
 

  

 

Development and Evaluation 
of Experiments for Pure Shift 
Solution-State Magnetic 
Resonance Spectroscopy 

  

  
 Vom Fachbereich Chemie der Technischen Universität Darmstadt 

zum Erlangen des akademischen Grades eines Doctor rerum naturalium (Dr. rer. nat.) 

genehmigte Dissertation, vorgelegt von 

Lukas Kaltschnee (M. Sc. Chemie) aus Frankfurt am Main 

August 2016, Darmstadt, D17 
  
 

 

 

 

 

 
Fachbereich Chemie 
Clemens-Schöpf-Institut für 
Organische Chemie und 
Biochemie 
Prof. Dr. C. M. Thiele 

 

 

 

 

 

 

 

Titel in deutscher Sprache: 

Entwicklung und Bewertung von Pure Shift Experimenten für die Magnetische 

Resonanzspektroskopie gelöster Moleküle 

 

1. Gutachten: Prof. Dr. Christina M. Thiele (Technische Universität Darmstadt) 

2. Gutachten: Prof. Dr. Michael Reggelin (Technische Universität Darmstadt) 

3. Gutachten: Prof. Dr. Klaus Zangger (Universität Graz) 

 

Tag der Einreichung: 28. Juni 2016 

Tag der mündlichen Prüfung: 09. August 2016 
 



 

Development and Evaluation of Experiments for Pure Shift Solution-State Magnetic Resonance 

Spectroscopy 

 

Entwicklung und Bewertung von Pure Shift Experimenten für die Magnetische Resonanzspektroskopie 

gelöster Moleküle 

 

 

genehmigte Dissertation von Lukas Kaltschnee aus Frankfurt am Main 

 

1. Gutachten: Prof. Dr. Christina M. Thiele 

2. Gutachten: Prof. Dr. Michael Reggelin 

3. Gutachten: Prof. Dr. Klaus Zangger (Universität Graz) 

 

Tag der Einreichung: 28. Juni 2016 

Tag der mündlichen Prüfung: 09. August 2016 

 

Darmstadt – D17 

 

 



 

  |  i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

meiner Familie und den vielen lieben Menschen, 

die mich ebenfalls durch diese Zeit begleiteten 

 

  



 

ii  |  

 

  



 

  |  iii 

Acknowledgements 

 

For the supervision of this thesis I want to thank Christina Thiele, including the motivation and drive to 

follow this work, for making everything possible that serves my personal development, nice and 

sometimes also exhausting discussions, endless patience, the possibility to present my work to other 

people and the huge support – in particular in stressful situations. 

 

There is a second (and in large parts even third, fourth and fifth) person that essentially also supervised 

this thesis and these are Gareth Morris and Katalin Kövér, Ralph Adams and Mathias Nilsson, who have 

been supportive wherever they could. You got to know me well through thousands of lengthy e-mails 

and a bit of personal contact and I’d be more than happy, if the close contact stayed intact in the future. 

 

Strong support also came from the Merck KGaA (through the Merck’sche Gesellschaft für Kunst und 

Wissenschaft e.V.), which went beyond funding this work for two entire years. They have been very 

supportive in helping me to present my work at several conferences, which certainly was worth a lot – 

not only through promoting the work and by enabling me to get into contact with other people from the 

field. It also helped me a lot to get a broader knowledge of what is outside the small world of my own 

research. 

 

For close collaboration, I first of all want to thank István Timári, who put a lot of effort into many of the 

projects contained in this work. Also I should mention Martin Koos here, for a very short, intense and 

fruitful collaboration. 

This work has been blessed with many different collaborations, which clearly helped and pushed me a 

lot. In addition to the people named above, I should mention Volker Schmidts and Andreas Kolmer for 

their contributions to Projects A and B through their work, but also through the many discussions, 

guiding help, good ideas, criticism etc.. For his contributions to Project A, also for his calmness during 

the time I’ve been pushing him Kevin Knoll should also be mentioned here.  

Contributions to Project B have also come from Felix Roth, who spent several interns with me and always 

has done a very reliable job, while being great company. Further contributions to project B came from 

Dušan Uhrín and Nicholle Bell, for which I want to thank a lot. 

Project C was in collaboration with Yulia Moskalenko-Serra, Wolfgang Bermel, Karolina Pulka-Ziach and 

Timo Imhof, who all devoted their time and energy. 

To Project D, further Burkhard Luy and Grit Kummerlöwe have contributed. I want to use this possibility 

to not only thank for the shared efforts, but also for the many discussions together with Burkhard. 

For the shared work not appearing herein, but which still took a lot of effort, I also want to thank Jonas 

Kind and Martin Leyendecker at this point – in particular for the good working atmosphere.  

 

There are also a lot of people I should thank which does not have to be related to shared projects. This 

includes the entire Thielelab for the great group they are. You really have not been just the people 

populating the other desks, and you know that! 

Also the Manchester Group needs mentioning here, who welcomed me for a little while. 

 

With respect to the period in Manchester, a great thanks goes out to all who spent their time with me at 

the MIH. You really made my days back then! 

 

Finally, my family and friends who carried me through a lot in the past years. As this is a thesis in first 

place just this much: You know how much you mean to me! 

  



 

iv  |  

 

 

  



 

  |  v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

„Wir stehen neben einer modernen Litfaßsäule – eine Litfaßsäule, die sich um sich selber dreht. 
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angebrachten Plakate zu begutachten. Es ist dreimal das gleiche Plakat. 
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3. Introduction 

 

Investigating matter at an atomic length scale, to characterize its structure and the dynamics of matter 

in a way that the relative positions of single atoms are resolved, is a central discipline of chemistry ever 

since tools to do this have been developed. This results from the fact, that molecular structure and 

dynamics are inherently linked to the properties of bulk matter (as e.g. used in LCDs 1), to its reactivity 

in chemical reactions (e.g. controlling asymmetric synthesis2) and to its possibility to interact with living 

organisms which is a prerequisite for its use as drugs (e.g. to form protein-ligand interaction3).  

The past century has drastically changed our understanding of the structure and dynamics of matter at 

the atomic length scale through a number of methods that emerged and now give us the possibility to 

answer the question from different points of view – with the complete picture of molecular structure that 

we are interested in certainly only arising from combinations of different methods4. 

X-ray scattering methods give us important insights how atoms are arranged inside crystalline solids – a 

source of structural knowledge from which structural conclusions are often also transferred to other 

states of matter. Mass spectrometry has evolved to a highly sensitive and discriminative “balance”, which 

enables structural conclusion to be drawn e.g. from dissociation processes. Computational methods 

provide tools for modelling interactions at the atomic level, and to derive from that models for solution 

structure and for its dynamics (amongst other information). Furthermore, spectroscopic methods enable 

the investigation of energies associated with various atomic interactions, from which structural 

knowledge can be derived.  

This enumeration clearly does not represent all sources of structural information available to the 

practicing chemist, which cover an essential part of the typical 10 years studies in chemistry. 

 

It is at the heart of this work to add to the development of Nuclear Magnetic Resonance (NMR) 

spectroscopy, which, for the investigation of solution state samples, has emerged to a truly versatile and 

indispensable source of structural and dynamic information to physics, chemistry and biology5-10. 

For studying organic molecules by high resolution liquid state NMR11, the field of pure shift NMR has 

recently, mainly during the time-course of this work, attracted much interest12-15, because it significantly 

pushes the limits of signal resolution in liquid state proton-detected NMR. 

More than being a mean to save money during instrument purchase - which is fair-enough by itself -, the 

new experimental abilities that are brought to liquid state NMR by pure shift methods were source of 

my excitement to explore this field. It is an essential advantage of pure shift NMR that it enables efficient 

filtration of the multitude of structural information that can be extracted from NMR spectra to the one 

information, the user actually is interested in. Figuratively speaking, it is a method to pick-out of the 

pool of nuclear spin interactions that could be probed just the ones desired, while effectively masking 

the other ones. 

The nuclear spin interactions we were interested in are measured through structural parameters that 

can be interpreted in terms of molecular structure and dynamics. The development and testing of new 

experimental pure shift NMR techniques enabling structural parameters to be measured with high 

accuracy and precision was thereby the main goal of this work. 

 

As the field of pure shift NMR was rapidly emerging by the time I first got into contact with it, I was not 

quite aware of, where my interest in this field would all lead me to… 
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4. State of the Art 

 

The introduction describes various different techniques for looking at structure and dynamics of 

condensed matter at atomic resolution, to provide us with images of how matter looks like and how it 

behaves at the atomic level. The emphasis of this thesis application of the techniques described in this 

work is the determination of molecular solution structure and of its dynamics, which is a major field of 

application of NMR spectroscopy. 

For the start it is briefly summarized in section 4.1, which nuclear spin interactions are used throughout 

this work to derive structural information. This section is intended to cover only the most important 

aspects for this work and the reader interested in a more complete discussion is referred e.g. to the 

textbooks by RICHARD ERNST16, MALCOLM LEVITT17, JAMES KEELER18 or the concise work of PETER HORE19. 

In the following it is first described, what sorts of information NMR spectroscopy can offer to solution 

structure elucidation (section 4.2). The focus hereby is on the structural information that can be used to 

elucidate the structure of small organic molecules. Methods are described to study the connectivity of 

atoms within a molecule, i.e. the constitution of the molecule. Furthermore, sources of information of 

the spatial structure of molecules (their relative configuration and their conformation), intrinsically also 

containing information about solution dynamics, are described. Methods for data measurement and 

analysis are described for the nuclear Overhauser effect (NOE) and residual dipolar couplings (RDCs). 

Subsequently methods are outlined in section 4.3, which are required for understanding the way modern 

NMR experiments work. It is the design of multi pulse Fourier-transform NMR experiments16, 20, which 

allows quite selectively to measure different interactions of spins with their environment, and thus to 

emphasize selected structural information in different experiments. Approaches are outlined, which can 

be used to analyse the (ensemble average) time evolution of the spin systems studied and thus to 

understand the working principles of multi-pulse sequences. 

These concepts are used to highlight developments in the field of pure shift NMR in section 4.4, which 

is the major field of this work. The field of pure shift NMR is a collection of different experimental 

techniques masking of homonuclear spin-spin interactions and thus leading to homonuclear decoupled 

spectra. Techniques are described which can be used for homonuclear decoupling and experiments are 

summarized, which are designed for solution structure elucidation. As this field has evolved significantly 

in the past few years (in particular since the start of my doctorate in 2012), this section contains many 

aspects that were not described at the start of my own investigations. 

 

4.1. Nuclear Spin Interactions in NMR – Setting the Scene 
 

The summary in this section follows the lines of the chapters 2 in refs. 16, 21. 

 

Nuclear spins are described in the literature as properties of atomic nuclei, which can be described in 

the framework of quantum mechanics. This formalism describes the state of the system by so-called state 

functions |𝜓⟩ and operators for probing physical properties of these state functions. For spectroscopy, 

which measures differences between different energy levels, it is the Hamilton operator ℋ̂, which is of 

central importance. This operator probes the energy levels of a system and governs the time evolution 

of its state, according to the time-dependent Schrödinger equation, 
𝑑

𝑑𝑡
|𝜓(𝑡)⟩ = −𝑖ℏℋ̂(𝑡)|𝜓(𝑡)⟩ . (4.1) 

The description of NMR experiments in a quantum mechanical framework much benefits from the fact 

that for interpretation of the results, it is not required to know or to use the complete Hamiltonian ℋ̂𝑓𝑢𝑙𝑙 

of the system studied, but that it is rather sufficient to only consider a few terms sometimes called the 

nuclear spin Hamiltonian16 for NMR ℋ̂𝑁𝑀𝑅. For discussions contained in this work, it is sufficient to 

consider only three basic terms 

ℋ̂𝑁𝑀𝑅 = ℋ̂𝑍 + ℋ̂𝐽 + ℋ̂𝐷𝐷 + … , (4.2) 
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namely the ZEEMAN term ℋ̂𝑍, describing interactions between the nuclear magnetic dipole moments with 

external magnetic fields, the so-called indirect spin-spin coupling term ℋ̂𝐽 and the direct dipolar coupling 

between pairs of nuclear spins, as expressed by ℋ̂𝐷𝐷. 

These terms can be expressed in different operator bases (will be introduced later in chapter 4.3.2), such 

as a Cartesian basis of spin angular momentum operators (e.g. 𝐼𝑘,𝑥, 𝐼𝑘,𝑦, 𝐼𝑘,𝑧, 𝐼𝑘,𝑥𝐼𝑙,𝑥, …; k and l are 

indices for the nuclei considered) and/or a set of raising lowering and polarization operators (e.g. 𝐼𝑘
+, 

𝐼𝑘
−, 𝐼𝑘

𝛼, 𝐼𝑘
𝛽

, 𝐼𝑘
+𝐼𝑙
+, …). The construction of these product operator bases, as dependent on the choice of 

spin system and on the choice of spin basis set they are expressed in, is summarized in refs. 16, 17. 

Throughout most discussions, isotopes with the nuclear spin angular momentum quantum number I = ½ 

(e.g. 1H, 13C, 15N), often referred to as spin-½ nuclei, will be considered, for which nuclear magnetic 

quadrupole moments are zero and do not need to be considered in equation (4.2). 

 

4.1.1. Zeeman interaction 

 

The ZEEMAN term describes the interaction of the nuclear spins k with the effective magnetic field �⃗� eff, 
at the individual nuclear positions 

ℋ̂𝑍 = −∑𝛾𝑘𝐼𝑘
𝑘

�⃗� eff,𝑘(𝑡), (4.3) 

where 𝛾𝑘 is the gyromagnetic ratio of nucleus k and 𝐼𝑘 = (𝐼𝑘,𝑥; 𝐼𝑘,𝑦; 𝐼𝑘,𝑧). Note that for convenience, 

all terms of the nuclear spin Hamiltonian ℋ̂𝑁𝑀𝑅 are reported here in angular frequency units [rad s-1], 

and that energies can be obtained by multiplication with ℏ (the Planck constant divided by 2𝜋). 

The effective magnetic field, �⃗� eff,𝑘 contains a dominant contribution from the static magnetic field �⃗� 0 

oriented in the z-direction of the laboratory frame, time dependent contributions from radio-frequency 

pulses acting as sources of effective additional fields with components in the transverse (x and y) plane, 

and contributions from the site and orientation dependent chemical shielding 𝜎𝑘. The structural 

information contained in the orientation dependence of the chemical shielding17, 22-28 is not used 

throughout this work and thus it suffices to say here that for measurements in isotropic solution, and 

that for describing free evolution of a system under ZEEMAN-interaction, the form 

ℋ̂𝑍 = −∑𝜔0,𝑘𝐼𝑘,𝑧
𝑘

 (4.4) 

with the site-dependent Larmor frequency 

𝜔0,𝑘 = −𝛾𝑘(1 − 𝜎𝑖𝑠𝑜)𝐵0 (4.5) 

will be used. For signal assignment purpose in solution, it is common to report chemical shifts 𝛿𝑘 instead 

of Larmor frequencies, which are measured with respect to a given reference frequency: 

𝛿𝑘 =
𝜔0,𝑘 − 𝜔0,ref
𝜔0,ref

+ 𝛿ref; usually in [ppm] (4.6) 

Computation of spin system evolution will be performed in a coordinate system rotating around the z-

axis at the frequency 𝜔rf where radio-frequency pulses are applied (which usually is close to the Larmor 

frequency of one specific nucleus). This facilitates the analysis of spin system evolution caused by ZEEMAN 

interactions through their segmentation into a term ℋ̂𝐶𝑆 describing the evolution through offset from 

𝜔rf and a term describing the action of radio frequency pulses ℋ̂𝑅𝐹(𝑡). In the rotating reference frame, 

the radio frequency pulses are de facto experienced as static additional magnetic fields acting on the 

spins leading to the form of the ZEEMAN contribution that will be used later: 

ℋ̂𝑍
𝑟𝑜𝑡(𝑡) = ℋ̂𝐶𝑆

𝑟𝑜𝑡 + ℋ̂𝑅𝐹
𝑟𝑜𝑡(𝑡), (4.7) 

with 

ℋ̂𝐶𝑆
𝑟𝑜𝑡 = −∑(𝜔0,𝑘 − 𝜔rf)𝐼𝑘,𝑧

𝑘

= −∑Ω𝑘𝐼𝑘,𝑧
𝑘

 (4.8) 
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and 

ℋ̂𝑅𝐹
𝑟𝑜𝑡(𝑡) = −𝐵1(𝑡)∑𝛾𝑘{𝐼𝑘,𝑥 cos(𝜙(𝑡)) + 𝐼𝑘,𝑦 sin(𝜙(𝑡))}

𝑘

. (4.9) 

In these expressions, Ω𝑘 was introduced as the offset of 𝜔0,𝑘 from the transmitter frequency, the 

amplitude of the radio frequency pulses is expressed as an effective time-dependent magnetic field 𝐵1(𝑡) 
they induce at the sample position and 𝜙(𝑡), referred to as the pulse phase, describes the angle between 

the effective field �⃗� 1 (which is applied perpendicular to the z-axis) and the arbitrarily chosen x-axis of 

the rotating frame. 

 

4.1.2. Indirect Spin-Spin Coupling (also: “Scalar Coupling” or “J Coupling”) 

 

In the context of this work, it is also sufficient to neglect anisotropic interactions (ℋ̂𝐽
𝑖𝑠𝑜) to the indirect 

spin-spin coupling term ℋ̂𝐽, for which effective contribution under fast isotropic tumbling is given by 

ℋ̂𝐽
𝑖𝑠𝑜 = 2𝜋∑𝐽𝑘,𝑙𝐼𝑘𝐼𝑙

𝑘<𝑙

= 2𝜋∑𝐽𝑘,𝑙(𝐼𝑘,𝑥𝐼𝑙,𝑥 + 𝐼𝑘,𝑦𝐼𝑙,𝑦 + 𝐼𝑘,𝑧𝐼𝑙,𝑧)

𝑘<𝑙

. (4.10) 

The summation herein runs over all coupling pairs of spins k and l and the strength of their coupling is 

expressed by the isotropic scalar coupling constant 𝐽𝑘,𝑙. Note that the presence of a non-zero effective 

coupling even for rapidly and isotropically tumbling molecules has led to the term scalar coupling as 

synonym for the isotropic contribution to indirect spin-spin interaction, which will be used throughout 

the rest of this work. 

Quite frequently, the approximation will be used, that spin coupling evolution by the terms 𝐼𝑘,𝑥𝐼𝑙,𝑥 and 

𝐼𝑘,𝑦𝐼𝑙,𝑦 is averaged to zero effectively by the difference in Larmor precession of spins k and l (“secular” or 

”weak-coupling” approximation). This approximation is good, if the two spins that are coupling with each 

other have a difference in Larmor frequency that is much bigger than their effective scalar coupling 

constant 𝐽𝑘,𝑙. The weak-coupling approximation 

ℋ̂𝐽
𝑖𝑠𝑜 ≈ ℋ̂𝐽

𝑖𝑠𝑜,𝑤𝑒𝑎𝑘 = 2𝜋∑𝐽𝑘,𝑙𝐼𝑘,𝑧𝐼𝑙,𝑧
𝑘<𝑙

 (4.11) 

normally is considered to be valid, if 2𝜋|𝐽𝑘,𝑙| ∗ 10 < |𝜔0,𝑘 − 𝜔0,𝑙|. For heteronuclear scalar coupling 

interactions, it is fair to assume a validity of the weak coupling approximation for the measurement 

conditions chosen in this work, while for homonuclear couplings, it may be required to consider the case 

of strong coupling described by (4.10). 

 

4.1.3. Direct Spin-Spin Couplings (also “Dipolar Couplings”) 

 

Whereas for chemical shielding and for scalar couplings it is not essential to describe the anisotropy of 

the interaction for what is outlined in this work, we cannot do without in the case of direct dipole-dipole 

interactions. In fact, when considering molecules that rapidly and randomly reorient in isotropic 

solution, the time average of the direct dipole-dipole contribution to ℋ̂𝑁𝑀𝑅 cancels out. 

〈ℋ̂𝐷𝐷
𝑖𝑠𝑜(𝑡)〉 = 0 (4.12) 

For this reason, direct dipole-dipole couplings are only apparent in studies in isotropic solution through 

their contribution to relaxation phenomena. 

Studies of residual dipolar couplings (RDCs) contained in this work however utilize the orientation-

dependence of the direct dipole-dipole coupling, for which the Hamiltonian is usually expressed as 

ℋ̂𝐷𝐷(𝑡) =∑𝑏𝑘,𝑙 {𝐼𝑘𝐼𝑙 − 3
1

𝑟𝑘,𝑙
2 (𝐼𝑘𝑟 𝑘,𝑙)(𝐼𝑙𝑟 𝑘,𝑙)}

𝑘<𝑙

, with 𝑏𝑘,𝑙 =
𝜇0𝛾𝑘𝛾𝑙ℏ

4𝜋𝑟𝑘,𝑙
3  (4.13) 
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and 𝜇0 as the vacuum permeability. The time dependence is caused by a possible change of the 

orientation of the vector 𝑟 𝑘,𝑙 connecting the two spins or of its length 𝑟𝑘,𝑙, through all possible sorts of 

molecular motions, such as molecular rotation, vibration, changes in conformation and so forth. 

 

 

Figure 4.1: Definition of the polar and the azimuthal angles k,l and k,l between the internuclear vector and the external 

magnetic field, which is parallel to the static magnetic field. The angular definition is shown for the laboratory coordinate 

system. 

Expression of the orientation of the internuclear vector 𝑟 𝑘,𝑙 in terms of polar coordinates (for definition, 

see Figure 4.1) and using the interrelation between Cartesian operators and raising and lowering 

operators 

𝐼𝑘
+ = (𝐼𝑘,𝑥 + 𝑖𝐼𝑘,𝑦) and 𝐼𝑘

− = (𝐼𝑘,𝑥 − 𝑖𝐼𝑘,𝑦) (4.14) 

the spin part and the angular part can be factorized out29, to obtain  

ℋ̂𝐷𝐷(𝑡) =∑𝑏𝑘,𝑙{𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹}

𝑘<𝑙

 (4.15) 

with 

𝐴 = (1 − 3 cos2 𝜃𝑘,𝑙)𝐼𝑘,𝑧𝐼𝑙,𝑧 (4.16) 

𝐵 = −
1

4
(1 − 3 cos2 𝜃𝑘,𝑙)(𝐼𝑘

+𝐼𝑙
− + 𝐼𝑘

−𝐼𝑙
+) (4.17) 

𝐶 = −
3

2
sin 𝜃𝑘,𝑙 cos 𝜃𝑘,𝑙 exp(−𝑖𝜑𝑘,𝑙) (𝐼𝑘

+𝐼𝑙,𝑧 + 𝐼𝑘,𝑧𝐼𝑙
+) (4.18) 

𝐷 = −
3

2
sin 𝜃𝑘,𝑙 cos 𝜃𝑘,𝑙 exp(+𝑖𝜑𝑘,𝑙) (𝐼𝑘

−𝐼𝑙,𝑧 + 𝐼𝑘,𝑧𝐼𝑙
−) (4.19) 

𝐸 = −
3

4
sin2 𝜃𝑘,𝑙 exp(−𝑖2𝜑𝑘,𝑙) 𝐼𝑘

+𝐼𝑙
+ (4.20) 

𝐹 = −
3

4
sin2 𝜃𝑘,𝑙 exp(+𝑖2𝜑𝑘,𝑙) 𝐼𝑘

−𝐼𝑙
−, (4.21) 

which is usually called the dipolar alphabet.  

Very direct use is made of the time average of term A in the analysis of residual dipolar couplings (RDCs) 

that will be discussed in section 4.2.4. The measurement of RDCs we later use refers to the measurement 

of time averaged dipolar couplings, which, in comparison to their static counterparts, are largely scaled 

(typically by a factor of ~10-4)30 due to rapid but not fully isotropic molecular reorientation in solution. 

In this context we predominately measure RDCs between different nuclei, where use of 〈𝐴(𝑡)〉 is 

sufficient. However, if RDCs are measured between spins of the same nuclei terms 〈𝐴(𝑡)〉 and 〈𝐵(𝑡)〉 
need to be considered. The analogy to the case of weak and strong coupling for indirect spin-spin 

coupling should be noted (equations (4.10) and (4.11)). 

Even though it is less apparent from what is outlined below, all terms are used in the description of the 

nuclear Overhauser effect (NOE) used for distance determination in this work. In the picture of 

SOLOMON31, the terms A and B and the terms E and F are the basis for the two opposing mechanisms of 

two-spin transitions causing the NOE, whereas terms C and D lead to magnetization dissipation from the 
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system studied. A brief introduction into the use of this effect for interatomic distance measurement in 

solution is provided in section 4.2.3. 

 

4.2. NMR-based Solution Structure Elucidation of Organic Molecules 
 

When discussing molecular solution structure, the level of detail the structure is reported in, widely 

varies across the literature. Thus the very different amount of structural information available. It is 

therefore useful to classify different levels of structural information according to the structural details 

they contain32. A coarse graphical summary is given in Figure 4.2. 

Questions of molecular composition, namely what sorts of and how many atoms are contained in one 

molecule of the substance studied, are most conveniently approached nowadays by mass spectrometry, 

though other analytical techniques, including NMR, can also provide useful information33. 

Solving the constitutional problem means tracing out which atom is connected to which via chemical 

bonds (also determining the bond order). This clearly demands knowledge about which atoms are 

contained in the molecule, at least for those parts of the molecule subjected to constitutional analysis. 

Constitutional models by themselves do not explicitly contain geometrical information about the 

geometry of the molecule itself, though for many possible molecular subunits there is good prior 

knowledge about the geometry they typically adopt in solution. 

The configuration of a molecule further distinguishes stereoisomers, namely molecules of identical 

constitution, which cannot be interconverted without breaking of bonds (including the change of bond 

order). This includes the relative or absolute orientation of stereogenic elements. Depending on the 

ability to assign molecules with mirror image relation (enantiomers) or not, the question of absolute 

configuration can be addressed.  

Questions of molecular conformation finally are related to the actual three dimensional structure of the 

molecule, including the description of bond lengths and of angles between bonds. As molecules are 

generally flexible, the description of molecular conformation always requires a description of the 

dynamics of the system. When trying to describe experimental data this most often is tackled by classing 

molecular motions into those that are fast enough that the observable quantities average over 

contributions from the different conformations and into those that are so slow, so that the observable 

quantities yield different values for the different conformations contributing. The question of what is fast 

and what is slow herein is governed by the method of observation – in our case NMR-spectroscopy. 

The strength of solution state NMR is in the determination of molecular constitution, relative 

configuration and conformation. In terms of the methods used, it is sensible to classify the stages of 

NMR-based solution structure elucidation into questions of constitution determination and into studies 

of configuration conformation and of molecular dynamics.  

 

 

Figure 4.2: Graphical summary of the different stages of describing molecular solution structure, as exemplified for (1S,2S)-

cyclohexane-1,2-diol. Models for conformation and dynamics are added only for illustrative purpose, and it is not claimed that 

these represent the actual solution structure and dynamics of the molecule. 
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4.2.1. Determination of Connectivity (Constitution) 

 

For determining the connectivity of atoms inside a molecule, it is required to have some observable for 

different positions inside the molecule, and it is necessary to give direct proof for the existence of a bond 

between pairs of nuclei. NMR offers a rich toolbox of experiments that can be used for these purposes, 

which mainly (but not uniquely) use the chemical shift and the scalar J-coupling as reporters. 

 

As an identifier for different nuclei k, the ZEEMAN interaction (see equations (4.4) and (4.5)) with the 

strong static field �⃗� 0 is used, which usually leads to a grouping of the NMR signals into characteristic 

frequency regions for different isotopes according to 𝛾𝑘, where within these frequency regions the exact 

Larmor frequency depends – amongst other factors - on the shielding, which normally is expressed as 

the chemical shift 𝛿𝑘. The chemical shifts observed depends on the local electronic environment of the 

nucleus and thus carries information about the chemical environment of the nucleus. The signal 

frequencies observed in NMR spectra thus are the major basis for distinguishing different nuclei. 

In addition to the signal position in the frequency spectrum, also the signal integral can be used as an 

important observable. In some experiments, most prominent being the single-scan 1H-spectrum, the 

signal integral usually reflects the relative number of nuclei contributing to the signals. This provides 

useful information for constitution determination, possibly revealing (chemical or magnetic) equivalence 

of nuclei and molecular symmetry.  

Bonding networks between nuclei are most often traced out through the (electron-mediated) J-coupling, 

which is regarded as a direct proof for the existence of a network of chemical bonds connecting the two 

nuclei. J-coupling constants also cluster around characteristic values for different bonding situations. 

The signal splitting (signal multiplicity) caused by J-couplings can be used to identify pairs of spins that 

share the same coupling constant, as an indication for chemical bonds between the two. 

The mightiest methods to trace out bonding networks come through the methods of multidimensional 

correlation experiments20 on which I want to expand here: 

 

The appeal of multidimensional correlation experiments34, as opposed to their one-dimensional 

counterparts35, comes through their ability to directly map out interactions in multidimensional fashion, 

as nicely summarized from the perspective of organic structure determination by TIMOTHY CLARIDGE11. 

The field can roughly be subdivided into methods that correlate nuclei of the same isotope (homonuclear 

correlation) and those that correlate nuclei of different isotopes (heteronuclear correlations). A graphical 

overview over the most important techniques is given in Figure 4.2. As in the context of NMR of small 

organic molecules, homonuclear correlations via COSY, TOCSY, NOESY, ROESY and EXSY are mostly 

measured for 1H, whereas heteronuclear correlations via HSQC, HMQC, HMBC and HSQMBC 

experiments are mostly measured between 1H and 13C, explicit statement of the nuclei prefixes “1H-1H” 

and “1H-13C” will largely be omitted. Other nuclei are also regularly employed in studies of constitution, 

in particular 15N, 19F and 31P, though not be discussed here. 

The most essential correlation experiments for establishing the constitution of small organic molecules 

most probably are 1H-1H COSY34, 36 experiments and the combination of 1H-13C HMQC37, 38 or 1H-13C 

HSQC39 with the 1H-13C HMBC40. In the simplest case, the COSY experiment enables tracing out the 

proton skeleton for protonated compartments of the molecule, from which the assignment can be 

transferred to 13C via HSQC or HMQC experiments. If this assignment strategy fails due to the presence 

of links inside the molecule that do not carry protons (e.g. quaternary carbon atoms) or because of 

ambiguities in the assignment, the HMBC experiments helps out with long-range carbon assignments, 

which can be used to fuse assigned molecular parts or to cross-validate 1H assignments. 

When proton spectra become complex, because large molecules are studied it is often very useful to use 
1H-1H TOCSY41, 42 spectra in addition or as alternative to COSY spectra. This experiment enables the 
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mapping of complete uninterrupted proton J-coupling networks, and thus to correlate spins that are part 

of the same 1H coupling network, even if not significantly coupled to each other. The experiment enables 

simple grouping of spins into coupling networks, facilitating the signal assignment, and can be used to 

carry coupling information over sites that are heavily overlapped (e.g. with the solvent signal). Extensive 

use is made of this experiment for the assignment of peptides. 

Where proton coupling networks are interrupted over longer distances, it might be required to use 

ADEQUATE43 or INADEQUATE44 experiments to directly obtain 13C-13C correlation information. Both 

experiments can be tuned to only show 13C-13C one-bond correlations or to emphasize long-range 

correlations. These experiments enable the elucidation of the carbon skeleton even for very complex 

hydrogen-deficient molecules, but suffer from the low 13C natural abundance (1.1%), leading to very 

low sensitivity if the solutes are not isotopically enriched. These techniques therefore mainly are applied 

if they are indispensable or if isotopically enriched samples are studied. 

Finally, in addition to correlation experiments that map out the J-coupling network, important 

information for constitution determination is often also taken from the nuclear Overhauser effect 

(NOE)45, 46 or from chemical exchange. 

The physical exchange of nuclei, termed chemical exchange, can be observed e.g. in 1H-1H EXSY 

spectra47, 48, if exchange happens between two positions in the molecule or its surrounding leading to 

different signals in the spectra. Typical cases are aromatic rings flipping slowly between two states49 or 

the exchange of labile protons with the solvent. Awareness of these phenomena can be helpful when 

trying to establish molecular constitution, in particular if the presence of slowly interconverting 

conformations leads to multiple sets of signals for a single solute6, 50, 51.  

The NOE, as observed e.g. in 1H-1H-NOESY47, 52-54 or 1H-1H-ROESY55, 56 experiments is a spin-spin 

interaction transmitted through space, if the two spins involved are in spatial proximity (normally 

< 5 Å). It therefore is not a direct evidence for chemical bonding, but can be used as additional source 

of information. It however is the most frequently used source of information for determinations of 

configuration and conformation, covered in the following section.  
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Figure 4.3: Overview of the two-dimensional correlation experiments of most frequent used in constitution determination of 

small molecules. The content of this figure is adopted from ref. 11. 

 

4.2.2. Methods for Elucidating Spatial Structure by NMR (Relative Configuration and Solution 

Conformation and Dynamics) 

 

For determining relative configuration or molecular conformation, in general a measurement of 

interatomic distances and a measurement of angles between sets of atoms is required. 

In the previous section, it was already mentioned, that the nuclear Overhauser effect46 can be used to 

probe spatial proximity. If measurement conditions are chosen appropriately, this effect can even be 

used for quantitative measurement of interatomic distances, thus providing a very valuable source of 

information for determining both relative configuration and molecular conformation5, 52, 57-60. 

The most prominent source of angular information is by the dependence of the 3JHH coupling constant 

on the dihedral angle as described in the model of KARPLUS61, 62. Other scalar coupling constants, such as 
2JH,C and 3JC,H couplings can further provide angular information, if suitable parametrization accounts 

for the effect of different chemical environments63-65. 

Dipolar couplings finally depend on both interatomic distances and angles (see equation (4.13)) and 

thus provide a parameter that can be used for accessing both sources of information. In the context of 

solution state NMR, however, dipolar coupling uses the angular information that can be extracted for 

pairs of nuclei with comparably well-known (average) distance. Major parts of this work will be devoted 

to the measurement of residual dipolar couplings (RDCs), which emerged as a rich source of structural 

information for studies of small molecules66, 67 and biomacromolecules30, 68. Measurement of cross-

correlated relaxation phenomena in addition can be used as a direct access to projection angle 

information relating two bonds69, 70, though applications thus far have been mainly limited to studies 

using isotopic enrichment. Furthermore, the analysis of the residual chemical shift anisotropy can also 

be used in small molecule studies24.28 
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Methods for measuring and interpreting NOE and RDC data, later used in this work, are summarized 

below. 

 

All of these techniques are probes for molecular geometry in solution. As, however, the geometry of 

molecules in solution is not fixed, but constantly changes due to molecular motion all of these probes 

for molecular geometry have in common that for interpretation of the values measured, in principle a 

picture for molecular structure representing the geometry and its dynamics has to be used. 

Many aspects of molecular dynamics e.g. molecular vibration, happen on a timescale that is too fast for 

NMR to resolve the motion. For such cases, the observables obtained will represent some sort of average 

value containing contributions from all conformations rapidly interconverting60, 70-77. Comparably simple 

interpretation in the framework of a static average solution structure can be possible, if the molecule is 

rigid enough to not undergo large amplitude conformational changes. If however, the molecule studied 

is flexible, structure modelling has to find representations of the solution structure representing these 

average quantities9, 46, 60, 71, 74, 75, 78-83. The challenges inherent in finding good representations of the 

average solution structure, e.g. by means of simulated annealing protocols84, 85, can be considerable, and 

further ambiguities in data interpretation can easily arise, as only average quantities are experimentally 

available. 

 

4.2.3. Interatomic Distance Measurement in Solution using the Nuclear Overhauser Effect 

(NOE) 

 

Explanation in this section follows the lines of chapter 9 in ref. 18 and of chapters 2 - 4 in ref. 46. 

 

The interaction of an isolated spin-½ nucleus with an external magnetic field via the ZEEMAN-interaction 

leads to a splitting in the energy level diagram of the system. The corresponding eigenvalues, termed  

and  here, which are separated by an energy difference 
𝐸𝛼 − 𝐸𝛽 ≈ ℏ𝛾𝑘𝐵0, (4.22) 

if the small contribution from the chemical shielding is neglected. The energy level diagram is illustrated 

in Figure 4.4 A). When probing, the system, there is a preference of finding the system in the 

energetically lower state of the two, in accordance to the Boltzmann’s distribution. In NMR we are 

usually inspecting a big number N of identical spin systems, and it is common to speak of the populations 

na and n, as the number of systems being found in either of the two states. 

The higher population of one of the states at equilibrium results in a non-zero sample magnetization 

along field axis, which (assuming |𝐸𝛼 − 𝐸𝛽| ≪ 𝑘𝐵𝑇) given by 

𝑀𝑧
0 =

1

2
ℏ𝛾𝑘(𝑛𝛼

0 − 𝑛𝛽
0) =

ℏ2𝛾𝑘
2𝑁𝐵0

4𝑘𝐵𝑇
. (4.23) 

Coupling to a thermal bath (the “lattice”) enables transitions of the individual spins. This allows the 

populations to return to thermal equilibrium values 𝑛𝛼
0  and 𝑛𝛽

0, as described by a first order rate law. 

𝑑

𝑑𝑡
𝑛𝛼 = −

𝑑

𝑑𝑡
𝑛𝛽 = −𝑊1(𝑛𝛼 − 𝑛𝛼

0) +𝑊1(𝑛𝛽 − 𝑛𝛽
0) (4.24) 

For the rate constant 𝑊1 I use the subscript 1 to indicate, that the transition is associated with a net 

change of spin angular momentum by 1 ∗ ℏ, to be consistent with what follows.  
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Figure 4.4: Energy level diagrams for A) a one-spin-½ and B) a homonuclear two-spin-½ system. Both diagrams only show 

contributions from the Zeeman interaction and neglecting chemical shielding. The diagrams are drawn for a nucleus with 

positive gyromagnetic ratio. The populations n are only physically meaningful, when considering large ensembles of identical 

spin systems. 

 

In complete analogy, for a homonuclear two-spin-½ system, the energy level diagram representing pure 

ZEEMAN-interaction with the external field is shown in Figure 4.4 B). It should be noted that the effects 

of chemical shielding, indirect and direct spin-spin couplings are not represented in the energy level 

diagram. 

In addition to transitions of only one of the spins called I and S, also simultaneous transitions for both 

of the spins are possible. Rate constants for transitions of only one spin are called 𝑊1𝐼 and 𝑊1𝑆 and rate 

constants for simultaneous transition of both spins are called 𝑊0𝐼𝑆 and 𝑊2𝐼𝑆. 
If again considering a large ensemble of spin systems, rather than a single one, rate laws for the net 

magnetic moments 𝐼�̅� and 𝑆�̅� of each of the spins can be found, known as the Solomon equations31. 
𝑑

𝑑𝑡
𝐼�̅� = −(𝑊0𝐼𝑆 + 2𝑊1𝐼 +𝑊2𝐼𝑆)(𝐼�̅� − 𝐼�̅�

0) − (𝑊2𝐼𝑆 −𝑊0𝐼𝑆)(𝑆�̅� − 𝑆�̅�
0) (4.25) 

𝑑

𝑑𝑡
𝑆�̅� = −(𝑊0𝐼𝑆 + 2𝑊1𝑆 +𝑊2𝐼𝑆)(𝑆�̅� − 𝑆�̅�

0) − (𝑊2𝐼𝑆 −𝑊0𝐼𝑆)(𝐼�̅� − 𝐼�̅�
0) (4.26) 

𝐼�̅�
0 and 𝑆�̅�

0 hereby represent the thermal equilibrium values of 𝐼�̅� and 𝑆�̅� respectively. The net magnetic 

moments 𝐼�̅� and 𝑆�̅� thus depend on each other, if the so-called cross-relaxation rate 𝜎𝐼𝑆 = 𝑊2𝐼𝑆 −𝑊0𝐼𝑆 is 
non-zero. Similar equations can be found, which describe the relaxation processes in a direction 

orthogonal to the static magnetic field, leading to the rotating frame nuclear Overhauser effect (ROE), 

which can also be used for distance measurements41, 55, 56, 86-88. This sort of mixing can be advantageous 

for studies of systems, where the NOE cancels out because of 𝑊2 = 𝑊0, but the ROE does not. It further 

can be useful for distinguishing dipole-dipole cross relaxation from other sources of cross-relaxation, 

such as chemical exchange. 

For arbitrarily large spin-systems, the Solomon equations can be generalized to sets of coupled first order 

differential equations, as outlined e.g. in refs. 16, 53, 89. 

 

The most commonly used model which is used to interpret interatomic cross-relaxation in terms of the 

nuclear Overhauser effect is to assume that only direct dipole-dipole couplings contribute to the 

transition rates W. As shown in section 4.1.3, dipole-dipole interactions are orientation-dependent and 

thus change upon reorientation of the molecule in space. Molecular tumbling in solution thus induces a 

fluctuation of the energy eigenvalues, which can induce transitions. 

When assuming fully random isotropic reorientation of a rigid molecule in a strong static field and the 

sole contribution of direct dipole-dipole couplings90 
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𝑊1𝐼 =
3

40
𝑏𝐼𝑆
2 𝑗(𝜔0,𝐼) (4.27) 

𝑊1𝑆 =
1

20
𝑏𝐼𝑆
2 𝑗(𝜔0,𝑆) (4.28) 

𝑊0𝐼𝑆 =
1

20
𝑏𝐼𝑆
2 𝑗(𝜔0,𝐼 − 𝜔0,𝑆) (4.29) 

𝑊2𝐼𝑆 =
3

10
𝑏𝐼𝑆
2 𝑗(𝜔0,𝐼 + 𝜔0,𝑆), (4.30) 

where again 

𝑏𝑘,𝑙 =
𝜇0𝛾𝑘𝛾𝑙ℏ

4𝜋𝑟𝑘,𝑙
3 , (4.31) 

As previously defined in equation (4.13). The term 𝑗(𝜔) is the reduced spectral density, which in for the 

case of isotropic tumbling of a rigid molecule is given by 

𝑗(𝜔) =
2𝜏𝑐

1 + 𝜔2𝜏𝑐
2 . (4.32) 

For this case, the spectra density only depends on the correlation time 𝜏𝑐, characterizing how rapidly the 

molecule typically tumbles in solution. If required, it is also possible to use different motional models, 

to describe conformational flexibility inside the molecule, or anisotropic tumbling of the molecule.46, 70, 

71. 

 

As can be seen, for the rigid molecule we are considering, the cross relaxation rate 𝜎𝐼𝑆 directly depends 

on 𝑏𝐼𝑆
2 , from which 

𝜎𝐼𝑆 ∝ 𝑟𝐼𝑆
−6. (4.33) 

This dependency can be used to calculate interatomic distances, from a known calibration distance, 

inside of rigid molecules or molecular fragments. 

 

Quantitative measurement of cross-relaxation rates in complex spin systems can be achieved in transient 

NOE or ROE measurements, which generate a non-equilibrium state of longitudinal or transverse 

magnetization and monitor its kinetics of relaxation back to equilibrium. 

Generation of the non-equilibrium state of magnetization was traditionally achieved through saturation 

of one spin by continuous irradiation at its Larmor frequency91, though this method has been largely 

replaced by techniques using selective inversion of spins or using frequency labelling in an indirect 

spectral dimension for creation of the non-equilibrium state. 

The phase-sensitive NOESY experiment47, 52, 92, 93 (see Figure 4.5 A)) is amongst the most widely used 

techniques for measurement of cross-relaxation. It uses a frequency labelling in the indirect spectral 

dimension to generate the state of non-equilibrium magnetization and thus provides access to 2D spectra 

directly showing peaks from longitudinal magnetization transferred from one frequency to another via 

cross-relaxation processes. Peaks that end up on the frequency diagonal will be referred to as diagonal 

peaks. Peaks that are found off the frequency diagonal are caused by magnetization transfer via at least 

one magnetization transfer step and will be termed cross peaks. The time evolution of longitudinal 

relaxation can be traced over a variable time period, called the mixing time 𝜏𝑚, by extraction of signal 

integrals from a 2D spectrum. Possible interference from COSY-type cross-peaks, often referred to as 

zero-quantum artefacts in the context of NOE measurement, can be counteracted by methods of z-

filtration94-96. 

