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Abstract 

Electron paramagnetic resonance (EPR) spectroscopy is a technique with many 

different application fields. It is gaining popularity in medicine, material science, and 

biochemistry. As EPR was further established in other research fields, several new 

methodologies arose. Over the years, methods have been developed to detect 

interactions between two paramagnetic centers and a paramagnetic center and a 

magnetic nucleus. These diverse methodologies allow for structural and function 

analysis through distance measurements and coupling analysis.  

The need for higher precision measurements of minimal distances grew, and methods 

were developed and employed to satisfy this need. This thesis modifies 19F ENDOR 

measurements for very short distances from 94 GHz to 34 GHz, enhancing the 

technique's accessibility for a broader scientific audience. It also investigates DNA G-

quadruplexes (GQ), which are critical to essential biological processes such as 

telomerase maintenance and gene expression. This research showcases the 

successful application of the 19F-ENDOR methodology at 34 GHz, overcoming the 

limitations posed by the complexity and scarcity of higher-frequency spectrometers. 

Notably, the approach retains sensitivity and orientational resolution, enhancing our 

understanding of GQs and expanding the methodological toolbox for studying other 

macromolecules.  

Furthermore, analyzing biological processes sometimes means looking outside the 

established boundaries. In some cases, life exists in extreme environments that are 

not easily reproduced in lab scenarios, like high-pressure deep-sea environments, and 

are not always reliant on abundant amounts of substances; in some cases, a low 

amount of molecules can already change biological function. Both of these edge cases 

are not easily accessible for EPR spectroscopy. A robust high-pressure EPR setup for 

pressures up to 4 kbar was constructed and tested during this thesis. This not only 

allows for basic EPR experiments but also opens the door to the full variety of dipolar 

spectroscopy methods available in EPR by following an out-of-spectrometer approach. 

This allows the application to be independent of the later spectrometer setup, 

simplifying the application drastically. Additionally, a high-sensitivity resonator with an 

extra large sample entrance for microwave and radio frequency double resonance 

experiments was built and established to allow for measurements of very low-

concentration samples that were not feasible in a timely manner with commercially 

available resonators. 
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Zusammenfassung 

Die paramagnetische Elektronenresonanzspektroskopie (EPR) ist eine Technik mit 

vielen verschiedenen Anwendungsbereichen. Sie wird in der Medizin, den 

Materialwissenschaften und der Biochemie immer häufiger verwendet. Durch die 

steigende Verbreitung der EPR Spektroskopie in anderen Forschungsbereichen 

entstanden mehrere neue Methoden.  

Der Bedarf an präziseren Messungen minimaler Abstände wuchs, und es wurden 

Methoden entwickelt und eingesetzt, um diesen Bedarf zu decken. In dieser Arbeit 

wurde die Anwendung von 19F ENDOR-Messungen für diese sehr kurzen 

Entfernungen bei 94 GHz auf 34 GHz übertragen, um die Nutzung der Technik für ein 

breiteres wissenschaftliches Publikum zu ermöglichen, und mit der Erforschung von 

DNA-G-Quadruplexen kombiniert, die aufgrund ihrer Beteiligung an entscheidenden 

biologischen Prozessen wie der Telomerase-Erhaltung und der Genexpression von 

großem Interesse sind. Diese Forschungsarbeit zeigt die erfolgreiche Anwendung der 

19F-ENDOR-Methode bei 34 GHz und überwindet die Einschränkungen, die sich aus 

der Komplexität und dem Mangel an Spektrometern mit höheren Frequenzen ergeben. 

Vor allem behält der Ansatz die Empfindlichkeit und die Orientierungsauflösung bei, 

was unser Verständnis von GQs verbessert und den methodischen Werkzeugkasten 

für die Untersuchung anderer Makromoleküle erweitert.  

Außerdem bedeutet die Analyse biologischer Prozesse manchmal, dass man über die 

etablierten Grenzen hinausschauen muss. In einigen Fällen findet Leben in extremen 

Umgebungen statt, die in Laborszenarien nicht einfach reproduziert werden können, 

wie z. B. die Hochdruck-Tiefseeumgebungen, und sie sind nicht immer auf große 

Mengen von Substanzen angewiesen; in einigen Fällen kann bereits eine geringe 

Menge von Molekülen die biologische Funktion verändern. Beide Grenzfälle sind für 

die EPR-Spektroskopie nicht einfach zu untersuchen. Im Rahmen dieser Arbeit wurde 

ein robuster Hochdruck-EPR-Aufbau für Drücke bis zu 4 kbar konstruiert und getestet. 

Dies ermöglicht nicht nur grundlegende EPR-Experimente, sondern öffnet auch die 

Tür zur gesamten Vielfalt der dipolaren Spektroskopiemethoden, die in der EPR zur 

Verfügung stehen, indem ein Out-of-Spectrometer-Ansatz verfolgt wird. Dadurch wird 

die Anwendung unabhängig vom späteren Spektrometeraufbau, was diese drastisch 

vereinfacht. Darüber hinaus wurde ein hochempfindlicher Resonator mit einem extra 

großen Probeneingang für Mikrowellen- und Radiofrequenz-

Doppelresonanzexperimente gebaut und etabliert, um Messungen an sehr niedrig 
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konzentrierten Proben zu ermöglichen, die mit Standard-Bruker-Resonatoren nicht in 

angemessener Zeit durchführbar waren. 

  



 VII 

List of Publications and Presentations 

Publications: 

• S. L. Schumann, S. Kotnig, Y. Kutin, M. Drosou, L. M. Stratmann, Y. Streltsova, 

A. Schnegg, D. A. Pantazis, G. H. Clever, M. Kasanmascheff, Chem. Eur. J. 

2023, 29, e202302527. 

• F. Attar, H. Yin, S. L. Schumann, J. Langley, N. Cox, Z. Zeng, K. Catchpole, S. 

K. Karuturi, Z. Yin, Energy Environ. Sci. 2024, DOI 10.1039/d4ee00445k. 

• S. A. Ekanayake, A. Seeber, J. F. Olorunyomi, H. Mai, S. Mahasivam, D. Shah, 

J. Lu, X. Wen, N. Sampath, S. L. Schumann, N. Cox, D. Chen, R. A. Caruso, 

J. Mater. Chem. A 2024, DOI: 10.1039/d4ta01202j 

• Double electron-electron resonance spectroscopy for precise reaction tracking 

in DNA dimerization, 2025, in preparation 

• Investigating RNR class 1a PCET pathways through the application of model 

substances and advanced EPR measurements, 2025, in preparation 

 

Oral presentations:  

• Applications of 19F electron-nuclear double resonance distance measurements 

for structure elucidation on G-Quadruplexes, Tag der Chemie, TU Dortmund, 

2024 

• 19F ENDOR: From proof of concept to catalytic research, RESOLV 

Klausurtagung 2024, 2024 

• EPR introduction and DNA G-Quadruplex structures and dynamics investigated 

by 19F ENDOR at 34 GHz, Open faculty seminar Cox group, Australian National 

University Canberra AUS, 2023 

 

Poster presentations: 

• RESOLV Klausurtagung 2021, 2021 

• 55th annual international meeting of the ESR Spectroscopy group of the Royal 

Society of Chemistry, St. Andrews GB, 2022 

• EUROMAR 2022, Utrecht NL, 2022 

  



 VIII 

Acknowledgments 

 

First and foremost, I want to thank my supervisor, Prof. Dr. Müge Kasanmascheff. She always 

supported me with my studies during my bachelor's, master's, and PhD studies in her lab. I 

was allowed a vast amount of freedom on what I worked on and how without any interference 

from her, while she was always available for questions. I’m very grateful she enabled me to 

visit the ANU in Canberra as a visiting researcher during my PhD studies to further broaden 

my knowledge of EPR techniques and spectrometer hardware. She trusted me enough to not 

only plan but also supervise the reconstruction of her EPR labs, and included me in various 

teaching roles over the years, which I am very honored by. 

 

I also want to extend my gratitude to Prof. Dr. Guido Clever, who served as my second 

supervisor. He provided me with the opportunity to work on the DNA G-quadruplexes and 

MetalloDNAzymes developed by his group, a collaboration that has been incredibly productive.  

This success is not only due to his guidance but also to the contributions of his past and present 

group members, who provided the necessary samples for my investigations. I am particularly 

grateful to Simon Kotnig for his ideas and stimulating discussions that led to new approaches 

and projects, as well as his consistent and timely production of the desired samples. 

 

Furthermore, I want to thank all the past and present members of the Kasanmascheff group. 

Over the last seven years, it has been a constant pleasure to work with all of them in a relaxed 

atmosphere, help each other, and have lively conversations. I would especially like to thank 

Dr. Shari Meichsner for always listening and for all her advice on not only work-related topics 

during and after working hours, as well as Dr. Melanie Heghmanns for all the encouragement 

and reality checks, especially during the last year of my PhD and writing this thesis.  

 

Finally, I want to thank my family and friends, who always supported me during my studies, 

even when understanding little to nothing.  

 

I want to acknowledge the financial support by the Cluster of Excellence RESOLV, which 

enabled me to visit the ANU in Australia. I also want to thank Prof. Nick Cox and Martyna Judd 

for all their help and the warm welcome they gave me at the ANU and in their working group. 

 

  



 IX 

 

One degree later… 

Dobby is free! 

  



 X 

Table of Content 

Abstract ................................................................................................................................................. IV 

Zusammenfassung ................................................................................................................................ V 

List of Publications and Presentations ............................................................................................. VII 

Acknowledgments .............................................................................................................................. VIII 

1. Introduction and Motivation ...................................................................................................... 12 

1.1. DNA G-Quadruplex .............................................................................................................. 14 

1.2. High-Pressure in Chemical Biology...................................................................................... 17 

1.3. High-Pressure equipment in EPR ........................................................................................ 20 

1.4. Motivation ............................................................................................................................. 24 

2. Theory on high pressure in proteins ........................................................................................ 25 

3. Electron paramagnetic resonance ............................................................................................ 27 

3.1. The spin system ................................................................................................................... 27 

3.2. Hyperfine Interactions .......................................................................................................... 31 

3.3. EPR application .................................................................................................................... 34 

3.4. The Hahn Echo Experiment ................................................................................................. 34 

3.5. Relaxation times and their measurements ........................................................................... 35 

3.6. Electron Nuclear Double Resonance Experiments .............................................................. 36 

4. 19F ENDOR investigation of metal-incorporated G-Quadruplexes ........................................ 40 

4.1. Initial Characterizing Cu2+ in unimolecular GQ .................................................................... 42 

4.1.1. Optimization of 19F ENDOR measurements at 34 GHz ....................................................... 46 

4.1.2. Determination of Cu2+ position in unimolecular GQs ........................................................... 51 

4.1.3. Comparison of 19F ENDOR results at 34 GHz and 94 GHz. ................................................ 57 

4.1.4. Distance and resolution limits of 19F distance determination ............................................... 62 

4.2. Application of GQ as a Catalyst ........................................................................................... 68 

4.3. GQ binder analysis via 19F ENDOR ..................................................................................... 75 

4.4. Summary and Outlook ......................................................................................................... 78 

4.5. Material and Methods ........................................................................................................... 80 

5. High-pressure tuning of the midpoint potential of Fdx1 ........................................................ 83 

5.1. Sample preparation and methods ........................................................................................ 85 

5.2. Design and performance of High-Pressure equipment ........................................................ 86 

5.3. Results and Discussion ........................................................................................................ 92 

5.4. Summary and Outlook ......................................................................................................... 98 

6. General purpose 34 GHz TE011 resonator ............................................................................... 100 

6.1. TE011 cavity resonator function tests .................................................................................. 102 

6.2. Conclusion and Outlook ..................................................................................................... 107 

Appendix ............................................................................................................................................ 108 

References ......................................................................................................................................... 120 

List of Figures .................................................................................................................................... 133 

List of Tables...................................................................................................................................... 135 

List of Abbreviations ......................................................................................................................... 136 

List of used Tools .............................................................................................................................. 136 

Affidavit .............................................................................................................................................. 137 



 XI 

 

 

  



 12 

1. Introduction and Motivation 

Modern science is heavily reliant on analytical techniques. Before every scientific 

experiment, a hypothesis is made, which needs to be confirmed. Before the rise of 

precise analytical methods, multiple experiments were made to exclude or confirm 

specific hypotheses; nowadays, science uses various powerful analytical techniques 

to resolve structures or processes with fewer experiments. Depending on the 

techniques, information that was never accessible before can now be investigated.  

Nuclear magnetic resonance (NMR) is one of the most commonly used techniques in 

chemistry, biochemistry, and chemical physics for resolving high-resolution structures 

of new compounds. One drawback of NMR spectroscopy is the struggle to resolve 

unpaired electrons sufficiently.[1,2] Systems containing unpaired electrons are not 

commonly observed in chemistry for the same reason that they are of increasing 

interest, their high reactivity. Additionally, biochemistry has a large variety of processes 

heavily reliant on unpaired electron systems, like the synthesis of deoxyribonucleic 

acid (DNA) building blocks,[3,4] photosynthesis,[5,6] cellular respiration,[7,8] and much 

more. One technique specially designed to investigate unpaired electrons, their 

structure, and dynamics is electron paramagnetic resonance spectroscopy, shortened 

to EPR.[9,10] 

Thereby, the applications of EPR are vast: structural determination can be done by 

investigating electron-electron and electron-nucleus interaction, and a multitude of 

techniques can observe dynamics. The opportunity to observe systems in a rigid state, 

solids or frozen solutions, as well as in dynamic surroundings, liquid or gas phase, 

enables the extraction of many parameters. EPR works by irradiation of samples with 

electromagnetic waves. The resolution of standard field-swept experiments can be 

improved partly through higher frequencies. In EPR, the most commonly used 

frequencies are 9.4 GHz (X-Band) and 34 GHz (Q-Band), with 94 GHz (W-Band) 

already being a rarely seen machine.  

In the last decades, a clear trend in EPR for the use of electron-electron interaction 

methods, like DEER, with artificial spin labels emerged as the primary tool for distance 

and structural determination.[11–14] Recently, electron nuclear double resonance 

(ENDOR) began to move back into focus using W-Band machines and 19F isotope 

labeling.[9,15–19] Contrary to Double Electron-Electron Resonance (DEER), which 

probes the interactions between two unpaired electrons, Electron Nuclear Double 

Resonance (ENDOR) specifically resolves the interactions between an unpaired 
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electron and nearby magnetic nuclei, providing detailed insights into the local 

electronic environments. The technique is by no means a new development; already 

in 1988, Wells and Makinen tried 19F ENDOR distance calculations,[20] and Zänker et 

al. implemented a version with 31P in 2005.[21] Still, it went out of interest in the early 

2000s due to its nuclear resolution limitation at the low-frequency machines of that 

time. With its ability to resolve structures below the distance limit of electron-electron 

interaction techniques (limited to distances > 1.5 nm[12,14]), it complements the current 

structural elucidation toolbox perfectly.[9,18] Furthermore, the incorporation of single 

isotope labels like 19F is much less likely to disturb the overall structure than the 

incorporation of large artificial spin labels like TEMPO or even Gd-complexes.[9,18,22–24] 

For our research in the working group, this technique showed to be of interest. The 

DNA G-Quadruplex rulers, developed in cooperation with the group of Prof. Clever, 

are well studied in their dimerization behavior by DEER.[25–27] Still, we lacked structural 

information on the direct surroundings of the incorporated Cu2+ paramagnetic center 

and single G-Quadruplexes due to the DEER distance limitations. Here, as well as for 

the following catalytic and binding research, ENDOR distance determination is an ideal 

tool for structural elucidation. 

Another niche application of EPR is the study of the behavior of proteins under 

pressure.[28–30] The approach of high pressure in a chemical context is only roughly a 

hundred years old, starting with the development of the Haber-Bosch Synthesis of 

Ammonia in the early 20th century.[31] From a general point of view, using high pressure 

often influences the energy barrier of processes and can lead to the occupation of 

otherwise inaccessible energy states.[32–35] For industrial applications, the possible use 

of high pressure to accelerate or access specific processes is important.[31,36] Under 

these considerations, developing and applying high-pressure EPR methods are not 

only interesting but advantageous as catalytic processes often involve paramagnetica 

metal centers, which EPR ideally investigates. 

 

  

 
a Paramagnetism is a form of magnetism due to the presence of unpaired electrons in the material. 
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1.1. DNA G-Quadruplex 

All living organisms are built around one essential macromolecule, the 

Deoxyribonucleic acid (DNA). Through biological translation and transcription into 

messenger ribonucleic acid (mRNA), DNA builds templates for all the protein 

production in the organism, acting as the genetic storage of the organism. While 

responsible for all life, DNA is built from four main building blocks called nucleotides 

bound together as a linear polymer chain. The base of each nucleotide is a 

desoxyribose sugar with a phosphate group at the 5’ carbon atom and one of four 

nucleobases (adenine, guanine, cytosine, thymine) at the 1’ carbon atom. The single 

nucleotides are connected by phosphodiester groups, formed between the phosphate 

group and the 3’ carbon of the following nucleotide.[37] 

Commonly, the best-known secondary structure of DNA is the antiparallel double helix 

(B-DNA), in which two complementary DNA strands coil around each other (Figure 

1B). A particular hydrogen bond interactions are needed, so-called Watson-Crick base 

pairing. Watson-Crick 𝜋-stacked base pairs only appear between adenine (A) and 

thymine (T), as well as guanine (G) and cysteine (C), respectively (Figure 1A). For the 

elucidation of the DNA duplex structure, with the outwards pointing negatively charged 

sugar-phosphate backbone and the nearly perpendicular to the helix axis located base 

pairs, James Watson, Francis Crick, and Maurice Wilkins were awarded the Nobel 

price in Medicine or Physiology in 1962.[37–39] The Watson-Crick base pairing can also 

be observed in other secondary structure motifs of DNA, such as hairpin loops, three-

way junctions, and holiday junctions (four-way junctions).[40–43] 

 

Figure 1: DNA building blocks and B-DNA structure. A: Nucleobase pairs of Adenine/Thymine and 

Guanine/Cytosine with the Watson-Crick hydrogen bonds marked as dashed lines. B: Schematic drawing of the 

formation of B-DNA in a cartoon fashion. Drawing generated with BioRender.  
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In addition to Watson-Crick base pairs, a different kind of hydrogen bond interaction 

appears in DNA strands, leading to the formation of Hoogsteen base pairs.[44] In these 

interactions, the N7 atoms of adenine and guanine serve as hydrogen bond acceptors 

(Figure 2A). Thus, new secondary structure motifs are formed, prominently the i-motif 

and G-quadruplexe (GQ).[45]  

G-Quadruplexes are often formed in guanine-rich DNA sequences. The assembly can 

be split into two parts. The planar G-tetrads (or G-quartets) formed out of four guanine 

nucleobases are the basic structural motifs, which, by 𝜋-stacking, form four-stranded 

G-Quadruplexes (Figure 2).[45–48] To compensate for the partial negative charge from 

the inward-pointing carbonyl oxygen, metal ions, typically K+ or Na+, are localized 

between the stacked G-tetrads.[49] High structural diversity of G-Quadruplexes is 

achieved due to the different stabilizing metal ions and other parameters such as the 

number of G-quartets and the number of DNA strands (uni-, bi-, and tetramolecular 

GQs).[50] The structural diversity is further increased through differences in the loops 

at the ends of each GQ. The loops can differ in length, composition, and connectivity. 

A distinction is made between propeller-shape (double-chain-reversal), diagonal, and 

lateral (edgewise) loop configurations (Figure 2B). These loop configurations dictate 

the directionalities of the following guanines, resulting in parallel or antiparallel 

configurations (with respect to each other). Also, accommodating the different 

directions of DNA strands results in either syn or anti-conformation of the N-glycosidic 

bonds in the different guanosines. Overall, these conformational differences allow for 

many different topologies, inter alia all-parallel and antiparallel.[50–54] In general, outside 

influences, like pH, electrolyte and DNA concentration, cosolvents, and GQ binders, 

can influence the topology, as guanine-rich sequences can often adopt several 

different topologies due to similar energy levels.[55–61] Additionally, GQs tend to form 

higher-order structures such as dimers,[59,62–64] G-wires,[65,66] and other motifs, which 

are thought to influence their function in vivo.[67–70] 
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Figure 2: Structure and topology examples of G-Quadruplexes. A: Structure of one G-quartet with Hoogsteen 

hydrogen bonds marked as dashed lines with central alkali cation. B: Topologies of tetramolecular, bimolecular and 

unimolecular G-Quadruplexes. For uni- and bimolecular G-Quadruplexes, one example of diagonal, lateral, and 

propeller loops is given, as well as parallel and antiparallel DNA strand orientation. Additional strand orientations 

like hybrid, bulge, G-vacancy, and hairpin are not shown. Figure adapted from [71]. 

For quite some time, GQs were thought to appear only in lab experiments in-vitro, but 

in the 1980s, they were found in guanine-rich sequences in the telomeric ends of 

chromosomes.[72–75] Balasubramanian et al., in 2013, gave visual evidence of GQs in 

human cells by using a specifically engineered fluorescence antibody.[76,77] GQs are 

mainly found in promoter regions of genes, DNA replication origins, control regions of 

mRNA, and most prominently in telomers. All these locations indicate the important 

role of GQs in regulating key biological processes, like gene expression and telomeric 

maintenance.[54,55,78–80] It is, for example, not yet understood if and how the multitude 

of GQs in the direct neighborhood interact within the telomeric overhangs.[55,70,81–84] 

GQs have been identified as interesting drug targets in anticancer research due to their 

regulatory function in pathological processes.[48,85,86] Beyond their biological role, GQs 

gained much interest as a structural motif in the field of DNA nanotechnology.[87–89] 

DNA's highly predictable and programmable interactions are ideal for exploiting 

molecular switches and machines,[90–95] leading to the development of DNA origami in 

2006.[92]  
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1.2. High-Pressure in Chemical Biology 

In the field of chemical research, it is generally agreed that most of the fundamental 

principles are understood and established. Much of the research currently focuses on 

the supramolecular chemistry of biological molecules, polymeric macromolecules, and 

nanoparticles. Nevertheless, much of this research is done at or around standard 

conditions, while many processes that take place under extreme temperature and 

pressure conditions inside the earth's crust, stars, or deep inside oceans are relatively 

infrequently investigated.[96] Only at the beginning of the 20th century did pressure start 

gaining interest for chemical applications, such as the synthesis of ammonia, 

diamonds, and polyethylene, or the application of pressure for food 

conservation.[32,97,98] Besides classical chemistry, biochemistry is a field with increased 

interest in pressure effects. These effects can be used to investigate essential but low-

populated states of proteins and enzymes. 

