + Ŝ− Ŝz + Ŝz Ŝ+ + Ŝz Ŝ− + Ŝz2 + Ŝz2 Ŝ+ + Ŝ− Ŝz2 + Ŝz2 Ŝ− ).
8 3
Keep in mind, that this is
non-zero elements:

0 1/2 0
1/2 0 0

Ŝx(1|2) = 
 0 0 0
0 0 0

(4.4)

required to build a matrix that contains only two
0
0
0
0
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Now all of the individual elements of Ŝx
need to be applied to the initial
state, which will put the system into a state that itself is a linear combination
of basis functions:
(1|2)

π Ŝ

(1|2)

x
Ŝz −−−
−→

65
1
2
5
Ŝz + Ŝz2 − Ŝz3 + Ê
30
2
3
8

(4.5)

And then, this needs to be repeated for Ŝx

(2|3)

65
1
2
5 πŜx(2|3)
7
1
4 5
Ŝz + Ŝz2 − Ŝz3 + Ê −−−
−→ − Ŝz − Ŝz2 + Ŝz3 Ê
30
2
3
8
3
2
3 8

(4.6)

and Ŝx

(3|4)

7
1
4 5 πŜx(3|4) 7
2
5
Ŝz − Ŝz2 + Ŝz3 Ê −−−
−→ Ŝz + Ŝz2 − Ŝz3 − Ê.
6
2
3 8
6
3
4

(4.7)

This tedious work was necessary for a rather simple spin system and only one
frequency-swept pulse with a known flip angle and analogous considerations
for a series of pulses and general flip angles can quickly become frustrating.
However, there exists a semi-quantitative method that avoids long equations
and allows one to keep better track of magnetization. Coherence transfer
schemes are quick and easy to draw and give insight into spin dynamics (even
for general flip angles). They allow the visualization of even complex processes,
are intuitive to read and by avoiding math, are ideal to present spin dynamics
to an audience. Although for larger pulse sequences and frequency-swept
pulses coherence transfer schemes will end up branching out as well, their true
strength lies in combination with programs such as SpinDynamica. Coherence
transfer schemes work best for starting from an initial state that corresponds
to a single element in the density matrix (a single transition). If necessary,
they can be repeatedly drawn for all transitions that are of interest.
All coherence transfer schemes can be constructed from three basic building
blocks. These can best be demonstrated using a S = 1 system. Starting from
polarization only on the (0 ↔ +1) transition B , let us assume that we apply
a pulse, that selectively excites only the (0 ↔ +1) transition B . Using the
product operator formalism with transition selective operators (instead of the
Zeeman basis), the system ends up in the following state:
(2|3)

β Ŝx

Ŝz(2|3) −−−−→ cos(β)Ŝz(2|3) − sin(β)Ŝy(2|3)

B σ̂0 = Ŝz(2|3)
B This could be a selective

monochromatic pulse, or the
part of a frequency-swept pulse
that just inverts this transition.

(4.8)

Depending on the flip angle β of the pulse, the populations are inverted or
coherence is created. The coherence transfer scheme for this is shown in Figure
4.17, populations are represented with (filled) boxes. Coherence between two
states is shown as a wave that connects the two states.
A selective pulse might also excite a transition on which coherence already
exists. Product operator formalism for the same pulse, but this time with
coherence on the transition (0 ↔ +1) B gives:

B σ̂0 = Ŝ+(2|3)

42
Figure 4.17: Coherence transfer scheme for the generation
of coherence on a single transition. Whether the populations
are inverted or if coherence is
generated depends on the flip
angle of the pulse.
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|+1i

|+1i
(2|3)

|0i

β Ŝx

|−1i

(2|3)

Figure 4.18: Shown is the coherence transfer scheme for
when a selective pulse is applied to a transition on which
coherence already exists.

B σ̂0 = Ŝ+(1|2) , this coherence

could have been generated by
previous pulses or, in the case
of a frequency-swept pulse, it
is even possible that it was created by the same pulse (Section
5.3).

|0i
|−1i

cos(β)

(2|3) β Ŝx

are weighted with cos2 and
sin2 .

|0i +

|−1i

Ŝ+

B Note, how these two terms

|+1i

−−−−→ cos(β/2)2 Ŝ+

(2|3)

sin(β)

+ sin(β/2)2 Ŝ−

(2|3)

+ sin(β)Ŝz(2|3)

(4.9)

Once again the outcome strongly depends on the flip angle of the pulse. While
the first term in Eqn. (4.9) stands for the original coherence, the second term
accounts for coherence that is inverted which can be interpreted as a phase
change B . The last term represents the generation of polarization that was
generated from coherence. The drawn-out coherence transfer scheme is shown
in Figure 4.18 where the different colors for the coherences indicate the phase
change.
|+1i

|+1i

|+1i
|0i

(2|3)
β Ŝx

|−1i

|+1i
|0i +

|0i +
|−1i
cos(β/2)2

|−1i
sin(β/2)2

|0i
|−1i
sin(β)

In the third situation, the pulse excites a transition where one level is connected
to coherence B . For the product operator formalism treatment, we are going
to apply the same pulse as before, but this time the initial state consists of
coherence on the (−1 ↔ 0) transition:
(2|3)

−−−→ cos(β/2)Ŝ+

(1|2) Ŝx

Ŝ+

(1|2)

+ sin(β/2)Ŝ+

(4.10)

(1|3)

Eqn. (4.10) shows that with probability sin(β/2) coherence is transfered to
the transition (−1 ↔ +1). This rather fascinating result that becomes more
obvious in the coherence transfer scheme (Figure 4.19). Depending on the spin
Figure 4.19: Coherence transfer scheme where the selective
pulse excites a transition where
one level is connected to coherence.

|+1i

|+1i

|+1i

(2|3)

|0i
|−1i

β Ŝx

|0i +
|−1i
cos(β/2)

|0i
|−1i
sin(β/2)

system, this mechanism can lead to the generation of coherence on transitions
that can not be excited directly at all.
For a series or frequency-swept pulses, coherence transfer schemes, just like
product operator formalism, must be applied consecutively. To demonstrate
(2|3)
this, let us look at what happens to coherence on the (0 ↔ 1), Ŝ+ transition
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with a frequency-swept pulse, that first passes the (−1 ↔ 0) and then the
(0 ↔ +1) transition. Since we are only interested in what is going to happen
to the coherence, we are going to ignore any polarization or coherence that
might be on (−1 ↔ 0) or (−1 ↔ +1). Using the above introduced building
blocks, the entire problem can be solved using only the coherence transfer
scheme shown in Figure 4.20: The pulse first sweeps through the transition
after passage of 1st transition

after passage of 2nd transition

|+1i

|+1i

|+1i

|+1i

(2|3)

β Ŝx

cos(α/2) cos(β/2)2

cos(α/2)

|+1i

|−1i

|−1i

|−1i

|−1i

|0i

|0i

|0i

|0i

cos(α/2) sin(β/2)2

cos(α/2) sin(β)

(1|2)

αŜx
|0i
|−1i

|+1i

|+1i

|+1i

(2|3)

β Ŝx

|0i

|0i
|−1i

|−1i
sin(α/2)

sin(α/2)cos(β/2)

|0i
|−1i
sin(α/2) sin(β/2)

that shares one level with the coherence. Assuming a general flip angle of α for
this first passage, coherence is transfered with a probability of sin(α/2) to the
transition (−1 ↔ +1) and, with probability cos(α/2) it remains on (0 ↔ +1).
Then the pulse passes through the transition (0 ↔ +1) with a flip angle of β,
which leads to the five states on the right of Figure 4.20. Each of the states is
weighted with a product of cos and sin-terms, which depends on the pathway
that led to their generation.
Although coherence transfer schemes, just like product operator formalism, can
produce a lot of terms (or drawings) in particular for general flip angles, the
true strength of coherence transfer schemes lies in combination with product
operator formalism calculations: The drawings help to interpret prefactors
and to pinpoint pathways that lead to signals of interest. In the next chapter,
coherence transfer schemes are used to explain a new correlation pathway that
can be observed in three-pulse ESEEM with frequency-swept pulses only.

Figure 4.20: Coherence transfer scheme for a three-level system with a frequency-swept
pulse, starting from coherence
on one transition.

5. Transverse interference in ESEEM
In 1965 Rowan, Hahn and Mims observed that the decay of electron spin echoes This chapter is based on the
is in some cases modulated with nuclear frequencies [79]. This phenomenon results published in [41], which
was termed electron spin envelope modulation (ESEEM) and it took until 1972 describes the origin of additional peaks in EPR/ESEEM
for a theory to be developed by Mims [80]. Today ESEEM spectroscopy is one correlation experiments with
of the go-to methods to study hyperfine and nuclear quadrupole couplings in frequency-swept pulses. These
solids. Although various other techniques exist in EPR that allow observation peaks were first observed by
of nuclear frequencies through paramagnetic centers, such as electron nuclear Takuya Segawa, who was a
postdoc in the Jeschke lab at
double resonance (ENDOR) [81], electron-electron double resonance detected that time [42].
NMR (EDNMR) [82] and the recently introduced chirp echo EPR spectroscopy
(CHEESY)-detected NMR [83], ESEEM stands out by being very sensitive to
low frequencies (<5 MHz) and its ability to be easily extended to correlation
experiments.
While several ESEEM pulse sequences B exist, this work focuses exclusively on B e. g. the two-, three-,
the three-pulse ESEEM experiment. A correlation spectrum can be obtained four- and five-pulse ESEEM
through spin echo correlation spectroscopy (SECSY) [84], which links nuclear and hyperfine sublevel correlation (HYSCORE)
frequencies to the Fourier-transform EPR spectrum B and was first demonB In other words, the secstrated in conjunction with ESEEM by Lee et al. [85, 86] using monochromatic ond dimension is obtained by
rectangular pulses. Takuya Segawa, a postdoc in our group when I began Fourier transformation of the
my PhD, was first to use frequency-swept pulses for excitation. This made it echo - the direct dimension.
possible to extend the EPR dimension of EPR/ESEEM correlation spectra to
the ultra-wide band regime of up to 800 MHz and the ESEEM dimension to
200 MHz [42]. Ranges like those are not nearly accessible with monochromatic
rectangular pulses.
Whereas spectra obtained with the two-pulse ESEEM method had the same
appearance with monochromatic rectangular and frequency-swept pulses, the
three-pulse version exhibited an unexpected symmetry breaking that depended
on the direction of the sweep. After thorough investigation of the spin dynamics
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of EPR correlated three-pulse ESEEM it became clear that this asymmetry
stems from additional coherence transfer pathways that are a direct result of
the frequency sweep and could be explained using coherence transfer schemes.

5.1 The theory of three-pulse ESEEM
Three-, four- and five-pulse ESEEM experiments are based on the same general
scheme: Using microwave pulses nuclear coherence is created in a first step.
This nuclear coherence evolves for a certain time and is then transfered back
to electron coherence which can be detected with the EPR spectrometer.
In three-pulse ESEEM this is achieved using a π/2-τ -π/2-t-π/2-τ -echo sequence,
shown in Figure 5.1. The first two pulses, separated by a delay τ , generate the
Figure 5.1: The three-pulse
ESEEM sequence. The indirect dimension is obtained by
stepping the inter-pulse delay t.
This changes the length of the
evolution of the nuclear coherence and modulates the echo.

π/2

π/2

τ
generation of
nuclear coherence

π/2

t

evolution

τ
transfer back to
electron coherence
and detection

nuclear coherence which evolves freely during the variable time t. With the
last pulse, nuclear coherence is transfered back to electron coherence, which
refocuses after a time τ and is detected in form of an echo. Echoes are recorded
for a range of t-values and contain the nuclear frequencies as a modulation
with t.
5.1.1 The not-so-forbidden transitions
The origin of these modulations with nuclear frequencies is best discussed
on a S = 1/2, I = 1/2 spin system. According to the discussion in Section
2.2, the spin Hamiltonian of such a system only contains electron and nuclear
Zeeman terms as well as the hyperfine interaction, which originates from the
dipole-dipole coupling between the nucleus and the electron. If the Hamiltonian
is formulated in a frame that rotates with the microwave frequency, the static
spin Hamiltonian can be written as
Ĥ0 = ΩS Ŝz + ωI Iˆz + AŜz Iˆz + B Ŝz Iˆx

(5.1)

where ΩS = ωS − ωmw is the offset of the electron Zeeman frequency ωS from
the microwave frequency ωmw , ωI the nuclear Zeeman frequency,
q A = Azz is
the secular part of the hyperfine coupling tensor A and B = A2zx + A2zy the
pseudo-secular part. The case where
|A| < |ωI |

(5.2)

is generally referred to as the weak coupling and
|A| > |ωI |

(5.3)
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as the strong coupling regime. The energy level scheme and the transition
assignment in the spectrum depend on the sign of A and the sign of the nuclear
Larmor frequency ωI . In Figure 5.2 the energy level schemes and spectra with
transition assignment for A > 0 and A < 0 for the weak coupling regime with
a negative nuclear Zeeman frequency (ωI < 0) are shown. Figure 5.3 shows
a) weak coupling, A > 0
2
αβ
1
αα

ββ
4
βα

ω14

ω24

ω13

ω23

ω

ω14

ω13

ω24

ω23

ω

3
b) weak coupling, A < 0
2
αβ
1
αα

Figure 5.2: Energy level and
EPR spectra in the weak coupling regime for a) A > 0 and
b) A < 0. The nuclear Larmor frequency is ωI < 0 in
all cases. Note how the allowed EPR transitions are interchanged in the spectrum depending on the sign of A. In
the case of weak coupling, the
allowed EPR transitions are in
the center of the spectrum.

ββ
4

βα
3

the same for the strong coupling regime. While the allowed transitions ω13
and ω24 are known as single-quantum transitions (∆mS = ±1, ∆mI = 0), the
forbidden transition ω14 is formally known as the double-quantum (∆mS = ±1,
∆mI = ±1) and ω23 as the zero-quantum transition (∆mS = ±1, ∆mI = ∓1).
a) strong coupling, A > 0
αα

1
2

αβ

ββ
4
ω24

βα

ω14

ω23

ω13

ω

ω24

ω

3
b) strong coupling, A < 0
2
αα

αβ

1

βα
3

ββ
4

ω13

ω14

ω23

Figure 5.3: Energy level and
EPR spectra in the strong coupling regime for a) A > 0 and
b) A < 0. The nuclear Larmor frequency is ωI < 0 in
all cases. Note how the allowed EPR transitions are interchanged in the spectrum depending on the sign of A. In
the case of strong coupling, the
forbidden EPR transitions in
the center of the spectrum.

48

B Not to be confused with the

effective field during adiabatic
passage, Section 2.4.2.
Figure 5.4: Local fields at the
nuclear spin in the α (mS =
+1/2) and β states (mS =
−1/2) of the electron spin. The
direction of the effective field is
different in the two states and
tilted with respect to the direction of the external field z.
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The non-zero amplitude of the forbidden transitions in the spectrum is the
result of the pseudo-secular contribution B Ŝz Iˆx in the Hamiltonian (Eqn. (5.1)).
This term can be interpreted as a local field at the nucleus and tilts the effective
field B at the nucleus (Figure 5.4), which is now no longer aligned with the
external field along z: The sign of the pseudo-secular contribution B (which
z
ωα

α
+A/2
β
−A/2 ωI
ωβ
ηα
ηβ

β

−B/2

+B/2

α

x

is along the x-axis of the nucleus) depends on the state of the electron spin,
which can be in the α- (mS = +1/2 ) or β (mS = −1/2 ) state. The tilt angle
is ηα for the α-state and ηβ for the β-state, respectively. The z-component
of the effective field at the nucleus also depends on the state of the electron:
While it is the sum of the nuclear Zeeman field ωI and the secular part of the
hyperfine coupling A for the α–manifold, it is the difference of the two for the
β-manifold. As a result, the quantization axis of the nucleus changes and mI
is no longer a good quantum number to describe the state of the nuclear spin.
This sets the base of all ESEEM experiments: A microwave pulse that inverts
an electron, now also changes the direction of the local field at the nucleus.
This implicates that a microwave pulse has a certain probability to flip both
spins at the same time, which leads to the presence of the forbidden transitions
in the spectrum. If B vanishes, no forbidden transition are observed and no
ESEEM effect is present.
The angles of the effective fields can be computed using geometric relations


−B/2
ηα = arctan
(5.4)
ωI + A/2
and
ηβ = arctan



B/2
ωI − A/2

which allows to define
ηα − ηβ
η=
.
2



(5.5)

(5.6)

The relative amplitude of the allowed transitions then becomes cos2 (η) and
sin2 (η) for the forbidden transitions.
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The nuclear frequencies in the two electron manifolds are calculated with
s

A 2 B2
ωα =
ωI +
+
(5.7)
2
4
and
s

A
ωI −
2

ωβ =

2
+

B2
.
4

(5.8)

The goal of all ESEEM experiments is to obtain these nuclear frequencies B
which can then be used to calculate A and B and allow one to draw conclusions
on chemical structure.
5.1.2

The origin of the ESEEM signal-pathway
The following discussion concerns itself with the classical theory of ESEEM
which is based on spin dynamics during monochromatic rectangular pulses. A
three-pulse ESEEM experiment starts with a π/2 pulse (Figure 5.1), which
creates electron coherence. This electron coherence, comprised of allowed
transitions, weighted with cos(η), and forbidden transitions, weighted with
sin(η), evolves and dephases for a time τ .
The magic happens during the second pulse, where branching creates nuclear
coherence from electron coherence (shown in Figure 5.5). Density matrix
elements that correspond to nuclear coherence now evolve during the time t
with their respective nuclear frequencies ωα and ωβ , depending on the electron
manifold. While nuclear coherence that stems from allowed electron transitions is weighted with sin(η), the one that originated from forbidden electron
a) density matrix elements
|ααi |αβi |βαi |ββi
P

polarization

ECa, ECa

allowed electron coherence

ECf , ECf

forbidden electron coherence

NCα

nuclear coherence in α-manifold

hβα| ECa ECf

NCβ

nuclear coherence in β-manifold

hββ| ECf ECa NCβ

b) allowed transitions

hαα|

P

hαβ| NCα

NCα ECa ECf
P

ECf ECa
P

NCβ
P

c) forbidden transitions

|ααi |αβi |βαi |ββi

|ααi |αβi |βαi |ββi

hαα|

hαα|

hαβ|

hαβ|

hβα|

hβα|

hββ|

hββ|

B For historic reasons, ωα and

ωβ obtained with Eqn. (5.7)
and 5.8, respectively, always
have a positive sign. In contrast the sign of the assigned
frequencies ω12 and ω34 depends on the spin Hamiltonian
parameters. This will be of importance in the following sections when we assign correlation peaks.

Figure 5.5: Branching of the
electron coherence into nuclear coherence during the second π/2 pulse, shown for
a monochromatic rectangular
pulse. The individual density
matrix elements are described
in a). Both, allowed b) and forbidden c) electron coherences
are transfered to nuclear coherence.

50

B Blind spots can be removed
by recording and summation
of ESEEM traces for several
different τ -values.
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transitions is weighted with cos(η). Taking the weighting factors from the
first pulse into account, all of the density matrix elements that correspond to
nuclear coherence therefore now have identical amplitudes of cos(η) sin(η). At
this point it should be noted that the transfer depends on relative phase of
coherence on different transitions and is thus suppressed for certain τ values,
which is the source of the blind-spots of three-pulse ESEEM B .
After evolution for a length of t, the nuclear coherence is transferred back to
electron coherence by the last π/2 pulse. This (back-)branching is symmetric in
a sense that nuclear coherence flows back to electron coherence using pathways
reversed to the ones on which it was created during the second pulse. The echo
now exhibits a modulation with the two nuclear frequencies ωα and ωβ . For
each t value the echo is integrated, which gives a time trace V (τ, t) that, after
background correction, can be described by
k
[1 − cos(ωα τ )] [1 − cos (ωβ [t + τ ])]
4
k
− [1 − cos(ωβ τ )] [1 − cos (ωα [t + τ ])]
4

V (τ, t) = 1 −

B In the cases that are shown

in Figure 5.3 the nuclear frequencies have opposite signs for
the transitions with coherence
order pI = +1.

(5.9)
(5.10)

where k = cos(η)2 sin(η)2 is the modulation depth.
This concludes the discussion of the ESEEM dimension. But in order to
explain the asymmetry that was observed in correlation spectra, we need to
understand how correlation peaks emerge between three-pulse ESEEM and the
EPR spectrum: EPR/ESEEM correlation spectra correlate nuclear frequencies
that evolve during the time t to the EPR frequencies that they get transfered
to during the last pulse. Think about the matrix element |ααi hαβ| element in
Figure 5.5b). Being in the α-manifold, this element evolves with ωα . As the
transfer back to electron coherence follows the same paths as for the generation
of the nuclear coherence, this particular element will be transferred to |ααi hβα|,
which corresponds to transition ω13 , and |ββi hαβ|, which is transition ω24 ,
both of which are formally allowed electron coherences. This should result in
correlation peaks at (+ωα , ω13 ) and (+ωα , ω24 ). However, EPR spectrometers
detect electron coherence with coherence order pS = +1 (∆mS = +1), which
is only the case for |ααi hβα|, but not for the matrix element |ββi hαβ| and
therefore only (+ωα , ω13 ) is observed. Analogous arguments can be made for all
other density matrix elements with nuclear coherence as well as the forbidden
electron transitions.
An important remark: The absolute values of the signed nuclear frequencies ωα
and ωβ are governed by Eqn. (5.7) and Eqn. (5.8), respectively. The energy
level schemes with strong coupling Figure 5.2 and 5.3 show that the sign of
the frequency with coherence order pI = +1 (α → β), which corresponds to
the nuclear coherence matrix elements above the diagonal, depends on the
signs and the relative amplitudes of nuclear Zeeman frequency and secular
hyperfine coupling B . Hence, a change of pI = +1 does not automatically
correspond to a positive frequency. Instead the sign of the nuclear frequency
that is connected to the pI = +1 coherence depends on the energy level scheme.

