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“Commonplace as such experiments have become in our laboratories, I have not yet lost
a feeling of wonder, and of delight, that this delicate motion should reside in all the
ordinary things around us, revealing itself only to him who looks for it. I remember, in
the winter of our first experiments, just seven years ago, looking on snow with new eyes.
There the snow lay around my doorstep – great heaps of protons quietly precessing in the
earth’s magnetic field. To see the world for a moment as something rich and strange is
the private reward of many a discovery.”

– Edward M. Purcell, Nobel Lecture, 11 December 1952.
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Chapter 1

Introduction

1.1 The Quantum Revolution and the Emergence of
Spin

At the end of the 19th century, the theories of physics were in a quite satisfactory state.
Isaac Newton’s classical mechanics was well-developed into sophisticated mathematical
formulations by Joseph-Louis Lagrange and William Hamilton, and it could be used
to solve complex problems and successfully predict their outcome.[1–3] For example, the
motion and reciprocal interaction of planets within the solar system was well under-
stood, and the mathematician Urbain Le Verrier was able to predict both the existence
and location of the then unknown planet Neptune based on orbital perturbations of
Uranus.[4] Thermodynamics was the established model to deal with heat, work, and
temperature. The related kinetic theory of gases was used to predict the thermodynamic
behavior of gases, although many physicist regarded the occurring microscopic particles
as a purely hypothetical construct. The groundbreaking theory of electromagnetism by
James Maxwell was able to unify and correctly describe electrical, magnetic, and optical
phenomena.[5] It was a common opinion among scientists that all main physical laws had
been discovered, and that remaining inadequacies of the theory could be patched with
minor modifications.

However, some of these inadequacies proved to be unfixable, and only new and re-
volutionary theories could account for them. In 1887, Albert Michelson and Edward
Morley were unable to find evidence for a medium of electromagnetic radiation, called
the luminiferous ether.[6] Albert Einstein later found a more general problem with the
concept of an ether. In one of his famous thought experiments he envisioned an observer
moving at the speed of light, which lead to a number of absurd results when applying
the current theories of mechanics and electromagnetism. As a consequence, he went on
to almost single-handedly develop the theory of relativity between 1905 and 1915, which
today is considered as one of the two branches of modern physics.[7,8] It can be described
in a most reductionist way as the theory of things that are either very heavy or very fast.

Another phenomenon that eluded the description via classical mechanics was the
spectrum of black-body radiation. Theoretical arguments predicted that the power
density should diverge for short wavelengths, which was clearly unphysical and got
coined as the ultraviolet catastrophe.[9,10] Max Planck was able to solve this problem
by postulating that energy can only be absorbed and emitted in discrete packets, or
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quanta, and formulated what is today known as Planck’s law of radiation, which was
in agreement with experimental observations of thermal radiation.[11] Einstein used this
idea of quantization in 1905 to explain the photoelectric effect, the observation made
first by Heinrich Hertz that electrons could be emitted from condensed matter upon
irradiation with light, but only if the light had a sufficiently short wavelength.[12,13] This
interpretation by Einstein was incompatible with the description of light as waves, and
implied that light had particle-like properties. On the other side, Ernest Rutherford
demonstrated in 1911 that the positive charge of matter was concentrated into a very
small fraction of the overall volume.[14] This meant that the negative electrons had to be
orbiting around these nuclei, which again was incompatible with classical electrodynamics.
By postulating the quantization of the electron’s angular momentum, Niels Bohr was
able to construct an atomic model that had the electrons orbiting the nucleus in discrete
orbits with discrete energy levels.[15] Although we know today that this model fails in a
number of finer details, it was a breakthrough as it successfully predicted the previously
enigmatic emission lines of hydrogen gas, and the orbital radii qualitatively agreed with
the atom sizes determined via the first X-ray diffraction experiments. In his Ph.D.
thesis from 1924, Louis de Broglie assigned wave-like properties to particles with non-
zero mass, further extending the concept of wave-particle dualism.[16] It was clear that
classical physics failed on the atomic scale, and a new theory for the things that are
either very light or very slow started to emerge.

In the following years, two different descriptions of this new quantum mechanics
were formulated. Werner Heisenberg, Max Born, and Pascual Jordan had developed
a mathematical formalism based around matrices, while Erwin Schrödinger had built
upon the idea of de Broglie and developed quantum mechanics based around wave
functions.[17–19] It was quickly shown that both approaches were equivalent, and it was
possible to choose the description that was more convenient for the problem at hand.
However, this was far from being the end of the story. Finer aspects of quantization
were still being discovered, and the theory was being refined. In 1922 Otto Stern
and Walther Gerlach showed experimentally that the angular momentum was not only
quantized in its magnitude, but also in its direction.[20] Although they had been looking
for quantization of orbital angular momentum, they actually observed the electron’s
unknown spin angular momentum being quantized in its orientation. As a result, they
found only two instead of three discrete states. To explain this, Samuel Goudsmit and
George Uhlenbeck proposed that the electron had an inherent angular momentum with
quantum number 1/2, although it was already clear at the time that this could not
reasonably be associated with the electron literally rotating around its own axis (which
would require either unreasonable sizes or rotation speeds).[21] The year before, Wolfgang
Pauli had already assigned an unspecified, two-valued quantum number to the electron
to explain the shell structure of the atom and the periodic system, and based on the idea
of a half-integer electron spin, he went on to establish the Pauli matrices in 1927, which
remains the valid description of spin phenomena today (Eq. (2.7)).[22,23] When Paul Dirac
modified the Schrödinger equation to include special relativity in the following year, he
found spin emerging naturally, providing a theoretical justification for it.[24]
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Around the same time it was realized that atomic nuclei and its constituents also pos-
sessed spin, albeit the associated magnetic moment was about three orders of magnitude
smaller. In 1933 Stern performed a similar experiment to the one from 1922 on hydrogen
molecules to determine the magnetic moment of protons, but the necessary inhomoge-
neous magnetic field was difficult to control, so the accuracy of the measurements was
low.[25–27] Isidor Rabi modified these experiments by passing atomic or molecular beams
through homogeneous magnetic fields and applying an alternating magnetic field on
resonance with the Larmor precession frequency of the atomic nuclei.[28,29] The frequency
of such an oscillating field was much easier to measure, and the resulting accuracy in the
determined nuclear magnetic moments was high. Although this may be considered the
first nuclear magnetic resonance experiment, his way of detecting the resonance condition
was very different from later approaches: in front and behind the section of homogeneous
magnetic fields there were auxiliary sections of an inhomogeneous field that selected the
molecules within the beam for their spin state. Without irradiation, the particles would
pass the homogeneous section undisturbed, traverse the second inhomogeneous section
as a polarized beam on a single trajectory, and were detected upon impact. On resonance
irradiation in the homogeneous section would mix the spin states, and fewer particles
would take the trajectory of the polarized beam. This could then be registered as a drop
in intensity of the detector. For these experiments Rabi was awarded the Nobel Prize in
Physics in 1944.

1.2 Development of Nuclear Magnetic Resonance
Spectroscopy

The mayhem of the Second World War interrupted fundamental research on nuclear
magnetism. Evgeny Zavoisky was most likely the first to observe proton nuclear magnetic
resonance (NMR) in a condensed phase in 1941, but his magnetic fields were not very
homogeneous, and he could not get reproducible results.[30] The evacuation of the Russian
Academy of Sciences to his university just a month later forced him to abandon his
research, and when he reassumed his experiments, he decided to focus on another type of
effect. In 1944, he was the first to discover electron paramagnetic resonance.[31] On the
other hand, the concentrated research effort on radio electronics and radar during the war
provided much of the know-how that facilitated the development of NMR spectroscopy.
It was no coincidence that Felix Bloch and Edward Purcell, who are often quoted as
the fathers of NMR, were both involved in radar research during the war. In 1946, they
independently detected the absorption of radio frequency (RF) radiation in condensed
matter rich in protons (paraffin for Purcell, water for Bloch) within a magnetic field,
setting the stage for NMR spectroscopy.[32,33] For this, they were awarded the Nobel
Prize in Physics in 1952.

In further experiments the setup was improved and the resolution increased, and it
became clear that the resonance frequency of a given nucleus was not independent of the
chemical nature of the sample. Although this chemical shift was rather disappointing to

3



Chapter 1 Introduction

some purist physicists, S. Dharmatti, a chemist working in Stanford with Bloch, realized
that this could be used to separately detect the chemically different hydrogen atoms in
an organic compound. He recorded spectra of some simple alcohols, which featured an
intensity ration between the signals that was proportional to the number of associated
protons, e.g., 1:2:3 in the case of ethanol.[34] Because their resolution was still limited by
the homogeneity of the magnetic field, the group went through great lengths to improve
their magnets and finally reached a homogeneity in the order of 0.5 Hz. This allowed
them to observe spin-spin couplings in a number of organic compounds.[35,36] It was
now clear that NMR spectra contained a plethora of valuable information for chemical
analysis: the chemical shift reported on the electronic environment of the nucleus, the
signal integrals gave the relative numbers of hydrogen atoms within the compound, and
spin-spin coupling could be used to shed light onto the bond network of the molecule.
Additionally, relaxation effects could be used to investigate dynamical processes. The
brothers Russell and Sigurd Varian had founded a company to commercialize the mi-
crowave technology that they had developed during the war. They became interested in
NMR spectroscopy, and they introduced the first commercial spectrometer, the Varian
A-60, in 1953. It was reliable, affordable, and easy to use, and it paved the way for NMR
to become a common tool in analytical chemistry.[37]

From here on there were uncountable advancements to make NMR the broad field that
it is today. One of the first bigger breakthroughs was the transition from a continuous
wave acquisition scheme, where radio waves at constant frequency were irradiated and
the magnetic field was swept, to Fourier-transform spectroscopy.[38] In this technique, all
nuclei were simultaneously excited by a broadband RF pulse, and their free induction
decay (FID) was recorded. The Fourier transform was equivalent to field-sweep spectrum,
but as all resonances were recorded in a single scan, the sensitivity could be improved by
up to two orders of magnitude. Together with the invention of broadband decoupling, this
meant that 13C NMR became feasible.[39] At the very beginning the FID was recorded on
punch cards and the Fourier transform was calculated in a computing center overnight,
but around the same time laboratory minicomputers became available, cutting down
computing times and enabling the evaluation on site. Together with the application
of an algorithm for fast discrete Fourier transformations, which is the origin of NMR
spectroscopist’s fondness for powers of two, processing times could be reduced to a matter
of minutes or even seconds.[40]

As commercial Fourier-transform NMR became available in the early 1970s, this
opened the door for many new experiments to be explored. Less sensitive nuclei could
be investigated, and time-dependent phenomena became accessible via longitudinal and
transverse relaxation times. One of the most influential new ideas was the design of pulse
sequences with an incremented delay that yielded an array of time-domain data that
could be Fourier-transformed into a two-dimensional spectrum. This allowed for a more
direct probing of spin interactions, which manifested themselves as cross peaks in the
2D plane between the interacting nuclei. The type of interaction that was probed in this
way depended on the pulse sequence design; arguably the simplest and first example was
to correlate protons via their J-couplings, as it was already proposed by Jean Jeener at a
summer school in 1971.[41] When Ernst et al. picked up on this idea, they demonstrated
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the generality of this approach.[42] Other notable examples of interactions than can
be probed this way are the longitudinal cross-relaxation rates between protons, which
contain distance information,[43] and heteronuclear J-couplings, which can be achieved in
various different ways.[44–46] Another benefit of these 2D techniques was that the signals
were dispersed in another dimension, which reduced spectral overlap. There are no
ternary interactions that would fundamentally require three-dimensional experiments,
but the advantage of reducing overlap was particularly interesting for the investigation
of biomacromolecules, and thanks to the development of isotopic enrichment soon higher-
dimensional experiments emerged.[47–51] It must not be forgotten that these developments
were only possible thanks to the rapid increase in the performance of computers, as they
enabled the researchers to store and process the large amounts of data necessary for
multidimensional spectroscopy. A more recent development for a similar reason was the
possibility to greatly reduce the experimental time and increase the signal-to-noise ratio
by undersampling the spectrum, known as non-uniform sampling (NUS). It requires
orders of magnitude more computing time to process these data, and its emergence and
spread is therefore linked to the availability of increasingly powerful computers.[52]

A more gradual improvement was the steady increase in magnetic field strength.
Going to high fields makes the RF engineering more complex and challenging, but
it improves both the sensitivity and the signal dispersion. Additionally, it reduces
the effects of strong couplings, making the spectra more easily interpretable. While
permanent and electromagnets were practically limited to fields of around 100 MHz, the
advent of cryogenic, superconducting solenoid magnets opened the door for NMR at
much higher fields.[53] Today, spectrometers operating at proton resonance frequencies
of up to 1200 MHz are available.

Apart from improving existing methodology, some spectroscopists sought to broaden
the applicability of NMR. NMR is somewhat unusual compared to other types of spec-
troscopy, such as electronic, vibrational, or rotational spectroscopy, in the sense that the
highest resolution spectra can be acquired in solution and not in the gas phase. This is
because the fast rotational tumbling in solution averages strong anisotropic effects such
as dipolar couplings and chemical shift anisotropy, which has been a great convenience
for analytical chemistry. In solids, no such averaging occurs, and spectra in this state
of matter are plagued by excessive broadening. However, it was shown as early as 1958
that rapid rotation of the sample at a magic angle of arctan

√
2 ≈ 54.74° relative to the

field, which is the root of the modulation term 3 cos2 θ − 1, can also be used to average
out anisotropic effects. Thanks to this trick of magic angle spinning (MAS) solid-state
NMR has developed into an entirely separate field, and engineers have been constantly
trying to increase the spinning speed to generate even sharper lines. Today, samples can
be spun at mind-blowing speeds of up to 110 kHz.