The technique can be extended to higher dimensionalities97 and can be used with frequency encoding 

using a heteronucleus e.g. in HMQC-NOESY experiments98, 99 to improve signal dispersion in different 

frequency dimensions. 

The generation of non-equilibrium states by frequency labelling is also used in ROESY techniques55, 56, 

which use spin-locking pulses for mixing to trap transverse magnetization along a fixed axis. It is possible 
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to counteract the inherent problems of using spin-locking pulses for mixing, namely the simultaneous 

evolution of TOCSY-like coherence transfer and a chemical-shift dependent variation of the spin-lock 

strength, by off-resonance spin-locking at different frequencies87, 88. These techniques enable direct use 

of ROESY experiments for quantitative measurements of cross-relaxation rates. 

In contrast to NOESY and ROESY techniques which map out the full cross-relaxation network in the 

chosen multidimensional spectral range, 1D selective NOE and ROE techniques can be used to probe 

individual cross-relaxation pathways in devoted 1D spectra35, which can bring time-savings if the number 

of NOEs/ROEs to be measured is small. Of particular note should be gradient filtered variants100 using 

the double pulse field gradient spin echo (DPFGSE) for selective inversion of one particular frequency101, 

102 (see Figure 4.5 B)). This selective inversion element effectively suppresses signals not selectively 

inverted, and thus provides high quality spectra with very little interference from subtraction artefacts 

(the counterpart to t1-noise in 2D NOESY) that previously was interfering with the detection of very 

weak NOE cross-peaks. In contrast to 2D NOESY, only magnetization transfer from the selectively 

inverted spin can be traced. In the case of 1D selective NOE experiments, the terms selectively inverted 

peak and NOE peak will be used as the respective counterparts to diagonal peak and cross peak used in 

NOESY. 

 

 

Figure 4.5: Typical gradient selected NOE experiments as simplified pulse sequence schemes and a schematic representation of 

the spectra obtained. A) 1H-1H NOESY with the corresponding 2D-NOESY, B) DPFGSE-NOE experiment with the corresponding 

1D NOE spectrum that may be obtained by inversion of S. For simplification, no pulse phases are given and possible inversion 

pulses during m are omitted. 

 

Quantitative extraction of cross-relaxation rates from transient NOE and ROE experiments in this thesis 

is performed using measurements with small mixing time m. This is a very common choice, even though 

for small mixing times the intensity of the cross or NOE peaks containing distance information is small. 

The advantage of this approach is, that for small mixing times, the kinetics of magnetization transfer 

occurring in complex spin systems still follow the rate-laws (4.25) and (4.26) to good approximation53. 

The aim is to exclude magnetization transfer steps involving more than two spins, referred to in the 

literature as spin diffusion, to sufficient extent to obtain unbiased results from the simpler two spin 

analysis. In this limit one simply obtains 
𝑑

𝑑𝜏𝑚
𝐼�̅�(𝜏𝑚)|

𝜏𝑚→0

= 𝜎𝐼𝑆𝑆�̅�
0, (4.34) 

where 𝐼�̅�(𝜏𝑚) is measured from the integral of the cross peak or NOE peak respectively and 𝑆�̅�
0 is the 

integral for the diagonal peak or selectively inverted peak in a reference experiment with 𝜏𝑚 = 0. The 

range of mixing times where a simplified analysis can be performed can be significantly extended to 

larger 𝜏𝑚 by normalization with the integrals from diagonal peak or selectively inverted peak measured at 

the same mixing time103, 104, an approach used later in Project A. 
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An alternative approach would be to extract the desired cross relaxation rates from a truncated53, 105 or 

from a full relaxation matrix analysis81, 106, 107, which allows to fit even later points during the relaxation 

process. For experiments measured in fast succession, also the effect of truncated relaxation may be 

considered108, 109. 

 

4.2.4. Residual Dipolar Couplings (RDCs) in Solution Structure Elucidation of Small Molecules 

 

As described in section 4.1.3, the direct dipole-dipole coupling is dependent on both the distance 

between two spins interacting and on the orientation of the internuclear vector with respect to the 

external magnetic field. This interaction therefore contains a wealth of structural information, if it can 

be measured and interpreted. This has been recognized since the early days of NMR spectroscopy110. 

As stated before, in isotropic solution, dipolar couplings very effectively average to zero, due to fast 

isotropic molecular tumbling. They are however a dominant interaction in the solid state and in liquid 

phases with a preferential molecular orientation, due to the large dipole-dipole coupling constant 𝑏𝑘,𝑙 

(see equation (4.13)), which can easily exceed 10kHz for pairs of protons. 

In terms of high-resolution solution structure elucidation, measurements of dipolar couplings that appear 

largely scaled (typically by a factor of ~10-4)30, called residual dipolar couplings, have evoked large 

interest66, 67, 111-113. In these studies, the RDCs are ideally just large enough (say not exceeding a range of 

-20 Hz to +10 Hz for 1DCH in small molecules; measurement uncertainties are normally around ±1 Hz for 

these systems) to provide the angular solution structure information desired, while keeping the spectral 

quality at an acceptable level for high resolution structure analysis of complex molecules. 

In the following it will be reviewed how experimental RDC data can be used to derive structural 

information, I will summarize how for small molecules RDCs can be rendered observable through the 

use of suitable alignment media and I will summarize important experimental techniques for the 

measurement of RDCs and. 

 

4.2.4.1. A model for describing and interpreting RDCs in the framework of a rigid molecular 

structure. 

 

The discussion outlined will be restricted to the case of a rigid molecule, tumbling fast in solution, but 

having a preferential spatial orientation. From equation (4.15) we recall that 

ℋ̂𝐷𝐷(𝑡) =∑𝑏𝑘,𝑙
𝑘<𝑙

(1 − 3 cos2 𝜃𝑘,𝑙) (𝐼𝑘,𝑧𝐼𝑙,𝑧 −
1

4
(𝐼𝑘
+𝐼𝑙
− + 𝐼𝑘

−𝐼𝑙
+)) , (4.35) 

when not considering terms C – F, which is appropriate for describing direct dipole-dipole coupling 

evolution, but not the relaxation phenomena associated with it, under the effect of a strong external 

magnetic field �⃗� 0
21. When considering the case of a molecule tumbling fast in solution (with the smallest 

correlation time about the principal axes of molecular reorientation being much smaller than 𝑏𝑘,𝑙
−1), it 

is the time average of the interaction that is governing the direct dipole-dipole coupling evolution. We 

therefore try to evaluate  

〈ℋ̂𝐷𝐷(𝑡)〉 =∑〈𝑏𝑘,𝑙(1 − 3 cos
2 𝜃𝑘,𝑙)〉 (𝐼𝑘,𝑧𝐼𝑙,𝑧 −

1

4
(𝐼𝑘
+𝐼𝑙
− + 𝐼𝑘

−𝐼𝑙
+))

𝑘<𝑙

, (4.36) 

Where angular brackets indicate the time average quantities. Considering a rigid molecular structure, 

the time dependency of 𝑏𝑘,𝑙 vanishes, so we are left with the challenge to describe the time average angle 

the molecular bonds takes with respect to the magnetic field. When discussing this average orientation, 

it is convenient to perform a coordinate transformation from the laboratory frame within which equation 

(4.15) is described, into a coordinate system, which tightly follows the tumbling of the molecule in 

solution, the so-called molecular frame of reference. In the molecular frame of reference, the coordinates 

of the atoms remain fixed, while the orientation of the magnetic field is tumbling as a consequence of 

molecular reorientation, as illustrated in Figure 4.6.  
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Figure 4.6: Schematic representation of the coordinate transformation from the laboratory frame of reference to the molecular 

frame of reference for a single selected pair of nuclei. 

 

For expressing the average orientation of �⃗� 0 in the molecular fixed frame we evaluate 〈cos2 𝜃𝑘,𝑙〉 by 

〈cos2 𝜃𝑘,𝑙〉 = 〈(𝑒 𝑏(𝑡)𝑒 𝑘,𝑙)
2
〉 = 〈(𝑒 𝑏

𝑇
(𝑡)𝑒 𝑘,𝑙)(𝑒 𝑏

𝑇
(𝑡)𝑒 𝑘,𝑙)〉 = 〈(𝑒 𝑘,𝑙

𝑇
𝑒 𝑏(𝑡)) (𝑒 𝑏

𝑇
(𝑡)𝑒 𝑘,𝑙)〉

= 𝑒 𝑘,𝑙
𝑇
〈𝑒 𝑏(𝑡)𝑒 𝑏

𝑇
(𝑡)〉𝑒 𝑘,𝑙 , 

(4.37) 

where the time dependence of the magnetic field orientation can be separated out through commutation 

in the first scalar product114. The vectors 𝑒 𝑏 and 𝑒 𝑘,𝑙 are unit vectors which are parallel to the magnetic 

field orientation and the bond orientation, respectively. The matrix 𝑷 = 〈𝑒 𝑏(𝑡)𝑒 𝑏
𝑇
(𝑡)〉 thereby is 

describing the probability distribution describing the orientation of �⃗� 0 in the molecular reference frame. 

Caused by normalization (tr{𝑷} = 1) and symmetry (𝑃𝑥𝑦 = 𝑃𝑦𝑥;  𝑃𝑥𝑧 = 𝑃𝑧𝑥; 𝑃𝑦𝑧 = 𝑃𝑧𝑦) of 𝑷, it can be 

described by five independent variables. 

In the context of NMR, it is common to use the alignment tensor A for describing molecular alignment, 

which is114 

𝑨 = 𝑷 −
1

3
𝟏, (4.38) 

so that for a given internuclear orientation (as expressed in the molecular reference frame) 

𝑒 𝑘,𝑙
𝑇
𝑨𝑒 𝑘,𝑙 = 𝑒 𝑘,𝑙

𝑇
𝑷𝑒 𝑘,𝑙 −

1

3
𝟏𝑒 𝑘,𝑙

𝑇
𝑒 𝑘,𝑙 = −

1

3
〈(1 − 3 cos2 𝜃𝑘,𝑙)〉. (4.39) 

With knowledge of the alignment tensor, the residual dipolar splitting, expressed by the effective dipolar 

coupling constant (expressed here in [rad s-1]) 

𝐷𝑘,𝑙 =
1

2
〈𝑏𝑘,𝑙(1 − 3 cos

2 𝜃𝑘,𝑙)〉 = −
3

2
𝑏𝑘,𝑙𝑒 𝑘,𝑙

𝑇
𝑨𝑒 𝑘,𝑙 , (4.40) 

can therefore be computed and the average Hamiltonian for describing spin system evolution neglecting 

relaxation processes can be written in the form 

〈ℋ̂𝐷𝐷(𝑡)〉 =∑2𝐷𝑘,𝑙 (𝐼𝑘,𝑧𝐼𝑙,𝑧 −
1

4
(𝐼𝑘
+𝐼𝑙
− + 𝐼𝑘

−𝐼𝑙
+))

𝑘<𝑙

. (4.41) 

The question now arises, how to determine A. 

 

Determination of the alignment tensor A in most cases is performed from the set of RDCs measured for 

structure elucidation and a best fit solution of A is determined during the process of determining 

consistency of the structural proposal with the experimental data. This is because direct prediction of A 

for small molecules still is not a routine tool115. 

Therefore, the typical method for analysing RDCs of small molecules is to measure a set of RDCs 

experimentally and uses a structural proposal previously generated to determine the alignment tensor 

that describes the experimental values best 𝑨𝒐𝒑𝒕 by singular value decomposition116 (note that in ref. 116, 

the symbol A has a different meaning and that the Saupe tensor is used instead).  
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From 𝑨𝒐𝒑𝒕 and the structure proposal, a set of back-calculated RDCs is obtained, which can be checked 

for consistency with the experimental RDCs. A lack of consistency can be used to falsify structural 

proposals. 

It should be noted, that this approach to RDC-based structure analysis requires that the system of 

equations describing the alignment tensor is overdetermined during the singular value decomposition, 

resulting in the requirement that a minimum number or experimental RDCs needs to be measured. This 

poses challenges to NMR methods development, because it is desirable to extract as many RDCs as 

possible from the rigid molecular fragments for good definition of the alignment tensor. Using various 

different sorts of RDCs117 can be valuable for restricting the analysis to small molecular fragments that 

can be assumed to be rigid (or described by an appropriate motional model), and to avoid carrying out 

an analysis in the presence of high conformational flexibility77. 

For expressing the agreement between experimental RDCs and back-calculated RDCs, typically plots 

comparing the two sets of RDCs are shown118 and quality factors76, 119 with different effects of error-

weighting are used. 

 

In the framework of the model outlined, rigid molecular fragments of molecules can be analysed. For 

models describing molecular flexibility in the models, the reader is referred to the literature74, 75, 80, 120-

128. Suffice to say, that in particular when trying to describe conformational flexibility, generally there is 

an increased requirement for measuring as many RDCs as possible with the maximum obtainable 

accuracy. This is a major challenge for both the development of suitable alignment media and for the 

development of NMR techniques for RDC measurement. 

 

4.2.4.2. Alignment Media for Small Molecule RDC Studies 

 

For introducing the weak preferential orientation of small molecules suitable for RDC measurement, it 

is common to use oriented media66, 112. These induce, by virtue of molecular interactions a preferential 

orientation onto the molecules dissolved therein. Two main strategies have emerged, namely the use of 

lyotropic liquid crystalling phases (LLCs) which orient themselves with respect to the external magnetic 

field of the spectrometer, and the use of cross-linked polymer gels, which are swollen with different 

degrees of swelling in different spatial directions (SAG; strain-induced alignment in a gel). Further 

alignment media are also grouped into water based media and media compatible with organic solvents. 

A full review is out of the scope of this work and I will focus on only a few selected media. The reader is 

referred to refs. 112, 129 for a joint discussion of water based alignment media and media compatible with 

organic solvents or to ref. 130 for the sole discussion of water based media. 

 

Liquid lyotropic phases (LLCs), formed by a phase builder with large anisotropy of shape and a solvent, 

can introduce suitable alignment for RDC measurements. Characteristic features of this class of 

alignment media are comparably easy and rapid preparation of the alignment medium (provided the 

phase builder is available) and the ability to tune the strength of the alignment by both temperature and 

the concentration of the phase builder. Changes of the concentration of the phase builder however are 

limited by its solubility in the solvent and by the lower critical concentration for forming the liquid 

crystalline phase131. The latter can be interfering with the desire to create alignment media which induce 

only a weak alignment. If degrees of alignment are too large, the RDCs may be scaled by variable-angle 

sample spinning132. Many LLC-based alignment media alignment media use chiral phase builder, which 

leads to the advantage of the possible enantiodifferentiation in these media. 

Prominent water based LLC alignment media use phospholipid bicelles133-135, bacteriophage virus 

particles with rod-like shape136, 137 and so-called Otting-phases138. In aqueous solution, it is particularly 

important to consider the compatibility of the molecule to be studied with the surface charge of the 

phase builder. Some phase builder, a notable case being bacteriophage virus particles, carry high surface 

charge which can induce too strong alignment, if the molecule studied is stuck to the phase builder by 

coulomb interaction. Also limitations in the pH-regimes may be necessary to consider. 
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The biggest class of LLC phases compatible with organic solvents is that of homopolypeptides, including 

Poly--benzyl-L/D-glutamate (PBLG and PBDG)131, 139, 140, Poly--ethyl-L-glutamate (PELG)141, 142 and 

Poly--carbobenzyloxy-L-lysin (PCBLL)141. They form stable alignment media with many apolar organic 

solvents, such as CDCl3, CD2Cl2 and THF, and can be used to study a broad range of apolar solutes. 

Helically chiral polyacetylene-based alignment media143 have been synthesized, which enable the 

measurement of high quality spectra in CDCl3-based media. Furthermore, an LLC based alignment 

medium being compatible with DMSO was recently presented, which uses dispersions of graphene oxide 

particles that are stabilized by grafting of polymer brushes144, 145. 

 

Lower-bound limits of the degree of alignment can be circumvented when using the SAG approach146, 

147. This approach uses a cross-linked polymer gel, which is swollen in a way that cavities with anisotropic 

shape are created. The anticipated mode of action is that solutes that permeated the gel by diffusion 

interact with the polymer network of anisotropic shape and thus orient with respect to the anisotropy. 

The clear advantages of this approach is the scalability of the alignment to very low degrees of 

orientation. For tuning the degree of alignment in such gels, devices for compressing and stretching the 

gels are available148-150. Another method for scaling the strength of the alignment is to use different 

orientations of the gel with respect to the magnetic field28. Also combinations of alignment media are 

possible by trapping of field-oriented LLCs inside gel matrices151, 152. 

Disadvantages inherent in the SAG approach mainly are related to their sample preparation. Swelling of 

the gels may be time consuming and even more importantly, diffusion of the solute into the gel may 

require long equilibration periods. Furthermore, the gels may show inhomogeneity of the swelling due 

to friction and may even break as a consequence of mechanical stress. 

The most prominent water based gel-matrix used for weak alignment is poly(acrylamide) and partially 

charged polymer matrices thereof147, 153-155. Gels with inherent handedness could be obtained for 

example using stretched gelatine gels156. 

Compatibility with polar aprotic solvents is much less problematic than it is for LLCs and alignment 

media are available which show compatibility with a large variety of solvents, e.g. poly(acroylonitrile)157 

or crosslinked gelatine156, though the availability of gels cross-linked by accelerated electrons may be 

limited. Chemically cross-linked polymer gels e.g. poly(styrene) cross-linked with divinylbenzene158 are 

viable alternatives. 

 

4.2.4.3. Experiments for Measurement of RDCs in Small Molecules 

 

As stated previously, when using RDCs for structure analysis, it is essential to measure as many 

experimental RDCs as possible with the best accuracy available. Sample preparation is an essential step 

for obtaining large sets of experimental data, because inappropriate alignment conditions can easily lead 

to quite severe degradation of the spectral quality. The facts that sample preparation often is laborious 

whereas it is generally not possible to predict which alignment media are suitable for a given solute 

result in the desire to figuratively “squeeze” as many RDCs as possible out of a sample that has been 

prepared.  

 

In the limit of weak alignment, which the discussions in this thesis is limited to, RDCs arise as an apparent 

additional contribution to the total coupling constant 𝑇𝑘,𝑙. We will use in the heteronuclear case 

𝑇𝑘,𝑙 = 𝐽𝑘,𝑙 + 2𝐷𝑘,𝑙 . (all coupling constants expressed in [Hz]) . (4.42) 

Separation of the two contributions to 𝑇𝑘,𝑙 is normally achieved by performing two different sets of 

measurements. First measurement in an isotropic medium provides 𝐽𝑘,𝑙 and subsequent measurement of 

𝑇𝑘,𝑙 in anisotropic solution then enables the extraction of the RDC by simple subtraction. The inherent 

assumption that the molecular conformation does not change by change of the medium may not always 

be valid.  

For small molecules, measurement of RDCs is solely based on measuring frequency differences between 

signal multiplet features, though in principle also intensity-based extraction methods, as used in studies 

of biomacromolecules159, could in principle be employed. In the following, methods are grouped 
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according to the dipolar couplings that can be probed. Even though methods derived for J-coupling 

constant extraction are often also suitable for RDC extraction, I will restrict the discussion to methods 

that have already proven suitable in practical tests. 

 

Heteronuclear one-bond RDCs (e.g. 1DCH, 1DNH) are the most easily accessible RDCs, because (in absolute 

value) they are often the biggest RDCs. In most cases, they are measured as a small additional 

contribution to the apparent heteronuclear splitting already present due to the scalar J-coupling. Keeping 

them smaller than the J-coupling (with additional knowledge of the sign of one-bond couplings) has the 

nice effect that their sign, which is informative in RDC analysis, can be extracted from equation (4.42) 

even in sign-insensitive measurements.  

In the small molecule context, heteronuclear one-bond RDCs are mostly measured from gradient-

selected HSQC variants, acquired without heteronuclear decoupling in one of the spectral dimensions. 

Methods are described for measurement of 1TXH along the (indirect) X-dimension and along the (direct) 
1H-dimension. For example, simply removing the 1H-decoupling from the X-dimension160 can be used 

for 1TXH measurement. The inherent problem of these techniques to require very long measurement times 

for obtaining sufficient signal resolution can be counteracted by J-scaling118, 161. The inherent loss in 

resolution impaired by the doubling of the resonances can be efficiently counteracted by the so-called 

IPAP principle162, which later found ample use, because it enables coupling constant measurements when 

doublet components are not resolved. 

Unfortunately, these approaches suffers from the additional observation of long-range interactions (nTXH) 

in the X-dimension, leading to the broadening of lines in that spectral dimension. It was soon recognized, 

that this line broadening is limiting the accessible accuracy of the measurement, a problem that could 

be reduced through the introduction of a BIRD-filter, which leads to suppression of long-range couplings 

between 1H and the X-nucleus163. A problem that persisted in all F1-coupled HSQC experiments is their 

inherent disability to provide separate values for chemically inequivalent 1H, bound to the same X-

nucleus. This could be solved using an HMQC-like J-scaling period in these experiments164. 

The inherent problem of these methods, that the couplings are measured along the X-dimension, where 

achieving a high resolution is a time-consuming task can be counteracted by non-uniform sampling 

methods165, yet for small molecules, there is another good alternative: 

Of particular use nowadays are the CLIP- and the CLAP-HSQC experiment166, which enable rapid and 

accurate measurement of 1TXH, by measurement of the coupling along the high-resolution direct 

dimension. The particular benefit of these experiments is, that heteronuclear anti-phase contributions to 

the signal are effectively suppressed. The disadvantage of these methods however is, that again long-

range couplings (this time nTHH) broaden the signals, which again can be limiting experimental accuracy. 

Much of the following work directly is related to the circumvention of this problem, with the aim to 

restore the ability of extracting 1TXH coupling constants from narrow signals. 

Though not related to signal narrowing, it should be noted, that recently an F2-coupled HSQC experiment 

with efficient filtration of both homo- and heteronuclear antiphase contribution, the PIP-HSQC was 

presented167. As in the original CLIP/CLAP-HSQC, the signals appear broadened by long-range couplings 

in the spectra. The application to RDC measurement has not been demonstrated for this experiment. 

 

One-bond homonuclear RDCs for heteronuclei (e.g. 1DCC) have rarely been measured in the context of 

small-molecule NMR due to the inherent low sensitivity of the measurement. If required however, 1DCC-

couplings can be extracted from INADEQUATE experiments168, 169. Alternatively, J-modulated 

ADEQUATE experiments can be used170-172. 

 

Long-range homonuclear RDCs for protons (i.e. nDHH) are not as frequently used in small-molecule RDC 

analysis as might be anticipated from their omnipresence and from the high sensitivity offered in 1H-1H 

correlation experiments. This can be attributed to the fact that their extraction may be challenging and 

by the fact that a sign-sensitive measurement of these coupling constants is desirable, which is not 

offered by all methods. The following discussion, is separated into the measurement of 2DHH and of nDHH 

with n>2. 
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2DHH are comparably easy to access through existing methods. For methylene groups, the SPITZE-

HSQC173, the closely related CH2-S3E HSQC117 and the P.E.HSQC174 should be emphasized, because of 

their ability to provide sign-sensitive measurements. Furthermore, 2DHH can be accessed by the methods 

described for nDHH-measurement. For methyl groups, the DiM (“dipolar couplings in methyls”) 

experiment175 should be mentioned. Though these couplings certainly can be used in structural 

calculations, there is the disadvantage that these coupling constants can easily be derived from the 

corresponding 1JCH couplings if a geometric model for the corresponding group is assumed. 
nDHH with n>2 are a delicate task, because of the multitude of 1H-1H dipolar couplings present in organic 

molecules and, again, because of the desire to measure their sign. If the alignment is weak enough, this 

task can be tackled by the E.COSY176. An improved separation of the multiplet components can be 

achieved via filtration with a heteronucleus, as achieved in XLOC experiments177, 178. Recently the SJS-

HSQC179 was added to the techniques available, which enables simultaneous nDHH and nDXH measurement 

at a selected proton frequency, including their relative signs. 

If the sign information is compromised, CT-COSY experiments can provide |nDHH| via intensity based 

measurements180. 

 

Long-range heteronuclear RDCs (nDXH) are accessible via a number of methods, though their small size 

often renders the extraction inaccurate. A recent survey of methods designed for nJXH measurement is 

given in ref. 181. Herein, just a few representative techniques are mentioned, all of which in principle 

should enabling sign sensitive measurements of nDXH. 

A first class of experiments that can be exploited is that of F1-BIRD-filtered TOCSY derivatives, namely 

the HETLOC182 experiment and the HECADE183 experiment, as its variant with frequency encoding on 

the heteronucleus in the indirect dimension. Both experiments extract the sign of nDXH relative to the 
1DXH coupling constant from E.COSY-type signal patterns. 

A drawback of these experiment is that they cannot be used to measure nDXH-couplings to quaternary 

carbon atoms. To avoid this problem, it can be resorted to HSQMBC-based techniques, out of which the 

HSQMBC-COSY-IPAP technique184, the selHSQMBC technique185 should be mentioned here. 

 

 

A major part of this work will be devoted to the design of new pulse sequences for 1DCH extraction, which 

requires a knowledge of how NMR experiments can be described. The description of NMR experiments 

from the dynamic perspective that is required is described in the next section. 
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4.3. NMR Experiments from a Dynamic Perspective – Tools for Describing Modern Solution 
State Techniques 

 

A short intermezzo (along the lines of refs. 19, 186 and of chapters 2 and 4 of ref. 16):  

 

NMR makes excessive use of manipulating the time-evolution of nuclear spin systems in their non-

equilibrium state. For understanding the design of NMR pulse sequences an understanding (or at least 

a coarse picture) of these processes is required, which can come through different approaches of 

analysing spin dynamics. Rather than providing a full description, I try to give an abstract of the field 

with extension on the product operator formalism186 here. 

 

4.3.1. An Overview of Approaches to Describe the Dynamic of NMR Experiments 

 

The aim of all the techniques described herein is to describe the bulk dynamics of nuclear magnetization 

of liquid samples. Though talking about small spin systems, this usually means that one tries to describe 

the behaviour of a large number of identical spin systems, the sample is normally composed of. 

 

Many NMR experiments can be understood in the classical picture of the Bloch equations, describing the 

motion of a magnetization vector �⃗⃗�  under the action of a time dependent external magnetic field �⃗� (𝑡), 
according to 

𝑑

𝑑𝑡
�⃗⃗� (𝑡) = 𝛾𝑘�⃗⃗� (𝑡) × �⃗� (𝑡) − 𝑹{�⃗⃗� (𝑡) − �⃗⃗� 0}. (4.43) 

�⃗⃗� (𝑡) hereby has the thermal equilibrium value �⃗⃗� 0 = (0; 0;𝑀𝑍
0)𝑇 (see equation (4.32)) and the relaxation 

matrix is given by 

𝑹 = (

1 𝑇2⁄ 0 0

0 1 𝑇2⁄ 0

0 0 1 𝑇1⁄
) . (4.44) 

The analysis is typically carried out after transformation from the laboratory frame into a rotating frame 

of reference, where 

𝐵𝑟⃗⃗ ⃗⃗  (𝑡) = (

𝐵1(𝑡) cos𝜙

𝐵1(𝑡) sin 𝜙

Ω𝑘 𝛾𝑘⁄
) (4.45) 

if all radio frequency pulses are directly applied at the frequency of rotation of the reference frame 

(compare to equation (4.9)).  

This picture can be used, whenever spins can be treated as isolated, i.e. when they are not interacting 

via spin-spin couplings or quadrupolar couplings. Use of this picture is made in various situations, e.g. 

when analysing the effects of radio-frequency pulses on isolated spins187, 188. As the next section will 

cover the dynamics of coupled spin-systems, however we have to resort to a quantum-mechanical 

description of the time-evolution of nuclear magnetization. 

 

Quantum-mechanical description of NMR experiments is usually performed via the density operator 

approach. If relaxation phenomena do not have to be considered, this usually means solving the Liouville-

von Neumann equation 
𝑑

𝑑𝑡
�̂�(𝑡) = −𝑖[ℋ̂(𝑡), �̂�(𝑡)], (4.46) 

which describes the time evolution of the density operator �̂�. The quantity [ℋ̂(𝑡), �̂�(𝑡)] thereby is the 

commutator of the Hamiltonian describing the spin system dynamics (see equation (4.2)) and the 

density operator �̂�. The time evolution of �̂� is mostly performed during time intervals, where ℋ̂ is 

constant in the rotating reference frame, where 
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�̂�(𝑡) = 𝑒−𝑖ℋ̂𝑡�̂�(0)𝑒+𝑖ℋ̂𝑡 (4.47) 

can be applied to describe the time evolution of the density operator from its initial state �̂�(0) to a later 

stage �̂�(𝑡). The evolution of the density operator through complex pulse sequences can be performed by 

sequential application of such transformations. This requires that small pulse sequence segments (e.g. a 

single hard r.f. pulse) are chosen, where one can assume ℋ̂𝑖 = 𝑐𝑜𝑛𝑠𝑡.. 

�̂�(𝜏1 + 𝜏2 + 𝜏3) = 𝑒
−𝑖ℋ̂3𝜏3𝑒−𝑖ℋ̂2𝜏2𝑒−𝑖ℋ̂1𝜏1�̂�(0)𝑒+𝑖ℋ̂1𝜏1𝑒+𝑖ℋ̂2𝜏2𝑒+𝑖ℋ̂3𝜏3 (4.48) 

Time ordering hereby has to be respected, if operators in the exponentials do not commute. For rapid 

changes of the Hamiltonian that cannot be followed by the spin system, the individual ℋ̂𝑖 can also be 

replaced by their time-average values. 

Expectation values 〈𝐴〉 for observables can be computed by 

〈𝐴〉 = tr{�̂��̂�(𝑡)} (4.49) 

using their respective operators �̂�, so that e.g. the observable magnetization components in x and y, 

caused by a large ensemble of 𝑁𝑒𝑛𝑠 identical spin systems are obtained by  

𝑀𝑥(𝑡) = 𝑁𝑒𝑛𝑠∑𝛾𝑘ℏ tr{𝐼𝑘,𝑥�̂�(𝑡)}

𝑘

 and 𝑀𝑦(𝑡) = 𝑁𝑒𝑛𝑠∑𝛾𝑘ℏ tr{𝐼𝑘,𝑦�̂�(𝑡)}

𝑘

 , (4.50) 

where the summation runs over all nuclei contained in one of the spin systems. 

Explicitly solving the time-evolution of the density operator in suitable matrix representations, possibly 

also including effects of relaxation to an external lattice, is a task normally performed in quantum-

mechanical simulation software developed for the analysis of NMR pulse sequences189, 190. 

The density operator approach is well suitable for machines to be solved, but is very little intuitive for 

people trying to understand what happens during the pulse sequence. For analysis of pulse sequences, 

it is therefore often resorted to the product operator formalism, which is derived from the density 

operator formalism, but is way more intuitive. 

 

4.3.2. The product operator formalism – in brief 

 

The product operator formalism can be regarded as a collection of rules of thumb – albeit with quantum-

mechanical background – that give a pictorial description of what happens during NMR experiments. 

 

For describing the state of the spin system, the density operator �̂� is expressed as a linear combination 

of product operators 

�̂� = ∑𝑏𝑠(𝑡)

𝑠

𝐵𝑠 (4.51) 

 

out of which normally only those of interest are analysed. 𝐵𝑠 thereby are the product operators as for 

example listed below and 𝑏𝑠(𝑡) are the time dependent coefficients describing the time evolution of the 

density operator. 

 

The product operators are constructed from a set of single-spin operators, which can be combined to 

two-spin, three-spin and higher operators through multiplication. There is a nomenclature relating the 

different product operators to the signal shape that is associated with their observation. 

In a Cartesian basis for a two-spin-½ system, there are six one-spin product-operators which are named 

as follows: 

 

 𝐼1,𝑥 and 𝐼2,𝑥: “in-phase x-magnetization on spin 1 or 2” 

 𝐼1,𝑦 and 𝐼2,𝑦: “in-phase y-magnetization on spin 1 or 2” 

 𝐼1,𝑧 and 𝐼2,𝑧: “longitudinal magnetization on spin 1 or 2” (also: “y-magnetization”) 

 

Further a set of nine two-spin product-operators is obtained, which can be grouped into: 
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 2𝐼1,𝑥𝐼2,𝑧: “antiphase x-magnetization on spin 1 (with respect to spin 2)” 

 2𝐼1,𝑦𝐼2,𝑧: “antiphase y-magnetization on spin 1 (with respect to spin 2)” 

 2𝐼1,𝑧𝐼2,𝑥: “antiphase x-magnetization on spin 2 (with respect to spin 1)” 

 2𝐼1,𝑧𝐼2,𝑦: “antiphase y-magnetization on spin 2 (with respect to spin 1)” 

 2𝐼1,𝑧𝐼2,𝑧: “longitudinal two-spin order on spins 1 and 2” 

 2𝐼1,𝑥𝐼2,𝑥, 2𝐼1,𝑥𝐼2,𝑦, 2𝐼1,𝑦𝐼2,𝑥 and 2𝐼1,𝑦𝐼2,𝑦: “two-spin coherences” 

 

(Note that the circumflex is omitted for convenience.) 

 

The raising and lowering operators frequently used to express Hamilton operators throughout this 

introduction can be constructed by 

𝐼𝑘
+ = 𝐼𝑘,𝑥 + 𝑖𝐼𝑘,𝑦 𝑎𝑛𝑑 𝐼𝑘

− = 𝐼𝑘,𝑥 − 𝑖𝐼𝑘,𝑦 (4.52) 

 

The analysis of pulse sequences typically proceeds through successive steps where the Hamiltonian is 

constant, just as in the density operator treatment, according to (4.47), but with the advantage, that the 

evolution of individual product operators can be analysed separately. Suppose �̂�𝑎 = 𝐼1,𝑥 + 0.3𝐼2,𝑧, then 

�̂�𝑎(𝑡) = 𝑒
−𝑖ℋ̂𝑡�̂�𝑎(0)𝑒

+𝑖ℋ̂𝑡 = 𝑒−𝑖ℋ̂1𝑡𝐼1,𝑥𝑒
+𝑖ℋ̂1𝑡 + 0.3𝑒−𝑖ℋ̂2𝑡𝐼2,𝑧𝑒

+𝑖ℋ̂2𝑡 , (4.53) 

where ℋ̂1 and ℋ̂2 denote only those parts of the Hamiltonian acting on spin 1 and 2 respectively. 

 

Rather than solving the product of matrix exponentials explicitly every time the calculation is performed, 

it is sufficient to provide the solutions in the form of transformations, which can be applied successively. 

 

A particularly simple picture arises, if we perform the analysis in the weak coupling approximation, using 

(4.8) for describing chemical shift evolution, (4.9) for radio frequency pulses, (4.11) for scalar couplings 

and not considering the effective evolution of RDCs. 

Results obtained under this assumption are listed below. Under the assumption of this simplified 

Hamiltonian, they are valid irrespective of other product operators in the unspecified multiplier L. 

 

The effect of free evolution under a frequency offset (see (4.8)): 

𝐿𝐼𝑘,𝑥
Ω𝑘𝜏𝐼𝑘,𝑧
→    𝐿(𝐼𝑘,𝑥 cos Ω𝑘𝜏 + 𝐼𝑘,𝑦 sin Ω𝑘𝜏) (4.54) 

𝐿𝐼𝑘,𝑦
Ω𝑘𝜏𝐼𝑘,𝑧
→    𝐿(𝐼𝑘,𝑦 cos Ω𝑘𝜏 − 𝐼𝑘,𝑥 sin Ω𝑘𝜏) (4.55) 

𝐿𝐼𝑘,𝑧
Ω𝑘𝜏𝐼𝑘,𝑧
→    𝐿𝐼𝑘,𝑧, (4.56) 

 

For radio-frequency pulses, it is common to use the assumption of perfect instantaneous flips and thus 

to express 𝛾𝐾𝐵1𝜏 as an effective flip angle 𝜗: 

𝐿𝐼𝑘,𝑥
𝜗𝐼𝑘,𝑥
→  𝐿𝐼𝑘,𝑥 (4.57) 

𝐿𝐼𝑘,𝑦
𝜗𝐼𝑘,𝑥
→  𝐿(𝐼𝑘,𝑦 cos 𝜗 + 𝐼𝑘,𝑧 sin 𝜗) (4.58) 

𝐿𝐼𝑘,𝑧
𝜗𝐼𝑘,𝑥
→  𝐿(𝐼𝑘,𝑧 cos 𝜗 − 𝐼𝑘,𝑦 sin 𝜗), (4.59) 

and similarly  

𝐿𝐼𝑘,𝑥
𝜗𝐼𝑘,𝑦
→   𝐿(𝐼𝑘,𝑥 cos 𝜗 − 𝐼𝑘,𝑧 sin 𝜗) (4.60) 

𝐿𝐼𝑘,𝑦
𝜗𝐼𝑘,𝑦
→   𝐿𝐼𝑘,𝑦 (4.61) 
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𝐿𝐼𝑘,𝑧
𝜗𝐼𝑘,𝑦
→   𝐿(𝐼𝑘,𝑧 cos 𝜗 + 𝐼𝑘,𝑥 sin 𝜗), (4.62) 

 

The effect of weak scalar coupling: 

𝐿𝐼𝑘,𝑥
𝜋𝐽𝑘,𝑙𝜏𝐼𝑘,𝑧𝐼𝑙,𝑧
→        𝐿(𝐼𝑘,𝑥 cos(𝜋𝐽𝑘,𝑙𝜏) + 2𝐼𝑘,𝑦𝐼𝑙,𝑧 sin(𝜋𝐽𝑘,𝑙𝜏)) (4.63) 

𝐿𝐼𝑘,𝑦
𝜋𝐽𝑘,𝑙𝜏𝐼𝑘,𝑧𝐼𝑙,𝑧
→        𝐿(𝐼𝑘,𝑦 cos(𝜋𝐽𝑘,𝑙𝜏) − 2𝐼𝑘,𝑥𝐼𝑙,𝑧 sin(𝜋𝐽𝑘,𝑙𝜏)) (4.64) 

𝐿𝐼𝑘,𝑧
Ω𝑘𝜏𝐼𝑘,𝑧
→    𝐿𝐼𝑘,𝑧, (4.65) 

𝐿2𝐼𝑘,𝑥𝐼𝑙,𝑧
𝜋𝐽𝑘,𝑙𝜏𝐼𝑘,𝑧𝐼𝑙,𝑧
→        𝐿(2𝐼𝑘,𝑥𝐼𝑙,𝑧 cos(𝜋𝐽𝑘,𝑙𝜏) + 𝐼𝑘,𝑦 sin(𝜋𝐽𝑘,𝑙𝜏)) (4.66) 

𝐿2𝐼𝑘,𝑦𝐼𝑙,𝑧
𝜋𝐽𝑘,𝑙𝜏𝐼𝑘,𝑧𝐼𝑙,𝑧
→        𝐿(2𝐼𝑘,𝑦𝐼𝑙,𝑧 cos(𝜋𝐽𝑘,𝑙𝜏) − 𝐼𝑘,𝑥 sin(𝜋𝐽𝑘,𝑙𝜏)) (4.67) 

𝐿𝐼𝑘,𝑧
Ω𝑘𝜏𝐼𝑘,𝑧
→    𝐿𝐼𝑘,𝑧, (4.68) 

 

Linking product operators to the observable time-domain NMR signal and in consequence to the signal 

shape obtained is possible through equations (4.50). The complex signal 𝑆(𝑡) that is measured in NMR 

combines the two magnetization components, which are both measured during the acquisition period. 

𝑆(𝑡) ∝ (𝑀𝑥(𝑡) cos 𝜙𝑟𝑒𝑐 + 𝑖𝑀𝑦(𝑡) sin 𝜙𝑟𝑒𝑐) (4.69) 

The quantity 𝜙𝑟𝑒𝑐 is the receiver phase, which we will deliberately set to zero for the discussion that 

follows. 

From equations (4.50), it follows that observable signal only is obtained from the product operators 𝐼𝑘,𝑥 

and 𝐼𝑘,𝑦. All other product operators are not directly observed. I will now try to link the product operators 

to time domain signals and further to its appearance after Fourier transformation. 

 

Starting with an isolated spin (𝐽1,2 = 0), time evolution out of e.g. 𝐼1,𝑥 leads to an interconversion of 

magnetization between the two in-phase components 𝐼1,𝑥 and 𝐼1,𝑦, which is described by a simple 

oscillating function. An in-phase absorptive singlet is obtained. 

 

Figure 4.7: FID (left) and spectrum (right) for a single spin. (Note for FFT more time point were used than shown in the left plot 

and that an apodization function was used.) 

In contrast, if a two spin system is considered (𝐽1,2 ≠ 0) , still only analysing the evolution out of 𝐼1,𝑥, not 

only do the tow in-phase components interconvert: The signal disappears and reappears, as a 

consequence of signal evolution into the antiphase terms 2𝐼1,𝑥𝐼2,𝑧 and 2𝐼1,𝑦𝐼2,𝑧 and back into the in-phase 

terms 𝐼1,𝑥 and 𝐼1,𝑦. This leads to an apparent splitting of the signal. The signal is said to be in-phase, 

because both components have the same sign.  
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Figure 4.8: FID (left) and Spectum (right) for a single spin. (Note for FFT more time point were used than shown in the left plot 

and that an apodization function was used.) 

In contrast, if we are performing the analysis out of the product operator 2𝐼1,𝑦𝐼2,𝑧, we obtain a doublet 

where both signal components point in opposite direction. This is called an anti-phase signal appearance. 

It is stated above, that only the in-phase components are observable, but still we are obtaining a signal 

here. This is not in contradiction, because 2𝐼1,𝑦𝐼2,𝑧 evolves into the in-phase operator 𝐼1,𝑥 during the 

acquisition. In fact, all product operators with a single transverse component can evolve into observable 

magnetization during acquisition, with just a small caveat: In addition to what is considered in this 

product operator analysis, the signal disappears through the action of transverse relaxation and possibly 

also through exchange processes that are in-between the slow- and the fast exchange regime. If the signal 

disappears faster through the action of these processes than it builds-up through coupling evolution, the 

total signal intensity may become too small as to be detectable. We will meet this particular disadvantage 

of anti-phase signals in Project D. 

 

Figure 4.9: FID (left) and Spectum (right) for a single spin. (Note for FFT more time point were used than shown in the left plot 

and that an apodization function was used.) 

In Projects A, B and C, the main focus will be to suppress homonuclear splitting of NMR-signals in the 

spectra. The challenge hereby is to suppress the disappearance of the FID through transfer of 

magnetization from in-phase into anti-phase terms to achieve signal evolutions resembling that shown 

in Figure 4.7, even if investigating multi-spin systems. The aim is thus to keep the in-phase terms 

throughout the entire FID accumulation period, to obtain spectra that – in the homodecoupled dimension 

- look as if there were no homonuclear coupling partners present. 

 

One further note: Suppressing the in-phase to anti-phase interconversion also counteracts the conversion 

from (unobservable) anti-phase terms into (observable) in-phase terms. I will use this special feature of 

homodecoupled methods e.g. during Project A (chapter 6) to suppress unwanted signals, dubbed 

“artefacts”.  
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4.4. Methods for Homonuclear Decoupling in 1H-dimensions – The Dawn of Pure Shift NMR 
 

As just mentioned, the idea of homonuclear decoupling in NMR is to suppress signal splitting arising 

from homonuclear spin-spin interactions. Even though methods that achieve suppression of 

homonuclear couplings have been around for many decades, the recent development of new 

experimental approaches to achieve homonuclear decoupling for protons have generated substantial 

interest in this field. Since 2007, this field of research is mostly referred to as pure shift NMR. Recent 

reviews describe the developments in the field12-15, 191, 192, yet I intend to provide a survey from my own 

perspective in the following pages.  