5.2 Asymmetry in correlation spectra with frequency-swept pulses

51

The correct signs can be inferred from ω12 ≈ ωI + A/2 and ω34 ≈ ωI − A/2.
As a consequence for A > 0 and A < 0 the same correlation pathway leads to
different correlation peak positions in the spectrum, one at positive ωα and
one at negative ωα . Similar arguments can be made for the comparison of
correlation spectra ωI > 0, which switches the α and β levels of the nucleus.

5.2

Asymmetry in correlation spectra with frequency-swept pulses
A big limitation in EPR is the narrow excitation bandwidth, in particular in
FT EPR correlation spectroscopy, which usually requires broader excitation
bandwidths than those that can be achieved with monochromatic rectangular pulses. An augmentation of EPR/ESEEM correlation experiments with
frequency-swept pulses seemed like the logical next step to us and allowed us to
detect nuclear frequencies up to 400 MHz for the first time [42]. Although we
were able to obtain EPR/ESEEM correlation and HYSCORE spectra for several paramagnetic copper(II) center compounds, we soon noticed an asymmetry
in the correlation spectra that could not be explained with the traditional
ESEEM theory (Section 5.1). As the asymmetry was depending on the sweep
direction, it was clear that the extra peaks were in fact a real signal and not just
a spectrometer or processing artifact. Initially the effect was observed on the
copper piccolinate center, where the electron spin was coupled to a quadrupole
nuclear spin I = 3/2. This makes it a rather complicated system to study
B . In order to identify the exact cause of the asymmetry, it was necessary to B In this case not only the
chose a well-known spin system that not only can be completely excited with hyperfine coupling, but also
monochromatic rectangular pulses, but also has to be simple enough such that the quadrupole interaction produces an ESEEM effect.
it can be treated analytically, ideally a S = 1/2, I = 1/2 spin system.
Fortunately, such a system is reasonably well approximated by a single crystal
of γ-irradiated malonic acid (Figure 5.6). By irradiating malonic acid with
b) energy level scheme
2
αβ

a) the malonic acid radical
x

αα

HOOC

C

H

1

z
βα

HOOC

3

ββ

y

4

c) spectrum

ω13

ω14

ω23

ω24

ω

γ-radiation, a radical is formed, where the free electron sits in a p orbital on the

Figure 5.6: The free electron
occupies the p orbital at the Catom, which stands perpendicular to the plane of the bonds.
The energy level scheme b) and
spectrum c) of the this system
are of the strong coupling with
negative hyperfine coupling A
and negative nuclear Zeeman
frequency ωI type.
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secondary carbon. This electron is coupled to the single α proton, which has a
magnetic spin quantum number I = 1/2 and a much larger hyperfine coupling
than the two protons of the carboxylate groups and the protons in neighboring
malonic acid molecules. In this S = 1/2, I = 1/2 spin system, the proton
Zeeman interaction is negative (ωI /2π ≈ −14.5 MHz) as are all principal values
of the hyperfine tensor (Axx , Ayy , Azz )/2π ≈ (−60, −93, −28) MHz [87]. In the
single crystal, A and B depend on the orientation of the crystal in the external
magnetic field. In almost all orientations the energy level scheme is the one
for the strong-coupling regime with A < 0 (Figure 5.6b)). An orientation was
chosen where the splitting between the two allowed transitions in the EPR
spectrum slightly exceeds 40 MHz, which is similar to the case considered in
the early work on SECSY spectroscopy of this radical [85]. In this situation,
the nuclear modulation depth is much larger for the α proton than for the
carboxylate protons and correlation of nuclear frequencies to both allowed and
forbidden transitions in the EPR spectrum can be observed. The forbidden
transitions at frequencies ω14 and ω23 , which are split by approximately 2|ωI |,
are then observed inside the allowed transitions at frequencies ω13 and ω24
(Figure 5.6c)).
5.2.1 Experimental setup
All experiments were performed at room temperature on the home-built highpower EPR spectrometer described in Appendix A with arbitrary waveform
excitation capability at X-band frequencies around 9.3 GHz. The magnetic
field was set to B0 = 336 mT.
For the measurements with the monochromatic rectangular pulses, pulse lengths
were 3.5 ns. If all three pulses are swept in the same direction, proper refocusing
of the echo and offset-independent evolution during time t is achieved for a
pulse length ratio of 2:1:1 [44]. Therefore linear chirps (Section 2.4.1) with pulse
lengths of 200 ns, a rise time of 10 ns and a sweep width of |∆f | = 200 MHz in
up or down direction were used. For the monochromatic rectangular pulses, the
first delay τ was set to 400 ns, for the up-sweep 277 ns and for the down-sweep
278 ns. In all experiments the delay t was incremented from 1.3 µs to 4.3 µs in
steps of 6 ns.
5.2.2 Data processing
The three-pulse ESEEM sequence consists of three π/2 pulses. The first two
of these pulses with interpulse delay τ generate nuclear coherence, which then
evolves during the second interpulse delay t. Fourier transformation with
respect to time t provides the ESEEM frequency dimension.
The third π/2 pulse transfers nuclear coherence to the allowed electron and
nominally forbidden electron-nuclear transitions. A stimulated echo is formed
at time τ after the last pulse and Fourier transformation with respect to the
delay from the time of refocusing provides the EPR dimension. Considering
only the resonance offset, the echo is symmetric. Since the full signal rise and
decay on both echo flanks can be observed, magnitude Fourier transformation
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does not cause admixture of dispersion contributions for such a signal. Hence,
the magnitude FT spectrum has virtually the same resolution as a phased
absorption spectrum. However, incomplete refocusing of the phase dispersion
caused by the hyperfine interaction can cause some line shape distortion.
In the experiments, quadrature detection is not required since the full detection
bandwidth comfortably fits into one Nyquist band of the 2 GSa/s digitizer. The
spectrometer architecture allows for observing exclusively positive frequencies
in the Nyquist band at offsets between 1 and 2 GHz from the local oscillator
frequency of 8 GHz by subsampling [13]. This fact is somewhat concealed in
Figures 5.7-5.9 where, for convenience of interpretation, the frequency axis
in the EPR dimension was shifted so that zero frequency corresponds to the
center of the spectrum.

ESEEM

Experimental results
The correlation spectrum obtained with monochromatic rectangular pulses
(Figure 5.7) exhibits a C2 symmetry with respect to the point that correlates zero on the nuclear frequency axis to the center of the EPR spectrum.
Strong correlation peaks are observed between −ωβ /2π = −8 MHz and the
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allowed transition ω13 /2π = −0.022 GHz as well as the forbidden transition
ω23 /2π = +0.014 GHz. The positive nuclear frequency ωβ /2π = 8 MHz correlates to the allowed transition ω24 /2π ≈ 0.022 GHz and to the forbidden
transition ω14 /2π ≈ −0.014 GHz.
For the nuclear transition corresponding to the electron spin α state, the correlation peaks are not fully resolved, but one can still infer that −ωα /2π = −38 MHz
correlates to ω13 and ω14 , while +ωα /2π = +38 MHz correlates to ω24 and ω23 .
The spectra obtained with chirp pulses were obtained in a slightly different
crystal orientation and look somewhat more complicated, as more than one set
of peaks contributes. Yet it can be clearly inferred that an additional correlation peak (gray box) disturbs the C2 symmetry. For the up-sweep (Figure 5.8),
−ωα /2π = −36 MHz correlates to ω24 , which was not the case for monochro-

Figure 5.7:
Experimental
EPR/ESEEM
correlation
spectrum for the γ-irradiated
malonic acid radical.
The
projections along one of the
two dimensions give the EPR
and ESEEM spectrum. The
frequency of the EPR axis was
shifted so that zero frequency
corresponds to the center of
the spectrum.

0.04
EPR frequency [GHz]

Figure 5.8:
Experimental
EPR/ESEEM
correlation
spectrum for sweeping all
pulses up (∆f = +200 MHz).
An additional peak (gray
box) is observed for the
correlation (−ωα , ω24 ). The
frequency of the EPR axis was
shifted so that zero frequency
corresponds to the center of
the spectrum.
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Figure 5.9:
Experimental
EPR/ESEEM correlation spectrum for sweeping all pulses
down (∆f = −200 MHz).
An additional peak (gray
box) is observed for the
correlation (+ωα , ω13 ). The
frequency of the EPR axis was
shifted so that zero frequency
corresponds to the center of
the spectrum.

ESEEM

matic rectangular pulses. For the down-sweep (Figure 5.9), +ωα /2π = 36 MHz
correlates to ω13 , which was also not the case for monochromatic rectangular
pulses. The correlation pattern of the transitions at ±ωβ is the same for both
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sweep directions and analogous to the one observed with monochromatic rectangular pulses. The strong additional peaks involve only the allowed electron
spin transitions and only the larger nuclear frequency. Their location depends
on direction of the frequency sweep, which suggests that the order of passage
of the individual transitions plays a role. The additional, symmetry-breaking
correlation peak is distinguished from a strong previously existing correlation
peak only by the sign in the ESEEM frequency dimension.
Three-pulse ESEEM typically shows τ -dependent blind spot behavior [24]. The
experimental data in Figure 5.10 shows the modulation of the expected as well
as the additional cross peaks as a function of the first inter pulse delay τ for a
down-sweep. Currently it is still not understood why the modulation of the
additional cross peak is strongly different from the common ESEEM blind spot
behavior.

5.3 Explaining the broken symmetry
a) peak at (−ωα /ω13 )

b) peak at (+ωα /ω24 )
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Figure 5.10: Blind spot behavior of the two expected
cross peaks a) and b), and
the additional cross peak c),
recorded with down-sweeping
chirp pulses.

c) peak at (+ωα /ω13 )
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Explaining the broken symmetry
The broken symmetry can be analyzed with several methods, such as density
operator simulations (Section 5.3.1), product operator formalism and choherence transfer schemes (both Section 5.3.1). They all have one thing in common:
Analysis of the entire three-pulse ESEEM experiment in combination with
frequency-swept pulses is an almost unfeasible deed B . When we made our first B In particular for general flip
attempts using product operator formalism the output at the end of a two day angles.
long simulation would stretch over several A4 pages, and even Mathematica
could not simplify the equations. Instead it would usually crash after a few
hours of futile attempts to combine terms.
But not all hope is lost. A thorough investigation of the mechanism of threepulse ESEEM allows to reduce the size of the problem: The discussion in
Section 5.1.2 showed us that the correlation pattern is the result of only the
third pulse, which transfers the nuclear coherence to electron coherence. Hence
all we need to do is look at nuclear coherence and what the third pulse does
with it. As long as we are not interested in the exact amplitudes of the individual correlation peaks, how magnetization got to the nuclear coherence
elements does not matter. One thing that does matter, however, is the sign of
the nuclear frequencies.

5.3.1

Numerical density operator simulations
The numerical simulations were performed with the MATLAB package SPIDYAN
2.0 [72] which was developed during my PhD. By now SPIDYAN has evolved
and been merged into EasySpin (www.easyspin.org) B . Analogous to Eqn. B See Chapter 3 for how the
(5.1) simulations with SPIDYAN were carried out assuming a static spin pulse propagation engine in
EasySpin works.
Hamiltonian of the form
Ĥ0 = ΩS Ŝz + ωI Iˆz + AŜz Iˆz + B Ŝz Iˆx
where the resonance frequency of the electron in the rotating frame ΩS was
Gaussian distributed (µ = 1.4 GHz, σ = 0.8 MHz). For the simulations, 201
spin packets were taken from a range of µ ± 3σ. This number of spin packets
must not be chosen too small - or else an aliasing (or backfolding) effect from
the frequency into the time domain (where the experiment is simulated using
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B These echoes can usually be

removed by correct phase cycling.

B The line width in the experimental spectra was much larger
and peaks were not fully separated.
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density operator formalism) is observed. This can easily be checked by looking
at the detected time trace of the echo: Additional echoes that may appear
beside the primary echo can be real echoes B or are the simulation artifact.
If increasing the number of spin packets shifts the position of an echo, it is
indeed the artifact and the number of spin packets should be increased until no
more artifact echoes are observed within the detection window. In principle,
this is an inverse Nyquist problem. The frequency spacing of the spin packets
is related to the maximum evolution time where the result is free from aliasing
artifacts. The line width in the EPR dimension is controlled through σ and
was chosen such that allowed and forbidden transitions are well separated B .
The resonance frequency ωI /2π of the nucleus was taken as −14 MHz and for
the hyperfine coupling A/2π = −45 MHz and B/2π = +8 MHz were used.
Simulation parameters were chosen as close to the actual conditions as possible. Monochromatic rectangular pulses had a length of 3.5 ns and chirps
200/100/100 ns, with a rise time of 10 ns and a sweep width |∆f | = 200 MHz
in up or down direction. The first delay τ was set to 400 ns for the rectangular
pulses and 278 ns for the chirp pulses. The delay t was incremented from 1.3 µs
to 4.3 µs in steps of 6 ns. Any relaxation effects were neglected during the
simulations.
A very important role is taken by the choice of detection operator. In the
numerical simulations with density operator formalism, the signal obtained
through the detection operator Ŝ+ was desired, where electron coherence order
is pS = +1. But Ŝ+ does not have a Hermitian matrix representation and its
pseudo-expectation value must be computed trough Tr{Ŝ− σ̂(t)} with Ŝ− being
the lowering operator and σ̂(t) the density. In contrast to that, peak positions
in the spectra are assigned using product operator expressions in Section 5.3.2,
where the term Ŝ+ corresponds to a change of coherence order pS = +1.
In Figure 5.11a) the product operator term symbols in the single-element basis
(Section 2.3.4) are shown. This basis is most convenient for the description
of this ESEEM experiment, as it allows us to assign each type of coherence a
term symbol. The simulated correlation spectra for rectangular pulses, up and
down-sweep are shown in Figure 5.11b), c) and d), respectively, and reproduce
the experimental spectra well.
To verify that this asymmetry is in fact only caused by the last pulse, EPR/ESEEM
correlation spectra were simulated using a combination of monochromatic rectangular and chirp pulses. Indeed, the simulation for the case where the
first two pulses are chirps and the last pulse is a monochromatic rectangular
pulse (Figure 5.12a)) looks more or less identical to the simulation with only
monochromatic rectangular pulses and conserves the C2 -symmetry. This symmetry is broken when the simulation is conducted using a combination two
monochromatic rectangular and a chirp pulse as the last pulse (Figure 5.12b))
which unambiguously verifies that only branching during the last pulse needs
to be investigated.
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b) monochromatic rectangular

a) density matrix with termsymbols
|ααi |αβi |βαi |ββi
Ŝα Iˆα

hαβ| Ŝα Iˆ−

Ŝα Iˆ+

Ŝ+ Iˆα

Ŝ+ Iˆ+

Ŝα Iˆβ

Ŝ+ Iˆ−

Ŝ+ Iˆβ

hβα| Ŝ− Iˆα Ŝ− Iˆ+

Ŝβ Iˆα

Ŝβ Iˆ+

hββ| Ŝ− Iˆ− Ŝ− Iˆβ

Ŝβ Iˆ−

Ŝβ Iˆβ

EPR frequency

hαα|

Ŝα Iˆ+

EPR frequency

Ŝα Iˆ+
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Ŝ+ Iˆβ

ω23

Ŝ+ Iˆ−

ω14

Ŝ+ Iˆ+

ω13

Ŝ+ Iˆα

−ωβ
+ωβ
ESEEM frequency

Figure 5.11: Term symbols
and their position in the
density matrix are shown in
a). The simulated spectra
for monochromatic rectangular pulses b), down-sweep c)
and up-sweep d) reproduce the
same correlation pattern as in
the experiment.
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d) up-sweep
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Ŝα Iˆ+
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Product operator formalism analysis
In order to discuss the relative sign in the two dimensions, it is necessary to
distinguish between Iˆ+ → Ŝ+ and Iˆ− → Ŝ+ transfers or between Iˆ− → Ŝ−
and Iˆ+ → Ŝ− transfers. To support the following discussion the term symbols
of all coherences in the malonic acid system are summarized in Figure 5.13.
Without the loss of generality it is possible to discuss the position of correlation
peaks for the Ŝ+ case, corresponding to electron spin coherence order pS = +1
at detection. The frequency of a correlation peak in the EPR dimension is
simply given by the transition on which the coherence evolves, with frequencies
ω13 , ω14 , ω23 and ω24 corresponding to single-element product operators Ŝ+ Iˆα ,
a) chirp - chirp - rect.

b) rect. - rect. - chirp

ω24
ω23

EPR frequency

EPR frequency

5.3.2

Ŝβ Iˆ+

ω24

−ωα
c) down-sweep

Ŝβ Iˆ−

ω14
ω13

−ωα

−ωβ

+ωβ

ESEEM frequency

+ωα

ω24
ω23

ω14
ω13

−ωα

−ωβ

+ωβ

ESEEM frequency

+ωα

Figure 5.12:
EPR/ESEEM
spectra simulations for combinations monochromatic rectangular pulses with chirp pulse.
In a) the first two pulses
are chirps and the last pulse
is a monochromatic rectangular is shown. The spectrum in b) was simulated using
two monochromatic rectangular pulses followed by a downsweeping chirp pulse.
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B See the discussion at the end
of Section 5.1.2.

B For brevity all prefactors
(phases and amplitudes) were
ignored.
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Figure 5.13:
Energy level
scheme of the malonic acid system where the coherences are
marked with their corresponding term symbols.
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Ŝ+ Iˆ+ , Ŝ+ Iˆ− , and Ŝ+ Iˆβ , respectively. Each of the single-element product operators corresponds to a single element of the density matrix in the eigenbasis
of the spin Hamiltonian (Figure 5.11a)) and to a signed evolution frequency
of nuclear spin coherence on an allowed or formally forbidden electron spin
transition.
With the choice of Ŝ+ as detection operator for positive frequencies, the frequency in the ESEEM dimension is +ωkl if the nuclear spin coherence order
before the last π/2 pulse is pI = +1 and −ωkl if it is pI = −1. This follows
from the fact that an inversion of coherence order corresponds to an inversion
of the phase of coherence, which is equivalent to a change of the sign of the
frequency during past evolution. The indices kl are 12 for the electron spin α
state and 34 for the electron spin β state (see Figure 5.6). Keep in mind that
the nuclear frequencies are signed [24] B .
In the case of the malonic acid radical, where the nuclear Zeeman interaction
ωI and A are negative and |A/2| > |ωI | (strong-coupling regime), the signs of
the nuclear frequencies become ω12 = −ωα < 0 and ω34 = ωβ > 0. Therefore
an Ŝα Iˆ+ term corresponds to a negative frequency in the ESEEM domain and
an Ŝα Iˆ− term to a positive frequency. In contrast to that, for ωβ an Ŝβ Iˆ+ term
results in a positive frequency and an Ŝβ Iˆ− term to a negative frequency in
the ESEEM dimension.
The position of the correlation peaks is thus decided by the coherence transfer
between single-element terms that takes place during the third π/2 pulse, in
agreement with the observation that the spectrum changes only when the last
pulse is replaced by a chirp pulse. This is shown for the α-manifold correlation
peaks in form of coherence transfer pathways in Figure 5.14. The existence
of these hypothesized coherence transfer pathways can be confirmed using
product operator simulations with SpinDynamica B .
Monochromatic rectangular pulses
Computations with product operator formalism show that rectangular monochromatic π/2 pulses qualitatively affect nuclear coherence in the α-manifold the
following way:
π/2 Ŝx

Ŝα Iˆ+ −−−−→ Ŝ+ Iˆα + Ŝ− Iˆβ
π/2 Ŝx

Ŝα Iˆ− −−−−→ Ŝ− Iˆα + Ŝ+ Iˆβ

5.3 Explaining the broken symmetry

π/2

59

π/2

nuclear coherence
generator

π/2

evolution

detection

a) monochromatic rectangular pulses
Ŝ+ Iˆα/β
+1
pS 0
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Ŝ+ Iˆα

Ŝ− Iˆα
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b) down-sweeping pulses
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Ŝα Iˆ+
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Ŝ+ Iˆα Ŝ+ Iˆα
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Figure 5.14: Coherence transfer pathways in three-pulse ESEEM for a down-sweep and
nuclear coherence in the αmanifold of the electron before
the third pulse. The electron
spin coherence order is pS and
the nuclear spin coherence order is pI . Only the pathways
that create electron coherence
with the nuclear state being
Iˆα during the detection period
(signals at ω24 ), are shown. In
contrast to the monochromatic
rectangular pulse a), an additional path (dashed line) is created with a chirp pulse b) for
only one of the two nuclear coherences. Only terms containing Ŝ+ (pS = +1) are detected.