In biological processes, structure determines function.[99] Particular conformations 

(foldings) of biomacromolecules (proteins, nucleosides, etc.) are known to fluctuate 

under normal conditions, and the low occupancy of higher-energy conformations of the 

native state makes them hard to investigate (Figure 3).[100–103] While well-ordered 

native state predominates for many proteins under normal conditions, higher energy 

states may be required for their biological function,[99,104] like in the case of ubiquitin 

binding to the Cin85 protein[105] or enzymatic activity of, for example, dihydrofolate 

reductase[106] and protein folding.[99,107] Not only the structural changes during the 

transition to a higher energy excited state, like local unfolding or rigid-body motion,[107–

110] but also the timescale of transition might be relevant to protein function.[111] 

These excited states often have only a few kcal/mol higher energy than the native 

states, making them difficult to investigate.[29] The different states can be accessed via 

either chemical or physical perturbation, like pH, ionic strength, chemical denaturation 

(e.g., urea), the addition of small molecules, temperature, or the above-mentioned 

pressure. Pressure effects are especially interesting as small energy differences are 

often difficult to access by temperature or chemical means.[103,112–115] 
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Figure 3: Simplified illustration of the energy landscape of proteins. Insert shows the conformational substates 

inside the protein's native state. The energy landscape can be manipulated through different perturbation methods 

to facilitate the occupation of higher energy conformations. Figure adapted from Ref.[103] 

High pressure helped to investigate folding intermediates and low-lying excited states 

with functional roles.[115–118] This effect is facilitated as proteins in solution fluctuate in 

their energy and volume, differentiating folded, partly folded, and unfolded 

conformations. Studies in this field are most often done in a pressure range from 1 bar 

to 10 kbar. In these ranges, only intermolecular distances, hydrophobic interactions, 

and conformations are affected; 10 kbar is generally not enough to affect covalent 

bond lengths or angles.[96,103,112,119] Oligomeric proteins tend to dissociate under 

pressures ranging from 1 to 2 kbar,[120] while smaller monomeric proteins typically 

denature within the 3 to 8 kbar range.[121,122] This suggests that pressures up to 3 kbar 

primarily affect the quaternary protein structures, whereas higher pressures have a 

greater impact on the secondary and tertiary structures. Notably, the primary structures 

of proteins remain unaffected by pressures up to 20 kbar.[123] The unfolding of proteins 

under pressure is primarily attributed to the void spaces within the protein structure, 

which result from imperfect packing. When pressure is applied, these void spaces are 

eliminated, reducing the overall system volume.[124] Water penetration into the protein 

interior can also weaken hydrophobic interactions, contributing to pressure-induced 

unfolding. Conversely, pressure-induced dissociation can be explained by the 

imperfect packing of atoms at the subunit interface and the disruption of polar and ionic 

bonds at these interfaces, ultimately leading to negative volume changes.[123] 
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Figure 4: Theoretical temperature-pressure stability phase diagram of an oligomeric protein. Adapted from Ref.[112] 

The volume of a protein is largely determined by the size of its individual atoms, the 

empty spaces within its internal cavities, and the impact of solvation by peptide bonds 

and amino acid side chains. When applied, pressure can lead to significant changes 

in the protein's structure, inducing local and global conformational alterations as well 

as subunit dissociation and association processes. These changes ultimately result in 

the protein's denaturation (Figure 4). 

Not only is the investigation of higher energy states of proteins interesting for 

understanding their function and structure, reaction acceleration or tuning are subjects 

gaining interest for biomolecular-based industrial processes.  
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1.3. High-Pressure equipment in EPR 

High-pressure setups are commonly used for different spectroscopic methods, such 

as NMR, Fourier-transform infrared spectroscopy, or circular dichroism 

spectroscopy.[115,121] Multiple different, very specific setups have been developed for 

EPR spectroscopy. The development focuses on three system types: solid-state 

applications, primarily used in physics; liquid state; and frozen solution, the latter two 

used primarily in chemistry and biochemistry for protein research.[29,30,125–128] For solid-

state applications, anvil or diamond pressure cells generate pressure by mechanical 

compression and are integrated into special or commercial resonators,[126,127,129] or the 

investigation is performed on standard atmospheric EPR spectrometers for solids 

generated under high-pressure when stable under atmospheric pressure.[130] A further 

unique application is high-pressure generated by supercritical CO2 in a specially 

designed pressure cell; in this case, the CO2 is not only the pressure medium but also 

the solvent.[125] 

Two magnetic resonance groups are known especially for liquid state and frozen 

solution applications: the Akasaka group[108,115–118,131] in the field of NMR spectroscopy 

and the Hubbell group [28–30,128,132,133] in EPR spectroscopy. For EPR, two types of 

liquid pressure cells are used, most commonly for experiments with site-directed spin 

labeling by the Hubbell group. The first is made of a fused silica capillary, which is 

polytetrafluoroethylene-coated (PTFE) and folded into bundles containing 15-25 loops. 

These bundles are fragile, and handling is difficult to avoid scratching when inserted 

into 5 mm outer diameter (OD) NMR/EPR tubes (Figure 5A).[28] One end of the 

capillary is sealed while the other is connected to a pressure intensifier, allowing 

pressures of roughly 4 kbar. The advantage of this technique is the use of standard 

tubes and EPR resonators. A disadvantage is the small sample volume; due to the 

folding and material of the fused silica capillary, the sample volume in a standard X-

band Bruker resonator ( tube size 5 mm OD) is less than 2 µL, making high sample 

concentrations necessary. This disadvantage could be minimized by using higher 

frequencies and capillaries in different sizes,[29] as capillaries with 1.6 mm OD could 

be used in standard Bruker D2 Q-Band resonators without additional EPR tubes and 

folding. Alternatively, an experimental but commercially available yttria-stabilized 

zirconia ceramic cell (HUB440-Cer, Pressure BioScience, Inc.) can be used with a 

custom-made resonator from Bruker (ER4123D) (Figure 5B).[134]  
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Figure 5: High-pressure cells for liquid state EPR measurements. A: PTFE-coated fused silica bundles inside a 5 

mm OD EPR tube. The sample is filled into the fused silica capillary before insertion. B: yttria-stabilized zirconia 

ceramic pressure cell. Both cells mainly find application in continuous wave X-Band EPR. Figure taken and modified 

from Ref.[29] under the RightsLink license number 5942930825598. 

The sample volume of around 5 µL is higher, allowing the concentration to be reduced 

to roughly 200 µM for a satisfying signal-to-noise ratio (SNR). Depending on the 

specific cells, a pressure of around 2.4 kbars can be achieved. A larger disadvantage 

is the strong background signal exhibited by the cell. The pressure-independent signal 

overlaps with a typical nitroxide spectrum at different pressure values.[29] Both high-

pressure cell versions are currently mainly used for continuous wave X-band 

measurements.[29] Standardized connectors connect the cells to different pressure 

intensifiers.  

For pulse EPR applications and advanced EPR experiments, the tumbling and 

relaxation properties of the paramagnetic centers in solution are problematic due to 

averaging out of most interactions. Therefore, these samples are often frozen to gain 

better insight into additional properties like hyperfine coupling or distance 

measurements like DEER depending on dipolar interaction, which is averaged out in 

fast-tumbling environments (Chapter 3.1). The previously described equipment is not 

applicable to these measurements as the sample inside a standard resonator is inside 

an additional Helium-flow cryostat, making high-pressure connections and nearly all 

pressure media (besides Helium gas itself) impossible. Therefore, an alternative 

approach was developed: freezing the investigated sample under high-pressure 

conditions (Figure 6).[133]  
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Figure 6: Principle of freezing EPR samples under pressure. A: Schematic drawing of the full pressure cell with an 

EPR tube inside. The tube has a silicon piston inside to separate pressure media and sample solvent. Additionally, 

a magnetic ring is attached. Pure ethanol is used as a pressure medium. B: The pressure cell is attached to a 

pressure intensifier and halfway inserted into a dry ice ethanol bath. C: After pressure generation, the sample is 

lowered to the bottom of the pressure cell with the help of magnets and the metal ring. D: the pressure cell is fully 

immersed in the cooling bath to freeze the sample fully. E: After releasing the pressure, the frozen sample is 

transferred to liquid nitrogen for storage or transfer into the EPR spectrometer.  

The principle is based on the condition that water solvents (buffers) are used to trap 

high-pressure conformations. The samples are filled into borosilicate capillary cells, 

which act as EPR tubes, and sealed with silicon pistons before the cells are filled with 

ethanol (Figure 6A). 

In this case, the ethanol acts as the pressurizing medium, and freezing is achieved by 

insertion into an ethanol/dry ice bath. The water-based sample will thereby fully freeze 

in a stiff matrix while the ethanol stays liquid, allowing it to get the sample out after 



 23 

pressurization. To pressurize the sample, the capillary is inserted with a metal collar 

into a pressure bomb (cylindric pressure cell), connected to a pressure intensifier, and 

halfway submerged in the ethanol/dry ice cooling bath (Figure 6B). Due to the metal 

collar, the sample can be moved from the outside, allowing it to be lowered into the 

cooled part of the pressure bomb after pressurization for freezing. After freezing, the 

pressure is relieved, and the sample can be either transferred to the spectrometer for 

low-temperature measurements or to liquid nitrogen for storage (Figure 6C-E). 

Therefore, it is crucial to keep the sample below the glass transition temperature of the 

investigated system to prevent it from relaxing out of the high-pressure 

configuration.[134,135] A quick transition to liquid nitrogen is thereby advised.[133]  
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1.4. Motivation 

Electron paramagnetic resonance spectroscopy has only been employed for roughly 

80 years and is still under constant development. Higher frequencies, new 

measurement approaches, and utterly new measurement techniques are continuously 

developed. Many of these cases have very specific uses and are not widely applied 

for one reason or another. One of life's most crucial building blocks, the DNA, still has 

many unknown interactions and functions in its different secondary structures outside 

the well-known B-DNA. This work investigates DNA G-quadruplexes, a secondary 

structural motif often related to cancer drug research and possible use in 

metalloDNAnzymes. To enable investigations of Angström distance resolutions, the 

relatively new technique of 19F ENDOR measurements is ideal but needs to be 

adjusted and implemented for 34 GHz spectrometers. This research should not only 

shed light on these vital DNA structures but also help to establish a novel and powerful 

technique, before only used on rare 94 GHz spectrometers, for a broader scientific 

audience at 34 GHz. 

Further, establishing high-pressure EPR equipment was necessary to investigate the 

tuning of midpoint potentials for higher H2 production in Fdx1 by high pressure. While 

some high-pressure measurements were performed in EPR, a commercially available 

method has yet to be established. This work should demonstrate a simple but reliable 

way to pressurize EPR samples up to 4 kbar for all available EPR methods. This 

allowed investigations on the promising Fdx1 protein for industrial H2 production 

through biocatalysts. For this purpose, an additional new EPR resonator was built and 

tested in cooperation with the working group of Prof. Nick Cox at the Australian 

National University in Australia. This should allow one sample to be used in all our 

commercially available EPR spectrometers and methods under atmospheric and high-

pressure conditions. 

As identified in the preceding sections, the limitations in current EPR techniques for 

studying DNA G-Quadruplexes and high-pressure effects on proteins highlight 

significant gaps in our understanding. The following theory and methodology section 

details the advanced EPR techniques, including 19F ENDOR and high-pressure 

protein research, specifically chosen to address these gaps.  
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2. Theory on high pressure in proteins 

Chemical reaction rates and equilibria can be manipulated using high pressure 

following the application of Le Chatelier’s principle. Therefore, reactions always tend 

to go toward the smaller volume.[136] 

In general, the change in the free Gibbs energy ∆𝐺 in equilibrium state determined by 

the thermodynamical quantities of entropy 𝑆 and internal energy 𝑈 is given as:  

∆𝐺 =  −𝑅𝑇𝑙𝑛(𝐾) =  ∆𝑈 + 𝑝∆𝑉 − 𝑇∆𝑆   (1.1) 

Connected by the gas and equilibrium constants 𝑅 and 𝐾, respectively, as well as the 

volume 𝑉 and the temperature 𝑇.[121] The direct pressure effect on the volume is 

apparent, and the impact at equilibrium between two distinct states is given by the 

volume difference ∆𝑉: 

∆𝑉 = 𝑉𝐵 − 𝑉𝐴 = (
𝜕∆𝐺

𝜕𝑝
)

𝑇
= −𝑅𝑇 (

𝜕ln (𝐾)

𝜕𝑝
)

𝑇
.   (1.2) 

A change in conformation population towards higher energy states can be obtained if 

∆𝑉 is sufficiently negative and stable conformers are trapped under pressure. As 

mentioned before, 2 kbar can be enough to denature some proteins. Under 

physiological conditions, the free Gibbs energy is slightly positive, as the native state 

is more stable than the unfolded one. Typical globular proteins with a volume difference 

of -20 to -100 cm3 mol-1 (when compressed) get denatured at 2 kbar as ∆𝐺 will get 

slightly negative.[112] 

During reactions or biological activity, an activation volume ∆𝑉# can be written with the 

rate constant 𝑘:[137] 

∆𝑉# =  −𝑅𝑇 (
𝜕ln (𝑘)

𝜕𝑝
)

𝑇
    (1.3) 

Negative activation volumes for reactions imply that the transition state has a smaller 

volume than the equilibrium/starting state; under increased pressure, these reactions 

will be accelerated, and vice versa (Figure 7). 

The main effect pressure has on biomolecules is the change in hydration surrounding 

and interactions, like hydrogen bonding and hydrophobic interactions. Hydrogen bonds 

are often strengthened under pressure, while hydrophobic interactions are weakened 

upon compression or solvent insertion.[112] 
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Figure 7: Reaction process profiles depending on their respective activation volumes. The reaction of the educts 

(E) to the products (P) via their transition state (T) is either accelerated or slowed down depending on the activation 

volume under pressure. Red: Positive activation volume slows down the reaction process under the effect of 

pressure. Blue: Negative activation volume; the reaction is accelerated.  

For biochemical processes, characteristic values of ∆𝑉 and ∆𝑉# are around +50 to 

−50 mL/mol.[121,138]  

As the structure and folding of a protein are often ordered, the activation volume is 

partly influenced by intrinsic-, solvation-, and steric factors, providing information about 

the mechanisms of a reaction by the magnitude and sign of the activation volume. 

Three general propositions can be made:[112,139]  

1) The activation volume is negatively influenced by associative processes, 

including bond formation in the rate-determining step, formation of charged 

species, and the volume change from the solvation of newly formed charges. 

2) The activation volume is positively influenced by dissociative processes, bond 

breaking, and the neutralization of charges due to the relaxation of solvation.  

3) In multistep reactions, the activation volume is the sum of the rate-determining 

step activation volume and the reaction volumes of any pre-equilibria occurring 

before the slower step. 
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3. Electron paramagnetic resonance 

Electron paramagnetic resonance, or electron spin resonance (ESR), is a powerful 

technique for studying paramagnetic centers. In 1944, Soviet physicist Yevgeny 

Zavoisky recorded the first EPR spectrum at Kazan State University.[140] Initially, salts 

of different transition metal ions were mostly investigated via EPR spectroscopy.[141,142] 

This sensitive method is increasingly applied in various fields, such as medicine, 

material science, biochemistry, and others. Diverse samples, such as crystalline solids, 

liquid solutions, and powders, are investigated over a broad range of 

temperatures.[143,144] 

EPR measurements are based on the following three basic requirements: a 

paramagnetic center in the form of an unpaired electron gets irradiated with 

microwaves (mw) inside an external magnetic field. Examples of unpaired electrons 

range from transition metal ions and amino acid radicals to more complex 

bioradicals.[144] Two exceptional cases in EPR spectroscopy are molecules with two or 

more unpaired electrons interacting, like triplet states or transition metals, and non-

paramagnetic molecules. Spin labels, which are molecules with a stable unpaired 

electron (e.g., a TEMPO radical) and a linker to attach them to other molecules, are 

introduced to investigate non-paramagnetic molecules such as DNA and 

proteins.[24,144–148] 

The following section will introduce important and necessary EPR terms and concepts 

for this thesis. This information is well-known textbook knowledge, such as that found 

in the books of Goldfarb et al.[149] and Schweiger et. al.[144].  

 

3.1. The spin system  

From the Stern-Gerlach experiment, it is known that every electron exhibits a spin 

angular momentum described by the spin operator 𝑺̂,b which is quantized in the units 

of the reduced Planck constant ℏ, and the primary spin quantum number S.[144,150] The 

spin angular momentum is often called “spin” for short. The unpaired electron of the 

paramagnetic center in a sample can not be seen as a “free electron”. Inside a sample, 

the electronic ground state of the electron is influenced by interactions with its 

surroundings. These interactions are described by the static spin Hamiltonian, which 

sums up all separate possible magnetic interaction Hamiltonians:[144] 

 
b Operators are indicated with a circumflex, and vectors and matrixes are written in bold. 
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ℋ̂𝑆 =  ℋ̂𝐸𝑍 + ℋ̂𝑁𝑍 + ℋ̂𝐻𝐹 + ℋ̂𝑍𝐹𝑆 + ℋ̂𝐸𝐸 + ℋ̂𝑁𝑄 + ℋ̂𝑁𝑁   (2.1) 

The Hamiltonians are, ℋ̂𝐸𝑍, the electron Zeeman interaction, ℋ̂𝑁𝑍, the nuclear Zeeman 

interaction, ℋ̂𝐻𝐹, the hyperfine interaction between the electron and a nucleus, ℋ̂𝑍𝐹𝑆, 

the zero-field interaction for S > 1/2, ℋ̂𝐸𝐸, the electron-electron interaction if more than 

one unpaired electron is in the system, ℋ̂𝑁𝑄, the nuclear quadrupole interaction for 

nuclear spin I > 1/2 and ℋ̂𝑁𝑁, the nuclear-nuclear interaction. As many of the terms 

are irrelevant to the systems and applications in this work, only ℋ̂𝐸𝑍, ℋ̂𝑁𝑍 and ℋ̂𝐻𝐹 will 

be examined further on the following pages. 

The electron, with its angular momentum as well as a mass and a nonzero charge, 

gives rise to a magnetic moment: 

𝝁 =  −𝑔𝜇𝐵𝑺.      (2.2) 

Where 𝜇𝐵 is the Bohr magneton and the factor 𝑔 is a correction for the deviation 

between the quantum object and classical charged particle behavior. For a free 

electron, it is exceptionally accurately known with 𝑔𝑒 = 2.00231930436082(52),[149] 

while real systems derive from it. The deviation from the free electron 𝑔-factor is 

relatively small for organic radicals, while for transition metal ions, it can be large.  

The name 𝑔-factor originates from the gyromagnetic factor in the gyromagnetic ratio 

𝛾𝑒 = −
𝑔𝑒𝜇𝐵

ℏ
, linking the angular momentum and magnetic moment directly: 

𝝁 =  𝛾𝑒𝑺      (2.3) 

The interaction of the magnetic moment with an external magnetic field 𝑩 is then 

described by the electron Zeeman Hamiltonian: 

ℋ̂𝐸𝑍 =  
𝜇𝐵

ℏ
𝑩𝑇𝒈𝑺̂.     (2.4) 

Here the 𝑔-factor is given as a symmetric 𝒈-tensor as magnetic interaction make it 

orientation-dependent. The electron in a sample, bound to a nucleus, exhibits spin-

orbit coupling, giving rise to the effective 𝒈-tensor. This coupling is unique for each 

paramagnetic center, resulting in a unique 𝒈-tensor for a specific sample, which is 

often used as a fingerprint. In general, a cartesian frame is chosen as a molecular 

frame of reference to diagonalize the 𝒈-tensor into three eigenvalues. Further the 

symmetry of the 𝒈-tensor can be categorized into three cases: isotropic (𝑔1 = 𝑔2 = 𝑔3) 

representing the cubic symmetry, axial symmetry (𝑔1 = 𝑔2 ≠ 𝑔3) and rhombic 

symmetry (𝑔1 ≠ 𝑔2 ≠ 𝑔3). All other interactions discussed here are also given in their 

respective cartesian frame and can be transferred to the molecular reference frame of 

the 𝒈-tensor via rotations by three Euler angles 𝛼, 𝛽 and 𝛾. 
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This anisotropy is not only dependent on the electron-harboring atom but on its 

surroundings. Organic radicals often exhibit rhombic symmetry, while transition metal 

complexes with symmetric ligands are often axial or even isotropic. In a liquid solution, 

the anisotropy is averaged out through the rapid tumbling of the molecule, resulting in 

an isotropic 𝒈-tensor (𝑔𝑖𝑠𝑜 =  
𝑔1+𝑔2+𝑔3

3
). 

As it is only possible to determine one special component at a time, the usual 

convention was made that the z-component is the reference point. Therein the 

projection of 𝑺̂ results in the components 𝑆̂𝑥, 𝑆̂𝑦 and 𝑆̂𝑧 ranging in their eigenvalues from 

+𝑆 to −𝑆 with (2𝑆 + 1) components with the restriction to their secondary magnetic 

quantum numbers, 𝑚𝑠 = ±
1

2
 for S = 

1

2
. 

By applying an external magnetic field, 𝐵0, along the z-axis parallel to the 𝑆𝑧, the 

electron spin energy 𝐸 can be calculated with the magnetic moment:  

𝐸 = −𝜇𝑧𝐵0 = 𝑔𝑒𝜇𝐵𝑚𝑆𝐵0.    (2.5) 

 

According to equation 2.5, the degenerated spin states get split depending on 𝑚𝑆 by 

the magnetic field (Figure 8). This splitting in the α (parallel) and β (antiparallel) energy 

state in the presence of 𝐵0 is called Zeeman splitting.  

 

Figure 8: Zeeman splitting for an electron with 𝑆 =  
1

2
 in an external magnetic field 𝐵0. The difference frequency 

bands are indicated inside the figure. An abortuary simulation at 9.5 GHz and 94 GHz shows an example of the 

separation of eigenvalues at higher fields 

To induce a transition between the α and β states, the energy difference ∆𝐸 between 

them must equal the energy of the mw photons. Thus, an EPR transition is only 

induced when the irradiation frequency 𝑣 fulfills the so-called the resonance condition:  

ℎ𝑣 =  ∆𝐸 = 𝐸𝛼 − 𝐸𝛽 = 𝑔𝜇𝐵𝐵0.    (2.6) 
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As the energy difference ∆𝐸 is proportional to the magnetic field 𝐵0, different magnetic 

field positions require different frequencies. The energy difference can be determined 

by holding the mw frequency steady and sweeping the magnetic field. Both continuous 

wave (CW) and pulse EPR experiments are based on this principle. In contrast to pulse 

EPR, in CW experiments, a continuous low-power mw radiation of a fixed frequency is 

applied while the magnetic field is swept. The further difference between pulse and 

CW EPR is the modulated magnetic field. In most EPR experiments, the resonator is 

critically coupled, meaning that the resonator entirely absorbs the input power. If the 

sample now absorbs power at resonance, the resonator detunes and reflects MW 

power, which gets recorded. The modulation of the magnetic field in CW experiments 

increases the signal-to-noise ratio considerably and results in the first derivative shape 

of the spectrum.  

As the external magnetic field lifts the degeneracy of the spin states, the spins are 

distributed to the different states. The population ratio between the two states is given 

via the Boltzmann distribution 

𝑁𝛼

𝑁𝛽
=  𝑒

−𝑔𝜇𝐵𝐵0
𝑘𝐵𝑇 .     (2.7) 

𝑁𝑥: the number of spins in the state 𝑥; 𝑘𝐵: Boltzmann constant; 𝑇: temperature. 

The Boltzmann distribution shows that lowering the temperature increases the 

population difference and the EPR signal intensity.  

As briefly mentioned before, EPR experiments can be performed at different 

frequencies/field ranges (Figure 8). 9.5 GHz (X-band) and 34 GHz (Q-band) are 

commonly used. Furthermore, some high-field/high-frequency spectrometers up to 

263 GHz are available, such as the commercial 95 GHz W-band spectrometer. The 

advantage of higher frequencies is that the resolution of 𝑔-eigenvalues is improved 

due to the higher separation of energy levels of the spin states (Figure 8).  

For nuclear spins, the basic principle is the same. Nuclear Zeeman effects arise when 

a nuclear spin 𝐼, with the nuclear spin operator 𝑰̂, couples with the magnetic field 𝑩: 

ℋ̂𝑁𝑍 =  −𝑔𝑁𝜇𝑁𝑩𝑰̂.     (2.8) 

In this case, 𝑔𝑁 is the nuclear 𝑔-factor, which is a constant for each isotope and not 

environment depended, and 𝜇𝑁 the nuclear magneton. This interaction is the base of 

the closely related NMR spectroscopy, as the 𝑔-factors are constant changes in 

resonance frequency through the environment are given in the form of the so-called 

chemical shift. In EPR, the Nuclear Zeemann effect is often not observable as these 
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transitions are EPR forbidden. Instead, the hyperfine interaction (hf) expresses the 

interaction between magnetic nuclei and the electron. While at higher frequencies 

(≤94 GHz) chemical shift effects can appear, distorting the EPR line shape.[151] 

 

3.2. Hyperfine Interactions 

A nucleus in the surroundings of the electron generates an additional magnetic field, 

which the electron spin experiences and which is independent of the external magnetic 

field. This interaction is described by the hyperfine interaction (hf) Hamiltonian ℋ̂𝐻𝐹.  

ℋ̂𝐻𝐹 = 𝑺̂𝑨𝑰̂      (2.9) 

 

The hyperfine coupling tensor 𝑨 can be separated into two parts. The isotropic, or 

Fermi contact, interaction ℋ̂𝐹, and the electron-nuclear dipole-dipole interaction ℋ̂𝐷𝐷. 