 

Methods for spin-spin decoupling are ubiquitous in NMR, and many fields critically rely on the ability to 

introduce spin-spin decoupling. This is particularly apparent in the field of solid-state NMR, which 

(amongst other decoupling techniques) heavily relies on Magic-Angle Sample spinning as a tool to 

remove direct spin-spin couplings and the anisotropies of chemical shift and J-coupling193. The isotropic 

part of the J-coupling, which leads to the couplings visible in liquid state spectra, cannot be removed by 

methods that use fast sample rotation or that mimic its effect. 

 

For the discussion of techniques that can provide spectra without signal multiplicity due to scalar 

couplings, I will roughly subdivide the methods existing into three groups:  

 

The first group achieves homonuclear decoupling by 180° degree rotations of all spins from the isotope 

to decouple. These are based on the concepts of the classical Hahn-echo (shown in Figure 4.10 A)), 

which, for weakly coupled systems leads to a refocusing of chemical shift evolution. When consulting 

text-books, as nicely summarized in Appendix A.10 in ref. 17, it can be found that the classical Hahn echo 

leads to an accumulation of homonuclear coupling evolution during the full period, while fully 

refocusing chemical shift evolution (assumptions made: only weak homonuclear coupling, an infinitely 

short 180° rotation). It is this refocusing of the chemical shift during continuous evolution of the J-

coupling, which is exploited in this method. 

 

The second group of experiments solves the problem of homonuclear decoupling by turning the problem 

of homonuclear decoupling into a problem that resembles the heteronuclear decoupling case. For the 

heteronuclear case it is long known, that the heteronuclear echo element shown in Figure 4.10 B) is able 

to refocus heteronuclear coupling evolution over the period  (again described in Appendix A.10 in ref. 
17). For isotope 1, the element introduces a chemical shift labelling during  which will later be used for 

frequency-encoding in the FID. It should be noted at this point, that coupling between nuclei both 

belonging to isotope 1 evolve unperturbedly. 

Treating a homonuclear case just like a heteronuclear one requires a method of separating the entire 

ensemble of homonuclear spins into two groups (described later as spin-subset selection): one that is 

observed (the active spins; would be isotope 1 in Figure 4.10 B)) and one that is manipulated to achieve 

the decoupling (the passive spins). Methods for achieving this will be explained later. 

 

The third group of experiments also uses a pulse in the middle of an evolution period, but as shown in 

Figure 4.10 C) not necessarly a 180° rotation. Rather than forming an echo during which either chemical 

shift evolution or J-coupling evolution are refocused, these experiments use coherence mixing to achieve 

an addition of magnetization not showing modulation by couplings, while magnetization terms 

reflecting the effect of accumulated couplings add up to zero. 

Interestingly, the sole experiment belonging to this third group that to my personal knowledge was used 

thus far is the “time-reversal” approach194 described by SØRENSEN, GRIESINGER and ERNST. The 

homonuclear decoupling approach used is further not adopted in current work. 



 

26  |  4. State of the Art 

In addition to the possible use of the “time-reversal” decoupling by itself, the reader should note that the 

“perfect echo”-block195 achieves a virtual cancellation of signal antiphase by a principle, that can also be 

understood in the general picture of Figure 4.10 C) and therefore attracted research interest, because it 

enables time-intervals of no net J-coupling evolution and no net chemical shift evolution to be 

introduced167, 196-204. 

In this work, I extended this principle to also be used for broadband homonuclear decoupling of pairs of 

protons, while introducing chemical shift evolution for the latter, adding a second experiment to this 

class of experiments. 

 

The experiments using Hahn-echo based decoupling and the concept of spin-subset selection will be 

described in the following. 

 

 

Figure 4.10: Different basic building blocks that are used to group the homonuclear decoupling techniques discussed. A) The 

homonuclear Hahn-echo sequence. B) The heteronuclear echo. C) An evolution period with coherence mixing in the middle. 

 

4.4.1. Hahn-Echo Based J-Resolved Experiments 

 
Homonuclear broadband decoupling was first achieved by AUE, KARHAN and ERNST through projection 

of a J-resolved spectrum they first described205. This was one of the first applications of two-dimensional 

spectroscopy, described just shortly after the introduction of two-dimensional spectroscopy34.  

The experiment uses a simple Hahn-echo with incremented duration as the t1-element, which refocuses 

net chemical shift evolution for weakly coupled spins at the end of the t1-peroid. The signal is thus only 

modulated by J-couplings in t1, while both J-couplings and chemical shifts freely evolve during t2. This 

leads to an appearance of the signal multiplicity tilted by 45° away from the F2-direction where chemical 

shift is encoded. It is the appearance of these two effects along two different frequency axes that can be 

used to separate the two effects, by projection of the spectrum along the axis where signal multiplicity 

appears. J-resolved experiments provide high sensitivity and can be measured rapidly, because only 

small spectral widths need to be used in the indirect time domain. 

 

 

Figure 4.11: Schematic representation of the basic J-resolved experiment. A) Pulse sequence used in the original works205. B) 

Schematic representation of the magnitude-mode spectrum obtained and the pictorial description of how a pure shift spectrum 

is constructed. 

 



 

4. State of the Art  |  27 

A drawback of this method however is that the mixed phase appearance of the signals, which leads to 

cancellation of the signals during the projection, when using phase-sensitive processing of the spectra206. 

This enforces the use of magnitude calculation during Fourier transformation. Projection in spectra 

obtained with magnitude processing however leads to very broad dispersion-mode, which counteracts 

the original aim of broadband decoupling to achieve good signal resolution in the resulting spectra. 

There are different approaches that try to solve the problems of the phase-twist lineshape. The multitude 

of methods existing indicates that none has been commonly accepted as the uncontestably best solution 

to the problem of the phase-twist signal appearance in J-resolved experiments. 

Before describing these different methods to deal with phase-twist lineshapes let me state that these 

disappear when building up J-resolved spectral dimensions using the strategy of spin-subset selection 

described in section 4.4.3. The realization of this fact les to the field of SERF methods279. Because of the 

different principle of action, I will make that clear distinction throughout the document and come back 

to SERF-methods in section 4.4.3.5.. 

Let me also mention, that J-resolved methods have led to the only HMBC experiment described to my 

knowledge with broadband homonuclear decoupling in the proton207 or carbon208 dimension. 

 

4.4.1.1. Strong Apodization to form a “Pseudo Echo” 

 

Dispersion-mode contributions can be cancelled out of the spectra by using strong apodization functions 

that produce a time-symmetrical appearance of the FID, which is described as the “Pseudo Echo” 

technique209. The large first-order phase error produced in the spectra can be counteracted again by 

using magnitude mode processing, however this time leading to peaks with absorptive appearance. 

Whereas leading to narrow signal shapes, strong apodization at the beginning of the FID obviously leads 

to a strong signal attenuation, reducing effective sensitivity, in particular if long FIDs (the prerequisite 

for a high resolution) are processed. The strong differences of signal intensity after “Pseudo Echo” 

apodization render signal integrals unusable for determining for example relative concentrations of 

different solutes from the broadband decoupled spectra obtained. Nevertheless, the use of strong time-

symmetrical apodization has found widespread application to remove dispersive signal components, not 

only in J-resolved experiments210, but also e.g. in COSY techniques for rapid acquisition211. 

 

4.4.1.2. A 90°-Rotation Prior to Acquisition 

 

Cancellation of the mixed phase appearance of peaks in J-resolved spectra is further possible by adding 

spectra of two different J-resolved experiments, one to which a 90°-pulse has been added just prior to 

acquisition212. The technique is mentioned here because of its close relation to the perfect-echo195 based 

decoupling213 that is used in Projects B and C of this work. Unfortunately, in analogy to the perfect-echo 

based decoupling approach, the technique is limited to cancel out the phase-twist lineshape only for two-

spin systems, and thus is of little use in practice. Also the close analogy of this approach to the procedure 

of adding J- and anti-J-spectra, as proposed by PELL and KEELER214, should be noted. 

 

4.4.1.3. Magnetization Filtration prior to acquisition 

 

Unlike most 2D experiments, the original J-resolved experiment does not have a classical mixing block 

separating t1 and t2, and as such no element purging anti-phase magnetization prior to acquisition. If a 

magnetization filter is used in between the two incremented time periods, dispersive magnetization 

components can be suppressed215-217. This leads to favourable line shapes, but unfortunately, the 

methods described loose the effect of quadrature detection, so that all peaks appear with mirror images 

around F1 = 1. The presence of these mirror images brings back multiplet structure into the projection 

of the spectrum, so peak-pattern recognition algorithms are used to construct the pure shift spectrum. 

Recently, it was however realised that when combining this technique with one of the strategies for pure 

shift acquisition in F2 (described below), this again collapses pairs of signals, leading to spectra that can 

be projected along F1
218. 
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4.4.1.4. Alternative Data Processing 

 

A series of data processing methods have emerged that further can be used for obtaining pure chemical 

shift information from the classical J-resolved experiment. These include a peak search algorithm219, use 

of the filter-diagonalization method (FDM)220, 221 instead of Fourier transformation or the use of linear 

prediction to eliminate dispersion mode signal components 222, 223.  

 

4.4.2. Constant Time Experiments 

 

Constant-time experiments use an alternative strategy for Hahn-echo based homonuclear broadband 

decoupling. The technique was first introduced shortly after the description of the original J-resolved 

technique224. The technique can be implemented into the indirect dimension of multidimensional 

experiments, as first used in the constant-time COSY experiment (CT-COSY)36, 180, 225, 226. 

 

Figure 4.12: Pulse sequence of a constant-time COSY experiment 

The technique does accept that there is non-zero J-coupling evolution at time point T, but collapses 

signal multiplet structure in F1 by using the same amount of coupling evolution for all t1-points. The 

effect of coupling evolution in the constant-time dimension is thus translated from a frequency 

modulation of the signal into an intensity-modulation of the signal. Signal loss due to relaxation and 

coupling evolution is traded for the decoupling, but collapse of the signals can counteract this and lead 

to signal gains. The choice of T thereby requires a good compromise between the resolution that is 

achieved in the homonuclear decoupled dimension, which increases with T, and between signal loss due 

to relaxation and coupling evolution during T. If the magnitude of the homonuclear decoupling is 

uniform, T can be adjusted to provide comparably small signal loss by coupling evolution, loss by 

relaxation however remains. 

Frequent use was made of constant-time decoupling in HETCOR experiments, where protons are 

detected in the indirect dimension177, 227-231. 

While in today’s library of small molecule NMR, constant-time decoupling is not met too frequently, it is 

an indispensable tool for 13C-13C homonuclear decoupling in triple resonance experiments of labelled 

proteins232.  

 

4.4.3. J-Refocusing with Spin-Subset Selection Techniques 

 

4.4.3.1. The Principle of Spin-Subset Selection 

 

The homonuclear decoupling techniques that are described in the following are closely related to 

heteronuclear decoupling methods from a conceptual perspective. For introducing their mode of action, 

it is instructive to start off with heteronuclear decoupling: 

 

In liquid state NMR frequent use is made of heteronuclear decoupling techniques187, 233-241, which 

normally are used as broadband approaches in the sense that they cover the entire spectral width of one 

nucleus, while observing the other one. The large frequency separation between nuclei of different 

species hereby enables continuous pulsing on the nucleus not observed, because it avoids disruption of 

signals at the frequency band, where acquisition is performed (see illustration in Figure 4.13). 
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Figure 4.13: Illustration of the conceptual link between heteronuclear decoupled experiment, homonuclear band-selective 

decoupled experiments and homonuclear broadband decoupled experiments using spin-subset selection. All three kinds of 

experiments use 180° pulses applied to the nuclei the observed nuclei shall be decoupled from. 

In the homonuclear case, techniques performing a decoupling at specific frequencies in the spectrum 

spread-out by the chemical shift can also be used. They can easily be implemented in indirect spectral 

dimensions, where it suffices to insert a frequency-selective pulse half-way through the chemical shift 

evolution period242-247. For band selective irradiation of decoupling pulses in the direct acquisition 

dimension, there is the problem that simultaneous pulsing and irradiation is not possible on the same 

channel. However during parts of the acquisition dwell-time, the receiver shutter can be closed to enable 

pulsing in regular acquisition-synchronized intervals248. Not only does this allow to perform the Fourier-

transform NMR-analogue to double resonance experiments91 (which correlate spins through partial 

homonuclear decoupling), if further can be used with adiabatic decoupling, which allows the application 

of decoupling sequences in well-defined frequency bands249, 250. 

In contrast to the two cases discussed above, in broadband homonuclear decoupling experiments one 

tries to measure the whole spectrum, while at the same time decoupling over the same spectral range. 

This causes a problem, because applying trains of inversion pulses to those nuclei that shall be observed 

suppresses their chemical shift evolution and further does in general not lead to decoupling within the 

region where pulsing is performed. 

The experiments, which attracted most attention in the past years, solve this problem by dividing the 

spins into two groups and pulse on one of the groups of spins, called the passive spins, while observing 

the signal of the active spins that, in effect, do not experience the rotation by the decoupling sequence12-

15. Making sure, that the active spin is very dilute in the spin system, meaning that no active spins are 

coupling with each other, for the nuclei observed an effective decoupling of all homonuclear couplings 

is achieved. 

This approach is analogous to the above-mentioned techniques of heteronuclear decoupling and band-

selective homonuclear decoupling in the sense that the coupling spins are divided into two groups, where 

pulsing is performed on one of the groups, while observation is performed of the (ideally unperturbed) 

other group. 

This time however, the distinction between the two groups of nuclei cannot come from frequency 

selection alone, and other methods are sought for discrimination. Irrespective of the mode of selectively 

manipulating the active and passive spins, these methods therefore translate the problem of broadband 

homonuclear decoupling into the “pseudo-heteronuclear decoupling” situation of the heteronuclear spin-

echo (see Figure 4.10 B)), just like band-selective homonuclear decoupling methods do. 

As compared to known methods of homonuclear decoupling that do not use spin-subset selection, this 

brings a true refocusing of scalar coupling evolution by reversing the sense of coupling evolution. The 

common concept is that the “bilinear” 2𝐼𝑘,𝑧𝐼𝑙,𝑧 terms of the Hamiltonian reverse sign through inversion 

of only one of the spins251, say l, being the passive spin. If this is performed half-way through a chemical 
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shift evolution period (as illustrated in Figure 4.15), refocusing of homonuclear J-evolution is achieved 

(the reason why these methods are also called “J-refocusing methods”). As no net inversion is performed 

on the active spins k, their chemical shift evolution proceeds seemingly unperturbed under the action of 

the “linear” 𝐼𝑘,𝑧 terms of the Hamiltonian. For the interested reader, a density operator treatment of these 

effects is provided in ref. 12 for an inversion block under successive action of a broadband inversion pulse 

on k and l, followed by a selective inversion of only k, which is what will be used later.  

 

 

Figure 4.14: Basic building block of J-refocussing methods for homonuclear decoupling. In the idealized case, J-refocusing to the 

level present at time A is achieved at time C for active spins, if 1 = 3. 

It is unnecessary at this point to carry the reader though a product operator treatment of the element 

shown in Figure 4.14. This can be taken in analogy from Appendix A.10 in ref. 17, assuming that the 

period inverting the passive spins does nothing else than this (e.g. does not introduce net chemical shift 

evolution), and can be summarized as follows: 

In the weak coupling limit, the active spins k experience 

 net chemical shift evolution during 𝜏3 + 𝜏1 

 net coupling evolution to all passive spins during 𝜏3 − 𝜏1 

 net coupling evolution to all active spins during 𝜏3 + 𝜏1 

If we manage to choose experimental situations that prevent couplings between active spins, which is 

done by “diluting active spins in the bath of passive spins”, we can thus refocus all coupling evolution for 

these spins. This restores in-phase magnetization for active spins after the period of one J-refocusing 

element, if we stated off with in-phase magnetization. This allows us to introduce chemical shift 

evolution for active spins, while refocusing J-coupling evolution for them at a single instant of time.  

 

4.4.3.2. Construction of a full FID 

 

It was outlined in the previous section, that when using spin-subset selection, refocusing of homonuclear 

J-coupling evolution is possible at one instant of time. When not being exactly at the point of J-refocusing 

however coupling evolution continues. Homonuclear decoupling, in the sense of collecting an FID which 

evolves in time, resembling the motion of isolated spins (as illustrated for one isolated spin in (4.7)), in 

contrast needs to come through continuous J-refocusing over the longer period of an FID. Three 

approaches have been used to collect FIDs of useful length for high-resolution NMR: 

 

1) The J-refocusing method can be used in an indirect dimension of an experiment, with setting the 

evolution times equal to half the incremented time-evolution period in the indirect dimension 

(1 = 3 = t1/2)242, 251. This introduces homonuclear decoupling in the indirect dimension. 

Optimal J-refocusing in terms of collecting all data at 1 = 3 can be achieved by this approach, 

avoiding so-called chunking artefacts present in other techniques. 

 

2) The J-refocusing block can be used in pseudo-indirect dimensions (see Figure 4.15 A)), as first 

presented by ZANGGER and STERK252. These approaches are collected under the name 

interferogram-based experiments. They realized that when collecting data in a short time interval 

around the point of full coupling refocusing, coupling evolution has only little effect. For the 

maximum length of this time interval Δ𝑚𝑎𝑥, it needs to be satisfied, that Δ𝑚𝑎𝑥 ≪ (1 |𝐽𝐻𝐻,𝑚𝑎𝑥|⁄ ), 

where |𝐽𝐻𝐻,𝑚𝑎𝑥| is the biggest splitting that needs to be suppressed. For typical |𝐽𝐻𝐻,𝑚𝑎𝑥| below 
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20 Hz, it proved to be sufficiently conservative to use data block lengths of 10ms to 30ms. To 

sample the full FID, the experiment needs to be repeated, with different evolution periods ti in 

the pseudo-indirect dimension, to vary the amounts of chemical shift evolution accumulated. 

With a comparably low number of time-points in the pseudo-indirect dimension (e.g. 16 - 32) 

FIDs of sufficient length can thus be sampled. In consequence, a much shorter overall experiment 

duration is required than in the case of an indirect dimension with full spectral width. For 

collecting and processing of the data from pseudo-indirect dimensions, different strategies have 

been developed: 

a. Data is sampled with increments in the indirect dimension Δ𝑖 amounting to the maximum 

length allowed by the coupling network in the sample Δ𝑖 = Δ𝑚𝑎𝑥 (the concept used in ref. 
252). This is used to sample the FID as quickly as possible, a process that is particularly 

efficient if refocusing happens in the middle of the block of data collected 253. These blocks 

of data, typically called data chunks, are then assembled together to provide a continuous 

time signal in the pseudo-direct dimension. The time position 𝑡𝑖
∗ of the data points in the 

pseudo-direct acquisition-dimension, with 𝑖 = 1 in the case of a pseudo-2D dataset, 

amounts to 𝑡𝑖
∗ = 𝑡𝑖 + 𝑡𝑖+1, providing apparently continuous evolution of the FID. For a 

pseudo-2D dataset, this is illustrated in Figure 4.15 A), while for a pseudo-3D dataset, 

this is illustrated in Figure 4.16 (left). 

b. Data is sampled with Δ𝑖 < Δ𝑚𝑎𝑥 and subjected to addition with data from other t1-

increments during processing. This method, presented as RESET-processing254, achieves 

an averaging of data during FID construction, which has been sampled for different t2. 

Linear back-prediction is used to reconstruct points at the beginning of the FID that are 

not experimentally accessible. 

c. Data can be subjected to Fourier-transformation and a pattern recognition algorithm can 

be used for constructing a synthetic homodecoupled spectrum255. The pseudo-indirect 

dimension in this case is collected with extensive spectral folding. The pattern recognition 

algorithm not only creates a synthetic broadband homodecoupled spectrum, but further 

extracts coupling constant from the direct acquisition dimension, even for multiplets 

normally heavily overlapped. 

 

3) The J-refocusing block can be applied in rapid succession during a loop to continuously refocus 

J-coupling evolution while acquisition is performed in between the J-refocusing blocks256, 257, as 

illustrated in Figure 4.15 B). This “real-time” or “instant” decoupling strategy comes with the 

benefit of being able to collect a full FID with sufficient length in a single scan. The FID is hereby 

assembled on-the-fly interrupting the data writing process during the homonuclear decoupling 

elements. Relaxation during application of the homonuclear decoupling blocks leads to sudden 

jumps in intensity in the constructed FID. This limits the maximum length of the usable J-

refocusing elements to normally below 15 ms.  

 

While all J-refocusing elements presented thus-far are compatible with the use in indirect spectral 

dimensions and in pseudo-indirect dimensions, not under all circumstances can real-time decoupling be 

used. In fact, the choice of the J-refocuing element determines the most important properties of the 

homonuclear decoupling scheme and its compatibility to a target application.  

In the following, I will give an overview of the different methods for spin-subset selection that have been 

established, before reporting on the different applications that pure shift NMR using spin-subset selection 

has found.  
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Figure 4.15: Sampling schemes and data assembly for acquisition of data from J-refocusing experiments along A) a pseudo-

direct dimension and B) along a real-time acquisition dimension. Reproduced with permission from reference 14. 

 

 

Figure 4.16: Data rearrangement for pseudo-3D dataset acquired with J-refocusing. Left: Data rearrangement, if using Δ2 =

Δ𝑚𝑎𝑥 for sampling. Right: Data rearrangement, if using Δ2 < Δ𝑚𝑎𝑥 for sampling254. The data is colour coded. During the 

sampling, continuous planes with separations of the data points by the respective dwell times of the dimensions are measured 

in t1 and t3. In t2, the data planes are separated by Δ2, which is an entire multiple of the dwell time in t3. The data is tilted onto 

the t2*-axis to provide a continuous time domain signal for Fourier transformation. If data is sampled with maximum step-width 

in t2 (Δ2 = Δ𝑚𝑎𝑥; left), data does not overlap in t2*. An overlapping of data from different t2-increments however is obtained if 

smaller step-widths Δ2 are used (right). For overlapping data, the time-domain signals are added up. The data is colour-coded 

for illustration: Blue: The data that is directly used for FID-construction. Green: Data possibly used in linear back-prediction. 

Orange: Data that is linearly back-predicted. Red: Data that is experimentally inaccessible due to the finite length of the 

homonuclear decoupling element.  
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4.4.3.3. Modes of Spin-Subset Selection for J-refocusing 

 

The challenge of spin-subset selection to pick out only a few spins of a given nuclide, and to manipulate 

them differently from their surrounding spins has been succeeded through three main strategies: 

Through frequency selection, possibly combined with spatial encoding, by filtration with a directly bond 

nucleus of a different isotope and by statistical methods. 

The mode of action of most experiments thereby is not actually selectively invert the passive, but the 

active spins. Using the subsequent application of a broadband 180°-pulse and the selective inversion of 

the active spins, as illustrated in Figure 4.17 (top) not only facilitates the selection process but also 

counteracts BLOCH-SIEGERT-like shifts258 of the signal frequencies that arise in homonuclear decoupling 

methods that only invert the passive spins91, 248, 249. As in all cases signal detection is (ideally) limited to 

active spins, with most spins being passive ones, when standing on their own, all of these methods require 

compromises in the sensitivity to be made. Fortunate combinations with NMR techniques already 

choosing spin subsets by themselves, will be presented though, which prevent additional signal loss due 

to this common problem of pure shift methods based on spin-subset selection. 

 

This setting of J-refocusing elements was already used in the original report of Bilinear Rotation 

Decoupling (BIRD)251, which first described broadband homonuclear decoupling by J-refocusing. By 

GARBOW et al. it was shown, that the simple four-pulse cascade shown in Figure 4.17 can invert the 

magnetization of only those protons bound to a 13C-nucleus, restoring the magnetization of all other 

protons. A very clean discrimination between active and passive spins thereby is achieved, because the 

heteronuclear one-bond coupling used for selection is very large (mostly 120 – 160 Hz for 1JCH), as 

compared to long-bond couplings (normally below 20 Hz). With an overall length of 1/1JCH of about 

8 ms, the BIRD rotation is a relatively fast slice-selective inversion element. The technique is used for 

broadband homonuclear decoupling on natural abundance samples, where the low natural abundance 

of 13C gives a good separation of active spins from one-another, however it also sets an upper limit to 

the experiment sensitivity. One distinct disadvantage of the BIRD element is, that is cannot discriminate 

between two nuclei that are bound to the same heteronucleus, a fact that will be intensely discussed in 

Projects B and C. 

 

Frequency selective pulses are a very versatile tool for homonuclear decoupling, because their properties 

can be tuned over a wide range188, 259-261 so that an optimization of pure shift experiments for individual 

samples becomes possible. For single- and multiple frequency selective J-refocusing they have been used 

since the introduction of “soft” decoupling experiments242, with the band-selective decoupling schemes 

derived soon becoming an important tool for studying biomacromolecules243, 262. Their frequency-

selective nature however also brings inherent challenges: Firstly, they require spatial selection to enable 

broadband homonuclear decoupling, a combination commonly known as Zangger-Sterk decoupling252 

(see Figure 4.17 E-G)), which comes with a sensitivity penalty increasing with bandwidth as well as with 

the selectivity of the pulse for a given bandwidth. Secondly, and for Zangger-Sterk decoupling critically 

linked to the question of sensitivity, they introduce a lower limit of frequency separation that is needed 

for enabling homonuclear decoupling. Signals that are inverted by the same pulse will continue to evolve 

homonuclear couplings within the group on inverted spins. So ultimately they cannot decouple signals 

that are very close in frequency. The problem of strong losses of signal intensity in the case of Zangger-

Sterk methods can however be counteracted, in particular for very selective pulses, through the use of 

multiple-frequency selective pulses255. 

 

Finally, the use of small flip-angle pulses, as used to the field by PELL, EDDEN and KEELER263 selects active 

spins on a purely statistical basis. With two small angle flips of typically 10° - 20°, detecting only signals 
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that underwent both flips, clean statistical selection of the active spins can be achieved. However it is 

this statistical nature, which renders them impossible to use for real-time decoupling methods. An 

additional challenge comes through the z-COSY-type mixing introduced by the two pulses, namely that 

they introduce many unwanted signals that need to be efficiently suppressed. The very successful 

implementation by MOHAMMADALI FOROOZANDEH achieves filtering by a pair of small flip-angle 

frequency-swept pulses that use the spatial dispersion264 of magnetization by action of a field gradient 

is shown in Figure 4.17 H). This inversion element shows very uniform performance over the entire 

spectral range. A problem that is inherent in the magnetization filtration approach used however is, that 

this selective inversion element typically is implemented with a 30 ms duration, which already leads to 

appreciable relaxation losses. 

 

Having introduced the general building concepts of experiments with spin-subset selection for 

homonuclear decoupling, I will now discuss the different applications that pure shift experiments have 

been applied to, starting with homodecoupled 1D experiments, mentioning methods designed for signal 

assignment and ending with experiments dedicated to the quantitative extraction of structural 

parameters. 

 

 

Figure 4.17: Top: Double-echo setup of a J-refocusing element. The gradients at either side of the inversions are omitted in many 

applications. The timing is shown for an experiment with real-time homonuclear decoupling. For experiments with decoupling 

along indirect or pseudo-decoupling dimensions, other timings253 may be preferred. Bottom: Overview of different spin-subset 

selection techniques, which are used for band-selective or broadband homonuclear decoupling. Reproduced with permission 

from reference 14. 
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4.4.3.4. Applications I: Broadband Homodecoupled 1D-spectra 

 

Many of the recent developments in pure shift NMR clearly are inspired by the seminal work by KLAUS 

ZANGGER and HEINZ STERK252, who presented two developments inside their paper describing broadband 

homonuclear decoupled experiments that much influenced the field. They introduced the frequency and 

spatially selective decoupling method shown in Figure 4.17 E-G) which combines the use of a frequency-

selective pulse for band-selective decoupling with a weak field-gradient, which disperses the frequency 

selection to the pulse over the spectral bandwidth at different positions inside the sample. This technique 

still is amongst the most effective techniques to create a broadband spin-subset selection partially 

because it is adjustable to a wide range of situations. In addition, the paper describes collection of the 

homodecoupled time-domain signal in a pseudo-homonuclear decoupling dimension, an approach which 

could be extended to all methods of spin subset selection. Ironically, this work remained largely 

unnoticed for ten years, until Mathias Nilsson and Gareth Morris adopted it for 1H and DOSY experiments 

with broadband homonuclear decoupling253. Just a month prior to that, a contribution from ANDREW 

PELL and JAMES KEELER was published which describes in detail a fundamentally different approach for 

the extraction of broadband homonuclear decoupled spectra263. The anti z-COSY is introduced, which 

uses two successive low flip-angle pulses, to obtain pure shift spectra. This approach provides good 

integral reproducibility for weakly coupled signals. Further, it is demonstrated that the anti z-COSY 

approach can be used for homonuclear decoupling in DOSY spectra, for T1-analysis and for the analysis 

of complex mixtures. 

The anti z-COSY method was complemented the same year by ANDREW PELL and JAMES KEELER by a 

method to produce J-resolved spectra with full absorption mode lineshape214. They introduce the 

Zangger-Sterk decoupling element into two separate J-coupled experiments, which after addition lead 

to a cancellation of the dispersive signal components. 

The group from Manchester then drew further attention to the field by their works on pure shift 

spectra265-267 for high-resolution applications. To increase the sensitivity of interferogram-based Zangger-

Sterk experiments, approaches were presented that make use of multiple frequency selection268-270, 

though the true breakthrough came through the introduction of the real-time decoupling approach 

depicted in Figure 4.15 B). 

The first implementation of real-time homonuclear decoupling256 was presented by the group of LUCIO 

FRYDMAN, which used a train of BIRD elements for real-time homonuclear decoupling. Soon after, HELGE 

MEYER and KLAUS ZANGGER first demonstrated that high-quality homonuclear broadband decoupled 

spectra can be recorded257, using the Zangger-Sterk homonuclear decoupling element. The method was 

soon complemented by LAURA CASTAÑAR, PAU NOLIS, ALBERT VIRGILI and THEODOR PARELLA by the band-

selective variant of the experiment271, which restricts the observation to a small frequency band, but 

enables the experiment to be measured at full sensitivity, for many signals in the observed region often 

even higher than in a 1H-experiment without homonuclear decoupling. 

For real-time acquisition of broadband decoupled 1H-experiments, two further methods were presented, 

the use of ASAP-mixing of magnetization272 and, very interestingly the combination with 

hyperpolarization methods273. 

As not only the sensitivity, but also the spectral quality of real-time decoupled experiments can be a 

limiting issue to real-time decoupling techniques, approaches were designed to flatten-out signal 

sidebands in a first report also testing the robustness of signal integral quantification274. Steps towards 

the application of real-time homodecoupled experiments for the analysis of complex mixtures have 

further been reported275. 

While real-time decoupling methods provide fast access to pure shift 1H-spectra, which is particularly 

important for applications to multidimensional experiments, the two most notable compromises between 
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experimental duration, sensitivity per unit time and spectral quality possibly are the NemoZS-DIAG 

experiment and the PSYCHE experiment. 

The NemoZS-DIAG experiment255 makes excessive use of multiple-frequency inversion pulses to boost 

the intensity of the interferogram-based Zangger-Sterk experiment it is derived from. For processing, 

instead of time-domain data rearrangement, a peak-search algorithm is applied to the spectrum obtained 

from Fourier transformation of the interferogram, which is able to analyse the multiplet pattern in the 

spectra to report pure shift signals and the respective J-couplings of the peaks. 

PSYCHE decoupling264 was introduced by MOHAMMADALI FOROOZANDEH as a technique using the 

statistical approach from the anti z-COSY experiment to perform the spin-subset selective inversion. The 

experiment requires a good suppression of unwanted coherence paths, which is achieved through the 

simultaneous action of frequency-swept pulses and a weak field gradient. Equipped with these, the 

PSYCHE experiment is able to provide high-quality 1H-spectra for a variety of different experimental 

conditions, possibly making it the most useful pure shift 1H experiment currently available. 

 

4.4.3.5. Applications II: Coupling constant extraction 

 

As already mentioned, the NemoZS-DIAG experiment255 provides convenient access to chemical shifts 

and to J-coupling constants (their magnitudes). In fact, a number of pure shift techniques have been 

developed explicitly for coupling constant extraction. The great spectral simplification that comes with 

pure shift methods has led to a number of interesting attempts towards a convenient analysis of signal 

multiplicity that is normally masked by signal overlap. 

Current developments of the PSYCHE experiment reflect this development276. Further manipulations of 

J-coupling evolution in single scan real-time techniques are interesting for homonuclear coupling 

constant extraction, with the possibility to both up- and downscale homonuclear couplings during 

acquisition with respect to J-coupling evolution277-279. 

The fact that echoes using spin-subset selection could be a useful counterpart to J-refocused methods, 

in particular for resolving complicated and overlapping spin-systems is not a new idea, as is documented 

by the development of SERF methods280-282, which are a useful tool for structure elucidation even though 

being tedious for bigger molecules. It appears that the concepts that have been introduced as pure shift 

NMR have taken away the major limitations of these techniques, namely that of only being able to probe 

a single frequency per spectrum. This lead to a reinvention of these techniques, which now are able to 

probe multiple spin-spin interactions couplings in a single experiment with the same ease of 

interpretation as the singly selective experiments272, 283-285. This illustrates how the field of NMR in 

general can profit from the new concepts brought by pure shift NMR. 

Also the field of heteronuclear coupling constant extraction much benefits from pure shift acquisition 

techniques. In addition to the developments outlined in this thesis, in particular the measurement of 

long-range heteronuclear coupling constants clearly experienced new possibilities. A number of 

experiments uses the ability to completely remove the homonuclear coupling pattern from peaks, which 

normally masks the desired long-range heteronuclear couplings. Major efforts have been devoted to the 

development of HSQMBC variants enabling long-range coupling constant meausrements286 featuring a 

full suppression of homonuclear couplings in the dimension of coupling constant measurement287-289. 

Further, highly simplified E.COSY-like signal patterns facilitating the extraction of long-range RDCs can 

be obtained through the action of homonuclear decoupling290. 
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4.4.3.6. Applications III: Correlation Experiments for Structure Elucidation 

 

The ease of being compatible with many different multidimensional correlation experiments also drew 

much attention to the field of pure shift NMR. The broadband homodecoupled methods now available 

offer very interesting alternatives to and combinations with existing methods for homo- and 

heteronuclear correlation spectroscopy.  

 

TOCSY has been the most frequently modified homonuclear correlation experiment. Already in their 

early publication, ZANGGER and STERK reported F1-broadband homonuclear decoupling in TOCSY252. 

Transfer of the homonuclear decoupling into the direct spectral dimension via an interferogram-based 

approach was subsequently demonstrated266, 291 and found application in solution structure 

elucidation292. Real-time homonuclear broadband and band-selective decoupling schemes have been 

used to decoupled the direct dimension of TOCSY spectra, now offering pure shift TOCSY experiments 

with essentially no additional cost in experiment duration257, 271. The combination of F1 and F2-

decoupling found application in studies requiring very high resolution for protons293. 

Because of their high robustness towards situations of strong coupling, PSYCHE-TOCSY combinations294, 

295 are particularly suitable for studies of complex systems296. 

 

The advantages of using homonuclear decoupling by spin-subset selection in NOESY spectra are 

documented since the introduction of “soft-NOESY”242 experiments. They lead to important 

simplifications in the spectra, featuring the benefits of both significant signal narrowing and 

simultaneous suppression of zero-quantum artefacts243, and thus were soon used for solution structure 

investigations262. 

The recent extension by Zangger-Sterk decoupling to achieve broadband decoupling in NOESY297 may 

be particularly interesting for studies of small molecules, which often lack the clear frequency 

discrimination between groups of coupling spins. Extensions of NOESY spectra with real-time band-

selective decoupling in the direct dimension have also been reported with the emphasis to study 

biomacromolecules298, 299, there are however indications that the extraction of interatomic distances from 

real-time decoupled experiments may be problematic299. 

In a similar way for ROESY techniques the extension of existing band-selective experiments247, 300 to the 

real-time band-selective decoupling method introduced by CASTAÑAR et al. has been reported301, though 

again a discussion of the quantitative features of these experiments is largely lacking. 

 

While TOCSY, NOESY and ROESY spectra are readily extended to the novel concepts of pure shift NMR, 

it is striking to see, that COSY as one of the most frequently used homonuclear correlation techniques 

has for a long time not been extended with pure shift acquisition techniques. 

The sole COSY experiment that was reported for long is the constant-time COSY36, 292, 297, which suffers 

from the inherent signal loss at high resolutions, as was already described in 4.4.2. For this very essential 

homonuclear correlation experiment, there is thus the evident need for extension to the recent concepts 

of homonuclear broadband decoupling, which enable high resolutions to be obtained in the decoupled 

dimensions. 

 

When discussing heteronuclear correlations, it is in particular the HETCOR experiments, which made 

extensive use of homonuclear decoupling in the (indirect) proton dimension227, 230, 231, 302-304. However, 

HMQC and HSQC techniques are nowadays almost completely replacing HETCOR experiments due to 

their bigger inherent sensitivity. 

As was the case for HETCOR, it was soon shown by SAKHAII and BERMEL254, how nicely BIRD decoupling 

complements HSQC experiments, when applied in the proton dimension.  
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Amongst the most useful techniques that emerged during the development of pure shift NMR certainly 

is the real-time decoupled BIRD HSQC experiment305 described by PAUDEL et al., which introduces 

homonuclear decoupling without a severe signal intensity penalty, often even increasing signal-to-noise 

ratio through the collapse of multiplet structure. Through these combined advantages, the experiment 

is being evaluated for routine analytics306 as well as for the study of proteins307. Expanding the field of 

broadband homonuclear BIRD decoupling certainly is a promising field. 

A very nice example, how rethinking existing concepts can lead to key improvements is the extension of 

ADEQUATE experiments with pure shift BIRD acquisition308, 309, which very generally leads to sensitivity 

improvements in a technique which most of all requires high sensitivity. 

 

For heteronuclear correlations, a number of studies also documents the use of real-time band-selective 

techniques, focusing on the development of assignment strategies in casts of challenging instances of 

signal assignment. Combinations of real-time homonuclear band-selective HSQC271, 310 and 

selHSQMBC287, 311 are explored by the group of THEODOR PARELLA, with the aim of increasing both signal 

separation and signal intensity to facilitate assignment processes. The interest in heteronuclear 

correlation experiments with high resolution certainly extend the interest of every-day analytics and may 

easily also find application in studies of biomacromolecules208, 312, 313. 

 

4.4.3.7. Applications IV: Quantitative Extraction of Integrals from Pure Shift Spectra 

 

Finally, it is intriguing to see, if pure shift techniques can be found that feature the favourable line-shape 

homonuclear decoupling can lead to, while at the same time retaining the ability of signal integration. 

In general measurement of relative signal integrals, or alternatively signal intensities from signals with 

narrowed lines may reduce ambiguity in many situations. 

When realizing that a relatively small number of reports actually discusses the possibilities and 

limitations of signal integral quantification from pure shift NMR263, 269, 274, 314, the impression may arise 

that this is a fundamental problem to pure shift NMR. 

On the other hand, initial interest for these techniques largely arose in the context of diffusion ordered 

spectroscopy (DOSY)253, 263, which further remains to be an important field of application315-317. Also 

reports of relaxation rate measurements263, 318 have been presented and even the determinations of 

diastereomeric ratios319, 320 have been attempted. 

These techniques have in common that the require an accurate representation of signal integrals to avoid 

possible misinterpretation. A critical evaluation of the capabilities and the limits of pure shift techniques 

with respect to signal integral quantification therefore seems to be of general interest. 
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5. Motivation and Research Goals 

 

As described in section 4.4.3, Experiments with homonuclear decoupling through spin-subset selection 

have recently evolved into a very vital field of research. We were intrigued by the idea of using such 

techniques for quantitative measurements of structural parameters for small molecules. 

 

The aim of this thesis is thus, to present contributions to the development of pure shift NMR methods 

that provide access to solution structure information from high resolution spectra. These techniques are 

intended to be used for studies of natural products and synthetic organic molecules, which typically are 

obtained without specific isotope labelling and which can feature a large variety of chemical building 

blocks. For such cases the experiments to be developed shall provide high resolution alternatives to 

existing techniques. 

The narrowing of signal widths offered by pure shift methods shall be used for deriving high resolution 

methods that guide signal assignments and structure elucidation even in very crowded spectral regions. 

As opposed to band-selective homonuclear decoupling techniques242, 249, 271, 321, the recent advances in 

the design of broadband decoupling techniques252, 254, 267, 297 shall be used here in techniques that are 

suitable for studying a broad range of substances. 

 

5.1. Quantitative Measurement of Solution Structure Parameters from Pure Shift Experiments 
 

To assess the solution structure of the above-mentioned substances, a particular emphasis is put on the 

measurement of the nuclear Overhauser effect46 (NOE) and on the measurement of residual dipolar 

couplings66 (RDCs) as key structural parameters that can be used for studying the relative configuration 

and the molecular conformation of the above-mentioned types of molecules in solution. For these 

parameters it shall be investigated, if the use of pure shift acquisition techniques can be helpful during 

the extraction procedure.  

Projects A and B describe the development and the characterization of pure shift NMR experiments 

specifically designed for the measurement of the NOE or of RDCs respectively form experiments with 

pure shift acquisition. The primary aim in both cases is to evaluate the accuracy and the precision with 

which the experimental techniques that have been derived for the quantitative measurement of these 

interactions are able to provide these structural parameters. The motivation for this evaluation is 

twofold: 

 It is interesting to use pure shift methods wherever signal overlap interferes with the extraction 

of NOEs or RDCs. The idea is to enable the use of these methods in solution structure studies of 

solutes that are otherwise hard to investigate due to an unfavourable signal dispersion. 

 Pure shift techniques used may influence both the accuracy and the precision with which the 

structure parameters may be determined. Potentially the simpler apparent lineshape observed in 

pure shift experiments is able to mask effects interfering with the extraction of NOEs and RDCs 

and thus facilitates the unbiased extraction of these parameters. The aim therefore is to 

investigate if pure shift techniques can be used for measurement of these parameters and to 

evaluate the achievable precision and accuracy. 

The combination of these two projects is stimulated by the complementary information content that can 

be obtained from NOEs and RDCs favouring a combined use of these parameters172, 322-327. 

Also from a conceptual point of view the direct comparison of these two projects may yield interesting 

insights into the characteristics of pure shift experiments with respect to quantitative data interpretation, 

because the mode of extraction of NOEs and RDCs is fundamentally different in the experiments studied. 

In the case of NOE measurements, the distance information is obtained from relative signal integrals, 

while the RDC extraction procedure uses frequency differences between pairs of peaks. The discussion 
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of these two projects therefore covers the question if pure shift experiments are able to reliably reproduce 

peak positions (as detailed in Project B), and the question if signal integrals can be measured from these 

spectra (discussed in Project A). 

In these projects, therefore two different questions of the robustness of pure shift techniques in terms of 

quantitative data interpretation therefore are addressed. 

 

5.2. Design and Testing of Novel High-Resolution NMR Techniques with Favourable Signal 
Shapes 

 

The advances in pulse sequence design presented in Project B directly stimulated developments of the 

NMR experiments described in Project C and D. We chose to pursue both of these experiments because 

of their potential use to solution structure elucidation. The close methodologic relationship to the 

techniques described in Project B provides a common base for these experiments and their joint 

discussion is used to illustrate various aspects of the perfect echo195, 196 building block that is the common 

basis of these experiments. 

 

As discussed, when summarising different pure shift correlation experiments that have emerged in 

section 4.4.3.6, a number HSQC and HSQMBC experiments were described using pure shift acquisition 

in the proton dimension, all based on either BIRD decoupling or on homonuclear band-selective 

methods. By the time we started to pursue Project C, the sole pure shift HSQC experiment that was 

described is the BIRD-based RESET HSQC254. This experiment was able to generate high quality C-H 

one-bond correlation maps with broadband character and significant improvements of the signal 

resolution, as shown in Figure 5 of the publication, which is reproduced below (Figure 5.1). Also the 

real-time BIRD decoupled HSQC305 experiment later published in 2013 is able to generate broadband 

homonuclear decoupling with high levels of spectral quality. As however apparent from expansions g) 

and h) in Figure 5.1, proton splitting from 2JHH remains visible in these spectra, if methylene protons are 

diastereotopic. Realizing, that this problem could potentially be solved with the perfectBIRD extension 

of HSQC experiments (described in Project B, section 7.3.1), retaining the broadband decoupling 

character of the HSQC experiment, we were excited to see, if a F2-perfectBIRD decoupled HSQC 

experiment would be a good solution to obtain HSQC correlation information with full suppression of 

all signal splittings (both of homo- and of heteronuclear nature). The obvious advantages over band-

selective decoupling schemes that were also applied to HSQC experiment after we started working on 

the topic310 are the retention of the broadband character of the experiment and the ability to decouple 

signals with only small frequency separation in the 1H-dimension. 