+1
0 pI

The transfers Ŝα Iˆ+ → Ŝ+ Iˆα (solid blue line in Figure 5.14a) corresponds to
the allowed-transition correlation peak (−ωα , ω13 ). Ŝα Iˆ− → Ŝ+ Iˆβ leads to the
correlation peak (+ωα , ω24 ). Any terms with Ŝ− cannot be observed.
A similar picture is encountered in the β-domain:
π/2 Ŝx

Ŝβ Iˆ+ −−−−→ Ŝ− Iˆα + Ŝ+ Iˆβ
π/2 Ŝx

Ŝβ Iˆ− −−−−→ Ŝ+ Iˆα + Ŝ− Iˆβ
Here, Ŝβ Iˆ+ → Ŝ+ Iˆβ corresponds to the correlation peak (+ωβ , ω24 ) and
Ŝβ Iˆ− → Ŝ+ Iˆα to the correlation peak (−ωβ , ω13 ). All these peaks are indeed present in the experimental (Figure 5.7) and simulated (Figure 5.11b))
spectra. No other correlation peak between a nuclear frequency and an allowed
electron frequency are observed.
Frequency-swept pulses
Before we can concern ourselves with frequency-swept pulses we first need
to discuss how a frequency sweep can be simulated with product operator
formalism. This discussion will concentrate on the down-sweep - analogous
arguments can be made for an up-sweep. The spectrum of the malonic acid
system and an arrow indicating the sweep of the spectrum are shown in Figure
5.15. If we assume that the four lines of the spectrum are separated well enough
and that the sweep rate is small enough, such that each transition is passed
individually B , the frequency-swept pulse can be approximated by a series of

B Similar to how the polarization enhancement worked that
is described in Section 4.2.2.
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frequency sweep of pulse

Figure 5.15: Order of passage
of the transitions in the γirradiated malonic acid system.
The arrow indicates the downsweep of the chirp pulse.
ω13

ω14

ω23

ω24

ω

four selective pulses.
According to Figure 5.15, starting from any of the nuclear coherence terms,
the following product operator problem needs to be solved:
(2|4)

βa Ŝx

(2|3)

β Ŝx

(1|4)

β Ŝx

(1|3)

βa Ŝx

NC −−−−−→−−f −−−→−−f −−−→−−−−−→ ?

(5.11)

To keep results general, the effective flip angle for allowed transitions is assumed
as βa = β cos η and for forbidden transitions as βf = β sin η, where cos η is
the transition moment of an allowed electron spin transition in the S = 1/2,
I = 1/2 system [24] and β is the effective flip angle on passage that is related
to the critical adiabaticity Qcrit of the pulse (Eqn. (2.72)). Even considering
only one type of nuclear coherence as starting point for SpinDynamica, the
output stretches almost an entire page. Interpretation becomes tedious and
what happens during the pulse is hard to unravel. Therefore a slightly different
approach was taken: In a first step coherence transfer schemes were drawn,
which already allowed some insight in the dynamics and to identify the part
of the frequency-sweep that created additional coherence. These coherence
transfer schemes were then refined and semi-quantified using the results of
product operator simulations. The result for starting from the single-element
product operator terms for nuclear coherence Ŝα Iˆ− is shown in Figure 5.16,
which corresponds to peaks at +ωα . A transfer scheme allows us to identify
B Other coherence transfer pathways that lead to detectable signal and to discard those which do not B .
schemes for malonic acid start- In the coherence transfer scheme, we start from product operator symbol Ŝα Iˆ−
ing from Ŝβ Iˆ− and Ŝβ Iˆ+ as
which corresponds to coherence on nuclear spin transition (1 ↔ 2). The first
well as for weak coupling casing and A > 0 can be found in electron spin transition passed during a down-sweep is the one with highest
frequency ω24 (see Figure 5.15). This transition shares level 2 with transition
Appendix B.
(1 ↔ 2). Passage corresponds to an effective flip angle βa and with amplitude
cos(βa /2) the nuclear coherence will not be transferred and will remain on
transition (1 ↔ 2). With amplitude sin(βa /2) it will be transferred to transition
(1 ↔ 4), which is the formally forbidden electron spin transition corresponding
to the term Ŝ− Iˆ− .
The next transition that is passed is the formally forbidden transition (2 ↔ 3).
The effective flip angle is now βf . This transition does not share a level with
transition (1 ↔ 4), hence the Ŝ− Iˆ− term remains unaffected. The transition
does share level 2 with transition (1 ↔ 2), so that the amplitude of coherence
on this transition is multiplied by another factor cos(βf /2). With probability
sin(βf /2) coherence from transition (1 ↔ 2) will be transferred to the allowed
transition (1 ↔ 3) corresponding to term Ŝ− Iˆα .
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Further branching during passage of forbidden transition (1 ↔ 4) and then
allowed transition (1 ↔ 3) leads to a multitude of terms, whereas most of the
individual transfers are analogous to the ones already discussed. The branching
scheme in Figure 5.16 has been simplified by graying out all pathways that
do not end up with observable electron coherence on allowed transitions. For
discussion of the correlation peaks, we are interested only in terms with an
Ŝ+ factor. In particular, we are interested in the branching pathway that
ends up with Ŝ+ Iˆα , because this pathway is the one that corresponds to the
additional correlation peak not seen with monochromatic rectangular pulses.
In fact, there are two such pathways! And in both of them the Ŝ+ Iˆα term
is created during passage of the last of the four electron spin transitions,
transition (1 ↔ 3). In both cases the reason is that, by passage of the previous
three transitions, nuclear coherence that was originally on transition (1 ↔ 2) is
already transferred to magnetization on transition (1 ↔ 3) before this transition
is passed. One of these pathways we did already encounter above, where we
saw that passage of transition (2 ↔ 3) transfers some coherence from transition
(1 ↔ 2) to (1 ↔ 3) without inverting phase. When transition (1 ↔ 3) is passed,
this coherence is inverted with probability sin2 (βa /2), yielding the Ŝ+ Iˆα term
that gives rise to the additional cross peak.
The other pathway is more subtle B . Coherence on forbidden transition B This is the highlighted path(1 ↔ 4), which is generated from nuclear coherence on (1 ↔ 2) by passage of way on the right side of Figure
allowed transition (2 ↔ 4), is partially transferred to polarization on transition 5.16.
(1 ↔ 4) when transition (1 ↔ 4) is passed. This changes the population of
level 1 and thus also generates polarization of transition (1 ↔ 3). When now
transition (1 ↔ 3) is passed, such polarization is transferred with probability
sin(βa ) equally to coherence terms Ŝ+ Iˆα (which contributes to the additional
cross peak) and Ŝ− Iˆα (which is not detected).
In contrast to other coherence transfer pathways during the chirp pulse, the
pathways that lead to the additional cross peak are potentially subject to
destructive interference. The other coherence transfer pathways depend only
on transfers where the coherence before passage shares only one level with the
transition that is passed. In this case, the transfer amplitude does not depend
on phase of the coherence relative to the phase of the excitation waveform
[44]. If the coherence before passage shares both levels with the transition
that is passed, the situation is different. No transfer happens if the excitation
waveform and the coherence are in phase or 180◦ out of phase and maximum
transfer happens if they are 90◦ or −90◦ out of phase. The relative phase of
the excitation waveform and the coherence depends on the frequencies of the
four transitions and on the sweep rate of the chirp pulse. Hence, amplitude
of the additional cross peaks relative to the amplitude of the peaks that are
also observed with monochromatic rectangular pulses depends on spin system
parameters as well as on the duration and bandwidth of the frequency-swept
pulse. In general, pathways of this type can cause magnetization loss, as has
been discussed before for the case of two dipole-dipole coupled electron spins
[44].
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2
3
4
cos(βa /2) sin(βf /2)
cos(βf /2)
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Figure 5.16: Coherence transfer scheme starting from nuclear coherence Ŝα Iˆ+ for strong coupling (|A| > 2|ωI |) and ωI < 0 and A < 0.
Pathways that are not of interest for the asymmetry are grayed out and the highlighted ones lead to correlation peaks at +ωα .
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Ŝα Iˆ−

1

2

1

ω23
3

ω13

2

1

ω14

2

1

2

1

62

2
1

2

2

frequency sweep of pulse

1

1
3
4
cos(βa /2) cos(βf /2)
cos(βf /2) cos(βa /2)
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Ŝα Iˆ+
ω24

ω13

sin(βa /2) sin(βf )
sin(βa /2)2
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Ŝα Iα + Ŝβ Iˆβ
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Ŝβ Iˆ−

4
cos(βa /2) sin(βf /2)
sin(βf /2) sin(βa /2)
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Figure 5.17: Coherence transfer scheme starting from nuclear coherence Ŝα Iˆ− for strong coupling (|A| > 2|ωI |) and ωI < 0 and A < 0.
Pathways that are not of interest for the asymmetry are grayed out and the highlighted ones lead to correlation peaks at −ωα .
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Consideration of the analogous branching scheme starting from Ŝα Iˆ+ (Figure
5.17), corresponding to frequency −ωα in the ESEEM domain, shows that the
term Ŝ+ Iˆβ , which would lead to an additional cross peak at (+ωα , ω24 ), is
not generated. Generation of this term by analogous transfers can happen
only if transition (2 ↔ 4) is passed after transition (1 ↔ 4) (first pathway)
or transition (2 ↔ 3) is passed after transition (1 ↔ 3). These sequences of
passage occur only during an up-sweep, where the corresponding correlation
peak is indeed observed (compare this to Figure 5.8).
All branching schemes show that additional cross peaks are also generated
for forbidden transitions (part of the grayed out pathways in Figure 5.16 and
5.17). They are less apparent in experimental spectra because their amplitude
√
factors are significant only if βa ≈ βf , which requires sin η ≈ cos η ≈ 2/2.
Furthermore, the corresponding branching schemes for Ŝβ Iˆ+ (Figure B.1) and
Ŝβ Iˆ− (Figure B.2) show that analogous pathways exist for the additional cross
peak that is apparent in numerical simulations at (−ωβ , ω24 ) (up-sweep) or
(+ωβ , ω13 ) (down-sweep), but not observed in the experiment.
5.3.3 Dependence of the correlation pattern on spin Hamiltonian parameters

Figure 5.18: Correlation patterns for FT-EPR correlated
ESEEM with monochromatic
rectangular pulses in the
strong-coupling a) and weakcoupling b) cases (SPIDYAN
simulations) with A > 0.
Cross peaks corresponding
to forbidden transitions are
shown pale as they will usually
not be observed.

a) strong coupling and A > 0

b) weak coupling and A > 0

ω13
ω23

EPR frequency

for the corresponding energy
level schemes and spectra.

EPR frequency

B Refer to Figures 5.2 and 5.3

The interpretation of one-dimensional ESEEM spectra may be ambiguous
because peaks from strongly hyperfine coupled nuclei with small nuclear Zeeman frequency may fall into the same spectral region as peaks from weakly
hyperfine coupled nuclei with large nuclear Zeeman frequency. The briefly
mentioned HYSCORE experiment [88] separates correlation peaks from the
strong-coupling and weak-coupling regime into the first and second quadrant,
respectively, of a two-dimensional ESEEM/ESEEM correlation spectrum. The
FT-EPR correlated three-pulse ESEEM experiment with monochromatic rectangular pulses also distinguishes between these two cases, which is discussed
with correlation patterns of the allowed transitions and A > 0 B .
In the strong-coupling regime (Figure 5.18a)), the two ESEEM frequencies
correlated to the larger EPR frequency are both positive, correlation peaks
(+ωα , ω13 ) and (+ωβ , ω13 ), whereas the two ESEEM frequencies correlated to
the smaller EPR frequency are both negative, correlation peaks (−ωα , ω24 )
and (−ωβ , ω24 ). In the weak-coupling regime (Figure 5.18b)), for the larger

ω14
ω24

−ωα

−ωβ +ωβ
ESEEM frequency

+ωα

ω23
ω13
ω24
ω14
−ωβ −ωα
+ωα +ωβ
ESEEM frequency

5.4 Geometric averaging of two spectra
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EPR frequency the larger ESEEM frequency is positive (+ωβ , ω13 ) and the
smaller one negative (−ωα , ω13 ), whereas for the smaller EPR frequency the
smaller ESEEM frequency is positive (+ωα , ω24 ) and the larger one negative
(−ωβ , ω24 ). This pattern is independent of the sign of the secular part A of
the hyperfine coupling and independent of the sign of the nuclear Zeeman
frequency B . With the additional cross peak, the situation becomes a little
bit more complicated, but the two cases can still be distinguished (Figure
5.19). For a down-sweep chirp pulse the larger number of ESEEM correlation
b) weak coupling and A > 0

ω13
ω23

EPR frequency

EPR frequency

a) strong coupling and A > 0

ω14
ω24

−ωα

−ωβ +ωβ
ESEEM frequency

+ωα

ω23
ω13
ω24
ω14

B Although the pattern in the

spectrum is independent of the
signs of ωI and A, the transition assignment is not!

Figure 5.19: Correlation patterns for EPR correlated ESEEM with down-sweep chirp
pulses in the strong-coupling
a) and weak-coupling b) cases
(SPIDYAN simulations) with
A > 0. Cross peaks corresponding to forbidden transitions are shown pale as they
will usually not be observed.

−ωβ −ωα
+ωα +ωβ
ESEEM frequency

peaks appears at the lower EPR frequency in the strong-coupling case and
at the larger EPR frequency in the weak-coupling case. Again the pattern
does not depend on the signs of the secular hyperfine coupling and the nuclear
Zeeman frequency. For a down-sweep the cross peaks are the same as with
monochromatic rectangular pulses at EPR frequencies larger than the center
frequency, whereas for an up-sweep they are the same at EPR frequencies
smaller than this center frequency.
Therefore it is not possible to distinguish between A > 0 and A < 0 using
correlation patterns from frequency-swept EPR/ESEEM spectroscopy.

5.4

Geometric averaging of two spectra
If many ESEEM peaks fall into the same range, the additional cross peaks
with chirp ESEEM complicate spectral interpretation. This is expected, in
particular, for powder spectra, where the center frequency of the hyperfine
multiplet is distributed due to distribution of the electron spin g value. In such
cases one may want to measure two spectra with opposite sweep directions of
the third pulse and retain only peaks that appear in both spectra, for instance,
by multiplying the two magnitude spectra and taking the square root B . For
the S = 1/2, I = 1/2 system discussed here, such data processing restores the
correlation pattern obtained with rectangular pulses (Figure 5.20).
It should be noted that the additional cross peaks cannot be removed by phase
cycling, since the change in electron spin coherence order during the third
chirp pulse is the same for all pathways. Figure 5.21 shows up and down-sweep
and the geometric average correlation spectrum of the previously mentioned

B This procedure is termed geometric averaging.
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a) experiment

b) simulation
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Figure 5.20: Geometric averages of the up and down-sweep
for a) the experimental and
b) simulated FT-EPR/ESEEM
data of the malonic acid radical. Geometric averaging of the
up and down-sweep reproduces
a spectrum that resembles the
spectrum that was recorded
and simulated with rectangular pulses.
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Figure 5.21: Simulated up a)
and down b) correlation spectra for a rutile crystal doted
with copper(II) that are combined to a geometric average
in c). A SPIDYAN simulation with rectangular pulses
d) reveals that not all sweepdependent peaks are eliminated with geometric averaging
in this case.

EPR frequency [GHz]

copper(II) system [42]. There the geometric average is compared to a simulation
using rectangular monochromatic pulses. A few cross peaks that are present
only in one of the two sweep direction dependent spectra, survive the averaging,
but cannot be observed in the rectangular case. This appears to be due to
noise at high ESEEM frequencies (even in the simulations) in one of the two
sweep directions, which causes non-zero intensities in the correlation spectrum.
In combination with a strong signal in the opposite sweep direction this noise
leads to an observable peak in the geometric average. This indeed appears to
be the case here, as all additional peaks have rather strong intensities in either
of the chirped spectra.
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Outlook
Replacement of monochromatic rectangular pulses by frequency-swept pulses
in correlation spectroscopy sequences is not an innocent procedure that is
guaranteed to increase signal-to-noise-ration or bandwidth while retaining the
same correlation patterns. Additional coherence transfer pathways are opened
up during frequency-swept pulses by transverse interference on subsequent
passage of transitions that share a level. For the FT-EPR correlated ESEEM
experiment with chirp pulses it was found that additional cross peaks arise with
inverted sign of the ESEEM frequency. Which of these peaks appear depends
on the sequence of passing the transitions during the third and last pulse of the
sequence, which corresponds to the mixing block of the two-dimensional experiment. The correlation patterns thus look different for up and down-sweeps of
the frequency. For the S = 1/2, I = 1/2 electron-nuclear spin system, realized
to a good approximation in γ-irradiated malonic acid, only those peaks arise for
both the up-sweep and down-sweep that are also observed with monochromatic
rectangular pulses.
The origin of the additional cross peaks can be understood by product operator computations of the sequence of passage of individual transitions or by
numerical density-operator based simulations. They arise from either coherence or polarization being generated on a transition before this transition is
passed in the frequency sweep. This happens if transitions, which have been
passed before, connect one or both levels of the target transition to the source
transition on which coherence existed before mixing.
These findings suggest that broadband mixing pulses in correlation spectroscopy
should have monotonous frequency modulation functions B in order to not B So that they do not pass the
complicate the spectra more than necessary. Furthermore, by combining spec- same transition twice during
tra from frequency up and down-sweeps, correlation patterns can be simplified. one pulse, which is the case
for most frequency-swept pulse
The findings also suggest that robust optimal control pulses for electron-nuclear types anyway.
spins systems with anisotropic hyperfine couplings may be hard to find and
that passing each transition only once during a pulse may reduce magnetization
losses to unintended coherence transfer pathways.

6. A new EPR pulse sequence - TRIER
6.1

The DEER experiment and its shortcomings
The well established double electron-electron resonance (DEER) or pulsed
electron double resonance (PELDOR) technique separates pairwise couplings
between electron spins from other electron spin interactions. In an approach
similar to the spin-echo double resonance experiment in NMR, the interactions
are observed in the time domain. Initially introduced by Milov et al. [91,
92], the experiment was later extended to a four-pulse sequence, which allows
measurements without dead time [93, 94]. This four-pulse DEER experiment
is nowadays widely used as a complementary tool to X-ray crystallography,
NMR spectroscopy and electron microscopy for obtaining structural information on biological systems and materials of increasing complexity by distance
distribution measurements in the nanometer range. DEER is best suited for
distances in the range of 1.5 to 8 nm and by deuteration of the solvent [95]
and the protein [96] the distance range can be extended up to 16 nm [97] in
favorable cases.

6.1.1

The discussion in this chapter is based on the two papers that first introduced the
TRIER experiment [89] and
two-dimensional distance correlation maps [90]. In 2006 my
supervisor Gunnar Jeschke first
proposed the TRIER sequence
during an oral presentation at
the 39th Annual International
Meeting of the ESR Group of
the Royal Society of Chemistry.
However, no data could be obtained with the experimental
setups of the time.

DEER on isolated spin pairs
Four-pulse DEER is a two-frequency experiment, which consists of a refocused
primary echo sequence at an observer frequency ωA and a single inversion
pulse at the pump frequency ωB . The pulse sequence is depicted in Figure
6.1. While the observer pulses have fixed inter pulse delays with respect to
π

π

π
t

π/2

t=0

Figure 6.1:
The four-pulse
DEER sequence.
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2.2.5
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each other, the pump pulse is applied at variable times t with respect to
the first observer echo. The excitation frequencies are chosen such that the
observer pulse excites a subset A of the spin packets and the pump pulse a
subset B. Ideally the two excitation profiles do not overlap. The observer
sequence refocuses inhomogeneous broadening of the EPR line, including g
value dispersion, hyperfine coupling and the coupling of spin A to spin B. In
a fraction λ of A-B spin pairs, spin B is excited by the pump pulse. This
leads to an inversion of the spin state of this spin B, which in turn causes a
change of the frequency of the spin A by the electron-electron coupling ωee . If
the exchange coupling can be neglected B , ωee is given by the dipole-dipole
coupling ωkl between the spin pair (kl). Dipolar frequencies ωkl depend on the
distance rkl between the two spins and on the angle θkl between the interspin
vector and the magnetic field B0 (Figure 6.2)
ωkl =

µ0 gk gl µ2B
[1 − 3 cos2 (θkl )].
3
4π~ rkl

(6.1)

Here µ0 is the vacuum permeability, µB the Bohr magneton and gk and gl are
Figure 6.2: The angle θAB between the interspin vector rAB
and the magnetic field vector
B0 determines the dipolar frequency ωAB of the two coupled
electrons A and B. In a threespin system the three dipolar
frequencies ωAB , ωAC and ωBC
depend the geometry of the triangle as well as its orientation
with respect to B0 .

z
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B
rAB

B0

θAB

γ
rAC
A

y
φ

x

the g values of the two spins. For a spin pair k = A and l = B, a pump pulse
applied at a time shift t with respect to an echo refocusing thus introduces
a phase gain φ = ωAB t to a fraction λB of the A spin magnetization. Taking
into account only spins that reside in the same molecule, the normalized form
factor F (t) is given as a function of the time t:
F (t) = (1 − λB ) + λB cos(ωAB t)

(6.2)

An exponential decay, the background function B(t), is multiplied to the signal
if spins in neighboring molecules are significantly coupled to the A spin. The
total observed signal V (t) is thus the product of inter- and intramolecular
contributions V (t) = F (t)B(t). The background function is an exponential
decay for the case of neighbor molecules homogeneously distributed in three
dimensions an can be well approximated by a stretched exponential for other
cases. After background correction, distance distributions can be obtained from
the form factor (Figure 6.3) through an approximate integral transformation
[98] or Tikhonov regularization [99, 100].