Nuclear magnetic resonance is (indirectly) well-known to the general public due to
the development of magnetic resonance imaging (MRI) by Paul Lauterbur and Peter
Mansfield starting from 1973.[54,55] By using carefully controlled magnetic field gradients
within the sample, they were able to encode a spatial dimension into the spectrum, and
together with an approach similar to multidimensional spectroscopy, this can be used to
generated a three-dimensional image of the sample. They were awarded the Nobel Prize
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in Physiology or Medicine for their discoveries in 2003, and their technique provides a
non-invasive diagnostic tool used in every modern hospital around the world.

1.3 Scalar NMR Parameters for Small-Scale Structure
The field that has driven a lot of the improvements outlined in the previous section was
the application of NMR in biophysics and the investigation of biomacromolecules such as
proteins or DNA/RNA. The large number of individual resonances and the low concentra-
tions of these molecules pose a serious challenge, but there is a lot of information that can
be accessed with this technique. There are various methods to extract kinetic information
from NMR depending on the time scale of the motion under investigation,[56–62] although
the infamous supra-τc gap, a timescale in the micro- to nanosecond range, has eluded
NMR spectroscopists so far.[63,64] Thermodynamic parameters, such as protein-ligand
dissociation constants, enthalpy and entropy differences, and conformer populations can
also be available.[65–67] But also in small-molecule NMR there has been some work that
goes beyond the routine structure determination of new molecules, such as the identifica-
tion of a minor (2 %) conformation of the alkaloid strychnine,[68,69] or the characterization
of exchange in organometallic complexes.[70,71]

The present dissertation will be mainly concerned with structure, and although we have
made structural investigations of a protein complex and of natural products in separate
chapters, here we will discuss the underlying problems and principles together to highlight
similarities. The first component to structure in a molecular system is its constitution.
Natural products can be very diverse in their constitution, and if they are too flexible
to be crystallized, NMR is the most convenient method to determine it. The nature of
functional groups can be extracted from the chemical shift. Some obvious distinctions
can be made at first glance, such as the difference between an aliphatic and an aromatic
proton, but also more subtle effects on the chemical shift can be used as information by
comparison with traditional increment tables,[72,73] more modern prediction algorithms
based on neural networks,[74,75] or more elaborate electronic structure calculations.[76]

The use of scalar couplings for constitution is conceptually very simple, and it can be
used to determine a molecule’s bond network, although this does not mean that this
is always straightforward to execute in practice. The constitution of proteins is much
simpler, and mostly boils down to their amino acid sequence. This sequence can be
determined by step-wise hydrolysis in a process called Edman degradation,[77,78] and
more modern approaches use (tandem) mass spectrometry for this task.[79] Although this
could in principle also be achieved by means of NMR, it would be a rather tedious task
and require a much larger amount of protein, and scientists naturally choose the path of
least resistance.

The task of structure elucidation becomes more challenging when it comes to con-
figuration and conformation, which determine the three-dimensional arrangement of
atoms in the molecule. The difference between conformation and configuration is not
entirely obvious when examined more closely, and the International Union of Pure and
Applied Chemistry (IUPAC) defines conformations as differing stereoisomers that can
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be interconverted by rotation around formally single bonds, while configurations are all
other stereoisomers.[80] In most cases, this leads to conformers being in rapid exchange
with each other, while configurations cannot interconvert, although there are exceptions
and edge cases such as the stereoisomerism of the aromatic system of gymnochrome G
(Chapter 4). In the context of 3D structure determination this rapid interconversion
is the relevant difference, although we will try to not assign too much meaning to this
terminology. Both types of stereoisomerism lead to differences in the atom’s spatial
arrangement, which can be probed by NMR.

The longitudinal cross-relaxation rate between two nuclei and the associated nuclear
Overhauser effect (NOE) provide distance information. For the most basic experimental
design the resulting constraints are rather qualitative (the nuclei are within a certain
distance or not), but with more effort, quantitative and accurate distances can be
extracted.[68] The magnitude of the NOE scales with the inverse sixth power of the
distance (r−6), and it is therefore a short-ranged effect which requires the protons
to be within about 4 – 5 Å of each other.[81] Another parameter that is sensitive to
molecular geometry is the J-coupling. This is maybe most useful for vicinal proton-
proton couplings, which have a strong dependence on the associated dihedral angle
described by the Karplus equation.[82] There are similar relationships for other cases
such as proton-carbon couplings.[83] All these couplings also have a dependence on the
chemical environment, such as the presence of electronegative substituents, and on other
aspects of the geometry. Proteins have the advantage of having a very uniform chemical
structure in the backbone, and parametrizations for various specific couplings found in the
backbone have been developed.[84–86] Natural products on the other hand are accessible
by electronic structure methods, most notably density functional theory (DFT), which
can be used to predict scalar couplings for a given molecular structure. This prediction
takes into account all chemical and geometrical aspects of this structure, and therefore
any type of experimental coupling can be used to cross-checked against a given molecular
model.[87]

Although the chemical shift is most straightforward to interpret in terms of constitution
and chemical functionality, it is also sensitive to local molecular conformation. This
dependence is not straightforward to describe, and the application in proteins could
again profit from their chemical uniformity. For example, in different secondary structure
elements the chemical shift of backbone atoms deviates systematically from the shifts
observed in random coil, and the reversing of this observation lets one deduce secondary
structure from chemical shifts.[88,89] There are now methods to get backbone torsion
angles directly from chemical shifts, and more recent versions make use of modern
computational methods such as neural networks.[90–92] The use of chemical shifts for the
spatial structure of small molecules is again tied to the general availability of good ab
initio methods, and it has seen an large amount of development in the last 20 years.[93–97]

The collection of these scalar, isotropic parameters are therefore rich in structural
information and have been used for many decades for the structure elucidation of various
types of molecules. One of the more impressive achievements in this regards certainly is
the first protein structure in solution determined by Williamson et al. in 1985, who used
NOE and J-constraints and in combination with molecular mechanics.[98] However, they
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suffer from a common disadvantage, as they all only provide short-distance constraints:
NOEs are useful for distances up to 4 – 5 Å, J-couplings mostly report on dihedral angles,
and the chemical shift is only sensitive to differences in local geometry. Both for proteins
and small molecules this becomes problematic if large-scale structure needs to be assessed.
The typical case for natural products are molecules with two different stereochemically
interesting sections, called stereoclusters, which are separated by a flexible linker, and
it can be very difficult to determine the relative configuration of the two stereoclusters
with respect to each other. Similarly in proteins, the relative arrangement of multiple
rigid domains with respect to each other cannot be determined using these short-ranged
parameters. It is therefore necessary to turn to a different class of NMR-based constraints,
which will be the overarching theme of this dissertation.

1.4 Tensorial NMR Parameters for Large-Scale Structure
Two examples of such a different type of constraints are the effects caused by molecular
alignment and by paramagnetic centers. They are closely related, and both of them are
able to provide us with long-range or distance-independent structural information. Here,
we will discuss them in a more prosaic and conceptual way, while a rigorous mathematical
treatment can be found in Chapter 2.

Molecular alignment describes a situation where the orientational distribution of the
molecule in question with respect to the magnetic field is non-uniform. The triumph
of solution-state NMR was caused by the simple fact that the large anisotropic interac-
tions such as dipolar couplings and chemical shift anisotropy are averaged out by rapid
molecular tumbling, leading to sharp lines in the spectrum. However, small deviations
from isotropic tumbling can reintroduce residual anisotropic effects, which was already
observed and theoretically described in the earlier days of NMR.[99,100] Notable examples
for these effects are residual dipolar couplings (RDCs), which are residues of the strong
through-space interaction of magnetic moments, and residual chemical shift anisotropy
(RCSAs), which are differences in the motional average of the chemical shift due to
alignment and chemical shift anisotropy. The application of these anisotropic effects as
structural parameters, starting with RDCs, was mostly driven by the biomolecular NMR
community. To make the most of such effects, the molecular alignment needs to be care-
fully tuned; if it is too small, the effects are difficult to measure, but if the alignment is
too strong, too many anisotropic effects get reintroduced, leading to line-broadening and
overly complex spectra. The development of tuneable alignment media, such as bicelles,
filamenteous phages, and polyacrylamide gels, opened the door for a more widespread
use of anisotropic NMR.[101–103]

As the alignment is uniform within the entire (rigid) molecular system, it provides
orientational constraints with respect to a global molecular frame, which therefore have
no distance limitation. RDCs give angular constraints on internuclear vectors, and they
can be used for protein structure refinement, although they always require some first
estimate of the structure.[104] They also report on dynamics, as they get partly averaged
out if the internuclear vector is in motion. This can report on motion in the microseconds
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regime and faster, and by comparison with results from relaxation studies they can be
used to pinpoint motion to the previously mentioned supra-τc window.[105] As they do
not depend on local distances, they can be used to determine relative orientation on very
large molecular complexes.[106–108] For the structure elucidation of small molecules RDCs
are particularly useful for cases where multiple stereoclusters are relatively far apart from
each other, but they can also be used as a general tool to gain additional information and
certainty.[109–111] More recently, the use of RCSAs has been demonstrated to be possible,
and they provide information complementary to RDCs.[112–115] To do so, it was necessary
to develop ways to correct for the unavoidable isotropic chemical shift perturbations.

The second type of long-range parameters that were employed in this work are para-
magnetic constraints caused by open-shell metal centers. Most of these paramagnetic
metals have anisotropic g-tensors and as such anisotropic susceptibilities (notable excep-
tions are Mn2+ and Gd3+), which lead to pronounced effects in NMR spectra. Firstly,
the combination of a strong magnetic field and an anisotropic susceptibility leads to
alignment, and the associated principles and applications we have elaborated in the
previous paragraph apply similarly. A notable advantage of paramagnetic alignment is
the fact that it originates from a well-defined point in the molecular system, namely the
metal center. If we investigate a molecular system with two separate parts connected
by a linker with a certain degree of flexibility, the part that contains the metal will
experience full alignment, while the alignment in the other part will be scaled down due
to the part’s relative motion. This can be exploited to investigate the dynamics of such a
two-part system, which is the topic of Chapter 3. In a medium, the alignment would be

Figure 1.1. Pseudocontact shift isosurfaces
at 5, 1, and 0.2 ppm for Dysprosium, displayed
on a cartoon representation of an ensemble of
CaM/Munc13-1. The red and blue surfaces
correspond to positive and negative PCS, re-
spectively. For details about the ensemble, see
Fig. 3.13.

induced from outside into both domains, and
these outside contributions are very difficult or
impossible to deconvolute from the contribution
mediated via the linker.

In addition to alignment, paramagnetic cen-
ters cause a series of other effects in NMR spec-
tra. Firstly, there is paramagnetic relaxation en-
hancement (PRE). It is the only effect described
here that depends on the isotropic susceptibil-
ity, and it adds an additional contribution to
the transverse relaxation rate. As a result, res-
onances of nuclei close to the metal are broad-
ened beyond detection, but as the effect scales
with the inverse sixth power of the distance to
the metal, this is a rather short-ranged effect.
It can be used to gather distance information
in the regime where the broadening is measur-
able, but does not eliminate the resonance, and
metals with isotropic susceptibilities are typi-
cally employed for this purpose. In the present
work, PRE is undesired as it prevents us from
observing certain resonances, but this is only a
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minor nuisance due to the short range of about 10 Å. The second effect discussed here is
the pseudocontact shift (PCS). Just as alignment it is governed by the anisotropy of the
magnetic susceptibility, and the observed chemical shift perturbation is caused by an
averaged dipole-dipole interaction between the electron spin and the shifted nucleus. It
depends on the inverse third power of the distance to the metal, and as such differs from
alignment, but it is much longer-ranged than PRE and can be observed at distances of
up to 50 Å. In addition to the distance, it also depends on the orientation of the vector
between the metal and the nucleus relative to the susceptibility tensor. Fig. 1.1 illustrates
this orientational dependence, and it also demonstrated the far-reaching nature of PCSs.
The distance-dependence of pseudocontact shifts is both a blessing and a curse: on one
hand, this distance information is valuable and cannot be determined from alignment
effects, but the non-linear dependence and the convolution of rotation and translation
can make the interpretation much more challenging.[116]

Interestingly, the chemical shift perturbations caused by PCSs initiated the investiga-
tion of proteins by NMR spectroscopy, because strongly shifted resonances in metallopro-
teins could be resolved in a 1D spectrum.[117,118] To make most of these effects, they need
to be accurately determined as the difference between a paramagnetic system and its
diamagnetic analogue. To ensure that these differences can be exclusively attributed to
paramagnetism, the diamagnetic analogue needs to be chemically as similar as possible to
its paramagnetic counterpart. Maybe the best choice of such metals are the lanthanides,
and they have therefore been extensively used for paramagnetic NMR.[119–123] They are all
chemically very similar and can therefore be readily exchanged in a given binding pocket.
The periodic table has eleven different anisotropic, paramagnetic lanthanides with vary-
ing shapes and sizes of susceptibility tensors (we have excluded Promethium from this
list, which is paramagnetic, but due to its radioactivity rather inconvenient for use in
NMR spectroscopy). There are four options for a diamagnetic reference (Lanthanum,
Yttrium, Lutetium, and Scandium), and one can choose the reference which is chemically
most similar to the paramagnetic metals that one has used (e.g., by comparison of ionic
radii).