 

Insights into the working mechanism of the perfect echo195, 196, used in the perfectBIRD decoupling 

scheme, also led to the idea of using the perfect echo as basic mixing element in a COSY-type experiment. 

It was perceived, that this could lead to spectra featuring the favourable absorptive and in-phase signal 

shape required for the application of pure shift acquisition schemes based on the principles of spin-subset 

selection (discussed in section 4.4.3). As stated in section 4.4.3.6, pure shift acquisition was at that time 

not reported for the direct acquisition dimension of COSY-type, so reports were limited to the application 

of constant-time decoupling in the indirect dimension of the spectra36, 297. 

We figured, that it would be highly interesting to follow this new idea, leading to a new class of COSY-

type correlation experiments. After initial investigations, it was found, that the group of BURKHARD LUY 

followed the same approach with very alike motivation, which led to a collaborative work on this project. 

As it turned out that the access to COSY-type correlations that was chosen is highly interesting even 

without homodecoupling, the work that is reported in project D focuses on the basic CLIP-COSY 

experiment328, showing pure shift applications only in a proof-of-principle. 
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Figure 5.1: Expansions from HSQC spectra of quinine (90 mM in CDCl3) measured without proton-proton decoupling (left) and 

with the BIRD-based RESET decoupling method (right). For experimental details, the reader is referred to the original work254. 

Figure reproduced with permission from Elsevier. Copyright © 2009 Elsevier Inc. All rights reserved. 
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6. Project A: Quantification of Cross-Relaxation using Pure Shift Experiments 

 

Content of this chapter have been accepted for publication in J. Magn. Reson.: 

L. Kaltschnee, K. Knoll, V. Schmidts, R. W. Adams, M. Nilsson, G. A. Morris, C. M. 

Thiele, “Extraction of Distance Restraints from Pure Shift NOE experiments”, 

J. Magn. Reson. 2016, in press – accepted manuscripts, 

DOI: 10.1016/j.jmr.2016.08.007 

 

6.1. Motivation  
 

Initial studies of pure shift experiments in this work were centred around the question, to what extent 

spectra with ZANGGER-STERK homonuclear decoupling252, 253 provide useful quantitative information from 

relative signal integrals. Signal integrals measured in different established solution-state NMR techniques 

can provide a variety of very valuable information and its use to the interatomic distance measurement 

from the NOE, as introduced in section 4.2.3, for the determination of solution structure57, 60, 105, 262, 329, 

330 is only one possible application (another application may be e.g. reaction monitoring331-334).  

The interest in using pure shift techniques when measuring signal integrals comes from the possible 

avoidance of signal overlap, were signal are not separated in experiments without homonuclear 

decoupling. To illustrate, how pronounced this effect can be in crowded spectral regions, sections of 

NOESY spectra are compared in Figure 6.1. In the spectrum shown on the right ZANGGER-STERK 

homonuclear decoupling has been applied in the F2-dimension of the NOESY spectrum297. In contrast 

the left spectrum features fully coupled multiplets in both spectral dimensions. The signal separation 

that is achieved in the pure shift experiment is improved. Thus in consequence an analysis is possible for 

more signals without interference from overlap with other signals. The possible benefit of pure shift 

techniques, when it comes to signal integral quantification, would therefore be to enable a simple 

analysis of signals that previously could not be analysed, or that required sophisticated multi-component 

fitting for analysis, and thus to obtain the structural information contained in these peaks that previously 

was not or not readily accessible. 

For NOESY experiments, soon-after the introduction of the basic NOESY technique47, 52-54, 92, 

experimental techniques have been described, that introduce homonuclear decoupling in the F1-

dimension of the experiment194, 242, 243, 262. These achieve improved signal separation by homonuclear 

decoupling if the F1-resolution of these experiments is sufficient. Literature precedence also indicates, 

that in addition to offering an improved signal dispersion, homonuclear decoupling also eliminates zero-

quantum artefacts from NOESY spectra243, which is a very favourable feature. 

With band-selective techniques242, 243, 247, 249, 262, 298-300, 335, however homonuclear decoupling can only be 

used efficiently, if peaks within the observed frequency band are not mutually coupled to each other. 

Band-selective techniques are therefore well suited for solution structure determinations of proteins262, 

336, while for many substances the lack of a clear separation of coupling spins into distinct frequency 

regions renders these techniques inefficient. 

For studying substances where band-selective methods become ineffective, AGUILAR et al.297 presented a 

method, which provides full homonuclear decoupling over an arbitrarily adjustable chemical shift range 

through the introduction of Zangger-Sterk homonuclear decoupling252 into the F2-dimension of NOESY 

spectra. The authors however limit discussions in the paper to the qualitative features of the experiment, 

in particular the very favourable improvement in signal dispersion. An evaluation, if the integrals of the 

cross-peaks contained can directly be used for a quantitative analysis of cross-relaxation phenomena is 

not provided. However, for using this technique for the quantitative analysis of chemical exchange 

http://dx.doi.org/10.1016/j.jmr.2016.08.007
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phenomena or the interatomic distance measurement this information is essential. Evaluation of a 

possible quantitative analysis of the resulting spectra therefore was the initial motivation for this project. 

The experimental convenience of using a simpler and faster experiment and the fact that no reports on 

possible relative integral measurements existed at the start of the project prompted us towards first 

examining the Zangger-Sterk decoupled 1H-experiment, to characterize the influence the homonuclear 

decoupling technique used can have on apparent relative integrals in the resulting spectra, before turning 

to the NOESY experiment. In addition, if relative integral measurement was possible directly from this 

technique, this could also be exploited in various other applications. 

In the following chapter, the possibility of determining relative signal integrals in pure shift spectra 

acquired with the method proposed by ZANGGER and STERK252 is evaluated. With respect to NOE distance 

determination, it is illustrated, that precise relative integrals and distance restraints can be obtained with 

this pure shift method during small molecule studies and it is outlined what the limits to the accuracy of 

relative integral measurements are in these spectra. 

 

 

Figure 6.1: Comparison between sections from NOESY spectra with A) normal acquisition and B) Zangger-Sterk homonuclear 

decoupling in the F2-dimension. A 55 mM sample of a synthetic tetrapeptide organocatalyst337 dissolved in toluene-d8 was used. 

Experiment durations are 1 h with traditional acquisition and 49.5 h with interferogram-based Zangger-Sterk decoupling. Atop 

the spectra, 1H spectra are shown A) from a conventional 1H-experiment and B) from a 1H-experiment using the pure shift 

approach also used for the NOESY spectrum shown. For experimental information, see 14.1.1. 

 

6.2. Outline of the results 
 

For evaluation of the quantitative features of experiments with Zangger-Sterk homonuclear decoupling, 

data measured for strychnine 1, as a representative small organic compound, is shown. The structure 

and numbering used throughout is shown in Figure 6.2. This substance is used to illustrate, that in 1H 

spectra with Zangger-Sterk homonuclear decoupling252, 265, 266, relative signal integrals provide a measure 

for the corresponding number of protons only with a limited accuracy (~ 25%). The relative integrals 

measured in 1H-ZANGGER-STERK experiments were used to compensate for the limited accuracy during 

the NOE experiments performed. As this very practical approach, however, is not able to provide insights 
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into the sources of the errors introduced, some of the factors leading to systematic deviations of relative 

integrals are briefly discussed. It is illustrated that major contributions come from differential relaxation 

and from signal dissipation into decoupling sidebands. 

In the following, I introduce a selective 1D NOE experiment with pure shift acquisition. With support 

from KEVIN KNOLL, who joined for his bachelor thesis, I was able to show that these spectra provide 

accurate distance restraints, when using them in a high sensitivity band-selective acquisition scheme. 

We used these experiments to show that pure shift NOE experiments can provide NOE derived distances 

restraints with accuracies better than 0.1 Å, if the distances probed are below 3.4 Å. This illustrates, that 

the pure shift technique used can be employed in solution structure investigations of small molecules, in 

cases where signal overlap normally is prohibitive. In addition, in his bachelor thesis338 KEVIN KNOLL was 

able to show that also the experiment with broadband homonuclear decoupling provides precise distance 

restraints, if signal-to-noise is not limiting. For the high signal-to-noise data measured with the band-

selective experiment, normalization of NOE peak intensities with relative integrals from 1H-ZANGGER-

STERK spectra lead to an improvement of the accuracy of distance determination, while this was not 

apparent for the broadband decoupled data. In the latter case, the low signal-to-noise ratio of the data 

seems to mask effects of limited accuracy. 

Finally, it is illustrated, that in complete analogy, the NOESY experiment with Zangger-Sterk 

decoupling297 enables interatomic distance measurements with accuracies comparable to those that are 

achieved in NOESY spectra without homonuclear decoupling47, 52, 53, with the upper limit for distances 

that can be measured again being limited by sensitivity. 

 

 

Figure 6.2:  Structure of strychnine 1 and atom numbering used throughout this work. N.B.: In my Master thesis, I adopted the 

signal assignment reported in the book by BERGER and SICKER339, which reports a wrong signal assignment for signals H20a and 

H20b (the signals are interchanged). The corrected numbering of signals is used in this work, which therefore differs from the 

numbering used in my master thesis. 

Content of this chapter have been accepted for publication in J. Magn. Reson.: 
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6.3. Conclusion on Project A 
 

In Project A a comprehensive discussion of factors determining the robustness of relative integral 

measurements in interferogram-based Zangger-Sterk experiments is provided. It is described, which 

factors may limit the accuracy of relative integrals measured with this method and a simple method is 

presented for correcting for systematic bias of the pure shift method, that is applicable if peaks are well 

separated in the pure shift spectra. These works therefore pave the way for applications of relative 

integral measurements using pure shift spectra, a field that, with a few exceptions263, 269, 274, was mostly 

avoided in the literature. 

As it was found, that, even if an interferogram-based acquisition scheme is used, the accuracy that can 

be achieved is limited and that signal intensity dissipation into sidebands can adversely affect the 

accuracy of the relative integral measurement, applications of such relative integral measurements 

should be limited to cases, where only rough estimates of the relative integral is required (i.e.: where 

errors of up to ~ 25% are not adversely limiting the application), or to cases where the simple correction 

of integrals measured with the relative integrals observed in 1H Zangger-Sterk experiments can be 

applied. 

Noteworthy, applications such as T1
263, 318, T2

263, 318 and DOSY253, 263, 315-317 measurements, where the 

height/integral of each signal is analysed independently for the intensity attenuation introduced by a 

preparatory phase in the experiment may be less affected by systematic errors introduced by pure shift 

techniques. In such cases, effects of differential relaxation and effects of differing J-coupling networks 

do contribute to an intensity attenuation which may differ from signal to signal, but this attenuation 

remains unaffected by the preparatory phase of the experiment. These applications may therefore be less 

critical in terms of bias of the homodecoupling method on the results, though it should be mentioned, 

that signal cross-talk by overlap of signals with decoupling sidebands of neighbouring signals may remain 

a critical issue in pure shift techniques. 

It is demonstrated that for NOE-based interatomic distance measurements, such accuracies are sufficient 

to derive useful restraints for solution structure studies. On the experimental side, NOE-based structure 

analysis very often relies on comparably drastic simplifications for data analysis, such as analysing NOE 

build-up using the isolated-spin-pair approximation53, 103, 105 and neglecting effects of differential 

relaxation. Additionally, considering the challenges inherent in generating models accurately describing 

the conformational flexibility of molecules in solution, it is likely that the small decrease in measurement 

precision that is introduced by using pure shift techniques for NOE quantification is compensated by the 

bigger number of structural restraints available, when complementing existing data with pure shift data. 

The results therefore enable future applications of pure shift NOE experiments to the solution structural 

analysis of small molecules. 

 

6.4. Apportionment from the contents of my master thesis 
 

Whether or not 1H and 2D-NOESY pure shift spectra with Zangger-Sterk homonuclear decoupling252, 253, 

265, 266, 297, 340 would be suitable for direct quantification of relative signal integrals already was the central 

question of my Master thesis341. At that time, reports on Zangger-Sterk techniques were limited 

discussions to the qualitative features of these spectra, in particular the improved signal dispersion that 

could be obtained. The only discussion covering quantitative features of these spectra was the use of 

signal intensities in diffusion-attenuated pure shift 1H-spectra for the construction of DOSY spectra253. 

To a big extent, my master thesis therefore was centred around the question, how experimental settings 

of Zangger-Sterk 1H-spectra could be chosen to obtain optimal spectral quality and to enable direct 

measurement of relative signal integrals. Alike content later was also covered in the Ph.D. thesis of ARD 

KOLKMAN269, albeit no publication of these results occurred in peer-review journals to date, so these are 
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largely unnoticed. For the investigations in my master thesis, I mostly used strychnine 1 for experiment 

benchmarking. I was able to show, that Zangger-Sterk 1H-spectra can reproduce relative signal integrals 

to the accuracy of ~ 25% for the test substances studied. All investigations thereby followed the 

empirical approach of measuring relative signal integrals of known ideal value without making attempts 

to explain the pathways of signal losses in these spectra. 

During my Ph.D. thesis I added a discussion of the factors limiting measurement accuracy (as outlined 

in chapter 3 of the SI). Noteworthy, a model is presented describing on a quantitative basis the signal 

shape observed in the resulting pure shift spectra including its sidebands, for weakly coupled systems. It 

is illustrated that this model is able to describe some of the major factors governing relative signal 

intensity loss caused by the homonuclear decoupling element. Albeit for practical applications, the 

simple method of using relative integrals form 1H-Zangger-Sterk spectra is a better choice, the 

description of the underlying mechanisms of signal loss may contribute to the understanding of the 

fundamental challenges inherent in the measurement of quantitative signal integrals from Zangger-Sterk 

experiments. 

In my master thesis, I subsequently tested, if NOESY experiments with F2-Zangger-Sterk decoupling297 

would provide unbiased cross-relaxation rates for quantitative measurement chemical exchange rates51 

for a system enabling measurements with high signal-to-noise ratio. This was chosen initially to identify 

potential systematic bias on the results by the measurement technique. For cross-relaxation caused by 

NOE46, the data reported in my master thesis is very promising, showing that measured cross-relaxation 

rates in strychnine agree well with those measured from 1D selective NOE experiments35, 101, 102. 

However, no detailed studies enabling evaluation of the errors introduced by the method were possible 

in the limited amount of time available. 

In particular, the lack of high signal-to-noise data in the case of NOE measurements was problematic at 

that time, in terms of evaluation of the potential use of the pure shift data for NOE-based distance 

measurements. We therefore decided to reinvestigate the possibility of determining interatomic 

distances with pure shift NOE experiments in my Ph.D. thesis. The data should be supported by 

measurements from 1D selective NOE experiments with Zangger-Sterk decoupling, an experiment I 

developed in direct analogy to the NOESY with Zangger-Sterk decoupling. A very interesting feature of 

these selective NOE experiments is that, when using the homonuclear decoupling block only for band-

selective decoupling, high signal-to-noise data can be collected in reasonable amounts of time. This 

enabled the measurement of high signal-to-noise data for benchmarking the band-selective version of 

the experiment for a number of NOE contacts and mixing times. The combination of Zangger-Sterk 

homonuclear decoupling with 1D selective experiments, as introduced in this work, can be particularly 

suitable in practice, as for many applications, experiments without homonuclear decoupling will be able 

to provide a majority of distance information, while only for a few selected distances resorting to pure 

shift techniques will be advisable. The ability of collecting band selective experiments in relatively little 

time further sidesteps the limited sensitivity inherent in broadband Zangger-Sterk decoupled 

experiments. 

While clear indications that Zangger-Sterk homodecoupled NOE experiments can provide NOE derived 

distance restraints were already given in my master thesis, continued efforts during in this work not only 

provide a more solid data basis for this statement, they also significantly add to the project from a 

methodological point by the introduction of a new experimental technique with potentially higher 

practical use. 

An additional aspect covered in this chapter, which is not contained in my master thesis, is the 

implementation and testing of a Zangger-Sterk inversion-recovery experiment suitable for measuring T1-

relaxation rates in crowded spectral regions (see chapter 2 of the SI). 
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7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra 

 

The contents of sections 7.2 and 7.3 of this chapter have been published in 

I. Timári, L. Kaltschnee, A. Kolmer, R. W. Adams, M. Nilsson, C. M. Thiele, G. A. 

Morris, K. E. Kövér, “Accurate determination of one-bond heteronuclear coupling 

constants with ‘‘pure shift’’ broadband proton-decoupled CLIP/CLAP-HSQC 

experiments”, J. Magn. Reson. 2014, 239, 130 – 139, 

DOI: 10.1016/j.jmr.2013.10.023 

and in 

L. Kaltschnee, A. Kolmer, I. Timári, V. Schmidts, R. W. Adams, M. Nilsson,K. E. 

Kövér, G. A. Morris, C. M. Thiele, “‘‘Perfecting’’ pure shift HSQC: full 

homodecoupling for accurate and precise determination of heteronuclear 

couplings”, Chem. Commun. 2014, 50, 15702 – 15705, 

DOI: 10.1039/C4CC04217D. – Published by the Royal Society of Chemistry. 

The contents contained in section 7.4 are submitted for publication to RSC Advances: 

I. Timári, L. Kaltschnee, M. Raics, F. Roth, N. G. A. Bell, R. W. Adams, M. Nilsson, 

D. Uhrín, G. A. Morris, C. M. Thiele and K. E. Kövér, “Real-time broadband proton-

homodecoupled CLIP/CLAP-HSQC for automated measurement of heteronuclear 

one-bond coupling constants”, submitted the 2nd of June 2016. 

 

7.1. Motivation 
 

In the previous chapter, pure shift NMR experiments are described and characterized, that 

predominantly provide structural information through signal integrals. The main motivation of using 

pure shift spectra providing signals with reduced widths was to reduce spectral overlap and thus to 

enable an extraction of the desired signal integrals, where this normally is hampered. 

Throughout projects B, C and D, the focus will be towards precise measurement of signal positions and 

the structural information contained therein. For relative signal integral measurements, pure shift 

techniques required compromises to be made in terms of measurement accuracy and precision. It is 

shown here, that when signal positions are measured, even if signal overlap is absent, these techniques 

can provide improved accuracy and precision, as compared to experiments without homonuclear 

decoupling. The ability of pure shift techniques to narrow signals to single lines, which normally appear 

broad and featureless, and thus to facilitate peak position measurement, is illustrated in Figure 7.1. This 

was our initial motivation to explore possible benefits pure shift techniques could have on the 

measurement of residual dipolar couplings (RDCs), a structural parameter that is measured from 

differences of signal positions. 

 

 

Figure 7.1: Illustration of the improvement in peak position definition, which can be achieved in an F2-decoupled BIRD CLIP-

HSQC342, 343 (top), as compared to a CLIP-HSQC166 without homonuclear decoupling in the proton dimension (bottom). Shown 

is a 1D-trace extracted at the H5-position of menthol. Full experimental details, the structure and the numbering are given in 

the manuscript added to chapter 7.3.2. 

http://dx.doi.org/10.1016/j.jmr.2013.10.023
http://dx.doi.org/10.1039/C4CC04217D
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7.2. RDC measurements in interferogram-based F2-BIRD decoupled CLIP-HSQCs 
 

During the last three decades, methods for solution structure elucidation both for bio macromolecules7, 

30, 344 and for small molecules66, 67, 112 have benefited significantly from the introduction of RDCs as an 

additional NMR-derived structure parameter. In structure calculations84, the angular information 

contained in RDCs nicely complements information from J-couplings61, 62, 64 and NOE54, 60, 345, enabling 

very challenging systems to be studied. 

As opposed to dipolar splittings observed in solids, RDCs appear strongly scaled, enabling their 

measurement in high resolution liquid-state NMR techniques, as a small additional contribution to signal 

splittings130, 181, 346. 

At the time of the introduction of RDCs it was already known, that the BIRD251 method can introduce 

simplifications and sensitivity improvements to heteronuclear correlation spectra302, when used for 

homonuclear decoupling in the indirect dimension of these experiments. Use of this technique for 

decoupling the indirect dimension in F1-coupled HSQCs from long-range interactions as subsequently 

shown to increase the accuracy of the coupling constant measurement163, 347-349 if lines are broadened by 

long-range couplings. 

For small molecule applications in particular, but not exclusively, the use of F1-coupled HSQC-based 

experiments for coupling constants extraction however has two notable disadvantages: First, for precise 

coupling constant extraction, the resolution along the coupled dimension has to be sufficient, leading to 

long experiment durations. This motivated the extension to experiments with upscaling of the apparent 

coupling161 and the acquisition of data with non-uniform-sampling (NUS) schemes165. Second, in the 

case of methylene groups, F1-coupled methods only allow the sum of the two one-bond couplings (1TCH) 

to be measured. This stimulated the development of dedicated F1-coupled HMQC-HSQC-hybrids164, 165. 

Both of these problems do not arise in F2-coupled HSQC experiments, such as the CLIP-HSQC 

experiment166, because high resolution along F2 is easily achieved and because separate peaks are 

observed for both protons in methylene groups. 

The introduction of high resolution pure shift acquisition into the F2-dimension of two-dimensional 

experiments254, 266, 297 simultaneously stimulated KATALIN KÖVÉR, BURKHARD LUY and CHRISTINA THIELE to 

follow the idea of developing of F2-heterocoupled-F2-BIRD-homodecoupled CLIP-HSQC experiments. 

Through the persisting contact with the group of GARETH MORRIS, we were informed that KATALIN KÖVÉR 

intended to pursue the same developments as we intended, so the groups of GARETH MORRIS, KATALIN 

KÖVÉR and CHRISTINA THIELE decided to join forces and to work on this project in cooperation. We only 

found out much later, that the exact same development also took place in the group of BURKHARD LUY, 

which then lead to a back-to-back publication of the results342, 343. 

The shared interest of different groups to follow this development illustrates the high potential use of 

this technique to the field of research. It could be shown that F2-BIRD-homodecoupled-CLIP/CLAP-HSQC 

experiments (also termed CLIP-RESET-HSQC experiments) can introduce considerable simplifications to 

one-bond coupling constant measurements in both isotropic and anisotropic solution for small 

molecules342, 343. In particular, for molecules that are weakly aligned in anisotropic media, the spectral 

simplification is very advantageous when it comes to coupling constant extraction. In addition to F2-

heterocoupled experiments, also variants were presented with broadband heteronuclear decoupling in 

the F2-dimension and applications were shown for small organic molecules as well as for a small 

protein343. 

In the case of our work, the initial implementation of the experiment was performed by KATALIN KÖVER. 

The experiment was subsequently tested experimentally by ISTVÁN TIMÁRI with water-soluble substances, 

and by ANDREAS KOLMER and myself with small organic compounds. Support of the results through spin 

simulations was provided by RALPH ADAMS. 
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In the light of the invention of the perfectBIRD decoupling scheme213, with which I was able to solve the 

problem of persisting 2JHH-couplings inherent in BIRD decoupled experiments (see chapter 7.3), and the 

urgency of publishing results in parallel with REINSPERGER and LUY we opted for publishing the F2-BIRD 

decoupled experiment in a first paper343, and to provide a thorough comparison of the different CLIP-

/CLAP-HSQC experiments together with the description of the perfectBIRD technique213. 

The first paper therefore describes the F2-BIRD homodecoupled CLIP/CLAP-HSQC, which is optimized 

for one-bond heteronuclear coupling constant measurement and the F2-BIRD homodecoupled HSQC 

with broadband heteronuclear decoupling, providing high resolution HSQC spectra. 

ISTVÁN TIMÁRI first showed that the heterocoupled experiment is robust with respect to a wide range of 

settings for the BIRD- and INEPT transfer delays in a sense that offsetting of these delays from their 

optimum values does not introduce any peak distortions or additional peaks, but only leads to a 

reduction of the signal intensities observed. A 13C-labeled substance was used in this case for convenience 

(structure 2, shown in Figure 6.1)  

In the following he showed, that high quality spectra can be obtained for a synthetically modified sugar 

(structure 3, shown in Figure 7.2:) in both isotropic aqueous solution and under weak alignment induced 

by lipid bicells138 (Otting-medium). Drastic simplifications can be observed for signals at tertiary carbon 

positions (positions 1 - 5). For the methylene groups (positions 6 and 7), strong signal distortions 

however are observed. Tests, that ANDREAS KOLMER and I performed on this experiment gave strong 

support for these results, they however were moved to the subsequent publication213, to facilitate direct 

comparison with the results obtained with the F2-perfectBIRD decoupled experiments described later. 

For the experiment with F2-BIRD homodecoupled HSQC with broadband heteronuclear decoupling it is 

shown that a significant narrowing is obtained for the signals though homonuclear decoupling, which in 

addition sidesteps resolution limits in the direct dimension, imposed by heteronuclear decoupling. In 

spectra of sucrose 4 it is shown that, in analogy to the suppression of zero-quantum interference in 

NOESY spectra, the pure shift approach is able to significantly attenuate anti-phase signals originating 

from long-range cross-peaks. A direct comparison with the RESET-HSQC254 presented by SAKHAII et al. 

is also provided. 

The work is concluded by showing that the experiment also provides high resolution 1H-15N-HSQC 

spectra for proteins, as illustrated for the 55-residue penicillium anti-fungal protein (PAF) uniformly 

labelled in 15N. 

Summarizing, the work reports on an experiment which is able to introduce BIRD decoupling into the 

F2-dimension of HSQC spectra. One bond coupling constant extraction can directly profit from the 

simplified line shape for signals at tertiary carbon positions. As compared to F1-BIRD decoupled 

experiments163, 347-349, the interferogram-based homonuclear decoupling approach offers high resolution 

to be achieved in the dimension of coupling constant extraction within reduced experiment duration, 

without resorting to J-upscaling. In terms of overall experiment duration, however, the experiment still 

lacks behind the CLIP-HSQC experiment without homonuclear decoupling166. A practical solution to this 

will be presented in section 7.4. Furthermore, the BIRD technique is unable to fully decouple methylene 

groups, which feature signal distortions in the spectra, a problem to which a solution is presented in the 

next section. 
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Figure 7.2: Small molecule compounds used by TIMÁRI during tests of F2-BIRD decoupled HSQC experiments. 2: uniformly 13C-

labeled [C-1]-methyl-,-D-glucopyranoside, 3: tetra-sodium-(1-methyl-2,3,4-tri-O-sulfonato-6-deoxy-6-C-sulfonatomethyl--D-

glucopyranoside) and 4: D-sucrose. 

 

I. Timári, L. Kaltschnee, A. Kolmer, R. W. Adams, M. Nilsson, C. M. Thiele, G. A. 

Morris, K. E. Kövér, “Accurate determination of one-bond heteronuclear coupling 

constants with ‘‘pure shift’’ broadband proton-decoupled CLIP/CLAP-HSQC 

experiments”, J. Magn. Reson. 2014, 239, 130 – 139, 

DOI: 10.1016/j.jmr.2013.10.023 

Published by Elsevier under a Creative Commons License 
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7.3. Development of CLIP- and CLAP-HSQC Experiments with perfectBIRD decoupling 
 

The previous section illustrates the advantages of using F2-BIRD decoupling in CLIP/CLAP-HSQC 

experiments for high accuracy measurements of one-bond RDCs: The lineshape of signals can be 

significantly simplified in the proton dimension facilitating the extraction of one-bond couplings, in 

particular for weakly aligned samples. 

A major limitation of this experiment, which is common to experiments using BIRD for decoupling in 

proton-dimensions, is the fact that BIRD-decoupling is not able to introduce a decoupling of the geminal 
2JHH coupling of diastereotopic methylene protons251, 254, 267. This would not be largely distracting in the 

context of RDC measurements, if the remaining homonuclear decoupling would lead to a pure-phase 

doublet of doublets appearance of the resulting spectra. However, as was illustrated in the previous 

section for the protons H7a+b of 3, the remaining coupling leads to a quite unfavourable mixed-phase 

appearance for these signals, which also interferes with coupling constant extraction343. 

An alike problem was first considered a nuisance in applications of BIRD to F1 broadband decoupling of 

HETCOR experiments302, when BIRD was proposed as an alternative to constant time decoupling36, 224. 

While full homonuclear decoupling could be observed at tertiary carbon positions and for methyl groups, 

in these spectra a doublet appearance remained for methylene groups. Obviously, we were facing the 

exact same challenge in the F2-BIRD CLIP/CLAP-HSQC experiments described in the previous section. 

To solve this problem, it was proposed for HETCOR experiments to introduce BIRD-decoupling into 

experiments with constant time evolutions in the proton dimension228, 229, a strategy later also adopted 

by REINSPERGER and LUY in their constant-time CLIP/CLAP-RESET experiment342. Such experiments are 

able to provide full homonuclear decoupling in the proton dimension, yet suffer from the problems 

inherent in constant time experiments: The limited resolution accessible, the strong signal attenuation 

through relaxation over the constant time period and the possible modulation of the signal intensities 

by the geminal couplings, if the constant time period cannot be matched to all 2THH coupling constants 

simultaneously. Both the compromise between relaxation losses and accessible resolution and the 

requirement for matching the constant time delay to all 2THH are circumvented in the technique that is 

described in the following. In particular in the context of RDC-extraction this is favourable, as transverse 

relaxation is faster than in isotropic solution and because 2THH coupling constants may often vary 

strongly. 

It was at a very early stage of the investigations described in the previous section, that I came up with a 

practical solution to the problem of remaining geminal coupling evolution in methylene groups, which 

does not use the constant-time strategy. The perfectBIRD homonuclear decoupling technique213 I 

developed enables full homonuclear decoupling of methylene groups, while also retaining decoupling of 

all vicinal or longer-range homonuclear couplings. Thereby it does not require a tuning of the experiment 

settings to 2THH couplings and in addition is less affected by relaxation, than the constant-time approach, 

which makes it well suitable for RDC measurements.  

In the following, the working principle of the technique is described (section 7.3.1). Subsequently it is 

demonstrated, that F2-perfectBIRD decoupled CLIP/CLAP-HSQCs enable highly precise and accurate 

one-bond RDC measurements for small molecule studies (section 7.3.2). In addition, in Project C 

(chapter 8) the use of this technique in applications where signal dispersion normally is insufficient is 

demonstrated. 

 

7.3.1. Working principle of perfectBIRD homonuclear decoupling 

 

It is described, that BIRD decoupling251 is able to introduce virtual decoupling of protons (1Hd; d is for 

“direct”) that are directly attached to a heteronucleus (typically 13C or 15N) from protons that are not 

(1Hr; r is for “remote”) by inversion of only one of the groups of protons half-way through a delay. For 
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detection, couplings between the two groups of protons are masked by refocusing of the coupling 

evolution at the end of the delay. The two groups of spins, 1Hd and 1Hr, are thereby discriminated from 

each other by their respective heteronuclear coupling, which is much larger for all 1Hd, than it is for all 
1Hr. For organic molecules containing 13C as the heteronucleus we typically find 1JCH > 110 Hz, but 

|n≥2JCH| < 15 Hz with one notable exception being terminal alkynes.  

If we would like to fully decouple the protons observed in 1H-13C-HSQC experiments, which is the group 

of 1Hd, this can clearly only be achieved with the BIRD technique, if no couplings are observed between 

protons belonging to that group. In substances with natural-abundance 13C content, this situation is 

frequently achieved if the 13C-atoms only carry a single proton, because the likelihood of finding two 13C 

atoms in close proximity is negligibly small. If, however two protons are directly bound to the same 13C, 

the BIRD element will affect both protons in the same way, and in consequence geminal couplings 

continue to evolve undisturbed. Two exemplary isotopomers of (+)-isopinocampheol illustrating the 

situation are shown in Figure 7.3. 

 

 

Figure 7.3: Two exemplary isotopomers of (+)-isopinocampheol carrying a single 13C (marked in green) at different positions. 
12C positions are shown in dark grey. On the left, the 13C is at a tertiary position (position 1), carrying a single 1Hd, marked in 

blue, surrounded by remotely attached protons (marked in light gray). On the right, the 13C is at a secondary position (position 

7), carrying two 1Hd (marked in blue and orange). The case shown in the left represents an Id
1(Ir)nS spin system, while the case 

represents an Id
1Id

2(Ir)nS spin system. 

 

The solution strategy I proposed to refocus geminal couplings in methylene groups was inspired by 

previous investigations of the so-called “perfect echo” sequence195-200. This pulse sequence block was 

initially presented as a method to refocus both chemical shift evolution and weak coupling evolution 

simultaneously for a homonuclear two spin system195. The basic technique consists of two Hahn-echoes 

with a single 90°-flip pulse inserted in the middle (see Figure 7.4). 

 

 

Figure 7.4: Simple perfect echo sequence. Narrow pulses are 90° pulses; wide pulses are 180° pulses. If not explicitly stated, 

pulses are applied with phase x. Labels for different timepoints (I, III and V) are introduced for convenience. N.b.: In the initial 

report195 by TAKEGOSHI et al. a more general phase cycling scheme is presented and the sequence element between time points 

I and V is executed in looped fashion. 

 

In contrast to the Hahn-echo which does refocus chemical shift evolution, but leads to an accumulation 

of coupling evolution throughout the echo, the perfect echo block is able to refocus both chemical shift 

evolution and weak coupling evolution at the end of the echo (V). I want to illustrate the effect in a 

simple product operator analysis186:  

The analysis shall be carried out for a weakly coupled two-spin-1/2 system. The two spins I1 and I2 shall 

have Larmor frequencies which shall have an offset from the frequency of the rotating frame of 1 and 

2, respectively and shall be weakly coupled by J12. For interested readers, the product operator analysis 

was also carried out for larger weakly coupled spin systems by van Zijl et al.196. Further, Mulkern et al. 
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presented the analysis of the perfect echo element for a strongly coupled two-spin system197, and its 

application to citrate imaging with PRESS-experiments. 

We start analysis from a situation, where different initial z-magnetizations M1 and M2 may be present. 

Initial excitation generates coherence  

𝑀1𝐼1,𝑧 +𝑀2𝐼2,𝑧
90°𝑥
→  −𝑀1𝐼1,𝑦 −𝑀2𝐼2,𝑦 , (7.1) 

which evolves throughout the first Hahn-echo period. To simplify the analysis, we take advantage of the 

knowledge, that Hahn-echoes introduce no net chemical shift evolution, but unperturbed J-coupling 

evolution. We therefore condense the propagator for the Hahn echo 
𝜋𝐽12𝜏
→   

Ω1𝜏
→  

Ω2𝜏
→  

180°𝑥
→   

Ω2𝜏
→  

Ω1𝜏
→  

𝜋𝐽12𝜏
→    (7.2) 

to 
𝜋𝐽122𝜏
→    

180°𝑥
→   , (7.3) 

the validity of which is well documented in literature17 We propagate the previous result accordingly, to 

arrive at 

−𝑀1𝐼1,𝑦 −𝑀2𝐼2,𝑦
𝜋𝐽122𝜏
→    

180°𝑥
→    

𝑀1[+ cos(𝜋𝐽122𝜏) 𝐼1,𝑦 − sin(𝜋𝐽122𝜏) 2𝐼1,𝑥𝐼2,𝑧] + 𝑀2[+ cos(𝜋𝐽122𝜏) 𝐼2,𝑦 − sin(𝜋𝐽122𝜏) 2𝐼2,𝑥𝐼1,𝑧]. 
(7.4) 

Subsequent rotation by the 90°y-pulse at time point III introduces a mixing, as well as a sign change for 

the anti-phase coherences. 
90°𝑦
→   

𝑀1[+ cos(𝜋𝐽122𝜏) 𝐼1,𝑦 + sin(𝜋𝐽122𝜏) 2𝐼1,𝑧𝐼2,𝑥] + 𝑀2[+ cos(𝜋𝐽122𝜏) 𝐼2,𝑦 + sin(𝜋𝐽122𝜏) 2𝐼2,𝑧𝐼1,𝑥] 
(7.5) 

Again, the result is subject to a Hahn-echo element, which leads to 
𝜋𝐽122𝜏
→    

180°𝑥
→    

𝑀1[− cos(𝜋𝐽122𝜏) cos(𝜋𝐽122𝜏) 𝐼1,𝑦 + cos(𝜋𝐽122𝜏) sin(𝜋𝐽122𝜏) 2𝐼1,𝑥𝐼2,𝑧

− sin(𝜋𝐽122𝜏) cos(𝜋𝐽122𝜏) 2𝐼1,𝑧𝐼2,𝑥 − sin(𝜋𝐽122𝜏) sin(𝜋𝐽122𝜏) 𝐼2,𝑦] 

+𝑀2[− cos(𝜋𝐽122𝜏) cos(𝜋𝐽122𝜏) 𝐼2,𝑦 + cos(𝜋𝐽122𝜏) sin(𝜋𝐽122𝜏) 2𝐼2,𝑥𝐼1,𝑧

− sin(𝜋𝐽122𝜏) cos(𝜋𝐽122𝜏) 2𝐼2,𝑧𝐼1,𝑥 − sin(𝜋𝐽122𝜏) sin(𝜋𝐽122𝜏) 𝐼1,𝑦] 

(7.6) 

= 

−𝐼1,𝑦
1

2
(𝑀1[1 + cos(𝜋𝐽124𝜏)] + 𝑀2[1 − cos(𝜋𝐽124𝜏)]) 

−𝐼2,𝑦
1

2
(𝑀1[1 − cos(𝜋𝐽124𝜏)] + 𝑀2[1 + cos(𝜋𝐽124𝜏)]) 

+2𝐼1,𝑥𝐼2,𝑧
1

2
(𝑀1 sin(𝜋𝐽124𝜏) − 𝑀2 sin(𝜋𝐽124𝜏)) 

+2𝐼1,𝑧𝐼2,𝑥
1

2
(−𝑀1 sin(𝜋𝐽124𝜏) + 𝑀2 sin(𝜋𝐽124𝜏)). 

(7.7) 

For rearrangement, I used the identities 

cos(𝑥)cos(𝑦) =
1

2
[cos(𝑥 − 𝑦) + cos(𝑥 + 𝑦)] (7.8) 

sin(𝑥)sin(𝑦) =
1

2
[cos(𝑥 − 𝑦) − cos(𝑥 + 𝑦)] 

(7.9) 

sin(𝑥)cos(𝑦) =
1

2
[sin(𝑥 − 𝑦) + sin(𝑥 + 𝑦)] 

(7.10) 
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In equation (7.7), the two inphase terms I1,y and I2,y have exchanged magnetization throughout the 

perfect echo element, with the amount of magnetization that is transferred oscillating with the frequency 

J124. The exchange of magnetization between these two in-phase terms with differing initial 

magnetizations M1 and M2 that is introduced by the perfect echo will be exploited in Project D to generate 

COSY-like spectra with full in-phase character (chapter 9). The two initial magnetizations M1 and M2 

will be modulated by a different chemical shift evolution period t1, that will precede the perfect echo 

element. In contrast, the perfectBIRD decoupling scheme described in this chapter is restricted to cases 

in which the two initial magnetizations are approximately equal, even after t1 labelling of the 

magnetization. 

From (7.7) we see, that for the case M1 = M2= M, the initial state – M (I1,y + I2,y) present before the echo 

(at time point I in Figure 7.4) is restored. Even though magnetization transfer has taken place, for this 

idealized analysis, the final coherence observed at instant 4 is indistinguishable from the initial state 

with no net chemical shift or coupling evolution observable. To now introduce a net chemical shift 

evolution, without reintroducing the coupling evolution between the two spins, the simple modification 

that we have to do to the pulse sequence shown in Figure 7.4 is to omit the second 180° pulse (shown 

in grey). When using the result shown in equation (7.5) and carrying out the analysis for a free evolution 

period of 2, J-coupling evolution first restores equation (7.7) (with changes of sign introduced by the 

lack of the 180°-pulse) 

                        (7.5) 
𝜋𝐽122𝜏
→     

𝐼1,𝑦
1

2
(𝑀1[1 + cos(𝜋𝐽124𝜏)] + 𝑀2[1 − cos(𝜋𝐽124𝜏)]) 

+𝐼2,𝑦
1

2
(𝑀1[1 − cos(𝜋𝐽124𝜏)] + 𝑀2[1 + cos(𝜋𝐽124𝜏)]) 

−2𝐼1,𝑥𝐼2,𝑧
1

2
(𝑀1 sin(𝜋𝐽124𝜏) − 𝑀2 sin(𝜋𝐽124𝜏)) 

−2𝐼1,𝑧𝐼2,𝑥
1

2
(−𝑀1 sin(𝜋𝐽124𝜏) + 𝑀2 sin(𝜋𝐽124𝜏)), 

(7.11) 

but in addition, introduce a chemical shift labelling during the second half of the modified perfect echo. 

                        (7.11) 
Ω12𝜏
→   

Ω22𝜏
→    

(cos(Ω12𝜏) 𝐼1,𝑦 − sin(Ω12𝜏) 𝐼1,𝑥)
1

2
(𝑀1[1 + cos(𝜋𝐽124𝜏)] + 𝑀2[1 − cos(𝜋𝐽124𝜏)]) 

+(cos(Ω22𝜏) 𝐼2,𝑦 − sin(Ω22𝜏) 𝐼2,𝑥)
1

2
(𝑀1[1 − cos(𝜋𝐽124𝜏)] + 𝑀2[1 + cos(𝜋𝐽124𝜏)]) 

−(cos(Ω12𝜏) 2𝐼1,𝑥𝐼2,𝑧 + sin(Ω12𝜏) 2𝐼1,𝑦𝐼2,𝑧)
1

2
(𝑀1 sin(𝜋𝐽124𝜏) − 𝑀2 sin(𝜋𝐽124𝜏)) 

−(cos(Ω22𝜏) 2𝐼1,𝑧𝐼2,𝑥 cos(Ω22𝜏) 2𝐼1,𝑧𝐼2,𝑦)
1

2
(−𝑀1 sin(𝜋𝐽124𝜏) + 𝑀2 sin(𝜋𝐽124𝜏)) 

(7.12) 

In the ideal case of M1 = M2= M this simplifies to 

(cos(Ω12𝜏) 𝐼1,𝑦 − sin(Ω12𝜏) 𝐼1,𝑥)𝑀 + (cos(Ω22𝜏) 𝐼2,𝑦 − sin(Ω22𝜏) 𝐼2,𝑥)𝑀. (7.13) 

By this simple modification to the perfect echo experiment, it is therefore possible to create a pulse 

sequence element that fully refocuses coupling evolution, but that introduces chemical shift labelling. 

With this at hand, this simple sequence should be able to provide homonuclear decoupling of the two 

spins. The analysis of spin systems with more than one coupling partners that VAN ZIJL et al. provided 

clearly shows that this effect breaks down for more than two homonuclear coupling partners, due to the 

presence of coherences such as 4I1,yI2,zI3,z during the application of the central mixing pulse, which are 

not refocused after 4. 
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The demonstration, that indeed pure shift spectra with high sensitivity can be acquired with this strategy 

for homonuclear two spin systems is given in Figure 7.5. This is something that, to my best knowledge 

has not been presented at the time of the investigation. For 2,3-Dibromothiophene 5, pure shift proton 

spectra could be collected with this technique. 

The technique offers very high sensitivity, however the restriction to only two spin systems is such a 

severe one, that in practice very few applications may be conceivable. As soon as three or more spins are 

coupling, the homonuclear decoupling method fails (even if coupling partners are magnetically 

equivalent). It should further be noted, that, as chemical shift evolution is only accumulated during the 

second half of the echo, contributions of transverse relaxation to the linewidths observed are doubled. 

For partial homonuclear decoupling in low-resolution indirect dimensions however, an analogue 

homonuclear decoupling scheme recently has been presented by BAISHYA and VERMA350. 