6.1 The DEER experiment and its shortcomings
b) background corrected

0
0

10
t [µs]

1.0

0.4
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3
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6

Figure 6.3: An example for
analysis of DEER data. The
original data a) is background
corrected, which gives the form
factor b). With Tikhonov regularization a distance distribution c) can then be obtained.

c) distance distribution
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Usually, experimental strategies strive for systems with no more than two
electron spins in the distance range of interest and where double resonance,
double-quantum [101] or solid-echo based [102] experiments are sufficient. But
not all systems, in particular biomolecules, can be prepared in a way where
the isolated spin pair approximation holds, which often leads to multi-spin
contributions [103–105] and complicates interpretation of the data in terms of a
distance distribution. Even in cases where the isolated spin pair approximation
is not violated, full information on the system may not be obtainable if multiple
conformations are populated [106].
6.1.2

DEER on spin clusters
While DEER works reasonably well for molecules that contain two paramagnetic
centers within the accessible distance range, the presence of more than two
electron spins at defined distances changes the form factor in Eqn. (6.2) to
a product of cosine functions of different ωkl . With the observed spin k and
index l running over all spins coupled to spin k we have :
Y
F (t) =
(1 − λl ) + λl cos(ωkl t)
(6.3)
l6=k

Products of cosine functions can be rewritten as sum and difference combination
frequencies, which appear as artifacts in the distance distribution [103] and
are referred to as “ghost peaks” [104].
In a multi-spin system the interspin vectors are related to each other through
cos(θAC ) = sin(γ) sin(θAB ) cos(φ) + cos(γ) cos(θAB )

(6.4)

and therefore depend on the geometry of the triangle that is spanned by the
spins (Figure 6.2). Through this sum and difference frequencies introduce
correlation information to the form factor. But investigations have show that
this information is almost impossible to untangle [107]. Usually combination
frequencies are considered a nuisance and suppressed [104, 105].
6.1.3

DEER with more than one conformer
In structure determination of protein complexes, DEER traces between a
few doubly spin-labeled residues are measured, providing multiple long-range
restraints for structure calculations. Problems arise if a protein populates
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more than one conformer. Figure 6.4 shows the situation for a protein that
occurs in two distinct structures. With the three labeling sites A, B and C,
Figure 6.4: Two conformers
complicate interpretation of
DEER data a). Each trace
provides two distances, which
leads to possible 4 pairs of
structures b) and a trial and
error approach is required to
assign the two peaks of each
trace individually to the two
conformers.

a) DEER data for the three doubly labeled molecules
A-B

A-C

r
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example in Figure 6.4 four sets
of assignments are possible.
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b) possible assignments for the DEER data
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DEER traces can be recorded of three doubly labeled molecules. Since the
protein has two conformers, each trace yields two distances. The three DEER
distance distributions do not contain any information on the correlation of the
distance peaks with the two individual conformers. Hence, the peaks cannot be
assigned individually to a specific conformer without additional information B .
This complication is usually solved with a very time consuming trial-and-error
approach [106] that becomes unfeasible for a larger number c of conformers
or a larger number n of labeling sites as the full data set contains n(n − 1)/2
distance distributions and in each distribution starting c! possible assignments
must be tested. This corresponds to (c!)[n(n−1)/2−1] assignment combinations
that must be considered. Clearly, experimental correlation information is
needed in order to solve this problem. The goal of the experiment introduced
in this work is to provide correlation information which can then be used to
unambiguously assign distances from DEER data.

6.2 The theory of TRIER
To tackle the above described complications with the interpretation of DEER
data, extension of the one-dimensional DEER experiment to a two-dimensional
(2D) triple resonance experiment (TRIER) appears to be a logical next step.
TRIER provides correlation patterns for molecules with three paramagnetic
centers, which can provide insight into the geometric arrangement of three
spins and, more importantly, dipolar frequencies that stem from the same
molecule can be grouped and assigned to one conformer. Figure 6.5 shows the
pulse sequence of the TRIER experiment. Pulses at the observer frequency
are depicted in gray, pump pulses in blue and orange. The observer sequence
is similar to the one in four-pulse DEER with fixed inter pulse delays but
contains an additional refocusing pulse. This provides two windows for pump

6.2 The theory of TRIER
π
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Figure 6.5: The pulse sequence
of the TRIER experiment.

π

π/2

pulses at variable delays t1 and t2 with respect to the first and second refocused
echo that are varied independently of each other. Since the two pump pulses
have different excitation bands, TRIER can also be called a three-frequency
experiment B .
For the following discussion of the TRIER sequence, an isolated three-spin
cluster, where all paramagnetic centers are nitroxides, is assumed. In this case,
all three spins have the same EPR spectrum, which can be divided into three
sections (Figure 6.6). Each section corresponds to the excitation profile of a

pump 1
a)

b)

c)

observer
d)

ω

pump 2
e)

f)

pulse: observer band, first pump band, second pump band. Since the molecules
are randomly distributed in the sample, spins from the three labeling sites are
randomly distributed through the entire spectrum. When at least one spin
resides in the gray area and is hence excited by the observer pulses, the signal
contributes to the echo. The modulation depth ∆ of each of these six pathways
is the product of the inversion efficiencies of the pump pulses involved in this
pathway. This inversion efficiency λi is the area of the spectrum inverted by
the pump pulse i normalized by the total area of the spectrum. For the sake of
simplicity we assume here that the pulses have an ideal excitation profile and
perfectly steep edges. In this case, the sections in Figure 6.6 are representative
for the excitation bands and λ1 is the fraction of spins excited by the first
pump pulse and λ2 by the second. With this, the six pathways a) - f) in Figure
6.6 and their positions in the spectrum before and after background correction

B Although this description

does not apply to modern
AWG based spectrometers
with frequency-swept pulses.

Figure 6.6: The nitroxide spectrum can be divided into three
sections, which are excited
by the three types of pulses
shown in Figure 6.5. With
ideal pulses, each section corresponds to the excitation profile of either the observer or
the first or second pulse. The
three electron spins in a threespin system can fall into any
of the three sections and for
all spin labels being nitroxides,
this leads to the six possible
combinations a) - f) where at
least one spin is excited by the
observer pulses.
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B See Section 6.3.1 on how

to obtain the correlation spectrum.
Figure 6.7: A schematic depiction of a TRIER spectrum
before a) and after b) background correction. The twodimensional background correction removes all signals that are
not modulated along the two
indirect dimensions.
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(Figure 6.7 B ) can be discussed:
a) In this situation, all three connected spins fall into the gray area and are
ω2

ω2

Background-

correction

ω1

ω1

hence excited by the observer pulses only. All interactions, including the
dipole-dipole coupling, are refocused and the contribution to the echo does not
depend on t1 or t2 . In data processing, this unmodulated part is removed by a
background correction (gray in Figure 6.7).
b) Here, the molecule is oriented such that one spin ends up in the area of the
spectrum that is excited by the first pump pulse. The other two spins are only
affected by the observer pulses. Between the two gray spins all interactions
are once again refocused, while the two dipole-dipole interactions between the
gray spins and the blue one are not. The echo now exhibits a modulation
that corresponds to the usual DEER modulation with respect to t1 . If A
is the observed spin, the pumped spin can either be spin B or spin C, so
that modulation with frequencies ωAB and ωAC is observed with respect to
time t1 . The modulation depth of this pathway is ∆ = λ1 (1 − λ2 ). After a
two-dimensional Fourier transform the dipolar frequencies would show up on
the ω1 axis, as ω2 = 0 (blue in Figure 6.7). This contribution can be removed
by background correction with respect to time t2 .
c) This situation is analogous to the one described in b) with the only difference
being that the orange spin is now excited by the second pump pulse. Hence
the modulation depth is ∆ = (1 − λ1 )λ2 . Since the signal is not modulated in
the first dimension, the dipolar frequencies would show up on the ω2 axis, as
ω1 = 0 (orange in Figure 6.7) but can be removed by a background correction
with respect to time t1 .
d) The two spins that are coupled to one observer spin are excited with the
first pump pulse. This is the previously mentioned three-spin contribution in
DEER. The modulation depth of this pathway is ∆ = λ21 (1 − λ2 ). Since the
second pump pulse does not affect the spin system, combination and difference
frequencies would show up along ω2 = 0 (also blue in Figure 6.7), but just
as for the regular DEER signal, the three-spin signals are removed by a twodimensional background correction.
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e) This situation is analogous to d): Two spins are excited by the second pump
pulse. Combination and difference frequencies show up along the ω1 = 0 axis
(also orange in Figure 6.7) and the modulation depth is ∆ = (1 − λ1 )λ22 .
f) If the molecule is oriented such that one spin falls within the observation
window, the second spin is excited by the first pump pulse and the other spin
by the second pump pulse and correlation peaks are finally possible - this is
the TRIER signal (blue/orange in Figure 6.7) B . Only the real part of the B Comparing this condition to
modulation is observed, since both dimensions are amplitude-modulated and the spectrum in Figure 6.6 it
indirectly detected. The echo now exhibits a modulation in both dimensions. becomes clear that the relative
weight of the TRIER pathway
If A is the observed spin, and B and C are the pumped spins, peaks in the strongly depends on the freTRIER spectrum will appear at (±ωAB / ± ωAC and (±ωAB / ∓ ωAC ). The quency domain pulse profiles.
modulation depth is the product of the inversion efficiencies of the two pump In reality such pulses are impulses ∆TRIER = λ1 λ2 . If overlap between the orange and blue excitation possible (Section 6.7.1) to construct. A promising approach
bands is negligible and the cluster contains only three spins, pathway f) is the to improve the TRIER signal
only one that causes a modulation that is not removed by the two-dimensional and eliminate other pathways
background correction. For more than three spins, combination correlation is to use different types of spin
peaks can arise, which are attenuated by factors λ1 or λ2 with respect to the labels with separated spectra
(Sections 6.4.2 and 6.4.3)
wanted correlation peaks, similar to ghost peaks in DEER Section 6.1.2.
From this discussion it becomes apparent that the TRIER signal depends on
the product of two excitation efficiencies. With monochromatic rectangular
pulses, either the product λ1 λ2 becomes rather small or the excitation bands
overlap strongly, which introduces additional correlation pathways and artifact
correlation peaks. Increasing excitation bandwidths to enlarge λ1 λ2 while at
the same time reducing overlap from excitation band side lobes can best be
achieved with frequency-swept pulses.
Product operator formalism computations with the Mathematica package
SpinDynamica [39] show that if A is the observed spin, B the spin excited by
the first pump pulse and C the spin excited by the second pump pulse, the
modulation of the echo from the TRIER signal tA stemming from spin A is
proportional to
tA (t1 , t2 ) ∝ cos(ωAB t1 ) cos(ωAC t2 ).

(6.5)

The total TRIER signal is the sum of all the pathways where any of the three
spins can take the role of the observed spin and thus takes the form
T (t1 , t2 ) = λ1B λ2C cos(ωAB t1 ) cos(ωAC t2 ) +
λ1C λ2B cos(ωAC t1 ) cos(ωAB t2 ) +
λ1A λ2C cos(ωAB t1 ) cos(ωBC t2 ) +
λ1C λ2A cos(ωBC t1 ) cos(ωAB t2 ) +

(6.6)

λ1A λ2B cos(ωAC t1 ) cos(ωBC t2 ) +
λ1B λ2A cos(ωBC t1 ) cos(ωAC t2 )

which leads to a total of six correlation peaks B . Usually, λ1A = λ1B = λ1C =

B The number of actually ob-

served correlation peaks depends on the geometry of the
triangle, Section 6.4
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λ1 and λ2A = λ2B = λ2C = λ2 are good approximations, if all three spins stem
from spin labels of the same type. In that case all modulation depth factors
reduce to λ1 λ2 .

6.3 Data processing
After acquisition, each echo trace is multiplied with a Gaussian that was fitted
to the echo and followed by an integration of the product of this Gaussian
with the entire signal, which corresponds to an observer bandwidth-matched
filter [108]. The integrated echo signals at all time pairs t1 , t2 constitute a
two-dimensional data set.
To help guide through the following data processing, a flowchart is provided in
Figure 6.8, that contains all steps discussed in this section. All echoes that are
Figure 6.8: Flow chart of the
TRIER processing steps. The
Lorentz-to-Gauss transformation is repeated until the spectrum shows well separated
peaks and then 2D-APT is
used to obtain distance correlation maps.

2D time traces

Background
correction

Savitzky-Golay
Filter

Lorentz-to-Gauss
transformation

2D-APT

2D-FT

Symmetrization

Symmetrization

Distance
Correlation Map

Lorentz-to-Gauss parameters are repeatedly adjusted

Spectrum

B This also includes all DEER
signals, Section 6.2.

B Best results were usually
obtained when the dimension
with the deeper modulation
depth was corrected first.

Covariance Filter

not modulated along both indirect dimensions are removed by this background
correction B . As the background also contains contributions that stem from
time-modulated DEER signals, a simultaneous fit along both dimensions is
not feasible. Instead, the exponentially decaying background decay is removed
sequentially: First, the fit along one dimension is subtracted from the signal,
second, the background along the other dimension is fitted and subtracted B .
After background removal, a Savitzky-Golay filter of high order [109, 110] is
applied to the background corrected signal. The smoothed, two-dimensional
time traces are then subjected to a Lorentz-to-Gauss transformation in both
dimensions


VLG (t1 , t2 ) = V (t1 , t2 ) exp t1 /τ1 − σ12 t21 /2 exp t2 /τ2 − σ22 t22 /2
(6.7)
where V (t1 , t2 ) is the background corrected signal before and VLG (t1 , t2 ) after
Lorentz-to-Gauss transformation . This changes the line shape from Lorentz
lines, which have a width of 1/πτi and broad wings, to Gaussian lines with line
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p
width 2 ln 2/πσi along dimension i. We found this to be a very important
step in the data processing. Without a Lorentz-to-Gauss transformation, peaks
have a star-like appearance and the star ridges overlap in such a manner that
it becomes impossible to interpret the data. Good initial values for τi and
σi are found through τiinit = max(ti )/3 and σiinit = 1/(2τiinit ). While such a
Lorentz-to-Gauss transformation strongly improves resolution, it also decreases
the signal-to-noise ratio. For each sample, the values for σiinit and τiinit were
varied until a desired compromise between signal-to-noise ratio and resolution
was achieved.
6.3.1

The TRIER spectrum
TRIER spectra are expected to be reflection symmetric about the axes and the
diagonals, but background correction and non-equivalent modulation depths
introduce a (sometimes strong) asymmetry into the data. Hence, after twodimensional Fourier transform (2D-FT) the matrix A of the asymmetric
spectrum A(ω1 , ω2 ) is symmetrized through geometric averaging B
B With the superscript
noting the transpose.
√
T
S = AA
(6.8)

T

de-

which is superior to arithmetic averaging and gives better artifact suppression.
If at this point the signal-to-noise ratio in the spectrum is not satisfying,
the quality of it can be improved by a procedure that can be described as
”covariance filtering”. For this the symmetric covariance matrix C, based
on the covariance map C(ω2 , ω20 ), needs to be obtained by mapping sets of
one-dimensional spectra of one dimensions [111, 112], which are averaged over
a time tmax
along the other indirect dimension.
1
6.3.2

Covariance filtering
For covariance filtering B , the covariance map C(ω2 , ω20 ) is required, which is
computed from a set of one-dimensional spectra, that are obtained by Fourier
transform of a two-dimensional signal. According to [111, 112] the first step
involves Fourier transform of the time signal S(t1 , t2 ) along its largest dimension
(N1 < N2 ):
max(t2 )

Z
S(t1 , ω2 ) =

S(t1 , t2 ) exp(−iω2 t2 )dt2

(6.9)

0

The symmetric covariance matrix of size N2 × N2 is now obtained by mapping
the sets of one-dimensional spectra [112]:
C(ω2 , ω20 ) = hS(t1 , ω2 )S(t1 , ω20 )i − hS(t1 , ω2 )i hS(t1 , ω20 )i

(6.10)

Brackets indicate averaging over one of the indirect dimensions:
hS(t1 , ω2 )i =

1

tavg
1

Z

tavg
1

S(t1 , ω2 )dt1
0

(6.11)

B The idea for covariance filtering came from Luis Fábregas,
at that point a master student
in our group who also worked
on the TRIER project, after
the covariance mapping as it
was described in [111, 112] did
not work for TRIER.
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This procedure, with tavg
in Eqn. (6.10) corresponding to the maximum
1
observation time along the t1 dimension, is applied in NMR [111–113] and freeelectron laser research (FEL) [114–116]. However, due to the different nature
of the TRIER signal, if Eqn. (6.11) is averaged over the entire length of the
indirect dimension, all cross peaks are lost. It is however possible to shorten the
averaging time tavg
1 for the covariance matrix, which will then contain all possible
correlation (auto- and cross correlations) peaks, but still suppress artifacts at
frequency combinations where the one-dimensional spectrum has low intensity.
As the covariance matrix now contains all possible correlations between the
one-dimensional spectra, covariance filtering is achieved by multiplying the
spectrum with the covariance matrix C(ω2 , ω20 ):
S 0 (ω1 , ω2 ) = S(ω1 , ω2 )C(ω2 , ω20 )

(6.12)

This resembles the use of matched filters, where a known pattern is used to
extract parts from a noisy signal. In such covariance matrix filtering tavg
in
1
Eqn. (6.11) becomes an empirical parameter of the filter. In order to achieve
best performance this was set to twice the time-step of the indirect dimensions.
In systems where the dipolar frequencies cover a large spectral range (i. e.
very long and very short distances), tmax
has to be sufficiently small to avoid
1
suppression off cross peaks that correspond to correlations with large differences
in dipolar frequency. Multiplication (Eqn. (6.12)) of the spectrum with such a
covariance matrix increases not only the signal-to-noise ratio, but also removes
spurious frequencies along the axis that stem from the background correction.
Covariance filtering is not applied in the steps that lead to the distance
correlation maps (see Figure 6.8), but is merely used to improve the quality of
the spectrum, since it is a frequency domain filter.
6.3.3 Adjusting the Lorentz-to-Gauss transformation
After covariance filtering, the parameters of the Lorentz-to-Gauss transformation are now repeatedly manually adjusted until a good balance between added
noise and reduced line width is achieved, Figure 6.8. As it is easier to see
and verify the results from Lorentz-to-Gauss transformation in the spectrum,
it has proven to be more efficient to use the spectrum for the optimization
than the distance map. This optimization works quite well, since for narrow
distributions the data is dominated by a single frequency perpendicular to the
unique axis (horn of the Pake pattern). For broad distributions optimization
works just as well because the Pake pattern is washed out.
6.3.4 Two-dimensional approximate Pake transformation
After optimization of the Lorentz-to-Gauss transformation parameters with
the help of the spectrum, the next step involves a transformation of the signal
B Without covariance filtering B to the distance domain. For this the time-domain signal after optimized
matrix.
Lorentz-to-Gauss transformation is used. In the analysis of DEER data, one
way to obtain distance distributions is through approximate Pake transformation (APT) [98], which is very fast and can be extended to a two-dimensional
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data set.
The linear TRIER signal Vlin (t1 , t2 ) is the product of a discrete distribution of combinations of dipolar frequencies P (ω1 , ω2 ) and the kernel basis
V (ω1 , t1 , ω2 , t2 ):
ZZ
Vlin (t1 , t2 ) =
P (ω1 , ω2 )V (ω1 , t1 , ω2 , t2 ) dω1 dω2
(6.13)
To obtain P (ω1 , ω2 ), Eqn. (6.13) must be inverted by an integral transformation
which would require a memory-straining four dimensional kernel function
K(ω1 , t1 , ω2 , t2 ). But by recognizing and exploiting the separability of the
problem, the basis in matrix form V4D factorizes into
V4D = V2D ⊗ V2D

(6.14)

where the basis function V2D is given by
Z
V2D (ω, t) =

π/2

cos[(3 cos2 (θ) − 1)ωt] sin(θ) dθ

(6.15)

0

assuming the angles θ between the spin-spin vectors and the magnetic field are
uncorrelated. This approximation is similar to neglect of orientation selection,
which is often permissible for spin labels in proteins. For our rigid model
compounds, the approximation is still reasonable, because of free rotation
around the triple bonds in the linker backbone and of the non-zero angle
between the label arms. If this assumption holds, the kernel factorizes as
K4D = K2D ⊗ K2D

(6.16)

which significantly reduces the memory requirements for data processing.
The kernel function is derived analytically
K(ω1 , t1 , ω2 , t2 ) = c(ω1 , ω2 )V (ω1 , t1 , ω2 , t2 )f (t1 , t2 ).