In general, the coupling is always due to dipole interactions, but as there is a non-zero 

electron spin density at the nucleus position (|𝜓0|2) this part is termed isotropic. In this 

case, no distance dependency occurs, and the coupling is only proportional to the 

nuclear spin density.  

ℋ̂𝐹 = 𝑎𝑖𝑠𝑜𝑺̂𝑰̂      (2.10) 

With  

𝑎𝑖𝑠𝑜 =
2

3

𝜇0

ℏ
𝑔𝑒𝜇𝐵𝑔𝑛𝜇𝑛|𝜓0|2.    (2.11) 

Thereby 𝜇0 being the vacuum permeability. 

The dipolar interaction is dependent on the inter-spin vector 𝒓 and is described by the 

orientation-dependent electron-nuclear dipole-dipole Hamiltonian ℋ̂𝐷𝐷 

ℋ̂𝐷𝐷 =
𝜇0

4𝜋
𝑔𝑒𝜇𝐵𝑔𝑛𝜇𝑛 [

3(𝑺∙𝒓)(𝒓∙𝑰̂)

𝑟5 −
𝑺∙𝑰̂

𝑟3].   (2.12) 

The dipole-dipole Hamiltonian is thereby often written as:  

ℋ̂𝐷𝐷 =  𝑺̂𝑻𝑰̂      (2.13) 

With 𝑻, the traceless dipolar coupling tensor. By considering 𝑻 in the principal axes 

system of the hyperfine interaction, we get the classical equation:  

𝑻 =  
𝜇0

4𝜋ℏ

𝑔𝑒𝜇𝐵𝑔𝑛𝜇𝑛

𝑟3
(

−1
−1

2

) =  (
−𝑇

−𝑇
2𝑇

).  (2.14) 

In the form of equation 2.14, the dipolar coupling tensor is only correct for distances 

≳ 3 Å, as in this case, the point-dipole approximation, can be used for electrons as well 

as the nucleus; below 3 Å, the ground state electron spin distribution has to be taken 
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into account. Further, this expression is strictly only correct for isotropic electron 

Zeeman interactions (𝑔𝑖𝑠𝑜), but is often used also for systems with small 𝑔 anisotropy 

as an approximation.[9] 

The hyperfine coupling tensor 𝑨 is then expressed as: 

𝑨 = 𝑎𝑖𝑠𝑜 (
1

1
1

) + 𝑻.    (2.15) 

The hyperfine interactions together with the nuclear Zeeman interaction change the 

energy levels of the electron in the magnetic field. 

𝐸𝑚𝑆,𝑚𝐼
= 𝑔 𝜇𝐵𝑚𝑠𝐵 − 𝑔𝑁𝜇𝑁𝐵𝑚𝐼 + 𝐴𝑚𝐼𝑚𝑆.   (2.16) 

The second term thereby describes the nuclear Zeeman interaction. The last term is 

the hyperfine interaction. It is only dependent on the magnetic quantum numbers of 

the nuclei and the electron and the hyperfine coupling constant 𝐴 but is independent 

of the applied magnetic field.  

The splitting of each electron Zeeman level with each nuclear Zeeman level results in 

2𝑁𝐼 + 1 EPR lines (Figure 9, with 𝑁 = 1), where 𝑁 is the number of nuclei with the 

same hyperfine coupling value.  

 

Figure 9: Hyperfine coupling scheme of an electron (𝑆 =  
1

2
 ) and a nucleus (𝐼 =

1

2
). Arrows indicate the allowed 

EPR transitions.
 

The selection rule for allowed EPR transitions is ∆𝑚𝑆 =  ±1  with ∆𝑚𝐼 =  0. The 

hyperfine coupling constant 𝐴 can directly be obtained from the splitting between two 

corresponding signals in the EPR spectrum. Several peaks can overlap as a result of 
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multiple couplings from multiple identical nuclei. In that case, the intensity of the signal 

is the sum of the associated signals, following the principle of the Pascale triangle. 

Similarly to the 𝒈-tensor, the hyperfine coupling can be classified into two states: the 

isotropic and the anisotropic. Sole isotropic coupling is observed in liquid solutions, 

where the molecules' rapid tumbling averages out the hyperfine coupling's orientation 

dependence. Solid and liquid crystals, powders, and frozen solutions often have 

anisotropic hyperfine coupling.  
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3.3. EPR application  

In general, EPR can be applied using two different methods: continuous wave (CW) 

and pulse EPR. CW EPR is the commonly used method, which applies continuous mw 

irradiation of low intensity to a sample. In contrast, short and powerful mw pulses are 

used in pulse EPR experiments.[149,152,153] The following will explain the most important 

pulse experiments for this thesis. As no CW measurements were made, a detailed 

explanation will be skipped. 

 

3.4. The Hahn Echo Experiment 

The most straightforward pulse experiment is a single mw pulse, called free induction 

decay. However, this is often unfeasible in EPR due to the spectrometer's intrinsic 

dead time in combination with the relaxation of the spins.[149]  

The Hahn echo, also called primary electron spin echo (ESE), is the most 

straightforward two-pulse technique in EPR, developed and named after the physicist 

Erwin Hahn (Figure 10).[154] During the experiment, not a single but all unpaired 

electron spins in the sample are examined. These electron spins are summed up to 

the sample magnetization, which rotates around 𝑩𝟎 like one single electron magnetic 

moment. Through irradiation with a 𝑩𝟏 field (mw irradiation), the magnetization 

changes its direction. For a simplified presentation, the concept of a rotating frame is 

used. Within the rotating frame, the magnetization vector is stationary, and the frame 

rotates around the z-axis of the principal axis system with the Larmor frequency 𝜔𝐿 of 

the magnetization.[148] 

𝜔𝐿 =  −𝛾𝑒𝐵0      (2.17) 

In a pulse EPR experiment, the absorption is often not measured directly; instead, an 

echo is detected. A Hahn echo experiment contains a 
𝜋

2
 and a 𝜋 pulse. The 

𝜋

2
  pulse, 

flips the magnetization by 90 degrees into the xy-plane. Afterward, the single spins 

start to dephase in the xy-plane due to the field inhomogeneity before the 𝜋 pulse flips 

the system by 180 degrees. The spins are still precessing in the same direction as 

before. After the 180-degree flip, they gather back together after the time 𝜏, resulting 

in the echo.  
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Figure 10: Hahn echo pulse sequence with an indicated corresponding change of magnetization. 

This pulse sequence is the fundamental sequence used in many different pulse 

measurements, such as Davies electron nuclear double resonance experiments. 

 

3.5. Relaxation times and their measurements 

Relaxation principles and theories are one of the most complex mathematical 

constructs in magnetic resonance, and large computational power is required to 

describe even small systems sufficiently. Therefore, this thesis uses a 

phenomenological approach to describe relaxation effects in magnetic resonance. 

Two relaxation effects are observed after the application of an mw pulse, working 

towards restoring the thermal equilibrium. Longitudinal (spin-lattice) relaxation, 

characterized by the time constant 𝑇1, is the effect of the spins dispersing their energy 

towards their surroundings, the lattice, and thus restoring the thermal equilibrium, i.e. 

returning the magnetization towards the z-axis of the rotating frame. Transversal (spin-

spin) relaxation, characterized by the time constant 𝑇2, describes the decay of the 

transverse magnetization component due to spin-exchange mechanisms, for example, 

spin flip-flops,[155] in the x,y-plane (Figure 10). In general, 𝑇2 is much shorter than 𝑇1, 

and in real systems, the phase memory time 𝑇𝑚 is recorded instead of 𝑇2. The phase 

memory time includes additional effects of a real sample, like diffusion effects and 

contributions from the longitudinal relaxation. 

𝑇1 is measured using the inversion recovery pulse sequence, by inversion of the overall 

magnetization with a 𝜋 pulse and increasing the time delay 𝑇 before a Hahn echo 

sequence, the recovery from full inversion can be detected. Alternatively, the saturation 

recovery pulse sequence can be applied. For the determination of 𝑇2 or actually 𝑇𝑚 the 

Hahn echo sequence is used by varying 𝜏.[144]  

In experiments targeting dipolar couplings, 𝑇𝑚 plays a crucial role as long pulse 

sequences or evolution time is needed to observe dipolar couplings. Effects influencing 

the 𝑇𝑚 time are the local spin concentration, with higher concentration shortening 𝑇𝑚, 

and magnetic moments of nuclei, with lager moments shortening the 𝑇𝑚 time. 
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Therefore, in dipolar spectroscopy, samples are often deuterated to lengthen 𝑇𝑚, by 

reducing the magnetic moment and, with that, the nuclear spin diffusion.[156]  

 

3.6. Electron Nuclear Double Resonance Experiments 

One EPR method to gain detailed information on the hyperfine interaction and types 

of nuclei in the vicinity of the electron is Electron Nuclear DOuble Resonance 

(ENDOR). Typically, only electron spin transitions are generated in EPR spectroscopy 

via microwaves. ENDOR, however, is a double-frequency experiment with a 

combination of mw and radio frequency (RF) irradiation. The additional RF pulse is 

used to drive a nuclear spin transition of magnetic nuclei (𝐼 ≠ 0). The EPR transition 

rule remains 𝛥𝑚𝑠 = ±1 and 𝛥𝑚𝐼 = 0, while the NMR transition induced by the RF pulse 

follows the 𝛥𝑚𝑠 = 0 and 𝛥𝑚𝐼 = ±1 rule. In ENDOR experiments, the RF pulse 

frequency is swept, and the spectrum is recorded as a function of the frequency.  

The detected signal at the end of an ENDOR experiment is the difference between the 

EPR intensities depending on whether a nuclei transition is driven or not. Thus, the x-

axis of the plotted spectrum displays the swept RF. One signal line is obtained when 

the irradiated RF resonates with the E1 to E2 transition. Another signal is obtained when 

there is a resonance between the RF and the E4 to E3 transition (Figure 9 and Figure 

12).  

The influence of the strength of the hyperfine interaction should not be overlooked. The 

expected peak position (𝑤±) is directly dependent on the nuclear Larmor frequency 𝑤𝐼: 

𝑤± = |𝑤𝐼 ±
𝐴

2
|,     (2.18)  

the peaks get centered around 𝑤𝐼 for 𝑤𝐼 >
𝐴

2
 (weak coupling case) split by 𝐴. In the 

case of 𝑤𝐼 <
𝐴

2
 (strong coupling case) the peaks are centered around 

𝐴

2
 and split by 

2𝑤𝐼. 

This centering of the spectrum can be used to isolate different nuclei. At Q-Band 

(34 GHz), the proton Larmor frequency is around 51 MHz, and the one of deuterium is 

8 MHz. Choosing the optimal frequency band can simplify the spectrum significantly, 

and couplings of different isotopes can be identified. As a result, ENDOR spectra often 

appear less complicated than ESE spectra (if hf is resolved in the ESE spectra). Each 

hyperfine coupling results in a line for each electron manifold.  
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For example, an 𝑚𝑠 = ±½ system with three coupled nuclei possessing different 

hyperfine couplings (𝑚𝐼 = ±½) shows six lines around the Larmor frequency for an 

ENDOR spectrum but eight lines for the ESE spectrum. Nuclei with the same hyperfine 

coupling only result in a one-line set in ENDOR. The number of lines for N nuclei (𝑚𝐼 =

±½), therefore, can be calculated as 2N instead of 2N in an ESE spectrum. 

Two typical ENDOR applications exist Mims- and Davies-ENDOR.[157,158] Davies is 

used for larger hyperfine couplings due to the disadvantage of a “blind spot” at the 

Larmor frequency resulting from the excitation bandwidth of the first inversion pulse 

(Figure 11). Mims-ENDOR uses a stimulated echo sequence mainly for small hyperfine 

couplings (Figure 13). However, it has the disadvantage of periodic “blind spots“ due 

to the pulse sequence. 

 

 

Figure 11: Davies ENDOR pulse sequence. 

While performing an ENDOR experiment, the magnetic field remains constant at the 

position where the EPR resonance condition is fulfilled, and the radio frequency is 

swept. The first MW pulse shown in the Davies pulse sequence (Figure 11) is a 

selective inversion pulse with reduced power (also called soft pulse) to induce only one 

of the allowed EPR transitions (Figure 12, middle). The length of the inversion pulse 

can be adjusted depending on the investigated hf coupling. More prolonged inversion 

pulses resolve smaller couplings better; if large couplings are investigated, pulses of 

similar length to the Hahn echo sequence can be used. Afterward, the radio frequency 

is swept, followed by a Hahn echo sequence for detection (Figure 11). The Hahn echo 

sequence, in this case, consists of hard pulses, meaning higher microwave power and 

shorter pulse length, to detect all allowed transitions. The partial inversion of the echo 

is a result of the first inversion mw pulse. Davies-ENDOR is sometimes called the “hole 

burning” experiment because of the selective excitation of the first pulse, which burns 

a narrow hole in the electron spin population.  
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Figure 12: Principle of ENDOR spectroscopy for I = ½ and S = ½. Population changes after pulses from Figure 11. 

Full lines are EPR transitions, and dashed lines are NMR transitions. Full boxes mark the higher population. At 

thermal equilibrium (left), the lower energy levels are higher populated following the Boltzmann equation. The 

selective MW pulse excites only one specific EPR transition (middle), here the E4 to E2 transition. Sweeping the RF 

frequency can excite a possible NMR transitions (right). Depending on the RF frequency, either one gets excited, 

restoring the population difference partly. 

For basic pulse experiments, the Boltzmann distribution is the central aspect. In the 

beginning, the lower energy levels (E3 and E4 of Figure 12) are populated with more 

spins than the upper energy levels. The first selective π-pulse saturates the EPR 

transition from E4 to E2. As a result, the EPR signal detected via Hahn echo decreases. 

With the RF pulse, the two possible NMR transitions are excited. Thus, if an NMR 

transition is hit, the population difference in the energy states is partly restored (Figure 

12, right), resulting in a higher EPR signal than off-resonance.  

Furthermore, changing the magnetic field results in an orientation-dependent ENDOR 

experiment. The same principle differentiates two paramagnetic species in the same 

sample. During such an experiment, the magnetic field is moved to the position of a 

specific g-value or the resonance field of the second species. A distinct distance 

between the g-values of the examined species is necessary for an orientation-selective 

ENDOR measurement. Thereby, higher frequencies can be advantageous, 𝐴 is not 

field-dependent, and the resolution is not increased. Still, the 𝑔-factor resolution can 

be improved, making orientation-selective measurements feasible. These 

measurements allow the extraction of multiple information from 𝐴, like the length and 

angle (in regards to a chosen axis) of the vector between the electron and nuclei. A 

further advantage of higher frequencies is that less sample amount is needed for the 

measurement compared to lower frequencies. In general, ENDOR has a higher 

resolution but a lower sensitivity than standard ESE measurements, meaning a higher 

spin density inside the sample is needed for the measurement.  
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Figure 13: Mims ENDOR pulse sequence. 

The second major ENDOR technique, Mims, is based on the stimulated echo 

technique with two preparation 
𝜋

2
 pulses and one 

𝜋

2
 detection pulse with the RF pulse 

in between (Figure 13). Compared to Davies, the two preparation pulses are not 

selective and excite the whole spin envelope. One disadvantage is the periodic zero-

intensity transitions, called “blind spots”. These blind spots result from the stimulated 

echo sequence and can be fine-tuned by considering both the phase memory time and 

the expected coupling value. As the Mims intensity 𝐼 is dependent on the phase 

memory time: 

𝐼 =  𝐼0𝑒
−(

2𝜏

𝑇𝑚
)

𝑐

,    (2.19) 

with 𝑐 the stretching factor extracted from the 𝑇𝑚 measurements and 𝜏 the inter pulse 

delay of the preparation pulses in the Mims sequence (Figure 13). The ENDOR 

efficiency 𝐹 can be calculated from the hypothetic coupling value and 𝜏: 

𝐹 = 0.5 (2𝜋
𝐴

2
𝜏),    (2.20) 

which generates zero efficiency (𝐹 = 0) for all (𝐴 =
𝑛

𝜏
 with 𝑛 = 0,1,2,3, …). The product 

of the two values yields the ENDOR sensitivity 𝑆: 

𝑆 = 𝐹 ∙ 𝐼 = 0.5 (2𝜋
𝐴

2
𝜏)𝐼0𝑒

−(
2𝜏

𝑇𝑚
)

𝑐

.   (2.21) 

In general, longer 𝜏 can shorten the space between blind spots; at the same time, very 

small coupling values can be investigated by prolonging 𝜏 extensively.[9,19] As these 

blind spots significantly distort the resulting ENDOR spectrum, the entire coupling 

tensor is often unresolved. This is often compensated by measuring Mims spectra with 

different 𝜏 values and adding them to a full spectrum in post-processing.  
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4. 19F ENDOR investigation of metal-incorporated G-

Quadruplexes 

The incorporation of transition metals introduces additional functionality to the GQs. In 

a first attempt, pyridine or imidazole on artificial ligands attached to the 5’-end of short 

guanine-rich sequences were synthesized. These sequences formed tetramolecular 

GQs, generating coordination environments for metal cations like Cu2+ and K+ (Figure 

14A). 

 

Figure 14: Different GQ systems developed by the Clever group for EPR applications. A: Tetramolecular GQ with 

pyridine linker for Cu2+ coordination (adapted from Ref.[27]). B: Unimolecular GQ with pyridine-incorporated artificial 

nucleotides replacing one G quartet (adapted from Ref.[18]). C: Unimolecular GQ with pyridine-incorporated artificial 

nucleotides incorporated into the loop with open coordination for Micheal-addition educt (adapted from Ref.[159]).  

In this thesis, Cu2+ ions incorporated in these GQ are especially interesting as they are 

EPR active (Figure 14A).[160–162] Here, the main focus lies on unimolecular GQs, with 

the detection of the Cu2+ position and their possible applications in research. To modify 

unimolecular GQs, artificial nucleotides with pyridine or imidazole functions attached 

to a glycol backbone were used (Figure 14B),[163,164] replacing one G-quartet in the GQ 

with a ligand quartet. These metal-incorporated unimolecular GQs have a wide variety 

of topologies and possible applications. By choosing the correct position, topology 

switches were achieved upon metal ion binding. One exciting application is using Cu2+-

modified unimolecular GQs as catalysts for the Michael addition reaction in water 

(Figure 14C).[159] These catalysts were shown to have very high conversion rates and 

enantioselectivities of up to ≥  99%. In the long term, this could be a valuable step 

towards a greener chemistry, away from the use of organic solvents towards the use 

of water and less energy.  



 41 

When three ligands are introduced into the loop region, one metal coordination site is 

unoccupied, enabling substance binding during catalysis. The location of the ligands 

in the loop can tune the enantioselectivity. If this technique could be applied to more 

reaction types and better understood how the ligand position influences the 

enantioselectivity, this would be a large step toward greener chemistry. 

Accessing information on the Cu2+ position inside an unimolecular GQ is troublesome 

by most methods. 19F ENDOR allows examining the Cu2+ in detail with minimal 

structural interference.  The Cu2+ incorporated GQs are labeled with 19F isotopes at 

single positions in the GQ, replacing a 1H, to determine the distance and angle between 

the Cu2+ and 19F. This information allows for structural conclusions about the Cu2+ 

surroundings and the GQ's overall structure, as this information was inaccessible 

before.  

Detecting Cu2+-19F distances relies on dipolar spectroscopy between the paramagnetic 

center Cu2+ and the nuclear magnetic spin of 19F. The use of 19F as a magnetic spin 

probe has the advantage, especially in biological applications, that these systems 

naturally do not include 19F. Artificially labeling positions with 19F, replacing 1H, leads 

only to minor structural changes due to its inert nature and similar volume and size 

compared to other spin labels. Here, the application of this technique is optimized on 

a 34 GHz spectrometer. Previously, most applications were only performed at 94 GHz 

due to the large enough separation of 19F and 1H.[9,16,151] At 34 GHz, the hyperfine 

signals overlap strongly, as only 3 MHz separates the nuclear Larmor frequencies. 

In the following, Cu-F ENDOR distance measurements are used to resolve the 

positioning of the Cu2+ ion in the overall GQ structure and show the feasibility of these 

studies at 34 GHz. Further, the application advantages and disadvantages of 19F 

ENDOR at 34 GHz compared to 94 GHz are investigated, and the limits of this 

technique at 34 GHz are analyzed. These results provide an approach to examining 

the application of GQs as catalysts and possible binder interactions, as shown in later 

chapters.  



 42 

4.1. Initial Characterizing Cu2+ in unimolecular GQ 

Parts of the following chapters are published in S. L. Schumann, S. Kotnig, Y. Kutin, 

M. Drosou, L. M. Stratmann, Y. Streltsova, A. Schnegg, D. A. Pantazis, G. H. Clever, 

M. Kasanmascheff, Chem, 2023, 29, e202302527.[18] 

 

Naturally, the unimolecular GQ investigated in this thesis is not EPR active. Artificially 

incorporating Cu2+ allows for EPR measurement with S = 1/2. For the incorporation, 

the top G quartet is replaced by pyridine incorporated in unnatural nucleotides (Figure 

15A). Additionally, one guanosine is replaced with 2′-fluoro-2′-deoxyguanosine to 

introduce 19F into the system (Figure 15B). For a full analysis of the Cu2+ environment, 

subsequently, all four guanosines of the second G quartet are labeled (GQ1 – GQ4). 

A sample without 19F modifications was prepared as a background to check if any 

structural changes were observable (GQ0). CD-measurement analysis revealed that 

GQ1 – GQ4 adopted the same overall structure as GQ0 without 19F tags.[18] These 

initial checks were performed on 0.5 mM samples with 5 v/v% glycerol content. GQ0's 

ESE spectrum has axial symmetry (Figure 16A), with clearly defined Cu hyperfine 

coupling in the 𝑔 parallel (𝑔∥) region. It shows an identical line shape to tetramolecular 

GQ with Cu2+ incorporation.[27] For all samples measured in this thesis, a small 

manganese signal of resonator background or buffer impurities is visible between 1200 

mT and 1230 mT.  

 

Figure 15: Modified unimolecular GQ with pyridine unnatural nucleobases (A) and 2′-fluoro-2′-deoxyguanosine (B). 

C: Schematic structure of the folded GQ modified with four pyridine-ligands (GQ0). One 19F-containing guanosine 

was incorporated at one of the highlighted G positions in GQ1-GQ4. Bound Cu(II) and K(I) cations are represented 

as a green and purple sphere, respectively. 
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Figure 16: A: Comparison of GQ0 (green) and GQ3 (black) ESE spectra at 15 K and 34 GHz. Spectra are 

normalized to the maximum intensity. B: Comparison of GQ3 ESE spectra for different concentrations of GQ and 

glycerol content. All spectra are recorded at 15 K and 34 GHz and normalized to the maximum intensity. 

No further investigations of the origin were performed as the signals lie outside the 

Cu2+ EPR envelope. Direct comparison of GQ0 and GQ3, as a 19F harboring sample, 

show no differences in ESE line shape. The influence of 19F on the overall structure 

can be excluded, while minor changes are still possible and are investigated with 

ENDOR later. Additionally, comparisons of glycerol content and GQ concentration 

were performed to optimize sample preparation. An increase from 5 %v/v to 50%v/v 

glycerol content showed no EPR intensity or line shape change (Figure 16B). Further, 

the concentration was increased from 0.5 mM to 1 mM to shorten ENDOR 

measurement time. Figure 16B showed no aggregation or dimerization effects on the 

ESE spectrum of 1 mM GQ3 compared to 0.5 mM, while slight differences in the 

intensity are due to differences in the power optimization (Figure 16B). The Cu2+ 

spectrum is broad compared to organic radicals, with a spectral width of roughly 150 

mT. One effect of this wide spectrum is that the spin packages have different 

properties, resulting in slightly different optimal measurement parameters. This effect 

results in optimal power differences of around 2 dB between 𝑔⊥ and 𝑔∥. Small 

differences in the MW power, therefore ,result in fluctuations of the intensity ratios 

between 𝑔⊥ and 𝑔∥ (Figure 16B). 

The incorporation of 19F resulted in the same overall line shape for all GQ samples. 

During the melting curve experiments of GQ2 and GQ4, a destabilizing effect was 

discovered when 19F was incorporated into syn-conformation guanosines, lowering the 

melting temperature of these GQs by up to 21 °C.[18]  
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Figure 17: A: ESE spectra of GQ4C (green) and GQ4 (at room temperature, RT, pink) zoomed into the 𝑔∥ region. 