 

 

Figure 7.5: Experimental demonstration of the perfect echo based homonuclear decoupling for a two spin system. a) 

Interferogram-based perfect echo homonuclear decoupling experiment with timing adjusted to refocus homonuclear 

decoupling in the middle of the data chunk used for processing (from IV to VI). The length of the data chunk used amounts to 

the increment of t1, 1/sw1. b) 1H spectra of 2,3-Dibromothiophene (5) in CD2Cl2. Top: Pure shift 1H Spectrum acquired with the 

pulse sequence shown in a) using an interferogram-based approach. Bottom: Conventional single-scan 1H spectrum. Full 

experimental details are given in the appendices (14.1.2). 

Homonuclear decoupling sequences that are only applicable to de-facto two-spin-1/2 systems, such as 

the methylene groups in citrate197 or those of benzyl-groups, obviously may only be of interest in very 

specialized applications.  

When working on the F2-BIRD CLIP/CLAP-HSQCs described in section 7.2, I realized, that a combination 

of BIRD decoupling and the perfect echo approach would be highly interesting, because the two 

homonuclear decoupling techniques are somewhat complementary to each other: For organic molecules 

in isotropic solution, the BIRD-method is able to refocus all homonuclear couplings but the 2JHH-

couplings in diastereotopic methylene groups. Thus BIRD decoupling can modify the coupling evolution 

of even complex spin systems to mimic that of systems with maximum two coupling spins. Coupling 

evolution between two coupling partners however can be reversed by the modified perfect echo scheme 

of Figure 7.5 a), as shown above, without introducing additional signal loss (if relaxation is neglected). 

Thus inserting BIRD elements halfway through the t1-evolution periods of the perfect echo homonuclear 

decoupling scheme shown was conceived as a practical solution for full F2-homonuclear decoupling using 

the resulting “perfectBIRD” decoupling scheme. 

Two conceptual pulse sequences for acquiring 1H-spectra with perfectBIRD decoupling (which in practice 

would require additional 1Hr-suppression) are shown in Figure 7.6. Please note that these experiments 

have never been implemented and just serve the purpose of illustrating the basic concepts used later. 

Figure 7.6 a) shows the direct analogue of Figure 7.5 a), where the 180°-pulse in the first half of the 

perfect echo was replaced by a BIRDd pulse cascade304. As the BIRDd element inverts 1Hd, but leaves 1Hr 

and 13C net unaffected in the ideal case, it acts on 1Hd just like the 180°-pulse previously at that position, 
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but leads to a refocusing of weak homonuclear couplings to 1Hr and to a refocusing of heteronuclear 

couplings between 1Hd and 13C. Due to the effect of this first BIRD element, even for a 13C-centered 

methylene group in an extended (weakly coupled) spin network (such as that exemplified in the right 

of Figure 7.3), equation (7.4) describes the product operators present at time point III (if we set 

 = t1/2+1/(4sw1)). The simplification of the spin system evolution by refocusing long range 

homonuclear couplings (n≥3JHH-couplings) introduced at time point III is of central importance for the 

experiment to work. Halfway through the second t1-evolution period, a BIRDr,X element is inserted, which 

inverts 1Hr and 13C, but in effect does not invert the 1Hd we aim to observe. At time point IV, therefore 

couplings to 1Hr and 13C are refocused again for 1Hd. Broadband decoupling during acquisition suppresses 

heteronuclear one-bond couplings during acquisition, which evolve much faster than 1H-1H-couplings. 

One problem that arises is that with the timing used in Figure 7.6 a), 2JHH-couplings are refocused at 

instant V, while all other homonuclear couplings are refocused at IV. Already for our work on F2-BIRD 

CLIP/CLAP-HSQC spectra, we therefore used an implementation with an additional 1H-180° pulse, which 

enables refocusing of n≥3JHH-couplings at V, in the middle of the acquired data chunk. Refocusing of 

couplings in the middle of the acquired data chunk, as first used in DOSY experiments253, enables the 

length of the data chunk sampled to be doubled at comparable artefact amplitude. For this reason, 

throughout most of this work, a modified timing, shown in Figure 7.6 b) and with  = 1/(4sw1), was 

used. In the final implementations, additional delays were introduced surrounding both BIRD-elements 

(called e in ref. 213) to compensate for gradient pulses used and for switching from pulsing to acquisition. 

For Project C (chapter 8), we also used a timing of the experiment introduced by WOLFGANG BERMEL, 

who suggested also an implementation with  = 0 to be used, depending on the application. Setting 

 = 0 refocuses homonuclear couplings at the beginning of the acquired data chunk, reducing the 

number of points per scan that can effectively be used for processing, but shortens the homonuclear 

decoupling element by 1.5 times the chunk length, which can be beneficial in terms of sensitivity. In 

addition, setting  = 0 enables very short increments to be used for t1, a choice that can be beneficial 

when applying the RESET processing strategy254, he developed.  

To achieve the proper timing required for homonuclear decoupling with these pulse sequences, a number 

of conditions have to be fulfilled, that will be explained in the following. Setting up the timing based on 

these simplifying phenomenological rules is a handy alternative to full product operator analysis of these 

rather lengthy homonuclear decoupling elements. The following conditions were used to create 

implementations that can be used for homonuclear decoupling: 

1. No net 1Hd chemical shift evolution is tolerated by the perfect echo at time point III. This is 

achieved in Figure 7.6 a) by using a BIRDd element. In all implementations used throughout, all 

delays between I and III will feature 180°-1H pulses to make sure this condition is fulfilled, even 

in BIRD rotation is incomplete. 

2. The net 1Hd chemical shift evolution between III and IV has to sum up to t1. 

3. 2JHH coupling evolution needs to be refocused in the time frame of acquisition. For 

implementations, which refocus coupling evolution in the middle of the data chunk this means 

that the overall length of the pulse sequence between I and III has to equal that between III and 

V (note that this requires  = 1/(4*sw1)). For implementations which refocus coupling evolution 

at IV, equal lengths for the periods I to III and III to IV are required which can be obtained by 

using  = 0. 

4. n≥3JHH couplings evolution needs to be refocused both at III and at V (or at IV, for coupling 

refocusing at the beginning of the acquired data chunk). This is achieved by placing the 

appropriate BIRD rotations half-way between I and III, as well as between III and V (or IV, 

respectively). 

5. 1JCH evolution needs tight control at III and at IV. Between time points I and III this is achieved 

by the BIRDd element in the conceptual pulse sequences shown in Figure 7.6, or by the 180°-1H-
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pulses used to also refocus 1Hd chemical shift evolution throughout this period. To set up the 

proper timing between III and IV we have to decide between two cases: The case of experiments 

where clear-phase heteronuclear one-bond-splittings (1JCH or 1TCH) shall be obtained and the case 

where heteronuclear decoupling shall be achieved. 

a. If heteronuclear decoupling shall be achieved, it is required to fully refocus 1JCH evolution 

at IV. This can be achieved, as shown in Figure 7.6 b) by using a BIRDd element and 

simultaneously placing a 180°-13C-pulse in-between  and e. Further possibilities to 

achieve 1JCH-refocusing at IV are discussed in chapter 8.2 (project C). 

b. If pure-phase heteronuclear doublet should be obtained, net 1JCH (or 1TCH) evolution 

needs to accumulate for t1. In addition, broadband heteronuclear decoupling needs to be 

omitted during acquisition. A strategy for achieving this is illustrated in Figure 7.7 a). 

This set of conditions tightly defines the timing in all the pulse sequences shown in the following. For 

given settings of the chunk length and the BIRD/INEPT delay used, the only variable that can be adjusted 

freely is e, which was chosen to be as short as possible with the restriction that it needs to accommodate 

a final gradient. All other delays (a, b, c, d) are fixed according to these conditions. 

 

 

Figure 7.6: Conceptual pulse sequence schemes for the acquisition of 1H spectra with perfectBIRD homonuclear decoupling. 

BIRD-pulse cascades inserted are symbolized by open rectangles. The superscripts in their labels indicate, which spin groups are 

inverted under ideal performance of the BIRD element. BIRDd inverts 1Hd, but leaves 1Hr and 13C net unaffected. BIRDr,X inverts 
1Hr and 13C, but leaves 1Hd net unaffected. Heteronuclear broadband decoupling during acquisition is indicated by the box 

labelled “CPD”. The delay  takes either  = 0 or  = 1/(4sw1) to achieve full refocusing of homonuclear couplings at time points 

IV or V, respectively. For simplicity, aspects of filtration of signals from 1Hr are not included (phase cycling or gradient filtration 

would be required in addition). Further explanations are given in the text. 

Rather than applying the perfectBIRD decoupling scheme for the acquisition of broadband-decoupled 1H 

spectra, so far, we solely used it for decoupling in the proton dimension of 1H-13C-HSQC spectra. The 

combination of this homonuclear decoupling approach with HSQC spectra with gradient-based signal 

filtration351 is particularly interesting because of the very clean suppression of the signals from all 1Hr. 

Furthermore, in HSQC experiments, signal observation already is restricted to 1Hd, so for this experiment 

the homonuclear decoupling approach does not introduce severe additional sensitivity losses. 

It should be of particular note for HSQC experiments, that the condition of equal initial magnetization 

imposed by the perfect echo (M1 ≈ M2), which is required for homonuclear decoupling (see equation 

(7.13)), will hold true to a good approximation in most cases considered, even though a t1-mixing period 

precedes F2-perfectBIRD decoupling. The protons in 13C-centred diastereotopic groups, which are the 

only groups that need to be considered here, very often have similar relaxation rates, so effects of 

relaxation will only introduce minor differences. In addition, the results presented later in this chapter 

seem to indicate, that differences of INEPT transfer efficiency, induced by different one-bond couplings, 

do not interfere severely with the homonuclear decoupling, even for weakly aligned samples. Finally, 

frequency labelling in t1 is the same for the magnetization of both protons of the methylene group, and 
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in turn also does not lead to differences between M1 and M2. When implementing perfectBIRD 

decoupling the F2-dimension of two-dimensional experiments, the fate of source magnetization 

throughout the experiment clearly has to be considered, while restrictions in possible applications to F1-

decoupling may be less stringent. 

During my work, I designed different HSQC experiments based on the perfectBIRD homonuclear 

decoupling principle. In the following section, experiments with full homonuclear decoupling and 

simultaneous pure in-phase appearance of the heteronuclear coupling in the homodecoupled F2-

dimension are described. Experiments with full homo- and heteronuclear decoupling are described in 

Project C (see chapter 8). 

 

7.3.2. Accurate and precise one-bond RDCs measurement in F2-perfectBIRD CLIP/CLAP HSQCs 

 

The potential interest in measuring one bond RDCs from the direct dimension of HSQC experiments 

with simultaneous suppression of all homonuclear couplings along this dimension has been described in 

chapter 7.2. The results shown therein illustrate that pronounced signal narrowing can be achieved for 

signals in isotropic solution and even more pronounced in the case of weakly aligned samples, in the 

direct dimension of HSQC experiments, if BIRD decoupling is applied342, 343. The problem of 2JHH-

coupling evolution however remained. 

I used the approach outlined in Figure 7.6 to provide a first implementation of CLIP/CLAP-HSQC 

experiments with F2-perfectBIRD homonuclear decoupling. To introduce a clean phase appearance of 

the heteronuclear one-bond coupling, the scheme was slightly altered, as is shown in Figure 7.7 a): The 

heteronuclear decoupling was omitted and the second BIRD element, which previously was BIRDr,X, was 

replaced by a BIRDd cluster to introduce seemingly unperturbed evolution of the heteronuclear coupling. 

Note that net 1TCH-evolution is zero at t2 = 0 and t3 = 0 in this implementation, which ensures clean-

phase heteronuclear doublets to be observed. Furthermore a BIRDd,X cluster sandwiched between two 

proton inversion pulses was used in the first half of the double echo to ensure full chemical shift 

refocusing for 1Hd at time point III, even in the case of incomplete BIRD inversion. For the 

implementation in F2-perfectBRID CLIP/CLAP-HSQC experiments, the second INEPT (or alternatively 

the gradient decoding in CLAP experiments) is included into the homonuclear decoupling element to 

avoid homonuclear coupling evolution otherwise present in these elements and to shorten the 

experiment. 

With this implementation, I was able to first prove that indeed fully homodecoupled high quality HSQC 

spectra could be collected (see Figure 7.8). It is apparent from the figure, that even for the diastereotopic 

protons, good suppression of all homonuclear couplings is achieved. In addition, the signals feature the 

clean in-phase heteronuclear doublets, we hoped to find for 1JCH extraction. The general scheme shown 

in Figure 7.7 a) thus seems to work properly and is able to provide full homonuclear decoupling, if 

applied in HSQC experiments. 
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Figure 7.7: a) Conceptual scheme for a perfectBIRD decoupling element with clean phase appearance of 1JCH. b) Pulse sequence 

scheme for F2-perfectBIRD CLIP/CLAP HSQC experiments, in the initial implementation using phase encoding in F1 based on the 

States-Ruben-Haberkorn-method92 (2 was incremented for phase encoding). Filled symbols are for hard pulses, open symbols 

are for adiabatic inversion/refousing pulses.  equals the length of a gradient pulse (1 ms) plus a recovery delay (200 µs). 

d1 = 0.5*d3 ≈ (1JCH), c = , d = e + , b = e + 2, a = e + 2 – length of INEPT. For CLIP experiments d2 = d1, for CLAP 

experiments the pulses marked with an asterisk are omitted and d2 = . The phase cycling used was: 1 = y, 2 = x, -x incremented 

by /2 for each t1-increment, 3 = x, x, -x, -x, 4 = x, -x, and the receiver phase used is rec = -x, x, x, -x. 

 

 

Figure 7.8: F2-perfectBIRD CLIP-HSQC of (+)-IPC in CD2Cl2, acquired in 55 min using the pulse sequence shown in Figure 7.7 b). 

Full experimental parameters are given in 14.1.3. 

Something that is quite unusual for modern HSQC experiments, is to use the States-Ruben-Haberkorn-

method92 for F1-frequency encoding, as I did for the experiment shown in Figure 7.7 b). This choice leads 

to the signals apparent around the 13C-transmitter frequency (45 ppm) in Figure 7.8, which are most 

intense at the proton chemical shifts around 1.2 ppm. (Shifting these signals to the edges of the spectrum 

by the TPPI-approach would have clearly been possible.) Usually the so-called Echo-Antiecho-TPPI-

method219 would be used for HSQC experiments, due to the better spectral quality that can be achieved. 

However, when initially implementing the experiment in the Echo-Antiecho-TPPI-method, the spectrum 

appeared mirrored around the 13C-transmitter frequency, a problem that I was only able to resolve by 

changing the F1-frequency encoding method. It was KATALIN KÖVÉR, who realized that for using Echo-

Antiecho-TPPI-encoding in F1, a two-step phase cycle (y, x) of the 90° proton pulse at time point III was 

necessary to avoid F1-mirror images to appear. Thus apparently this pulses causes a mixing of p- and n-
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type coherence pathways (even if the decoding gradient G4 is moved directly prior to acquisition; data 

not shown). As a single-scan alternative to the phase-cycling proposed, I enforced proper coherence 

filtration with gradients across this pulse which also enables Echo-Antiecho-TPPI-encoding in F1. With 

further introduction of adiabatic inversion pulses, rearrangements in the phase-cycling and the 

additional option to not increase t2 in the first half of the perfect echo (leading to an in-phase doublet 

appearance of geminal splittings, instead of their collapse), the pulse sequence scheme shown in Figure 

1 of the publication included was obtained. 

Together with ANDREAS KOLMER, I could show that the pulse sequence scheme not only is able to produce 

high quality spectra for samples with low-viscosity isotropic samples, but that in addition, the technique 

is well suitable for studies of weakly aligned solutes. The potential benefit of also extracting high 

precision one-bond RDCs from singlet signals is evident. We conducted a series of measurements on a 

sample containing (+)-isopinocampheol 6 (structure shown in Figure 7.8) aligned in a lyotropic liquid 

crystal composed of poly--benzyl-D-glutamate dissolved in CD2Cl2 and showed that quite considerable 

reductions in linewidths in the proton dimension can be observed (see Figure 3 of the manuscript, as 

well as Figures S2, S5, S6, S8 and S13 of the Electronic Supplementary Information). It should be of 

particular note that signals free of homonuclear coupling structure could even be obtained for the 

protons H7a and H7s, which share a geminal coupling of roughly -38.4 Hz. While initially signals at 

these positions appeared strongly distorted, clean signals could be recovered by reducing the lengths of 

the data chunks used for FID-concatenation. The inverse of the chunk-length can be regarded in these 

experiments as a measure for the bandwidth of the homonuclear decoupling scheme. The shorter the 

data chunks, the larger homonuclear couplings (in size) can be suppressed. While long data chunks 

enable sampling of the FID in fewer scans, all JHH have to be much smaller than the inverse chunk length 

used. With short data chunk lengths, it was therefore possible to collect spectra with signals free from 

homonuclear coupling patterns, even for an anisotropic sample. 

 

 

Figure 7.9: F2-traces extracted at the C7 chemical shift from F2-perfectBIRD CLAP-HSQC spectra, acquired with different chunk 

lengths. Please note, that the data shown in this Figure was collected with the (outdated) implementation shown in Figure 7.7 

b). All experimental details are given in 14.1.4. 

Having shown, that F2-perfectBRID CLIP/CLAP-HSQC experiments can produce high quality spectra even 

for weakly aligned samples, together with ANDREAS KOLMER, VOLKER SCHMIDTS and CHRISTINA THELE, I 

carried out a systematic study to establish if one-bond couplings could reliably be measured from these 

spectra. We wanted to investigate, if the one-bond couplings apparent in the spectra would accurately 

reflect the true coupling constants to exclude bias from possible systematic errors introduced by the 

technique. In addition, we wanted to evaluate the precision with which these coupling constants could 

be extracted from the spectra and we intended to provide a comparison of the F2-perfectBIRD 

CLIP/CLAP-HSQC technique to the F2-BIRD CLIP/CLAP-HSQC technique described in section 7.2 and to 

the CLIP/CLAP-HSQC technique without homonuclear decoupling. Parts of this study initially were 

performed for publication in the article printed in section 7.2343, but later were moved to the publication 

contained in this section to provide a complete discussion of all three techniques. 
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For benchmarking the accuracy of the coupling constant measurement, we chose a very simple test 

system for which a good reference value for the true 1JCH coupling constant could be measured. For 

CHCl3, a high accuracy reference value for 1JCH was measured from a number of proton spectra. F2-

perfectBIRD CLIP-HSQC experiments were then used to measure the same coupling constant to evaluate 

the absolute accuracy of the method under optimal measurement conditions and the robustness of this 

accuracy towards experimental parameters, such as transmitter offset. It was shown that the experiment 

only introduces very small systematic deviations of the apparent splitting from the true coupling constant 

and that a lower-bound confidence interval as small as ± 0.05 Hz would be sufficient to take into account 

experiment bias on the apparent coupling constants. (For RDC-applications, we later conclude to use 

± 0.1 Hz as the very conservative estimate desired in these applications. In addition, error estimates 

describing the uncertainty of coupling constant extraction should also be considered, e.g. using the 

method described in ref. 352). For comparison, also F2-BIRD CLIP-HSQCs, F1-BIRD-scaled coupled HSQCs 

and gated-decoupled 13C-spectra were used to measure the reference 1JCH. Benchmarking experiments 

with chloroform were conducted together with CHRISTINA THIELE. 

To provide evidence, that homonuclear decoupling indeed increases the precision of the coupling 

constant measurement, coupling constants were extracted from the same datasets, by three different 

individuals (ANDREAS KOLMER, VOLKER SCHMIDTS and myself). It could be observed, that indeed the 

homonuclear decoupling increases the precision of the data extraction. Interestingly, the highest 

precision was obtained when using F2-BIRD decoupled spectra. In isotropic solution, the gain in precision 

obtained by using the pure shift methods is only small: The maximum deviations observed for the 

coupling constants extracted are 0.18 Hz (for H7s) for the CLAP-HSQC without homonuclear 

decoupling, 0.08 Hz (for H7a) for F2-BIRD CLAP HSQC and 0.14 Hz (for H5) for F2-perfectBIRD CLAP-

HSQC (standard deviations are listed in the Electronic Supplementary Information). In contrast, the 

increase in precision is very pronounced for measurements in anisotropic solution: Maximum deviations 

observed here were 1.59 Hz (for H1) for the CLAP-HSQC without homonuclear decoupling, 0.29 Hz (for 

H4s) for F2-BIRD CLAP-HSQC and 0.57 Hz (for H5) for F2-perfectBIRD CLAP-HSQC. It should be of 

particular note that in the experiment without homonuclear decoupling, deviations above 1 Hz were also 

observed for H2 (1.14 Hz) and for H7s (1.22 Hz), where in both cases deviations in the homodecoupled 

spectra were < 0.2 Hz. This nicely illustrates that for RDC-extraction, where coupling constant extraction 

precision often is a major source of experimental errors, the pure shift approaches presented provide 

significant improvements. 

The extraction of RDCs from the full set of measurements (CLIP/CLAP-HSQC without decoupling, F2-

BIRD CLIP/CLAP-HSQC and F2-perfectBIRD CLIP/CLAP HSQC) was performed by ANDREAS KOLMER353. 

To also contrast the accuracy and precision of the different approaches by an alternate mean than 

comparing coupling constants extracted from different methods, he tested the RDCs obtained for 

agreement with a structural model for the compound. He used a the DFT-derived rigid structural model 

(B3LYP; 6-311+G(d) basis set; reported in ref. 140) already used previously to test for agreement with 

the data. A slight improvement of the RMSD measured could be noted for CLIP data (0.159 Hz for CLIP-

HSQC without homonuclear decoupling, 0.155 Hz for F2-BIRD CLIP-HSQC and 0.139 Hz for F2-

perfectBIRD CLIP-HSQC) though it could clearly be debated, that such small deviations actually are 

significant. For CLAP experiments however the difference is much more pronounced. The RMSD between 

measured and back-calculated RDCs reduced from 0.322 Hz for the CLAP-HSQC without homonuclear 

decoupling to 0.142 Hz for F2-BIRD CLAP-HSQC and to 0.139 Hz for F2-perfectBRID CLAP-HSQC. 

The deviation seen between CLIP and CLAP data acquired without homonuclear decoupling can to a 

large extent be attributed to partial signal overlap with 2JCH cross peaks in the CLAP-HSQC without 

decoupling (the 2JC1H2 peak overlaps with the low-field component of the 1JC1H1 multiplet). Long-range 

peaks are not observed in the CLIP-HSQC without homonuclear decoupling due to the CLIP-pulse used. 

If the IPAP-principle is used to extract the 1DC1H1 coupling from experiments without homonuclear 
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decoupling, the results are biased towards the value extracted from CLAP-HSQC alone (CLIP-HSQC: 
1DC1H1 = 10.05 ± 3.43 Hz, CLAP: 1DC1H1 = 11.06 ± 1.72 Hz, IPAP (homocoupled spectra): 
1DC1H1 = 10.78 ± 1.9 Hz, error-weighted average of all back-calculated values: 1DC1H1 = 9.95 Hz). 

In homodecoupled spectra long-range correlations are not observed due to their anti-phase character 

and thus are not interfering with coupling constant extraction. Well separated signals are observed in 

this case (see Figure 7.10). This illustrates, that even comparably mild signal overlap can have strong 

impacts on the quality factors typically used to draw structural conclusions (note that also the error-

weighted Q, as defined in ref. 119 more than doubles). 

 

 

Figure 7.10: F2-traces extracted at the F1-frequency of C1, which at the F1-resolution used is not separated from C2. Traces are 

extracted from the spectra shown in Figure 3 and S2 of the manuscript attached. a) CLIP-HSQC (red) and CLAP-HSQC without 

homonuclear decoupling, b) F2-BIRD CLIP/CLAP-HSQC and c) F2-perfectBIRD CLIP/CLAP-HSQC. 

 

Having shown, that both F2-BIRD CLIP/CLAP-HSQC and F2-perfectBIRD CLIP/CLAP-HSQC enable very 

accurate one-bond coupling measurements (well covered if a lower-bound ± 0.1 Hz error range is used), 

that these experiments increase the precision of RDC extraction (user bias for 1TCH-extraction is below 

0.6 Hz for all cases studied, for F2-BIRD decoupling even below 0.3 Hz) and that the agreement with the 

structural model is at least slightly improved, we concluded, that the pure shift techniques developed 

are indeed most suitable for one-bond RDC measurements in small molecule applications. We therefore 

did not only develop new homonuclear decoupling techniques which provide high quality pure shift 

HSQC spectra even for weakly aligned samples, but in addition showed, that these techniques enable 

one-bond RDCs to be measured with very high accuracy and precision. 

 

L. Kaltschnee, A. Kolmer, I. Timári, V. Schmidts, R. W. Adams, M. Nilsson,K. E. 

Kövér, G. A. Morris, C. M. Thiele, “‘‘Perfecting’’ pure shift HSQC: full 

homodecoupling for accurate and precise determination of heteronuclear 

couplings”, Chem. Commun. 2014, 50, 15702 – 15705, 

DOI: 10.1039/C4CC04217D. 

Published by the Royal Society of Chemistry under a Creative Commons license 

 

http://dx.doi.org/10.1039/C4CC04217D


 

118  |  7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra 



 

7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra  |  119 



 

120  |  7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra 



 

7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra  |  121 

 
 

 



 

122  |  7. Project B: Measurement of One-Bond Couplings from Pure Shift HSQC Spectra 

7.3.3. Comparison of the perfectBIRD and the constant-time BIRD techniques 

 

As opposed to techniques, which introduce BIRD decoupling into constant-time evolution periods228, 229, 

342, BIRD decoupling was herein introduced into the perfect echo homonuclear decoupling element 

shown in Figure 7.5. The strategy in both cases is to use BIRD decoupling to refocus all long-range 

homonuclear couplings and to use a complementary homonuclear decoupling technique to suppress the 

remaining geminal couplings. The two strategies have notably different characteristics, caused 

complementary homonuclear decoupling strategies used: Constant time BIRD (CT-BIRD) can be used 

with a single BIRD refocusing element in the middle of the constant time period, while perfectBIRD 

requires full refocusing of all n≥3JHH at time point III and thus requires two BIRD decoupling elements 

over the full evolution period. It may therefore be anticipated, that CT- BIRD provides a higher 

robustness towards misset of the BIRD delays. The perfectBIRD experiment also requires chemical shift 

evolution to be refocused at time point III. This leads to an effective doubling of contributions from 

transverse relaxation, but not from field inhomogeneity, to the linewidth observed. This situation is less 

drastic in the CT-BIRD approach, as larger fractions of the constant time evolution period can be used 

for net chemical shift evolution (Reinsperger and Luy used 93%342). The most critical disadvantage of 

CT-BIRD however is the constant length of the homonuclear decoupling element. In such experiments, 

transverse relaxation leads to signal intensity losses which increase drastically for longer time delays, 

rendering studies with high resolution in the pure shift dimension, as has been presented for 1JCH 

measurements using F2-perfectBIRD CLIP/CLAP-HSQCs (time domain signals were sampled for 1 s in 

the pure shift dimension213), practically impossible. While the perfectBIRD strategy also introduces dead 

times of 30 to 60 ms (depending on the experimental settings) during which transverse relaxation is 

effective before sampling of the first data point, this normally is considerably less than in the CT-BIRD 

approach. An advantage of the perfectBIRD approach, that is particularly interesting for RDC 

measurement applications is, that no tuning of the experiment according to the apparent geminal 

coupling constants is required. In the CT-BIRD approach, considerable signal losses are apparent, if the 

total constant time delay is not matched to the geminal couplings. However, in aligned samples 2THH 

values may vary significantly and their absolute values typically are not well known beforehand. This 

may lead to severe signal losses for weakly aligned samples. In the perfectBIRD approach, this is not an 

issue, as long as the data chunks acquired are sufficiently short for suppression of these couplings. In the 

context of RDC extraction, it should be further noted, that the CT-BIRD approach in principle would also 

enable full suppression of 2THH in methyl groups – something that cannot be achieved with the 

perfectBIRD approach. Note however, that to date, no example for one-bond RDC extraction using the 

CT-BIRD approach has been provided. 

 

7.4. CLIP- and CLAP-HSQC Experiments with real-time BIRD decoupling 
 

The narrowing of signals by pure shift acquisition in F2-BIRD and F2-perfectBIRD homodecoupled CLIP-

HSQC experiments discussed in the previous sections can enable measurements of RDCs at higher 

precision than that in the CLIP-HSQC experiment, albeit requiring longer experiment durations. The 

evident alteration of the experiment avoiding this drawback in F2-BIRD homodecoupled experiments is 

the use of real-time BIRD decoupling256, 273, 305, 307, 309, 354, which emerged during the course of our studies. 

The real-time (also termed “instant”) decoupling approach256, 257, 355 enables the full FID in the 

homodecoupled dimension of the experiment to be measured in a single scan, as opposed to methods 

constructing the FID from an interferogram. This can reduce the time demand of pure shift experiments 

to be collected in virtually the same time as experiments without homonuclear decoupling. In addition, 

for real-time BIRD HSQCs with broadband heteronuclear decoupling it could be shown that the pure 

shift approach can increase the experiment sensitivity, in addition to the improvement in signal 
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dispersion obtained305, 354. We therefore started developing alternations of the existing real-time BIRD 

decoupling technique, which would allow extraction of heteronuclear one-bond coupling constants in 

the pure shift dimension. The aim was to design real-time BIRD-homodecoupled CLIP-CLAP-HSQC 

experiments which would enable precise one-bond coupling constant extraction from the pure shift 

dimension and which could be recorded in the same experimental time as its counterpart without 

homonuclear decoupling166.  

The original implementation again was provided by KATALIN KÖVÉR, who used BIRDd-elements304 with 

two successive inversions on the heteronucleus in each homonuclear decoupling element. With this 

strategy, she achieved continued coupling evolution from data chunk to data chunk with no net one-

bond coupling evolution during the homonuclear decoupling elements, a prerequisite for seamlessly 

undisturbed evolution of these couplings in the resulting FID. 

The spectral quality obtained looked quite promising from the beginning. However, at an early stage of 

testing the experiment, it was observed by FELIX ROTH during an internship I supervised, that some of 

the the signal separations from which one-bond couplings should be extracted differed conceivably from 

the ones apparent in F2-BIRD decoupled CLIP-HSQCs the interferogram-based approach. The deviations 

noted were prohibitively large for the experiment to be used for RDC-measurements, where the 

accuracies required for one-bond coupling measurements normally need to be better than 1 Hz. 

The cause of the signal separations observed in spectra to differ from the heteronuclear coupling 

constants associated can be found in the real-time homonuclear decoupling approach we used: Real-

time homonuclear decoupling uses the repeated application of a homonuclear decoupling block, 

interleafed with periods of acquisition, to sample the full FID in a single scan (for comparison, see Figure 

4.15). None of the homonuclear decoupling blocks available is able to produce the inversion of all passive 

spins without introducing small perturbations to the magnetization of the active spins – in short, no 

homonuclear decoupling element available is entirely perfect. As opposed to interferogram-based 

experiments where no repetition of the homonuclear decoupling block is used, in real-time decoupling 

techniques even small imperfections, such as relaxation during the decoupling elements, incomplete 

signal inversion or phase errors can accumulate during the course of the acquisition. 

The usual way to filter-out signals that are undesired from an FID, such as decoupling sidebands, is the 

use of phase cycling and gradient filtration methods. However, in addition to applying a phase cycling 

from one scan to the other, we figured that real-time pure shift techniques may particularly benefit from 

a phase-cycling during acquisition, applied from one homonuclear decoupling element to the next 

(“chunk-to-chunk phase cycling”), in a similar way as phase-cycling is commonly applied in 

heteronuclear decoupling methods233-236, 356. 

An extensive search for a good combination of phase cycling schemes was performed which would be 

able to reduce systematic errors of the coupling constants measured. ISTVÁN TIMÁRI and MÁRIA RAICS 

made big efforts to test different phase cycling schemes empirically. RALPH ADAMS provided 

complementary information from spin system simulations with the aim to rationally choose good phase 

cycling combinations. DUSAN UHRÍN, in addition, studied if using BIRD modules with matched frequency-

swept pulses for approximate J-compensation would provide conceivable improvements. 

By measuring the apparent methyl-1JCH splitting in methyl--D-mannopyranoside under different 

experimental conditions (transmitter offsets, BIRD/INEPT delays, pulse miscalibration) and comparing 

these to a reference value, ISTVÁN TIMÁRI and MÁRIA RAICS were able to identify a pulse sequence scheme 

which strongly reduces systematic deviations of the coupling constants measured. In the best-performing 

phase cycling scheme (see figure legend of Figure 1 in the submitted manuscript) all six pulses of the 

homonuclear decoupling element are subject to phase cycling both from one decoupling element to the 

next and from scan to scan. 

It is shown that the phase cycling scheme is able to limit experimental inaccuracies over the tested range 

of experimental parameters (1H-transmitter offsets of up to 1980 Hz, BIRD/INEPT-mismatch of up to 
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30 Hz from the 1JCH-value of the test substance, pulse miscalibration by up to 5 %) to fall within a 1 Hz 

error range, while in extreme cases deviations of up to 1.4 Hz were measured.  

The range of experimental parameters the real-time BIRD CLIP/CLAP-HSQC described is able to cover 

is ideally suitable for amide one-bond RDC (1DNH) measurements in weakly aligned small proteins, as 

ISTVÁN TIMÁRI and MÁRIA RAICS were able to demonstrate: For the uniformally 15N 55-residue penicillium 

anti-fungal protein (PAF), the 1JNH values measured with real-time BIRD decoupling are in very good 

agreement (maximum deviation of 0.46 Hz; only 4 residues with deviations bigger than 0.35 Hz) with 

results of the high-accuracy interferogram-based F2-BIRD CLIP/CLAP-HSQC described in section 7.2. 

With a weakly aligned sample of the protein (Otting-phase138, 5 % C8E5 and n-octanol in 

95% H2O/5 %D2O), they further were able to extract 49 backbone amine RDCs (out of the 54 maximum 

possible). 

The considerably different challenges inherent in studies of proteins and those of small molecules, such 

as the considerably larger variety of the homonuclear coupling networks that can be present in small 

molecules as compared to protein backbones, allow only limited generalization of the conclusions 

obtained to studies of other substance classes. That is why in parallel to the investigations of ISTVÁN 

TIMÁRI and MÁRIA RAICS, I further evaluated if the real-time BIRD CLIP/CLAP-HSQC experiment would 

also be suitable for small molecule studies. 

To this end, I performed an evaluation of the performance of the real-time BIRD CLIP/CLAP-HSQC 

technique described using the small molecule test analyte (+)-isopinocampheol also used in the 

investigations described in section 7.3 for direct comparison with the other CLIP/CLAP-HSQC variants166, 

213, 342, 343 studied throughout. 

For scalar coupling constant measurements (1JCH), I found that a reduction in coupling constant 

measurement accuracy results from the homonuclear decoupling approach, at least for well separated 

signals, even if the full phase cycling scheme is applied. Deviations from the results obtained with the 

F2-perfectBIRD CLIP-HSQC amount up to 0.91 Hz for real-time experiments with long acquisition periods 

(20.48 ms in this case), a setting I showed can be recommended. Deviations from the results obtained 

with the F2-perfectBIRD CLIP-HSQC are much smaller for the fully homocoupled CLIP/CLAP-HSQCs 

(maximum deviation of 0.20 Hz) as well as for other experiments using interferogram-based 

homonuclear decoupling (maximum deviation of 0.08 Hz). This illustrates, that use of the real-time BIRD 

CLIP/CLAP-HSQC technique (at least in its current implementation) can only be recommended for 1JCH 

measurements in small molecules, if the homonuclear decoupling is able to significantly increase the 

precision of the coupling constant extraction, e.g. by separating peaks that previously were overlapping. 

The situation notably changes for the sample in which the test molecule is weakly aligned (using a high 

molecular weight poly--benzyl-D-glutamate/dichloromethane-d2 liquid crystalline medium131, 140). For 

the case studied, the line-narrowing introduced by the pure shift approach was found to be sufficiently 

beneficial that even for well separated signals the real-time BIRD CLIP/CLAP-HSQC provides one-bond 

RDCs with alike quality as can be achieved with the CLIP/CLAP-HSQC without homonuclear decoupling. 

Again using the F2-perfectBIRD CLIP-HSQC as a reference, maximum deviations of the RDCs measured 

are in the range of 1.52 to 1.96 Hz for real-time BIRD CLIP/CLAP-HSQCs with 20.48 ms chunk-duration, 

while for CLIP/CLAP-HSQCs without homonuclear decoupling, maximum deviations of 1.01 to 3.40 Hz 

were observed. In addition to comparing the RDCs measured to a reference dataset, also the agreement 

with an existing structural model140 was used for testing the experimental performance. While the RDCs 

from interferogram-based pure shift experiments showed the best agreement with the structural model, 

RDCs obtained with real-time BIRD CLIP/CLAP-HSQC were able to describe the structural model just as 

well as RDCs extracted from CLIP/CLAP-HSQCs without homonuclear decoupling. It was therefore 

concluded, that with the phase-cycling we introduced, real-time BIRD CLIP/CLAP-HSQCs can also be 

used in studies of small molecules. 
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While these results show high promise for the application of the technique described, limitations of the 

method for small molecule applications could also be identified: 

As is common to all experiments with BIRD decoupling on protons251, 254, 267, 305, the real-time BIRD CLIP-

HSQC is not able to suppress 2JHH couplings frequently occurring in organic small molecules. Direct 

comparison with the interferogram-based F2-BIRD CLIP-HSQC spectra measured on the same samples213 

illustrates that signal distortions are more pronounced in the real-time decoupled spectra. In the present 

case, this practically prevented the extraction of 1TCH-values for protons H7a and H7s 

(n.b.: 2TH7a,H7s ≈ -38.4 Hz), while comparably precise coupling constant extraction still was possible in 

the interferogram-based experiment. 

One aspect that should additionally be noted as far as small molecule studies are concerned is, that in 

both applications we presented signals were dispersed only over a limited spectral width. Also the tests 

towards transmitter offset robustness initially performed on methyl--D-mannopyranoside only covered 

offset ranges of ± 2kHz. In small molecule applications, this offset range may not cover the entire 

spectrum. In particular the robustness towards transmitter offsets would provide room for improvement 

for interesting future developments. 

 

I. Timári, L. Kaltschnee, M. Raics, F. Roth, N. G. A. Bell, R. W. Adams, M. Nilsson, 

D. Uhrín, G. A. Morris, C. M. Thiele and K. E. Kövér, “Real-time broadband proton-

homodecoupled CLIP/CLAP-HSQC for automated measurement of heteronuclear 

one-bond coupling constants”, submitted the 2nd of June 2016. 

Manuscript and pages S17-S20 of the Supporting Information, the full SI is provided 

as electronic material 
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7.5. Conclusion on Project B 
 

In this chapter a whole class of novel pure shift NMR experiments is described, which were tailored to 

improve the precision of one-bond RDC measurement for solution state structure elucidation. The class 

of methods described enables extraction of scalar (1JCH) and total (1TCH) one-bond coupling constants 

from the high-resolution proton dimension of modified CLIP/CLAP-HSQC166 experiments, which feature 

proton-proton broadband homonuclear decoupling in the dimension of coupling constant extraction. 

Their ability to collapse even very broad and featureless signals, often observed for weakly aligned 

samples, into comparably narrow and well-defined peaks clearly makes these techniques highly 

interesting for application in future RDC-based studies. 

Two basic interferogram-based pure shift extensions of the CLIP/CLAP HSQC experiment are presented 

in sections 7.2 and 7.3, which feature excellent quality of the resulting spectra and high accuracy and 

precision for coupling constant measurements. At least for small molecule studies these techniques 

outperform most of the existing techniques in terms of RDC extraction precision. In RDC-based solution 

structure studies, compound isolation or synthesis, sample preparation and the data analysis following 

the measurement of RDCs are often quite time consuming and laborious. Therefore, obtaining the 

maximum amount of structural information at the highest possible accuracy and precision often is of 

prime importance. Possible gains in RDC data quality may thus be well worth the increased demand in 

experiment time of these techniques. Additionally, the common benefit of pure shift techniques to reduce 

the likelihood of signal overlap by reduced signal widths may strongly reduce systematic errors 

introduced by partial signal overlap. If signal overlap completely prohibits RDC-extraction in 

experiments without suppression of long-range couplings, pure shift experiments may even reveal key 

information previously inaccessible, in particular if only a small number of RDCs is available at all. 

For applications, where RDCs need to be measured rapidly or where experimental sensitivity is of prime 

importance, furthermore a F2-real-time BIRD CLIP/CLAP-HSQC experiment is presented. This 

experiment was equipped with a complex phase cycling, which reduced systematic errors to the apparent 

coupling constants measured by phase cycling both from scan to scan and from one homonuclear 

decoupling element to the next. The accumulation of systematic errors through the homonuclear 

decoupling technique thereby is actively counteracted, making the experiment sufficiently robust for use 

in RDC-measurements, if large parameter offsets are avoided. The experiment proofed particularly well 

suitable for 1DNH measurement in the amide region of the 55-residue penicillium antifungal protein used 

for testing. For (+)-isopinocampheol, a purely aliphatic small organic test substance, it could be shown, 

that the RDC data that can be obtained is of comparable quality than the data obtained from experiments 

without homonuclear decoupling in this case, while the experiment narrows down the signal widths 

observed significantly, virtually without introducing extra costs in experiment durations. While the 

quality of the RDC data that can be obtained clearly lacks behind the performance of interferogram-

based experiments, the F2-real-time BIRD CLIP/CLAP-HSQC experiment offers a good alternative, 

wherever the extra cost in experiment duration inherent in interferogram-based experiments should be 

avoided. 

Having the full set of F2-homodecoupled CLIP/CLAP-HSQC experiments at hand clearly offers the user 

additional valuable choices for experimental methods for RDC measurement. For challenging questions 

of solution structure investigation the experimental challenges inherent in RDC-measurement are very 

manifold. As a consequence, a single experimental technique will not be able to replace the rich 

information content that can be obtained by combining different experimental techniques. Whenever 

several different techniques are combined, however, the question of differences in experimental 

accuracies and precisions has to be carefully addressed to avoid improper weighting of the results 

obtained with different methods. With the very careful investigation of experimental (in-)accuracies and 

precisions in these projects we provide a solid base for realistic error estimation, which is of key 

importance for RDC solution structure investigations. 

The new experimental methods presented also contain significant methodological advances in terms of 

experiment development. With these investigations, one-bond coupling constant extraction has moved 

to the high resolution broadband proton-proton decoupled proton dimension of F2-coupled experiments. 

This previously could not be achieved. 
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Of particular note should be the development of a new homonuclear decoupling approach. The 

introduction of BIRD decoupling into a modified perfect echo element, offers a very versatile alternative 

to constant-time BIRD decoupling228, 229, 342 if full broadband proton-proton decoupling is required in 

proton dimensions of HSQC spectra. PerfectBIRD decoupling is particularly interesting because of its 

ability to even decouple diastereotopic methylene protons in a broadband experiment, without the need 

for a constant time delay, which always requires a compromise between experimental sensitivity and 

achievable resolution to be made. This is particularly critical for pure shift experiments, in which the 

homonuclear decoupling achieved can only be exploited, if high resolution is achieved in the 

homodecoupled dimension. The utilization of the perfectBIRD homonuclear decoupling in other 

experiments can be perceived. 

For methods development of real-time pure shift techniques, the benefit of phase-cycling during 

acquisition clearly is demonstrated. It can be expected, that the real-time decoupling technique used 

here is not the only technique that suffers from small but notable systematic changes of apparent signal 

positions or coupling constants. Despite the close analogy of the problem arising to the well-known 

problem of Bolch-Siegert-shifts258 in double-resonance experiments258, 357 and in band-selective 

homonuclear decoupling during acquisition248, 249, explicit note of these aspects has only been given by 

a few authors298, 307. It would be highly desirable, if it became common-place to use phase cycling 

strategies, as the one outlined, to reduce such systematic errors in future investigations. 