It is not always obvious how to introduce these paramagnetic centers into a system
to make use of their effects. In this work, we have the convenience of a protein mutant
that selectively binds lanthanides into one of its native calcium binding pockets.[124] But
there has been some effort to develop tags that can be added to almost any protein to
make the technique of using lanthanides more broadly applicable,[125–127] and this idea
has also been extended to oligonucleotides and sugars.[128–131]

Both the effect of alignment and of paramagnetism can be conveniently described using
two second-rank tensors. One tensor G describes the global effect, i.e., the alignment (A)
or the anisotropic susceptibility (∆χ). A second tensor M depends on a local structural
feature, such as the internuclear vector for RDCs, the chemical shift tensor for RCSAs,
or the metal-nucleus vector for PCSs, and it is therefore unique for each individual data
point. The functional form of all parameters can then be expressed in the very general
form tr(GM) (see Eqs. (2.53), (2.59), (2.62) and (2.73)). The structural feature that
goes into M typically has three degrees of freedom, such as a 3D vector or the orientation
of a tensor in space. Since the associated constraint (RDC/PCS/RCSA) is a scalar, it
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cannot be used to unambiguously determine this vector or orientation, but only to reduce
the degrees of freedom by one. For example, a PCS cannot be used to pinpoint the exact
location of a nucleus. It can only be deduced that it must lay somewhere on a surface
such as the one in Fig. 1.1. On its own, this is not tremendously enlightening, which is in
contrast to NOEs and J-couplings, which provide much more tangible information such
as distances or bond dihedrals. This is further complicated by the fact that the global
tensor G is typically not known a priori (an exception being the method developed in
Chapter 4), but has to be inferred from the tensorial parameters. The strategy of using
these parameters therefore has to be somewhat different.

Generally, tensorial NMR parameters are used in conjunction with an existing struc-
tural model, and the agreement of the constraints with this model is checked. Unless
previously known, the five independent components of G are determined by fitting
them to the data and model. This is repeated for different structural models, and the
agreement of the data with the various models lets us deduce which one is most likely
to be correct. For natural products, the different structural options are typically the
molecule’s possible diastereomers, although this approach can in principle also be applied
to distinguish constitutional isomerism. The necessary information within the model
depends on the type of parameters that are used, but in addition to the geometry one
may need molecular properties such as chemical shift tensors, electric field gradients,
diamagnetic susceptibilities, and electric dipole moments. For small molecules this infor-
mation can be generated by using ab initio methods thanks to the enormous progress
in molecular modeling. In flexible cases, conformational freedom needs to be taken into
account, and the populations can be either determined from calculated free energies or by
taking them as additional fit parameters. Although most interest in small molecules is in
determining their configuration, this is no fundamental restriction, and the exploration
of the conformational space of lactose is an example for a different kind of research
question.[130,131]

For proteins, structural models often exist, either from X-ray crystallography, from
scalar NMR constraints, or from cryogenic electron microscopy. Molecular mechanics
can be used in addition to generate different conformations derived from these structures,
and additional information such as chemical shift tensors can be estimated thanks to
the chemical homogeneity of proteins. The details on how the models are composed
and evaluated depends on the type of question that is addressed with these tensorial
parameters, and these questions are somewhat more diverse in proteins than in small
molecules. In this work we investigated the interdomain dynamics of a two-domain
protein complex, and the approach that we have taken will be outlined in the following
section.

1.5 Scope, Outline, and Summary
The scope of this dissertation is to push the boundaries of what is possible with tensorial
parameters in NMR. As briefly mentioned in the previous section, paramagnetic NMR is
particularly well suited to study interdomain dynamics of proteins as the paramagnetic
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center is localized within one domain. Therefore, the nuclei within this domain will
experience the full degree of paramagnetic effects induced by the metal. The other
domain, on the other hand, moves with respect to the paramagnetic center, and the
measured effects will be a time average over all relative orientations. This way, it
is possible to probe the conformational ensemble sampled by the two domains. This
approach is not new, and the protein calmodulin and its various complexes have been
a popular target for these studies for more than 20 years.[120,122,123] For the sake of
simplicity, this interdomain motion is often reduced to a scalar quantity called an order
parameter, and although this certainly gives some first insight into the motion, we
believe that much more information can be extracted from paramagnetic constraints.
Russo et al. conducted a more thorough study of the complex of Calmodulin with the
IQ recognition motif from the voltage-gated calcium channel CaV1.2 (CaM/IQ), and
described the motion via an ensemble of conformations. However, as this complex
restricts the motion quite strongly, which is obvious from the order parameter of around
0.9, this could not demonstrate the full potential of the technique. In Chapter 3 we
report the application of this methodology to the complex of calmodulin with Munc13-1.
This complex is interesting due to the unique binding motif of Munc13-1 (for a more
complete introduction to the protein, see Section 3.1), and it is expected to restrict the
interdomain flexibility of calmodulin much less than other complexes. To exploit the full
potential of paramagnetic NMR, we have acquired four types of RDCs and four types
of PCSs for six different metals, leading to a very large number of 2691 constraints for
the mobile domain. From this data we have first determined an order parameter of the
complex of 0.162. In contrast to the findings of Bertini et al.[122] for free calmodulin, we
did not find a pronounced dependence on the metal, and we do argue why this is expected
to be the norm and not the exception. We then go further to find ensembles that give
us a very detailed picture of the conformational space sampled by calmodulin, and we
find that the interdomain movement is a combination of both rotation and translation.
Finally, we believe that this data set could be used in the future to explore more formal
motional models and to investigate more strictly which characteristics of the interdomain
motion can be distinguished by RDCs and PCSs and which cannot.

In Section 1.4 we have argued the case for anisotropic NMR in natural product chem-
istry, as it is particularly valuable in cases of separated stereoclusters. However, we
believe that it is useful as a more general tool to corroborate one’s findings. Natu-
ral products can be very complex molecules, and the unambiguous interpretation of
scalar NMR parameters can turn out to be quite difficult. As a result, structural mis-
assignments are more common than they should be.[132,133] It is therefore always a good
idea to apply different approaches for structure elucidation and check whether they
all come to the same conclusion. In particular, the combination of spectroscopic data
with molecular modeling is a strategy that has seen a lot of development in the more
recent past, and many techniques rely on results from DFT and molecular mechanics
simulations.[134–136] Anisotropic NMR is an example of such a combination, and the field-
alignment approaches that we developed in Chapters 4 and 5 benefit even more from
molecular modeling. Inspired by the magnetic field alignment of paramagnetic proteins,
we have shown that it is possible to use diamagnetic alignment on natural products for
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the elucidation of their structure. Unlike in the case of alignment media, the degree
of magnetic alignment can be reliably predicted by DFT, which greatly enhances the
discriminating power of this approach. This is expected to be particularly useful for
flexible molecules. In Chapter 5 we set out to design a device for the alignment via
electric fields. While this shares many of the benefits with magnetic alignment, it may
be even superior since the alignment could be turned on and off at the push of a button,
eliminating the need for multiple magnetic fields. Additionally, it may be applicable to a
larger variety of molecules. This was mostly an engineering challenge, and so far we were
not able to induce alignment via electric fields. Nonetheless, we have learned a plethora
of lessons in this rather unfamiliar field, and we shall continue to pursue this goal in the
future.

Finally, in Chapter 6 we have made an excursus into metrology. In all our NMR
experiments it was necessary to set the sample temperature as accurately as possible to
avoid or reduce temperature-dependent systematic perturbations of the chemical shift.
This was typically done using a standard sample with a pronounced and well-known
chemical shift dependence, which is called an NMR thermometer. In our cases, we have
used methanol-d4 for this purpose, as was proposed and calibrated by Findeisen et al.[137]

Due to technical limitations they have calibrated this NMR thermometer only in a very
limited range, and as we had the capability of low-temperature NMR in our lab, we set
out to extend this calibration. While we were at it, we also aimed at improving the
accuracy of the calibration. We have collaborated with the German national metrology
institute to get reliable calibrations of our resistance thermometer, and we also noticed
and corrected a systematic deviation of these thermometers due to the strong magnetic
fields. As a result, we present a revised calibration valid in the full liquid range of
methanol of 175 – 338 K with an estimated uncertainty (2σ) of around 25 mK above
240 K and up to 190 mK below 240 K.
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Chapter 2

Theoretical Background
In this chapter we develop the theoretical framework that was necessary in the main work.
It is largely based on various excellent reviews and textbooks, and we have covered some
fundamentals of NMR,[81,138–140] alignment and anisotropic NMR,[104,138,141] paramagnetic
NMR,[142–144] molecular modeling,[140,145] and the theory of electrostatics.[146–148] We have
made an effort to unify both the notation as well as the general approach to highlight
the parallels between some seemingly distinct parts, such as paramagnetic NMR and
anisotropic NMR. It is refrained from explaining symbols of quantities that are considered
to be common convention, such as ℏ and kB. Instead, all symbols are found in the List
of Symbols.

2.1 Fundamentals of NMR
2.1.1 Nuclear Spin and Matrix Representations
Nuclear magnetic resonance spectroscopy is a technique that makes use of nuclear spin.
This is a type of quantum mechanical angular momentum, and the first hints on its
existence were a mathematical quirk found when exploring the quantum mechanics
of angular momentum. Angular momentum l is a vectorial quantity, and the relevant
observables and operators are its three Cartesian components l̂x, l̂y, and l̂z, and the square
of its magnitude l̂2. These operators obey the following commutation relationships:

[l̂2, l̂x] = [l̂2, l̂y] = [l̂2, l̂z] = 0, [l̂x, l̂y] = iℏl̂z, [l̂y, l̂z] = iℏl̂x, [l̂z, l̂x] = iℏl̂y. (2.1)

They can be constructed in a specific representation (such as the position representation)
and their eigenstates can be found. Since the Cartesian components of l̂ do not commute
and therefore cannot have common eigenfunctions, the conventional angular momentum
eigenstates are chosen to be eigenfunctions of l̂2 and l̂z. These functions are the spherical
harmonics Y m

l , characterized by the two quantum numbers l ∈ N0 and m ∈ {−l,−l +
1, ..., l} with the following eigenrelations:

l̂2Y m
l = l(l + 1)ℏ2Y m

l , (2.2)
l̂zY

m
l = mℏY m

l . (2.3)
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It is also possible to derive these properties, i.e., the eigenrelations and the states
as characterized by the quantum numbers, by using nothing but the commutations
relationships in Eq. (2.1), and without the need to find explicit spatial functions such as
Y m

l as states. The only difference to the explicit derivation is that there is an additional
set of states with half-integer l with no explicit analogue. As it turns out, the quantum
mechanical spin can adopt these half-integer quantum numbers, and it is this property
which is the basis of magnetic resonance.

Spin is a fundamental property of elementary particles which behaves similar to angular
momentum. This means that its magnitude and with that the quantum number l is
a constant for each particle. Atomic nuclei are not elementary, and they can occupy
different excitation states differing in spin, but since excitation energies are many orders
of magnitude larger than the thermal energy, these excited states are not found outside
of radioactive processes and high-energy physics. Therefore, their spin can be considered
constant for the purpose of this discussion, and the associated quantum number is
commonly denoted I instead of l. As a consequence of this fixed spin, the atomic nuclei
have a magnetic moment µ associated with them, which is proportional to the spin
angular momentum I:

µ = γℏI. (2.4)
The proportionality constant γ is known as the gyromagnetic ratio and is also a charac-
teristic property of each type of atomic nucleus. If the atomic nuclei are subjected to
a magnetic field B0, their magnetic moment will interact with them according to the
energy relation of a dipole in a field:

E = −µ · B0 = −γℏI · B0. (2.5)

By letting the Cartesian axis z be along the magnetic field axis and expressing this relation
in terms of quantum mechanical operators, one gets the so-called Zeeman Hamiltonian
ĤZee, which describes the fundamental interaction in NMR. It is common to omit the
ubiquitous factor of ℏ, which results in Hamiltonians expressed in angular frequency
instead of energy:

ĤZee = −γB0Îz. (2.6)
The energy eigenstates of this Hamiltonian are the eigenstates of Iz. As we have stated
earlier, these states are characterized by the two quantum numbers I and m (or mI)
and are denoted |I,mI⟩. Since I is a constant when talking about a specific nucleus, it
is omitted most of time. These states are used as basis for the standard matrix repre-
sentation of the spin operators, called the Zeeman eigenbasis. Using the commutation
relationships it is possible to derive the effect of Îx and Îy on these states, but here
we shall merely present the results in the form of their matrices. The form and size of
these matrices obviously depends on I, and we will use the most common case I = 1/2
as an example in the following illustrations. There are then two Zeeman eigenstates
|1/2, 1/2⟩ and |1/2,−1/2⟩ (also known as |α⟩ and |β⟩), and the matrix representation of
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the Cartesian spin operators are the following:

Îx = 1
2

(
0 1
1 0

)
, Îy = i

2

(
0 −1
1 0

)
, Îz = 1

2

(
1 0
0 −1

)
. (2.7)

Again, these matrices are implicitly stated in units of ℏ. The transition that is observed
in NMR is the one between the two Zeeman eigenstates. This occurs at the following
angular frequency ω0, which is the difference between the eigenvalues of ĤZee:

ω0 =
(

−γB0
1
2

)
−
(

−γB0

(
−1

2

))
= −γB0. (2.8)

This frequency is known as the nuclear Larmor frequency and depends on the magnetic
field at the site of the nucleus. However, nuclei inside a molecule experience a slightly
different field to B0: the external magnetic field induces a response into the electron
cloud of the molecule, leading to a local field contribution at the nucleus Bind (see also
Sections 2.1.2 and 2.3.2). This effect leads to a shift in transition frequency in the order
of parts per million, which is a reporter on the electronic structure and therefore the
chemical environment of the nucleus. This chemical shift is one of the main sources
of information that can be gained from NMR spectra and it is the reason why such a
fundamental interaction such as magnetic resonance is so useful for chemical analytics.