B: ESE spectra of GQ1, GQ2C, GQ3, and GQ4C (colors are indicated in the graph). Intensities were normalized to 

the first (low-field) hyperfine feature of the Cu2+ spin-label. As discussed in our previous work, the asterisk (*) 

indicates the spectral feature of free or non-specifically bound Cu2+.[27] 

The destabilization effect originates from electrostatic repulsion between the 

phosphate and fluorine, which has been reported before in the literature.[165–167]  

The ESE spectra of GQ2 and GQ4 showed broad unresolved features in the 𝑔∥ region 

(Figure 17A asterisks), which are attributed to free or unspecifically bound Cu2+, as 

discussed by Stratmann et al.[27] While GQ0, GQ1, and GQ3 can be prepared at room 

temperature, with nearly no free Cu2+ in the spectra (Figure 17B), GQ2 and GQ4 

showed to be partly denatured when prepared at room temperature. Lowering the 

sample preparation temperature to 4 °C stabilized the GQ, GQ2C and GQ4C (index C 

for cold room preparation at 4 °C), showing only a minor amount of free or 

unspecifically bound Cu2+ (Figure 17A). Additionally, the hyperfine structure of GQ2 

and GQ4 is broadened significantly, and even with preparation at 4 °C, the broadening 

compared to GQ1 and GQ3 partly remains. As the samples are all directly flash-frozen 

after preparation, the hyperfine broadening, as well as an observed slight general EPR 

line broadening, are ascribed to greater conformational freedom of these GQs 

compared to GQ1 and GQ3 (Figure 17B). Surprisingly, compared to GQ0, the none 

19F labeled GQ, the melting temperatures of GQ1 and GQ3 are higher, indicating 

increased stability. 19F incorporation into the anti-configured guanosines stabilizes the 

GQ, possibly due to the electron-pulling effect of the fluorine.  
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Figure 18: First-derivative ESE spectra of GQ0 – GQ4 recorded at 34 GHz (black traces) with simulations (red 

dashed traces). The simulation parameters are 𝑔⊥ = 2.061, 𝑔∥ = 2.275, 𝐴∥ = 555 MHz for GQ0 – GQ5. The first-

derivative spectra were obtained with a modulation amplitude of 4 mT by pseudo field modulation.[168] 

Simulations of the pseudo-modulated ESE spectra support the analysis of CD spectra 

of an overall identical structure (Figure 18). All samples are simulated with the identical 

parameter set shown in Table 1, with the major difference being the added line 

broadening for GQ2C and GQ4C (Figure 18). All spectra show a square planar 

coordinated Cu2+ spectrum represented by a strong axial shape with hyperfine 

coupling only resolved at the 𝑔∥ due to the line width exceeding the coupling value in 

the 𝑔⊥ region,[169,170] as previously reported for these systems.[27,160,171] For simulation 

purposes, a value of 𝐴⊥ = 50 MHz is used. Overall, the 19F labeling has a negligible 

effect on the electronic structure of Cu2+, as no visible changes are seen in the ESE 

spectra.  

Table 1: Simulation parameters for GQ0 – GQ4C. 𝑔 values and hyperfine constants for Cu2+ are identical for all five 

samples with the only variation being the line broadening introduced via 𝐻-Strain. 𝐻-Strain introduces line 

broadening due to added uncertainty of 𝑔 and unresolved hyperfine coupling or other transition-independent effects. 

 GQ0 GQ1 GQ2C GQ3 GQ4C 

𝑔 value [2.061 2.275] 

𝐴𝐶𝑢 / MHz [50 555] 

𝐻-Strain / MHz [200 240] [240 300] [200 240] [240 300] 
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4.1.1. Optimization of 19F ENDOR measurements at 34 GHz 

The relatively broad EPR spectrum of Cu2+ requires both Davies and Mims ENDOR 

measurements to record orientation-selectively and gain the full hyperfine tensor 

(Figure S1). For a clearer visualization, the ESE spectrum of GQ3 is used from here 

on for further demonstrative purposes with the chosen field positions marked in Figure 

19. 

 

Figure 19: A representative echo-detected EPR spectrum for GQ3 recorded at 34 GHz (black solid trace) with the 

corresponding simulation (red dashed trace). Simulation parameters are listed in Table 1. Field positions where 

ENDOR spectra were measured are marked a to g. 

Previous molecular dynamic (MD) simulations for GQ0 indicated that the expected 

distances to the respective hydrogen atoms, replaced by 19F in GQ1 – GQ4, are in the 

1 nm range.[163] Application of Equation 2.15 allows the conversion of this distance to 

an expected coupling of approximately 0.1 MHz. As Mims ENDOR measurements are 

highly sensitive to couplings smaller than 3 MHz,[158] it is employed for this project. Due 

to the antiparallel folding of the GQ, the guanosines have different orientations 

depending on whether the strand is going up or down and, thereby, the 19F tags. In 

GQ1/GQ3, the 19F tag points upwards toward the Cu2+, while the 19F tag faces away 

(downwards) from Cu2+ in GQ2/GQ4 (Figure 20). When applying ENDOR at 34 GHz, 

the separation of nuclear Larmor frequencies of 19F and 1H is only about 3 MHz, making 

the spectral analysis complicated due to the strong overlap of spectral features. To 

gain a clean 19F Mims ENDOR spectrum, it is necessary to subtract a proton 

background (GQ0). 
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Figure 20: The upwards and downwards-facing guanosines in blue and golden sticks, respectively. The 

incorporated 19F is shown in red. 

Further, the correct optimization of the Mims sequence plays an essential role. If the 𝜏 

value is too short, small hyperfine couplings can get suppressed due to a lack of 

sensitivity (Eq. 2.20). While the features might not be fully suppressed, the sensitivity 

is not sufficient to optimize the 19F coupling. The first measurements were performed 

with a 𝜏 value of 300 ns, chosen to have a Mims blind spot frequency of 1 MHz with 

the anticipation that the expected smaller 19F couplings are clearly and fully resolved 

between blind spots without the need for the otherwise often necessary 𝜏 depended 

multiple Mims measurements. Figure 21A shows a Mims ENDOR of GQ3 at position f 

with 𝜏 = 300 ns, which is already background corrected/subtracted and should show a 

clean 19F spectrum. A clean spectrum could not be achieved as the large blindspot 

separation and a known field-dependent field shift of the 34 GHz Bruker standalone 

spectrometer made it very complicated to match the primary spectrum and 

background. To avoid these problems for the background correction from thereon 

onwards, the field positions were calculated instead of read out from the spectrometer 

software. In general, XEPR (Brukers EPR spectrometer software) shows the g value 

by hovering the mouse over the EPR line; while this gives good values for a good 

background match, a near-identical spin package must be probed at best. To 

guarantee this, the exact g values of the main 19F measurement field position were 

written down and used to calculate the background field position with the given 

spectrometer frequency. Although this procedure resulted in significantly improved 

background fits, some minor manual adjustments were required during post-

processing. Overall, the EPR spectrometer has certain technical limitations, as neither 

the field nor frequency sensor is entirely precise. Consequently, small deviations in 
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one or both of these sensors are to be expected. The background spectra are always 

hand-fitted to the primary spectrum by adjusting the field position; shifting the spectrum 

in the x-axis. Further, due to a different number of scans or sensitivity differences, their 

intensities were matched by multiplying a constant by the background spectrums y-

axis. This procedure resulted in a cleaner 19F spectrum (Figure 21B) but did not help 

improve the sensitivity. Application of Eq. 2.21 helped to improve 19F sensitivity from 

roughly 2% to nearly 20% by adjusting 𝜏 to 2000 ns. While improving sensitivity, the 

prolonged pulse sequence led to more relaxed spins, leading to noisier spectra for 

identical scan numbers (Figure 21B vs. A). Additionally, the used 17 µs RF pulses are 

optimized for 1H ENDOR. In general, this is not problematic as 19F and 1H are very 

similar in RF terms (optimal RF length for 19F 19 µs); this said ENDOR resolution 

scales with the inverse of the RF pulse length, meaning longer RF pulse lengths 

increase the resolution of small hyperfine couplings (Figure 21C). For the correct 

optimization of 𝜏, the phase memory time 𝑇𝑚 must be determined correctly. If the 

interpulse delay T of the stimulated echo sequence is increased, the resulting 𝑇𝑚 

changes as well. Optimizing the RF pulse length, therefore, included re-optimization of 

𝜏 (Figure 21E). The longest RF pulse length achieved, without risking burning the 

ENDOR coils of the standard D2 Bruker resonator with our 600 W amplifier, was 45 µs; 

additional longer pulse lengths could not clearly be distinguished in RF nutation 

experiments as no complete oscillation was visible. A 1000 ns delay before and after 

the RF pulse was included, bringing the inter-spin delay to T = 47 µs. While initially 

chosen for the hoped effect of diminishing proton background effects, the use of 

deuterated water and glycerol was shown to be much more important for the 

prolonging of relaxation times than for the proton background (Figure S2). The effect 

of deuteration of the buffer has a neglectable effect on the 1H ENDOR line shapes in 

the 19F Larmor frequency range. Davies ENDOR measurements show that coupling 

from these exchangeable protons lies outside of the 19F Mims measuring range and is 

not attributed to the reduction of background intensity. In contrast, Mims 

measurements are unfeasible due to the very short phase memory time together with 

spin diffusion in H2O (Figure S3). Meanwhile, the phase memory times nearly tripled, 

significantly improving SNR and sensitivity due to longer possible 𝜏 values (Figure S2). 

Similar to the varying optimal power throughout the EPR envelope of Cu2+, 𝑇𝑚 is 

influenced as well, resulting in orientation-dependent 𝑇𝑚 values (Figure 21E).  
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Figure 21: Mims optimization procedure for 34 GHz 19F Mims ENDOR measurements at the example of GQ3 

position f from Figure 19. A: 1 GHz sweep width 19F Mims ENDOR spectrum with 𝜏 = 300 ns and an Rf pulse length 

of 17 µs. GQ0 Background measurement was done identically and subtracted to gain a clean 19F spectrum. B: 1 

GHz sweep width 19F Mims ENDOR spectrum with optimized 𝜏 = 2000 ns and an Rf pulse length of 17 µs. GQ0 

Background measurement was done identically and subtracted to gain a clean 19F spectrum. C: 1 GHz sweep width 
19F Mims ENDOR spectrum with 𝜏 = 2000 ns and an optimized Rf pulse length of 47 µs. GQ0 Background 

measurement was done identically and subtracted to gain a clean 19F spectrum. D: 1 GHz sweep width 19F Mims 

ENDOR spectrum with 𝜏 = 2000 ns and an optimized Rf pulse length of 47 µs and an adjusted RF step size of 8 

kHz. GQ0 Background measurement was done identically and subtracted to gain a clean 19F spectrum. A – C RF 

stepsize is 1 kHz, and the early ending of the sweep results from shifting the main measurement and background 

onto each other; wider spectra were recorded later to avoid cuts in the shown MHz range. E: Optimization procedure 

for 𝜏. Top: 𝑇𝑚 measurements using the simulated echo sequence (T = 47 µs) of GQ3 (black) at all field positions 

indicated in Figure 19 fitted with a stretched exponential decay function (Eq. 2.19, red) the resulting 𝑇𝑚 times are 

listed below the graph (𝑐 = 1.43). Bottom: An illustrative graphical determination of optimal 𝜏 values for field positions 

b and f of GQ3 through the employment of Eq. 2.21 (also shown in the figure). The resulting optimal 𝜏 values are 

written behind their representative 𝑇𝑚 value. Estimated hyperfine values 𝐴 for application of Eq. 2.21 were 

determined from short 200 scan Mims measurements with 𝜏 = 2000 ns (not shown). F: RF step size optimization 

for GQ3 position f. Rf steps between 1 – 7 kHz result in visible repeating artifacts (art.) in the spectrum.   

While the variation is within 15% of the lowest value, each field position is optimized 

separately to get the best measurement parameters to minimize measurement time as 

much as possible (Table 2). 

After these optimization steps, a major flaw of the EPR spectrometer could be seen 

clearly; while the software allows to change the RF step size in 1 kHz steps all the way 

down to 1 kHz, the spectrometer RF dice box itself could not provide such small steps. 

This resulted in resampling the same frequency multiple times until the subsequent 

achievable RF frequency, showing in the spectrum as “step-like” artifacts (Figure 21C, 

F). While Bruker is aware of this issue and offers a workaround for some 

spectrometers, our spectrometer is equipped with a DICE II box, including an Arm 9 

CPU chipset, which still lags firmware updates to implement this workaround. 

Therefore tests for the best RF stepsize were conducted, revealing the minimum 

stepsize without artifacts to be 8 kHz (Figure 21F).  

Table 2: Chosen 𝜏 values (in µs) for each field position for samples GQ1–GQ5. The optimal values might vary 

slightly. If a similar sensitivity, <1% deviation of the maximum, could be achieved with shorter 𝜏 values, sensitivity 

was sacrificed for shorter overall measurement times, especially for positions a-c. 

Position GQ1 GQ2 GQ3 GQ4 

a 2.00 2.50 2.00 2.65 

b 2.00 2.50 2.00 2.50 

c 2.00 2.50 2.00 2.50 

d 2.00 2.10 2.00 2.10 

e 1.90 2.50 1.90 2.50 

f 1.62 3.00 1.78 3.00 

g 1.62 2.50 1.75 2.50 
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This information was also shared with other research groups in the field, struggling 

with identical problems. A step size of 8 kHz compared to 1 kHz first seems to lower 

the spectral resolution. Still, no couplings this small are expected for GQ samples, and 

more importantly, the general line width of the sample is wider than 8 kHz, making 

resolving such couplings impossible. 

Similar to the concentration test of the ESE spectra in the beginning, additional 

measurements were performed to investigate the concentration limits of 19F ENDOR 

(Figure S7). Even concentrations as low as 10 µM could be measured without a 

problem, while optimization at this very low concentration is time-consuming and 

inaccurate. Optimization requires some test scans and visible 19F coupling to input a 

rough hf coupling value into Eq. 2.21. At position f with high EPR intensity, this might 

be possible in 60 min or less, while positions a – c would already require 6 hours or 

more of test scans. In this regard, the shown measurements in Figure S7 demonstrate 

the high utility of this technique at even very low concentrations while simultaneously 

revealing the advantage of higher concentration: Time-saving. This thesis mostly used 

1 mM concentration, and the measurements took 3 to 18 hours for positions f and a, 

respectively. The measurement time doubles as the background measurements of 

GQ0 needed at least as long as the primary measurement to avoid reintroducing noise 

to the spectra through background subtraction. 

All optimization steps together produce a very clean 19F spectrum with high sensitivity 

and excellent SNR (Figure 21D). In the following, all 19F Mims spectra are optimized 

with this procedure, and Figure S4 shows an example of the necessary background 

subtractions to gain clean 19F spectra.   

4.1.2. Determination of Cu2+ position in unimolecular GQs 

19F ENDOR distance measurements allow us to determine structural features by 

comparing different labeling positions. Labeling all four guanosine in the first quarter 

of the GQ, thereby, allows us to draw structural conclusions of the Cu2+ ion between 

them. Following the optimization procedure, clear 19F spectra could be achieved for all 

positions and GQs, with very distinguishable orientation-dependent hyperfine patterns. 

Comparing the different labeling positions shows a clear separation into two 

conformational states (Figure 22). GQ1/3 and GQ2C/4C being in the same anti/syn 

conformation, respectively, opposite each other with identical line shapes (Figure S6), 

leads to the conclusion that well-defined and fully symmetric GQs are formed with the 

Cu2+ ion located centrally above the lower quartets. 
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Figure 22: Background-subtracted orientation-selective 19F Mims ENDOR spectra of GQ1 - GQ4 at the field 

positions marked in Figure 19 (black traces), with spectral simulations (red dashed traces, simulation parameters 

are listed in Table 3). Each spectrum was normalized to its maximum intensity; the traces were shifted vertically for 

clarity. The broad spectral features for GQ2C and GQ4C positions a and b originate from the denatured GQ fraction. 

A comparison with room temperature prepared GQ2 and GQ4 is shown in Figure S5. 

A clear difference between GQ's up- and downwards-facing 19F positions was 

expected. For example, the broadest ENDOR features of GQ1/GQ3 and GQ2C/GQ4C 

are observed in the traces of position g, and c – d, respectively. 

The differences between GQ1/GQ3 and GQ2C/GQ4C can be rationalized based on the 

nuclear position coordinate 𝛽  with respect to the Cu2+ 𝑔-tensor (Figure 23). This 

coordinate affects the angle 𝜃  between the static magnetic field (B0) and the inter-spin 

vector excited at each observer field (a – g), which, in turn, determines the frequencies 

of ENDOR transitions.[172,173] As mentioned before, Equations 2.14 and 2.15 are a 

simplification and mostly only applicable to isotropic systems; the strong anisotropy in 
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the Cu2+ system requires the consideration of additional parameters such as 𝜃 

(Equation 3.1).  

𝐴 =
𝜇0𝜇𝐵𝜇𝑁𝑔𝑁𝑔𝑒

4𝜋ℎ

1

𝑑3
(3𝑐𝑜𝑠2𝜃 − 1) +  𝐴𝑖𝑠𝑜   (3.1) 

The perpendicular component of the dipolar tensor (for 𝜃 = 90°) is usually the one that 

can be easily read off a spectrum for distance determination. However, a complication 

arises due to the 𝑔-anisotropy of the Cu2+: it leads to the explicit dependence of 

ENDOR peak positions on the electron g-tensor.[172,173] Thus, for the ENDOR 

simulations, an explicit form of the full 19F hyperfine tensor 𝐴̂ expressed within the g-

Frame is used: 

𝐴𝑖𝑗 =
−𝜇0𝜇𝐵𝜇𝑁𝑔𝑁

4𝜋ℎ

1

𝑑3 𝑔𝑖(3𝑟𝑖𝑟𝑗 − 𝛿𝑖𝑗) + 𝐴𝑖𝑠𝑜𝛿𝑖𝑗,   (3.2) 

where 𝑔𝑖 are canonical values of the Cu2+ 𝑔-tensor, 𝛿𝑖𝑗 is the Kronecker delta; 𝑟𝑥 =

𝑠𝑖𝑛 (𝛽), 𝑟𝑦 = 0, 𝑟𝑧 = 𝑐𝑜𝑠 (𝛽), where 𝛽 is the polar angle that the inter-spin vector forms 

with the 𝑔𝑧 axis, i.e., 𝛽 defines the angular position of the nucleus with respect to the 

Cu2+ 𝑔-tensor (Figure 23). Additionally, the expressions for 𝑟𝑖 are simplified by the axial 

symmetry of the Cu2+ 𝑔-tensor, which eliminates the azimuthal angle.[173]  

This very technical explanation can be simplified into a more visualized explanation of 

canonical 𝑔-tensor orientations. 

 

Figure 23: A, B: Angle 𝜃 between d and B0 for the three orientations of the magnetic field along the canonical 

directions of the Cu2+ 𝑔-tensor for the 19F labeling in positions a/f. Due to the structural similarity of the species 

GQ1/GQ3, the two cases are described by the same diagram. C, D: The same for GQ2/GQ4, characterized by a 

larger nuclear angle 𝛽2.4 >  𝛽1,3 and longer inter-spin distance 𝑑2,4 > 𝑑1,3 

At the field position a, the B0 vector is along the parallel orientation of the Cu2+ 𝑔-tensor 

(B0 ∥ 𝑔𝑧), and microwave pulses excite strictly 𝑔∥ (𝑔𝑧, Figure 23A). Here, angle 𝜃𝑧 

coincides with 𝛽; and the expected value of 𝛽 (and 𝜃𝑧) for GQ1/GQ3 is slightly higher 

than 90° (Figure 23A). Thus, an ENDOR experiment performed at position a excites a 
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single dipolar tensor orientation close to the perpendicular one. This results in one 

narrow ENDOR feature on each side of the 19F nuclear Larmor frequency. In contrast, 

when the B0 vector is in the 𝑔⊥ (𝑔𝑥, 𝑔𝑦) plane, a broad range of inter-spin vector 

orientations are excited, with B0 ∥ 𝑔𝑦 and B0 ∥ 𝑔𝑥 imposing two limiting cases. For 

B0 ∥ 𝑔𝑦, 𝜃𝑦 is strictly 90°, while for B0 ∥ 𝑔𝑥, 𝜃𝑥 is expected to be close to zero (𝜃𝑥 =  𝛽 −

90°) for the 19F tag at GQ1/GQ3 (Figure 23B). Thus, sampling a large range of 𝜃 values 

at 𝑔⊥ from strictly perpendicular(𝜃𝑦) to nearly parallel (𝜃𝑥) results in a broad ENDOR 

feature with two maxima, as observed at the field position g. 

For the intermediate field positions between the 𝑔∥ and 𝑔⊥ regions (labeled b – f), the 

spectra become too complicated for the simple geometrical analysis. Nevertheless, 

building on this semi-qualitative analysis in combination with the full explicit hyperfine 

tensor, all ENDOR traces could be reproduced well in the spectral simulations (dashed 

red traces in Figure 22). Note that the distinct ENDOR pattern observed for 

GQ2C/GQ4C is based on the same geometrical considerations and explained by a 

larger  angle compared to GQ1/GQ3. 

Table 3: The isotropic hf term (𝐴𝑖𝑠𝑜), 19F angular position (𝛽), and distance between Cu2+ and 19F (d) obtained from 

the orientation-selective ENDOR simulations for the GQ species GQ1–GQ4. The experimental uncertainties were 

estimated as ranges where the RMSD reaches 115% of its minimal value (Figure S8). 

Sample 𝐴𝑖𝑠𝑜,𝑠𝑖𝑚 / kHz 𝛽𝑠𝑖𝑚 /deg 𝑑𝑠𝑖𝑚 / Å 

GQ1 −1 ± 6 98 ± 5 8.2 ± 0.1  

GQ3 -1 ± 6 100 ± 4 8.3 ± 0.1  

GQ2C 0 ± 8 131 ± 7 10.7 ± 0.4 

GQ4C 2 ± 10 130 ± 10 10.5 ± 0.5 

 

Spectral simulations accompanied by root-mean-square deviation (RMSD) analysis 

between the simulated and experimental traces yielded precise values for the length 

of the Cu2+–19F inter-spin vector (d) and the orientation of the inter-spin vector with 

respect to the 𝑔𝑧 axis (𝛽) (Table 3). The pepper and saffron functions of Easyspin were 

applied to best match the echo-detected EPR and ENDOR data, respectively.[174] 

When simulating ENDOR, the inter-spin distances (d), nuclear orientation (𝛽), and the 

isotropic hyperfine term (Aiso) were varied individually in small increments. Every 

orientation-selective ENDOR trace was simulated for each parameter set, and the 

RMSD value was calculated between the simulated and experimental traces. The 
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optimal set of d, 𝛽, and Aiso, representing the parameters that yielded the lowest RMSD, 

was selected. 

The isotropic hf term was found to be nearly zero for all labeling positions. Both d and 

 are smaller for GQ1/GQ3 than for GQ2C/GQ4C (d ≈ 8.2 Å and 𝛽 ≈ 100° vs 

d ≈ 10.7 Å, 𝛽 ≈ 130°, respectively). Due to broader lines and remains of unfolded GQ 

in the positions a/b of GQ2C/GQ4C, the error margins are larger for these samples 

compared to GQ1/GQ3, nicely visible in the larger blue areas in the RMSD plots 

(Figure S8). The detected 𝛽 angles agreed well with the expected values for ‘up’ and 

‘down’ conformations (Figure 20). To relate the experimentally derived data to 

computationally derived models, Dr. Lukas Stratmann, from the Clever group, first 

performed MD simulations on the 19F-labeled species GQ1 and GQ3 and selected 

structural snapshots with matching Cu-F distances and high symmetry.[18] Based on 

these structural models, density functional theory (DFT) calculations were made by the 

group of Dr. Dimitrios Pantazi at the Max-Planck Institut für Kohleforschung. DFT 

calculations on MD snapshots with d = 8.359 Å and d = 8.391 Å for GQ1 and GQ3, 

respectively, reproduce the hf coupling tensor determined by 19F ENDOR, which 

confirms the consistency of the point dipole approximation for this system. Moreover, 

the spin density distribution is correctly described by DFT (Figure 24).[175] The 

computed tensors agree well with the experimental values.[18]  

 

Figure 24: Spin density distribution of GQ3 visualized from the DFT results. Cu2+ is shown in gold and 19F in dark 

green. The connecting vector is shown as a red line. The electron density is shown as a light green cloud with 78% 

on the Cu2+ atom and 5% on each coordinating nitrogen (blue) atom. 
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Overall, the position of the Cu2+ ion in the center above the G-quartets could be 

determined. Additionally, 19F ENDOR shows to be very precise in this system, with 

errors of 0.5 Å and less. Computational chemistry methods confirmed these results. 