(6.17)

and should ideally fulfill the orthogonality condition
ZZ
V (ω1 , t1 , ω2 , t2 )K(ω10 , t1 , ω20 , t2 ) dt1 dt2 = δ(ω1 − ω10 )δ(ω2 − ω20 ).(6.18)
Here, f (t1 , t2 ) = t1 t2 is set in relation to a Bessel transformation [98] and the
normalization function c(ω1 , ω2 ) is given by
ZZ 
2
c(ω1 , ω2 ) =
V (ω1 , t1 )V (ω2 , t2 ) t1 t2 dt1 dt2 .
(6.19)
The kernel is approximate in the sense that Eqn. (6.18) can not be exactly
fulfilled. The quality of the approximation can be quantified by the condition
number of K(ω1 , t1 , ω2 , t2 ) which is the ratio between the maximum and
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minimum singular value of K(ω1 , t1 , ω2 , t2 ). Inversion of Eqn. (6.13) yields the
discrete frequency distribution
ZZ
1
(0)
P (ω1 , ω2 ) =
V (ω1 , t1 )S(t1 , t2 )V (ω2 , t2 )t1 t2 dt1 dt2 (6.20)
c(ω1 , ω2 )
which is related to the true frequency distribution P (ω1 , ω2 ) through
D(ω1 , ω10 , ω2 , ω20 )P (ω10 , ω20 ) = P (0) (ω1 , ω2 ).

(6.21)

D(ω1 , ω10 , ω2 , ω20 ) is the cross talk matrix, and accounts for the erroneous
admixture of other frequency components at a given frequency [98]. Again,
the four-dimensional matrix D(ω1 , ω10 , ω2 , ω20 ) can be obtained from its twodimensional analogues
Z
1
0
R
d(ωi , ωi ) =
V (ωi , ti )V (ωi0 , ti ) dti
(6.22)
V (ωi , ti )2 ti dti
where i = 1, 2, through
D(ω1 , ω10 , ω2 , ω20 ) =

1
d(ω1 , ω10 ) ⊗ d(ω2 , ω20 ).
c(ω1 , ω2 )

(6.23)

Computationally, the true frequency distribution can be obtained from an
optimization routine of the linear matrix problem
p = D \ p(0)

(6.24)

where p and p(0) are the vectorized forms of the matrix representations P and
P(0) of P (ω1 , ω2 ) and P (0) (ω1 , ω2 ), respectively. This step would require the
construction of a four-dimensional cross talk matrix D. However, by exploiting
the relation
(A ⊗ B)x = C → x = (A \ C)/BT

(6.25)

the linear problem can be expressed with the two-dimensional cross talk
matrices d
P = (d \ P(0) )/dT

(6.26)

Such cross talk correction amplifies noise contributions to an extent that
increases with increasing condition number of K(ω1 , t1 , ω2 , t2 ). This is a
consequence of the underlying problem being ill-posed [99, 100, 117]. After
computation of the true frequency distribution, the distance correlation map
P (r1 , r2 ) can be computed by mapping the frequencies in both dimensions to
distances according to the relation

r(ω) =

2πω0
ω

1/3

(6.27)
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where ω0 /2π = 52.04 MHz is the dipolar frequency at 1 nm for an electron with
g = ge .
While the ω1 , ω2 coordinates are linearly spaced, the ordinates created in this
manner in the distance domain are spaced proportionally to r−3 , which increases
the noise at short distances dramatically [98]. This effect can be reduced by
distance domain smoothing (DDS), which filters the distance distribution by
convolution with a Gaussian function of a certain width σ, which will be
referred to as DDS-parameter. This filter is constructed according to


r(ω1 ) − r1 r(ω2 ) − r2
F (ω1 , ω2 , r1 , r2 ) = exp
(6.28)
σ
σ
and the smoothed distance correlation map is obtained through
RR
F (ω1 , ω2 , r1 , r2 )P (r1 , r2 ) dω1 dω2
0
RR
P (r1 , r2 ) =
F (ω1 , ω2 , r1 , r2 ) dω1 dω2

(6.29)

where ω1 and ω2 correspond to the dipolar frequencies of the distances r1 and
r2 . The selection of the DDS parameter is important. When chosen too large,
peaks in the distributions are artificially broadened, and when chosen too small,
broad peaks are artificially split into many narrow peaks. Loosely speaking,
the effect of σ is similar to a regularization parameter [99, 100, 117]. Usually,
good distributions are obtained with values in the range 0.5 nm > σ > 0.01 nm.
In order to keep a constant integral the maps were normalized according to
[98]:
P 00 (r1 , r2 ) =

P 0 (r1 , r2 )
r14 r24

(6.30)

Just like the spectrum, the such obtained distance correlation maps suffer from
the asymmetry of the TRIER signal as well, and are hence symmetrized to
yield the final distance correlation map
p
M = P00 P00T
(6.31)

6.4

Interpretation of TRIER spectra and distance correlation maps
Although interpretation of TRIER data is pretty straightforward B , there are
a few things that need to be kept in mind. In this section we are going look
at the spectra and distance correlation maps of different types of three-spin
systems. We will start with examples where all spins are of the same type
B and then discuss the correlation patterns for molecules with two or three
different species of spins.
But first a few general remarks: As the two-dimensional background correction
ideally removes any signals that are not modulated along both dimensions B ,
all TRIER peaks are cross-correlation peaks. Hence, peaks on the diagonal in
the spectra and the distance correlation maps are usually not autocorrelation

B The challenging parts are in
fact sample preparation and
data processing.

B All experiments in this work
have been carried out on such
systems.

B This includes all DEER sig-

nals, including (DEER) multispin contributions, see Section
6.2.
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peaks. They are in fact cross-correlation peaks between two distances that
just happen to have the same length. If the TRIER experiment is set up
correctly, autocorrelation peaks, where a distance is correlated with itself, are
not or only weakly present as they can only arise if the excitation bands of
the pump pulses overlap. But, pulse overlap in combination with an imperfect
background correction can lead to the appearance of diagonal peaks, even for
diradicals (Section 6.7.2).
As background correction removes all DEER signals, the three-spin combination
frequency contribution does not play a role in TRIER. This equivalent of the
multi-spin contributions in DEER is not present in TRIER with three spins, as
it would require one pump pulse to excite two spins, and at the same time the
other pump pulse has to excite one spin as well. However, TRIER ghost peaks
are expected to appear in molecules that contain four or more electron spins.
The TRIER spectrum itself is expected to be symmetric with respect to the
axes and each quadrant contains the complete correlation pattern. When
describing the spectra it is therefore sufficient to limit the discussion to the
first quadrant of the spectrum.
6.4.1 Systems with one paramagnetic species
B e.g. three nitroxides or three
Gd3+ -spins

In a molecule where the three spins are of the same type B , all spins can take
the role of the observed spin and the pumped spins and a total of six correlations
is possible. However, the number of actually observed peaks depends on the
geometry of the system, as peaks may coincide.
Equilateral triangle
The first case we are going to discuss is when the three spins form an equilateral
triangle (Figure 6.9). The three sides a have identical lengths and their

Figure 6.9: Schematic depiction of the TRIER spectrum
and distance correlation map
for the case when all three spins
are of the same type and all
three interspin distances have
the same length.
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ω1
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corresponding dipolar frequencies and distances are ωa and ra , respectively.
From Table 6.1 we can see that all six correlations appear at the same position
in the TRIER data. As this peak correlates two identical distances it has
to be on the diagonal. It is important to keep in mind, that this is not an
autocorrelation peak, but it is the signal that arises, when TRIER connects
two interspin vectors that have the same length.
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obs.

1st pump

2nd pump

correlation peaks

A

B

C

(ωa , ωa ), (ra , ra )

A

C

B

(ωa , ωa ), (ra , ra )

B

A

C

(ωa , ωa ), (ra , ra )

B

C

A

(ωa , ωa ), (ra , ra )

C

A

B

(ωa , ωa ), (ra , ra )

C

B

A

(ωa , ωa ), (ra , ra )
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Table 6.1: Shown are all possible correlations and their position in the spectrum and distance correlation map for an
equilateral triangle where all
spins are of the same type.

Isosceles triangle
For an an isosceles triangle the number of correlation peaks increases to three
(Figure 6.10). Here the spins form a triangle where the two interspin distances
spectrum
r2

ωb

B
a

Figure 6.10: Schematic depiction of the TRIER spectrum
and distance correlation map
for the case when the three
spins are of the same type and
form an isosceles triangle.

distance map

ω2

ra
rb

b
ωa

A

a

C
ωa

ωb

ω1

rb

ra

r1

a have the same dipolar frequency ωa and length ra , and one distance b with
dipolar frequency ωb and length rb . The spectrum and the distance map show
three peaks, of which the origin is explained in Table 6.2. If the individual
1st pump

2nd pump

correlation peaks

A

B

C

(ωa , ωa ), (ra , ra )

A

C

B

(ωa , ωa ), (ra , ra )

B

A

C

(ωa , ωb ), (ra , rb )

B

C

A

(ωb , ωa ), (rb , ra )

C

A

B

(ωa , ωb ), (ra , rb )

C

B

A

(ωb , ωa ), (rb , ra )

obs.

(pairwise) distance distributions have identical widths, all peaks are expected
to have the same intensity, as each peak originates from two correlations.
Scalene triangle
In most biological compounds, the three coupled spins will form a scalene
triangle, where all three interspin distances are different. Then, the three
distances a, b and c with dipolar frequencies, ωa , ωb , and ωc and distances ra ,
rb , and rc , lead to six different correlation peaks (Figure 6.11). The origin of
all six individual peaks is shown in Table 6.3. As each peaks originates from

Table 6.2: Shown are all possible correlations and their position in the spectrum and
distance correlation map for
an isosceles triangle where all
spins are of the same type.
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Figure 6.11: Schematic depiction of the TRIER spectrum
and distance correlation map
for the case when all three spins
are of the same type and form
a scalene triangle.
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Table 6.3: Shown are all possible correlations and their position in the spectrum and distance correlation map for an
scalene triangle where all spins
are of the same type.

ωb

rb

ω1

obs.

1st pump

2nd pump

correlation peaks

A

B

C

(ωa , ωc ), (ra , rc )

A

C

B

(ωc , ωa ), (rc , ra )

B

A

C

(ωa , ωb ), (ra , rb )

B

C

A

(ωb , ωa ), (rb , ra )

C

A

B

(ωc , ωb ), (rc , rb )

C

B

A

(ωb , ωc ), (rb , rc )

ra

rc

r1

one correlation, the intensity of all peaks is expected to be identical, at least
for uniform labeling efficiency.
6.4.2 Systems with two different paramagnetic species
Using two different types of spins has the advantage that the spectra of the
individual spin types usually are separated (Figure 6.12). This makes it easier
Gd3+

Figure 6.12: Experimentally
recorded Q-band spectrum of
a molecule that contains one
Gd3+ and two nitroxides spin
labels.

nitroxide

34.0

34.4

34.8

f [GHz]

B It is also possible to use the
unique spin for pumping and
split the spectrum of the other
spin type for observing and
pumping.

to set up the pulses and allows one to use one spectrum entirely for pumping
and one for observing B . Not only does this reduce overlap of excitation
windows of the pulses, by increasing the bandwidth of the pump pulses, higher
modulation depths can be achieved which translates to higher sensitivity. Here,
we are going to treat only the cases where the observation pulses are applied
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to the unique spin. Spectra are still symmetric with respect to the diagonal
but some correlation pathways are no longer possible, removing all but two
correlation peaks. This cleanup of the spectrum can help with the interpretation
of crowded spectra B but at the same time can lead to some loss of information.
Equilateral triangle
If all three interspin distances are identical the appearance of the spectrum
and the distance map (Figure 6.13) is identical to the case with only one
paramagnetic species. However, as only the unique spin is used for observation,
spectrum

observed species
pumped species

r2

B
a

Figure 6.13: Spectrum and distance correlation map for an
equilateral triangle with two
types of spins. The appearance
of the spectrum and distance
map does not change compared
to only one type of paramagnetic species (Figure 6.9).

distance map

ω2

ra

a
ωa

A

B For example if peaks overlap,
samples with more than one
molecule or for biomolecules
that exist in more than one conformer.

C

a

ωa

ra

ω1

r1

the observed peak originates from only two correlation pathways (Table 6.4).
obs.

1st pump

2nd pump

correlation peaks

A

B

C

(ωa , ωa ), (ra , ra )

A

C

B

(ωa , ωa ), (ra , ra )

Table 6.4: Correlations for two
types of spin species and equilateral geometry.

Isosceles triangle
Compared to the equilateral case, replacing type of one of the spins in an
isosceles triangle has consequences for the appearance of the TRIER data.
The appearance of the correlation plots now depends on the position of the
observed spin. If the second spin species is placed on the corner that connects
the two longer distances (A), only one diagonal peak can be observed (Figure
6.14a)). If the detected spin is on either of the two other corners (B or C),
two off-diagonal peaks can be observed (Figure 6.14b)). The correlations for
detecting B are listed in Table 6.5. Correlations and TRIER data for observing
on C are not shown, but can be deducted in an analogous manner.
a) observing on spin A

b) observing on spin B

1st pump

2nd pump

peaks

obs.

1st pump

A

B

C

(ra , ra )

B

A

C

B

(ra , ra )

B

obs.

2nd pump

peaks

A

C

(ra , rb )

C

A

(rb , ra )

Table 6.5: Correlations for the
TRIER data shown in Figure
6.14. In a) spin A is used for
observing. Spin B is used for
observing in b).
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Figure 6.14: For an isosceles triangle with two different
types of spin, the with TRIER
observable correlations depend
on the position of the observed
spin. If the observed spin is
on position A, which connects
two identical lengths, only a diagonal peak is observed a). If
the observed spin is on B (or
C), the data set contains two
off-diagonal peaks b).
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Scalene Triangle
When the three spins form a scalene triangle, three different spectra/distance
maps (Figure 6.15) are possible, depending on the position of the observed
spin. The corresponding correlation paths are shown in Table 6.6. Using two
different types of paramagnetic species has the biggest impact on this geometry,
as it removes two thirds of the correlation peaks that are observed as compared
to the same geometry with three spins of the same type (Figure 6.11).
Table 6.6: Correlations for the
TRIER data shown in Figure
6.15.

a) observing on spin A

b) observing on spin B

1st pump

2nd pump

peaks

obs.

1st pump

A

B

C

(rc , ra )

B

A

C

B

(ra , rc )

B

obs.

2nd pump

peaks

A

C

(rc , rb )

C

A

(rb , rc )

c) observing on spin C
obs.

1st pump

2nd pump

peaks

C

A

B

(ra , rb )

C

B

A

(rb , ra )
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a) observing on spin A
spectrum

observed species

distance map

ω2

pumped species

Figure 6.15: The three different correlation patterns a), b)
and c) when using two different spin species in combination
with a scalene triangle.
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ωb

ω1
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Systems with three different paramagnetic species
TRIER experiments can also be conducted on triradicals, where each spin
label is of a different type B . This reduces the number of correlation peaks
even more, leaving only one correlation pathway out of the six as compared
to three identical labels. The biggest benefit is that now each spin can take a
dedicated role and one spectrum can be used for observing, one for the first
pump pulse and one for second pump pulse, which, at least in theory, should
simplify setting up pulses and increasing the signal significantly. However, as
at the time of writing no experiments had been performed on molecules with
three different spin labels, this remains purely hypothetical.
Equilateral geometry
In the case where the three spins form an equilateral triangle, the appearance

B This complicates sample

preparation enormously, except
for ternary complexes.
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of the TRIER data sets does not change, and will still show only one diagonal
peak (Figure 6.16).
Figure 6.16: In the case of an
equilateral triangle, it does not
matter which of the three spins
is used for observing and which
for pumping. All three possible
combinations lead to the same
spectrum.

spectrum

observed species
pumped in

1st

distance map

ω
dimension 2

r2

pumped in 2nd dimension

B
a

ra

a

A

ωa

C

a

Table 6.7: Only one correlation pathway remains after addition of a third spin species.

ωa

ra

ω1

obs.

1st pump

2nd pump

correlation peaks

A

B

C

(ωa , ωa ), (ra , ra )

r1

Isosceles geometry
Using three different spin species with an isosceles triangle leads, depending on
where the spin labels are positioned, to three different data sets, each with only
one peak (Figure 6.17). Yet, each of the three depicted TRIER correlation
maps can result from two differently labeled molecules. To illustrate this, let
us assume that A is used for observing: The first pump pulse is set up such
that it excites the spin B and the second pump pulse C (Figure 6.17)a). This
correlation pathway is shown in Table 6.8a) and spectrum and distance map
resemble the equilateral case. Since the corner A connects two distances of
Table 6.8: Shown are the correlations that lead to the TRIER
data shown in Figure 6.17.

a) observing on spin A

b) observing on spin B

obs.

1st pump

2nd pump

peaks

obs.

1st pump

2nd pump

peaks

A

B

C

(ra , ra )

B

A

C

(ra , rb )

c) other correlation for observing on spin B

B Or if spin C is inverted by

the first pump pulse and B by
the second one.

obs.

1st pump

2nd pump

correlation peaks

B

C

A

(rb , ra )

identical length, the same spectrum results from if B and C are exchanged B .
If B is used for the echo sequence, spin A is excited by the first pump pulse
and C by the second (Table 6.8b)), the spectrum and distance map in Figure
6.17b) result. But if the TRIER experiment is set up such that, while still
observing B, C is excited by the first pump pulse and A by the second, the
distance map in Figure 6.17c) is obtained through the correlation in Table
6.8c). The situation is analogous for using C as the observed spin species.
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a) observing on spin A
spectrum

observed species
pumped in

1st

Figure 6.17: For an isosceles
triangle, three different correlation patterns are possible.
Their origin is discussed in the
main text.
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Scalene geometry
The last situation that remains to be discussed is the one where the three
spins form a scalene triangle. Out of the six different distance maps that are
possible, three are shown in Figure 6.18. The distance map in Figure 6.18a)
corresponds to the situation where A acts as the observed spin, B is flipped
by the first pump pulse and C by the second (Table 6.9a)). If B is used for
observing, and A is excited by the first pump pulse and C by the second (Table
6.9b)), the distance map in Figure 6.18b) is obtained.
The last example shown in Figure 6.18c) comes from when C is observed, A
inverted by the first pump pulse and B by the second one (Table 6.9c)). The
three remaining correlation patters are not shown, but can be deducted in
analogous manner.

90
Figure 6.18: Three of the six
correlation patterns that are
possible for a scalene triangle
with three different spin types.
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Table 6.9: Shown are the correlations that lead to the TRIER
data shown in Figure 6.18.
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Experimental realization of the TRIER sequence
With the information from DEER, timings of the TRIER sequence were adapted
to suit each sample optimally B . Hence, only a general description of the
pulses and timings is provided here. A depiction of the TRIER pulse sequence
that includes labeled inter pulse delays can be found in Figure 6.19. Detailed
π

π

t1

π

π

t2

τ1

τ2
t1= 0

τ2

τ3

τ3

t2= 0

sample specific experimental conditions can be found in Section C.4 of the
Appendix.
All experiments were performed at 50 K on the home-built high-power EPR
spectrometer with arbitrary waveform excitation capability described in Appendix A at Q-band frequencies around 34 GHz. Over the width of the nitroxide
spectrum the amplitude response of the resonator varies significantly. By measuring the resonator profile beforehand, all pulses were compensated for this
frequency dependence which provided a constant adiabaticity over the entire
excitation range of each pulse (Section 2.4.3).
The discussion in Section 6.2 showed that the quality of the TRIER signal
strongly depends on the frequency domain profiles of the pulses. In the course
of this work several types of pulses were tested for their usability in TRIER
and it was found that some performed better than others (Section 6.7.1).
6.5.1

of all investigated compounds
is shown in Figure C.4 in the
Appendix.
Figure 6.19: A detailed version
of pulse sequence of the TRIER
experiment with intervals.

π

π/2
τ1

B The processed DEER data

Observer subsequence
Chirp pulses (Section 2.4.1) were used for the detection subsequence (gray in
Figure 6.19). While Gaussian pulses have the advantage that all the pulses can
have the same pulse length, chirps require the last refocusing pulse to be half
the length of the previous pulses. Only this ensures proper refocusing of the
echo [44]. The amplitudes of all pulses were optimized separately for maximum
echo integral.
The π/2 and the first two π pulses had a length of 100 ns. The third π pulse
had a length of 50 ns. All chirps had a bandwidth of 25 MHz and tails were
smoothed with a quarter sine of variable length trise that was optimized to
provide smooth excitation profiles.
The center frequency of the observer pulses was approximately −50 MHz from
the maximum of the spectrum. The inter pulse delays were set to τ1 = 400 ns
and τ3 = 900 ns. With the information obtained from the DEER spectra τ2
was set sample specific and fell in the range of 2500-3900 ns. A phase cycle
[+(+x) − (−x)] was applied to the π/2 and [+(+x) + (+y) + (−x) + (−y)] to
the second and third observer pulses.
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6.5.2 Pump pulses
For the pump pulses (blue and orange in Figure 6.19) asymmetric hyperbolic
secant pulses with a length of 100 ns and a bandwidth of 60 MHz were used. The
center frequency of the first pump pulse was approximately −100 MHz from
the center frequency of the observer pulses and the sweep was performed from
low to high frequencies. The initial delay of the first pump pulse was 200 ns
after the beginning of the second observer pulse and in consecutive experiments
it was stepped with a sample-dependent increment that was chosen such that
it fulfilled the Nyquist criterion for all distances visible in the DEER data.
The second pump pulse was positioned such that its center frequency was
approximately +100 MHz from the center frequency of the observer pulses.
In contrast to the first pump pulse, the second pump pulse was swept in the
opposite direction, from high to low frequencies. The initial delay between the
end of the pump pulse and the beginning of the last observer pulse was 200 ns.
In consecutive experiments, the second pump pulse was moved towards the
third observer pulse with the same increment as the first pump pulse.
While the order of both hyperbolic secant pulses was 6 for the first half of the
pulse, it was set to a lower value (usually between 1 and 4) for the second half to
provide a steeper excitation profile in the frequency domain. The apodization
parameter was 10 for both sides of the pulses. The pulse amplitudes were
optimized to provide a clean echo, which, after incorporation of the resonator
profile, resulted in critical adiabaticities [44] of about Qcrit ≈ 8.
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B At the time of writing pre-

liminary experiments with nonuniform sampling and reconstruction algorithms had been
conducted, which were able to
reduce acquisition times to a
third.