The results of this chapter clearly illustrate the great potential of pure shift techniques with respect to 

precise measurements of coupling constants and thus of the structural information contained therein. It 

is shown, that in particular interferogram-based experiments are able to provide high quality 

experimental RDCs as valuable parameters for solution-based structure elucidation. While in Project A 

it was concluded that the extraction of NOE-based structural information from pure shift spectra requires 

a compromise in precision of the relative integral measurement to accepted, it is shown here, that pure 

shift approaches can increase the precision with which frequency differences can be measured, and in 

turn also increase the precision with which one-bond coupling constants can be determined. Pure shift 

experiments thus are not exclusively of value in the case of severe signal overlap, but can also facilitate 

and improve the extraction of information in solution-state NMR experiments. 
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8. Project C: Fully homodecoupled high resolution HSQC experiments 

 

8.1. Motivation 
 

In Chapter 7.3, a homonuclear decoupling approach was developed, which enabled full homonuclear 

decoupling of HSQC experiments in the proton dimension (as far as measurements in isotropic solution 

are concerned)213. HSQC experiment derived therein were tailored for heteronuclear one-bond coupling 

constant measurements along the pure shift dimension, an approach which largely benefits from the 

reduced line widths in the proton dimension. Narrower lines improved the precision of the coupling 

constant extraction and further reduced the likelihood for signal overlap to occur. 

Better signal separation clearly also is beneficial for signal assignment purposes, and has been one of the 

major driving forces for increasing instrument B0-field strengths over the past decades. In addition to 

increases in field strength, multidimensional methods 20, 34, 97 have been very successful in reducing signal 

overlap and enabling even highly sophisticated signal assignments. 

When it comes to samples without isotope labelling, the very high resolution that can readily be achieved 

in 1H-13C-HSQC experiments typically is the best that is available in terms of signal dispersion, and for 

most cases studied clearly is sufficient. However, cases exist, in which also these methods come to their 

limits. This is most often the case, if chemical shift differences become small due to the chemical nature 

of the sample studied, e.g. if multiple signal sets exist for slowly interconverting conformers358. 

A variety of pure shift spectra has already been proposed for improving signal separation in HSQC 

experiments with heteronuclear decoupling254, 305-307, 310, 312, 342, 343. These techniques can reduce 

linewidths in the proton dimension of the experiment and thus complement methods which aim to 

improve the resolution in the carbon dimension per unit time, such as spectral aliasing359, non-uniform 

data sampling360, 361 and ASAP-techniques362, 363. In particular BIRD-based pure shift experiments have 

been introduced into HSQC experiments254, 305, 307, 342, 343, because of their ability to produce broadband 

decoupled HSQC experiments, without introducing strong additional signal losses - in favourable cases, 

BIRD decoupling can even increase signal intensity in these experiments305, 307. 

With BIRD-based decoupling, however full broadband decoupling cannot be achieved in the case of 

diastereotopic methylene groups, as was extensively discussed in project B, unless constant-time 

approaches are used229, 231, 342. Furthermore, band-selective techniques are often limited in this case, by 

the small chemical shift difference between the two corresponding signals. 

When presenting the perfectBIRD decoupling approach in section 7.3.1, a strategy was presented in 

Figure 7.6 b) that could possibly enable full homonuclear decoupling even of methylene groups in a 

BIRD-based approach, without resorting to the constant-time modification discussed. The potential use 

of fully homo- and heteronuclear broadband decoupled HSQC experiments in studies of extreme signal 

overlap led us to explore the extension of heteronuclear decoupled HSQC experiment with the F2-

perfectBIRD homonuclear decoupling technique. 

The first section describes how a pulse sequence scheme was designed, which shows high robustness 

towards 13C-transmitter offset and the second section is devoted to the case study of a peptidomimetic 

with only very poor signal resolution, which is a direct consequence of its constitution. 

 

8.2. Implementation of F2-perfectBIRD decoupling in heteronuclear decoupled HSQC 
experiments 

 

As compared to the implementation of F2-perfectBIRD decoupling in CLIP/CLAP-HSQC experiments 

(without homonuclear decoupling), as shown in Figure 1 b) of ref. 213, there are only very minor 

modifications required, to implement F2-perfectBIRD decoupling into HSQC-experiments, according to 
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the homonuclear decoupling scheme in Figure 7.6 b). The first implementation that resulted is shown 

in Figure 8.1 a). The implementation between time points III and VI (excluding G6) was adapted from 

the F2-BIRD HSQC with heteronuclear decoupling343 which had been implemented by KATALIN KÖVÉR. As 

compared to the experiment without heteronuclear decoupling, a single 180°-13C-pulse (first blue 13C-

pulse in Figure 8.1 a)) was added to the delay that previously was d (and now is c + e) and further 

heteronuclear decoupling is enabled during acquisition (labelled “CPD”). The timing is adjusted, such 

that for all t2 heteronuclear one-bond couplings are refocused at time-point IV and that weak 

homonuclear couplings are refocused at time point V. In addition, chemical shift evolution is refocused 

at time point IV for t2 = 0. 

 

 

Figure 8.1: Different versions of the heteronuclear decoupled F2-perfectBIRD HSQC. a) Hard-pulse implementation with timing 

according to Figure 7.6 (pulse program hsqcCLIP_EA_pBIRD_CPD.r1.4.lk; direct adaption of the timing in Fig. 5 of ref. 343). b) 

Timing with replacement of one hard 13C-pulse by a broadband adiabatic pulse (pulse program 

hsqcCLIP_EA_pBIRD_CPD.r2.1.lk). c) Pulse program using only broadband adiabatic pulses for inversion and refocusing on 13C 

(pulse program hsqcCLIP_EA_pBIRD_CPD.r2.2.lk; the pulse programs reset_hsqcetgpsp_pe.t10.be for  = 1/(4*sw1) and 

reset_hsqcetgpsp_pe.t11.be for  = 0 use the same general scheme). All pulse sequences use Echo-Antiecho phase encoding in 

F1, with inversion of G2 every alternate scan. Rectangular symbols are for hard pulses, shaped symbols are for adiabatic 

inversion/refousing pulses if on the 13C channel or for shaped gradients.  equals the length of a gradient pulse plus a recovery 

delay. d1 = 0.5*d3 ≈ (1JCH), e = , c = , b = e + 2, a = e + 2 – length of INEPT. p14 is the length of an adiabatic pulse used 

for inversion. The phase cycling used was: 1 = y, 2 = x, -x, 3 = x, x, x, x, -x, -x, -x, -x, 4 = y, y, -y, -y, 5 = -y, and the receiver phase 

used is rec = x, -x, x, -x, -x, x, -x, x. 
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Initial tests on Cyclosporine A (7, structure shown in Figure 8.2), which were performed at a 9.4 T system 

(400 MHz 1H frequency) provided clean spectra with full homonuclear- and heteronuclear decoupling 

along both dimensions (see Figure 8.3). Notable resolution improvements were achieved, albeit at 

comparably low signal-to-noise and with increased demands in experiment duration, which have two-

fold origin: The homonuclear decoupling reduces linewidths and thus narrows signals broadened by 

signal multiplicity. Furthermore, the pseudo-3D acquisition scheme used loosens restrictions in F2-

resolution, normally inherent in HSQC experiments with heteronuclear decoupling. Normally in such 

experiments, the duration during which heteronuclear decoupling can be switched on is limited to 

roughly 100 to 150 ms by sample and instrument heating during decoupling236. While for small 

molecules, proton signals normally are detectable for roughly 1 s, the limited time that the heteronuclear 

decoupling can be used strongly limits the resolution usually available in HSQC experiments. However, 

the pseudo-3D acquisition method used here for generating pure shift data only samples small pieces of 

FID (typically 5 to 30 ms) in separate scans, avoiding long uninterrupted periods of acquisition with 

heteronuclear decoupling, and thus enables sampling of the F2-time-domain signal for a time period that 

can be adjusted according to the experiment duration available. In the case shown here, the time-domain 

signal was acquired for 409.6 ms, which in itself results in a notable resolution enhancement for HSQC 

experiments. 

To illustrate that both the increase in F2-acquisition duration and the homonuclear decoupling bring 

significant improvements to the signal separation, we also applied the trick of sampling long FIDs in 

pseudo-3D acquisition mode to an HSQC experiment without homonuclear decoupling (the pulse 

sequence of which is shown in Figure 8.4). While there is a marked increase in resolution available with 

this experiment (see purple traces in Figure 8.3), for many signals the overall signal width is very similar 

to that obtained in the HSQC with only 102.4 ms of acquisition, due to the presence of signal multiplet 

structure. The homonuclear decoupling therefore is essential to make full use of the increased resolution 

of the experiment. 

In cases where resolution shall be improved, but where signal multiplicity is not distracting, the pseudo-

3D experiment has clear advantages, as the data chunks acquired can be acquired for the full length of 

broadband homonuclear decoupling possible (100 to 150 ms, as stated above), so a smaller number of 

repetitions is required to sample long FIDs. Please also note the pronounced loss in signal-to-noise ratio, 

that results from the less crude apodization used for this experiment. Further note, that on some 

experimental setups (e.g. probes with liquid-nitrogen-cooled coils), the limit on maximum acquisition 

durations with heteronuclear decoupling is less stringent than on the setups that were available here, if 

sample heating can be tolerated. 
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Figure 8.2: Cyclosporine A (7) structure with numbering of the amino acids. The numbering and the signal assignment used 

below was adapted from ref. 364. 

 

Figure 8.3: Cyclosporine A spectra acquired at 400 MHz 1H frequency, with different HSQC variants. Black: gradient-selected 1H-
13C-HSQC without homonuclear decoupling with 102.4 ms acquisition (56 min experiment duration). Purple: gradient-selected 
1H-13C-HSQC without homonuclear decoupling with 409.6 ms acquisition (4 h 6 min experiment duration), enhanced by the 

pseudo-3D acquisition scheme illustrated in Figure 8.4. Red: F2-perfectBIRD-HSQC with heteronuclear decoupling with 409.6 ms 

acquisition (18 h 21 min experiment duration), acquired with the pulse sequence scheme shown in Figure 8.1 a). Experimental 

parameters are provided in paragraph 14.1.5. 
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Figure 8.4: gradient-selected HSQC with pseudo-3D acquisition scheme for sampling in the proton dimension for durations that 

exceed the maximum duration tolerated with broadband heteronuclear decoupling (pulse sequence scheme: 

hsqcetgpsp.2_3D_r1.4.lk). A 2D dataset can be constructed from the pseudo-3D dataset obtained with the pshift-AU also used 

to rearrange interferogram-based pure shift data. 

 

Limitations of the pulse sequence scheme shown in Figure 8.1 a) got apparent, when performing 

experiments at a 11.4 T system (600 MHz 1H frequency), instead of at the 9.4 T system (400 MHz 1H 

frequency). For all signals observed in the F2-perfectBIRD HSQC with heteronuclear decoupling signal 

multiplicity was collapsed by the homonuclear decoupling, however unwelcome sidebands got apparent 

at the base of the very intense methyl signals in spectra of Cyclosporine A (7) (see traces shown in red 

in Figure 8.5). These sidebands clearly could not be caused by residual homonuclear couplings, as they 

even appeared for signals, such as the N-bound methyl groups, that appear as singlets in spectra without 

homonuclear decoupling. Furthermore, a pronounced reduction of signal intensity could be observed at 

large 13C-transmitter offsets (the 13C-transmitter was placed at 75 ppm for the spectra shown in Figure 

8.5, resulting in a 13C offset of 9.8 kHz for the -methyl-carbon of residue 2 – (2-aminobutyric acid)). 

These observations clearly pointed at an insufficient 13C-offset robustness of the implementation shown 

in Figure 8.1 a). Increases in the GARP decoupling level lead to virtually identical results (data not 

shown), so a first guess was, that the two hard 13C inversion pulses were likely to be the limiting factor 

in this case. Unfortunately, dropping these two pulses introduces a net 1JCH-evolution during 2e, which 

may lead to strong signal losses for unfortunate choices of e. 

Subsequent replacement of the hard 13C-inversion pulses by adiabatic inversion pulses indeed solved the 

problem, but required a rearrangement of the pulse sequence timing between time points III and IV. 

First, I did not alter the hard 13C-pulse being part of the BIRDd element, but only replaced the first hard 

180°-inversion pulse by an adiabatic broadband inversion (Figure 8.1 b)), because no timing using 

adiabatic inversion pulses was found that would fully refocus 1JCH-evolution at time point IV. The pulse 

sequence in Figure 8.1 b) also only approximately achieves this. To keep e short, the gradient marked 

in blue was moved in front of the adiabatic pulse. At a later stage, it was found that by moving both 

pulses in front to the BIRD element provides a pulse sequence where both 13C-pulses shown in blue can 

be replaced by adiabatic broadband inversion pulses. Fully consistent timing is achieved, if both inversion 

pulses are spaced by e, measured from the middle of each pulse, and if the direction of the frequency 

sweep is the same for both pulses. A similar sweep-direction and speed is critical here, to avoid 13C-offset 

dependencies in the timing. The corresponding pulse sequence is shown in Figure 8.1 c). The effect the 

sequential replacement of hard pulses by adiabatic pulses has on the line shape observed is illustrated 

in Figure 8.6 for two representative methyl signals. With the pulse sequence shown in Figure 8.1 c) the 

peaks shown have the desired shape, while sidebands and a broadening at the base is observed with the 

previous versions of the pulse program. 
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Figure 8.5: Cyclosporine A spectra acquired at 600 MHz 1H frequency, with different HSQC variants. Black: gradient-selected 1H-
13C-HSQC without homonuclear decoupling with 100 ms acquisition (30 min experiment duration). Purple: gradient-selected 1H-
13C-HSQC without homonuclear decoupling with 352 ms acquisition (2 h 9 min experiment duration), enhanced by the pseudo-

3D acquisition scheme illustrated in Figure 8.4. Red: F2-perfectBIRD-HSQC with heteronuclear decoupling with 400 ms acquisition 

(13 h 14 min experiment duration, only the first 352 ms of t2-data used for processing), acquired with the pulse sequence scheme 

shown in Figure 8.1 a). Experimental parameters are provided in paragraph 14.1.6. 

 

 

Figure 8.6: Comparison of the signal shape of two representative methyl groups, obtained with the different implementations 

of the F2-perfectBIRD HSQC. Traces shown in purple are extracted from the homonuclear decoupled spectrum shown in Figure 

8.5, acquired with the pulse sequence shown in Figure 8.1 a). Traces shown in blue are extracted from the homonuclear 

decoupled spectrum shown in Figure 8.9, acquired with the pulse sequence shown in Figure 8.1 c). Traces shown in red and in 

green are extracted from experiments with the pulse sequence shown in Figure 8.1 b). For these traces, experimental parameters 

are given in section 14.1.7. As indicated in the figure legend, different settings were used for heteronuclear broadband 

decoupling for the traces shown (GARP decoupling or adiabatic bi-level decoupling; for details see 14.1.6 and 14.1.7). Note that 

all traces have been scaled to the same height for easier comparison. 
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Throughout the development of these alternations to the pulse sequences, a series of measurements was 

performed on a chloroform sample, we chose for testing the experiment performance for a well isolated 
1H-13C pair. The results are shown here, as they give interesting insights into the limiting factors for 

broadband applications of this experiment. 

First, tolerance of the experiment towards misset of the BIRD/INEPT delays was tested for the pulse 

sequence shown in Figure 8.1 b). When offsetting this delay from its optimal value (for the sample used, 
1JCH = 209.1 Hz), only a reduction in signal intensity was observed, yet no distortion of the signal shape 

and no appearance of artefacts was noted (see plots on the right of Figure 8.7). This illustrates that the 

experiment is reasonable tolerant towards BIRD/INEPT misset for most applications. In the 

implementation used, the signal intensity is decreased to roughly 60%, for a mismatch of - 50 Hz. If the 

avoidance of signal loss over a large range of coupling constants is critical, alternations using 

approximate compensations for these effects365-369 might be introduced into the experiment. 

In addition to the effect of J-mismatch, the effect of 13C-offset was tested on this system. At increasing 

offsets up to 10 kHz, a broadening of the signal at the base which evolves to sidebands becomes apparent, 

as previously observed for Cyclosporine A. Above 10 kHz a sudden collapse of the signal is observed 

together with intense sidebands that are appearing. This behaviour is expected, as the GARP decoupling 

scheme used here is tightly matched to the typical spectral window on 13C on this instrument to minimize 

sample and instrument heating (10 kHz correspond to 66 ppm on 13C at 11.4 T). 

The 10 kHz bandwidth clearly is too little for high field applications of the experiment, which in-fact is 

the most interesting scenario of application. Thus, further tests were performed to improve experimental 

robustness towards 13C-transmitter offset. For the implementation shown in Figure 8.1 c) it could be 

shown, that the 13C-offset tolerance can be largely increased (to above 22 kHz), if a broadband adiabatic 

decoupling scheme is used, instead of composite pulse decoupling (see left part of Figure 8.8). With 

alike high robustness towards 13C-transmitter offset, the experiment is well-suitable even for applications 

at the highest fields, now available (e.g.: 22 kHz correspond to a 88 ppm spectral width on 13C at 23.5 T 

(1 GHz 1H resonance frequency)). I did not evaluate, if adiabatic sweeps over larger frequency ranges 

would increase 13C-transmitter offset tolerance even further, even though for the homonuclear 

decoupled experiment, an increase in decoupling power mostly is not an issue, because only relatively 

short periods (< 30 ms) of heteronuclear decoupling are used. 

A subtle difference, that may be noted for the F2-perfectBIRD HSQC is, that in the tolerated 13C-offset 

range, the decoupling sidebands, that are inherent to the heteronuclear decoupling scheme used do not 

appear at the positions they normally do (centred around the signal at entire multiples of the inverse 

pulse length used for heteronuclear decoupling; in this case (1.5 ms)-1 = 333 Hz), but at positions close 

to the original sideband position, which are separated from the central signal by entire multiples of the 

chunk length used (see right part of Figure 8.8). 
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Figure 8.7: Tests of the pulse sequence shown in Figure 8.1 b) with a CHCl3-sample at a 11.4 T instrument (600 MHz on protons). 

GARP-decoupling with the power level adjusted for a 60 µs 90°-13C-pulse was used. Left: Dependence of the signal appearance 

on the 13C-transmitter offset. The offset frequency was incremented in steps of 1 kHz, as indicated at the edges of the spectra. 

Right: Signal behaviour upon change of the BIRD/INEPT delays. Settings for CNST2 which is used to define the INEPT delays 

(d1 = 1/(4*CNST2)) and BIRD delays (d1 = 1/(2*CNST2)) are indicated with the spectra. Experimental setting are provided in 

section 14.1.8. 

 

 

Figure 8.8: Test of 13C offset tolerance of the experiment shown in Figure 8.1 c) with a CHCl3-sample at a 9.4 T instrument 

(400 MHz on protons). Adiabatic decoupling using sweeps over 60 kHz and a 1.5 ms repetition rate was used. Left: variation of 

the 13C-transmitter frequency. Offsets from the on-resonance condition are given with the traces. Right: comparison between a 

F2-perfectBIRD HSQC and an HSQC without homonuclear decoupling, both acquired with a 13C-transmitter offset of +20 kHz. 

The red scale indicates positions separated by entire multiples of 50 Hz (= 1/(20 ms) = 1/(sw2)) from the signal centre and the 

green scale indicates positions separated by entire multiples of 333.33 Hz (= 1/(1.5 ms)) from the signal centre. Full experimental 

parameters are given in paragraph 14.1.9. 
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With the optimization of the pulse sequence timing and the adjustment of the experimental settings, in 

particular of the heteronuclear decoupling method, it is now possible to record fully homo- and 

heteronuclear decoupled F2-perfectBIRD HSQC spectra with high quality, as exemplified in Figure 8.9. 

A clean singlet appearance is observed for all signals of cyclosporine A. In combination with the increased 

resolution that can be achieved with the chunked data acquisition scheme used, this leads to notable 

reductions to the signal widths over the entire chemical shift range. As opposed to pure shift HSQC 

experiments with BIRD-based homonuclear decoupling254, 305, 307, 342, 343, the technique also yields clean 

in-phase and fully decoupled signals for methylene positions, which might be particularly interesting 

when studying small molecule solutes. We therefore wanted to demonstrate the potential use of the 

technique developed, as described in the following paragraph. 

 

 

Figure 8.9: Cyclosporine A spectra acquired at 600 MHz 1H frequency, with different HSQC variants. Black: gradient-selected 1H-
13C-HSQC without homonuclear decoupling with 100 ms acquisition (30 min experiment duration). Purple: gradient-selected 1H-
13C-HSQC without homonuclear decoupling with 352 ms acquisition (2 h 9 min experiment duration), enhanced by the pseudo-

3D acquisition scheme illustrated in Figure 8.4. Red: F2-perfectBIRD-HSQC with heteronuclear decoupling with 352 ms acquisition 

(13 h 14 min experiment duration), acquired with the pulse sequence scheme shown in Figure 8.1 a). Experimental parameters 

are provided in paragraph 14.1.10. 
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8.3. Resolving small chemical shift differences with F2-perfectBIRD HSQC experiments – The 
case study of an oligourea with repeating building blocks 

 

As demonstrated for cyclosporine A, F2-perfectBIRD HSQC experiments can provide a notable narrowing 

of F2-signal widths, as compared HSQC experiments without homonuclear decoupling. The high 

resolving power of 2D 1H-13C-correlations, such as HSQC experiments, is mainly caused by the fact, that 

peaks have to have similar chemical shifts in both spectral dimensions to actually overlap. As the 13C-

dimension features a large chemical shift dispersion, in most cases this is unlikely. The likelihood that 

chemical shifts are similar in both spectral dimensions however significantly increases, if systems are 

studied that feature different molecules or molecular subunits with very alike chemical structure. The 

case of slow conformational interconversion was already mentioned as an example358. Other scenarios 

where chemical shifts are likely to be very similar are studies of mixtures of configurational isomers370-

372 or studies of oligomers with identical building units293, 373. 

YULIA MOSKALENKO found herself facing such a challenge when studying the self-aggregating properties 

of different oligourea, that had been synthesized by KAROLINA PULKA-ZIACH374. For N,N’-linked oligourea 

with linkage at the -position it had been shown previously that very stable secondary helical structures 

are formed in solution375, 376. For L-amino acid derived oligomers of this class, intramolecular hydrogen 

bonding stabilizes (P)2.5 helices in different organic media that structurally resembles the (P)2.614-helix 

formed by -peptides, even for short oligomers (e.g. heptamers). 

Amongst the substances studied was the N-capped hexameric structure 8 shown in Figure 8.10, which 

features strong clustering of NMR signals in combination with comparably broad and featureless signals 

in the back-bone region. The proton spectrum shown provides a rough overview of the proton spectrum. 

The large chemical shift difference observed between the pro-(R) and the pro-(S) protons at the -

positions (> 1 ppm) is considered as evidence for the existence of the helical structure motive377. In 

particular, in the region containing the pro-(R)--protons and the -protons, severe signal overlap is 

present, that persists even in HSQC experiments. 

 

 

Figure 8.10: Left: Structure of the oligourea 8 studied. Repeated residues are numbered starting with the residue attached to 

the benzyl-cap. Right: 1H-spectrum of oligourea 8 (1.9 mM) in pyridine-d5, acquired at 320 K. Chemical shift regions are indicated 

for the different sites in the repetitive building blocks. 

It was the task of TIMO IMHOF in his Bachelor thesis378 under my supervision to test, if the F2-perfectBIRD 

HSQC experiment developed simplifies the site-specific signal assignment for this challenging case and 

to identify possible benefits of the decoupling. 

The HSQC of oligourea 8 is largely empty, apart from three regions within which signals cluster together 

(see Figure 8.11). As in the case of cyclosporine A, the F2-perfectBIRD HSQC is able to provide significant 

signal narrowing in the proton dimension as compared to an HSQC without homonuclear decoupling. 

The backbone signals highlighted in Figure 8.11 appear mostly separated, facilitating spectral analysis. 
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Figure 8.11: Comparison of 1H-13C-HSQC spectra collected for oligourea 8 (1.9 mM) in pyridine-d5, acquired at 320 K. Data 

without homonuclear decoupling is shown in black (28 min), data with F2-perfectBIRD homonuclear decoupling is shown in red 

(17 h 8 min). Signal assignments provided for the backbone region are adopted from the Bachelor thesis of TIMO IMHOF378. 

Experimental parameters are given in section 14.1.11. No FID-averaging was used. 

 

As for this substance proton signal assignment along the backbone can conveniently be performed with 

a combination of ROESY, TOCSY and DQF-COSY experiments, the HSQC experiments mainly were used 

to derive 13C-assignments from the proton assignment. All backbone and -positions were assigned by 

TIMO IMHOF. 

The assignment of the -proton pairs was pivotal for assigning ortho and meta positions of the aromatic 

sidechains, which I was able to add later (see signal assignment in section Table 14.1). Assignment of 

the aromatic signals was performed with an additional HMBC experiment that was recorded after 

termination of the Bachelor thesis (experimental parameters in section 14.1.12) and the combination of 

HSQCs with high resolution in different dimensions. An HSQC with a large number of t1-increments 

provided high resolution in F1 and the F2-perfectBIRD HSQC was used for correlating peaks in the proton 

dimension. As an alternative, the ability of spectral folding to achieve a combined high resolution in both 

dimensions was investigated for the F2-perfectBIRD HSQC. 

Signal assignment of most aromatic signals could be achieved with this approach, with the single 

exception being signals for residue 5 and 6, for which two sets of signals could be identified, but 

correlation to the backbone was not achieved due to the very small chemical shift difference (< 6Hz) of 

both ortho () and meta () protons. In such cases, combinations of the F2-perfectBIRD HSQC with high 

proton-resolution HMBC207 or HSQMBC287, 310, 311 techniques may be required to take full advantage of 
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the homonuclear decoupled technique presented here. If the sample concentration is sufficient, 

INADEQUATE techniques44 could be considered as an alternative. 

 

One particular advantage we hoped to achieve, when using the F2-perfectBIRD HSQC experiment for 

studies of oligourea 8 is full decoupling of all methylene protons contained. However, in Figure 8.11 it 

can clearly be seen, that clean decoupling is not achieved for the signals of the strongly coupled pair of 

protons 1 of the benzyl cap (contained in the insert showing the H and ,proSH backbone signals; 

 = 59 Hz, 2JHH = 15.4 Hz). Very intense homonuclear decoupling artefacts are observed at positions 

that are empty in the experiment without homonuclear decoupling. Upon inspection of the -H region it 

was found, that at least for two of the -H-pairs intense artefacts are observed in the middle of the 

coupling signal pairs, just as it is the case of protons 1 of the benzyl cap. Apparently the perfectBIRD 

decoupling is producing artefacts for strongly coupled methylene proton pairs. 

While we did not manage to reduce the artefact intensity by changes of the experiment settings, it turned 

out, that different settings for data processing can be used to reduce the relative artefact intensity of the 

very intense central artefact. As illustrated in Figure 4.16, for data rearrangement there are two general 

methods described that can be used: Either data is sampled with the maximum possible increment 

(typically ∆𝑚𝑎𝑥=25 ms; see Figure 4.16 left) in the homonuclear decoupling dimension that still enables 

suppression of homonuclear couplings, to achieve sampling of a long time domain signal in as little 

experiment time as possible. Alternatively, data can be sampled with smaller increments in the 

homonuclear decoupling dimension than the usable data acquisition duration. Still using the full 

allowable data acquisition period for processing in this case leads to an “overlap” of different acquisition 

time points of several scans in the constructed time domain signal, enabling an averaging of the time 

domain signal of different scans (see Figure 4.16 right). This so-called RESET-processing approach was 

initially designed to increase the signal-to-noise ratio in pure shift data of mass-limited samples254. 

As illustrated in Figure 8.12 for protons 1 of the benzyl-cap and in Figure 8.13 for the H region, in 

particular for the central artefact, a decreased intensity relative to the sharp peaks near the actual 

chemical shifts of the signals is observed, when using different settings for FID averaging. The signal 

assignment for the H region can be found in Figure 8.14, in which spectra are shown with increased F1-

resolution using by spectral folding. 

As can be seen, the suppression of the artefact peaks is not perfect, but clearly improves the situation. 

Processing of the same data with different settings for signal averaging can be used to identify the most 

intense artefacts arising from strong coupling, because their relative intensity significantly decreases 

when the signal averaging procedure is used. This behaviour was observed both for position 1 of the 

benzyl cap, as well as for the -positions. To conclude if this behaviour is general for the experiment 

used, a study of a broader range of test substances or alternatively a closed description of the mode of 

action of the averaging procedure on the artefacts observed may be required. While clearly the 

experimental method used here is limited in the case of strong coupling, we have found a method to at 

least reduce strong coupling artefacts arising in homonuclear decoupled HSQC experiments. It should 

be noted at this point, that for none of the pure shift HSQC methods described213, 254, 305-307, 310, 312, 342, 343, 

379, a complete robustness towards strong coupling, in particular in the case of strong coupling between 

diastereotopic methylene protons, has been described to date. 

A question we could only touch on for the single case of the position 1 in the benzyl-cap is, if the apparent 
1H-chemical shift that can be read from the F2-perfectBIRD HSQC still reflects the actual chemical shift, 

even in the case of strongly coupled signals. For strongly coupled signals, the chemical shift cannot be 

directly read from the signal centres any more, and knowledge of the homonuclear coupling constants 

is required to extract unbiased chemical shifts. The analysis of signal multiplet structure in the case of 

well-resolved signals can actually provide unbiased chemical shifts either through closed analytical 

formula, or by spin-system simulations90. These approaches however rely on the resolution of 
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homonuclear signal multiplicities, which in most cases is not achieved in HSQC experiments. It would 

therefore be very interesting to have a pure shift HSQC experiment, in which chemical shifts can directly 

be extracted from the apparent signal positions, even for strongly coupled systems 

The only position in oligourea 8, where signal resolution in the 1H-spectrum is sufficient to extract 

unbiased chemical shifts for strongly coupled methylene protons are protons 1 from the benzyl cap. For 

these signals, we performed a numerical simulation to extract unbiased chemical shifts (see Figure 8.12 

c) and section 14.1.13 for simulation details). For this system, it was observed that the chemical shifts 

determined by simulation are well represented by the two sharp peaks in the F2-perfectBIRD HSQC and 

that the agreement of the signal positions with the reference values is best for the choice of FID-averaging 

producing minimal artefacts. Also for this aspect, a more detailed study is required to evaluate, if this is 

a general feature of the combination of experiment and processing chosen. For future work we plan to 

answer questions concerning the behaviour of the experiment for the case of strong coupling by spin-

system simulations. 

 

 

Figure 8.12: Effect of FID-averaging during data rearrangement on the signal appearance for the methylene protons 1 of the 

benzyl cap. A) Spectra obtained from the same raw data as used in Figure 8.11 with different settings for averaging during FID 

concatenation. B) F2-traces extracted from the spectra shown in A). C) Extraction of chemical shifts for the two signals. In black 

a single-scan proton spectrum is shown. The apparent baseline bent is caused by onset of the residual water signal found at 

4.606 ppm. A simulated 1H spectrum for an isolated three-proton system is shown in blue. The input parameters for the 

simulation were adjusted to minimize deviations between the signal positions as indicated by grey guidelines. The chemical 

shifts used as input parameters are shown as orange dashed lines in A) and in C). Experimental details of the chemical shift 

extraction procedure are given in section 14.1.13. 
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Figure 8.13: Effect of FID-averaging during data rearrangement on the signal appearance in the H region. A) The same spectra 

are shown as in Figure 8.12 for a different spectral region. B) F2-traces extracted at the 13C chemical shifts of the -position in 

residue 2. The position of the traces is indicated in A) by arrows. 

 

 

Figure 8.14: The section containing the -signals from spectra acquired with spectral folding. Experimental settings equal those 

of data shown in Figure 8.11 (details given in section 14.1.11), with the only exception being that the spectral width in the 13C-

dimension was reduced to 40 ppm.  

 

8.4. Discussion and Conclusion on Project C 
 

In this chapter it could be demonstrated, that the perfectBIRD homonuclear decoupling technique which 

was derived in chapter 7.3 for homonuclear decoupling of F2-heterocoupled HSQC spectra in the proton 

dimension can be adapted for the acquisition of fully broadband homo- and heteronuclear decoupled 

HSQC experiments. In comparison with other pure shift HSQC methods, the experiments derived may 

be particularly useful because they enable full decoupling even for diastereotopic methylene protons, 

without the requirement to resort to constant time acquisition schemes. 

It was possible to derive a pulse sequence scheme, which is readily applicable to broadband applications 

even at highest fields available to date. The very robust nature of the experiment enables its application 

even in very challenging cases such as the exemplary study of oligourea 8. The value of the experiment 

to studies of very challenging solutes is nicely represented by the fact that the experiment was included 
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into the TopSpinTM standard pulse sequence library with the release of version 3.5 (pulse sequence 

reset_hsqcetgppesp), with the implementation shown in Figure 8.1 c). 

The interferogram-based approach of the experiment enables spectra with very clean broadband 

homonuclear decoupling to be acquired, albeit at the cost of an increased experiment duration. A nice 

feature of the experiment is, that the resolution in the experiment can be freely scaled in the pure shift 

proton dimension, enabling the acquisition of HSQC experiments with two fully broadband decoupled 

high resolution dimensions, if required. In the course of this project, the possibilities of recording these 

spectra in the most time-efficient manner, in particular in combination with NUS approaches, could not 

fully be explored. This field may be interesting in future investigations. 

The study of oligourea 8 illustrates, that even cases with very high chemical shift degeneracy can be 

studied with the method presented. Pronounced signal narrowing in the proton dimension can be 

observed in all parts of the spectrum shown in Figure 8.11, which clearly facilitates signal assignments. 

What got apparent throughout the study, however is, that for making full use of the higher F2-resolution 

offered by F2-perfectBIRD HSQC experiments, a combination with heteronuclear long-range correlation 

experiments with homonuclear decoupling in the proton dimension (HMBC207 or HSQMBC287, 310, 311) is 

required. It remains to be evaluated which long-range correlation experiment is most suitable to be 

combined with the F2-perfectBIRD HSQC for a signal assignment strategy with high resolution pure shift 

acquisition in the proton dimension. 

A very unique feature of the experiment may be its ability to achieve (partial) decoupling even for 

diastereotopic methylene protons in the strong coupling regime. For diastereotopic methylene protons 

it is quite common that chemical shift differences in the proton dimension are small, while in the 13C-

dimension the chemical shift is always identical. If it was possible to find a fortunate combination of 

experimental settings and spectral processing that would reliably enable the direct extraction of chemical 

shifts without the requirement for signal fitting this may prove useful for many signal assignment 

purposes. Further efforts, however, are necessary to test if this goal could realistically be achieved: It 

needs to be established if the processing approach used really is applicable to a broad range of situations 

and if the apparent chemical shifts are a good representation of the unperturbed chemical shifts (within 

a minimum applicable error range). These aspects remain to be further investigated, together with the 

question, if alternations to the pulse sequence or to the processing approach could be used to further 

suppress artefacts from strong coupling. 

 

The results outlined clearly illustrate, that pure shift techniques can offer useful strategies if complex 

chemical structures are studied. The discussions in this chapter were centred around applications at 

high-field instruments. Applications, however, can not only be perceived in high field studies. 

In many laboratories instruments with very high static fields are not available for two reasons: First, 

because of the high acquisition and maintenance costs of high field instruments, but also because most 

tasks can as well be solved using experiments with lower static field and high field instruments are simply 

not required for every-day work. 

It may be interesting in such cases to have a suite of pure shift experiments at hand that, for challenging 

cases, improve signal resolution if required without the need for higher field instruments. Increased 

demands in experiment duration may be less critical, if these cases only appear from time to time, while 

a good robustness of the pure shift approach certainly is critical if challenging signal assignments are to 

be tackled. The F2-perfectBIRD HSQC discussed in this chapter, therefore is also potentially useful for 

intermediate-field applications. 

As has been discussed however, such applications would require that a full suite of these pure shift 

experiments is available. If only some of the experiments routinely used for signal assignment are 

available as pure shift experiments, while others cannot be recorded as homodecoupled counterparts, it 

is possible that the full potential of homonuclear decoupling cannot be exploited. In the next chapter, 
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the development of a new experimental technique is described, which has the potential to close one of 

the gaps currently existing. 
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9. Project D: A Rapid Experimental Approach to Full In-Phase COSY-like Spectra 

 

The contents of this chapter have been published in 

M. R. M. Koos, G. Kummerlöwe, L. Kaltschnee, C. M. Thiele, B. Luy,  

Angew. Chem. 2016, 128, 7785-7789, DOI: 10.1002/ange.201510938; 

Angew. Chem. Int. Ed. 2016, 55, 7655-7659, DOI: 10.1002/anie.201510938; 

 

The previous chapter was devoted to the development of pure shift techniques, which can be used to 

improve signal separation in HSQC spectra, thus enabling a facilitated assignment of signals which 

normally are overlapping. The facilitated signal assignment that pure shift techniques can offer has 

evoked a large interest for the development of techniques facilitating signal assignment even in cases of 

drastic signal overlap. In many multidimensional experiments designed for signal assignment, such as 

TOCSY266, 294, NOESY297, 298, HSQC254, 305, HMBC207 and J-resolved experiments276, 380, pure shift 

techniques have therefore been implemented to decouple the high resolution direct dimension. 

Despite their wide use for signal assignment, for COSY techniques, the constant-time approach applied 

along the low-resolution indirect dimension, has long been the only practical route to experimentally 

introduce pure shift dimensions, though36, 297. Note that there is one single very recent exception to this 

which uses the high sensitivity band-selective pure shift approach372. As a homonuclear correlation 

spectrum just like 1H-1H-TOCSY and 1H-1H-NOESY, however 1H-1H-COSY would largely benefit from 

pure shift approaches, because both spectral dimensions feature signal overlap at the same positions. 

Obviously there must be a fundamental problem opposing straightforward application of pure shift 

techniques, such as Zangger-Sterk decoupling252, 257, in the direct dimension of the commonplace COSY 

experiments, such as DQF-COSY381. 

The reason, why broadband homonuclear decoupling techniques have not been used in the direct 

dimension of COSY experiments can be attributed to the fact that typically so-called anti-phase signals 

are observed. Most COSY techniques require homonuclear couplings to evolve during acquisition for 

signals to be observable. In these experiments anti-phase FIDs start off at zero intensity and grow to 

observable signal through the action of homonuclear couplings. Obviously, homonuclear decoupling 

would prevent signals to become observable at all. 

In NOESY experiments we used this feature of pure shift techniques to suppress COSY-type cross-peaks, 

called zero quantum artefacts in that context. In the context of NOESY-type applications, this filtration 

between homonuclear in- and anti-phase signals can thus be quite useful, however it forces us to look 

for COSY-like techniques, which produce in-phase signals. 

Studies of the perfect echo element, discussed in chapter 7.3 quite naturally lead to a COSY-like 

technique which, just like NOESY and TOCSY, produce in-phase signals, a goal long sought. The CLIP-

COSY technique derived in this chapter not only is amenable to homonuclear decoupling in the direct 

dimension, it further features many other advantages: 

It allows rapid and robust, single-scan acquisition of COSY-like spectra. In contrast to the techniques 

normally used for rapid acquisition of COSY spectra, however, it is able to produce absorptive in-phase 

signals, and thus offers a resolution advantage over techniques normally used in routine analytics. It 

therefore has the potential to replace the techniques used nowadays for routine analytics and further is 

highly interesting for metabolomics8 applications. 

Before discussing the features of this technique, a very simplistic analysis of the underlying pulse 

sequence is presented, to illustrate the working principle of the experiment. 

  

http://dx.doi.org/10.1002/ange.201510938
http://dx.doi.org/10.1002/anie.201510938
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9.1. Working principle of the CLIP-COSY 
 

The ability of the perfect echo195 to introduce a mixing of coherences of two spins was already mentioned 

in section 7.3.1 (equations (7.1) to (7.7)). By the action of the pulse sequence of Figure 9.1 a) (with 

i = k = 0), the initial state 

𝑀1𝐼1,𝑧 +𝑀2𝐼2,𝑧
90°𝑥
→  −𝑀1𝐼1,𝑦 −𝑀2𝐼2,𝑦 (7.1) 

of the weakly coupled homonuclear two spin system studied transformed to  

(7.1) 
I through V
→        

−𝐼1,𝑦
1

2
(𝑀1[1 + cos(𝜋𝐽124𝜏)] + 𝑀2[1 − cos(𝜋𝐽124𝜏)]) 

−𝐼2,𝑦
1

2
(𝑀1[1 − cos(𝜋𝐽124𝜏)] + 𝑀2[1 + cos(𝜋𝐽124𝜏)]) 

+2𝐼1,𝑥𝐼2,𝑧
1

2
(𝑀1 sin(𝜋𝐽124𝜏) − 𝑀2 sin(𝜋𝐽124𝜏)) 

+2𝐼1,𝑧𝐼2,𝑥
1

2
(−𝑀1 sin(𝜋𝐽124𝜏) + 𝑀2 sin(𝜋𝐽124𝜏)). 

(7.7) 

under the action of the pulse element enclosed between time points I and V. 

When using the perfect echo for homonuclear decoupling in HSQC experiments, it actually is not 

apparent from the spectra that magnetization was exchanged between pairs of protons by the perfect 

echo element. This is because, the application is limited to diastereotopic methylene protons, where the 

initial magnetizations M1 and M2 on the two coupling partners I1 and I2 are approximately equal and 

where t1-frequency labelling affects M1 and M2 equally (M1 ≈ M2). 

Herein, in contrast, we use the perfect echo to transfer magnetization between the two in-phase 

coherence terms I1,y and I2,y after different frequency labelling of M1 and M2. 

A simple t1-labelling element, which is able to create the initial state required (M1 ≠ M2), is shown in 

Figure 9.1 b) prior to time point I. 

 

 

Figure 9.1: a) Pulse sequence of a single perfect echo element as presented by Takegoshi et al.195. b) Initial implementation of 

the CLIP-COSY experiment, used to generate the results shown in Figure 9.2. Narrow and wide filled bars are 90°- and 180°-

pulses applied along x, unless otherwise stated. Open shapes with arrows indicate frequency swept adiabatic pulses. Pulse 

phases are 1 = x, -x incremented by /2 for each t1-increment, 2 = -x, 3 = y, y, -y, -y, 4 = (x)4, (-x)4, 5 = (-x)4, (x)4 and the 

receiver phase used is rec = x, -x. 
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Suppose that for the weakly coupled homonuclear two spin system that is considered here for simplicity, 

the initial longitudinal magnetization for both nuclear sites is equal to M0. In this case, excitation and t1-

evolution lead to 

𝑀0𝐼1,𝑧 +𝑀0𝐼2,𝑧
90°𝑥
→  −𝑀0𝐼1,𝑦 −𝑀0𝐼2,𝑦 (9.1) 

 
Ω1𝑡1
→  

Ω2𝑡1
→  

𝜋𝐽12𝑡1
→     

−𝑀0𝐼1,𝑦 cos(Ω1𝑡1) cos(𝜋𝐽12𝑡1) + 𝑀0𝐼1,𝑥 sin(Ω1𝑡1) cos(𝜋𝐽12𝑡1) 

+𝑀02𝐼1,𝑥𝐼2,𝑧 cos(Ω1𝑡1) sin(𝜋𝐽12𝑡1) + 𝑀02𝐼1,𝑦𝐼2,𝑧 sin(Ω1𝑡1) sin(𝜋𝐽12𝑡1) 

−𝑀0𝐼2,𝑦 cos(Ω2𝑡1) cos(𝜋𝐽12𝑡1) + 𝑀0𝐼2,𝑥 sin(Ω2𝑡1) cos(𝜋𝐽12𝑡1) 

+𝑀02𝐼2,𝑥𝐼1,𝑧 cos(Ω2𝑡1) sin(𝜋𝐽12𝑡1) + 𝑀02𝐼2,𝑦𝐼1,𝑧 sin(Ω2𝑡1) sin(𝜋𝐽12𝑡1). 