The next step involves investigating the performance between 34 GHz and 94 GHz. 
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4.1.3. Comparison of 19F ENDOR results at 34 GHz and 

94 GHz. 

While the previous section shows the efficiency and accuracy of 19F ENDOR distance 

measurements at 34 GHz, the question remains about additional advantages or 

disadvantages compared to the application at 94 GHz, besides the necessity of 

background subtractions. For direct comparison, GQ3 and GQ4 were measured at 

both 34 GHz and 94 GHz. As the 94 GHz sample tubes are too thin for frozen 

transportation, the sample was filled at the MPI CEC in the group of Dr. Alexander 

Schnegg. In the case of GQ4, this procedure resulted in the broadening of EPR and  

ENDOR signals due to partial denaturation of the GQ when prepared at room 

temperature. 

 

Figure 25: Echo-detected EPR spectrum for GQ3 (left) and GQ4 (right) recorded at 34 GHz (blue) and 94 GHz 

(black). The respective resonance positions for Mims ENDOR are indicated with a – e. 

For comparison purposes, the resonance positions for the Mims ENDOR 

measurements are chosen by 𝑔-value. a to e are attributed to a fixed 𝑔-value, and the 

corresponding field position is calculated for the respective microwave frequency. As 

94 GHz measurements are susceptible to subtle differences in 𝑔-value, the loss of 

hyperfine resolution in the low field area is attributed to visible 𝑔-Strain broadening 

(Figure 25).[170,176]  

Further, the large 𝑔 anisotropy results in different spin package behaviors over the 

whole envelope. This is especially visible when comparing the 94 GHz EPR spectra of 

GQ3 and GQ4; slight differences in power optimization led to an intensity shift between 

the 𝑔∥ and the 𝑔⊥ regions. In general, the power optimization of the g⊥ leads to an 
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overrotation of the spin packages at the g∥ region, resulting in lower intensities, similar 

to the 34 GHz measurements (Figure 16B). 

A significant difference between the two frequencies was observed concerning the 

relaxation times. At 94 GHz, 𝑇𝑚 time decreased by around 25% at 15 K compared to 

34 GHz (Figure 26). The same trend is visible for both stimulated echo and Hahn echo 

sequence 𝑇𝑚 measurements. Lowering the temperature to 5 K leads to a decrease in 

𝑇𝑚 differences for the stimulated echo sequences. The difference between the 

frequencies remained in the Hahn echo (primary) sequence. Similar differences in 𝑇𝑚 

for copper complexes at 34 GHz and 94 GHz were reported before.[177]  Multiple papers 

discussed them as dependent on shortening spin-lattice T1 relaxation through direct 

process relaxation or molecular liberations at high frequencies.[178,179] These papers 

could not prove a clear correlation with 𝑇1 or molecular liberations, but the topic 

remains highly interesting.  

 

Figure 26: Overview of the temperature- and mw-frequency-dependent 𝑇𝑚 and 𝑇1 relaxation times of GQ3 at 

position a. The types of electron spin echo used for the 𝑇𝑚 measurements are indicated in the plots (for the 

stimulated echo sequence, the T interval was 49 μs). The 𝑇1 times were determined from mono-exponential 

simulations of the inversion recovery traces. The 𝑇𝑚 times were determined from stretched-exponential simulations 

of the decay traces (stretching exponents c = 1.46 and 1.52 were used for the stimulated and primary echoes at 34 

GHz; c = 1.39 and 1.16 for the stimulated and primary echo at 94 GHz). While similar 𝑇𝑚 behavior has been reported 

for copper and vanadium complexes, the exact mechanisms of the 𝑇𝑚 frequency dependence are still 

debated.[177,178] Dr. Yury Kutin performed some of the measurements. 

In this system, a clear difference in 𝑇1 relaxation is visible below 10 K, while for 34 GHz 

𝑇1 starts to grow exponentially; for 94 GHz, a further linear increase (for the observed 

temperature region 20 – 4 K) is visible.  

Cooling the system down to 4 K prolonged 𝑇𝑚  at 94 GHz to a similar length as at 34 

GHz. Enabling to optimize the Mims measurement for 19F sensitivity identically. As 𝑇1 

increased, as expected for lower temperatures, the measurement time at 94 GHz 
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increased to nearly double the time necessary at 34 GHz for the same amount of 

scans. Here we see a correlation with the shortening of the shot repetition time (SRT), 

representing 𝑇1. At 94 GHz and 4.4 K, the SRT is roughly ten times shorter than at the 

comparable temperature of 5 K at 34 GHz. Thereby supporting the hypothesis of field-

dependent 𝑇𝑚 through the dependence on 𝑇1.  

The disadvantage of necessary background measurements is diminished as the 

combined measurement time of primary spectra and background at 34 GHz lays lower 

or equal, depending on the field position, as the 94 GHz measurement time at the 

same position. 

 

Figure 27: Comparison of orientation-selective Mims 19F ENDOR spectra collected at the marked field positions 

(Figure 25) at 34 GHz (15K, blue) and 94 GHz (4.4 K, black) for GQ3 (left) and GQ4 (right), respectively. Each 

spectrum was normalized to its maximum intensity. 

Comparing 19F ENDOR spectra at 34 GHz and 94 GHz showed almost identical line 

shapes due to significant 𝑔-anisotropy already resolved at 34 GHz (Figure 27). The 

94 GHz spectra did not provide additional structural information and could be simulated 

using the 19F hf tensor determined at 34 GHz for GQ3 (Figure 28) and did not reveal 

any chemical shift anisotropy reported for 94 GHz ENDOR spectroscopy in the 

literature.[151] 

Remarkable GQ4 exhibits similar behavior in both cases, indicating specific 

conformations of GQs in the sample (Figure 25). The multitude of possible 

configurations due to denaturation makes it not feasible to fit multiple 19F atoms into 

the spectrum, as no specific number of configurations could be determined. As the 

necessary equipment was not available during the stay at the MPI, no GQ4C sample 

could be prepared for 94 GHz measurements. 
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Figure 28: Normalized orientation-selective 19F Mims ENDOR spectra of GQ3 in deuterated buffer recorded at 

94 GHz (black traces), overlaid with spectral simulations (red dashed traces). Simulations employed the 19F hf 

tensor obtained from the 34 GHz dataset without additional optimizations (Table 3). 

Notably, the ENDOR line width remained almost unchanged between the two 

frequencies in this project (FWHM ≈ 36 kHz for GQ3 at 𝑔∥). On this basis, the analysis 

of SNR was performed on GQ3.  

The signal-to-noise ratio per 1-hour measurement time (SNR1h) is assessed for the 19F 

ENDOR traces at 34 and 94 GHz, as depicted in Figure 29, obtained at the EPR 

intensity maximum (field position a, Figure 25). SNR1h was computed as the ratio of 

the ENDOR peak intensity (𝐼) to the representative value of the noise standard 

deviation (𝜎), normalized to the square root of the acquisition time (𝑡𝑎𝑐𝑞) in hours.[180] 

𝑆𝑁𝑅1ℎ =
𝐼

𝜎√𝑡𝑎𝑐𝑞
 (see Table 4).  

 

 

Figure 29: 19F ENDOR spectra of GQ3 at 94 GHz (black trace) and 34 GHz (blue trace: as recorded; green trace: 

background-corrected; the 1H background is shown in pink) collected at the field position a (Figure 25). To visualize 
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the SNR comparison, the 94 GHz trace was accumulated for 200 scans (SRT = 4 ms), while the 34 GHz 19F trace 

and 1H background were each accumulated for 100 scans (SRT = 3 ms). 

The SNR calculations for the 34 GHz spectrum were affected by the proton 

background subtraction. The acquisition time was derived from the combined 

measurement times of 19F ENDOR and 1H background. Interpolating the background 

trace to its respective 19F ENDOR frequency axis smoothed the background signal 

slightly, reducing its noise standard deviation. Additionally, the background subtraction 

residuals perturbed the calculated 𝜎 values as their magnitude was similar to the noise 

intensity. Therefore, the SNR comparison between the 34 GHz and 94 GHz data is 

approximate. Moreover, shorter mw pulses are typically achievable at 34 GHz, 

enhancing the SNR. 

Table 4: The signal-to-noise ratio normalized to the measurement time (SNR1h) for the 19F ENDOR traces at 34 GHz 

and 94 GHz. The uncertainty was estimated by determining the σ value for the low- and high-frequency parts of the 

noise background. 

Field 

position 

SNR1h 

34 GHz 

SNR1h 

94 GHz 

a 230 ± 30 170 ± 60 

 

The ENDOR SNR1h value at 94 GHz remained relatively constant within the 5–15 K 

temperature range. As the temperature decreased, the increase in signal intensity, 

attributed to Curie’s law and the extended relaxation time (𝑇𝑚), was balanced by the 

rise in shot repetition time (SRT) due to the increasing 𝑇1 time (see Figure 26). As a 

result, at 94 GHz, the optimal temperature can only be determined concerning the 𝑇𝑚 

time and, consequently, 𝜏 optimization. 

In general, 19F ENDOR is better applied on metal-incorporated GQs at 34 GHz. 

Cooling down below 5 K at 94 GHz, which is only possible with rare cryo-free setups, 

is necessary for optimal 19F performance due to 𝑇𝑚 times. This prolongs measurement 

times in a way that overcompensates all benefits, like the absence of background 

subtractions.  To test this further, the limits of 19F ENDOR at 34 GHz are tested in the 

following chapter.  
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4.1.4. Distance and resolution limits of 19F distance 

determination 

 

After the general determination of the Cu2+ position relative to the remaining tetrads in 

the GQ and the feasibility of 19F ENDOR distance measurements at 34 GHz, the edge 

cases are investigated. What is the distance limit achieved by these methods, and how 

well can dynamic systems be investigated?  

 

Figure 30: Schematic structure of the folded GQ modified with four pyridine-ligands. One 19F-containing guanosine 

was incorporated at one of the highlighted G positions in GQ5-GQ7. Bound Cu2+ and K+ cations are represented 

as green and purple spheres, respectively. 

To answer these questions, the GQ was modified at three new positions (Figure 30). 

One thymidine in the loop region was replaced with 2′-fluoro-2′-deoxyuridine (GQ5). 

Additionally, two positions in the lower tetrad were labeled with 2′-fluoro-2′-

deoxyguanosine again (GQ6/7). 

GQ5 in the loop is a unique case; the melting temperature is 4 °C higher than that of 

GQ1 and GQ3, indicating a more stable conformation of the GQ while at the same time 

showing more flexibility due to the visible ESE line broadening (between GQ3 and 

GQ4, Figure 17B).[18] While 19F incorporation into the anti-configured guanosines 

stabilizes the GQ, possibly due to the electron-pulling effect of the fluorine, the 

seemingly stabilizing properties of the GQ5 position are less explainable due to the 

loop's fully flexible position. Coordination of uridine, replacing the thymine, to the Cu2+ 

could not be observed directly in any EPR measurements for GQ5 (Figure 31). 

In general, all three samples exhibit the same expected axial Cu2+ symmetry as the 

previous sample and can be simulated with the same parameters as GQ1 – GQ4 

(Figure 31). While GQ6 is simulated with slightly different 𝑔-values, this very small 

change can be explained by differences in the sample optimization between me and 
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Thorsten Bürger, who conducted his master thesis in the research group of Prof. 

Kasanmascheff.  

 

Figure 31: First-derivative ESE spectra of GQ5 – GQ7 recorded at 34 GHz (black traces) with simulations (red 

dashed traces). The simulation parameters are 𝑔⊥ = 2.061, 𝑔∥ = 2.275, 𝐴∥ = 555 MHz, H-Strain = [200 240] MHz 

for GQ5 and GQ7, and 𝑔⊥ = 2.062, 𝑔∥ = 2.275, 𝐴∥ = 555 MHz, 𝐻-Strain = [250 300] MHz for GQ6. The first-derivative 

spectra were obtained with a modulation amplitude of 4 mT by pseudo field modulation.[168] 

The conformational heterogeneity of GQ5 resulted in broad and poorly resolved 19F 

ENDOR spectra (Figure 32). Previously, GQ2/4 also showed broad 19F spectral 

features due to partially unfolded GQ samples (Figure S5). However, unlike these 

samples, 19F labeling in GQ5 did not destabilize the GQ structure. Thus, the broad 

ENDOR features observed for GQ5 demonstrate the flexibility of the loop region 

(Figure 32). 

These findings highlight the ability of 19F ENDOR at 34 GHz to identify dynamic regions 

within folded DNA structures. For this very flexible region, no simulation of single 19F 

configurations is feasible. Instead, a multitude of distances is calculated to estimate 

the range. Distributions in the inter-spin distance and 19F angular position resulted in a 

large and anisotropic ENDOR line width. The ranges of the inter-spin distance and 19F 

angle values for GQ5 were estimated from the extension of simulated ENDOR traces 

beyond the experimental traces' lower- and higher-frequency edges (Figure S9). 

Based on the simulations, for inter-spin distances d ≳ 8.1 Å, the simulated ENDOR 

lines clearly shift to lower frequencies compared to the experimental traces (Figure 

S9A). For distances, d ≲ 7.3 Å, the simulated ENDOR traces extend to frequencies 

higher than those of the experimental envelopes (Figure S9F). Thus, the average inter-

spin distance is estimated to be in the range of 7.4–8 Å, and the average angular 

position in the range of 50–70 °.  
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Figure 32: Background-subtracted orientation-selective 19F Mims ENDOR spectra of GQ5 – GQ7 at the field 

positions marked in Figure 19 (black traces, e*, 𝑔= 2.112, is shifted slightly towards d compared to e), with spectral 

simulations for GQ6 and GQ7 (red dashed traces). Each spectrum was normalized to its maximum intensity; the 

traces were shifted vertically for clarity. The broad spectral features for GQ6 originate from the denatured GQ 

fraction. 

In the lower tetrad positions, GQ6 and GQ7, the same principles as for GQ1 – GQ4 

are anticipated to apply. When 19F is incorporated into the guanosine at the syn-

configuration, the GQ gets destabilized. For GQ6, the 19F ENDOR spectra are broad, 

similar to the flexible position GQ5 or the destabilized GQ2 and GQ4 samples. As GQ6 

is fixed inside the second tetrad and GQ7, the neighboring position, does not show 

exesive broadening, a similar flexible position as GQ5 can be ruled out. Therefore, this 

effect is attributed to its syn-configuration, similar to GQ2 and GQ4. Due to the 

structure of the GQ, GQ6 is facing upwards with the shorter expected distance, while 

GQ7, in the more stable anti-configuration, is facing downwards from the Cu2+ (Figure 

30). In this case, the longer, more stable distance of GQ7 is of higher interest to 

determine the resolution limits of this technique at 34 GHz. GQ6, with the shorter 
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distance and visible strong line broadening, is less meaningful for the analysis. 

Nevertheless, a good simulation fit can be achieved with the values in Table 5.  

Table 5: The isotropic hf term (𝐴𝑖𝑠𝑜), 19F angular position (𝛽), and distance between Cu2+ and 19F (d) obtained from 

the orientation-selective ENDOR simulations for the GQ species GQ6 and GQ7. The experimental uncertainties 

were estimated as ranges where the RMSD reaches 115% of its minimal value (Figure S10). 

Sample 𝐴𝑖𝑠𝑜,𝑠𝑖𝑚 / kHz 𝛽𝑠𝑖𝑚 /deg 𝑑𝑠𝑖𝑚 / Å 

GQ6 0 ± 12 125 ± 8 9.7 ± 0.5  

GQ7 2 ± 17 142 ± 19 12.6 ± 1.2  

 

Analysis of the long-distance GQ7 shows close to the detectable distance limit with 

12.6 Å, as in positions g and f, a signal is detected, but no splitting is visible. Instead, 

a single broad line is visible due to the overlap of the two peaks. This indicates that 

longer distances might not be achievable as with no visible splitting, an analysis is 

impossible.  

  

 

Figure 33: Schematic structure of the folded GQ modified with four pyridine-ligands and three tetrads. One 19F-

containing guanosine was incorporated at one of the highlighted G positions (petrol color) in GQ8-GQ9. Bound Cu2+ 

and K+ cations are represented as green and purple spheres, respectively. 

Adding another tetrad and labeling it with 19F proved to be too long of a distance (Figure 

33). The addition of another tetrad resulted in a topology switch upon Cu2+ binding, 

which could not be observed with EPR.[163] Initial measurements of GQ8 revealed 

strong 19F coupling but resulting distances of ~6 Å (Figure 34A). Such a short distance 

is not feasible in this system as GQ6 and GQ7 have longer distances while being closer 

to the Cu2+ side (Table 5). An overhang below the third tetrad could possibly coordinate 

free Cu2+ in the buffer and would explain such short, otherwise impossible distances 

(Figure 33). 
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A similar long-distance sample, GQ9, was treated with ethylenediaminetetraacetic acid 

(EDTA) while preparing to complex remaining free or unspecificly bound Cu2+ ions. 

Tests showed that up to three equivalents of EDTA only coordinate free unspecificly 

bound Cu2+ without extracting the Cu2+ from the GQ (internal communication). For 

GQ9, no 19F signal was detectable in the Mims ENDOR measurements (Figure 34B). 

Therefore, the 19F signal of GQ8 was concluded to originate from additional 

coordinated Cu2+ to the bottom (overhang or loop) of the GQ, next to the 19F labeled 

guanosines (Figure 33).  

 

Figure 34: A: Background-subtracted orientation-selective 19F Mims ENDOR spectra of GQ8 at the field positions 

marked in Figure 19 (black traces), with spectral simulations (red dashed traces). Simulation parameters: 𝑔 = 2.064 

2.268; 𝑑 = 6.5 Å; 𝛽 = 100°. Each spectrum was normalized to maximum intensity; the traces were shifted vertically 

for clarity. B: Normalized 19F ENDOR spectra of GQ9 (black trace) overlaid with a scaled 1H background spectrum 

(red traces). The 𝜏 value is 2 µs at postion f of Figure 19. 

Several conclusions can be drawn when comparing the results of the second tetrad 

samples, GQ6 and GQ7, with those of the first tetrad, GQ1 through GQ4. In both cases, 

the distance between the upward- and downward-facing 19F atoms is approximately 

2 Å. Similarly, a comparable distance can be observed between the tetrads themselves 

(refer to Table 3 and Table 5).  

Figure 35 depicts the standard schematic drawing of a GQ in this thesis and 

literature;[18,26,27,181] however, it is essential to note that G-quadruplexes are generally 

wider than tall. The results in this thesis also reflect this, as the upward-facing GQ6 

has a nearly identical, or even shorter, 19F-Cu2+ distance in the second tetrad as the 

downward-facing GQ4C in the first tetrad, considering the error margins (9.7 Å vs 

10.5 Å, respectively). Comparing the upwards and downwards-facing GQ samples of 

each tetrad, it is visible that a tetrad's height is approximately 2.5 Å. In contrast, the 

distance between two tetrads is approximately 1.8 Å. 
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Figure 35: Schematic structure of the folded GQ modified with four pyridine-ligands and three tetrads. One 19F-

containing guanosine was incorporated at one highlighted G position (red-lined). Bound Cu2+ and K+ cations are 

represented as green and purple spheres, respectively. The measured 19F-Cu2+ distances are shown next to the 

representing GQ name.  

Overall, these measurements show the maximum distance detectable in this system 

using 19F ENDOR is very close to the recorded distance of 12.6 Å for GQ7, as longer 

distances expected in GQ8 and GQ9 could not be detected anymore.  
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4.2. Application of GQ as a Catalyst 

An application of metal-incorporated GQs is the use as water-based catalysts, so-

called MetalloDNAzyms. The idea developed from the large field of engineered metalo 

proteins, which catalyze reactions like oxime formation, carbene transfer, imine 

reduction, cyclopropanation, and ring-closing metathesis.[182–186] While proteins can 

have a large variety of sequences and methods to bind metal ions, like coordination 

through amino acids.[159] DNA strands are only made of the four canonical 

nucleobases, which strongly limit binding possibilities. A solution was the incorporation 

of chelating ligands into the DNA strand, similar to the pyridine and imidazole ligands 

used in this thesis.[159] These ligands enabled the development of DNA strands and 

GQs that catalyze Micheal additions, Diels-Alder reactions, Friedel-Crafts reactions, 

cyclopropanations, and other transformations.[187–197] 

In a recent study about the design of Michael-addition catalysts, multiple different DNA 

sequences with varying linker positions and linker numbers were screened.[159] It was 

discovered that three linkers could reliably generate the R conformer, while two ligands 

resulted in S conformers. This study could not unravel the underlying reason for the 

conversion and ee-selectivity in general.[159] In this thesis, four sequences were picked 

and investigated to understand the underlying mechanism. Cat1 and Cat2, with two 

ligands at slightly different positions (Figure 36), have very similar conversion and ee-

selectivity (92% and 90% (S) and 95% and 86% (S), respectively).[159] In contrast, 

Cat3, with three ligands, was found to be the best in terms of enantioselectivity (>99% 

ee) for the R enantiomer and conversion rate (94%).[159] While Cat4 was chosen as a 

“bad” linker position, with low ee-selectivity (84% (R)) compared to Cat3 (>99% (R)). 

The linker position in the sequence differentiates the sequences themselves. For the 

two linker sequences (Cat1/2), the linkers are positioned inside the first loop region, 

with either TLL or LLT, respectively (Figure 36). The difference between the three linker 

sequences is more significant. Both three linker sequences have one linker in the same 

position in the first loop and two in the third loop region (Figure 36). Inside this third 

loop region, the linkers are not just shifted as in Cat1/2 but separated by one T (TLL 

and LTL, respectively). 
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Figure 36: DNA sequences used as MetalloDNAzyms for Micheal-addition reactions from Ref.[159]The sequences 

harbor imidazole linkers (blue L) at different positions to tune the catalytic activity (Cat1—Cat4). For 19F ENDOR 

measurements, the Micheal addition acceptor MA1 was labeled with 19F at the para position of the benzene ring.[159] 

The new imidazole linkers' position in the loop region of the GQ and the reduced 

number of linkers make the Cu2+ environment in the GQs much more flexible than in 

previous GQs. The remaining open coordination sides of Cu2+ are used to coordinate 

the Michael-addition acceptor MA1. For the application of 19F ENDOR, the para side 

of the benzene ring of MA1 was labeled with 19F (Figure 36). The same GQ with none 

labeled MA1 is used as the background sample. 

The different coordination of Cu2+ in Cat1 - Cat4 leads to variations in the electronic 

environments, which is particularly evident in the 𝑔𝑧 value (Figure 37). These subtle 

changes are intriguing, as they appear to be critical factors influencing the 

enantioselectivity and conversion rate of otherwise identical GQ and Michael addition 

adducts. 

Furthermore, the higher mobility of the imidazole linkers causes the features in the low-

field region of the ESE spectra to be broader compared to samples with linkers 

contained within one of the G quartets (e.g., GQ3). This broadening effect is addressed 

in the simulations by employing higher values for the anisotropic residual line width, 

referred to as 𝐻-Strain, in these areas (Figure 32). 𝐻-Strain results from unresolved 

hyperfine couplings or other transition-independent effects. 

Overall, Figure 37 highlights the ability to differentiate between the four catalytic 

samples based on their unique simulation parameters. Although Cat1 and Cat4 feature 

different numbers of linkers positioned in various ways, the electronic configuration of 

the Cu2+ ion appears to be similar in terms of EPR, contrary to initial predictions (see 

Figure 36). The main distinction lies in the mobility of the Cu2+ ion, which is indicated 
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by the parameter 𝐻-Strain. Cat4, with three linkers, exhibits stronger broadening 

attributed to its higher mobility, while Cat1, which has only two linkers, shows less 

broadening. These results contradict previous expectations; in theory, a Cu2+ 

coordinated via three linkers in two loops should be more rigid than one with only two 

linkers. 