TRIER experiments were conducted on three triradical model compounds and
two triply-labeled proteins, with spin labels being nitroxides. All samples were
measured in clear fused quartz capillaries (Wilmad LabGlass) with an outer
diameter of 1.6 mm. A summary of the timings and pulse parameters that were
used for each sample can be found in Section C.4. TRIER timings, such as the
time steps ∆t1 , ∆t2 and the maximum observation time max(t1 ), max(t2 ) in
the two indirect dimensions, were selected based on the DEER data for the
model compounds and MMM simulations [118] for the protein compounds.
Challenges presented itself for samples that contained very short and rather
long distances. This situation requires long time traces that are sampled with
a short time step, which requires prolonged measurement times. For the model
compounds measurement times were between 24 to 72 hours and for the protein
samples up to around 200 hours. Measurement time is expected to be reduced
through the introduction of non-uniform sampling in the future B .
After acquisition of the time traces, data-processing (background correction
and Lorentz-to-Gauss transformation) was optimized until peaks were well
separated in the frequency domain, see Section 6.3. Only then the 2D-APT
algorithm was run. As it is easier to see the results from the Lorentz-toGauss transformation in the spectrum, this has proven to be more efficient
than immediately optimizing the distance map. Distance correlation maps
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usually show more details (such as shoulders) than the spectra and offer the
advantage of more intuitive units. All of the two-dimensional TRIER plots
(spectra and distance correlation maps) feature projection plots. For display,
the DEER distance distributions (Section C.3) were superimposed onto the
sum projections of the TRIER distance correlation maps after normalization
to their maximum amplitude.
In powdered solids, the dipole-dipole coupling usually leads to the characteristic
Pake doublet. However, the projections do not show fully resolved Pake patterns.
This is due to the processing, which emphasized the peaks of the Pake patterns
(see Section 6.3). It can also be seen in Figure 6 of [103] that the angular
backbone geometry compared to the straight one leads to a broadened distance
distribution already in a diradical and that no classical Pake pattern is observed
for this geometry.
Many of the TRIER distance projection plots appear to resolve distances better
than the DEER distance distributions they are compared to, although DEER
data was measured up to the time where dipolar oscillations fully decayed. The
seemingly narrower distributions in TRIER are a result of the data processing
and distance distributions in TRIER sum projections are not as reliable as the
ones obtained from DEER, although some regularization-related broadening of
the DEER distance distributions cannot be excluded.
6.6.1

Model compounds
All triradicals were dissolved in perdeuterated o-terphenyl-d14 (dOTP) that
was synthesized according to a published standard procedure [119] and kindly
provided by Herbert Zimmermann. The chemical structures are depicted in
Figure 6.20. The triradical Tequilateral is of equilateral geometry and was
Figure 6.20:
Structures
of three model triradicals
Tequilateral , Tisosceles and
Tscalene .

Tisosceles

Tequilateral

Tscalene
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used in a concentration of 120 µM in dOTP. The synthesis of Tequilateral is
described in [103]. As a triradical, where the nitroxides are arranged in isosceles
geometry, Tisosceles was used of which a detailed synthesis is given in [103].
The sample had a concentration of 240 µM in dOTP. In Tscalene the nitroxides
form a scalene triangle. For Tscalene a concentration of 100 µM in dOTP was
used. The synthesis of Tscalene is described in [90].
Just prior to measurement, probes were melted with a heat gun set to 90 °C and
shock frozen by quick immersion in liquid nitrogen to provide a homogeneous
glassy solid.
Equilateral geometry
In Tequilateral , all three distances between the nitroxides are equal if bending
of the spacer is neglected and are, according to structure simulations with
Chem3D (PerkinElmer Informatics), expected to be rsim = 4.2 nm. This corresponds to a dipolar frequency of ω sim /2π = 0.70 MHz. Since only one distance
is present, only one correlation peak is expected per quadrant in the TRIER
spectrum (Figure 6.21a)) at (0.7 MHz,0.7 MHz). The experimentally observed
dipolar frequency ω exp /2π = 0.6 MHz is slightly smaller than the expected
ω sim . With 2D-APT a distance correlation map can be obtained that shows,
as expected, only one correlation peak at (4.1 nm, 4.1 nm).
b)

a)
3.0

4.8

2.5

4.4

2.0

r2 [nm]

ν2 [MHz]

Figure 6.21:
Experimental
TRIER a) spectrum and b)
distance correlation map of
Tequilateral . The trinitroxide
is of equilateral geometry and
therefore only one correlation
peak is present in each quadrant of the spectrum and of
the distance correlation map.
The TRIER projections in b)
are shown in blue and the
DEER distance distribution in
orange.
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Isosceles geometry
In Tisosceles , the nitroxides form an isosceles triangle and two different distances
ref = 3.9 nm and r ref = r ref = 3.2 nm are present [89]. This corresponds to the
rA
B
C
ref /2π = 0.88 MHz and ω ref /2π = ω ref /2π = 1.59 MHz.
dipolar frequencies ωA
B
C
A total of three correlation peaks can be expected: Two peaks represent the
correlations between rA and rB and are expected at (ωA , ωB ) and (ωB , ωA ).
As rB and rC have the same length, these peaks coincide with the correlation
of rA and rC , which gives rise to peaks at (ωA , ωC ) and (ωC , ωA ). The third
correlation peak is expected to fall on the diagonal since (ωB , ωC ) and (ωC , ωB )
connect two distances with the same length.
exp
The experimentally observed dipolar frequencies in Figure 6.22 are ωA
/2π =
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Figure 6.22:
Experimental
TRIER a) spectrum and b)
distance correlation map of
Tisosceles . The trinitroxide is
of isosceles geometry which
leads to three correlation
peaks. The TRIER projections
in b) are shown in blue and the
DEER distance distribution in
orange.
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exp
0.9 MHz and ωB
/2π = ωC
/2π = 1.4 MHz, and match the expected frequencies quite well. Though the difference between ωA and the two equal
distances ωB and ωC is rather small, all peaks are resolved. A closer look at the
spectrum appears to reveal a peak at (0.9 MHz, 0.9 MHz) or (ωA , ωA ). This is
an artifact that stems from overlap between the peaks at (0.9 MHz, 1.4 MHz)
and (1.4 MHz, 0.9 MHz), and could be reduced by a stronger Lorentz-to-Gauss
transformation, which would decrease the signal to noise ratio in the rest of
the spectrum [89]. Overlap of the off-diagonal peaks also explains the stronger
intensity of the diagonal peak at (1.4 MHz, 1.4 MHz).
For the distance correlation map three peaks are expected as well: Two peaks
that are mirrored along the diagonal at (rA /rB ),(rA /rC ) and (rB /rA ),(rC /rA )
and a peak at (rB /rC ),(rC /rB ). As predicted, the distance correlation map in
Figure 6.22b) shows three peaks at (3.20 nm, 3.75 nm), (3.75 nm, 3.20 nm) and
(3.15 nm, 3.15 nm), which fits the expected distances. For reasons currently
unknown, the diagonal peak appears at a slightly shorter distance than one
would expect from the off-diagonal peaks.
According to the discussion about the absence of autocorrelation peaks (Section
6.4) and under the assumption that all distances have similarly wide distribution, all peaks in the distance correlation map are expected to have the same
intensity as they all correspond to two correlations B . The intensities of the B Compare this to the discuspeaks in the projection plot fit the DEER data (Figure C.4b in the Appendix) sion in Section 6.4.1 and in particular Table 6.2
and reveal the double presence of the shorter distance.

Scalene Geometry
In Tscalene , the nitroxides compose a scalene triangle which should show six correlation peaks. According to geometric structure simulation with Chem3D, the
distances are about r1sim = 1.9 nm, r2sim = 2.2 nm and r3sim = 3.4 nm, with their
sim /2π = 7.5 MHz, ω sim /2π = 4.9 MHz
respective dipolar frequencies being ωA
B
sim
and ωC /2π = 1.3 MHz. In this system, the short distances highlight one of
the current challenges of TRIER: To be properly recorded, the high frequencies
require a smaller time step in both indirect dimensions which strongly impacts
acquisition time. This is particularly problematic in combination with long
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distances (low frequencies), which in turn require long time traces. Detection
of the contribution from the short distances is additionally complicated by the
fact that the width of the Pake pattern scales with r−3 and thus the amplitude scales with r3 [24]. In particular, detection of correlations between two
short distances requires a very high signal-to-noise ratio. In such a situation,
Lorentz-to-Gauss transform has to be applied carefully: though it can separate
the correlation peaks at small frequencies, the increase of noise in the spectrum
can lead to correlation peaks from the short distances dropping beneath the
noise level.
From the projection plots in Figure 6.23a), the experimental dipolar frequenexp
exp
exp
cies ωA
/2π = 8.1 MHz, ωB
/2π = 4.0 MHz and ωC
/2π = 1.7 MHz were
obtained. The discrepancy between the simulated values and the observed
b)
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r2 [nm]

ν2 [MHz]

Figure 6.23:
Experimental
TRIER a) spectrum and
b) distance correlation map
of Tscalene .
The TRIER
projections in b) are shown
in blue and the DEER
distance
distribution
in
orange. The diagonal peaks at
(1.2 MHz, 1.2 MHz) in a) and
(3.3 nm, 3.3 nm) in b) come
from imperfect background
correction in combination with
the 2D APT algorithm.

4
0

3.2
2.8
2.4
2.0

0

4
8
ν1 [MHz]

12

2.0

2.4

2.8 3.2
r1 [nm]

3.6

dipolar frequencies is attributed to the inaccuracy of the simulation in combination with the r−3 dependency of the dipolar frequency, which lets small changes
in the distance have a big impact on the frequency. The spectrum shows the
correlation of rA with rB at (8.2 MHz, 4.1 MHz) and (4.1 MHz, 8.2 MHz). The
correlation of rA with rC is revealed through the peaks at (8.2 MHz, 1.7 MHz)
and (1.7 MHz, 8.2 MHz) and the connection between rB and rC is revealed
in the slightly broader peaks at (1.7 MHz, 4.0 MHz) and (4.0 MHz, 1.7 MHz).
The spectrum also shows an additional peak at (1.5 MHz, 1.5 MHz) which was
assigned to imperfect background correction.
The distance correlation map in Figure 6.23b) reveals the scalene geometry of Tscalene more clearly: Correlation of rA with rB can be seen from
the peak at (2.1 nm, 2.3 nm), (2.3 nm, 2.1 nm) and with rC at (2.1 nm, 3.3 nm),
(3.2 nm, 2.1 nm). The correlation peak of rB with rC is at (2.3 nm, 3.3 nm),
(3.2 nm, 2.3 nm). All correlation peaks involving rB show a shoulder that was
not visible in the spectrum, but is in agreement with DEER data which is displayed in orange in Figure 6.23b). The peaks on the diagonal at (2.1 nm, 2.1 nm),
(2.3 nm, 2.3 nm) appear to arise from overlap of the neighboring off-diagonal
peaks The artifact at (3.2 nm, 3.2 nm) corresponds to the strong peaks that are
visible in the spectrum at (1.5 MHz, 1.5 MHz) and comes from the background
correction.
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Protein samples
Two soluble proteins B that are well-characterized by X-ray structure analysis
[120, 121], NMR [122] and EPR spectroscopy [123–125] served as application
model systems for TRIER: the heat-stable complex of subunits Rpo4 and Rpo7
(also known as F and E, respectively) of the archeal RNA polymerase of M.
jannaschii [121, 126] and the isolated RNA recognition motif 1 (RRM1) of the
alternative splicing regulator polypyrimidine-tract binding protein 1 (PTBP1)
[124, 125]. The labeling sites for the Rpo4/7 complex (Rpo4: C36, G63C;
Rpo7: V49C) were selected from a larger set of sites reported in [123], shown in
Figure 6.24a), where all pairwise distances from DEER experiments have been
b)

G63R1

rA
rB
rC
sum

P [arb .u.]

a)
C36R1

V49R1
Rpo4
Rpo7

2.5
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4.0 4.5
r [nm]

5.0

B Protein expression, purification and sample preparation
was carried out by fellow PhD
students Christoph Gmeiner
and Irina Ritsch.

Figure 6.24: a) 3D model of
Rpo4/7 with the labeling sites
highlighted. b) Result of the
MMM simulations for the pairwise interspin distances based
on the PDB structure 1GO3.

5.5

measured. The three labeling positions in RRM1 (T71C/L80C/T109C) were
chosen to lie in solvent exposed surfaces of α-helical regions and are Figure
6.25a).
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The two subunits, Rpo4 and Rpo7, of the Rpo4/7 complex were individually
over-expressed in E. coli following the established protocols [123, 126]. A more
detailed description of the purification of both constructs can be found in
the Appendix in Section C.2. RRM1, encoding an N-terminal chitin binding
domain as affinity tag, was over-expressed in Escherichia coli (E. coli) and
afterwards purified by affinity and size-exclusion chromatography following
previously published protocols [124, 125].
Protein concentrations were determined with a NanoDrop Spectrophotometer
ND-1000 (Witec AG) by using the theoretical calculated extinction coefficients
[127] of  = 29.34 L mmol−1 cm−1 for Rpo4/7 and  = 4.47 L mmol−1 cm−1 for
RRM1.
Rpo4/7
The interspin distances that were simulated using the open-source toolbox

Figure 6.25: a) 3D model of
RRM1 with the labeling sites
highlighted. b) Result of the
MMM simulations for the pairwise interspin distances based
on the PDB structure 2N3O.
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MMM [118] for the mutant of the Rpo4/7 are shown in Figure 6.24b). The
chosen set of mutation positions consists of two overlapping distance distributions in the range of 2.8-3.3 nm (rA , red and rB , blue) and 4.2-4.4 nm (rC ,
yellow). With this the dipolar frequencies are expected to be approximately
sim /2π = ω sim /2π = 1.8 MHz and ω sim /2π = 0.4 MHz, resembling the situωA
B
C
ation of Tisosceles (Section 6.6.1). However, rB shows a strong shoulder at
shoulder = 3.3 nm (ω shoulder /2π = 1.4 MHz) that does not overlap with r and
rB
A
B
additional peaks or a splitting of the peaks can be expected. Indeed, the spectrum in Figure 6.26a) shows a strong peak at (1.8 MHz, 1.8 MHz) which corresponds to the correlation of the two shorter distances rA and rB . The broad peak
a)

b)
5
5

4
3

r2 [nm]

ν2 [MHz]

Figure 6.26:
Experimental
TRIER a) spectrum and
b) distance correlation map
of Rpo4/7.
The TRIER
projections in b) are shown in
blue and the DEER distance
distribution in orange.
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at (1.8 MHz, 1.8 MHz) appears to have shoulders at around (1.8 MHz, 1.2 MHz)
and (1.2 MHz, 1.8 MHz), which fit the expected correlation of the shoulder of
shoulder with r . The two coinciding correlations of r with r and r with
rB
B
C
A
A
rC can be discerned at (0.5 MHz, 1.8 MHz) and (1.8 MHz, 0.5 MHz). A small
shoulder appears to be visible at (0.5 MHz, 1.2 MHz) and (1.2 MHz, 0.5 MHz).
Interpretation of the correlation pattern is simplified in the distance-correlation
map which is shown in Figure 6.26b). A broad feature is at (3.0 nm, 3.0 nm)
shoulder
which corresponds to the correlation of rA with rB . Correlation of rB
with rA cannot be discerned as a peak. The peaks at (4.6 nm, 3 nm) and
(3 nm, 4.6 nm) stem from correlation of rA with rC as well as rB with rC
shoulder with r is clearly visible at (4.7 nm, 3.5 nm) and
The correlation of rB
C
(3.5 nm, 4.7 nm). The peak at (4.7 nm, 4.7 nm) is an artifact from 2D-APT.
RRM1 of PTBP1
The results of MMM simulations for the RRM1 domain, displayed in Figure
sim = 2 nm
6.27a), show three distinct distance distributions with maxima rA
sim
sim
sim
(ωA /2π = 7.0 MHz, orange), rB = 2.3 nm (ωB /2π = 4.3 MHz, blue) and
sim = 3.5 nm (ω sim /2π = 1.2 MHz, yellow). The TRIER spectrum in Figure
rC
C
6.27b) shows correlation peaks at (1.5 MHz,4.5 MHz), (4.5 MHz,1.5 MHz) and
at (4.5 MHz,4.5 MHz). All of the peaks show some splitting, as the two shorter
distances do not fully overlap. Hence, RRM1 is similar to Tscalene , but with
a larger difference between the short and the long distances. The peak like
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Figure 6.27:
Experimental
TRIER a) spectrum and b)
distance correlation map of
the RRM1 domain of PTBP1.
The TRIER projections in b)
are shown in blue and the
DEER distance distribution in
orange.
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feature at (1.5 MHz,1.5 MHz) is an artifact from background correction.
The distance correlation map in Figure 6.27c) shows the expected picture: The
strong feature between 2-2.5 nm is in agreement with the correlation pattern of
the two partially overlapping distributions rA and rB . The correlation peaks
of rA with rC are visible at (2 nm,3.5 nm) and (3.5 nm,2 nm) and between rB
and rC at (2.7 nm,3.5 nm) and (3.5 nm,2.7 nm). The peak at (3.5 nm,3.5 nm)
once again is an artifact from 2D-APT.

6.7

Challenges in TRIER
Even though this work has shown that TRIER can be applied to biomolecules,
application of TRIER in structural biology as a routine approach still poses
significant challenges.

6.7.1

Selection of pulse types
The TRIER experiment requires pulses with three different excitation windows:
One for the detection subsequence and two for the pump pulses. As sensitivity
is a challenge in TRIER, it is essential that excitation profiles possess steep
edges and no ripples in and outside of the excitation band, so that they cover
most of the spectrum without overlapping with other pulse types. Four different
types of pulses were tested: Linearly frequency-swept pulses with smoothed
edges (Section 2.4.1), asymmetric hyperbolic secant pulses (Section 2.4.1),
Gaussian (Section 2.4.1) and Gaussian cascade pulses (Section 2.4.1) and their
excitation windows and the resulting sensitivity and modulation depths were
compared.
While frequency-swept pulses such as chirps and hyperbolic secant pulses allow
for highly-efficient inversion due to adiabatic passage (Section 2.4.2), they
require slightly more complex pulse schemes for proper refocusing [44] and
can suffer from loss of magnetization due to transverse interference effects [41,
55]. Both, chirp, Figure 6.28a), and Gaussian, Figure 6.28b), pulses showed
promising excitation profiles for the narrower banded (∼25 MHz) observer
sequence. As Gaussian cascade pulses are optimized for inversion, it did not
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a) chirp observer pulses

b) Gaussian observer pulses
1

Mz /M0

1

Mz /M0

Figure 6.28: Experimentally
recorded pulse profiles for chirp
a) and Gaussian pulses b)
used for the observer subsequence. The pulse profiles
of the π (full line) and the
π/2-pulse (dashed) are superimposed onto a nitroxide spectrum.
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come as a surprise, that the π/2-pulse showed very poor performance (Figure
6.29) and the resulting low sensitivity made this pulse type unsuitable for the
1

Mz /M0

Figure 6.29: Experimentally
recorded pulse profiles for
Gaussian cascade pulses. The
pulse profiles of the π (full line)
and the π/2-pulse (dashed) are
superimposed onto a nitroxide
spectrum.
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detection subsequence.
For the pump pulses with a bandwidth of about 60-90 MHz, only hyperbolic
secant and Gaussian cascade pulses were seriously considered. The excitation
profiles of chirp and Gaussian, pump pulses suffered from not sufficiently steep
flanks of the excitation profile and were disregarded. Hyperbolic secant and
Gaussian cascade pulses on the other hand featured very steep and well defined
excitation profiles (Figure 6.30).
a) hyperbolic secant pump pulses

plitude, the modulation depth
corresponds to the sensitivity
in DEER and TRIER measurements.