Another source of information from NMR spectra comes from the interaction of mul-
tiple nuclear spins with another. An example is the J-coupling, an interaction mediated
by the electronic environment. We will use the J-coupling Hamiltonian to illustrate how
to construct operators of two-spin systems:

ĤJ = 2πJ Î1 · Î2 = 2πJ
(
Î1xÎ2x + Î1y Î2y + Î1z Î2z

)
, (2.9)

where J is the scalar coupling constant. The index (1, 2) on the operators indicates which
of the two spins the operator is associated with. When multiplying matrix representations
of operators of two different spins, it is implied that the Kronecker product is to be taken,
for example:

Î1xÎ2x = Î1x ⊗ Î2x = 1
2

(
0 1
1 0

)
⊗ 1

2

(
0 1
1 0

)
= 1

4


0 0 0 1
0 0 1 0
0 1 0 0
1 0 0 0

 . (2.10)

This is equivalent to constructing these matrices from the four combination states |αα⟩,
|αβ⟩, |βα⟩, and |ββ⟩, and realizing that the effect of an operator on these combination
states only depends on the state of the corresponding spin.

Certain phenomena are not observable for nuclei with I = 1/2. One example are resi-
dual quadrupolar couplings (Section 2.3.3), which in this work is observed on deuterium,
a nucleus with I = 1. In this case there are three Zeeman states |1, 1⟩, |1, 0⟩, and |1,−1⟩,
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and the operator’s matrix representations are therefore 3×3-matrices:

Îx =
√

2
2

0 1 0
1 0 1
0 1 0

 , Îy = i
√

2
2

0 −1 0
1 0 −1
0 1 0

 , Îz =

1 0 0
0 0 0
0 0 −1

 . (2.11)

Using these basics, we will derive all theoretical results necessary in this work in the
following sections.

2.1.2 The Secular Approximation
The secular approximation is one of the most fruitful approximations for Hamiltonians
in NMR. As it applied on multiple occasions in the following sections, we will here
present the general concept. Roughly speaking, this approximation is applicable when
the Hamiltonian is the sum of a large, strong (e.g., Zeeman) and a small (e.g., chemical
shift, coupling) interaction. It then allows to drop off-diagonal elements of the small
contributions when expressed in the eigenbasis of the large one:

Ĥ = Â+ B̂ =


a11 0 . . .
0 a22 . . .
... ... . . .

+


b11 b12 . . .
b21 b22 . . .
... ... . . .

 . (2.12)

Here, Â is the large operator and B̂ the small one. It is valid to set bmn
!= 0 if

|bmn| ≪ |amm − ann|. For example, consider a single spin under the influence of chemical
shift. Its Hamiltonian consist of a Zeeman term and a chemical shift term:

Ĥ = −γIB0Îz − γIBind · Î = −γIB0Îz − γI(Bind
x Îx +Bind

y Îy +Bind
z Îz). (2.13)

Due to chemical shift anisotropy (see also Section 2.3.2) the induced field at the site of the
nucleus Bind is not necessarily parallel to the main magnetic field B0, which is along z by
definition. As a consequence we get contributions of Îx and Îy in the Hamiltonian, which
contain the off-diagonal elements in the Zeeman eigenbasis. However, since Bind

x,y,z ≪ B0,
it is valid to discard them and to let

Ĥ ≈ −γIB0Îz − γIB
ind
z Îz. (2.14)

In case of a two-spin system the situation is a little more complex. For two heteronuclear
spins I and S all Zeeman eigenstates are separated by large energy differences, so
for small interactions all contributions to the Hamiltonian except for Îz, Ŝz, and ÎzŜz

can be discarded. In the homonuclear case with I1 and I2 however the central states
|αβ⟩ and |βα⟩ are near-degenerate, so the corresponding off-diagonal elements may not
be discarded. These two off-diagonal elements are contained in the following linear
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combinations of the Cartesian operators, called flip-flop terms:

Î1xÎ2x + Î1y Î2y = 1
2


0 0 0 0
0 0 1 0
0 1 0 0
0 0 0 0

 and Î1xÎ2y − Î1y Î2x = i
2


0 0 0 0
0 0 1 0
0 −1 0 0
0 0 0 0

 . (2.15)

Whether these terms may be dropped or not depends on the energetic details of the spin
system and typically boils down to a comparison of the chemical shift difference and the
coupling strength of the two spins involved.

2.2 Alignment and Mechanisms
Alignment in NMR is a situation in which the orientational distribution of the analyte
molecules with respect to the magnetic field is non-uniform, which means that certain
molecular orientations are more probable than others. This induces anisotropic para-
meters which provide useful structural information, and this has been used extensively
in this work. In this section we will show how the alignment of a molecule can be
expressed as a tensor, and then derive the expressions for this tensor for the case of
magnetic and electric field alignment. Since field alignment can be traced back to a simple
dipole-field energy term, the alignment tensors can be derived from first principles using
only molecular properties. This is in contrast to induced alignment, which is caused
by a complex interaction between the analyte and the alignment medium, and the
corresponding alignment tensors are typically difficult to impossible to predict.

2.2.1 Description of Alignment as a Tensor
In general, the orientational distribution of a molecule in solution is a probability density
function on the surface of a sphere. If this probability density is expressed as a spherical
harmonics expansion, only the five second order components are necessary to describe
alignment effects in NMR due to the second-rank nature of the occurring interactions.
Here, however, we will describe the alignment in terms of a second-rank tensor in
Cartesian coordinates, which is an equivalent description. While in the laboratory frame
the main magnetic field is static along z, this is not true in the molecular frame. From
the molecule’s point of view the magnetic field rapidly and randomly changes direction
due to the molecule’s rotational tumbling. Let this time-dependent field be expressed in
terms of a magnitude and a direction:

B0(t) = B0b̂(t) with
∣∣∣∣∣∣b̂(t)

∣∣∣∣∣∣ = 1. (2.16)
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Using this, we define a probability matrix P that contains the time average of pairwise
products of Cartesian component of b̂(t):

P = b̂(t)b̂(t)T =


b̂2

x(t) b̂x(t)b̂y(t) b̂x(t)b̂z(t)
b̂y(t)b̂x(t) b̂2

y(t) b̂y(t)b̂z(t)
b̂z(t)b̂x(t) b̂z(t)b̂y(t) b̂2

z(t)

 . (2.17)

Note that because of ergodicity it makes no difference whether time or ensemble averages
are used for the definition of this matrix. P is symmetric and has a trace of 1 since b̂ is
a unit vector by definition, so it has five independent components. For most purposes it
is more convenient to define a traceless version of this matrix:

A = P − 1
31. (2.18)

This matrix A is called the alignment tensor and can be interpreted as the deviation
of the probability density from uniformity. It will be used in the following to calculate
all anisotropic parameters. In the literature it is common to diagonalize the alignment
tensor and use its eigenframe as a molecular frame, and to reduce the three eigenvalues
to an axial and a rhombic component. That way many equations become much more
concise, elegant, and easy to work with for pen-and-paper applications. However, since
the computer implementations used in this work are written for the case of arbitrary
Cartesian frames, this is the form we will show throughout this chapter.

2.2.2 Magnetic Field Alignment
A strong magnetic field can perturb the uniform orientational distribution of a molecule.
The magnetic field induces a magnetic moment in the molecule, which in return interacts
with the magnetic field. If the induced magnetic moment is orientation-dependent,
this interaction leads to an orientation-dependent energy term, which is the cause of
alignment. Since this magnetically induced alignment is unavoidable and ubiquitous in
NMR due to the ever-present strong magnetic field, it is sometimes called self-alignment.
In the following we will derive the expression for the alignment tensor based on molecular
properties.

The magnetic moment µ in a molecule is proportional to the external magnetic field
and is, in general, dependent on the field’s orientation. The quantity describing this
proportionality, the magnetic susceptibility χ, is therefore a tensorial quantity:

µ = χB

µ0
. (2.19)
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To determine the energy E needed to induce this moment one has to integrate over the
magnetic field:

E = −
∫

B0 · dµ = −
∫ B0

0
B · χdB = −BT

0χB0

2µ0
= −B2

0
bTχb

2µ0
. (2.20)

With this energy it is possible to calculate the time averages in A (Eq. (2.18)) according
to a Boltzmann distribution. The state space are all possible unit vectors b̂, which
corresponds to the surface of a sphere. This calculation therefore involves integration
over this surface, so for the solution of these integrals it is useful to express b̂ in spherical
coordinates:

b̂ =


b̂x

b̂y

b̂z

 =

sin θ cosϕ
sin θ sinϕ

cos θ

 . (2.21)

All integration necessary to derive the alignment tensor can be reduced to a few elemen-
tary integrals, shown below:∫

b̂2
xdΩ =

∫ 2π

0

∫ π

0
b̂2

x sin θdθdϕ =
∫ 2π

0

∫ π

0
sin3 θ cos2 ϕdθdϕ = 4π

3 , (2.22)∫
b̂4

xdΩ =
∫ 2π

0

∫ π

0
b̂4

x sin θdθdϕ =
∫ 2π

0

∫ π

0
sin5 θ cos4 ϕdθdϕ = 4π

5 , (2.23)∫
b̂2

xb̂
2
ydΩ =

∫ 2π

0

∫ π

0
b̂2

xb̂
2
y sin θdθdϕ =

∫ 2π

0

∫ π

0
sin5 θ sin2 ϕ cos2 ϕdθdϕ = 4π

15 . (2.24)

The symmetry of these integrations allow us to exchange the Cartesian coordinates
at will without changing the result, i.e.,

∫
b̂2

xdΩ =
∫
b̂2

ydΩ,
∫
b̂2

xb̂
2
ydΩ =

∫
b̂2

xb̂
2
zdΩ etc.

Additionally, integrations involving odd powers of the vector components are zero since
they are symmetric integrations over odd functions, e.g.,

∫
b̂xdΩ =

∫
b̂2

xb̂y b̂zdΩ = . . . = 0.
This will greatly simplify the calculations that follow. The first step in Boltzmann
statistics is the calculation of the partition function Z, which is the sum of (or integral
over) the Boltzmann factor of all states:

Z =
∫

exp
(

− E

kBT

)
dΩ ≈

∫
dΩ = 4π. (2.25)

Since in these calculations we are well within the high temperature limit E ≪ kBT the
occurring exponentials can be approximated using Taylor expansions. In the case of
the partition function it is appropriate to use a zeroth-order expansion, while for the
probability density ρ a first-order approximation is necessary:

ρ(θ, ϕ) = 1
Z

exp
(

− E

kBT

)
≈ 1

4π

(
1 + B2

0
2µ0kBT

b̂Tχb̂

)
. (2.26)

You may note that this probability density does not formally fulfill the normalization
criterion due to the non-zero spherical average of the second term in Eq. (2.26). This
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is a consequence of using a zeroth-order expansions of the exponential for the partition
function and a first-order expansion for the Boltzmann factor. Taking this into account
would by equivalent to an additional second-order term in E/kBT for the probability
density and we will therefore neglect this. Now the time averages within the alignment
tensor can be calculated with this probability density. We will differentiate between on-
and off-diagonal elements, starting with the latter:

Axy = b̂xb̂y =
∫
ρ(θ, ϕ)b̂xb̂ydΩ =

∫ 1
4π

(
1 + B2

0
2µ0kBT

b̂Tχb̂

)
b̂xb̂ydΩ

= 1
4π

B2
0

2µ0kBT

∫ (
χxxb̂

2
x + χyy b̂

2
y + χzz b̂

2
z + 2χxy b̂xb̂y + 2χxz b̂xb̂z + 2χyz b̂y b̂z

)
b̂xb̂ydΩ

= 1
4π

B2
0

2µ0kBT

∫
2χxy b̂

2
xb̂

2
ydΩ = 1

4π
B2

0
2µ0kBT

2χxy
4π
15 = B2

0
15µ0kBT

χxy. (2.27)

We see that the off-diagonal elements of the alignment tensor are directly proportional
to the corresponding elements of the susceptibility tensor. For the diagonal elements we
get a similar result:

Axx = b̂2
x − 1

3 = 1
4π

∫ (
1 + B2

0
2µ0kBT

b̂Tχb̂

)(
b̂2

x − 1
3

)
dΩ

= 1
4π

∫ (
b̂2

x − 1
3

)
dΩ + 1

4π
B2

0
2µ0kBT

∫ (
χxxb̂

4
x + χyy b̂

2
xb̂

2
y + χzz b̂

2
xb̂

2
z

)
dΩ

− 1
4π

B2
0

2µ0kBT

1
3

∫ (
χxxb̂

2
x + χyy b̂

2
y + χzz b̂

2
z

)
dΩ

= 1
4π

B2
0

2µ0kBT

(4π
5 χxx + 4π

15χyy + 4π
15χzz − 1

3

(4π
3 χxx + 4π

3 χyy + 4π
3 χzz

))

= B2
0

15µ0kBT

(
χxx − 1

3tr(χ)
)
. (2.28)

The remaining elements of A can be obtained by simply interchanging the Cartesian
coordinates in the derivations in Eqs. (2.27) and (2.28) due to symmetry. The final
expression for the alignment tensor is given below:

A = B2
0

15µ0kBT

(
χ − tr(χ)

3 1
)

= B2
0

15µ0kBT
∆χ, (2.29)

with ∆χ being defined as the anisotropic part of the susceptibility tensor, which will
play another crucial role in paramagnetic NMR (Section 2.4 and Chapter 3).