 

Figure 37: First-derivative ESE spectra of Cat1 – Cat4 recorded at 34 GHz (black traces) with simulations (red 

dashed traces). The simulation parameters are given in the respective graphs as inserts. The first derivative spectra 

were obtained with a modulation amplitude of 4 mT by pseudo-field modulation.[168] 

The ENDOR data in Figure 38 do not show the higher mobility of twice-coordinated 

Cu2+ compared to three-time-coordinated Cu2+. The line broadening is nearly identical 

for all samples within the SNR (Figure 38), with a similar line shape for all samples in 

all positions. The differences between the positions and linker numbers are minor and 

can not be directly explained geometrically, as in GQ1 – GQ4.  
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Figure 38: Background-subtracted orientation-selective 19F Mims ENDOR spectra of Cat1 – Cat4 at the field 

positions marked in Figure S11 (black traces), with spectral simulations (red dashed traces). The simulation 

parameters are listed in Table 6. Each spectrum was normalized to maximum intensity; the traces were shifted 

vertically for clarity. The broad spectral features for GQ6 originate from the denatured GQ fraction. 

The necessary simulations are not without problems for these catalytic samples (Table 

6) either. In the case of axial Cu2+, the simulations result in identical results for angles 

symmetric around 90° (e.g., 70° and 110°, respectively).  

Table 6: The isotropic hf term (𝐴𝑖𝑠𝑜), 19F angular position (𝛽), and distance between Cu2+ and 19F (d) obtained from 

the orientation-selective ENDOR simulations for the GQ species Cat1 – Cat4. The experimental uncertainties were 

estimated as ranges where the RMSD reaches 115% of its minimal value (Figure S12). 

Sample 𝐴𝑖𝑠𝑜,𝑠𝑖𝑚 / kHz 𝛽𝑠𝑖𝑚 /deg 𝑑𝑠𝑖𝑚 / Å 

Cat1 −25 ± 20 57 / 123 ± 6 7.6 ± 0.4  

Cat2 -14 ± 18 54 / 126 ± 10 8.1 ± 0.6  

Cat3 -25 ± 20 52 /128 ± 5 7.8 ± 0.5 

Cat4 -30 ± 16 54 / 126 ± 5 7.7 ± 0.4 
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For the previous GQ, the angle was, besides GQ5, known to be higher than 90° as the 

Cu2+ is located above the GQ in GQ1 – GQ7. Here, the coordination of MA1 is not 

known. For Cat3, MD simulations showed MA1 coordinates between the Cu2+ ion and 

the first G quartet (Figure 39), indicating an angle above 90° (Table 6).  

 

Figure 39: Visualization of the MD results for Cat3. The GQ is shown in grey, with the three linkers in green. MA1 

is shown in blue, with the 19F side labeled in red. Cu2+ is shown in gold. 

No MD data is available for all other samples, and both angles are similarly possible. 

Further, no reverence of direction is visible in the spectra. The high symmetry between 

GQ1/GQ3 and GQ2/GQ4 showed a symmetry axis going straight through the GQ, 

annotated z-axis for the analysis (Figure 22). No such symmetry is visible in the 

samples, and the z-axis can not be assigned straight through the GQ. Especially under 

the assumption of high mobility in the linkers coordinating the Cu2+, a location of Cu2+ 

straight on top of the GQ is unlikely. While the position of MA1 coordination is known 

for Cat3, the unknown Cu2+ electronic orientation makes it impossible to assign a fixed 

angle (between 𝑔𝑧 and the connecting vector) for any of these samples.  

One solution is the option of double labeling the sample with 19F. Labeling different 

positions inside the first G quartet would allow to gain one distance and angle set for 

the MA1 label and one for the G quartet position if the line broadening allows. By 

comparing the resulting angles, the 𝑔𝑧 orientation of the Cu2+ ion can be determined, 

and a specific angle can be attributed to each label. These samples will be prepared 

and measured in the future together with additional MD simulations to gain a better 

understanding of this mechanism. At the current point, all simulation values are within 

each other's error margin, and no distinction between seemingly good and bad linker 

positions for catalytic activity can be made.  

Additionally, the high flexibility of the linker positions in the loop makes a distinction 

between double or triple-coordinated Cu2+ impossible. A distinction should be resolved 
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through 14N ENDOR measurements. In each sample, the Cu2+ ion is coordinated via 

nitrogen atoms either of imidazole or the MA1 molecule.  As the linkers have different 

orientations, the 14N ENDOR should allow for differentiation between each 14N atom 

and, thereby, the linkers and the substrate. The measured 14N Davies ENDOR resulted 

in mixed results. While Figure S13 clearly distinguishes Cat1 and Cat3, no difference 

is observed for Cat3 with and without MA1. A clear distinction between two- and three-

time coordinated Cu2+ can not be made. While the sample can be differentiated, the 

results of Cat3 with and without MA1 raise the question of how exactly MA1 binds to 

Cu2+.  From the 14N ENDOR results presented here, whether MA1 binds to the Cu2+ 

via the nitrogen and oxygen atoms is questionable, as shown in Figure 36 and 

predicted by the MD calculations (Figure 39). Cat3 has a detectable 19F signal with a 

distance of 7.8 ± 0.5 Å with seemingly no detectable 14N coupling from MA1, which 

leads to the hypothesis of binding of MA1 either via the oxygen atom alone or a 

combination of the oxygen atom with the neighboring C-C double bond (see Figure 

36). The ENDOR distance results would support the latter hypothesis as the measured 

Cu2+-19F distance in the MD structure is 10.6 Å. A distance measured between the 

oxygen atom and 19F and the bond between the carbon atom and 19F would put the 

distance in a 6.5 – 8 Å (Figure 40). The actual Cu2+ ion position should thereby be 

somewhere between these two atoms. It is to be noted that these considerations are 

just estimates made based on the MD structure shown in Figure 40. 

 

Figure 40: Visualization of the MD results for Cat3. The GQ is shown in grey, with the three linkers in green. MA1 

is shown in blue, with the 19F side labeled in red. Cu2+ is shown in gold. The oxygen atom of MA1 is shown in pink, 

and the C-C double bond is colored in light green. Pymol distance measurements are shown in the respective color 

with the distances written next to it. 

 

6.5 Å 

8 Å 
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It is somewhat questionable if double 19F labeled samples can resolve these questions, 

as the line broadening due to the flexibility would remain, and the exact coordination 

of Cu2+ is still unknown. Preparing these samples at lower temperatures, similar to 

GQ2C and GQ4C, could thermodynamically limit the number of configurations the 

samples can achieve. This could help narrow the line width and differentiate between 

the binding positions of these samples.  

GQ5 demonstrated that flexible regions can be determined in larger molecules. Here, 

this motion is a significant problem for the analysis. The results show that a direct 

conclusion on how the linker position influences the enantioselectivity is hard to obtain. 

Further, the results, especially of 14N ENDOR, suggest that the overall binding of MA1 

to the Cu2+ ion in the GQ needs to be questioned and further investigated. Besides 

double 19F labeled samples, a sample with 17O labeled MA1 made at 4 °C could help 

untangle these problems.  

In the next step, the efficiency of 19F ENDOR in detecting the binding of a molecule to 

the DNA directly instead of the Cu2+ ion is investigated. 
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4.3. GQ binder analysis via 19F ENDOR 

Besides a molecule directly binding to the Cu2+ ion, some molecules bind to DNA 

strands or GQs. Here, two different binders of DNA GQs themselves, with two different 

ways of applying 19F ENDOR, are investigated. The first sample has, similar to MA1, 

a single 19F atom in the binder (Figure 41). In contrast, the second sample incorporates 

the Cu2+ into the binder, with a DNA GQ only labeled with a 19F atom (Figure 41).  

 

Figure 41: Schematic structure of the GQs with the corresponding binders. One 19F-containing guanosine was 

incorporated at one highlighted G position (red-lined) for Por, the shown DNA sequence is symbolic. The used 

sequence has an additional tetrad on the top and the loop regions only consist of two thymine. Bound Cu2+ and K+ 

cations are represented as green and purple spheres, respectively.  

The first tests are performed with GQ0 mixed with Ciprofloxacin (Cip), a widely used 

antibiotic for treating bacterial infections. Ciprofloxacin advantageously has only a 

single 19F atom (Figure 41), as before. 

  

Figure 42: EPR measurements at 15 K of Cip. Left: ESE measurement (black) with simulations (red) of Cip with 

simulation parameters listed inside the graph. The sample composition is listed in Table 7. Right: 19F ENDOR 

spectra (black) at positions indicated in the ESE graph with simulation (red). The simulation parameters are shown 

inside the graph (Line width: 35 kHz).    
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Cip based on GQ0 with additional Ciprofloxacin showed very different behaviors than 

the previous measurements. In the earlier measurements as a background, the Cu2+ 

hf coupling of GQ0 was resolved in the 𝑔∥ region (𝐴∥; Figure 18). In Figure 42 (left), 

after adding Ciprofloxacin, the spectrum got broader, and the hf is no longer resolved, 

indicating changes to the electronic structure of Cu2+ in the GQ. Strong binding of the 

Ciprofloxacin to the Cu2+ ion is the most feasible explanation, as a similar effect was 

observed for Micheal addition educt binding (Figure 37). 

If the Ciprofloxacin is bound directly to the Cu2+ ion, a distance of 6 – 8 Å can be 

expected during 19F ENDOR measurements, similar to previous results of the first 

tetrad and Micheal addition educt. The measurements in the earlier sections showed 

that the two principal orientations of the axial 𝑔-tensor (𝑔⊥: a, 𝑔∥: b; Figure 42) are 

already enough to resolve most of the hf tensor. Therefore, as a starting point, only 

these two positions were measured. The spectra showed strong 19F couplings in both 

orientations with a distance of around 6.75 Å. With two orientations, the distance and 

angle have a more considerable error margin than these based on more orientations 

due to a more extensive variety of fitting simulation parameters.  

Nevertheless, the change in the electronic structure of Cu2+ and the very short Cu-F 

distance leads to one conclusion. Ciprofloxacin binds directly to the Cu2+ ion instead 

of the DNA GQ. While this result is a new minimal distance for 19F ENDOR (6.75 Å vs. 

7.6 Å for Cat1), it differs from the intended investigation target. Initially, binding to the 

GQ itself was targeted to be able to conclude binding modes in Cu2+ unmodified 

systems. The results show that 19F ENDOR, in combination with Cu2+ labeling, can 

resolve complex structural questions with only a few orientations measured. At the 

same time, measurements at more orientations would decrease the error margins.  

The second test sample contains Cu2+ harboring Chlorophyllin, a semi-synthetic 

derivate of chlorophyll, and a DNA sequence forming four G-quartets without the Cu2+-

pyridine linker modification (Por, Ttel-sequence, Figure 41 left). Here, the first guanine 

in the sequence is labeled with a single 19F, putting in the first G-quartet (from the 

bottom) of the GQ (Figure 41).  

In Chlorophyllin, the axial symmetry is less pronounced, and the 𝑔 tensor anisotropy 

is lower (Figure 43), indicating that incorporating Cu2+ into Chlorophyllin has a different 

electronic environment than that in labeled GQs.  Additionally, the hf coupling of Cu is 

not resolved, and a strong line broadening is observed. 
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Figure 43: EPR measurements at 15 K of Por. Left: ESE measurement (black) with simulations (red) of Por with 

simulation parameters listed inside the graph. The sample composition is listed in Table 7. Right: 19F ENDOR 

spectra (black) at positions indicated in the ESE graph (arrow).  

For the 19F ENDOR measurements, the 𝑔⊥ orientation with the highest signal intensity 

was chosen as the best starting point. The resulting 19F spectrum in Figure 43 shows 

a visible 19F feature between -0.1 MHz and 0.1 MHz. At the same time, the spectrum 

shows extremely low SNR even after 10 hours of accumulation. As the 𝑔⊥ has the 

highest signal intensity overall, the SNR at other orientations would be lower or require 

even longer measurement time, probably days.  

Due to the very low SNR, further measurements of this sample to characterize the full 

hf tensor are not feasible. This could be a result of different effects: either the 

Chlorophyllin binds too far away from the 19F tag, or the concentration of Chlorophyllin 

bound to the GQ is very low.  

Figure 43 indicates the first option to be accurate; a very long Cu-F distance results in 

low SNR and minimal hf coupling values. Here, a single peak with splitting overlayed 

by line broadening, indicating binding of Chlorophyllin either to the top of the GQ (loop 

region) or at least the top half of the GQ as the 19F tag is located in the lowest quartet 

(Figure 41). 

EPR confirmed that Chlorophyllin binds to the GQ, a previously established 

phenomenon.[198,199] The specific binding mode is still unclear, although the data shown 

here indicate that it likely occurs at the top of the GQ. 

The 19F ENDOR measurement shows that investigating the binding process could be 

improved with a few modifications, promising new insights into the exact binding 

process. First, the position of the 19F tag needs to be adjusted, as it is currently located 

at the bottom of the GQ in the lowest quartet. A more central position in the second 
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quartet is a more reasonable starting position. In the case of a central 19F labeling 

position in the GQ, Chlorophyllin binding to the sides,  top, or bottom of the GQ should 

result in distances between GQ1 and GQ4 as structurally there can not be more than 

two quartets separating 19F and Cu2+.  Further, using multiple different 19F positions 

would allow the determination of which side of the GQ the Chlorophyllin is bound to.  

 

4.4. Summary and Outlook 

This thesis is the first implementation of ENDOR spectroscopy in combination with site-

specific 19F labeling for distance determination in a biological macromolecule at 34 

GHz.[18] The highly rigid Cu2+ spin label designed for DNA G-quadruplexes allows 

measuring atomic-scale distances in the range of 6 – 13 Å with a high accuracy of up 

to 0.1 Å, depending on the distance and labeling site. When applying at 34 GHz, the 

overlap with the underlying proton ENDOR features, an expected drawback, could be 

successfully subtracted using a reference sample while maintaining a high signal-to-

noise ratio of the resulting 19F ENDOR spectra. The 19F ENDOR linewidth is 

theoretically the main limiting factor in accessing longer distances within GQ 

structures. The full width at half maximum line width of ~35 kHz for the most narrow 

feature at g∥ imposes a limitation of approximately 15 Å. In contrast, GQ6 showed the 

practical limit with GQs closer to 13 Å.  

Applications for GQ catalytic research and binding investigations have been proven 

challenging. While all catalytic samples were feasible for measurements, and the 

general orientation and distance were detectable, the resolution was insufficient to 

determine the small differences. The central aspect of these resolution problems is the 

samples themselves. 19F ENDOR distance determination, similar to other dipolar 

coupling spectroscopic techniques, is highly sensitive to the paramagnetic center 

position and surroundings. In the case of the catalytic samples, the Cu2+ ion is in a very 

flexible position, which reduces the overall resolution due to a multitude of slightly 

different conformations. While a clear binding mode could not be obtained, the 14N 

ENDOR measurements in combination with 19F ENDOR showed that the binding of 

MA1 is not the nitrogen atom of MA1, as theoretically predicted, but a side closer to 

the 19F tag.  Nevertheless, if mobility could be limited in the sample preparation 

process, 19F ENDOR was shown to be the proper technique for identifying the correct 

binding side and mode for intramolecular distances of GQ binders that are not directly 

bound to the Cu2+ ion. 
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The binder measurements also showed mixed results due to the sample composition. 

Ciprofloxacin binding resulted in a new minimal resolved distance of 6.75 Å for 19F-

Cu2+ distance measurements; the intended analysis of binding to the GQ, on the other 

hand, was not achievable due to binding to the Cu2+ ion. The 19F label position for 

measurements with Chlorophyllin was unsuitable for further analysis of the binding 

position and mode; nevertheless, it showed promising results for measuring distances 

between systems that are not directly bound to the Cu2+ ion.  

For further measurements, the label positions need to be reviewed and adjusted for 

more precise and reliable measurements. A promising next step for the Chlorophyllin 

measurements will be using a GQ with 19F tags in the central G quartet to more easily 

determine the general binding side and distance. This will be followed by specifically 

labeled samples with 19F sides close to the determined binding side. Alternatively, MD 

simulations of these complexes could void the first step by predetermining the binding 

mode and side.  

A more rigid Cu2+ site would be necessary for analyzing the catalytic GQs. A cooldown 

of approximately 20 °C during preparation might not be sufficient to limit the degrees 

of freedom in the linkers. The remaining conformational variants might still be too many 

to significantly improve the ENDOR resolution. Measurements of double 19F labeled 

samples together with MD simulation would allow binding orientation analysis.  

In general, 19F ENDOR can be used for a wide range of future biomolecular projects 

at 34 GHz due to well-established 19F incorporation protocols and even commercially 

available labeled precursors or substances like 2’-fluoro-guanosines in this thesis. 
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4.5. Material and Methods 

All GQ samples in this thesis are part of the collaboration project investigating GQs for 

different applications between the Kasanmascheff and Clever groups at the TU 

Dortmund. The samples were prepared by Simon Kotnig in deuterated buffer with 

deuterated glycerol and delivered in 1.6 mm EPR tubes in liquid nitrogen if not stated 

differently (Table 7). A detailed sample production procedure and Circular dichroism 

(CD), NMR, and UV-Vis data are given in Simon Kotnig's PhD thesis and Schumann 

et al.[18]  for samples in the publication. EPR spectroscopy, mass spectrometry, and 

melting temperature measurements confirmed the incorporation of the metal cations 

and significant stabilization of the GQ structure due to the metal incorporation. The 

sample GQ5 was prepared by Simon Kotnigs, Bachelor student Yana Streltsova, under 

his supervision. Thorsten Bürger measured GQ6 within the scope of his Master's 

thesis. 

Table 7: Sample naming and composition of GQ samples prepared by Simon Kotnig. 

Sample 
Sample name by 

Simon Kotnig 

Concentration / 

mM 
DNA Sequence Additional information 

GQ0 ONSK10 

1 

5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
Background no fluorine 

GQ1 ONSK3 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ2 ONSK4 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ2C ONSK4 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
4°C preparation 

GQ3 ONSK7 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ4 ONSK8 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ4C ONSK8 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
4°C preparation 

GQ5 ONYS2 
5’-AGG LTU ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ6 ONSK6 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 

Measured by Thorsten 

Bürger 

GQ7 ONSK5 
5’-AGG LTT ALG GTT AGG 

LTT ALG G-3‘ 
 

GQ8 ONSK29 
5´-TTG GGL TTL GGG TTG 

GGL TTL GGG-3´ 
 

GQ9 ONSK34 
5´-TTG GGL TTL GGG TTG 

GGL TTL GGG-3´ 
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LGQ1 ONSK29 

1 

5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 
 

LGQ2 ONSK30 
5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 
 

LGQ3 ONSK33 
5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 
EDTA treated 

LGQ4 ONSK34 
5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 
EDTA treated 

LGQ0 ONSK35 
5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 
Background, no fluorine 

Cat1 ONSK49 0.75 5’-AGG GTL LGG GTT AGG 

GTT AGG G-3’ 

 

Cat1B ONSK49 0.75 Background, no fluorine 

Cat2 ONSK51 0.25 5’-AGG GLL TGG GTT AGG 

GTT AGG G-3’ 

 

Cat2B ONSK51 0.25 Background, no fluorine 

Cat3 NK05 0.6 5’-AGG GTL TGG GTT AGG 

GTL LGG G-3’ 

 

Cat3B NK05 0.6 Background, no fluorine 

Cat4 ONSK50 0.25 5’-AGG GTL TGG GTT AGG 

GLT LGG G-3’ 

 

Cat4B ONSK50 0.25 Background, no fluorine 

Cip ONSK35 0.25 5’-TTG GGL TTL GGG TTG 

GGL TTL GGG-3’ 

Ciprofloxacin added 

CipB ONSK35 0.25 Background, no fluorine 

Por Ttel_F 0.15 
5’-TTG GGG TTG GGG TTG 

GGG TTG GGG-3’ 
Cu2+ bound to porphyrin 

PorB Ttel 0.15 
5’-TTG GGG TTG GGG TTG 

GGG TTG GGG-3’ 

Cu2+ bound to porphyrin, 

no fluorine 

 

34 GHz (Q-band) EPR and ENDOR measurements were carried out at 15 K using a 

Bruker Elexsys E580 spectrometer equipped with a 150 W TWT amplifier (Applied 

System Engineering, 187Ka), commercial Bruker EN 5107D2 ENDOR resonator, 

Oxford Instruments CF935 continuous-flow helium cryostat and Oxford Instruments 

MercuryiTC temperature controller.  

Echo-detected EPR spectra were detected using the standard Hahn-echo sequence:  

𝜋

2
−  𝜏 −  𝜋 −  𝜏 −  echo. The typical microwave (mw)  

𝜋

2
  pulse lengths was 12 ns, and 

the 𝜏 value was 350 ns.  

Mims ENDOR experiments[158] were carried out using a AR 600 W radiofrequency (RF) 

amplifier (AR 600A225A) with the standard Mims ENDOR sequence: 
𝜋

2
−  𝜏 −

𝜋

2
− 𝑇 −

𝜋

2
−  𝜏 − echo. The time interval T was set to 47 µs and included a 45 µs RF pulse. 

Shorter RF pulses were achievable but led to the broadening of 19F ENDOR lines. The 

measurements were performed with 10 shots per point (spp) to speed up data 

accumulation as described in the literature.[9] The sensitivity loss due to saturation of 
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19F spins compared to spp = 1 was negligible for the shot repetition time of 3 ms used 

for all samples. The stochastic RF acquisition was used.[200] The accumulation time 

was 4–14 hours per trace, depending on the field position, if not stated otherwise in 

the figures. 

1H Davies ENDOR spectra were collected using the same equipment as Mims 

ENDOR, following the standard Davies[157] sequence: 𝜋select −  𝑇 −  
𝜋

2
−  𝜏 − 𝜋 −  𝜏 −

 echo. The time interval T was set to 19 µs and included a 17 µs RF pulse. The  𝜋select 

inversion pulse was set to 200 ns.  

EPR analysis is made with the EasySpin plugin for MatLab.[174] ESE spectra are 

simulated using the pepper function, while ENDOR measurements are simulated using 

the saffron function. 
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5. High-pressure tuning of the midpoint potential of Fdx1 

High-pressure setups are rare for EPR systems. While other spectroscopic methods, 

like NMR and Fourier transform infrared spectroscopy, have established setups that 

showed the potential of high pressure to access otherwise low- or unoccupied energy 

states essential for some biological processes.[115,121] Establishing a high-pressure 

setup for EPR spectroscopy requires some changes to these setups, as very low-

temperature measurement conditions are often used. Additionally, a reliable model 

system is needed for the system to be tested.  

As such, the Fdx1 (ferredoxin 1) protein in the green microalga Chlamydomonas 

reinhardtii, a model organism for investigating oxygenic photosynthesis within 

chloroplasts, was chosen.[201,202]  It is very well studied and can be expressed and 

produced relatively easily. Fdx1 incorporates a [2Fe2S] cluster as a central point in the 

electron pathway during photosynthesis. Its well-characterized midpoint potential of -

410 mV makes it an ideal electron acceptor for photosystem I (𝐸𝑚 = -550 mV).[203,204] 

Thereby, Fdx1 can pass on the electrons received from photosystem I into different 

pathways. Prominently, two pathways are the transfer of electrons to the NADP+ 

reductase (FNR) for NADPH production under photosynthetic conditions and the 

transfer to the [FeFe]-hydrogenase HydA1 for H2 production under anaerobic 

conditions.[204–207] 

Studies are being conducted to improve the interaction between Fdx1 and HydA1 to 

enhance the effectiveness of electron transfer.[208,209] The success of this process 

depends on various factors, such as the distance between the electron donor and 

acceptor, protein-protein interactions, and differences in midpoint potentials.[210]  

This thesis focuses on the influence of pressure on the midpoint potential. The midpoint 

potential is the redox potential at a given temperature and pH value at the center of a 

redox titration curve where the reductant and oxidant are equal. 