Mz /M0

1

0

−1
34.3

B At a given observer echo am-

b) Gaussian cascade pump pulses

1

Mz /M0

Figure 6.30: Experimentally
recorded pulse profiles for a)
hyperbolic secant and b) Gaussian cascade pump pulses. The
pulse profiles of the first pump
pulse and the second pump
pulse are superimposed onto a
nitroxide spectrum.
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After testing modulation depths B for different pulse combinations (Figure
6.31), a preference was given to chirp pulses for the observer subsequence
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in combination with hyperbolic secant pulses for pumping. Nevertheless,
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Figure 6.31: Modulation depth
of the form factor F (t) for
hyperbolic secant and Gaussian cascade pump pulses. Results are shown for a) linear
chirp and b) Gaussian observer
pulses.
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high-quality TRIER data could be acquired with any combination of chirp
or Gaussian pulses for observing with hyperbolic secant or Gaussian cascade
pulses for pumping.
Spectral overlap of pulses
In TRIER pulse overlap is detrimental and the main argument for the use of
frequency-swept pulses. Two different types of spectral overlap are possible:

a) 1

b) 1

Mz /M0

Spectral overlap between observer and pump pulses
If the excitation profiles of the pump pulses overlap with the observer pulse,
spins that are used for the detection sequence are no longer refocusing at the
point of detection which reduces sensitivity. Such overlap can be the result
from poorly configured pulses, but it was also observed that, for unknown
reasons, some hyperbolic secant pulses showed strong sidebands, highlighted
with arrows in Figure 6.32a). This decreased the echo amplitude by a factor
>10 as compared to the signal from well configured pulses as shows in Figure
6.32b). As the optimal pulse parameters differ from sample to sample, best
results were obtained by recording and optimizing pulse profiles.

Mz /M0
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Spectral overlap of pump pulses
In order to see the effect of overlapping pulses it is necessary to look at the
entire spectrum before symmetrization. Since the two pump pulses strongly

Figure 6.32: Pulse profiles for
the TRIER sequence with hyperbolic secant pump pulses
which had an order of 1 for the
second half of the pulse. In
a), strong side bands were observable (marked with arrows)
that overlapped with the excitation profile of the observer
sequence. They could be eliminated by changing the order of
the hyperbolic secant pulses to
3, b).
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overlap, Figure 6.33, they lead to autocorrelation peaks, which enhances the
peaks on the diagonal. If the background correction removes all DEER signals,
overlapping pump pulse frequency profiles are indeed the only source for
autocorrelation peaks.
a)

b)
1

3.0

ν2 [MHz]

1.5
Mz /M0

Figure 6.33: a) Strongly overlapping pump pulses. Shown
on Tequilateral , b) shows a
strong contribution from spins
that are excited by both pump
pulse, which manifests itself
as additional (or in this case
stronger) diagonal peaks in the
first and third quadrant.
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6.7.3 Data processing
On the processing side, a general trend of the 2D-APT in combination with
the background correction to create artifact diagonal peaks for the longest
distance that is present was observed. This could potentially beresolved by
using a regularization algorithm. But Tikhonov regularization, which has
become one of the go-to methods for analysis of DEER data [99, 100, 128, 129],
has proven unsuitable for TRIER. In Tikhonov regularization a regularization
B Recently it has been found parameter α is fixed according to the L-curve method [117, 130] B , which
that this determination of α finds a balance between under- and over smoothing. But extending this to
from the L-curve is not optithe two-dimensional problem at hand, 2D Tikhonov regularization with the
mal for DEER [131].
selection of a single regularization parameter for a two-dimensional distribution
led to wrong results, similarly to previous reports [128, 132, 133].

6.8 Outlook
In this work it was shown that TRIER spectras and distance correlation maps
cannot only be obtained for well-defined model compounds, but also for real
biological, relevant systems that are currently under investigation.
Nonetheless, application of TRIER in structural biology as a routine approach
still poses significant challenges: Proper setting of experimental (such as the
time step and trace lengths) and processing parameters (Lorentz-to-Gauss
transformation) requires previous knowledge about what distances are to be
expected. It is recommended to use TRIER as a complement to DEER rather
than a stand-alone technique. In systems that contain a distribution of distances that reach from short to long, the required experimental parameters
can lead to long acquisition times up to 200 hours for proteins even on a new
generation AWG-based high-power Q-band spectrometer. A third problem

6.8 Outlook

103

arises from the fact that the amplitude of the Pake patterns scales with r3 ,
meaning that correlation peaks with a short distance have a reduced intensity.
This effect is particularly strong for correlations of two short distances, which
can make them hard to detect and require long measurement times. One more
issue is that in some cases the current implementation of background correction
and data processing produce an artifact autocorrelation peak for the longest
distance, which can lead to misinterpretation of the TRIER data.
However, TRIER as an extension to DEER, can be useful in several cases: It
can be used to distinguish between a mixture of two diradicals and a triradical.
Only in the latter case TRIER signal with off-diagonal peaks can be observed.
In the second scenario TRIER can also be used to accurately probe the distance
in a triradical, where the spin labels form an equilateral triangle. In such a case
the DEER distance distribution suffers from sum and difference combination
frequencies, which, at the cost of longer measurement times, are not present in
the distance correlation maps.
In a third scenario TRIER can aid interpretation of DEER distance distributions for macromolecules that exist in more than one conformation. In this
case, distance correlation maps can be used to assign DEER distances that
belong to the same molecule.
In follow up work, the highest priority should be given to improving experimental parameters to speed up the acquisition process, for example through
non-uniform sampling B . Implementation of stable regularization algorithms B At the point of writing first
should deal with the artifacts from 2D APT. A promising candidate is gradient tests using non-uniform sampling showed promising reprojection [134, 135], which is better suited for larger-scale problems.
sults, reducing the measureFuture investigations should also involve compounds with different types of spin ment time to a third.
labels (such as nitroxide, gadolinium, copper and trityl). In this case each spin
label type can be assigned a role (observer, first pump, second pump). Since the
spectra are well separated, complete elimination of overlap should be possible,
which would increase the intensity of the echo and hence sensitivity. Not only
would this allow excitation of larger fractions of spins, but also with better
excitation selectivity, the contribution from pathways that lead to modulation
in only one dimension could be reduced and the modulation depth for TRIER
increased. On top of this, working with a combination of different spin labels
has the benefit that it reduces the number of peaks in the spectrum which in
turn facilitates assignment and interpretation, especially in cases where two or
more conformations are present.

7. Conclusion and outlook
This thesis presents some of the currently ongoing work in the still relatively new
and unexplored field of pulse EPR with frequency-swept pulses. While sweeping
the frequency leads to substantial increase in excitation bandwidth, which in
most cases directly translates into signal-to-noise ratio, spin dynamics may
not follow the set of established rules anymore. Understanding the underlying
concepts of adiabatic passage in spin systems that are of interest in EPR
is mandatory for future development, in particular for designing new pulse
sequences. For this, appropriate computational tools that allow numerical and
analytical simulations are required.
During this PhD thesis, the spin dynamics analysis (SPIDYAN) tool was
developed, which employs density operator formalism for numerical simulations
of pulse EPR experiments. The demand for such a toolbox was demonstrated
by how quickly SPIDYAN was incorporated into the EasySpin simulation
suite, which is the leading software package in the field. Today, this pulse
propagation engine supports propagation of density matrices in Hilbert space if
relaxation is of no interest . For simulations that require relaxation effects the
problem is formulated in Liouville space where the quantum mechanical master
equation is solved. Other features include predefined as well as user-defined
shaped pulses, arbitrary multi-dimensional experiments with incrementation
of any pulse or delay parameter, arbitrary spin systems, incorporation and
compensation of resonator and amplifier distortions, phase cycling, detection
during pulses, and a variety of detection and excitation operators. Compared
to the original implementation of SPIDYAN, the user interface in EasySpin
is much simpler and simulations run significantly faster. Within this thesis,
some of the capabilities of this software tool were demonstrated on a selected
number of examples with individual spin packets for different types of spin
systems and pulses that improve the understanding of adiabatic passage.
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The importance of such understanding was shown when faced with additional
symmetry breaking cross peaks that appear in EPR/ESEEM correlation spectra
when monochromatic rectangular pulse are replaced with frequency-swept
pulses. This type of experiment correlates nuclear frequencies to Fourier
transform EPR spectra by a three pulse electron spin echo envelope modulation
(ESEEM) experiment. Employing the simulation software developed within
this work, as well as product operator formalism in combination with coherence
transfer schemes, the origin of these peaks, whose position depends on the
sweep direction of the pulses, could be explained. Investigations showed that
the additional peaks arise if coherence or polarization is transferred to an
electron spin transition already before this transition is actually passed during
the frequency sweep. In contrast to monochromatic rectangular pulses, where
all transitions within the frequency bandwidth are excited simultaneously,
transverse interference results from excitation of a chain of transitions that
connect levels of the source transition, where coherence resides before mixing,
and the target transition, where it resides after mixing. As a consequence,
replacing monochromatic rectangular pulses with frequency-swept pulses is
not an innocent procedure and unintended magnetization can even diminish
the intended signal by destructive interference. This effect, the existence of
which most EPR spectroscopists are not even aware of, has to be kept in mind
when conducting or developing experiments with frequency-swept pulses, in
particular for correlation experiments that involve the EPR dimension. Similar
loss of magnetization due to transfer of magnetization can potentially also
appear in other EPR techniques where the frequency or the field is rapidly
changed, such as rapid-scan EPR.
Underlining the capabilities of frequency-swept pulses, the new pulse EPR
sequence TRIER is introduced, which provides two-dimensional correlation
plots of dipolar frequencies and distance correlation maps of molecules that
contain more than two paramagnetic centers. Although a two-dimensional
experiment, TRIER can be recorded in a reasonable time with a modern
AWG-based high-power Q-band EPR spectrometer and provides an overview of
all the dipolar frequencies that are present in the same molecule. Best results
are achieved when as many spins as possible are excited while the frequency
domain pulse profiles must not overlap at the same time, which is only possible
by sweeping the frequency. Extensive data processing and two-dimensional
approximate Pake transform made it possible to obtain the first two-dimensional
distance correlation maps. It was shown that such correlation maps can not
only be obtained for well-defined model compounds, but also for real biological,
relevant systems that are currently under investigation. A few issues keep
TRIER from being able to be used as a routine approach in structural biology
and for the moment it is recommended to use use TRIER as a complement to
DEER rather than a stand-alone technique. Future investigations are expected
to improve experimental parameters to speed up the acquisition process, for
example through non-uniform sampling. First steps in this direction have
already been made and shown promising results and are currently being tested
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on other pulse sequences such as HYSCORE and DEER. On the processing side,
better resolved distance correlation maps could be obtained by implementation
of stable regularization algorithms, as it has been shown that 2D-Tikhonov
regularization is unsuitable for the complexity of TRIER data. Follow up work
should also involve compounds with different types of spin labels (such as
nitroxide, gadolinium, copper and trityl), for which the correlation patterns
were described in this thesis. Using different paramagnetic species would allow
the assignment of each spin label type to a role (observer, first pump, second
pump) and since the spectra are well separated, pulses can be optimized more
easily and sensitivity increased.
To conclude, it is obvious that the appearance of frequency-swept pulses in
EPR is in the process of revolutionizing the field of pulse EPR. It quickly
turned into a fast-developing field, with frequent publications on the topic of
frequency sweeps, and led many research groups to invest in new hardware. In
the future it remains to be seen whether new Fourier transform techniques can
cause an equal kind of renaissance in EPR as they did for NMR.

A. The spectrometer

All experiments in this work were performed on a home-built high-power EPR
spectrometer with arbitrary waveform excitation capability [13, 44, 55]. Pulse
sequences were generated by an AWG with built-in sequencer (Agilent/Keysight
M8190A, operated at a sampling rate of 8 GSa/s) and up-converted by a local
oscillator with variable frequency. The same local oscillator was used to downconvert signals to frequencies around 1.5 GHz, with subsequent acquisition with
a 2 GSa/s digitizer with a 2 GHz analog bandwidth B (SP Devices ADQ412) B This 2 GHz bandwidth at
via subsampling. The entire spectrometer (AWG, local oscillator, magnetic the 2 GSa/s sampling rate is
field controller and digitizer) was controlled by home-written MATLAB scripts achieved through a the special
design of the this device.
and could be operated continuously up to 9 days and neither temperature,
microwave frequency nor phase instabilities were encountered. With respect
to stability, new-generation spectrometers with a fixed-frequency microwave
local oscillator, a fast AWG, and a robust very broadband resonator may be
favorable compared to spectrometers with a frequency-controllable Gunn diode.
X-band measurements
When operated in X-band mode frequencies were around 9.5 GHz. Pulses
were generated at 1.5 GHz and then up-converted by the local oscillator which
had frequency of 8 GHz. After amplification by a 1 kW traveling wavetube
amplifier (Applied Systems Engineering TWT 117X) they were fed into a
fully overcoupled Bruker MS3 split-ring resonator with a loaded quality factor
QL = 52 [10].
Q-band measurements
For Q-band mode measurements frequencies were around 34 GHz. Pulses
were generated at 1.5 GHz and up-converted with the local oscillator set to a
frequency of 33 GHz. The pulses, which were amplified by a 200 W traveling
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wavetube amplifier (Applied Systems Engineering TWT 187Ka), were fed into
an overcoupled home-built pent loop-gap resonator for 1.6 mm tubes with a
loaded quality factor QL = 100 described in [136].
Figure A.1: The spectrometer.
The gray magnet can be seen in
the center of the picture with
an installed resonator. Marked
with blue frame are, from top
to bottom, the AWH, the local
oscillator device and the magnetic field controller. On the
left in the orange frame is the
X-band and right the Q-band
TWT. The silver hose that connects to the resonator is the liquid helium supply line used for
cooling.

B. Supplementary information for Chapter 5
B.1

Coherence transfer schemes
The following pages contain coherence transfer schemes for different S = 1/2,
I = 1/2 systems with down-sweeping chirp pulses. Shown in Figures B.1 and
B.2 are the pathways that lead to correlation peaks at ±ωβ for the strong
coupling regime with ωI < 0 and A < 0.
In Figure B.3 the pathways during the third pulse are shown for the strong
coupling regime with ωI < 0 but A > 0 for correlation peaks at −ωα and in
Figure B.4 for +ωβ in the ESEEM dimension.
Although not explicitly discussed in the main text, the schemes for the weak
coupling regime with ωI < 0 and A > 0 are shown in Figures B.5 and B.6 for
correlation peaks at +ωα and +ωβ , respectively.
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Ŝβ Iˆ+

2

sin(βa /2) sin(βf )
sin(βa /2)2
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Ŝα Iˆ−

sin(βa /2) sin(βf /2)2
cos(βa /2)
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Figure B.1: Coherence transfer scheme starting from nuclear coherence Ŝβ Iˆ+ for strong coupling (|A| > 2|ωI |) and
ωI < 0 and A < 0. These pathways lead to correlation peaks at +ωβ in the ESEEM dimension.
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Ŝα Iˆα + Ŝβ Iˆα
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Ŝ+ I−

3
4
sin(βa /2) cos(βf /2)2
ˆ
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Figure B.2: Coherence transfer scheme starting from nuclear coherence Ŝβ Iˆ− for strong coupling (|A| > 2|ωI |) and
ωI < 0 and A < 0. These pathways lead to correlation peaks at −ωβ in the ESEEM dimension.
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Ŝα Iˆ+

2

3
cos(βa /2)Ŝα Iˆ+
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sin(βa /2) sin(βf )
sin(βa )
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Ŝ+ Iˆ−

1

1
2

4

2

4

3
sin(βa /2) cos(βf /2)2
cos(βa /2)
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Figure B.3: Coherence transfer scheme starting from nuclear coherence Ŝα Iˆ+ for strong coupling (|A| > 2|ωI |) and ωI < 0
and A > 0. The down-sweep of the pulse is indicated above the spectrum. These pathways lead to correlation peaks at −ωα
in the ESEEM dimension.

Appendix B. Supplementary information for Chapter 5

3
cos(βa /2) cos(βf /2)
cos(βf /2) sin(βa /2)
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Ŝβ Iˆβ

3
sin(βa /2) sin(βf )
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Figure B.4: Coherence transfer scheme starting from nuclear coherence Ŝβ Iˆ+ for strong coupling (|A| > 2|ωI |) and ωI < 0
and A > 0. The down-sweep of the pulse is indicated above the spectrum. These pathways lead to correlation peaks at +ωβ
in the ESEEM dimension.
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Figure B.5: Coherence transfer scheme starting from nuclear coherence Ŝα Iˆ+ for weak coupling (|A| < 2|ωI |) and ωI < 0 and
A > 0. The down-sweep of the pulse is shown above the spectrum. These pathways lead to correlation peaks at +ωα in the
ESEEM dimension.
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Ŝα Iˆ+

ω14

4

2

4

116

frequency sweep of pulse

2
1

frequency sweep of pulse

2
1
4
4

3
cos(βf /2) cos(βa /2)
cos(βa /2) sin(βf /2)
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Ŝ+ Iˆ+

1

3
sin(βf /2) sin(βa )
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Figure B.6: Coherence transfer scheme starting from nuclear coherence Ŝβ Iˆ+ for weak coupling (|A| < 2|ωI |) and ωI < 0 and
A > 0. The down-sweep of the pulse is shown above the spectrum. These pathways lead to correlation peaks at +ωβ in the
ESEEM dimension.

C. Supplementary information for Chapter 6
This chapter contains all the information on how the TRIER data described in
Chapter 6 was recorded. First a step-by-step description on how to set up the
experiment is given - emphasis is put onto the field positions, as this can be,
speaking from experience, slightly confusing, to say the least.
This is followed by a detailed synthesis and analysis of the protein samples
and the DEER data for all samples. The chapter concludes with an extensive
summary of the TRIER parameters used for the individual samples.

C.1

Setting up TRIER
All experiments were performed at 50 K on the home-built high-power EPR
spectrometer described in Appendix A. After generation and amplification,
pulses were fed into an overcoupled home-built pent loop-gap resonator for
1.6 mm tubes with a loaded quality factor QL = 100 described in [136].
To facilitate the following discussion of how the TRIER experiments were set
up, the position of the nitroxide spectrum in relation to the resonator transfer
function is shown in the margin ⇒ for each step. Note that this was the
procedure on a home-built spectrometer and a different setup process might
be necessary for other spectrometers.
Finding an echo
As with all experiments, the first step consisted in getting a signal. At this
point, the magnetic field is set to a more or less arbitrary value. Knowing the
approximate g value and the center frequency of the resonator usually help to
set a magnetic field B value and pulse frequencies so that at least some signal
can be obtained. For this, a simple two-pulse echo sequence (Figure C.1a) was
employed, using monochromatic rectangular pulses of lengths 16 ns for the π/2

f [GHz]
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and 32 ns for the π-pulse. These pulses are used for the entire setup process.
Figure C.1: Pulse sequence for
the spectrometer characterization a) and recording pulse profiles b). The investigated pulse
leads the two-pulse echo sequence by a delay t. For the
spectrometer characterization
τ was usually in the range between 400-800 ns.

a) reference measurement - Hahn echo
π/2

π

τ
b) investigation of inversion profile
π/2

t

τ

π

τ

τ

Pulse amplitudes were more or less chosen randomly - they will be optimized
later. As long as an echo can be observed, this will do for now. The frequency
of pulses was adapted until an echo could be observed. Reasons for not being
able to detect a signal were (in order of decreasing likelihood): the TWT was
switched off, the magnetic field controller was off, the sample tube was moved
while inserting the sample holder into the resonator or ice had formed in the
resonator.
B As long as a signal can be obtained, the exact field position
does not matter for now.

f [GHz]

B This is the frequency range

for which you want to record
the resonator profile.