2.2.3 Electric Field Alignment
Molecules with permanent electric dipole moments can be aligned by external electric
fields. The derivation of the corresponding alignment tensor is somewhat complicated
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x

y

z

Figure 2.1. Illustration of the angles describ-
ing the orientations of b̂ and ê. θ and ϕ are
the azimuthal and polar angles of b̂, respec-
tively. α is the fixed angle between b̂ and ê. χ
describes the rotation of ê around b̂.

by the fact that this tensor describes the orien-
tation with respect to the magnetic field, while
the energy term that is responsible for the align-
ment is a function of the electric field. Both
fields can in principle have an arbitrary, fixed
angle α between each other, depending on the
experimental setup. While for magnetic field
alignment it was sufficient to consider the mag-
netic field’s orientation b̂ within the molecu-
lar frame, for electric field alignment all three
rotational degrees of freedom of the molecule
need to be considered. In the molecular frame,
the orientation of the magnetic field vector will
again be described by the spherical angles θ
and ϕ. Unlike before, the system is no longer
invariant to rotation around the magnetic field
axis, as there is an electric field vector at a fixed
angle α relative to the magnetic field. This ro-
tation around b̂ will be described by the angle
χ, and it determines the orientation of the elec-
tric field vector in the molecular frame. The zero-point of χ is defined as the orientation
where the electric field is “below” the magnetic field by an angle α. These four defining
angles are illustrated in Fig. 2.1. The electric field vector E will again be decomposed
into a magnitude E and a unit vector (i.e., orientation) component ê with E = Eê. The
expressions for the unit vectors b̂ and ê for χ = 0 are:

b̂ =


b̂x

b̂y

b̂z

 =

sin θ cosϕ
sin θ sinϕ

cos θ

 , ê(χ = 0) =

sin(θ + α) cosϕ
sin(θ + α) sinϕ

cos(θ + α)

 . (2.30)

To determine the electric field orientation for an arbitrary angle χ, we use the expression
for the rotation matrix around a unit vector Rb̂(χ) (also known as Rodrigues’ rotation
formula):[149]

ê = Rb̂(χ)ê(χ = 0), with Rb̂(χ) = (1−cosχ)b̂b̂T+


cosχ −b̂z sinχ b̂y sinχ

b̂z sinχ cosχ −b̂x sinχ
−b̂y sinχ b̂x sinχ cosχ

 .
(2.31)
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Evaluating this expression is cumbersome and needs the following the trigonometric
identities:

sin2 θ + cos2 θ = 1 (2.32)
sin(θ + α) = sin θ cosα + cos θ sinα (2.33)
cos(θ + α) = cos θ cosα− sin θ sinα, (2.34)

with which it finally yields:

ê =

sin θ cosϕ cosα + cos θ cosϕ cosχ sinα− sinϕ sinχ sinα
sin θ sinϕ cosα + cos θ sinϕ cosχ sinα + cosϕ sinχ sinα

cos θ cosα− sin θ cosχ sinα

 . (2.35)

The next step is the determination of the probability density ρ using a Boltzmann
distribution. The molecule’s electric dipole moment p is also separated into a magnitude
p and direction p̂, and its energy in a field Edip can then be expressed as:

Edip = −pTE = −pE p̂Tê

= pE
(
p̂x sin θ cosϕ cosα + p̂x cos θ cosϕ cosχ sinα− p̂x sinϕ sinχ sinα
+ p̂y sin θ sinϕ cosα + p̂y cos θ sinϕ cosχ sinα + p̂y cosϕ sinχ sinα
+ p̂z cos θ cosα− p̂z sin θ cosχ sinα

)
= pE

(
p̂Tb̂ cosα + sinχ sinα(−p̂x sinϕ+ p̂y cosϕ)
+ cosχ sinα(p̂x cos θ cosϕ+ p̂y cos θ sinϕ− p̂z sin θ).

(2.36)

To determine the partition function Z again a zeroth-order approximation of the Boltz-
mann factor is appropriate. Contrary to the derivation of magnetic alignment (Sec-
tion 2.2.2) an additional integration over the third degree of freedom χ has to be per-
formed:

Z =
∫ 2π

χ=0

∫ 2π

ϕ=0

∫ π

θ=0
exp

(
−Edip

kBT

)
sin θdθdϕdχ ≈

∫ 2π

0

∫ 2π

0

∫ π

0
sin θdθdϕdχ = 8π2. (2.37)

For the probability density ρ a second-order approximation of the Boltzmann factor is
necessary (first-order would yield zero alignment):

ρ(θ, ϕ, χ) = 1
Z

exp
(

−Edip

kBT

)
≈ 1
Z

(
1 − Edip

kBT
+ 1

2

(
Edip

kBT

)2)
. (2.38)

Since we need the probability density to calculate averages of products of b̂ which are
not functions of χ, we can integrate ρ over χ beforehand to simplify the expression. We
integrate from 0 to 2π so all terms that contain odd powers of either sinχ or cosχ will
vanish. When inserting the energy expression from Eq. (2.36) into the probability density
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(Eq. (2.38)) we will discard these terms immediately to greatly reduce complexity:

ρ(θ, ϕ) =
∫ 2π

0
ρ(θ, ϕ, χ)dχ

=
∫ 2π

0

[ 1
8π2 + pE

8π2kBT
p̂Tb̂ cosα + 1

16π2

(
pE

kBT

)2 (
(p̂Tb̂ cosα)2

+ sin2 χ sin2 α(−p̂x sinϕ+ p̂y cosϕ)2

+ cos2 χ sin2 α(p̂x cos θ cosϕ+ p̂y cos θ sinϕ− p̂z sin θ)2
)]

dχ

= 1
4π + pE

4πkBT
p̂Tb̂ cosα + 1

8π

(
pE

kBT

)2 (
(p̂Tb̂ cosα)2

+ 1
2 sin2 α(−p̂x sinϕ+ p̂y cosϕ)2

+ 1
2 sin2 α(p̂x cos θ cosϕ+ p̂y cos θ sinϕ− p̂z sin θ)2

)
.

(2.39)

After expansion of the squares this expression can again be simplified greatly by making
use of the trigonometric Pythagoras:

ρ(θ, ϕ) = 1
4π+ 1

16π

(
pE

kBT

)2
sin2 α+ pE

4πkBT
p̂Tb̂ cosα+ 1

16π

(
pE

kBT

)2
b̂Tp̂p̂Tb̂ (3 cos2 α−1).

(2.40)
Again this probability density is not exactly normalized, as a zeroth-order expansion of
the exponential for the partition function and a second-order expansion for the Boltzmann
factor was used. Taking this into account is equivalent to a fourth-order term in E/kBT
and will again be neglected. Determining the alignment tensor requires the calculation
of the time average of b̂b̂T − 1/3. This is simplified by realizing, just as in the case
of magnetic alignment, that only second-order terms in b̂ of the probability density
will contribute to these averages, which is the last term in Eq. (2.40). By comparing
this expression for ρ with the case of magnetic alignment (Eqs. (2.26) and (2.40)), the
alignment tensor can be derived by analogy:

A = 1
30

(
pE

kBT

)2 (
p̂p̂T − 1

31
) (

3 cos2 α− 1
)
. (2.41)

We want to point out that this expression differs to the one found in the review by
Brunner[104] by a factor of two, but careful examination and a literature survey led us to
the conclusion that it is correct as it is stated above.

2.3 Anisotropic Parameters
In the previous section we have introduced alignment as a concept and the effects
that cause it. Here we will describe the anisotropic parameters that were exploited in
this work. They are residual effects of interactions that average to zero under isotropic
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tumbling. These are residual dipolar couplings (RDCs), residual chemical shift anisotropy
(RCSAs), and residual quadrupolar couplings (RQCs), which will be discussed in detail
in the following.

2.3.1 Residual Dipolar Couplings
Dipolar couplings are a consequence of direct through-space dipole-dipole interactions
between the magnetic moments of the coupling nuclei. It is roughly three orders of mag-
nitude stronger than the J-coupling, but it has a pronounced orientational dependence
and its average over a uniform distribution is zero. Therefore it is typically not observed
in liquid state NMR. However, small degrees of alignment can make them reappear as
an additional contribution to line splitting. The full Hamiltonian can be constructed
from the expression for the classical dipole-dipole energy and is as follows:

Ĥdd,full = d12
(
3
(
Î1 · r̂12

) (
Î2 · r̂12

)
− Î1 · Î2

)
, with d12 = −µ0γ1γ2ℏ

4πr3
12

, (2.42)

where γi is the gyromagnetic ratio of the nucleus i, and r12 and r̂12 are length and direc-
tion (as unit vector) of the internuclear vector between the coupling nuclei, respectively.
Note that this Hamiltonian depends on the relative orientations of the magnetic dipoles
and their connecting vector, but not on the magnetic field, since this interactions is
independent of the Zeeman interaction. The well-known dependence on the angle be-
tween the internuclear vector and the magnetic field is obtained by applying the secular
approximation (Section 2.1.2). The expansion of Eq. (2.42) yields

Ĥdd,full = d12

3
∑
p∈

{x,y,z}

∑
q∈

{x,y,z}

Î1pÎ2qr̂pr̂q −
∑
p∈

{x,y,z}

Î1pÎ2p

 , (2.43)

where r̂x,y,z are the Cartesian components of r̂12. Some contributions such as Î1xÎ2z can
be immediately discarded, others become only obvious after some rearrangement:

Ĥdd,full ≈ d12
(
3
(
Î1z Î2z r̂

2
z + Î1xÎ2xr̂

2
x + Î1y Î2yr̂

2
y + Î1xÎ2yr̂xr̂y + Î1y Î2xr̂yr̂x

)
−
(
Î1xÎ2x + Î1y Î2y + Î1z Î2z

))
= d12

(
3
(
Î1z Î2z r̂

2
z +

(
Î1xÎ2x + Î1y Î2y

) r̂2
x + r̂2

y

2 +
(
Î1xÎ2x − Î1y Î2y

) r̂2
x − r̂2

y

2

+
(
Î1xÎ2y + Î1y Î2x

)
r̂xr̂y

)
−
(
Î1xÎ2x + Î1y Î2y + Î1z Î2z

))

≈ d12

(
3
(
Î1z Î2z r̂

2
z +

(
Î1xÎ2x + Î1y Î2y

) r̂2
x + r̂2

y

2 −
(
Î1xÎ2x + Î1y Î2y + Î1z Î2z

))
.

(2.44)
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By making use of the fact that r̂2
x + r̂2

y = 1− r̂2
z and some more elementary rearrangement,

one gets:

Ĥdd,full ≈ Ĥdd = d12

2
(
3r̂2

z − 1
) (

3Î1z Î2z −
(
Î1xÎ2x + Î1y Î2y + Î1z Î2z

))
. (2.45)

Now an angle θ between r̂12 and the z-axis (i.e., the magnetic field) is defined. It is
cos2 θ = r̂2

z . Substitution yields the well-known expression for the secular dipolar coupling
in the (more general) homonuclear case:

Ĥdd = d12

2
(
3 cos2 θ − 1

) (
3Î1z Î2z − Î1 · Î2

)
. (2.46)

The weak coupling case is satisfied if the difference in resonance of the two spins is
much larger than the coupling, i.e., 4 |ω1 − ω2| ≫ |d12 (3 cos2 θ − 1)|, which is obviously
true for all heteronuclear cases but can also be satisfied due to sufficient chemical shift
differences. In that case all contributions from Î1xÎ2x and Î1y Î2y are discarded and one
gets:

Ĥdd,weak = d12
(
3 cos2 θ − 1

)
Î1z Î2z = 2πDÎ1z Î2z. (2.47)

In the weak coupling case, which we will consider in the following, the experimentally
observed splitting of the lines in Hz is in principle given by the dipolar coupling constant
D. This quantity D as given in Eq. (2.47) however still contains the angle θ as a time
dependent variable. To find the experimental splitting the time average of the term
3 cos2 θ − 1 needs to be computed, for which we will make use of the alignment tensor
(Eq. (2.18)). The alignment tensor A is an object in the molecular frame. Here, the
internuclear vector r12 is static, while the unit vector in the direction of the magnetic
field b̂ is time dependent. The cosine of the angle θ is simply the scalar product of the
two unit vectors:

cos θ = r̂12 · b̂ =
(
b̂xr̂x + b̂yr̂y + b̂z r̂z

)
. (2.48)

Squaring this term yields:

cos2 θ = (b̂xr̂x + b̂yr̂y + b̂z r̂z)2

= b̂2
xr̂

2
x + b̂xb̂yr̂xr̂y + b̂xb̂z r̂xr̂z

+ b̂y b̂xr̂yr̂x + b̂2
yr̂

2
y + b̂y b̂z r̂yr̂z

+ b̂z b̂xr̂z r̂x + b̂z b̂yr̂z r̂y + b̂2
z r̂

2
z

= r̂T
12


b̂2

x b̂xb̂y b̂xb̂z

b̂y b̂x b̂2
y b̂y b̂z

b̂z b̂x b̂z b̂y b̂2
z

 r̂12. (2.49)

When the time average of this term is taken, the central matrix in the matrix form can
be identified as the probability matrix:

cos2 θ = r̂T
12Pr̂12. (2.50)
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Substituting the probability matrix with the alignment tensor and multiplication with 3
yields the desired term:

3r̂T
12Ar̂12 = 3

(
r̂T

12Pr̂12 − 1
3 r̂T

121r̂12

)
= 3 cos2 θ − 1, (2.51)

which can then be inserted into Eq. (2.47) to yield the time-averaged dipolar coupling
Hamiltonian:

Ĥdd,weak = 3d12r̂
T
12Ar̂12Î1z Î2z (2.52)

The time-averaged dipolar coupling coupling constant D, which is identical to the RDC
splitting ∆νRDC, is therefore:

∆νRDC ≡ D = 3
2πd12r̂

T
12Ar̂12 = −3µ0γ1γ2ℏ

8π2r3
12

r̂T
12Ar̂12 = −3µ0γ1γ2ℏ

8π2r3
12

tr
(
r̂12r̂

T
12A

)
(2.53)

This final form of the residual dipolar coupling contains, besides some constants, only
the alignment tensor and the internuclear vector r12. In the weak coupling case the
J-coupling Hamiltonian has the same form as the dipolar Hamiltonian (replace D with
J in Eq. (2.47)). The observed splitting of the line, called the total coupling T , is then
simply the sum of the two contributions T = J + D, which is the theoretical basis for
Eq. (4.4).