Midpoint potentials can vary drastically between systems depending on multiple 

influences.[211] First, the metal center in these metal-proteins plays a crucial role in the 

midpoint potential. Copper, for example, sits more on the higher end of the potential 

range, while iron is often a low midpoint potential center.[212] Predominantly influenced 

by the valent states, iron in different iron-sulfur cluster configurations exhibits 

drastically different midpoint potentials, as [4Fe4S] clusters transition from a 2+ to 3+ 

oxidation state while [2Fe2S] transition from 1+ to 2+.[211] The number of metal centers 

is also an important determining factor, even if these are not spacially close by, as 
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electrostatic interactions and aromatic groups showed a mediator effect.[213] A second 

influencing factor is the ligands in the primary coordination sphere. The ligands 

influence the potential in different ways. Geometry and electronic properties are 

important as some metals can prefer specific geometries in different oxidation states 

or either soft or hard ligands. In the latter case, harder ligands stabilize higher oxidation 

states, leading to a decreased midpoint potential.[214] The ligands' electron donating or 

withdrawing ability also influenced FeS cluster potentials.[211] An important factor for 

this thesis is the shown influence of slight structural changes of the cluster, like bond 

angle changes of Fe-S-Cα-Cβ.[215–217] A third major group of midpoint potential 

influencing interactions is found in the second coordination sphere.[211] Hydrophobic 

environments increase the potential of the metal center as higher redox states are 

disfavored. Hydrogen bonds can further alter the midpoint potential. Their influence 

depends on where and how they form. Besides limiting ligand movement by locking 

them in place, they can alter the properties of the first coordination sphere by 

establishing a connection to primary ligands, reducing potential. For their full effect, the 

bonds need to be correctly orientated.[211] 

This part of the thesis investigates pressure effects on Fdx1s midpoint potential by 

facilitating the newly designed and built high-pressure EPR setup. High pressure of up 

to 4 kbar could cause changes to the ligand position of the first and second 

coordination spheres through compression of the protein. Additionally, the pressure 

might lead to water penetration into void spaces inside the protein or the active side of 

the protein, changing the hydrophobic environment and, thereby, the midpoint 

potential. All of these possible effects and their results to the midpoint potential can be 

investigated with EPR under high pressure and could lead to new developments for 

the design of hydrogen production parthways. 
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5.1. Sample preparation and methods 

The Fdx1 protein was expressed and purified by the Happe group at the Ruhr 

University Bochum as described in the publication of Heghmanns et al..[218] The protein 

was provided in aliquots, and the concentration was checked through UV-VIS 

measurements at 420 nm with a Thermo Fisher Scientific NanoDrop 1000 before use 

in the potentiometries. Redox potentiometry was performed following the procedure 

described by Heghmanns et al. with the same equipment described in the publication 

method section.[218]  The temperature-independent buffer with a pH of 7.5 was changed 

after the first batch from a 60 mM / 40 mM mixture described by Heghmanns et al.[218] 

to a 30 mM / 70 mM mixture of HEPES and Na2HPO4, as described by Le Breton et 

al..[219] The change was made as the temperature-independent nature of the first 

mixture is not fully given at pH 7.5. 

Table 8: Redox titration sample list. Two titrations were performed by titrating NaDT to the protein solution. The 

first titration batch was measured with EPR at atmospheric pressure before throwing, applying pressure, and 

refreezing the samples. For the second batch, the buffer was changed from a mixture of 60 mM HEPES with 40 

mM Na2HPO4 to a mixture of 30 mM and 70 mM, respectively. 

Batch Sample number Redox potential / mV Concentration / µM Pressure 

1 

1 -453 199.43 1 bar  

2 -468 198.49 1 bar 

3 -501 197.79 1 bar  

4 -528 197 1 bar & 4 kbar 

5 -560 195.18 1 bar & 4 kbar 

6 -599 194.11 1 bar & 4 kbar 

7 -621 193.45 1 bar & 4 kbar 

8 -637 189.26 1 bar & 4 kbar 

2 

1 -487 197.18 4 kbar 

2 -504 196.26 4 kbar 

3 -527 194.90 4 kbar 

4 -550 194.14 4 kbar 

5 -562 193.70 4 kbar 

6 -575 192.14 Broken 

7 -591 190.25 Broken 

8 -603 187.87 4 kbar 

9 -620 184.59 4 kbar 

10 -628 171.16 Broken 

 

34 GHz (Q-band) EPR ESE measurements were carried out at 15 K using a Bruker 

Elexsys E580 spectrometer equipped with a 150 W TWT amplifier (Applied System 
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Engineering, 187Ka), commercial Bruker ER 5106QT-2 resonator, Oxford Instruments 

CF935 continuous-flow helium cryostat and Oxford Instruments MercuryiTC 

temperature controller. The resonator was critically coupled for reproducibility, and 

measurement parameters were optimized for each sample (Attenuation and Video 

Gain) and listed in Table 9. 

Table 9: Acquisition parameters for 34 GHz ESE experiments performed on Fdx1 samples at atmospheric pressure 

and 4 kbar. 

Parameters  

T / K 15 

π / ns 20 

τ / ns 650 

Shot reputation time / µs 500 

Shots per point 100 

Attenuation / dB 8 - 9 

Video Gain / dB 24 – 42 

Field / mT 1237 ± 135 

scans 2 

 

  

5.2. Design and performance of High-Pressure equipment  

Different EPR high-pressure setups have found applications in the past, depending on 

the research interest. The main interest for this thesis and the research group lies in 

biological macromolecules with either intrinsic or artificial paramagnetic centers. As 

these systems have very short-lived radical states or incorporate metal ions with 

relaxation times too short to be measured at room temperature, a setup to measure 

EPR under pressure at cryogenic temperatures was designed.  

For this purpose, an approach similar to that of Prof. Hubbell's group in Figure 8 was 

termed ideal.[133] The decision was made to make the system easier to operate with 

fewer error points than the system built by the Hubbell group. The main principle of 

pressurizing the sample at room temperature, followed by a freezing process under 

pressure, is retained. In general, the system contains three main parts: the pressure 

chamber in which the sample is inserted, pressurized, and frozen; the pressure 

intensifier; and a dewar with an ethanol dry ice cooling bath (Figure 44).  
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Figure 44: Schematic drawing of the high-pressure setup constructed. A 4-kbar spindle pump is connected to a 

microreactor by standard high-pressure tubing. A dewar vessel with a dry ice/ethanol cooling bath is used to freeze 

the sample. The dewar can be high adjuted by a lifting platform. 

For the pressure chamber, different aspects need to be addressed. First of all, the size 

of the chamber needed to be determined. EPR spectrometers, depending on the 

resonator, need sample tubes of different sizes. In the case of the Kasanmascheff 

group, sample tubes between 2.8 an 1.6 mm outer diameter (OD) are used. These 

tubes need to fit into the pressure chamber with enough space for the pressure medium 

to flow around the tube and a metal collar for retrieving the tubes from the pressure 

chamber. Otherwise, the increased pressure would push the tube to the bottom of the 

chamber, in the worst case, crushing it. The pressure medium needed to be considered 

as well. Similar to the Hubbell group, ethanol was used as the pressuring medium. To 

avoid corrosive damage, a pressure chamber made of type 316 stainless steel was 

chosen for its specific high corrosive resistance.  

Additionally, stainless steel has the advantage of being non-magnetic and not 

interfering with our sample recovery system (vide infra). Besides the inner diameter, 

the length of the chamber needed to be considered for the freezing process. The 

sample must be fully frozen before the pressure is relaxed, which is best achieved by 

fully submerging it into the cooling bath. The opening mechanism should not be 

submerged into the cooling bath to minimize possible problems due to freezing or 



 88 

temperature compression of the metal when opening. The EPR tubes are 15 mm long, 

to avoid problems, a pressure chamber of at least double the length should be chosen 

to account for possible errors in the sample position inside the pressure chamber, as 

well as keeping the pressure tubing and opening mechanism outside the dewar with 

the cooling bath. With consideration of material, length, and inner diameter, the MS-5 

microreactor from High Pressure Equipment was chosen. An inner length of 305 mm 

as well as an inner diameter of 4.8 mm allow the use of both 2.8 mm OD and 1.6 mm 

OD EPR tubes (Figure 45). At the same time, this choice limited the applications to 

pressures of 4.14 kbar due to material limits and the used pressure connections. The 

used pressure connections are standard ¼ inch HF4 metal-to-metal connections. 

A manual spindle pump from PTG (Pressure Technology Gesselschaft) was chosen 

as a pressure intensifier for up to 4.14 kbar pressures. All parts in contact with ethanol 

were modified to stainless steel to protect the system from corrosion. The application 

of a manual pressure intensifier allowed for easier handling and construction (Figure 

44).  

Submerging the whole microreactor required a large dewar vessel. To simultaneously 

accommodate the microreactor and dry ice, the inner height needed to be larger than 

the reactor length. A small diameter was chosen to avoid unnecessary heat loss. For 

the dewar, a KGW isotherm 7C is used with an inner diameter of 67 mm and an inner 

height of 350 mm, meeting both requirements. 

Finally, the sample tube must withstand high pressure, and it is important to avoid 

mixing the sample solution with the ethanol of the pressure media. Samples containing 

high amounts of water need to be mixed with 25 v/v% of glycerol to avoid water 

expansion during freezing. Tests with lower amounts (5%, 10%, 20%) of glycerol all 

ended in the bursting of the sample once the pressure was lifted on the surrounding 

media. Another option, besides adding 25 v/v% glycerol, is the use of thick-walled EPR 

tubes, which can withstand the pressure of freezing water.  

Standard EPR tubes used in the Kasanmascheff group have walls of either 0.25 mm 

for the 1.6 mm OD tubes or 0.5 mm for the 2.8 mm OD tubes. The 1.6 mm OD tubes 

were shown to be too fragile even with 25 v/v% of glycerol. An increase to the same 

0.5 mm wall thickness as the 2.8 mm OD tubes for the 1.6 mm OD allowed 

pressurization. However, the remaining sample space is very small (inner diameter 0.4 

mm), making sample loading difficult. A workaround is using a BAC ENDOR resonator 



 89 

with 2.7 mm tubes, allowing for the same ENDOR capabilities as the standard ENDOR 

resonator the 1.6 mm OD tubes are used for (introduced in Chapter 0). 

 

Figure 45: Schematic drawing of the sample inside the pressure chamber with a magnetic collar for sample 

positioning and a silicon piston to seal the sample. 

Additionally, the sealing procedure was only successful in one of ten tests, leading to 

the postponement of the implementation of 1.6 mm OD. The tubes are sealed by 

inserting Sylgard 184 silicone elastomer into the sample tubes. The elastomer can be 

poured into form before curing; the initial idea of curing it inside empty EPR tubes to 

gain perfect plugs was discarded as the viscosity was too high to get them into the 

tubes. Instead, the elastomer is cured in 3 mm thick plates, and the EPR tube is stuck 

through the resulting plates, cutting circular plugs out of it. These plugs are inserted 

into the sample tubes and pushed down onto the solution, sealing the tube and acting 

as a piston upon pressurization (Figure 45). All the air below the silicone must be 

removed, and the piston should remain slightly flexible. The flexibility is needed to 

avoid cracking and possible leaks during pressurization and freezing.  
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A small magnetic metal collar made by the chemistry department's scientific workshop 

is attached to the top of the EPR tubes with sellotape. Fixation with sellotape was 

shown to be the most suitable approach. Additional ideas included fixation with silicone 

adhesive or hot glue, which requires much more preparation time, and cutting off the 

collar with a glass cutter after pressurization. The sellotape quickly loses adhesive 

strength in ethanol, easing the removal afterward while holding long enough to perform 

the pressurization and freezing. Additionally, the metal collars can be reused with this 

approach. The attached magnetic metal collar allows the sample to be moved by 

strong magnets from outside the pressure chamber. A pair of magnets is positioned 

on each side of the chamber and slide up and down, pushing the sample inside.  

Test with water/glycerol filled EPR tubes confirmed the applicability of the general 

process. Samples can be at room temperature or on ice (~4 °C) when the silicone 

elastomer is inserted into the tube and pushed down with a metal rod onto the solution. 

To guarantee the removal of all air bubbles between the silicon piston and the solution, 

the piston was pushed slightly into the solution, and the supernatant on top of the 

piston was removed with a syringe. After attaching the metal collar, the tube is filled 

with ethanol before being inserted into the pressure chamber. The chamber is screwed 

to the remaining setup and closed with a torque wrench to guarantee a solid connection 

of the metal-metal connector. The sample can then be pressurized with up to 4 kbar 

before lifting the dewar with the cooling bath up and around the pressure chamber to 

freeze the sample.  

To ensure all parts are thoroughly cooled down and the sample is frozen, the cooling 

bath remains in place for 5-10 min before releasing the pressure. The cooling bath gets 

lowered roughly 5 cm to allow easy opening of the pressure chamber. Afterward, the 

pressure chamber is kept in the dewar with the cooling bath and, for easier handling, 

put on a nearby table. A small dewar with liquid nitrogen is prepared. The sample is 

brought to the top of the pressure chamber with the help of the magnets and quickly 

transferred to the liquid nitrogen. Before fully submerging in liquid nitrogen, the metal 

collar and the ethanol must be removed above the silicon piston and around the tube. 

The tube is best dried with a paper towel to avoid ethanol freezing to the outside, and 

the ethanol inside is extracted with a syringe. The best way was to clean the tube first 

and stick the bottom part with the sample into liquid nitrogen before removing the collar 

and the ethanol inside.  
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While the setup is simple and the procedure is easy to perform, a couple of minor 

issues were determined during testing and practical use during the Fdx1 project in this 

thesis as well as Dr. Shari Meichsners project (PhD Thesis of Dr. Shari Meichsner). A 

second person is needed for error-free sample retrieval from the pressure chamber, 

as holding the magnets and transferring the sample is best performed by two people 

simultaneously. The use of only one person led to problems with sample retrieval, such 

as breaking the sample due to the magnets being in the wrong position. Additionally, 

using a manual spindle pump is disadvantageous during the freezing process. Ethanol 

volume decreases during the cooling process, lowering the pressure. An error of up to 

80 bar can not be ruled out, as turning the spindle pump upon pressure decrease takes 

some time. An automatic system like a computer-controlled pressure generator would 

minimize the time necessary to adjust the pressure upon ethanol temperature 

compression, keeping the pressure constant.[135] Additionally, modifying the retrieval 

mechanism can help ease the use and enable reliant performance with only one user. 

 

Figure 46: Possible design for a magnet holder. The magnets are attached to a wrench-like handpiece. The 

distance between the magnets needs to be 15 mm, as the pressure chamber OD is 14.7 mm, and a larger distance 

would decrease the magnetic strength.  

One relatively easy modification is to incorporate the magnets into a fixed tool to hold 

them in place (Figure 46). Currently, the magnets are hand-held, and extreme care 

needs to be taken not to bruise your hands. The main problem is the round sides of 

the pressure chanber, allowing the magnets to slip easily, either hitting the other 

magnet or, in the worst case, squeezing the handler's fingers if they do not react quickly 

enough. Simultaneously, the magnets get very cold due to the contact with the 

pressure chamber. This could lead to freeze burns as the magnets are too small to be 

handled with gloves. While during the test and first applications, this system works, 

changes need to be made concerning user safety and practicality. 
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5.3. Results and Discussion 

After the initial test of the high-pressure equipment with water samples, the possible 

influence of pressure on the midpoint potential of Fdx1 was investigated. Fdx1 is well 

studied under atmospheric conditions, and EPR and redox titration well characterized 

the midpoint potential of -410 mV.[203,218,220] EPR measurements of the first redox 

potentiometry were performed before pressurization to verify the results. If the 

potentiometry and analysis are performed correctly, a value close to the determined 

literature value is expected. To achieve reproducibility, the QT2 resonator is critically 

coupled for all EPR ESE experiments to ensure comparability between the signal 

amplitudes.  

All EPR spectra show characteristic rhombic 𝑆 =
1

2
 line shapes, while with decreasing 

redox potential, the signal intensity declines as the protein gets oxidized (Figure 47). 

All spectra show background contributions from an organic radical arising either from 

the added NaDT or a reaction of NaDT with one of the redox mediators, marked in 

Figure 47 by an asterisk. The spectrum at the potential of -0.391 V also shows signal 

contributions from the resonator background, predominantly manganese.  

At potentials above -0.391 V, the resonator background dominates the spectra, and no 

[2Fe-2S] signal is distinguishable. These background contributions make analyzing the 

midpoint potential from the raw data difficult. Pseudomodulation of the raw data 

enables better simulation fitting to the overall line shape. As the simulation is set up 

only to include the [2Fe-2S] cluster contributions of the spectrum (Figure 48), they are 

normalized to the g3 area (~1285 mT) as no background contributions are visible there.  

 

Figure 47: ESE EPR spectra of samples taken from a reductive titration with NaDT at the indicated potentials at 

pH 7.5 at atmospheric pressure. The asterisk marks a signal arising from an organic radical (NaDT or redox 

mediators). 
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The simulation uses the g-values [2.0552 1.9636 1.884], which match the literature 

values for [2Fe-2S] cluster EPR simulations (Figure 48).[218] Further analysis, double 

integration and a Nernst-fit, are performed on the simulation rather than the raw data, 

which minimizes background contributions.  

Titration of NaDT into the sample solution slowly dilutes the sample, slightly lowering 

the overall protein concentration. To avoid influences on signal intensity, the intensity 

values gained by double integration of the simulations are corrected to reflect the 

original 200 µM protein concentration (Table 8). The resulting intensities are plotted 

against their respective potentials and fitted with a Nernst-Fit (Figure 49). 

 

 

Figure 48: Pseudomodulated ESE spectrum at the potential of -0.468 V at atmospheric pressure (black) with the 

easyspin simulation superimposed (red). The simulation is normalized to the g3 region (1288 mT), a line width of 9 

MHz, and a g-Strain of [0.0095 0.0157 0.028] MHz together with the g-values [2.0552 1.9636 1.884]. The asterisk 

marks a signal arising from an organic radical (NaDT or redox mediators). 

The atmospheric pressure potentiometry in Figure 49 gave a midpoint potential of -

0.410 ± 0.005 V with high confidence (R2 = 0.97), precisely the literature value. The 

precise reproduction of the literature value also showed that the added 25% of glycerol 

in these samples does not affect the midpoint potential. 

This result ensures that the potentiometry and sample preparation are working 

correctly. As a second step, the samples were thrawn and pressurized with the 

equipment described above. The pressurized and refrozen samples were remeasured 

and analyzed again. Additionally, a second potentiometry was performed to generate 

a duplicate. The second potentiometry samples were not measured under atmospheric 

conditions as the procedure was already proven to work. Instead, the samples were 

pressurized directly after the potentiometry, frozen, and measured. 
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Figure 49: Nernst Fit to determine the midpoint potential of Fdx1 at atmospheric pressures. The intensities of the 

double-integrated simulations are plotted against their respective half-cell potentials  (𝐸ℎ, black) and fitted with a 

Nernst fit for one transferred electron (red). The resulting midpoint potential and error and the confidence of 

determination (R2) are in the figure.  

Pressurization was more problematic than anticipated in the first tests with water. Six 

of the eighteen samples of the two potentiometers broke during the process. Therefore, 

both potentiometers are combined for a better Nernst fit, as the start or endpoints are 

missing (Table 8). Both potentiometry batches show the same overall line shape under 

4 kbar pressure (Figure 50A) and match the line shape and simulation of the ESE 

pseudo-modulated data from the atmospheric pressure measurements. The direct 

comparison of the two pressurized samples revealed a slight difference between 

1250 mT and 1290 mT (Figure 50B). As the line shape of the Fdx1 is unperturbed, the 

difference most certainly results from additional unknown background contamination 

(Figure 50B). The extra background features could result from the pressurization 

procedure itself. A misplaced silicon piston might have resulted in ethanol leaking into 

the sample solution, leading to a possible reaction with the Fdx1. Further, suppose the 

silicon was not fully curred before the use in the second potentiometry. Liquid silicon 

might get pressed into the sample, either reacting with parts of the buffer or Fdx1 or 

resulting in the background signal itself. As the setup was still in the trial phase, such 

causes can not be ruled out. Additional tests with the silicon piston without Fdx1 and 

EPR measurements of uncured silicon elastomer could give insight for future projects. 

Pressure effects on the protein can be ruled out, as these effects are only visible in 

one of the two 4-kbar batches. Due to the manual pressure application, an inaccuracy 

of up to 80 bar is possible, but this should not significantly affect the 4-kbar pressure 

area.  
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Figure 50: A: ESE EPR spectra of samples taken from a reductive titration with NaDT at the indicated potentials at 

pH 7.5 and 4 kbar. The asterisk marks a signal arising from an organic radical (NaDT or redox mediators). Two 

potentiometries are combined; the dashed lines belong to potentiometry 1, and the solid lines are samples from 

potentiometry 2. B: Pseudo-modulated ESE spectrum at the potential of -0.468 V of potentiometry 1 at atmospheric 

pressure (black) and the 4 kbar (red) as well as 4 kbar of potentiometry 2 (blue). The spectra are normalized to g3. 

The asterisk marks a signal arising from an organic radical (NaDT or redox mediators). 

The analysis is performed according to the first atmospheric pressure analysis on the 

simulated spectra, minimizing the effect of the additional background signal on the 

analysis. The two different potentiometry, while having slightly different background 

signals (Figure 50B), align when plotted together (Figure 51). The Nernst fit revealed 

a midpoint potential of -0.425 ± 0.007 V, shifting it by around -15 mV compared to the 

atmospheric pressure measurements. A shift of 15 mV is only 3 mV out of the error 

range of the two Nernst fits, with an R2 value of the 4 kbar fit only being 0.88.  

 

Figure 51: Nernst Fit to determine the midpoint potential of Fdx1 at 4 kbar. The intensities of the double-integrated 

simulations are plotted against their respective half-cell potentials  (𝐸ℎ, black from potentiometry 1 and blue from 

potentiometry 2) and fitted with a Nernst fit for one transferred electron (red). The resulting midpoint potential and 

error and the confidence of determination (R2) are given inside the figure. 
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The low confidence value of the fit indicates a larger error than the fit itself. One reason 

is the set number of transferred electrons in the Nernst equation. Only one electron 

can be transferred to reduce a [2Fe-2S] cluster. The transfer of more electrons would 

result in either the cluster not being EPR active anymore or the formation of an organic 

radical in the surrounding coordination spheres. Both are not observed in the ESE 

spectra.  

A second approach for midpoint potential determination, a semilog plot, is performed 

to assess if the Nernst Fit gave a wrong result. The linear fit of the semilog plot provides 

the midpoint potential as the y-axis intercept (Figure 52B). Here, the linear fit gave the 

same midpoint potential of -0.424 ± 0.007 V as the Nernst fit. The gradient of the slope 

𝑚 can be used to determine the transferred electrons n with the Faraday constant F:  

𝑚 = 2.3026
𝑅𝑇

𝐹𝑛
.      (5.1) 

It can be simplified to 𝑛 = 0.0592
𝑚𝑉

𝑚
, resulting in 1.8 transferred electrons. As 

mentioned before, the number of transferred electrons for Fdx1 can not exceed one. 

Thereby, the number of transferred electrons indicates that the Nernst fit and ESE 

spectra give a false result. 

 

Figure 52: A: ESE EPR spectra of the -0.468 V potential taken from a reductive titration with NaDT at pH 7.5. The 

same sample was measured before and after the pressurization to 4 kbar (black and red, respectively). Additionally 

the sample was thrawn after pressurization and refrozen at atmospheric pressure (blue). The asterisk marks a 

signal arising from an organic radical (NaDT or redox mediators). B: Semilog plot of the two 4 kbar potentiometry. 

Linear fit of the potentiometry points (red) with gradient (m) and y-axis intercept (b) are given inside the figure.  

Figure 52A shows that during the pressurization of the sample, parts of the 

paramagnetic species vanish.  A change in ESE line shape was anticipated through 

water penetration or changes in the first or second coordination sphere. As a change 

in line shape can not be observed in both 4 kbar ESE measurement sets, besides the 
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background change (Figure 50B), the electronic structure of the [2Fe-2S] cluster is not 

influenced by pressure. At the same time, the diminishing of the ESE intensity indicates 

that some proteins got oxidated during pressurization and following thrawing. If the 

change in intensity was a pure reversible pressure effect, the intensity should return to 

the original level after thrawing. This does not happen, and the intensity drops even 

further, indicating irreversible oxidation, most probably due to denaturation or other 

destructive processes (Figure 52A).  