(9.2) 

These coherences are subsequently filtered by a 90°x – z-filter – 90°-x block, to only retain the Ii,y 

coherences. 

(9.2) 
90𝑥
°

→  

−𝑀0𝐼1,𝑧 cos(Ω1𝑡1) cos(𝜋𝐽12𝑡1) + 𝑀0𝐼1,𝑥 sin(Ω1𝑡1) cos(𝜋𝐽12𝑡1) 

−𝑀02𝐼1,𝑥𝐼2,𝑦 cos(Ω1𝑡1) sin(𝜋𝐽12𝑡1) − 𝑀02𝐼1,𝑧𝐼2,𝑦 sin(Ω1𝑡1) sin(𝜋𝐽12𝑡1) 

−𝑀0𝐼2,𝑧 cos(Ω2𝑡1) cos(𝜋𝐽12𝑡1) + 𝑀0𝐼2,𝑥 sin(Ω2𝑡1) cos(𝜋𝐽12𝑡1) 

−𝑀02𝐼2,𝑥𝐼1,𝑦 cos(Ω2𝑡1) sin(𝜋𝐽12𝑡1) − 𝑀02𝐼2,𝑧𝐼1,𝑦 sin(Ω2𝑡1) sin(𝜋𝐽12𝑡1) 

(9.3) 

First Ii,y-terms are flipped onto the z-axis through the 90°x pulse and then z-filtration is applied. Let us 

suppose, that the z-filter is able to filter out all coherences, leaving only z-magnetization terms. 

(9.3) 
z−Filter
→     −𝑀0𝐼1,𝑧 cos(Ω2𝑡1) cos(𝜋𝐽12𝑡1) − 𝑀0𝐼2,𝑧 cos(Ω2𝑡1) cos(𝜋𝐽12𝑡1) (9.4) 

z-Magnetization is converted back to observable coherences after filtration by the 90°-x pulse. In the case 

of optimal z-filtration, we are able to generate the initial state of equation (7.1), where M1 and M2 have 

been modulated by the chemical shift of the respective spins. 

(9.4) 
90−𝑥
°

→  −𝑀0𝐼1,𝑦 cos(Ω1𝑡1) cos(𝜋𝐽12𝑡1) − 𝑀0𝐼2,𝑦 cos(Ω2𝑡1) cos(𝜋𝐽12𝑡1) (9.5) 

We thus obtain 

𝑀1 𝑜𝑟 2 = 𝑀0 cos(Ω1 𝑜𝑟 2𝑡1) cos(𝜋𝐽12𝑡1). (9.6) 

As we can see, the coherences entering the mixing period at time point I are modulated by the respective 

chemical shifts and in addition feature cosine modulation with respect to the active coupling between 

the spins. For an ideal filtration by the z-filter, these features are also obtained for larger spin-systems 

enabling a pure in-phase modulation of the signals in F1. Generation of chemical shift sine modulation 

can be achieved, by shifting 1 by 90°. 

For z-filtration, I used the combination of a Thrippleton-Keeler filter95 and a strong field gradient. The 

Thrippleton-Keeler filter can be regarded as the state-of-the-art for suppressing zero-quantum 

coherences contained e.g. in the term 2I1,xI2,y. For this method it is known, that the suppression efficiency 

breaks down, if two spins are separated by a frequency smaller or comparable to the inverse length of 

the filter96. Thus, the assumption of an ideal z-filter may therefore not always be valid. 

From the coherences we obtain at time point V after mixing by the perfect echo element, again we filter 

out all but the Iy components using another 90°x – z-Filter – 90°-x block. 
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At V: 

−𝐼1,𝑦
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (cos(Ω1𝑡1) [1 + cos(𝜋𝐽124𝜏)] + cos(Ω2𝑡1) [1 − cos(𝜋𝐽124𝜏)]) 

−𝐼2,𝑦
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (cos(Ω1𝑡1) [1 − cos(𝜋𝐽124𝜏)] + cos(Ω2𝑡1) [1 + cos(𝜋𝐽124𝜏)]) 

+2𝐼1,𝑥𝐼2,𝑧
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (cos(Ω1𝑡1) sin(𝜋𝐽124𝜏) − cos(Ω2𝑡1) sin(𝜋𝐽124𝜏)) 

+2𝐼1,𝑧𝐼2,𝑥
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (− cos(Ω1𝑡1) sin(𝜋𝐽124𝜏) + cos(Ω2𝑡1) sin(𝜋𝐽124𝜏)) 

(7.7) 

90𝑥
°

→ 
 z−Filter 
→      

90−𝑥
°

→   

−𝐼1,𝑦
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (cos(Ω1𝑡1) [1 + cos(𝜋𝐽124𝜏)] + cos(Ω2𝑡1) [1 − cos(𝜋𝐽124𝜏)]) 

−𝐼2,𝑦
1

2
𝑀0 cos(𝜋𝐽12𝑡1) (cos(Ω1𝑡1) [1 − cos(𝜋𝐽124𝜏)] + cos(Ω2𝑡1) [1 + cos(𝜋𝐽124𝜏)]) 

(9.7) 

Also at the start of the acquisition period, only pure in-phase magnetization should be observed at this 

stage. The experiment therefore provides pure in-phase character of all signals in both dimensions, in 

contrast to all COSY methods that are routinely used nowadays. It should be noted at this stage, that 

this was achieved analysing only the first phase cycling step, indicating that a single phase cycling step 

may be sufficient to achieve these desirable properties. 

Both in-phase coherences are amplitude modulated by two components: One that is frequency 

modulated by 1 during t1 and one that is modulated by  during t1, creating diagonal and cross-peaks. 

For the two-spin-system studied here, the relative amplitude of the two peaks varies with J124, and 

thus the optimal choice for  depends on the spin system studied. 

 

9.2. Pulse sequence testing on strychnine 
 

With the pulse sequence shown in Figure 9.1 b), I performed initial tests on strychnine which proved 

that indeed COSY-type spectra with in-phase character could be obtained. As shown in Figure 9.2, the 

correlation information obtained for the test substance is basically identical to the information that is 

obtained, when using a gradient selected magnitude processed COSY211, 382, as would be used for most 

routine applications. Both spectra are measured with a single scan per t1-increment and with a short 

relaxation delay (0.66 s of acquisition + 1 s delay). 

When setting up the experiment, a choice is required concerning the setting of the delay , which 

determines the coherence transfer efficiency of the experiment. In the previous section, a product 

operator analysis is shown for an isolated two-spin system not undergoing relaxation, to illustrate the 

mode of action of the experiment. It was seen, that when setting  = 1/(4*|JHH|), cross peaks are 

maximized which is desirable (for further discussions, I use JHH as a typical 1H-1H coupling constant). 

For more complex spin systems than the one used for illustration, however, the transfer efficiency of the 

perfect echo block as a mixing element is modulated by the other spins present and further relaxation 

reduces the signal intensity observed with increasing length of the mixing element. For finding a good 

choice for , a series of experiments were performed with different settings for . Figure 9.3 illustrates, 

how cross-peak intensity starts growing from zero for a 1/(4) that is larger than typical proton-proton 

couplings, up to the point where 1/(4) ≈ 20 Hz. A further decrease in 1/(4) (an increase in length of 

the mixing element) can introduce severe signal loss, full signal disappearance or even signal sign 

inversion. 
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Figure 9.2: a) gradient selected magnitude processed COSY and b) CLIP-COSY, measured for a strychnine (267 mM) in CDCl3. 

Spectra were acquired with identical resolution in both dimensions in 4 min 2 s and in 4 min 12 s respectively. The CLIP-COSY 

used the pulse sequence provided in Figure 9.1 b), with  = 1/(4*30 Hz) = 8.33 ms. Full experimental details are given in section 

14.1.14. 

 

This can be readily understood, when performing the product operator analysis of the action of the 

mixing element used for an arbitrarily large weakly coupled spin system (see section 14.3). In large spin 

systems, the cross-peak amplitude A1,2 of a cross-peak between two coupling spins is proportional to  

𝐴1,2 ∝ sin
2(𝜋𝐽1,22𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠1,2

∏ cos(𝜋𝐽2,𝑝2𝜏)

𝑝≠1,2

 (9.8) 

(compare to equation (14.9) in the appendices; equivalent to equation ( 1 ) of the publication printed 

below). In the proportionality factor, the initial magnetization before mixing as well as factors describing 

relaxation during mixing are contained. 

If we are restricting the discussion to values of  smaller than all realistic values for 1/(4*|JHH|) (e.g.: if 

we set  = 1/(4*30 Hz)), all cosine terms will be positive (because -/2 < J2 < /2). The amplitude 

of all cross peaks appearing will thus be positive (It will appear with the same sign as the diagonal). 

For values of  comparable to or larger than typical 1/(4*|JHH|) however, signal amplitudes can easily 

zero, if for one of the coupling constants Ja,b present  ≈ 1/(4*|Ja,b|). Also sign inversions can occur for 

larger . It can be expected at this point, that intensity based measurements of coupling constants, could 

be performed, paralleling methods using CT-COSY experiments180, 383. 

For measurement of COSY-type correlation maps such cross-peak nulling is very unfavourable, as 

important correlations may be missing. It is therefore recommended to set 1/(4) to values larger than 



 

162  |  9. Project D: A Rapid Experimental Approach to Full In-Phase COSY-like Spectra 

typical coupling constants. For typical proton-proton coupling networks, good choices are 20 Hz to 

40 Hz, with a bias to higher values for systems with faster transverse relaxation. 

As could be illustrated using the strychnine test sample, the experiment proposed in Figure 9.1 b) is able 

to generate high quality COSY-type spectra within short experiment time. The experiment I proposed is 

able to generate absorptive in-phase cross and diagonal peaks without the need for phase-cycling, and 

therefore is a potential basis for pure-shift COSY-type spectra that can be recorded with homonuclear 

decoupling in either dimension. 

 

Figure 9.3: Variation of the delay  in CLIP-COSY experiments. At the side of the traces the value 1/(4*), the optimization value 

for the perfect echo mixing period, is reported. All other experimental settings are equal to those for the CLIP-COSY from Figure 

9.2 b). F2-traces are shown at different F1-frequencies, and the diagonal peak positions chosen are highlighted in red (H12 for 

a), H13 for b), H15b for c) and H17a/b for d)). All traces are plotted at the same absolute intensity scale.  
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9.3. Performance of CLIP-COSY experiments in the presence of line-broadening by 
conformational and chemical exchange 

 

The potential use of in-phase COSY techniques for generation of pure shift COSY-derivatives has 

stimulated a reinvestigation of in-phase COSY techniques not only in our group. At the EUROMAR 2015 

conference (05. – 10.07.2015, Prague, Czech Republic, http://www.euromar2015.org/) MARTIN KOOS 

and BURKHARD LUY presented COSY-type spectra obtained with a very similar pulse sequence to the one 

shown in Figure 9.1 b)384 (differences existed only in the absence of G2, in a different phase cycling for 

more than one scan and in the choice of different pulses for z-filtration). Realizing, that very similar 

investigations were carried out in both groups, they agreed to continue the work on the CLIP-COSY 

experiment in collaboration with us. 

For the CLIP-COSY implementation reported in the paper printed below, MARTIN KOOS had already 

provided a comparison of the experiment properties to the DQF-COSY technique381, as one of the most 

frequently used COSY techniques. He later complemented the discussion with comparisons to the IP-

COSY technique385, a COSY version with constant time t1-evolution also able to generate in-phase 

absorptive signals in both dimensions, and to a TOCSY experiment42. He was able to show, that CLIP-

COSY technique is a very versatile method to collect COSY-type spectra with absorptive, phase sensitive 

line shape. 

As compared to a gradient-filtered DQF-COSY experiment382, 386, CLIP-COSY provides higher signal 

intensity for the test sample containing hydroquinidine in CDCl3 and furthermore it is not bound to a 

minimum number of t1-increments that needs to be sampled to avoid significant signal loss.  

The closely related pulse sequences of the IP-COSY and the CLIP-COSY experiment result in very similar 

characteristics for both experiments. The limitation of IP-COSY to only moderate F1-resolutions due to 

the constant time evolution used, however, is sidestepped in the CLIP-COSY, making it particularly 

suitable for high-resolution work. For samples with fast transverse relaxation, the IP-COSY may be more 

suitable, because of the shorter pulse-sequence. 

In addition, MARTIN KOOS discussed extensions of the CLIP-COSY approach: He implemented a version 

of the experiment that is optimized for large molecule work and contains a solvent suppression scheme 

before acquisition, which he tested on an aqueous sample containing the 14 kDa protein lysozyme (hen 

egg). Further, he provided a proof-of-principle, that F2-homodecoupled COSY-type pure shift spectra can 

be obtained, with the CLIP-COSY approach. 

 

To the paper, I added a discussion of the effect of line-broadening by exchange phenomena on the 

spectra. Two different exchange phenomena were studied, namely the broadening of lines due to the 

fast interconversion of the solute between different conformations and the effect that chemical exchange 

of OH-protons with water can have on the spectra. 

I showed that a major advantage of the CLIP-COSY approach becomes apparent when studying 

broadened signals, which is directly related to the fact that in-phase signals are observed: 

When measuring COSY experiments with anti-phase signal multiplets, positive and negative signal 

components literally start cancelling, if they overlap. Pictorially, this is described in Figure 1 of the 

manuscript. This problem can already arise for signals with narrow lines, however it becomes most 

pronounced, if signals are severely broadened, e.g. by exchange phenomena. In contrast, when collecting 

in-phase signals, all signal components have the same phase and therefore add up, independent of the 

linewidth. It can therefore be expected, that in-phase COSY variants show comparably high robustness 

towards the effects of line-broadening, while in COSY experiments that detect anti-phase signals, signals 

effectively cancel out if pronounced line-broadening is present. 

I was able to illustrate the superior performance of in-phase over anti-phase COSY-type experiments for 

a system that shows line broadening due to conformational exchange. For N-methyl-4-piperidinol I 

http://www.euromar2015.org/
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showed that the ring-inversion occurring in this molecule387, 388 largely attenuates signals when using 

the DQF-COSY experiment. In contrast, when using in-phase COSY variants such as IP- or CLIP-COSY, 

the signal loss is much less severe, and spectra can still be used for signal assignment. The same effect 

can be expected if other sources of line broadening, such as fast transverse relaxation, are present. 

When studying systems undergoing chemical exchange (as opposed to the conformational exchange just 

discussed), the user should however also be aware of a potential limit of the method: The z-filters used 

in the CLIP-COSY experiment introduce delays during which chemical exchange can take place, leading 

to cross-peaks caused by chemical exchange. I illustrated this effect, using the natural sweetener 

rebaudioside A as a test substance. These peaks feature the same absorptive in-phase signal shape as 

cross-peaks caused by J-couplings and thus the problem of distinction between the two potential sources 

for cross-peaks may arise. When analysing sites that can undergo chemical exchange, the user therefore 

should proceed with caution. 

I also used the spectra of rebaudioside A (for signal assignment see section 14.4 of the appendices) to 

illustrate that the CLIP-COSY experiment is robust towards a truncation of the relaxation delay, as was 

previously observed when using strychnine as test molecule (described in section 9.2). In contrast to 

this, DQF-COSY can produce false peaks for experiment repetition rates faster than relaxation, as can be 

observed in Figure S10 B in the Supporting Information of the manuscript. The ability to collect CLIP-

COSY data with very short relaxation delays without introducing notable artefacts is very favourable in 

terms of using this experiment for signal assignment purposes. 

 

In conclusion, the CLIP-COSY experiment offers a versatile experimental access to COSY-type spectra 

with the particular advantage of offering a favourable absorption-mode in-phase line shape in both 

spectral dimensions. It could be shown that high quality spectra that can be measured rapidly, with the 

favourable features of in-phase signals, such as a high signal intensity even at low resolution and only 

comparably mild signal loss in the case of broadened lines. We were therefore able to present a rapid 

COSY-type experiment with high resolution and sensitivity, fulfilling all requirements for the application 

in many fields of solution-state analytics. 

 

The contents of this chapter have been published in 

M. R. M. Koos, G. Kummerlöwe, L. Kaltschnee, C. M. Thiele, B. Luy,  

Angew. Chem. 2016, 128, 7785-7789, DOI: 10.1002/ange.201510938; 

Angew. Chem. Int. Ed. 2016, 55, 7655-7659, DOI: 10.1002/anie.201510938; 

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Reprinted with permission from WILEY-VCH 
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9.4. Discussion and Conclusion on Project D 
 

The desire to collect COSY-type experiments with pure shift acquisition in the direct acquisition 

dimension has stimulated the reinvestigation of the longstanding problem of producing COSY-type 

experiments with absorptive in-phase multiplicity. More than just providing an experiment that now 

enables straightforward combination with pure shift acquisition techniques in both spectral dimensions, 

this has led to the development of a very promising experimental technique for the rapid acquisition of 

COSY-type spectra. 

Whereas other examples of pure shift NMR have mostly used existing core experiments and have 

replaced normal-mode acquisition by a pure shift technique, in this case, the alternation of the core 

experiment itself is the most important novelty. It remains to be seen, if it is actually the CLIP-COSY 

experiment that will find broad application, yet it is likely, that in addition to the anti- and mixed- phase 

COSY variants currently in use, in-phase COSY variants will be added to the standard toolbox of NMR 

spectroscopy because of the favourable features of this signal shape. 

Pure shift techniques have been the stimulus for current research interest to develop in-phase COSY-type 

experiments, however the improvement of the signal shape in COSY spectra has already stimulated 

numerous investigations34, 225, 263, 381, 385, 389-392 and it is quite notable, that the problem of finding a 

practical solution to this goal has remained. It may likely be attributed to the development of efficient 

single-scan zero-quantum filtration95 by MICHAEL THRIPPLETON and JAMES KEELER, that a technique could 

be developed that provides more convenient access to in-phase COSY-type spectra than methods 

previously reported385, 391. 

Despite being of central importance to the experiment, these pulse sequence elements also are the major 

cause for possible limitations for the experiment presented: The quality of filtration increases with the 

duration of these filters, so in practice filters have an inherent minimum length, which is dictated by the 

system studied and the requirements on spectral quality. The most evident problem related to this is the 

relaxation loss to the signal that is unavoidable in this period. If filters are shortened, substantial anti-

phase contributions to the signals may become apparent. In addition to signal loss, NOE and chemical 

exchange processes can occur during the period of z-filtration, which lead to signals, that are a priori 

indistinguishable from the COSY-type cross peaks that are desired. 

To minimize interference from such sources, it would be desirable in future investigations to design filter 

elements, which are shorter in length and where the filtration efficiency scales more favourably with the 

signal frequency difference. It would be interesting in this respect, to explore combinations of the 

Thrippleton-Keeler filter with trim-pulses lead to significant improvements, or if the z-filtration can be 

replaced by transverse filtration elements. As in principle pure shift methods should lead to a significant 

attenuation of anti-phase signal contributions in either spectral dimension, the obvious extension with 

existing pure shift techniques could also be of interest also from the perspective of reducing demands on 

the z-filters. 

 

In the work presented, properties of the basic CLIP-COSY experiment have been discussed. It is shown 

how the CLIP-COSY experiment inherits many of its favourable properties from the in-phase character 

of the signals. The signal shape reduces signal losses, if spectra with reduced resolution in the indirect 

dimension are collected and facilitates combination with methods for processing non-uniformly sampled 

data (NUS), such as compressed sensing (CS)393, 394 or multi-dimensional decomposition360, 395 (MDD). 

The in-phase signal shape possibly also makes it interesting to use covariance calculation methods396, 397 

for processing of CLIP-COSY data. Furthermore, the in-phase signal character leads to a good robustness 

of the experiment towards signal loss when lines are broadened e.g. due to conformational exchange. 

The applicability of the experiment is shown for a wide range of substrate. 
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Aspects of JHH coupling constant measurements based on this basic experiment or on its modifications 

were not covered in the work presented and will require deeper investigation. The experiment 

potentially is interesting for JHH measurements from the apparent in-phase multiplet shape as well as 

from intensity modulations for varying transfer delays and therefore could be useful in the context of 

coupling constant measurement under various situations. It may also be interesting to investigate, if 

reductions of the signal multiplicity similar to that in -COSY34, 36 or E.COSY389, 390 techniques can be 

achieved. 

The versatility of the perfect echo in-phase to in-phase mixing block further opens up many different 

possibilities for modifications of the experiment. Combinations of various homonuclear decoupling 

techniques (e.g. band-selective decoupling242, 249, 271, Zangger-Sterk decoupling252, 257 or PSYCHE 

decoupling264) should be possible in both spectral dimensons, to build various homodecoupled COSY-

type experiments for high-resolution signal assignment purposes. The manuscript shows F2-PSYCHE 

decoupling for CLIP-COSY as one possibility and other techniques currently are under investigation. It 

remains to be evaluated for what sort of applications good combinations can be found. 

In addition to providing a basic experiment for different pure shift variants, the perfect echo mixing 

element can potentially also be used as TOCSY-like planar mixing element that introduces mixing only 

between direct coupling partners, but which does not introduce mixing involving multiple magnetization 

transfer steps (if strong coupling is absent). The difference to TOCSY-like mixing is two-fold in these 

applications: The information concerning the spin-system topology is different, as only signals from 

direct coupling partners are observed and the sensitivity of the transferred cross-peak may be 

significantly higher, as the magnetization is distributed over a smaller number of resonances with the 

additional possibility for tuning the mixing element for specific coupling constants.  

This opens a large variety of different experiments that become possible, predominantly in the field of 

hybrid experiments: The in-phase character of the resulting signals could be favourable for many 

homonuclear hybrid experiments like COSY-COSY97, 259, 398, NOESY-COSY97, 259, 398, DOSY-COSY399 as well 

as in heteronuclear correlations such as HMQC-COSY98 and selHSQMBC-COSY184, 185 and variants of 

HETLOC182 and HECADE183 experiments. 

It can easily be seen, that a big variety of future investigations could build on the basic CLIP-COSY mixing 

element we introduced in this work. We expect, that this basic building block therefore will find 

widespread application and possibly also modification. It remains a future challenge, to discriminate 

which of these and other possible extensions actually yield advantages over existing experimental 

techniques. 
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10. Summary (English) 

 

The dissertation “Development and Evaluation of Experiments for Pure Shift Solution-State Magnetic 

Resonance Spectroscopy” (Lukas Kaltschnee, Technical University of Darmstadt) reports methodological 

developments in the field of high resolution solution state magnetic resonance spectroscopy. The work 

adds to the field of homonuclear broadband decoupling, which recently attracted renewed attention as 

the field of “pure shift NMR”. The work is separated in four distinct projects. 

 

In Project A, it is investigated, if the addition of the homonuclear decoupling scheme originally proposed 

by ZANGGER and STERK disrupts signal integrals measured in 1H, 2D NOESY, and pulse-field gradient 

selected NOE spectra. From investigations of the homonuclear decoupled 1H experiment it is concluded 

that indeed the pure shift acquisition method can lead to distortions of relative signal integrals and that 

for the test system of strychnine dissolved in CDCl3, these amount up to 25%. 

It is shown, that despite such deviations, the homonuclear decoupling technique does not hamper NOE-

based distance determination for high signal-to-noise data significantly. For low signal-to-noise data 

obtained with homonuclear broadband decoupling it is concluded, that the homonuclear decoupling 

approach reduces the upper limit distances, that can be determined. For distances shorter than this the 

inherent limit imposed by sensitivity, the homonuclear decoupled techniques provide accurate NOE-

derived distances from pure shift spectra. (accepted manuscript published by the Journal of Magnetic 

Resonance; DOI: 10.1016/j.jmr.2016.08.007) 

 

Project B describes the development and testing of homodecoupled HSQC experiments, based on the 

CLIP-/CLAP-HSQC experiments, designed for accurate measurement of one-bond residual dipolar 

couplings (RDCs). All experiments described in this chapter enable extraction of the heteronuclear 

coupling constants in the high-resolution proton dimension, which features partial or full suppression of 

homonuclear coupling pattern. It is shown in the successive works that homonuclear decoupling along 

the spectral dimension of coupling constant extraction can improve the accuracy of experimental RDC 

determination. 

In the first section of the project the implementation and characterization of the F2-BIRD CLIP-/CLAP-

HSQC experiments is described (published in ref. 343). It is shown that the experimental technique 

provides high quality spectra with significantly reduced signal widths both for measurements in isotropic 

solution and with weakly aligned samples. The capability of an F2-BIRD HSQC with full heteronuclear 

decoupling to provide high quality heteronuclear correlation spectra for small molecule test substances 

and a small protein (55 amino acid residues, Penicillium antifungal protein) are demonstrated. 

Subsequently, a homonuclear decoupling approach is presented, which sidesteps a major drawback of 

the BIRD decoupling scheme used in the first section – namely, that diastereotopic methylene protons 

cannot be decoupled, but lead to phase distorted signals. The perfectBIRD decoupling scheme avoids 

this problem, leading to fully homodecoupled spectra. An F2-perfectBIRD CLIP-/CLAP-HSQC 

experiments is presented (published in ref. 213), again with the emphasis of heteronuclear one-bond 

coupling constant measurements in the context of RDC extraction. For evaluating the experimental 

performance, both the accuracy and the precision of the coupling constant extraction procedure are 

tested. It is shown that in particular for the diastereotopic methylene protons, for which full homonuclear 

decoupling is achieved with the new homonuclear decoupling scheme, an increased accuracy is achieved 

during the RDC extraction procedure. 

Having established, that BIRD and perfectBIRD decoupling lead to notable advantages for RDC 

extraction, experiments are tested, with decoupling along the dimension of RDC coupling constant 

extraction with a real-time BIRD(d) homonuclear decoupling scheme (submitted to RSC Advances). 

This decoupling method can be used to sample the fully homonuclear decoupled free Induction decay 

http://dx.doi.org/10.1016/j.jmr.2016.08.007
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with much reduced experiment duration, as compared to the cases before. Initially, the fast acquisition 

of F2-real-time BIRD(d) CLIP-/CLAP-HSQC experiments had the disadvantage that a large price in the 

RDC extraction accuracy had to be accepted. Using phase-cycling during acquisition, a method is found, 

which restores much of the accuracy lost. From tests with a small molecule test sample, no direct penalty 

of the real-time decoupled experiment is observed in terms of RDC extraction precision, as compared to 

the reference experiment without homonuclear decoupling during acquisition. 

In conclution Project B summarizes three BIRD-based pure shift techniques, which prove well suitable 

for heteronuclear one-bond coupling constant extraction. 

 

Project C makes direct use of the perfectBIRD decoupling scheme derived in project B. A fully homo- 

and heteronuclear decoupled F2-perfectBIRD HSQC experiment is presented, which is tailored for highest 

field strengths available. This experiment provides direct access to HSQC correlation information with 

notably good signal separation. Use of the perfectBIRD homonuclear decoupling technique hereby 

enables broadband decoupling which is achieved even for diastereotopic methylene protons. 

This experiment is tested on an oligomeric urea-derivative, to illustrate the improved signal separation 

that comes through the combined use of on an increased effective duration of acquisition and the effect 

of homonuclear decoupling. Homonuclear decoupling hereby even is achieved for regions in the spectra 

containing pairs of coupling nuclei. The reduction of intensity of strong coupling artefacts by suitable 

data processing may be of particular interest, if the strategy proofs to be generally applicable. 

 

The final Project D presents a practical solution to the long-standing problem of recording COSY-type 

correlation spectra with in-phase absorptive signal appearance. The CLIP-COSY (published in ref. 328) 

experiment presented achieves these desirable spectral features even with a single scan per t1-increment 

and thus provides rapid access to COSY-type spectra with simple signal appearance along both spectral 

dimensions. It is demonstrated that the experiment enables very rapid acquisition of COSY-type spectra 

with full absorption mode, because the in-phase signals do not feature the strong signal loss anti-phase 

signals do, if only a low resolution is sampled in the indirect dimension. It is shown that, also as a 

consequence of the in-phase signal shape, the spectra are reasonably robust towards signal losses caused 

by exchange broadening - a situation where anti-phase COSY variants often feature severe signal loss. 

Additionally, the method presented closes a gap in the toolbox of pure shift NMR: Previously the 

application of pure shift techniques other than using a constant-time evolution was not possible for COSY 

due to their anti-phase signal appearance. The experiment presented in contrast opens up a wide variety 

of modifications with pure shift techniques. 

 

To conclude, this work documents advances in the development of different NMR techniques, which add 

up to the pool of pure shift NMR methods and provide high quality structural information for solution 

state studies. 
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11. Zusammenfassung (Deutsch) 

 

Die Dissertation „Entwicklung und Bewertung von Pure Shift Experimenten für die Magnetische 

Resonanzspektroskopie gelöster Moleküle“ (Lukas Kaltschnee, Technische Universität Darmstadt) 

beschreibt methodische Entwicklungen im Feld der hochauflösenden Kernresonanzspektroskopie an 

gelösten Substanzen. Die Arbeit trägt zu dem Arbeitsfeld der homonuklearen Breitbandentkopplung bei, 

welche in der letzten Zeit als „pure shift NMR“ erneut Aufmerksamkeit erregt. Die Arbeit ist in vier 

getrennte Projekte geteilt. 

 

In Projekt A wird untersucht, ob es, durch das Einführen der homonuklearen Entkopplungsmethode, 

wie sie von ZANNGER und STERK vorgestellt wurde, zu Problemen bei der Messung von Signalintegralen 

in 1H, 2D NOESY und gradientenselektierten NOE Spektren kommt. Aus den Untersuchungen der 

homonuklear entkoppelten 1H Experimente wird geschlossen, dass die pure shift Aufnahmemethode 

tatsächlich zu einer Verzerrung der relativen Signalintegrale führen kann, welche für das untersuchte 

Testsystem aus Strychnin gelöst in CDCl3 bis zu 25% beträgt. 

Es wird gezeigt, dass die gewählte Homoentkopplungstechnik trotz dieser Abweichungen die NOE-

basierten Distanzmessungen für Daten mit hohem Signal-zu-Rausch-Verhältnis nicht wesentlich stört. 

Für Daten mit niedrigem Signal-zu-Rausch-Verhältnis, welche mit homonuklearer Breitbandenkopplung 

erhalten werden, wird geschlossen, dass der Ansatz zur homonuklearen Entkopplung die obere Grenze 

der detektierbaren Distanzen begrenzt. Für Distanzen, welche unterhalb dieser inhärenten durch 

Sensitivität hervorgerufenen Grenze liegen liefern die homonuklear entkoppelten Methoden aber genaue 

NOE-basierte Distanzen aus pure shift Spektren. (angenommenes Manuskript publiziert in Journal 

of Magnetic Resonance; DOI: 10.1016/j.jmr.2016.08.007) 

 

Projekt B beschreibt die Entwicklung und das Testen homonuklear entkoppelter HSQC Experimente, 

basierend auf den CLIP-/CLAP-HSQC Experimenten, welche für die exakte Messung von dipolaren 

Restkopplungen (RDCs) ausgelegt sind. Alle in diesem Kapitel beschriebenen Experimente ermöglichen 

die Extraktion der heteronuklearen Kopplungskonstanten in der hochaufgelösten Protonendimension 

der Experimente, welche teilweise oder volle Unterdrückung von homonuklearem Kopplungsmuster 

aufweist. Es wird in den aufeinander folgenden Arbeiten gezeigt, wie homonukleare Entkopplung 

entlang der spektralen Dimension der Kopplungskonstantenextraktion die Genauigkeit der 

experimentellen Bestimmung der RDCs verbessern kann. 

Im ersten Teil des Projektes wird die Implementierung und Charakterisierung des F2-BIRD CLIP-/CLAP-

HSQC Experiments (publiziert als Ref. 343) beschrieben. Es wird gezeigt, dass die besagte 

experimentelle Technik qualitativ hochwertige Spektren mit deutlich reduzieren Signalweiten, sowohl 

bei Messung in isotroper Lösung als auch für schwach orientierte Proben, zeigt. Die Fähigkeit eines F2-

BIRD HSQCs mit vollständiger heteronuklearer Entkopplung qualitativ hochwertige homonukleare 

Korrelationsspektren zu liefern wird für ein kleines Molekül als Testsubstanz und für ein kleines Protein 

(55 Aminosäreeinheiten, Penicillium antifungal protein) gezeigt. 

Anschließend wird ein Ansatz zur homonuklearen Entkopplung präsentiert, welcher ein grundsätzliches 

Problem der BIRD Entkopplungsmethode umgeht – um es zu benennen, dass diastereotope 

Methylenprotonen nicht entkoppelt werden können, sondern phasenverzerrte Signale aufweisen. Die 

perfectBIRD Entkopplungsmethode umgeht dieses Problem, was zu vollständig homonuklear 

entkoppelten Spektren führt. Es wird ein F2-perfectBIRD CLIP-/CLAP-HSQC Experiment präsentiert 

(publiziert als Ref. 213), erneut mit der Absicht der Vermessung heteronuklearer Kopplungskonstanten 

über eine Bindung im Kontext der RDC-Extraktion. Um die Leistungsfähigkeit des Experiments zu 

bewerten wird sowohl die Genauigkeit der Kopplungskonstantenextraktion, als auch deren 

Reproduzierbarkeit getestet. Es wird gezeigt, dass im Besonderen für die diastereotopen 

http://dx.doi.org/10.1016/j.jmr.2016.08.007
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Methylenprotonen, welche mit dem neuen homonuklearen Breitbandentkopplungselement nun 

vollständig entkoppelt werden, eine verbesserte Präzision der RDC Extraktion erzieht wird.  

Nachdem gezeigt werden konnte, dass BIRD und perfectBIRD Entkopplung merkliche Vorteile für die 

RDC Extraktion liefern, werden Experimente getestet, welche BIRD Entkopplung in der Dimension der 

RDC Kopplungskonstantenextraktion mit einem real-time BIRD(d) Homoentkopplungsansatz erzielen. 

(eingereicht bei RSC Advances) Diese Entkopplungsmethode kann genutzt werden, um den vollen 

homonuklear entkoppelten freien Induktionszerfall in deutlich verkürzter Experimentdauer im Vergleich 

zu den vorher diskutierten Fällen zu messen. Die schnelle Aufnahme des F2-real-time BIRD(d) CLIP-

/CLAP-HSQCs hatte anfänglich leider den Nachteil, dass sie für sie deutliche Einbußen in der 

Genauigkeit der Kopplungskonstantenextraktion in Kauf genommen werden mussten. Durch die 

Nutzung von Phasenzyklen während der Aufnahme konnte eine Methode gefunden werden, welche 

einen großen Teil der zunächst verlorenen Genauigkeit wiederherstellt. In Tests an einem kleinen 

Molekül als Testsubstanz, konnte im Vergleich mit dem Referenzexperiment ohne homonukleare 

Entkopplung, kein direkter Nachteil der Methode real-time Homoentkopplungsmethode, bezogen auf 

die Genauigkeit der RDC Extraktion, festgestellt werden. 

Zusammenfassend brerichtet Projekt B von drei BIRD-basierten pure shift Techniken, welche sich gut 

zur Extraktion von heteronuklearen Kopplungskonstanten über eine Bindung eignen. 

 

Projekt C nutzt direkt das in Projekt B vorgestellte perfectBIRD Homoentkopplungselement. Ein 

vollständig homo- und heteronuklear entkoppeltes F2-perfectBIRD HSQC Experiment wird präsentiert, 

welches für die Nutzung bei hohen Feldstärken ausgelegt ist. Das Experiment liefert direkten Zugang 

zur HSQC Korrelationsinformation mit bemerkenswert guter Signaltrennung. Die Nutzung der 

perfectBIRD Entkopplungsmethode ermöglicht hierbei eine Breitbandentkopplung, welche sogar für 

diastereotope Methylenprotonen erreicht wird. 

Das Experiment wird an einem oligomeren Harnstoffderivat getestet, um die verbesserte Signaltrennung 

zu illustrieren. Diese wird durch eine kombinierte Erhöhung der effektiven Aufnahmedauer und durch 

den Effekt der homonuklearen Entkopplung erreicht. Homonukleare Entkopplung wird hierbei sogar für 

spektrale Regionen erreicht welche paare koppender Kerne enthalten. Eine Verringerung der Intensität 

von auftretenden Artefakten starker Kopplung durch die Verwendung von geeigneter 

Datenprozessierung könnte hierbei besonders interessant sein, falls sich herausstellt, dass das genutzte 

Konzept generell anwendbar ist. 

 

Zuletzt präsentiert Projekt D eine praktische Lösung des lange vorhandenen Problems der Aufnahme 

von COSY-artigen Spektren mit in-phase artiger absorptiver Signalform. Das präsentierte CLIP-COSY 

Experiment (publiziert als Ref. 328) erreicht diese wünschenswerten spektralen Eigenschaften sogar mit 

einem einzigen Messdurchlauf pro t1-Inkrement, und gibt so einen Zugang zu COSY-artigen Spektren 

mit einfacher Signalform in beiden spektralen Dimensionen. Es wird gezeigt, dass das Experiment die 

schnelle Aufnahme COSY-artiger Spektren mit vollständig absorptiven Signalen ermöglicht, da in-Phase 

Signale nicht den starken Sensitivitätsverlust aufweisen, der bei Antiphasensignalen auftritt, wenn nur 

eine geringe Auflösung in der indirekten Dimension verwendet wird. Es wird gezeigt, dass das 

Experiment einigermaßen robust gegen Signalverlust ist, welcher durch Austauschverbreiterung 

hervorgerufen wird – eine Situation, bei welcher anti-phasen Techniken oft ernsthaften Signalverlust 

aufweisen. Zusätzlich schließt die Technik eine Lücke in der Gruppe der pure shift Experimente: Zuvor 

war eine Anwendung von anderen pure shift Techniken als die der Nutzung einer konstanten 

Evolutionszeit, aufgrund der antiphasen-Form der Signale, nicht möglich. Im Vergleich dazu ermöglicht 

das vorgestellte Experiment die Möglichkeit einer vielfachen Modifikation mit pure shift Techniken. 

Zusammenfassend dokumentiert diese Arbeit Fortschritte in der Entwicklung verschiedener NMR 

Techniken, welche hochqualitative Information für die Studien gelöster Moleküle liefern.  
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14. Appendices 

 

14.1. Experimental sections not included in publications or manuscripts 
 

14.1.1.  Project A, Figure 6.1: Comparison between sections from NOESY spectra with normal 

acquisition and Zangger-Sterk homodecoupling in the F2-dimension 

 

A sample containing the tetrapeptide Boc-L-(-Me)-His-AGly-L-Cha-L-Phe-OMe used by the SCHREINER-

Group337 was used for acquisition. The sample contained 29.1 mg of the peptide dissolved in 0.7 ml of 

toluene-d8. The spectra were acquired with a gradient-selected NOESY with zero-quantum-filtration 

during mixing. The F2-Zangger-Sterk NOESY spectrum (same as used in the manuscript) was collected 

with an effective spectral width covering roughly 1.5 ppm, as limited by the slice selection gradient. 

Further experimental parameters are available from the author upon request. 

 

14.1.2.  Project B, Figure 7.5: Perfect echo homonuclear decoupling 

 

2,3-Dibromothiophene was purchased from Sigma Aldrich and used without any further purification. A 

0.85 M sample was prepared in CD2Cl2 (5 mm tube, no sample sealing) and stored in the dark (fridge). 

NMR-experiments were performed on an Avance III spectrometer operating a 11.4 T magnet, equipped 

with a TBI probe (1H, 2H, 31P, BB) with z-gradient The sample temperature was regulated at 300K. The 

proton spectrum without homonuclear decoupling shown was recorded in a single scan. 2.66 s of 

acquisition were used. The proton spectrum with homonuclear decoupling was recorded as a pseudo-2D 

dataset with 128 t1-increments of each 21.3 ms resulting in an FID length of 2.66 s. The pulse sequence 

“Jref_no_2dw.lk” was used. A single scan was used for each t1-increment with an inter scan delay of 

80 s. The 1D dataset was constructed from the interferogram acquired using a predecessor of the “pshift”-

AU (see: electronic material). For both spectra, time domain data was 2x zero filled and exponential 

apodization (line broadening of 0.3 Hz) was applied before FT 

 

14.1.3.  Project B, Figure 7.8: F2-perfectBIRD CLIP-HSQC with States encoding 

 

The sample contained 145.4 mg (+)-IPC (purchased from Sigma Aldrich) and 664.2 mg CD2Cl2 

(purchased from Euriso-Top). The spectrum was acquired on a DRX-II spectrometer operating a 9.4 T 

magnet (400 MHz proton frequency), equipped with a 5 mm QNP probe (1H, 2H, 13C/19F/31P) equipped 

with z-gradient. The pulse program “hsqcCLIP_2D_PerfectBIRD.v1.0.lk” was used in its DRX-

implementation (ZGOPTNS: “-DLABEL_DRX”). Spectral widths were 10.4 ppm for 1H and 70 ppm for 
13C, with the transmitter placed at 2.5 ppm and 45 ppm, respectively. Two scans per t1-increment and 

four dummy scans were used. In F1, 64 points were sampled which were 2x zero-filled and subject to a 

squared cosine apodization before FT. In the pseudo-direct dimension, 16 data chunks of each 30.72 ms 

were concatenated to provide a resulting FID containing 4192 data points. 4x zero-filling and no 

apodization was applied in the direct dimension. 

 

14.1.4.  Project B, Figure 7.9: F2-traces of F2-perfectBIRD CLIP-HSQC spectra with differing data 

chunk lengths 

 

The anisotropic sample was the one used in ref. 213 was used. F2-traces collected at the carbon chemical 

shift of carbon 7 for different lengths of the acquisition chunk are shown. The 1D traces were extracted 

from a series of F2-perfectBIRD CLAP-HSQC spectra collected at 400HMz proton frequency (pulse 

program “hsqcCLAP_2D_PerfectBIRD.v1.0.lk”). The spectral width was 10.4 ppm in F2 and 70 ppm in 
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F1. 64 data points were collected in the F1 dimension and the number of data chunks acquired in the 

broadband decoupling dimension was adjusted in order to sample the FID for at least 268.8 ms (2048 

complex data points at a dwell time of 120 μs). The constructed FID was truncated to 2048 complex 

points if more data points were sampled. The data was collected using 16 dummy scans and a four step 

phase cycle. INEPT and BIRD delays were optimized for 1JCH = 145 Hz. During the CLAP-HSQC-block of 

all experiments smoothed chirp pulses were used for inversion (Crp60,0.5,20.1; 60 kHz bandwidth, 

500 μs length) and refocusing (Crp60comp.4, 60 kHz bandwidth, 2 ms length) on 13C. All gradients were 

of 1 ms length (smoothed chirp, SMSQ10.100) followed by a 200 μs gradient recovery delay. The 

gradients are G1 = 15%, G2 = 80%, G3 = 11%, G4 = 20.1%, G5 = 8 %, G7 = 100% of the maximum 

gradient strength of 53.1 G/cm. 

 

14.1.5.  Project C, Figure 8.3, Cyclosporine A spectra acquired at 400 MHz 1H frequency 

 

A 25 mM sample of Cyclosporine A dissolved in benzene-d6 in a 5 mm tube was used (supplied by Bruker 

BioSpin GmbH, filling height: 6 cm). The spectra were acquired on a DRX-II spectrometer operating a 

9.4 T magnet (400 MHz proton base frequency, Bruker Biospin Karlsruhe), equipped with a 5 mm QNP 

probe (1H, 2H, 13C/19F/31P) equipped with z-gradient. The system was operated by TopSpinTM 1.3, 

patchlevel 10. Temperature was regulated at 300 K with a BCU 05 chiller. All spectra were acquired with 

12.5 ppm and 166 ppm spectral width in the proton and carbon dimension respectively (spectral widths 

are represented as rounded values, the dwell time in the proton dimension used is 200 µs). Transmitters 

were placed at 5 ppm for 1H and at 74.58 ppm for 13C. 16 dummy scans, 4 scans per increment and a 

relaxation delay of 1.5 s were used in all cases. In the 13C-dimension, 256 complex data points were 

sampled. Hard 90°-pulses used were 10.68 µs for 1H and 8 µs for 13C. INEPT and BIRD delays were 

adjusted for a one-bond coupling of 145 Hz in all cases. Adiabatic pulses used for inversion and 

refocusing of 13C were linear sweeps over 60 kHz with 500 µs and 2000 µs duration, respectively. The 

amplitude profile was shaped at the outmost 20% of each side of the sweep by quarter-sine ramps 

(Crp60,0.5,20.1 and Crp60comp.4). The amplitude was calibrated for an adiabaticity factor Q = 5. GARP 

decoupling was used during acquisition (power adjusted for an equivalent 100 µs 90° 13C-pulse). In F1 

Echo-Antiecho-TPPI encoding was used in all cases with an encoding gradient of 80% and a decoding 

gradient of 20.1% of the maximum gradient strength. All gradients were of 1 ms length and were 

followed by a 200 µs recovery delay. All time-domain data was subject to a squared cosine apodization 

(QSINE, SSB = 2) and was zero-filled to 4192 x 512 complex data points. No baseline correction was 

applied. 