2.3.2 Residual Chemical Shift Anisotropy
The chemical shift is a small change in the resonance frequency of a nucleus due to small
magnetic fields induced into the electron cloud by the main magnetic field. This induced
field is highly anisotropic, i.e., it depends on the molecule’s orientation with respect to
the main magnetic field. A (very rough) rule of thumb states that the typical extent
of chemical shift anisotropy of a given nucleus is approximately as big as the isotropic
chemical shift range of that nucleus. Since the molecules tumble rapidly in solution, the
resonances observed in liquid state NMR are the averages over all orientations. Normally
we assume that all orientations are equally probable, which gives us the isotropic chemical
shift. If we have alignment and certain orientations are more probable than others, the
orientational average will obviously change. This shift is known as residual chemical shift
anisotropy (RCSA). The anisotropy of the induced magnetic field Bind can be described
using the chemical shift (deshielding) tensor δ, which leads to the following chemical
shift Hamiltonian:

Ĥlab
cs = −γIBind · Î = −γIδB0 · Î. (2.54)

The superscript lab indicates that this Hamiltonian is expressed in the laboratory frame.
Here some substantial simplifications can be made: Firstly, the main magnetic field B0
is by definition along z, and secondly all contributions from Ix and Iy can be discarded
using the secular approximation. After this, only scalars remain in the expression for
the Hamiltonian:

Ĥlab
cs,sec = −γIδzzB0Îz. (2.55)

28



2.3 Anisotropic Parameters

While this looks concise and simple, it comes with the problem that the chemical shift
tensor and its components are only constant in the molecular frame, and are time
dependent in the laboratory frame due to the rapid rotational tumbling of the molecule.
It is therefore necessary to calculate the time average δzz to determine the observed
chemical shift. In simple words, δzz is the proportionality factor for the z-component of
the induced field, induced by a field along z. With this, we transition to the molecular
frame, keeping in mind that the z-direction of the laboratory frame is along the direction
of the magnetic field. The chemical shift tensor is now constant, while the magnetic field
direction is time dependent. The induced field is given by

Bind = δB0(t). (2.56)

To find what is δzz in the lab frame, we need to find the length of the projection of Bind

onto B0. This projection Bind
∥B0

can simply be found by computing the scalar product
of Bind with the unit vector in field direction b̂. δlab

zz can then be identified as the
proportionality factor between Bind

∥B0
and B0:

Bind
∥B0 = Bind · b̂ = B0 δb̂ · b̂︸ ︷︷ ︸

δlab
zz

. (2.57)

Time averaging of δlab
zz then reveals the presence of the probability matrix:

δlab
zz = δb̂ · b̂ = tr

(
δb̂b̂T

)
= tr (δP) = δ. (2.58)

This time average is nothing else than the experimental chemical shift δ. To determine
the residual chemical shift anisotropy ∆δRCSA, we need to compute the difference of the
anisotropic, general case from the isotropic case where P = 1/3 1:

∆δRCSA = δaniso − δiso = tr (δP) − tr
(
δ

1
31
)

= tr (δA) . (2.59)

Note how this equation has the same functional form as the expression for the RDC
(Eq. (2.53)), a fact that will become useful in data evaluation. In this section we have
defined the chemical shift as the difference to the base frequency −γIB0. This is somewhat
unusual because typically the chemical shift is defined relative to some reference shift.
However, since RCSA are differences in chemical shifts this distinction has no effect on
the final result, so this technicality can be ignored in this case.

2.3.3 Residual Quadrupolar Couplings
The quadrupolar coupling is an interaction of the nuclear electric quadrupole moment
with the electric field gradient at the site of the nucleus created by the electron cloud.
Since the energy of a quadrupole within a field gradient depends on its orientation, the
quadrupole interaction is another effect which depends on molecular orientation and
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which is modulated by the molecule’s rapid tumbling. Its strength depends on both the
size of the quadrupole moment, which is a fixed nuclear property, and the size of the
electric field gradient, which depends on chemical environment and bond geometry. Most
notably all nuclei with I = 1/2 have no electric quadrupole moment and therefore exhibit
no such coupling. For spins with I ≥ 1 however it can be a very strong effect. The
isotropic orientational average is zero, just like with RDCs, so in isotropic liquid state
NMR it does not lead to line splitting. In many cases however it is the dominant source
of relaxation, increasing line widths by orders of magnitude. Since the quadrupolar
coupling is such a strong interaction, it can be a very sensitive probe for alignment, and
the residual quadrupolar coupling of the solvent’s deuterium nuclei is commonly used
for this purpose. Since RQCs play only a minor role in this work, we will discuss them
briefly.

The full form of the quadrupole Hamiltonian is the following:

ĤQ,full = eQ

2I(2I − 1)ℏ ÎTVÎ, (2.60)

where Q is the nuclear quadrupole moment and V the electric field gradient tensor. By
making use of the fact that V is symmetric and traceless, by applying the secular approx-
imation, and by taking the time average, one gets the so-called first order quadrupole
Hamiltonian. It contains only the field gradient component Vzz, similar to the case of
chemical shift anisotropy (Eq. (2.55)):

ĤQ,sec = ωQ
1
6
(
3Î2

z − I(I + 1)1̂
)
, with ωQ = 3eQV zz

2I(2I − 1)ℏ . (2.61)

The quantity ωQ is the (first-order) quadrupolar coupling and corresponds to the observed
line splitting in angular frequency. The time averaging of Vzz is analogous to the time
averaging of δzz (Eq. (2.58)), and division by 2π yields the line splitting in Hz:

∆νRQC = ωQ

2π = 3eQ
4πI(2I − 1)ℏtr(VA). (2.62)

Note that since V is traceless, A and P can be used interchangeably in this equation.
We use A for consistency with the corresponding equations for RDCs and RCSAs.

2.4 Paramagnetism
In this section the theoretical framework of paramagnetic effects in NMR is discussed.
Some of these effects are a consequence of magnetic alignment, and we will refer to the
previous sections wherever it is appropriate.
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2.4.1 Magnetic Susceptibility in Paramagnetic Centers
The origin of paramagnetism is the presence of unpaired electrons in a molecular system,
which in our case belong to lanthanide ions bound in a protein structure. Electrons have
magnetic moments originating from their spin s, and a collection of unpaired electron is
unified to an overall spin S:

µ = −µBgeS, (2.63)
which is the electron analogue to Eq. (2.4), and the product −µBge can be interpreted
as an electron gyromagnetic ratio. The magnetic moments of electrons are about three
orders of magnitude larger than those of nuclear spins, but in the case of paired electrons
they oppose and cancel each other. In unpaired systems this is not the case, and
these large magnetic moments will interact with the external magnetic field of an NMR
spectrometer, described by the Zeeman Hamiltonian

ĤZee = µBgeSzB0 (2.64)

with the eigenstates |mS⟩ and their energy E = µBgemSB0. The states with the magnetic
moment aligned with the field will be populated more, and by using a Boltzmann
distribution approximated to first order one can evaluate the expectation value of the
z-component of spin angular momentum Sz:

⟨Sz⟩ = 1
2S + 1

∑
mS

⟨mS|Sz|mS⟩
(

1 − µBgemSB0

kBT

)

= −µBgeB0

3kBT
S(S + 1). (2.65)

Inserting this expression into Eq. (2.63) yields the induced magnetic moment:

µz = µ2
Bg

2
eB0

3kBT
S(S + 1), (2.66)

The quantity relating the induced magnetic moment with the magnetic field is known
as the susceptibility χ (compare Eq. (2.19)), and we can identify:

χ = µ2
Bg

2
eµ0

3kBT
S(S + 1) (2.67)

which is also known as the Curie law.
So far we have treated the electron independently of its environment, and as a result

we have found the susceptibility to be isotropic. In asymmetric chemical environments
however, contributions from orbital angular momentum lead to an anisotropy of the
magnetic susceptibility, which is then described as a tensor χ:

µ = χB

µ0
. (2.68)
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In complex systems with multiple electrons, zero-field splitting, and nearly-degenerate
excited states it is difficult to ab initio predict the susceptibility tensor both in its
magnitude and orientation (one prominent approach being the Van Vleck equation[150]),
but it is the χ anisotropy that governs most of the paramagnetic effects in NMR and
it can therefore readily be determined experimentally. It is also common to define a
traceless tensor ∆χ that contains only the anisotropic part:

∆χ = χ − tr(χ)
3 1. (2.69)

This traceless, symmetric tensor lies at the heart of the expressions for the paramagnetic
effects observed in this work. Residual dipolar couplings (RDCs) are alignment effects,
and as such do not differ from diamagnetic alignment. The derivation of the alignment
mechanism can be found in Section 2.2.2, and the derivation for the RDCs in Section 2.3.1.
Pseudocontact shifts on the other hand are an effect unique to paramagnetic NMR, and
they are described in the following section.

2.4.2 Pseudocontact Shifts
The interaction of a nuclear spin with the electron magnetic moment leads to a chemical
shift perturbation of that spin. As with the interaction between two nuclear spins, there
are two possible mechanisms: the contact shifts are caused by the delocalization of
the unpaired electron throughout the bond network of the protein. This through-bond
mechanism, which is the analogue of J-coupling, needs a non-vanishing electronic density
at the site of the nucleus. For lanthanide-protein complexes, this mechanism tends to
be of minor importance. First, the ionic character of the metal with unpaired electrons
in a well-shielded f -orbital leads to low delocalization of the electron into the ligand
amino acids, and second, the resonances of spins close to the metal are broadened beyond
detection and cannot be observed. Pseudocontact shifts, in contrast, are chemical shift
perturbations that arise due to the through-space dipole-dipole interaction between
the electron spin and the atomic nuclei. Unlike in nuclear dipole-dipole coupling this
interaction is not averaged to zero by molecular tumbling if the electron magnetic moment
varies with the magnetic field orientation, or in other words, if its susceptibility tensor
is anisotropic. The Hamiltonian for a through-space interaction of two dipoles µ1 and
µ2 is given below (compare also Eq. (2.42)):

Ĥdd,full = − µ0

4πr3
12

(
3
(
µ̂T

1 r̂12
) (

µ̂T
2 r̂12

)
− µ̂T

1 µ̂2
)
. (2.70)

Let us consider this equation in the molecular frame, where the magnetic field direction
may be arbitrary (B0 = B0b̂). For one of the dipoles we insert the expression for the
nuclear dipole moment µ̂ = γI b̂Îb. The secular approximation allows us to eliminate all
components of Î that are not parallel to b̂, so only Îb remains (which is identical to Îz

in the lab frame). For the other dipole we insert the expression of the electron dipole
moment (Eq. (2.68)). As we are interested in the effect on the nuclear spin states and the
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electron spin states are much more short-lived, it is appropriate to insert the expectation
value for the electron magnetic moment instead of an operator form. The connecting
vector r12 can be approximated with the lanthanide-nucleus vector rLn. Although the
electron is not exactly localized at the metal center, this approximation is reasonable
at longer distances, especially since lanthanide metal centers have low delocalization as
mention before. With this, Eq. (2.70) becomes:

Ĥdd,PCS = − µ0

4πr3
Ln

(
3
(
γI Îbb̂

Tr̂Ln
)(B0

µ0
(χb̂)Tr̂Ln

)
− γI Îbb̂

TB0

µ0
(χb̂)

)

= −γIB0Îb

4πr3
Ln

(
3b̂Tr̂Lnr̂T

Lnχb̂ − b̂Tχb̂
)

= −γIB0Îb

4πr3
Ln

b̂T
(
3r̂Lnr̂T

Lnχ − χ
)

b̂

= −γIB0Îb

4πr3
Ln

tr
(
b̂b̂T

(
3r̂Lnr̂T

Lnχ − χ
))
. (2.71)

Now we take the time average and convert back into the laboratory frame to get the
PCS Hamiltonian ĤPCS. That way we find the probability tensor P = b̂b̂T as we have
seen in the derivation of RDC, RCSA, and RQC before. In this case however, the matrix
right of it is not traceless, and therefore the isotropic part of P is by far dominating. We
may therefore ignore alignment and set P = 1/3:

ĤPCS = −γIB0Îz

4πr3
Ln

tr
(

b̂b̂T
(
3r̂Lnr̂T

Lnχ − χ
))

= −γIB0Îz

4πr3
Ln

tr
(

r̂Lnr̂T
Lnχ − 1

3χ
)

= −γIB0Îz

4πr3
Ln

tr
(
r̂Lnr̂T

Ln∆χ
)
. (2.72)

By comparing this to the chemical shift Hamiltonian (e.g., Eq. (2.55)), we can identify
the contribution of the PCS to the chemical shift:

∆δPCS = − 1
4πr3

Ln
tr
(
r̂Lnr̂T

Ln∆χ
)

(2.73)

The alignment contribution to the PCS should not be confused with the RCSA (Eq. (2.59)),
which is an entirely different interaction. It scales approximately with the isotropic part
of the χ-tensor, and accounts for less than 2 % of the overall chemical shift perturbation.
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2.5 Molecular Mechanics
Molecular mechanics, also referred to as force-field methods, are a way to model molecules
and molecular interactions using atoms as the basic building blocks. Unlike in electronic
structure methods, electrons and nuclei are not treated explicitly. Instead, the poten-
tial hypersurface of the nuclei is expressed as a parameterized function of the nuclear
coordinates. This essentially corresponds to the simple view of molecules being spherical
atoms connected by springs. To do so, in addition to the atomic coordinates the binding
network of the molecule has to be specified. Then, molecular mechanics builds upon
the basic idea of organic chemistry that certain building blocks, or functional groups,
behave similarly in various molecular environments. Atoms of the same atomic number
are further distinguished into atom types; for example, carbon atoms could be separated
into alkylic, vinylic, carbonyl, and acetylenic carbons. Based on these atom types and
the binding network, the energy EMM of the system is expressed as a sum of a handful
of contributions:

EMM = Estr + Ebend + Etors + Eoop + Ecross + EvdW + Eel. (2.74)

These energy terms are all simple parametric functions of the nuclear coordinates, and
therefore forces can be calculated by simple differentiation with respect to these coordi-
nates. In the following we will elaborate on these terms using the MMFF[151] force field
as an example, which we have used extensively in this work.