This results in an overall problem for the sample analysis. Oxidation of some [2Fe-2S] 

clusters changes the sample's potential. The potential is not determined again after 

the pressurization, which leads to the assignment of wrong potentials to intensity 

values. These changes can not be included in the analysis, as remeasuring the 

potential in frozen form after pressurization is not currently possible. Overall, this 

results in an incorrect midpoint potential determination.  
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5.4. Summary and Outlook 

The initial brief to build and establish a high-pressure EPR setup to investigate high-

energy protein configurations was achieved. The setup showed to be working with a 

couple of minor flaws, which should be removed over time. Overall, applying high 

pressure at room temperature and freezing the sample under pressure to trap it inside 

the high-pressure configuration works with this basic, less controlled setup, compared 

to using a more automatic setup reported by the Hubbell group. Here, the critical point 

remains to be the retrieval of the sample out of the cooled pressure chamber. The 

discussed magnet holder system for easier sample retrieval might already fix the issue. 

Nonetheless, it would help with solo use and safer handling of the cold pressure 

chamber. Overall, the high-pressure setup now allows for reliable sample 

pressurization for all types of low-temperature EPR measurements in the range of 0 – 

4 kbar. 

Using this approach for tuning the midpoint potential of Fdx1 with high pressure was 

shown to be difficult. The general potentiometry reproduced the literature value 

perfectly while the high-pressure application worked, and the effects were visible; the 

analysis revealed some significant flaws. Firstly, a better retrieval system for the EPR 

sample would, in this case, have helped to avoid the loss of so many data points (six 

broken tubes during pressurization or retrieval). Additionally, a difference in line shape 

due to different pressure effects was anticipated, while the results showed a reduction 

of overall signal intensity with no line shape influences. The resulting conclusion of 

oxidation of some [2Fe-2S] clusters and, thereby, the change in potential inside these 

samples was overseen during project planning. As the potential can not be determined 

after pressurization in this setup, the graphic application and analysis use misleading 

potentials for the samples.  

As an effect of pressure on the samples is observed, Fdx1 is still a promising protein 

to investigate under pressure. A pressure influence on the midpoint potential can also 

not be ruled out; the pressure setup would need adjustment. A setup that pressurized 

the sample inside the resonator while the potential can be determined would be ideal 

but technically nearly impossible to construct as electrodes must be fitted into a 1.8 

mm inner diameter EPR tube. Additionally, the whole setup would need to allow for 

cooling, as [Fe-S] clusters are too fast relaxing to measure at room temperature. 

Midpoint potential determination via other methods like UV/Vis is more 
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approachable[221,222] as high-pressure equipment is already in use and only needs 

minor modifications, if any.[223,224]   
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6. General purpose 34 GHz TE011 resonator 

In EPR spectroscopy, one of the essential parts of the EPR spectrometer is the 

microwave resonator. The resonator holds the sample during the experiment, 

concentrating the microwaves onto the sample to enhance the signal 

sensitivity.[225]  Additionally, the resonator type determines the sensitivity and time 

resolution.[225] Over the years, many different resonators have been designed by 

working groups with special purposes,[226–229] and a wide variety is commercially 

available from Bruker or Bridge12. Different applications have optimal working 

parameters in different resonator cavities.[225] For example, 9.4 GHz CW EPR 

resonators are mainly based on rectangular TE102 cavities. They have a high quality 

factor (parameter describing resonance behavior), a reasonable filling factor (how 

much of the resonator is filled with sample), and low sensitivity to dielectric losses in 

samples. The large sample opening of these resonators allows them to be easily used 

with cold finger dewars for low-temperature measurements.[225] The low microwave 

bandwidth and the frequent lag of MW frequency tuning mechanisms make these 

resonators unsuitable for pulse EPR and higher frequencies. 

9.4 GHz EPR sources, mostly used for CW EPR, are often tunable on quite large 

frequency scales, while 34 GHz and higher frequencies only have a narrow frequency 

source. Cylindrical TE011 cavity resonators are used for these applications. Compared 

to TE102 cavities, these types are frequency tunable by moving one of the resonator 

plungers (Figure 53a (3)/(5)) and are easier to manufacture than scaled down to 

34 GHz TE102 cavities.[225] Alternatively, depending on the measurement method, other 

specialized resonators can be used. In the Kasanmascheff lab, two commercially 

available Bruker resonators are mainly used. The ER5106-QT2 resonator for double 

electron-electron resonance spectroscopy (DEER / PELDOR) has a TE012 cylindrical 

cavity. In contrast, the ER5107D2 resonator is a dielectric resonator. 

Here, the main focus lies on a 34 GHz pulse EPR TE011 resonator (BAC) for ESE, 

ENDOR, and DEER, developed by Edward Reijerse et al.[225] in the early 1990s and 

recently modified by the group of Prof. Nick Cox at the Australian National University 

to allow bandwidth tunability for general-purpose measurements (Figure 53). The 

resonator features a cylindrical TE011 cavity with a 2.8 mm sample opening and four 

0.8 mm silver posts acting as ENDOR coils in pseudo-Helmholz geometry, making the 

resonator robust and immune against mechanical vibrations.[225] Compared to the 

dielectric ER5107D2 Bruker ENDOR resonator (D2) with its 1.6 mm sample opening, 
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it can fit larger samples also used in our 9.5 GHz MD5 resonator as well as the 

specialized ER5106-QT2 34 GHz resonator. Additionally, the movable top plunger of 

the resonator allows frequency tuning in a range of ±2 GHz (Figure 53a (3)).   

 

Figure 53: (a) Exploded view of the Q-band TE011 ENDOR resonator probe head; (1) Upper cover; (2) ENDOR 

posts; (3) upper (movable) plunger; (4) resonator body with iris on the right (flattened) side; (5) lower (fixed) plunger; 

(6) RF contact plate; (7) coax clamps; (8) drive bar for sliding short; (9) RF coax line; (10) modulation coil body; (11) 

coupling waveguide; (12) sliding short. (b) Photo of the disassembled resonator showing the parts in panel (a). The 

input and output coax lines are connected to the ENDOR coil, and the modulation coils are mounted to the resonator 

body. (c) Photo of the resonator body with modulation coil attached (using the black caps). The upper and lower 

plungers also detail the silver posts making up the RF coil and the MACOR contact plate (white). In addition, a 

‘‘naked’’ resonator body with slits (12 cuts of 0.3 mm, 0.5 mm apart, giving a 3 mm wide 60% optical access) is 

shown. Figure taken from Ref. [225] under the RightsLink license number 5942931333288.  

Figure 53 shows a schematic drawing of the resonator body and pictures of the 

individual parts. Table 10 lists the most important technical parameters. 
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The original version featured a 3 mm sample opening, which Prof. Nick Cox reduced 

for us to 2.8 mm. Reijerse et al. 's publication provides a detailed resonator 

explanation.[225] Therefore, this thesis does not go into more detail, as no additional 

changes to the resonator were made. The original design was intended for CW and 

ENDOR measurements and thus has limited bandwidth. The work by Judd et al. 

modified the resonator coupling mechanism with dielectric plates,[230] which allows 

overcoupling to achieve bandwidths up to 100 MHz, overcoming the original design's 

limited bandwidth. Further, plans to use sapphire crystal to achieve bandwidths of up 

to 1 GHz in the overcoupled mode are currently being tested by Martyna Judd 

(personal communication). This would allow the BAC resonator to be an actual all-

purpose resonator with a low bandwidth critical coupled mode for CW EPR, pulse EPR, 

and pulse ENDOR and a very high bandwidth overcoupled mode for DEER 

measurements. The current version discussed here and used by the working group of 

Prof. Kasanmascheff lacks this feature and has a fixed bandwidth of 20 MHz, which 

can not be tuned.  

Table 10: Technical parameters of the TE011 resonator version produced by Prof. Nick Cox.[225] 

MW frequency 32 – 36 GHz RF frequency 1 – 400 MHz 

Cavity diameter 11 mm ENDOR geometry 2.7 x 4.6 mm 

Modulation coil 30 turns Sample height 9 mm 

Bmod (100 kHz) 1 mT Sample tube diameter 2.7 mm 

 

6.1. TE011 cavity resonator function tests 

 

A good working and reliable sample is needed to test the resonator's function. The 

original paper used Standard Bruker samples, such as BDPA and DPPH, for room 

temperature performance tests.[225]  A performance gain compared to the D2 with our 

research samples was much more interesting in this case, as BDPA always gives good 

to excellent results if correctly measured. Here, BDPA is only used for basic room 

temperature checks of general function and RF pulse nutation experiments.  

For a direct comparison of the Bruker D2 resonator with the BAC resonator, RNR class 

Ia Y122• was chosen. The RNR class Ia Y122• is well-studied and is a significant 

research topic in our group by multiple PhD students.[4] Therefore, four samples were 

prepared: 200 µM protein concentration with 5 % glycerol and 10 µM with 5 % glycerol 

in 2.7 mm and 1.6 mm tubes for the BAC and D2 resonator, respectively.  
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For BDPA, a 1.6 mm 1% BDPA in polystyrene sample is used. To enable 

measurements in the BAC resonator, the sample tube was inserted into a 2.7 mm BAC 

resonator tube (inner diameter 1.8 mm) to have a sufficient filling factor. Without the 

2.7 mm outer tube, the EPR tuning dip lay above 36 GHz, outside of the reach of the 

spectrometer MW source and BAC tuning capabilities.  

A direct comparison of the ESE data of both resonators revealed a slight shift in 𝑔-

value position for the BAC resonator (Figure 54A). As such an effect was not observed 

with the later RNR samples (Figure 55), the best explanation is the difference in tuning 

and the necessity of inserting it into another tube. As for tuning, the frequency tuning 

capabilities of the resonator were brought to their limit, possibly introducing frequency 

inhomogeneity and leading to a shift in peak position.  

 

Figure 54: BDPA room temperature test measurements in BAC and D2 resonator. A: Pulse field sweep 

measurements of 1% BDPA in polystyrene in BAC (black) and D2 (red). The spectra are frequency and intensity 

normalized. B: RF nutation experiments at 51.6 MHz (1H matrix line, 100% RF amplifier power) following the Mims 

ENDOR sequence at different power settings for the RF source indicated in the figure (Att: Attenuation; SumAtt: 

Sum Attenuation). For the pink trace, the power of the RF amplifier was limited to 85%, which is equal to the power 

used for D2 ENDOR experiments. Additionally, the trace was extended to allow the observation of longer pulse 

lengths.  

Besides the slight shift, both resonators showed the identical expected line shape. The 

frequency and coupling tuning of the BAC resonator worked perfectly. A small problem 

arose from the manufacturing procedure, as the ordered 2.8 mm sample opening was 

too precise. Our 2.8 mm tubes for use in the MD5 and QT2 resonators have a 0.1 mm 

error margin, which could result in stuck or broken samples upon insertion into the 

resonator. Therefore, new tubes with a slightly smaller 2.7 mm OD were ordered and 

used from here. 

For the RF pulse length nutation experiments, the field was held fixed at the maximum 

intensity, and the RF frequency was set to the frequency maximum of the 1H ENDOR 
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matrix line (measurements not shown). For the D2 resonator, Dr. Yury Kutin performed 

the RF nutation in 2018 during the implementation of the resonator in our lab. The 

power settings optimal for a 1H ENDOR in the D2: pulse length: 17 µs, RF channel 

attenuation: 5 dB with 12 dB Sum Attenuation at a power level of 85 % set on the RF 

amplifier (730 mV peak-to-peak power). Higher powers resulting in shorter pulse 

lengths are achievable but have been shown to melt the RF coils of the D2 resonator. 

As previous measurements were done with a 2500 W amplifier in the BAC 

resonator,[225] the RF amplifier was set to a power level of 100% (600 W) as no 

destruction of the coils was anticipated. Figure 54B shows the RF nutation curves at 

different power settings for the BAC resonator. A minimum pulse length of 14.5 µs was 

achieved at full power for a 1H spin transition. The same 17 µs as the D2 resonator are 

optimal when the attenuation is set to 3 dB for both attenuators. At the same power 

settings optimal for the D2, the BAC resonator can only achieve an RF pulse length of 

roughly 40 µs (pink trace, Figure 54B). This indicates a much lower RF transition 

efficiency than the D2 resonator due to possibly a smaller area of homogenous RF 

field or a less homogenous RF field. Both factors would explain a higher power need 

for the same pulse length.  

For lab applications, this lower RF power efficiency is not crucial as the used RF 

amplifier has the power reserves to achieve the same pulse length as D2. Additionally, 

longer RF pulse lengths are often desired as the ENDOR resolution increases for 

longer pulse lengths (as shown in 4.1). Very short RF pulse lengths, like the 7 µs with 

a 2500 W amplifier by Edward Reijerse et al.,[225] are only helpful for couplings above 

10 MHz. 

The strength of the BAC resonator is the large sample opening, which allows for higher 

spin amounts. Using high-concentration samples with standard field sweep settings 

(high number of scans or high number of shots per point) showed no apparent 

difference between BAC and D2 (Figure 55A). Both resonators have excellent 

performance for high concentrations; the advantage of BAC only comes into focus at 

low concentrations or very short measurements.  

Figure 55B incorporates the same RNR Y122• sample but with only 10 µM measured 

with 1 shot per point for one scan. It shows much lower SNR for D2 (18.5) than BAC 

(64.5). The recorded 3.47 times improvement in SNR between the BAC and the D2 

resonator for the RNR samples matches the improvement of 3.5 times reported in the 

literature.[225] 
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Figure 55: Pulse field sweep measurements in D2 (red) and BAC (black) resonator of RNR Y122•. A: 1 scan at 100 

shots per point measurements of RNR Y122• (200 µM) at 10 K in D2 (1.6 mm OD tube) and BAC (2.7 mm OD tube) 

resonator. B: 1 scan at 1 shot per point measurements of RNR Y122• (10 µM) at 10 K in D2 and BAC resonator. 

While the desired result was achieved, a spectrometer artifact was discovered during 

the test measurements. A continuous oscillation was visible in the non-signal areas 

(background), with a strong three-peak repetitive up and down in the baseline (Figure 

S14). Currently, the origin of the oscillation is unknown. Similar oscillations were visible 

during the research stay at the ANU. They were discovered to originate from the 

interference of other electronic devices and vibrations in the system (termed earth 

loop). A solution was to dampen the cryo connections to the Helium tank and the 

introduction of 50 Hz low-pass filters into the primary power source. As our Helium tank 

is connected to the cryo system by flexible silicone tubing, the influence of mechanical 

vibrations can be excluded. The introduction of electronic noise through other 

electronic devices should not be excluded. Since the remodeling of the EPR lab at the 

TU Dortmund, two EPR spectrometers are connected to the same central power line 

of the building. As the connection is hard-wired, no easy solution is possible at this 

point. Introducing a low-pass electronic filter would require some modifications to the 

power line. As the oscillations can not be removed currently, the SNR values of BAC 

and D2 must be seen critically. Nevertheless, the oscillation looks nearly identical in 

both resonators and seems systematic (Figure S14), resulting in a relative SNR value 

for the two resonators. An absolute SNR value for comparison is not interesting in 

many cases as it is highly system-dependent. Therefore, the oscillation can be 

neglected for the SNR comparison. 

Besides the RF pulse length, the performance regarding SNR should also be 

investigated for ENDOR measurements. Like pulse-field sweep experiments, the 
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higher sample amount and spin concentration in the resonator's active window should 

increase the ENDOR's SNR. The Davies ENDOR measurements were performed at 

the 𝑔𝑦 position (𝑔 = 2.008, 1212 mT in Figure 55A) of the spectrum for good 

comparability to the work of Dr. Shari Meichsner (PhD thesis chapter 3.3.3) and ease 

of recording (Figure 56). Both resonators show identical line shapes with no artifacts 

and are similar to measurements done by Dr. Shari Meichsner. For the best SNR 

comparison, only ten scans were performed to ensure sufficient signal visibility. Lower 

scan numbers had the problem, especially under five scans for D2, that the 1H signal 

was not clearly identifiable in the spectrum. In this case, the gained SNR result 

depends on the amount of scans done.  

 

Figure 56: Davies ENDOR measurements of RNR Y122• with different resonators and concentrations indicated 

inside the figure. All measurements are done at 10 K with a 200 ns inversion pulse, 17 µs Rf pulse, 20 ns 𝜋 pulse, 

and a 450 ns 𝜏 for 10 scans. 

For ten scans, the BAC resonator has roughly 1.4 times better SNR for 200 µM 

samples. For low concentrations, the increase in SNR is even more significant; for 

10 µM samples, it increases by 4.9 times.  

Here, the low sample concentration is more meaningful. As to get the exact 

measurement parameters of the D2 resonator, the BAC resonator needed to be 

strongly undercoupled for the 200 µM samples, limiting power output drastically, as 

otherwise strong ring-down effects were visible. Currently, the BAC resonator can only 

be critically coupled or undercoupled as the Iris is set to a fixed bandwidth of 20 MHz, 

and the coupling mechanism is not meant for overcoupled measurements. 

Modifications to the coupling mechanism mentioned in Judd et al. would be necessary 

to enable overcoupling and larger bandwidth.[230] 
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During the low-temperature test, it was evident that the BAC resonator lacked 

adequate insulation. At moderate humidity levels of around 45%, significant 

condensation developed at the probe head, affecting both the electronic sockets for 

the temperature sensor and the RF connections. After just four days of use at low 

temperatures, the connectors for the tuning mechanism began to rust. 

After consulting with Anton Savitsky, one of the authors involved in further developing 

the BAC resonator design, it became clear that the waveguide installed between the 

resonator and the probe head was made from the wrong material.[230]  The solid, thick-

walled copper waveguide, which has high thermal conductivity, facilitates heat transfer 

toward the probe head. In contrast, all other components connecting the resonator and 

probe head are made from a special resin—similar to what Bruker uses for its 

resonators—with very low thermal conductivity.  

The waveguide needs to be replaced with insulated stainless steel to achieve the 

desired insulation effect. 

 

6.2. Conclusion and Outlook 

The TE011 cavity resonator demonstrated significant advantages in terms of SNR and 

the analysis of low-concentration samples compared to the D2 resonator. Although the 

RF efficiency is considerably lower, the high-power RF amplifier at TU Dortmund 

adequately offsets this inefficiency. Moreover, the larger sample volume provides 

advantages for analyzing very low-concentration samples. At the same time, it allows 

the same EPR tubes to be utilized in other resonators. This feature minimizes the 

amount of sample required for experiments conducted at multiple frequencies and with 

various methods, as only one EPR tube needs to be filled. Additionally, it reduces the 

risk of errors that may occur due to different sample preparations. Finally, for the 

permanent use of the BAC resonator at low temperatures, the waveguide in the probe 

head will need to be replaced with a stainless steel version. 
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Appendix 

 

 

Figure S1: 𝑔-tensor orientations excited at the field positions where 19F Mims ENDOR spectra were collected. The 

spheres were generated using the orisel function of the EasySpin toolbox. The simulation parameters are based on 

the GQ3 Mims parameters from Table 1. Since the perpendicular component of the Cu2+ hf tensor is not resolved 

in EPR, a somewhat arbitrary value of 50 MHz was used for the illustration. Due to a strong 19F ENDOR contribution 

from the free/non-specifically bound Cu(II) at position a for GQ2C/GQ4C, the ENDOR spectra for these species 

shown in this work were collected ~4 mT higher than the precise position a. 

 

Figure S2:  𝑇𝑚 measurements using the simulated echo sequence (T = 47 µs) of GQ3 (black) at all field positions 

indicated in Figure 19 fitted with a stretched exponential decay function (Eq. 2.19, red, c is indicated in the figure) 

the resulting 𝑇𝑚 times are listed behind the graphs. A: Measurements were done in deuterated solvent. B: 

Measurements were done in none deuterated solvent. Deuteration of the solvent leads to a roughtly three-time 

increasein 𝑇𝑚. 
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Figure S3: ENDOR spectra of GQ3 in deuterated solvent (D2O / glycerol-d8, black) and none deuterated solvent 

(H2O / glycerol, red). Left: Mims ENDOR of GQ3 at the positions indicated in Figure 19 and optimized parameters 

(RF pulse: 45 µs, 𝜏: Table 2). Right: Davies ENDOR of GQ3 at position f. Parameters: 200 ns inversion pulse, 𝜏: 

450 ns, and RF pulse length: 17 µs. 

 

 

Figure S4: Normalized 19F ENDOR spectra of GQ1–GQ5 (black traces), overlaid with scaled 1H background spectra 

of GQ0 (red traces). The 𝜏 values for every position and sample are given in Table 2. The traces are shifted vertically 

for clarity. 
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Figure S5: Background-subtracted 19F ENDOR spectra of GQ2  (left) and GQ4 (right) at two different temperatures 

of production, 4 °C (black) and 25 °C (red). The accumulation time was between 4 and 12 hours, depending on the 

field position. 𝜏 value for each position and sample can be found in Table 2. The traces are shifted vertically for 

clarification. 

 

 

 

Figure S6: Comparison of background-corrected 19F ENDOR spectra of GQ1 (black) and GQ3 (green) on the left 

and GQ2C (black) and GQ4C (green) on the right. The 𝜏 values for each sample and field position can be found in 

Table 2. 
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Figure S7: Concentration tests of GQ3 19F ENDOR at position f to determine the minimal concentration for 19F 

measurements. All spectra are background subtracted and recorded with the identical optimization; the 

accumulation of scans is 5500 for 1 mM and 250 µM, and 6160 for 10 µM. A: Normalized spectra to a maximum of 

1 for direct comparison. B: Spectra without normalization, all are optimized identically.  
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Figure S8: RMSD heatmap plots for GQ1 – GQ4 (top to bottom) for the 19F angular position (b), inter-spin Cu2+–
19F distance (d), and the isotropic hf term (Aiso), used to fit the orientation-selective ENDOR data (Figure 22) with 

the resulting 3D structure and connecting vector (yellow dashed) between Cu2+ (green sphere) and 19F (red sphere) 

in the top left corner. Each heatmap is plotted for a pair of fitting parameters, with the third parameter set to its 

optimized value. 
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Figure S9: Normalized orientation-selective 19F Mims ENDOR spectra of GQ5 (black traces) overlaid with spectral 

simulations (red dotted traces) for six sets of inter-spin distance and angular position values (Aiso = 0 was assumed 

in all cases; the ENDOR broadening was 60 kHz in A–D, 80 kHz in E and 70 kHz in F, other parameters indicated 

in the figure). 
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Figure S10: RMSD heatmap plots for GQ6 and GQ7 (top to bottom) for the 19F angular position (β), inter-spin Cu2+–
19F distance (d), and the isotropic hf term (Aiso), used to fit the orientation-selective ENDOR data (Figure 32). Each 

heatmap is plotted for a pair of fitting parameters, with the third parameter set to its optimized value. 

 

 

Figure S11: A representative echo-detected EPR spectrum for Cat3 recorded at 34 GHz (black solid trace) with 

the corresponding simulation (red dashed trace). Simulation parameters are listed in the graph in Figure 37. Field 

positions where ENDOR spectra of Cat1 – Cat4 were measured are marked a to g. 
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Figure S12: RMSD heatmap plots for Cat1 – Cat4 (top to bottom) for the 19F angular position (β), inter-spin Cu2+–
19F distance (d), and the isotropic hf term (Aiso), used to fit the orientation-selective ENDOR data (Figure 38). Each 

heatmap is plotted for a pair of fitting parameters, with the third parameter set to its optimized value. 

 

Figure S13: Comparison of 14N Davies ENDOR spectra of Cat1 (red) and Cat3 with and without Michael addition 

reactant MA1 (blue and black, respectively). The 𝜏 value for all three measurements is 450 ns with an optimized 

RF pulse length of 24 µs, T = 15 K. 

 

Figure S14: Oscillation in the background area of TE011 (BAC, black) and D2 (red) of RNR measurements. The 

difference in direction results from opposite-phase tuning. 
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