Recording a spectrum B
Next, a spectrum is recorded, even if the pulses are not optimized yet. For
this a Hahn-echo (two-pulse echo, Figure C.1a) is recorded for different field
positions with the same pulses as before. The echo integral of each field-position
is then plotted against the field value. The field axis is then converted to a
frequency axis, assuming a linear relation between the field and frequency. This
spectrum is then used to calculate an experimental g value that can be used
for setting the magnetic field value.
Recording a first, preliminary resonator profile
Now, the next thing to do is to record a preliminary resonator profile. Usually
the center frequency of the resonator is more or less known and the field is
set such that the maximum of the nitroxide spectrum (or any other spectrum
you might be working with) is at the center frequency of the resonator ⇐.
According to [10] a resonator profile is recorded by measuring the nutation
frequency while the frequency of the pulses B and field are co-stepped. This
resonator profile does not need to be perfect (yet). It is only used to determine
the center frequency of the resonator, so that the spectrum can be positioned
around the center of the resonator, which allows optimization of the pulse
amplitudes of the setup pulses. A higher quality resonator profile will be
measured later.
Setting the pulse amplitude of the monochromatic rectangular pulses

C.1 Setting up TRIER
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Before a high-quality resonator profile can be recorded, it is necessary to
correctly set the amplitude of the pulses. For this, the spectrum is now
positioned exactly in the resonator ⇒ and a two-pulse echo is recorded, while
the amplitude of the pulses is swept from 0 to full power. After integration of
the echo for each sweep position, the optimal value for the amplitude can be
obtained from the point where the echo integral is at its first maximum.
Characterization of the spectrometer B
With the optimized pulse parameters it is now possible to measure a clean
resonator profile, which is then used to create well-defined excitation profiles
through resonator compensation (Section 2.4.3). After this, the non-linear
transfer function of the TWT is recorded by measuring the nutation frequency
while varying the amplitude of the nutation pulse [10]. The resulting curve is
fitted with a polynomial.
Setting the field position for TRIER and optimizing observer pulse amplitudes
Now, the field is changed such that the nitroxide spectrum is centered around
the resonator center frequency - this is the field position that is going to be
used for recording TRIER ⇒. By centering the spectrum in the resonator, it is
easier to accommodate the (frequency-swept) pulses within the resonator, even
if resonator compensation is used. Depending on the spin label combinations type of spin label, more than one type, etc. - other field positions might be
better.
Next, another spectrum is recorded to verify the correct positioning of the
spectrum with the pulses having a frequency that corresponds to the maximum
of the nitroxide.
Then the pulses of the observer sequence are optimized. For this, the amplitude
of each pulse type is calibrated separately by testing the entire TRIER observer
subsequence. The frequency range of the chirp pulses, or the FWHM time for
Gaussian pulses, is chosen such that the pulses have an excitation bandwidth
of approximately 25 MHz. Starting values for the amplitudes were usually
chosen from experiences from previous experiments. The pulses are iteratively
optimized until the echo integral is at a maximum.
Optimization of the individual pulse profiles
The last step before measuring TRIER is to optimize the pulse parameters
to obtain clean and steep excitation profiles in the frequency domain. This is
probably the most crucial step in setting up TRIER, as any pulse overlap can
be detrimental (Section 6.7.2). Pulse profiles are recorded for all observer and
pump pulses.
For this two-pulse echoes (Figure C.1a), with τ = 300 ns) are recorded and
integrated for a range of frequencies (the field was co-stepped). This first
measurement is used as a reference. Then the sequence is repeated with the
investigated pulse leading the two-pulse echo sequence by a delay of t = 700 ns
- see Figure C.1b). Echo integrals from this measurement are then divided by

f [GHz]

B The field position is still the

same as ⇑.

f [GHz]
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B See Figure 6.28 for good examples.

B See Section C.4
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the reference, which yields Mz /M0 .
For the detection subsequence, the pulse parameters (trise or tFWHM ) are
adapted until they show clean profiles B . The optimal values varied with the
sample, e.g. in some cases a shorter trise yielded satisfyingly steep pulses, while
in other cases trise had to be chosen rather large B .
For the pump pulses this means mutual optimization of amplitudes and pulse
parameters. In the case of the hyperbolic secant pulses the order of the second
half of the pulses is adapted until sidebands can be eliminated while keeping
steep flanks. The order of the first half was usually 6, as pulses were swept
from the outside (where the steepness of the excitation profile is not important)
towards the center of the spectrum (see Figure 6.30). Investigations showed
that it is beneficial to sacrifice modulation depth in order to avoid overlap
between pulses, which is why separation between observer window and pump
window was usually chosen rather high (≈ 40 MHz).
After optimization of the pulses, all that is left to set appropriate values for
the TRIER timings (obtained through DEER or MMM simulations) and to
wait a few days for results.

C.2 Preparation and Characterization of RRM1 of PTBP1 and Rpo4/7
C.2.1

Site-directed mutagenesis, protein expression and purification
RRM1 of PTBP1
All selected positions for site-directed spin labeling (SDSL) were located in or
close to α-helices (see Fig. C.2A) and cysteine mutations were inserted by a
conventional PCR program (Table C.1), with 24 cycles of melting, annealing
and amplification of the plasmid pTYB11 (New England Biolabs) for RRM1
(carbenicillin resistance for selection). This step was followed by incubation

Table C.1: PCR program for
site-directed mutagenesis with
repeating the steps 2 to 4 for
24 cycles.

Program

Temp. °C

1
2
3
4
5
6

95
95
60
68
68
4

t [min]
5
1
1
17
10
-

with DpnI (4 h at 37 °C), and the plasmid was then transformed into E. coli
TOP10 cells (Thermo Fisher Scientific) by heat-shock and selected on agar
plates containing carbenicillin. After plasmid purification and sequencing
(Microsynth AG), the correct plasmid was transformed into codon optimized E.
coli cells (BL21 Codon Plus (DE3) RIL, Agilent) containing a chloramphenicol
resistance for expression. RRM1 was expressed in 2 L LB medium (25 g L−1 ;
Chemie Brunschwig AG), containing chloramphenicol and carbenicillin. Induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was started at
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C

IAP
RRM1 71/80/109 R1
Normalized intensity

T109C
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348

B

80 R1

109 R1
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349

350

351 352
B0 / mT

71-80 80-109 71-109

D

71 R1

353

354

355

E

P(r)

25 kDa
15 kDa
13.9 kDa

2

4
r / nm

6

8

20 °C after an optical density value at 600 nm (OD600 ) of 0.6 to 0.8 was reached.
After approximately 20 hours, cells were centrifuged (4 °C, 15 min, 7 000 g)
and cell pellets were resuspended in lysis buffer (100 mM Na-phosphate, 1 M
NaCl, 1 mM EDTA, pH 8.0). Cells were lysed using a Microfluidizer LM-10
(Instrumat AG) and cell debris was separated from supernatant by high-speed
centrifugation (30 000 g, 4 °C and 45 min). RRM1 additionally encodes an
N-terminal Chitin binding domain as affinity tag separated from the target
sequence by an Intein-sequence. Supernatant containing the triple mutated
RRM1 was loaded on Chitin binding beads (New England - BioLabs) and
washed with a high-salt buffer (100 mM Na-phosphate, 1.5 M NaCl, pH 8.0).
Afterwards, RRM1 was released by inducing intein-cleavage with dithiothreitol
(DTT, Sigma Aldrich) using cleavage buffer (100 mM Na-phosphate, 200 mM
NaCl, 50 mM DTT, pH 8.0) for 48 hours at 4 °C. Elution was performed with
an elution buffer (100 mM Na-phosphate, 200 mM NaCl, pH 8.0), and RRM1
was finally purified by size-exclusion chromatography (Superdex 75 column,
GE Healthcare LifeScience) using a spin labeling buffer (50 mM MOPS, 25 mM
NaCl, pH 6.5).
Rpo4/7
The generation of the plasmids carrying the Rpo4 or Rpo7 constructs with
the appropriate mutations (4: G63C; 7:V49C) was reported in [123]. A 3D
structure including simulated spin label conformations is depicted in Fig. C.3A.
Rpo4 was expressed as a GST-fusion protein with a thrombin cleaveage site,
and purified by affinity chromatography on an Aekta prime FPLC system (GE

Figure C.2: Characterization
of triple mutated RRM1: 3D
solution-NMR structure showing all 3 mutation positions
(A), simulated spin label conformations for each labeling
site (B), CW EPR spectrum of
spin-labeled RRM1 in comparison with free IAP, simulated
distance distributions for all
possible spin pairs using MMM
(D) and SDS PAGE of purified,
spin-labeled RRM1 (E), where
the second band at 25 kDa corresponds to a small fraction of
dimerized RRM1.
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Figure C.3: Triple-Cys Rpo47.
(A) 3D X-ray crystal structure of the protein complex of
Rpo4 (blue) and Rpo7 (purple) with visualization of the
simulated spin label conformations (MTSSL, 298 K) (B) CW
EPR spectrum of spin-labeled
Rpo47, and reference measurement of free MTSSL; (C) simulated distance distributions for
all possible spin pairs and (D)
SDS PAGE of final Rpo47 sample. Two bands of the expected
sizes for the individual subunits
are observed, since the complex
is not stable to denaturation.

Healthcare). Following digestion, the cleaved GST-tag and thrombin were
removed by heat treatment (20 min at 65 °C) and subsequent centrifugation
(13 000 rpm, 4 °C, 20 min), and the resulting Rpo4 was concentrated by ammonium sulfate precipitation and solubilization in P100U (20 mM Tris, pH 7.9,
100 mM potassium acetate, 10 mM magnesium acetate, 0.1 mM ZnSO4 , 10%
glycerol, 6 M Urea). Rpo7 was purified from an inclusion body preparation,
followed by solubilization in P100U [123]. The complex was formed by slow,
stepwise reduction of urea concentration in the buffer down to 0 M during
dialysis in 3.5 kDa MWCO Slide-a-Lyser dialysis cassettes (ThermoFisher) in
the presence of 1 mM DTT. A slight excess of Rpo7 over Rpo4 (1.2:1) was used
in this step to minimize the amount of residual uncomplexed Rpo4, which is
also heat-stable on its own. The excess Rpo7 was removed by heat treatment
(20 min at 65 °C) and separation of the precipitated material by centrifugation
(13 000 rpm, 4 °C, 20 min).
C.2.2

SDSL with MTSSL
RRM1 was spin labelled after size-exclusion chromatography and Rpo4/7 after
complex formation. MTSSL was added in 10-fold molar excess to 40 µM RRM1
and incubated over night at room temperature. Unattached spin label was
removed using PD10 desalting columns (GE Healthcare Life Science) and
RRM1 was rebuffered and concentrated in low salt (LS) buffer (10 mM Naphosphate, 20 mM NaCl, pH 6.5). In case of Rpo4/7, thorough reduction of
the cysteines with 5 mM DTT for two hours at ambient temperature proved
critical for efficient subsequent spin labeling. The DTT was removed using
a PD10 column (GE Healthcare LifeScience) in gravity flow mode. Labeling
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was performed with 10-fold molar excess of MTSSL (Toronto Research Chemicals) over cysteine concentration in P100 (same as P100U, but without urea)
adjusted to pH 7.0, shaking over night at a protein concentration of approximately 10 µM. Unreacted spin label was washed out by repeated concentration
and re-dilution in a 10 kDa MWCO centrifugal concentrator (Vivaspin−500,
Sigma-Aldrich). Protein concentrations were determined at 280 nm using the
theoretical extinction coefficients [127]  = 4.47 L mmol−1 cm−1 for RRM1
and  = 29.34 L mmol−1 cm−1 for Rpo4/7 on a NanoDrop Spectrophotometer
ND-1000 (Witec AG).
C.2.3

Sample analysis and CW-EPR
As it was shown previously, SDSL of surface-exposed residues in α-helices
of RRM domains neither affected the secondary structure nor the overall
folding [124, 125]. Sample purity of both proteins was analyzed using a MiniPROTEAN Tetra Vertical Electrophoresis System (BioRad Laboratories), see
Figure C.2E and Figure C.3D. A broad range protein ladder with a size range
from 2 to 250 kDa was used as a reference (BioRad Laboratories) and parameters
during electrophoresis were set to 180 V for 40 min. Spin labeled protein samples
were measured by CW EPR spectroscopy to determine the labeling efficiencies
and to prove the label attachment. CW EPR spectra were detected at X-band
(9.5 GHz) using a Bruker ElexSys E500 spectrometer equipped with a Bruker
Super High Q resonator ER4122SHQ, a 100 kHz magnetic field modulation,
1.0 G modulation amplitude, 10.24 ms time constant, 40.96 ms conversion time
and -25 dB of 200 mW incident microwave power. MTS-labeled RRM1 and
Rpo4/7 (referred as R1 when attached to cysteines [137, 138]) were diluted to a
concentration of 20 µM and 20 µL and filled into 50 µL glass capillaries with an
outer/inner diameter of 1.5/0.9 mm (BLAUBRAND). Nitroxide radical IAP (3(2-iodoacetamido)-PROXYL or MTSSL, Sigma-Aldrich) with a concentration
of 100 µM were used as reference sample. Reduction of the spin label mobility
when bound to cysteines led to significant broadening of the three nitroxide
lines in the spectra compared to the free spin label which indicated a successful
attachment of MTSSL (see Figures C.2C and C.3B). Double integration of the
spectra and comparison to the free label delivered labeling efficiencies of 300%
for Rpo4/7 and 190% for RRM1, corresponding to a mean labeling efficiency
per cystein of 100% and 63% respectively.

C.2.4

Simulation of distance distributions
The open-source toolbox MMM (Multiscale Modeling of Macromolecules) [118],
which is implemented in MATLAB (The MathWorks Inc., Natick, MA), was
used for simulating the spin label attachment to respective positions in both
proteins, RRM1 and Rpo4/7 (see Figures C.2B and C.3A), based on the rotamer library approach [139]. Besides visualizing the spatial distribution of
the spin label, simulations of distance distributions become feasible if two sites
are labeled. Here, we chose the spin label MTSSL (refered to R1 when it is
attached to cysteine) and simulated all pairwise distance distributions for the
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three labeling sites in both proteins (see Figures C.2D and C.3C).
In RRM1, the distance distributions of 71-80 and 80-109 nearly overlay, merely
the peak maxima deviate by approximately 0.5 nm. The third distance distribution (71/109) in the range of 3.5 nm is well separated from the other
two with the peak maxima differing by 1.1 and 1.6 nm, respectively. In case
of Rpo4/7, the distance distributions for 63-49 and 36-49 overlay completely,
at which 63-49 covers the whole distribution of 36-49 because of its slightly
broader width. The third distance distribution 36-63 is again explicitly apart
from the others. Comparable widths of all simulated distance distributions
indicate the well-defined structural arrangement of RRM1 and Rpo4/7 which
is reasonable since we choose positions for SDSL which are located in rigid
elements. Thus, all selected sites constitute suitable candidates for TRIER
experiments.

C.3 DEER data
Four-pulse DEER dipolar spectra were measured with the standard pulse
sequence (π/2)νobs − τ1 −(π)νobs − t0 − (π)νpump − (τ1 +τ2 −t0 )− (π)νobs − τ2 −echo
[94]. Observer frequencies νobs were between 34 and 34.5 GHz and νobs −
νpump = 0.1 GHz. The observer was set to the maximum of the field-swept
echo-detected EPR spectrum of the nitroxide and to the center of the resonator
dip. All pulses had a length of 16 ns. The value of the delay τ1 was 680
ns. A phase cycle [+(+x) − (−x)] was applied to the π/2 observer pulse to
cancel receiver offset. The dipolar modulation time t = t0 − τ1 was varied
between −120 ns and 4480 ns using an interpulse delay τ2 = 4500 ns. The data
were background corrected and Fourier transformed in DeerAnalysis2016. The
”ghost suppression” feature of DeerAnalysis was used to reduce contributions
of combination frequencies.
Figure C.4 shows the processed DEER data of each sample and for comparison
the TRIER distance correlation map.

C.4 Experimental TRIER settings
This section provides a comprehensive overview of the experimental settings
for all TRIER data sets shown in Section 6.6. The pulse sequence with labels
for inter pulse delays is shown again in Figure C.1. For each compound that
was measured one table is given that covers the inter pulse delays and position
and stepping of the two pulses that make up the indirect dimensions. A second
table contains the exact pulse shapes and parameters of each pulse. Hyperbolic
secant pulses are abbreviated with HS.

C.4 Experimental TRIER settings

127
b) Tisosceles

Figure C.4: DEER distance
distributions of all investigated
compounds.
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Figure C.5: A detailed version
of pulse sequence of the TRIER
experiment with labels for the
intervals.
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C.4.1
Table C.2: TRIER timings for
Tequilateral . The first position
of the pump pulses is in relation to the first echo (at 2τ1 )
for the first pump pulse and to
the second echo (at 2τ1 + 2τ2 )
for the second pump pulse.
Table C.3: Pulse parameters
of the TRIER sequence for
Tequilateral . Center frequencies of each pulse given in relation to the maximum of the
nitroxide spectrum.

C.4.2
Table C.4: TRIER timings for
Tisosceles . The first position of
the pump pulses is in relation
to the first echo (at 2τ1 ) for
the first pump pulse and to the
second echo (at 2τ1 + 2τ2 ) for
the second pump pulse.
Table C.5: Pulse parameters
of the TRIER sequence for
Tisosceles . Center frequencies
of each pulse given in relation
to the maximum of the nitroxide spectrum.
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Model compound with equilateral geometry
a) delay lengths

b) stepping of pump pulses

τ1

τ2

τ3

t1 (1)

∆t1

n(t1 )

400 ns

3600 ns

900 ns

−140 ns

+40 ns

80

t2 (1)

∆t2

n(t2 )

+140 ns

−40 ns

80

role
pulse type
pulse length [ns]
center frequency [MHz]
bandwidth [MHz]
rise time [ns]
HS order 1st half
HS order 2nd half
β
Qcrit

1

2

obs. π/2
chirp
100
−55
25
15

obs. π
chirp
100
−55
25
3

0.4

4.0

pulse number
3
4
pump 1
HS
100
-155
60
6
1
10
8.8

obs. π
chirp
100
−55
25
3

4.0

5

6

pump 2
HS
100
35
60

obs. π
chirp
50
−55
25
22.5

6
1
10
9.6

3.3

Model compound with isosceles geometry
a) delay lengths

b) stepping of pump pulses

τ1

τ2

τ3

t1 (1)

∆t1

n(t1 )

400 ns

3600 ns

900 ns

−140 ns

+40 ns

80

t2 (1)

∆t2

n(t2 )

+140 ns

−40 ns

80

role
pulse type
pulse length [ns]
center frequency [MHz]
bandwidth [MHz]
rise time [ns]
HS order 1st half
HS order 2nd half
β
Qcrit

1

2

obs. π/2
chirp
100
−45
25
15

obs. π
chirp
200
−45
25
15

0.32

4.6

pulse number
3
4
pump 1
HS
100
150
80
6
1
10
8.4

obs. π
chirp
100
−45
25
15

4.6

5

6

pump 2
HS
100
40
60

obs. π
chirp
50
−45
25
22.5

6
1
10
9.5

3.3
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Model compound with scalene geometry
a) delay lengths
τ1

τ2

τ3

t1 (1)

∆t1

n(t1 )

400 ns

2800 ns

900 ns

−100 ns

+12 ns

160

t2 (1)

∆t2

n(t2 )

100 ns

−12 ns

160

role
pulse type
pulse length [ns]
center frequency [MHz]
bandwidth [MHz]
rise time [ns]
HS order 1st half
HS order 2nd half
β
Qcrit

C.4.4

b) stepping of pump pulses

1

2

obs. π/2
chirp
100
−50
25
15

obs. π
chirp
100
−50
25
3

0.34

3.4

pulse number
3
4
pump 1
HS
100
−150
60
6
1
4
10.1

obs. π
chirp
100
−50
25
3

3.4

Table C.6: TRIER timings for
Tscalene . The first position of
the pump pulses is in relation
to the first echo (at 2τ1 ) for
the first pump pulse and to the
second echo (at 2τ1 + 2τ2 ) for
the second pump pulse.

5

6

pump 2
HS
100
40
60

obs. π
chirp
50
−50
25
12

6
1
4
10.5

Table C.7: Pulse parameters
of the TRIER sequence for
Tscalene . Center frequencies of
each pulse given in relation to
the maximum of the nitroxide
spectrum.

3.8

Rpo4/7
a) delay lengths

b) stepping of pump pulses

τ1

τ2

τ3

t1 (1)

∆t1

n(t1 )

400 ns

3900 ns

900 ns

−100 ns

+30 ns

125

t2 (1)

∆t2

n(t2 )

100 ns

−30 ns

125

role
pulse type
pulse length [ns]
center frequency [MHz]
bandwidth [MHz]
rise time [ns]
HS order 1st half
HS order 2nd half
β
Qcrit

1

2

obs. π/2
chirp
200
−55
25
15

obs. π
chirp
200
−55
25
7.5

0.36

4.6

pulse number
3
4
pump 1
HS
100
−160
80
6
1
10
8.7

obs. π
chirp
200
−55
25
7.5

4.6

Table C.8: TRIER timings for
Rpo4/7. The first position of
the pump pulses is in relation
to the first echo (at 2τ1 ) for
the first pump pulse and to the
second echo (at 2τ1 + 2τ2 ) for
the second pump pulse.

5

6

pump 2
HS
100
30
60

obs. π
chirp
200
−55
25
30

6
1
10
10.2

3.8

Table C.9: Pulse parameters
of the TRIER sequence for
Rpo4/7. Center frequencies of
each pulse given in relation to
the maximum of the nitroxide
spectrum.
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C.4.5
Table C.10: TRIER timings
for RRM1 of PTBP1. The first
position of the pump pulses is
in relation to the first echo (at
2τ1 ) for the first pump pulse
and to the second echo (at
2τ1 + 2τ2 ) for the second pump
pulse.
Table C.11: Pulse parameters
of the TRIER sequence for
RRM1 of PTBP1. Center frequencies of each pulse given in
relation to the maximum of the
nitroxide spectrum.
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RRM1 of PTBP1
a) delay lengths

b) stepping of pump pulses

τ1

τ2

τ3

t1 (1)

∆t1

n(t1 )

400 ns

2000 ns

900 ns

−100 ns

+15 ns

140

t2 (1)

∆t2

n(t2 )

100 ns

−15 ns

140

role
pulse type
pulse length [ns]
center frequency [MHz]
bandwidth [MHz]
rise time [ns]
HS order 1st half
HS order 2nd half
β
Qcrit

1

2

obs. π/2
chirp
100
−55
25
15

obs. π
chirp
100
−55
25
7.5

0.34

4.9

pulse number
3
4
pump 1
HS
100
−160
80
6
1
10
8.3

obs. π
chirp
1000
−55
25
7.5

4.9

5

6

pump 2
HS
100
30
60

obs. π
chirp
50
−55
25
30

6
1
10
10.2

5.3
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