The term Estr describes the bond stretching interaction between two bound atoms i
and j, and therefore the force or energy needed to change the length rij of their bond.
In general, this term should have a minimum at some equilibrium length r0,ij, should
diverge at zero distance, and converge to some dissociation energy for infinite distance.
However, most force fields are not designed to correctly describe dissociation (or nuclear
fusion, for that matter), and a polynomial expansion of the energy around the equilibrium
distance is employed. Since the absolute energy is meaningless and the first derivative at
the equilibrium vanishes, the first non-zero term is quadratic in the distance deviation
∆rij = rij − r0,ij, and by neglecting all other terms, one gets a harmonic potential:

Eharm
str,ij = 1

2kij∆r2
ij. (2.75)

Here, kij is the force constant of this bond, and it depends on both the atoms types of i
and j. This harmonic potential is symmetric around the minimum and is a reasonable
approximation at small displacements. Higher order terms would improve the agreement,
but also increase the number of necessary parameters, and parametrization is a significant
problem in molecular mechanics. One way to include a cubic and quartic term without
additional parameters is to make their coefficients a constant fraction of the harmonic
force constant, as it is done in the MMFF force field:

EMMFF
str,ij = 1

2kij∆r2
ij(1 + α∆rij + 7

12α
2∆r2

ij). (2.76)
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The additional parameter α = 2 Å−1 is the same for all atom pairs, so it does not add to
the parametrization complexity. This particular form is obtained by requiring that the
higher-order derivatives of EMMFF

str,ij match those of the Morse potential.
The energy required to change an angle between two bonds is described by Ebend, and

it is treated very similarly to stretching. Since this bending is rather stiff, the expression
for Ebend needs to be only accurate for relatively small displacements from equilibrium.
Ebend is a function of ∆θijk = θijk − θ0,ijk, where θijk is the angle between three atoms
i, j, and k bound in series, and θ0,ijk is their equilibrium angle. The simplest function
is again a harmonic potential in ∆θijk, whereas MMFF employs a cubic form using a
similar approach as for the stretching term:

Eharm
bend,ijk = 1

2kijk∆θ2
ijk, (2.77)

EMMFF
bend,ijk = 1

2kijk∆θ2
ijk(1 + a∆θijk). (2.78)

The bending force constant kijk is again dependent on the atom types of i, j, and k,
whereas the cubic-bend constant a is the same for all bending potentials, and it is
a = 0.4 rad−1 in MMFF.
Etors,ijkl is the energy associated with the torsional angle ω of four atoms i, j, k, and

l bound in series. Since torsion is much less stiff than bending, the potential function
needs to give reasonable results for all possible angles between 0 and 2π, and it needs
to describe the periodicity of ω. Therefore, a Fourier series is typically used for this
purpose, and MMFF uses terms up to order 3:

EMMFF
tors,ijkl = 1

2 (V1,ijkl(1 + cosω) + V2,ijkl(1 + cos 2ω) + V3,ijkl(1 + cos 3ω)) . (2.79)

The third-order term describes a potential with three-fold symmetry, such as the torsion
of ethane. The first-order term allows for distinction between syn- and anti-forms such
as in butane. The second-order term has two-fold symmetry, which occurs for example
in the rotation around a peptide bond. The parameters V are again dependent on the
four atom types involved.

In cases where four atoms i, j, k, and l are bound in a trigonal-planar fashion with j
in the center, it is often necessary to include a term to enforce this planarity. In principle
this is already achieved by the three in-plane angle potentials, but since significant out-
of-plane bending can be done without perturbing the three internal angles very much,
the resulting potential curve is much too shallow. Therefore, an additional four-atom
term is included in these cases. This can be done with a dihedral constraint (since the
four atoms are not bound in series, this is called an improper dihedral), but better results
can be yielded with a distinct out-of-plane term Eoop. In the case of MMFF this is a
simple harmonic of the angle χijk,l between the plane ijk and the bond jl:

EMMFF
oop = 1

2k
oop
ijk,lχ

2
ijk,l. (2.80)
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In addition to planar atom arrangements, this term can also be assigned to trigonal-
pyramidal geometries to improve modeling of the inversion barrier.

The term Ecross describes the coupling between the terms described above, and it does
not appear in all force fields. MMFF includes only one cross-term in the form of a
stretch-bend interaction between three bound atoms i, j, and k:

EMMFF
sb,ijk = (ksb

ijk∆rij + ksb
kji∆rkj)∆θijk. (2.81)

This term can account for the effect that equilibrium bond lengths may depend on the
bond angles. In the water molecule, for example, compressing the bond angles to lower
values results in larger bond lengths, and the opposite is observed for a widened bond
angle.

All previous interactions described the energy profiles in bonded situations, and the
remaining two terms are concerned with non-bonded interactions. The van-der-Waals
term describes the subtle interaction of the atom’s electron clouds. It is attractive at
intermediate distances due to induced dipole-dipole interactions, and it becomes strongly
repulsive at short distances due to Coulomb and exchange interaction of the electron
clouds. This term is responsible for the finite size of the atoms and prevents them to
come too close to each other. Simple theoretical arguments can justify an r−6-dependence
of the attractive part, and so a very well-known model for the van-der-Waals interaction
is the Lennard-Jones potential:

ELJ
vdW,ij = εij

((
r0,ij

r

)12
− 2

(
r0,ij

r

)6
)
, (2.82)

where r0 is the minimum energy distance and ε is the well depth. There is no physical
justification for the repulsive part to depend on r−12, but it was chosen for its com-
putational convenience. There are a number of other models for these van-der-Waals
forces and MMFF employs a buffered 14-7 potential.[152] This is a modification of the
Lennard-Jones potential based on experimental data on noble-gas atoms:

EMMFF
vdW,ij = εij

(
1.07r0,ij

r + 0.07r0,ij

)7 ( 1.12r7
0,ij

r7 + 0.12r7
0,ij

− 2
)
. (2.83)

The parameters εij and r0,ij again depend on the atom types of the two atoms i and
j. As the interaction of bonded atoms is already described with the bonded terms, the
van-der-Waals energy is only applied to atoms which are three or more bonds apart.

Finally, Eel describes the electrostatic interaction, which is governed by the Coulomb
law:

EMMFF
el,ij = qiqj

ϵ(rij + δ) . (2.84)

The dielectric constant ϵ is typically set to its vacuum value 4πϵ0, but deviations from this
can be used to model solvent and other polarization effects. The “electrostatic buffering”
constant δ, which is set to a small value of 0.05 Å, does not appear in the correct form
of Coulomb’s law. It is rather a pragmatic modification that has little impact at typical
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distances but prevents the attractive Coulomb interaction of oppositely charged atoms
to overcome the van-der-Waals repulsion at very short distances, which would lead to
the coalescence of these atoms. The partial atomic charges qi are calculated as a sum of
contributions from polarized bonds.

Due to the simple functional form of the nuclear potential energy surface in molecular
mechanics, it allows for the treatment of very large molecular systems. Protein complexes
of several thousand atoms can be modeled on a simple desktop computer on a reasonable
timescale, and exploring 100 000 points in the conformational space of a medium-sized
natural product such as gymnochrome G can be done in a matter of hours. This is
a great advantage of these methods when compared to electronic structure methods.
However, the quality of the results is tightly bound to the parametrization, and whereas
they perform excellently in chemically uniform and well-studied systems such as proteins,
they may give poorer results for more diverse molecules such as natural products, and
fail completely if there are no parameters available for given structural elements. Also,
the type of information is limited, and molecular properties beyond the energy and the
geometry are typically not accessible. It may then be necessary to turn to electronic
structure calculations.

2.6 Density Functional Theory
Electronic structure methods describe the movement of electrons in the potential of the
atomic nuclei to gain insight on molecular properties. The first group of such methods do
this by searching for the electronic wave function Ψ as a solution of the time-independent
Schrödinger equation

ĤΨ = EΨ. (2.85)
Ψ is a highly complex function, and for a system with N electrons it depends on 4N
variables, three spatial and on spin coordinate for each electron. Walter Kohn and Pierre
Hohenberg proved in 1964 that it is in principle not necessary to know the wave function,
as all molecular properties and observables such as the energy can be expressed as
functionals of the electron density ρ, which is the basis of density functional theory. The
electron density is only a function of three spatial variables, and as such much simpler
than the wave function, and the ground state density can be found by minimizing the
energy.

Unfortunately, the energy functional, that is relation between an electron density and
the energy, is not known. This is in contrast to wave-function methods, where the wave
function is unknown, but its connection with the system’s energy, i.e., the Hamiltonian,
is a relatively simple expression. Therefore, only approximate energy functionals can be
employed, and as a result pure orbital-free density functional methods are not accurate
enough to be of general use.

A much better approach to this problem is a hybrid method proposed by Kohn and
Lu Jeu Sham, which combines wave function and density functional concepts. It can be
seen as a density-functional exchange correction to the Hartree-Fock self-consistent field
method, and it is both conceptually and computationally very similar to it. We shall
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therefore first describe Hartree-Fock theory, and then elaborate on the modifications
from Kohn-Sham theory.

2.6.1 Hartree-Fock Theory
Hartree-Fock theory is a procedure to find an approximate wave function as solution
to the time-independent Schrödinger equation. First, we will separate the motion of
electrons and nuclei, as they move on different time scales due to their vastly different
masses. In the description of the electron motion, the nuclei are therefore not treated
explicitly, and only their positions appear as parameters for the Coulomb potential in the
Hamiltonian. This approach is known as Born-Oppenheimer approximation. The most
complex part of the remaining Hamiltonian, and the terms that lead to the Schrödinger
equation to be unsolvable, is the electron-electron interaction. In Hartree-Fock theory
each electron is described in the average field of all the other electrons, and we will
see in the following how this leads to an iterative procedure to find a wave function.
However, this treatment neglects electron correlation, which is the fundamental flaw of
Hartree-Fock.

The wave function Ψ for an N -electron system will be constructed from N one-electron
wave functions, or spin-orbitals. These orbitals ϕ are functions of three spatial and one
spin coordinate of a single electron, and they are chosen to be orthonormal:

ϕi(xj, yj, zj, σj) =: ϕi(j), ⟨ϕi|ϕj⟩ = δij. (2.86)

The total wave function Ψ, which is a function of the 4N coordinates of the N elec-
trons, has to obey the Pauli exclusion principle, which means that the sign of Ψ has to
change when interchanging two arbitrary electrons. This condition can be fulfilled by
constructing it as a Slater determinant of molecular orbitals (MOs):

ΨSD = 1√
N !

∣∣∣∣∣∣∣∣∣∣
ϕ1(1) ϕ2(1) · · · ϕN(1)
ϕ1(2) ϕ2(2) · · · ϕN(2)

... ... . . . ...
ϕ1(N) ϕ2(N) · · · ϕN(N)

∣∣∣∣∣∣∣∣∣∣
. (2.87)

The trial wave function in Hartree-Fock consists of a single such Slater determinant,
which is equivalent to neglecting electron-electron correlation.