The spectrum with conventional acquisition without homodecoupling (102.4 ms acquisition; shown in 

black) was acquired with the pulse program “hsqcetgpsp.2” from the standard pulse-program library. In 

the proton dimension 512 complex data points were sampled (102.4 ms acquisition). No trim pulse was 

used (power and length set to small values). Gradients were half-sine shaped (SINE.100). 

The spectrum with pseudo-3D acquisition without homodecoupling (409.6 ms cumulated acquisition; 

shown in purple) was acquired with the pulse program “hsqcetgpsp.2_3D.lk”, which, apart from not 

being compatible with Avance III systems, is equivalent to “hsqcetgpsp.2_3D_r1.4.lk” used for 

measurements at 11.4 T (see Figure 8.5 & Figure 8.9). In the proton dimension, four data chunks each 

containing 512 complex data points were sampled (409.6 ms cumulated acquisition). No trim pulse was 

used (power and length set to small values). Gradients were smoothed-squared shaped (SMSQ10.100). 

The final 2D dataset was obtained by concatenating FIDs with the pshift-AU. 

The spectrum with perfectBIRD decoupling (409.6 ms cumulated acquisition; shown in red) was 

acquired with the pulse program “hsqcCLIP_EA_pBIRD_CPD.v2.0.lk” (ZGOPTNS: “-DLABEL_DRX”), 

which for NS ≤ 4 is equivalent to “hsqcCLIP_EA_pBIRD_CPD.r1.4.lk” (only changes in the comments) for 

which the pulse sequence is shown in Figure 8.1. In the proton dimension, 16 data chunks each 
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containing 128 complex data points were sampled (409.6 ms cumulated acquisition). Gradients were 

smoothed-squared shaped (SMSQ10.100). Gradient amplitudes as fractions of the maximum strength 

were G1 = 15%, G2 = 80%, G3 = 11%, G4 = 20.1%, G5 = 17%, G6 = 8% and G7 = 100% (numbering of 

gradients according to Figure 8.1 a)). The final 2D dataset was obtained by concatenating FIDs with the 

pshift-AU. 

 

14.1.6.  Project C, Figure 8.5, Cyclosporine A spectra acquired at 600 MHz 1H frequency (pure 

shift experiment acquired with pulse program shown in Figure 8.1 a)) 

 

A 25 mM sample of Cyclosporine A dissolved in benzene-d6 in a 5 mm tube was used (supplied by Bruker 

BioSpin GmbH, filling height: 6 cm). The spectra were acquired on an Avance III narrow bore system 

operating a 11.4 T magnet (600 MHz proton base frequency, Bruker Biospin, Karlsruhe) equipped with 

a 5 mm triple-band inverse probe (1H, 2H, 31P, BB) with z-gradient. The system was operated by 

TopSpinTM 3.1, patchlevel 5. Temperature was regulated at 300 K with a BCU-Xtreme chiller. All spectra 

were acquired with 10.4 ppm and 166 ppm spectral width in the proton and carbon dimension 

respectively (spectral widths are represented as rounded values, the dwell time in the proton dimension 

used is 160 µs). Transmitters were placed at 4.75 ppm for 1H and at 74.58 ppm for 13C. 64 dummy scans, 

4 scans per increment and a relaxation delay of 1 s were used in all cases. In the 13C-dimension, 192 t1-

increments were sampled. Hard 90°-pulses used were 9.13 µs for 1H and 13 µs for 13C. INEPT and BIRD 

delays were adjusted for a one-bond coupling of 145 Hz in all cases. Adiabatic pulses used for inversion 

and refocusing of 13C were linear sweeps over 60 kHz with 500 µs and 2000 µs duration, respectively. 

The amplitude profile was shaped at the outmost 20% of each side of the sweep by quarter-sine ramps 

(Crp60,0.5,20.1 and Crp60comp.4). The amplitude was calibrated for an adiabaticity factor Q = 5. GARP 

decoupling was used during acquisition (power adjusted for an equivalent 60 µs 90° 13C-pulse). In F1 

Echo-Antiecho-TPPI encoding was used in all cases with an encoding gradient of 80% and a decoding 

gradient of 20.1% of the maximum gradient strength. All gradients had a smoothed squared shape 

(SMSQ10.100), were of 1 ms length and were followed by a 200 µs recovery delay. All time-domain data 

was subject to a squared cosine apodization (QSINE, SSB = 2) and was zero-filled to 4192 x 256 complex 

data points. No baseline correction was applied. 

The spectrum shown in black was acquired with the pulse program “hsqcetgpsp.2” from the standard 

pulse-program library. In the proton dimension 625 complex data points were sampled (100 ms 

acquisition). No trim pulse was used (length set to zero). 

The spectrum shown in purple was acquired with the pulse program “hsqcetgpsp.2_3D_r1.4.lk”. In the 

proton dimension, four data chunks each containing 550 complex data points were sampled (352 ms 

cumulated acquisition). No trim pulse was used (length set to zero). The final 2D dataset was obtained 

by concatenating FIDs with the pshift-AU. 

The spectrum shown in red was acquired with the pulse program “hsqcCLIP_EA_pBIRD_CPD.r1.4.lk”. In 

the proton dimension, 20 data chunks each containing 125 complex data points were sampled (400 ms 

cumulated acquisition), but for processing only the first 352 ms of the resulting FID were used. Gradient 

amplitudes as fractions of the maximum strength were G1 = 15%, G2 = 80%, G3 = 11%, G4 = 20.1%, 

G5 = 17%, G6 = 8% and G7 = 50% (numbering of gradients according to Figure 8.1 a)). The final 2D 

dataset was obtained by concatenating FIDs with the pshift-AU. 

 

14.1.7.  Project C, Figure 8.6, Comparison of the signal shape of two representative methyl 

groups, obtained with the different implementations of the F2-perfectBIRD HSQC 

 

Experimental parameters equal those for Figure 8.5 (see paragraph 14.1.6), with the following exceptions: 

 Hard 90° pulse lengths for 13C were reduced to 12.77 µs in all cases. 
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 A reduced chunk duration of 17.6 ms (110 complex data points) was used, resulting in 352 ms 

of total acquisition (2200 complex data points) from the 20 data chunks used per F1-increment. 

Further experimental parameters applying only to the traces shown in red: 

 The spectrum from which the traces shown are extracted was collected with the pulse sequence 

shown in Figure 8.1 b) (hsqcCLIP_EA_pBIRD_CPD.r2.1.lk). 

 For the 2D dataset, only 96 complex points were collected in F1. 

Further experimental parameters applying only to the traces shown in green: 

 The spectrum from which the traces shown are extracted was collected with the pulse sequence 

shown in Figure 8.1 b) (hsqcCLIP_EA_pBIRD_CPD.r2.1.lk). 

 Adiabatic bi-level decoupling239 was used during acquisition (bi_p5m4sp_4sp.2) with inversion 

pulses that were swept over a 42 kHz range (Crp42,1.5,20.2) over a 1.5 ms length. For the high-

power decoupling period the power level was adjusted for an adiabaticity factor of Q = 12 and 

in the low-power decoupling period Q = 3 was used. 

Further experimental parameters applying only to the traces shown in blue: 

 The spectrum from which the traces shown are extracted was collected with the pulse sequence 

shown in Figure 8.1 b) (hsqcCLIP_EA_pBIRD_CPD.r2.2.lk). 

 Adiabatic bi-level decoupling239 was used during acquisition (bi_p5m4sp_4sp.2) with inversion 

pulses that were swept over a 42 kHz range (Crp42,1.5,20.2) over a 1.5 ms length. For the high-

power decoupling period the power level was adjusted for an adiabaticity factor of Q = 12 and 

in the low-power decoupling period Q = 3 was used. 

 

14.1.8.  Project C, Figure 8.7, Tests of the pulse sequence shown in Figure 8.1 b) with a CHCl3-

sample at a 11.4 T instrument (600 MHz on protons) 

 

A sample containing 95 mg CHCl3 in 810 mg CDCl3 was prepared (no sealing, T1 of 13C-sattelite proton 

signal: 9.9 s). The 1JCH coupling was read from 13C-satellites in a 1H spectrum. Proton T1-values were 

estimated from a two-point inversion-recovery measurement (9.9 s for 13CHCl3). The spectra were 

acquired on an Avance III narrow bore system operating a 11.4 T magnet (600 MHz proton base 

frequency, Bruker Biospin, Karlsruhe) equipped with a 5 mm triple-band inverse probe (1H, 2H, 31P, 

BB) with z-gradient. The system was operated by TopSpinTM 3.2, patchlevel 5. Temperature was 

regulated at 300 K with a BCU-Xtreme chiller. 

All spectra were acquired with the pulse program “hsqcCLIP_EA_pBIRD_CPD.r2.1.lk” (see Figure 8.1 

b)). All spectra were acquired with 10.4 ppm spectral width in the proton dimension respectively (the 

dwell time in the proton dimension used is 160 µs). A single t1 time-point was measured at the minimum 

t1 value and a 1D-spectrum was extracted from the single t2-t3-plane measured. Transmitters were placed 

on resonance, unless otherwise stated. 4 dummy scans, 2 scans per increment and a relaxation delay of 

15 s were used in all cases. In the proton dimension, 20 data chunks each containing 125 complex data 

points were sampled (400 ms cumulated acquisition). 

Hard 90°-pulses used were previously calibrated for the sample used (9.18 µs for 1H and 12.88 µs for 
13C). INEPT and BIRD delays were adjusted for a one-bond coupling of CNST2 = 209 Hz unless otherwise 

stated. Adiabatic pulses used for inversion and refocusing of 13C were linear sweeps over 60 kHz with 

500 µs and 2000 µs duration, respectively. The amplitude profile was shaped at the outmost 20% of each 

side of the sweep by quarter-sine ramps (Crp60,0.5,20.1 and Crp60comp.4). The amplitude was 

calibrated for an adiabaticity factor Q = 5. GARP decoupling was used during acquisition (power 

adjusted for an equivalent 60 µs 90° 13C-pulse). All gradients had a smoothed squared shape 

(SMSQ10.100), were of 0.9 ms length and were followed by a 200 µs recovery delay. Gradient 

amplitudes as fractions of the maximum strength were G1 = 15%, G2 = 80%, G3 = 11%, G4 = 20.1%, 
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G5 = 17%, G6 = 8% and G7 = 90% (numbering of gradients according to Figure 8.1 b)). The final 1D 

dataset was obtained by first extracting the first 2D-plane out of the 3D dataset (using rser2d) and 

subsequently concatenating FIDs with the pshift-AU. 

All time-domain data was subject to exponential apodization (EM, LB = 1 Hz) and was zero-filled to 

4192 complex data points. Manual phasing was used only to 0th order. No baseline correction was 

applied. 

 

14.1.9. Project C, Figure 8.8, Test of 13C offset tolerance of the experiment shown in Figure 8.1 

c) with a CHCl3-sample at a 9.4 T instrument (400 MHz on protons) 

The CHCl3 sample described in section 14.1.8 was used. The spectra were acquired on an Avance III HD 

narrow bore system operating a 9.4 T magnet (400 MHz proton base frequency, Bruker Biospin, 

Karlsruhe) equipped with a 5 mm broadband-direct probe (BB, 19F/1H/2H) with z-gradient. The system 

was operated by TopSpinTM 3.2, patchlevel 5. Temperature was regulated at 300 K with a BCU II – 80/60 

chiller. Hard 90°-pulses used on this machine are 10.25 µs for 1H and 10.0 µs for 13C.the pulse program 

“hsqcCLIP_EA_pBIRD_CPD.r2.2.lk” (see Figure 8.1 c)), with the exception of the spectrum shown 

without homonuclear decoupling. The latter used the same implementation of the HSQC-part of the 

experiment, but with normal F2-acquisition directly following time-point II (pulse program 

“hsqcetgpipsp.2.lk”, provided in the electronic supplements).A single t1 time-point was measured at the 

minimum t1 value and a 1D-spectrum was extracted from the single t2-t3-plane measured. Transmitters 

were placed on resonance, unless otherwise stated. 4 dummy scans, 2 scans per increment and a 

relaxation delay of 15 s were used in all cases. In the proton dimension, spectra were acquired with 

12.5 ppm spectral width (the dwell time in the proton dimension used is 200 µs). For homonuclear 

decoupled spectra, 20 data chunks each containing 100 complex data points were sampled (400 ms 

cumulated acquisition). In the experiment without homonuclear decoupling, a total of 512 complex 

points were sampled (102.4 ms acquisition)INEPT and BIRD delays were adjusted for a one-bond 

coupling of CNST2 = 209 Hz. Adiabatic pulses used for inversion and refocusing of 13C were linear 

sweeps over 80 kHz with 500 µs and 2000 µs duration, respectively. The amplitude profile was shaped 

at the outmost 20% of each side of the sweep by quarter-sine ramps (Crp80,0.5,20.1 and Crp80comp.4). 

The amplitude was calibrated for an adiabaticity factor Q = 5. For heteronuclear decoupling, adiabatic 

single-level decoupling237, 238 with p5m4-cycling400 was used (p5m4sp180.2) with inversion pulses that 

were swept over a 60 kHz range (Crp60,1.5,20.1000.lk) over a 1.5 ms length. The amplitude profile was 

ramped at the outmost 20% of the pulses using a quarter-sine profile401. The power level for broadband 

decoupling was adjusted for an adiabaticity factor of Q = 3. 

All gradients had a smoothed squared shape (SMSQ10.100), were of 0.9 ms length for the F2-

perfectBIRD HSQC experiments and 0.7 ms for the experiment without homonuclear decoupling, and 

were followed by a 200 µs recovery delay. Gradient amplitudes as fractions of the maximum strength 

were G1 = 15%, G2 = 80%, G3 = 11%, G4 = 20.1%, G5 = 17%, G6 = 8% and G7 = 50% (numbering of 

gradients according to Figure 8.1 c)). The final 1D dataset was obtained by first extracting the first 2D-

plane out of the 3D dataset (using rser2d) and subsequently concatenating FIDs with the pshift-AU.For 

the homonuclear decoupled experiments, time-domain data was subject to exponential apodization (EM, 

LB = 1 Hz) and was zero-filled to 4192 complex data points. Manual phasing was used only to 0th order. 

No baseline correction was applied. 

For the experiment without homonuclear decoupling, time-domain data was subject to exponential 

apodization (EM, LB = 4 Hz) and was linear-forward predicted to 4192 complex data points (Me_mod: 

“LPfc”, NCOEF: 64). Manual phasing was used only to 0th order. No baseline correction was applied. 
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14.1.10.  Project C, Figure 8.9, Cyclosporine A spectra acquired at 600 MHz 1H frequency 

(pure shift experiment acquired with pulse program shown in Figure 9.1 c)) 

 

Experimental parameters equal those for Figure 8.5 (see paragraph 14.1.6), with the following exceptions: 

 Hard 90° pulse lengths for 13C were reduced to 12.77 µs in all cases. 

 The F2-perfeectBIRD HSQC was collected with the pulse sequence shown in Figure 8.1 c) 

(hsqcCLIP_EA_pBIRD_CPD.r2.2.lk), with a reduced chunk duration of 17.6 ms (110 complex 

data points) was used, resulting in 352 ms of total acquisition (2200 complex data points) from 

the 20 data chunks used per F1-increment. 

 For the F2-perfectBIRD HSQC experiment and for the experiment without homonuclear 

decoupling and standard acquisition (shown in black), the proton transmitter was moved to 

3.0 ppm and a 1H 90° hard pulse length of 9.25 µs was used. In these experiments, adiabatic 

pulses for inversion and refocusing were swept over 80 kHz over the same time periods (shapes 

Crp80,0.5,20.1 and Crp80comp.4), but with the power level adjusted. For heteronuclear 

decoupling, adiabatic single-level decoupling237, 238 with p5m4-cycling400 was used 

(p5m4sp180.2) with inversion pulses that were swept over a 60 kHz range 

(Crp60,1.5,20.1000.lk) over a 1.5 ms length. The power level for broadband decoupling was 

adjusted for an adiabaticity factor of Q = 3. 

 The homocoupled HSQC with improved F2-resolution was acquired using adiabatic bi-level 

decoupling239 during acquisition (bi_p5m4sp_4sp.2) with inversion pulses that were swept over 

a 42 kHz range (Crp42,1.5,20.2) over a 1.5 ms length. For the high-power decoupling period the 

power level was adjusted for an adiabaticity factor of Q = 12 and in the low-power decoupling 

period Q = 3 was used. 

 

14.1.11. Projejct C, Figure 8.11, Comparison of 1H-13C-HSQC spectra collected for 

oligourea 8 (1.9 mM) in pyridine-d5, acquired at 320 K. 

 

Oligourea 8 was donated by KAROLINA PULKA-ZIACH (University of Warshaw) and used as obtained. 

1.6 mg of the substance was dissolved in 0.6145 ml pyridine-d5 (as determined by weight; 99.8% 

deuteration, Merck KGaA) inside a 5 mm NMR-tube. After initial measurements, the sample content was 

transferred to another NMR-tube, where it was degassed by several freeze-pump-thaw cycles, prior to 

sample sealing under reduced pressure. 

The spectra were acquired on an Avance III HD narrow bore system operating a 16.45 T magnet 

(700 MHz proton base frequency, Bruker Biospin, Karlsruhe) equipped with a cryogenically cooled 5 mm 

inverse probe (1H/19F – 31P/13C/15N/D) with z-gradient. The system was operated by TopSpinTM 3.2, 

patchlevel 6. Temperature was regulated at 320 K with a BCU II – 80/60 chiller. Hard 90°-pulses used 

are 6.7 µs for 1H and 9.3 µs for 13C.Figure 8.1 c) with  = 0, as implemented by WOLFGANG BERMEL (the 

pulse program is provided in the electronic supplements). 

Both spectra were acquired with a spectral width of 165 ppm in the 13C-dimension. In both cases 64 

dummy scans and a four-step phase-cycle were used and 180 complex data points were collected in the 
13C dimension. Each transient was followed by a 1 s relaxation delay. 1H and 13C transmitter frequencies 

were placed at 4.4 ppm and 80 ppm respectively. INEPT and BIRD delays were optimized for a 145 Hz 

one-bond coupling. 

The experiment without homonuclear decoupling was acquired with 14.28 ppm spectral width in the 1H 

dimension (100 µs dwell-time) and 102.4 ms of acquisition (1024 complex data points). For the 

homodecoupled experiment a 8.925 ppm 1H spectral width (160 µs dwell-time) was used. 32 transients 

in the homonuclear decoupling dimension were measured with incrementation of t2 in 5.12 ms steps. 

Each transient was acquired with 99.48 ms of continued acquisition (624 complex data points). After 
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data reassembly (without FID-averaging) an FID of 163.84 ms length (1024 complex data points) 

resulted in the pseudo-direct dimension. 

In both cases shaped adiabatic pulses swept over a 60 kHz frequency range were used for inversion and 

refocusing on 13C. For inversion, a 500 µs single sweep (Crp60,0.5,20.1 from the standard pulse library) 

and for inversion a composite sweep pulse of 2 ms length was used (Crp60comp.4 from the standard 

pulse library). Both pulse amplitudes were calculated for an adiabaticity factor of Q = 5. For broadband 

heteronuclear decoupling both experiments used adiabatic bi-level decoupling239 (bi_p5m4sp_4sp.2 as 

implemented in TopSpin 3.2 pl 6) with pulses that were adiabatically frequency swept over a 42 kHz 

band. A 1.5 ms pulse length and a shaped profile (Crp42,1.5,20.2) were used. During the high-power 

decoupling period, the pulse power was adjusted for an adiabaticity factor of Q = 12, during the low-

power decoupling period Q = 3 was used. 

All gradient pulses used were of 900 µs length and used a shaped amplitude profile (SMSQ10.100). 

Gradient strengths are reported as fractions of the nominal maximum gradient strength of 53.5 G/cm. 

For coherence selection and Echo/Antiecho-encoding gradient pulses of 80 % (G2) and 20.1% (G4) were 

used in both cases. Additional gradient pulses G1 = 23%, G3 = 11%, G5 = 17%, G6 = 7% and G7 = 90% 

(numbering of gradients according to Figure 8.1 c)) were used for the homodecoupled experiment. 

In both cases, the FID was zero-filled to 2048 complex data points in the direct dimension and in the 

indirect dimension forward linear prediction with 32 coefficients was used to obtain a total of 256 

complex data points. In both cases a squared cosine function was used for apodization (QSINE; SSB: 2) 

before Fourier transformation. Data was manually phased and no baseline correction was applied. 

 

14.1.12. Project C, Experiments used for signal assignment in oligourea 8 

 

The experiments were performed using the same sample and spectrometer and pulse lengths as 

described in section 14.1.11. Further 1H-13C-HSQC experiments were used as described in that section. 

An additional 1H-13C-HSQC without homonuclear decoupling was collected with 6144 complex data 

points in the carbon-dimension (16.7 h of acquisition; 4.7 Hz resolution in F1, 16384 complex data points 

for processing), with settings otherwise identical to the experiment described. 

TOCSY, EASY ROESY, DQF-COSY, 1H-15N-HSQC and HMBC experiments used the pulse programs 

contained in the TopSpin 3.2 patchlevel 6 pulse program library (dipsi2esgpph, roesyadjsphpr, cosydfph, 

hsqcetgpsi and hmbcetgpl3nd respectively). TOCSY, EASY ROESY and DQF-COSY were measured with 

11 ppm spectral width in both dimensions with the transmitter placed at 5 ppm. 1024 x 256 (TOCSY), 

1024 x 128 (EASY ROESY) and 8192 x 256 (DQF-COSY) complex data points were collected using 8, 

24 and 24 steps in the phase cycle respectively. All experiments were preceded by 32 dummy scans and 

a relaxation delay of 1.5 s (TOCSY) or 2 s (EASY ROESY and DQF-COSY) was used. TOCSY and EASY 

ROESY used gradients for coherence selection, set as recommended by the manufacturer. The TOCSY 

experiment used a 100 ms DIPSI-2 mixing element42. The EASY ROESY used adiabatically ramped low- 

and high-filed spin lock periods with a total of 200 ms spin locking at 6.4 kHz. The requested spin-lock 

tilt-angle was set to 45°.  

The 1H-15N-HSQC was acquired with spectral widths of 14.3 ppm on 1H and 120 ppm on 15N with the 

transmitters set to 4.7 ppm and 100 ppm respectively. 1024 x 128 complex data points were sampled 

with 32 scans, preceded by 64 dummy scans. INEPT-delays were adjusted to a 90Hz coupling constant. 

No trim pulse was used. Gradient-based Echo-Antiecho-encoding was used. GARP-4 decoupling (240 µs 

pulse length) was used during acquisition. 

The 1H-13C-HMBC was acquired with widths of 12.0 ppm on 1H and 160 ppm on 15N with the transmitters 

set to 4.7 ppm and 95 ppm respectively. 2048 x 256 complex data points were sampled with 16 scans, 

preceded by 32 dummy scans. The timing was optimized for a heteronuclear long-range coupling of 

8 Hz. The three-step J-low-pass filter used was optimized to span a range of one-bond couplings between 
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120 Hz and 170 Hz. Gradient filtration was used as recommended by the manufacturer. A 2 ms 

composite adiabatic chirp pulse was used for refocusing on 13C. 2048 x 2048 complex data points were 

used for processing. In the 1H dimension an unshifted sine function was used for apodization, in the 13C 

dimension a squared cosine function was used after forward linear prediction with 32 coefficients.  

2x zero-filling and apodization with a squared cosine function was applied for all spectra but the HMBC. 

All chemical shifts reported were referenced to the solvent signal appearing at 8.71 ppm in a proton 

spectrum and calibration was transferred to all 2D spectra. 

 

14.1.13. Project C, Figure 8.12, Chemical shift extraction by spin-system simulation 

 

The reference 1H-spectrum was collected for the sample and using the experimental setup described in 

section 14.1.11. The sample temperature was regulated at 320 K. A single scan 1H-experiment was 

performed using a spectral width of 20.1 ppm and 2.34 s of acquisition. A 6.7 µs 90° excitation pulse was 

used. An exponential apodization (LB: 0.3 Hz) was applied before Fourier transformation. 

Spectrum simulation was performed using the Bruker TopSpinTM NMR-SimTM experiment simulator 

version 5.6. The option “File -> Experiment setup -> Load from TopSpin Dataset” was used to transfer 

the settings from 1H-spectrum. Relaxation effects were turned off during the simulation. The pulse 

amplitude for the 6.7 µs hard pulse was set to 37313.4 Hz. All simulated data was subject to 2x zero-

filling (to 65536 complex data points) and to an exponential apodization (LB: 2 Hz) prior to Fourier 

transformation. The phase correction was calculated from the pulse length used during the simulation. 

A four-spin system was defined for simulation. Three spins were coupled to each other, a fourth spin not 

coupled to the others was positioned at 4.4 ppm to facilitate validation of the spectrum phasing. In 

different simulations, the settings for chemical shifts and coupling constants of the three coupling spins 

were adjusted until good agreement between the simulated and the measured data was achieved, as 

judged by visual inspection. This was achieved by setting 1 = 3268.1 Hz (4.667 ppm), 2 = 3327.2 Hz 

(4.751 ppm), 3 = 5069 Hz, J1,2 = 15.38 Hz, J1,3 = 5.6 Hz and J2,3 = 6.0 Hz. 

It should be noted that the third spin is not resolved in the proton spectrum, so its frequency was fixed 

at 5069 Hz, according to the chemical shift extracted from 2D spectra. 

 

14.1.14. Project D, Figure 9.2, a) gradient selected magnitude COSY and b) CLIP-COSY, 

measured for a strychnine (267 mM) in CDCl3 

 

A strychnine sample 267 mM (89 mg/ml) in CDCl3, was used. The sample has been degassed by several 

freeze-pump-thaw cycles before sealing in a 5 mm tube. Rates for longitudinal relaxation (T1)-1 range 

from (4.8 s)-1 to (0.54 s)-1 for this sample as reported in (Chapter 2 of the Supporting information of the 

manuscript inserted into chapter 6 (Project A)) 

Spectra were acquired on an Avance III narrow bore system operating a 11.4 T magnet (600.3 MHz 

proton base frequency, Bruker Biospin GmbH, Karlsruhe) equipped with a 5 mm triple-band inverse 

probe (1H, 2H, 31P, BB) with z-gradient. The system was operated by TopSpinTM 3.2, patchlevel 5. 

Temperature was regulated at 300 K with a BCU-Xtreme chiller. 

The gradient-selected magnitude COSY was acquired with the pulse sequence reported in ref. 211, as 

implemented in the TopSpinTM 3.2 pl. 5 pulse program library (cosygpqf). The CLIP-COSY used the pulse 

sequence shown in Figure 9.1 b), which is provided in the electronic supplements as cope2dgp.t1.6.lk 

(compiled with ZGOPTNS: “-DLABEL_ZQF -DLABEL_ZF”). 

Spectra were collected with 10.41 ppm spectral width in both dimensions, with the transmitter placed 

at 5 ppm in the 1H-spectrum. Data matrices of 8192 x 128 real data points were sampled after 16 dummy 

scans with a single scan per t1-increment. The gradient-selected COSY is processed in magnitude mode, 
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while the CLIP-COSY is processed in phase-sensitive mode using complex encoding402 in the indirect 

dimension. 

Hard 90° 1H-pulses of 9.38 µs duration were used. Pulsed field gradients, with exception of G1 in the 

CLIP-COSY (for numbering see Figure 9.2 b)), were of smoothed square shape (SMSQ10.100) with an 

duration of 1 ms and followed by a 200 µs recovery delay. The gradient-selected COSY used 10% of the 

maximum gradient strength (~ 50 G/cm), and the CLIP-COSY used G2 = 10% and G3 = 33%. 

For Thrippleton-Keeler-filtration, the CLIP-COSY experiment used adiabatically frequency swept pulses 

with a 60 kHz sweep over 20 ms length. An amplitude profile with quarter-sine ramps at the outer 10% 

of the pulse was used (Crp60,20,20.10). The pulse amplitude was adjusted for an adiabaticity factor 

Q = 5 in the middle of the sweep. 

Time domain signals were zero-filled to 16384 real data points in t2 and linear forward prediction to 

1024 real data points was applied in t1 using 32 adjustable coefficients. For the gradient-selected COSY 

unshifted squared sine functions were used for apodization. The CLIP-COSY used exponential 

apodization in F2 (LB: 1 Hz) and a squared cosine function (SSB: 2) in the indirect dimension. The CLIP-

COSY was manually phased and subjected to automatic baseline correction in F1.  
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14.2. Project C, Signal assignment for oligourea 8 
 

 

Figure 14.1: Structure of oligourea 8, as also shown in Figure 8.10. 

 

Table 14.1: Signal assignment for oligourea 8. Values reported in bold letters were added to the signal assignment reported in 

the Bachelor thesis of Timo Imhof378. 15N chemical shifts are reported using liquid ammonia as the reference. J-coupling values 

were extracted from a 1H-spectrum. Only 3JHH values are reported, which involve one nitrogen-bound proton and one carbon 

bound proton. Values that could only be roughly be determined are marked with an asterisk. 

position 1H NMR,  [ppm] 15N NMR, δ [ppm] 13C NMR  [ppm] 3JNH, H or H [Hz] 

B
n

-c
a
p

 

1A 4.751  44.09 6.0 

1B 4.667  44.09 5.6 

NH 7.25 82.65   

Cq   141.8  

ortho 7.62  127.7  

meta 7.35  128.52  

para 7.22  126.63  

re
si

d
u

e
 1

 

C=O   159.6  

NH' 7.05 77.09   

 pro(S) 4.385  44.695 8.6 

 pro(R) 3.161  44.695 3.1 

 4.847  51.235 9.24 

A 2.831  40.45  

B 2.831  40.45  

   139.33  

 7.345  129.5  

 7.228  128.3  

 7.13  126.05  

NH 6.524 91.47   

re
si

d
u

e
 2

 

C=O     

NH' 6.91 75.92   

 pro(S) 4.307  46.32 9.2* 

 pro(R) 2.65  46.32 2.7 

 4.86  50.48 10.2 

A 2.744  39.735  

B 2.65  39.735  

   138.9  

 7.207  129.3  
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 7.181  128.31  

 7.098  126.04  

NH 6.4 92.73   

re
si

d
u

e
 3

 

C=O     

NH' 6.92 77.28   

 pro(S) 3.98  46.395 9.4* 

 pro(R) 2.53  46.395 3.1 

 4.692  50.98 10.35 

A 2.79  39.16  

B 2.596  39.16  

   138.95  

 7.45  129.52  

 7.353  128.48  

 7.202  126.31  

NH 6.38 92.26   

re
si

d
u

e
 4

 

C=O     

NH' 6.97 77.75   

 pro(S) 4.12  45.955 9.6 

 pro(R) 2.635  45.955 2.8 

 4.5  51.17 10.15 

A 2.81  39.05  

B 2.635  39.05  

   138.7  

 7.35  129.45  

 7.333  128.52  

 7.235  126.48  

NH 6.44 92.37   

re
si

d
u

e
 5

 

C=O     

NH' 6.61 77.71   

 pro(S) 3.94  46.03 9.9 

 pro(R) 2.47  46.03 3.6 

 4.46  51.015 10 

A 2.73  38.725  

B 2.61  38.725  

   138.6  

 7.27  129.21 or 129.23  

 7.296  128.56 or 128.72  

 7.23 or 7.25  126.57 or 126.75  

NH 6.7 91.95   

re
si

d
u

e
 6

 

C=O   160.1  

NH' 7 77.75   

 pro(S) 3.882  45.81 9* 

 pro(R) 2.76  45.815 3.5* 
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 4.663  55.84 9.65 

A 2.85  38.99  

B 2.76  38.99  

   138.1  

 7.27  129.21 or 129.23  

 7.295  128.56 or 128.72  

 7.23 or 7.25  126.57 or 126.75  

NH 6.628 96.09   

(p
B

r)
P

h
-c

a
p

 C=O   157.1  

NH 9.512 105.25   

Cq-(N)   139.7  

Ar-ortho-(N) 7.503  121  

Ar-meta-(N) 7.511  132.2  

Cq-(Br)   114.8  
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14.3. Project D, Product operator analysis for perfect echo mixing in the case of an arbitrarily 
large weakly coupled spin system 

 

The analysis is carried out for the pulse sequence element enclosed in Figure 9.1 b) between time points 

I and V. The effect of N weakly coupling partners on the initial transverse component on spin 1 is 

analysed, without considering chemical shift evolution. This is sufficient to compute the final state of the 

weakly coupled spin system at time point V, if all pulses are considered to be perfect instantaneous flips. 

 

Initial coherence generated directly prior to time point I first evolves during 2: 

−𝐼1,𝑦
180𝑥

°

→  𝐼1,𝑦
for all n: 𝜋𝐽1,𝑛2𝜏
→            

𝐼1,𝑦∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛

 

−∑2𝐼1,𝑥𝐼𝑗,𝑧 sin(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗𝑗

−∑∑4𝐼1,𝑦𝐼𝑗,𝑧𝐼𝑘,𝑧 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘𝑘≠𝑗𝑗

+∑∑ ∑ 8𝐼1,𝑥𝐼𝑗,𝑧𝐼𝑘,𝑧𝐼𝑙,𝑧 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) sin(𝜋𝐽1,𝑙2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘,𝑙𝑙≠𝑗,𝑘𝑘≠𝑗𝑗

 

+… 

(14.1) 

The number of terms obtained hereby is determined by the size of the spin system. Note that none of 

the indices used in this formula or used later shall run over spin 1. The 90°y pulse introduces the mixing 

desired. 

(14.1)
90𝑦
°

→  

𝐼1,𝑦∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛

 

+∑2𝐼1,𝑧𝐼𝑗,𝑥 sin(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗𝑗

−∑∑4𝐼1,𝑦𝐼𝑗,𝑥𝐼𝑘,𝑥 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘𝑘≠𝑗𝑗

−∑∑ ∑ 8𝐼1,𝑧𝐼𝑗,𝑥𝐼𝑘,𝑥𝐼𝑙,𝑥 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) sin(𝜋𝐽1,𝑙2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘,𝑙𝑙≠𝑗,𝑘𝑘≠𝑗𝑗

 

+… 

(14.2) 

Each of the terms is now analysed separately, for convenience. We start with the simples one: 
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(14.1)
for all n: 𝜋𝐽1,𝑛2𝜏
→            

∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛

{𝐼1,𝑦∏cos(𝜋𝐽1,𝑝2𝜏)

𝑝

 

−∑2𝐼1,𝑥𝐼𝑞,𝑧 sin(𝜋𝐽1,𝑞2𝜏)∏cos(𝜋𝐽1,𝑝2𝜏)

𝑝≠𝑞𝑞

 

−∑∑4𝐼1,𝑦𝐼𝑞,𝑧𝐼𝑟,𝑧 sin(𝜋𝐽1,𝑞2𝜏) sin(𝜋𝐽1,𝑟2𝜏) ∏ cos(𝜋𝐽1,𝑝2𝜏)

𝑝≠𝑞,𝑟𝑟≠𝑞𝑞

 

+∑∑ ∑ 8𝐼1,𝑥𝐼𝑞,𝑧𝐼𝑟,𝑧𝐼𝑠,𝑧 sin(𝜋𝐽1,𝑞2𝜏) sin(𝜋𝐽1,𝑟2𝜏) sin(𝜋𝐽1,𝑠2𝜏) ∏ cos(𝜋𝐽1,𝑝2𝜏)

𝑝≠𝑞,𝑟,𝑠𝑠≠𝑞,𝑟𝑟≠𝑞𝑞

 

+…} 

(14.3) 

Under the assumption of ideal z-filtration, the only term that will not be suppressed and thus will 

contribute to the final result is  

(14.3)
180𝑥

°

→  
90𝑥
°

→ 
 z−filter 
→     

90−𝑥
°

→  −∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛

𝐼1,𝑦∏cos(𝜋𝐽1,𝑝2𝜏)

𝑝

= −𝐼1,𝑦∏cos2(𝜋𝐽1,𝑛2𝜏)

𝑛

, (14.4) 

because all other terms contain transverse components during the z-Filter. 

 

Next we analyse the sum of two-spin coherences. We first analyse the evolution under coupling with 

spin 1,  

(14.1)
𝜋𝐽1,𝑗2𝜏
→     

∑sin(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗

{2𝐼1,𝑧𝐼𝑗,𝑥 cos(𝜋𝐽1,𝑗2𝜏) + 𝐼𝑗,𝑦 sin(𝜋𝐽1,𝑗2𝜏)}

𝑗

, 
(14.5) 

And subsequently with all other spins 
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(14.5)
for all p≠j: 𝜋𝐽1,𝑛2𝜏
→              

∑sin(𝜋𝐽1,𝑗2𝜏) cos(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗𝑗

{2𝐼1,𝑧𝐼𝑗,𝑥∏cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗

 

+∑4𝐼1,𝑧𝐼𝑗,𝑦𝐼𝑞,𝑧 sin(𝜋𝐽𝑗,𝑞2𝜏) ∏ cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗,𝑞𝑞≠𝑗

 

−∑ ∑ 8𝐼1,𝑧𝐼𝑗,𝑦𝐼𝑞,𝑧𝐼𝑟,𝑧 sin(𝜋𝐽𝑗,𝑞2𝜏) sin(𝜋𝐽𝑗,𝑟2𝜏) ∏ cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑞,𝑟,𝑠𝑟≠𝑗,𝑞𝑞≠𝑗

+…} 

∑sin2(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗

{𝐼𝑗,𝑦∏cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗𝑗

 

−∑2𝐼𝑗,𝑥𝐼𝑞,𝑧 sin(𝜋𝐽𝑗,𝑞2𝜏) ∏ cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗,𝑞𝑞≠𝑗

 

−∑ ∑ 4𝐼𝑗,𝑦𝐼𝑞,𝑧𝐼𝑟,𝑧 sin(𝜋𝐽𝑗,𝑞2𝜏) sin(𝜋𝐽𝑗,𝑟2𝜏) ∏ cos(𝜋𝐽1,𝑝2𝜏)

𝑝≠𝑗,𝑞,𝑟𝑟≠𝑗,𝑞𝑞≠𝑗

+…} 

(14.6) 

Again, analysing which of these terms contributes to final signal (assuming a perfect z-filter) the number 

of terms reduces to the ones containing a single spin operator: 

(14.6)(14.3)
180𝑥

°

→  
90𝑥
°

→ 
 z−Filter 
→      

90−𝑥
°

→  −∑𝐼𝑗,𝑦sin
2(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗

∏cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗𝑗

. (14.7) 

For all terms in (14.2) containing products of three-, four- or more single-spin operators, i.e. 

−∑∑4𝐼1,𝑦𝐼𝑗,𝑥𝐼𝑘,𝑥 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘𝑘≠𝑗𝑗

 

−∑∑ ∑ 8𝐼1,𝑧𝐼𝑗,𝑥𝐼𝑘,𝑥𝐼𝑙,𝑥 sin(𝜋𝐽1,𝑗2𝜏) sin(𝜋𝐽1,𝑘2𝜏) sin(𝜋𝐽1,𝑙2𝜏) ∏ cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗,𝑘,𝑙𝑙≠𝑗,𝑘𝑘≠𝑗𝑗

 

+… 

 

(14.8) 

we can rule out, that these contribute to the final signal detected (again assuming ideal z-filtration), by 

a simple argument: 

All of these terms contain products of two or more transverse single-spin operators with direction x. 

Throughout the second spin echo period (time points III to V in Figure 9.1b)), this does not change as a 

result of weak J-coupling, as described in equations (94) in ref. 186, while chemical shift evolution is 

refocused at time point V. As however, in the ideal case the 90°x – z-filter – 90°-x sandwich supresses all 

coherences but products of single-spin with direction y (i.e.: Ia,y, 2Ia,yIb,y, 4Ia,yIb,yIc,y, …), all terms in (14.2) 

containing the product Ij,xIk,x will be suppressed. In (14.2), all terms with three-, four- or more single-

spin operators contain this product. 

 

At the start of acquisition, the only terms therefore remaining are those in (14.4) and in (14.7). At this 

instant, we therefore obtain: 

−𝐼1,𝑦
I through V
→       

90𝑥
°

→ 
 z−filter 
→     

90−𝑥
°

→   

−𝐼1,𝑦∏cos2(𝜋𝐽1,𝑛2𝜏)

𝑛

−∑𝐼𝑗,𝑦sin
2(𝜋𝐽1,𝑗2𝜏)∏cos(𝜋𝐽1,𝑛2𝜏)

𝑛≠𝑗

∏cos(𝜋𝐽𝑗,𝑝2𝜏)

𝑝≠𝑗𝑗

 
(14.9) 
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The term containing I1,y generates the diagonal peaks, while all terms containing Ij,y-operators lead to 

cross-peaks. If relative peak amplitudes were to be determined by this formula, it would also be required 

to consider contributions from relaxation. 
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14.4. Project D, Signal assignment for Rebaudisoide A in DMSO-d6 
 

Signal assignment for rebaudioside A, dissolved in DMSO-d6 (11.6 mM) was based on 1H, HSQC, DQF-

COSY, 13C, HMBC, NOESY, ROESY and TOCSY spectra, measured at 300K at 700 MHz proton resonance 

frequency. Chemical shifts reported were referenced using the solvent residual signal in the proton 

spectrum. 

 

 

Figure 14.2: Structure of rebaudisoide A with numbering used below. For assignment in pyridine-d5 see ref. 403. 

 

No (13C) (1H)  No (13C) (1H) 

1 40.53* 0.78 1.78     

2 19.1 1.80 1.35  1’’ 97.1 4.465 

3 37.9 2.06 0.99  2’’ 79.3 3.488 

4 43.60   3’’ 86.7 3.54 

5 56.9 1.04  4’’ 69.4 3.16 

6 21.7 1.93 1.71  4’’-OH  4.50 

7 41.5 1.48 1.35  5’’ 76.5 3.12 

8 42.3   6’’ 61.4 3.68 3.41 

9 53.7 0.91  6’’-OH  4.65 

10 39.4      

11 20.3 1.69 1.49  1’’’ 102.9 4.63 

12 36.7 1.86 1.45  2’’’ 75.0 2.98 

13 85.7   2’’’-OH  5.12 

14 43.65* 1.44 2.10  3’’’ 76.9 3.14 

15 47.5 2.04 1.98  3’’’-OH  4.95 

16 153.6   4’’’ 70.7 3.05 

17 104.4 a:5.05 b:4.74   4’’’-OH  4.88 

18 28.6 1.14  5’’’ 77.1 3.05 

19 176.0   6’’’ 61.7 3.61 3.42 

20 15.5 0.87  6’’’-OH  4.07 

       

1’ 94.6 5.27  1’’’’ 103.5 4.42 

2’ 73.0 3.15  2’’’’ 74.2 3.04 

2’-OH  5.20  2’’’’-OH  5.60 

3’ 77.37* 3.25  3’’’’ 77.0 3.16 

3’-OH  4.96  3’’’’-OH  5.07 

4’ 70.0 3.14  4’’’’ 70.5 3.06 

4’-OH  4.95  4’’’’-OH  5.00 

5’ 78.1 3.19  5’’’’ 77.4 3.19 

6’ 61.0 3.46 3.63  6’’’’ 61.4 3.70 3.40 

6’-OH  4.47  6’’’’-OH  4.58 
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