As the total wave function is constructed from orbitals ϕ, these orbitals have to be
found and optimized to get the optimal Slater determinant. This is done by employing
the variational principle: the energy of a trial ground state wave function will always be
greater or equal to the energy of the true solution; an optimal solution can therefore be
found by minimizing the trial function’s energy. To find the energy, we need the system’s
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electron Hamiltonian Ĥe:

Ĥe = T̂e + V̂ne + V̂ee + V̂nn, (2.88)

T̂e = −
Nelec∑

i

1
2∇2

i , (2.89)

V̂ne = −
Nelec∑

i

Nnuc∑
A

ZA

∥RA − ri∥
, (2.90)

V̂ee =
Nelec∑

i

Nelec∑
j>i

1
∥rj − ri∥

, (2.91)

V̂nn =
Nnuc∑

A

Nnuc∑
B>A

ZAZB

∥RA − RB∥
. (2.92)

This Hamiltonian consist out of the four contributions of electron kinetic energy T̂e,
nuclear-electron interaction V̂ne, electron-electron interaction V̂ee, and nuclear interaction
V̂nn. r, R, and Z are electron coordinates, nuclear coordinates, and atomic numbers,
respectively, and the Hamiltonian is expressed in atomic units (i.e., ℏ = e = a0 = me = 1).
As the constituents of the Slater determinant are one-electron functions, it is helpful
to rearrange the terms of Ĥe by electron index, distinguishing between two-electron
contributions r−1

ij , one-electron contributions ĥi, and zero-electron contributions V̂nn:

Ĥe =
Nelec∑

i

ĥi +
Nelec∑

i

Nelec∑
j>i

r−1
ij + V̂nn, (2.93)

ĥi = −1
2∇2

i −
Nnuc∑

A

ZA

∥RA − ri∥
, (2.94)

r−1
ij = 1

∥rj − ri∥
. (2.95)

We can use these parts to calculate the energy of a Slater determinant. The zero-electron
contribution is trivial: as V̂nn does not depend on any electron coordinates, its expectation
value is independent of the wave function, and yields a constant Vnn:

⟨ΨSD|V̂nn|ΨSD⟩ = Vnn. (2.96)

Before continuing, let us examine more closely the structure of a Slater determinant: it
is a sum of products of orbitals. Each product contains each orbital as a factor, and the
sum goes over all N ! permutations of the electron coordinates:

ΨSD = 1√
N !

∑
τ

sgn(τ)P̂τ Π, (2.97)

Π =
Nelec∏

i

ϕi(i). (2.98)
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Here, Π is the product of the diagonal elements of ΨSD. τ corresponds to a permutation,
and the operator P̂τ permutes the electron indices (not orbital indices!) of the function
it operates on, according to τ . If we now calculate the expectation value of ĥi, we create
all combinations of addends of ΨSD. However, only the diagonal terms contribute, as ĥi

is only a one-electron operator, and in a cross term with different permutations we will
therefore always create an overlap of two different orbitals:

⟨ΨSD|ĥi|ΨSD⟩ = 1
N !

∑
τ

∑
τ ′

⟨P̂τ Π|ĥi|P̂τ ′Π⟩

= 1
N !

∑
τ

⟨P̂τ Π|ĥi|P̂τ Π⟩

= 1
N !

∑
j

(N − 1)! ⟨ϕj|ĥj|ϕj⟩ = 1
N

∑
j

hj. (2.99)

In the last step we have made use of the fact that for each permutation, a different
orbital may be a function of the ith electron’s coordinates. More specifically, for each
orbital j there are (N − 1)! permutations for which this is the case. So the expectation
value of ĥi is the sum over all diagonal elements of ĥi with the orbitals ϕj. As such, it
is independent of the coordinate i, which we have tried to clarify by switching to the
index j, which is the expected result since all electrons are indistinguishable. For the
same reason, we will drop the index on the operator ĥ in the following.

With a similar argument we can evaluate the expectation value of r−1
ij . We again get

a non-zero result if we calculate the overlap of same permutations. As an example, for
the identity permutation P̂1 we get

⟨P̂1Π|r−1
ij |P̂1Π⟩ = ⟨Π|r−1

ij |Π⟩ = ⟨ϕi(i)ϕj(j)|r−1
ij |ϕi(i)ϕj(j)⟩ =: Jij. (2.100)

This sort of term Jij is known as a Coulomb integral. However, as r−1
ij is a two-electron

operator, there are cross terms with different permutations that produce non-zero results,
in the case that those permutations differ only by two coordinates. Consider, for example,
the unity permutation P̂1 and the permutation that switches the coordinates of i and j,
P̂ij:

⟨P̂1Π|r−1
ij |P̂ijΠ⟩ = ⟨ϕi(i)ϕj(j)|r−1

ij |ϕi(j)ϕj(i)⟩ =: Kij. (2.101)

These terms are known as exchange integrals, and as they are a consequence of the Pauli
principle, they have no classical analogue. If one now collects all these terms together,
the full expectation value is

⟨ΨSD|r−1
ij |ΨSD⟩ = 1

N(N − 1)
∑

i

∑
j>i

(Jij −Kij). (2.102)

The negative sign of Kij arises from the fact that it arises from a term with odd-parity
permutation (sgn(τ) = −1, Eq. (2.97)). By summing over all N different ĥi and N(N−1)
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different r−1
ij (compare Eq. (2.93)), the total energy E evaluates to:

E = ⟨ΨSD|Ĥe|ΨSD⟩ =
N∑
i

hi + 1
2

N∑
i

N∑
j

(Jij −Kij) + Vnn. (2.103)

The factor of 1/2 allows the nested sums to both run over all electrons, as the diagonal
terms cancel each other exactly (Jii −Kii = 0).

For the variational procedure, it is helpful to express this in terms of Coulomb and
exchange operators Ĵj and K̂j:

E =
N∑
i

⟨ϕi|ĥ|ϕi⟩ + 1
2

N∑
i

N∑
j

(⟨ϕi|Ĵj|ϕi⟩ − ⟨ϕi|K̂j|ϕi⟩) + Vnn, (2.104)

Ĵj |ϕi(2)⟩ = ⟨ϕj(1)|r−1
12 |ϕj(1)⟩ |ϕi(2)⟩ , (2.105)

K̂j |ϕi(2)⟩ = ⟨ϕj(1)|r−1
12 |ϕi(1)⟩ |ϕj(2)⟩ . (2.106)

The minimization of E has to be performed under the condition that the orbitals re-
main orthonormal, which can be expressed as the constraint ⟨ϕi|ϕj⟩ − δij = 0. Such
constraints can be included minimizing a Lagrangian L, which includes the constraints
using Lagrange multipliers λ:

L = E −
N∑
i

N∑
j

λij(⟨ϕi|ϕj⟩ − δij). (2.107)

A constrained minimization corresponds to finding a stationary point in L instead of E:

δL = δE −
N∑
i

N∑
j

λij(⟨δϕi|ϕj⟩ + ⟨ϕi|δϕj⟩) != 0. (2.108)

The variation of the energy δE can be expressed as:

δE =
N∑
i

(
⟨δϕi|ĥ|ϕi⟩ + ⟨ϕi|ĥ|δϕi⟩

)

+ 1
2

N∑
i

N∑
j

(
⟨δϕi|Ĵj − K̂j|ϕi⟩ + ⟨ϕi|Ĵj − K̂j|δϕi⟩

+ ⟨δϕj|Ĵi − K̂i|ϕj⟩ + ⟨ϕj|Ĵi − K̂i|δϕj⟩
)

=
N∑
i

(
⟨δϕi|ĥ|ϕi⟩ + ⟨ϕi|ĥ|δϕi⟩

)
+

N∑
i

N∑
j

(
⟨δϕi|Ĵj − K̂j|ϕi⟩ + ⟨ϕi|Ĵj − K̂j|δϕi⟩

)

=
N∑
i

(
⟨δϕi|F̂ |ϕi⟩ + ⟨ϕi|F̂ |δϕi⟩

)
with F̂ = ĥ+

N∑
j

(Ĵj − K̂j). (2.109)
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In the final step, we have introduced a Fock operator F̂ , which is an effective one-
electron energy operator. Since it was found in the variation of the energy, it is not
directly associated with the total energy. In particular, the sum of Fock operators does
not yield the Hamiltonian. With these Fock operators, the variation of the Lagrangian
simplifies to:

δL =
N∑
i

(
⟨δϕi|F̂ |ϕi⟩ + ⟨ϕi|F̂ |δϕi⟩

)
−

N∑
i

N∑
j

λij

(
⟨δϕi|ϕj⟩ + ⟨ϕi|δϕj⟩

)
. (2.110)

Using the Hermitian property of F̂ , this can be rewritten as:

δL =
N∑
i

⟨δϕi|F̂ |ϕi⟩ −
N∑
i

N∑
j

λij ⟨δϕi|ϕj⟩ +
N∑
i

⟨δϕi|F̂ |ϕi⟩
∗

−
N∑
i

N∑
j

λij ⟨δϕi|ϕj⟩∗ .

(2.111)

As both the variation in ⟨δϕ| and ⟨δϕ|∗ should lead to a stationary point of the Lagrangian,
both the first two and the last two terms of Eq. (2.111) should vanish. The same must
therefore be true for the difference of the first two terms and the complex conjugate of
the last two terms:

N∑
i

N∑
j

(λij − λ∗
ij) ⟨δϕi|ϕj⟩ = 0. (2.112)

This tells us that the Lagrange multipliers can be interpreted as the elements of a
Hermitian matrix Λ (λij = λ∗

ij). The final so-called Fock equations can be deduced from
Eq. (2.111):

F̂ ϕi =
N∑
j

λijϕj. (2.113)

By inserting this into Eq. (2.111) it can be seen that a solution to Eq. (2.113) will satisfy
the condition in Eq. (2.111). We can now make use of the Hermiticity of Λ by expressing
Eq. (2.113) in its eigenframe, which leads to a pseudo-eigenvalue equation:

F̂ ϕ′
i = εiϕ

′
i. (2.114)

The quantities εi are the eigenvalues of Λ and can be interpreted as orbital energies.
The reason why Eq. (2.114) is only a pseudo-eigenvalue equation is that the operators Ĵj

and K̂j within F̂ depend themselves on the molecular orbitals. It is therefore typically
necessary to find a solution iteratively, where a first guess of orbitals is used to calculate
F̂ . The solution of Eq. (2.114) is then used to calculate a new F̂ , etc. A set of converged
solutions for such a process are called Self-Consistent Field (SCF) orbitals.

So far we have not specified how the variation of the orbitals ϕ is conducted in
detail. In almost all applications, the molecular orbitals are expanded in terms of a set
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of basis functions χ. Often the functional form of these basis functions is similar to
atomic orbitals, and therefore this approach is known as Linear Combination of Atomic
Orbitals (LCAO). A notable difference of common basis functions to the exact solutions
of the hydrogen atom is that instead of having an exponential radial decay, a Gaussian
function is typically employed. Although exponential functions provide better results,
they are computationally much more difficult, and the gain in computational speed
with Gaussian functions more than compensates for the slightly poorer representation.
Gaussian functions are therefore almost exclusively used for basis sets, and they are the
namesake of the computational chemistry program employed in this work.[153]

Let us assume that we have a set of M basis functions to expand our molecular orbitals.
They can then be expressed as linear combinations with coefficients c:

ϕi =
M∑
α

cαiχα. (2.115)

The choice of a (finite) basis set lets us not only expand our MOs, but it enables us to
express all our equations in terms of matrix and vector algebra, which should be familiar
from the quantum mechanical description of NMR spectroscopy. Eq. (2.115) can be
thought of as representing the molecular orbital ϕ as a vector c. If we insert Eq. (2.115)
into Eq. (2.114), we get:

F̂
M∑
α

cαiχα = εi

M∑
α

cαiχα. (2.116)

The matrix-vector from of this equation can be generated by multiplying from the left
with a specific basis function and integrating. If this is done with all basis functions χβ

and the resulting equations are collected, this can be expressed as:

Fc = Scε, (2.117)
with Fαβ = ⟨χα|F̂ |χβ⟩ and Sαβ = ⟨χα|χβ⟩ . (2.118)

These are known as the Roothaan-Hall equations, which have the form of a generalized
eigenvalue problem of matrices F and S. ε is a diagonal matrix of the eigenvalues, which
correspond to MO energies. In systems with an orthonormal basis set the so-called
overlap matrix S would be a unity matrix, and Eq. (2.117) would reduce to a regular
eigenvalue problem of F. For molecular systems however, this is never the case, as atomic
orbitals at different nuclear centers will not be orthogonal (and depending on basis set
design, neither are those at the same nuclear center).

The solution of this equation will yield M MOs, and the N with lowest energy will
make up our Slater determinant. Unfortunately, it is not quite as straightforward. As
mentioned earlier, the Fock operator, and therefore the Fock matrix, depends itself on the
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occupied MOs. Let us more closely look at the expression for the Fock matrix elements:

⟨χα|F̂ |χβ⟩ = ⟨χα|ĥ|χβ⟩ +
N(occ.MO)∑

j

⟨χα|Ĵj − K̂j|χβ⟩

= ⟨χα|ĥ|χβ⟩ +
N(occ.MO)∑

j

(
⟨χαϕj|r−1

12 |χβϕj⟩ − ⟨χαϕj|r−1
12 |ϕjχβ⟩

)

= ⟨χα|ĥ|χβ⟩ +
N(occ.MO)∑

j

M∑
γ

M∑
δ

cγjcδj

(
⟨χαχγ|r−1

12 |χβχδ⟩ − ⟨χαχγ|r−1
12 |χδχβ⟩

)

= ⟨χα|ĥ|χβ⟩ +
M∑
γ

M∑
δ

Dγδ

(
⟨χαχγ|r−1

12 |χβχδ⟩ − ⟨χαχγ|r−1
12 |χδχβ⟩

)
(2.119)

with Dγδ =
N(occ.MO)∑

j

cγjcδj (2.120)

and ⟨χαχγ|r−1
12 |χβχδ⟩ = ⟨χα(1)χγ(2)|r−1

12 |χβ(1)χδ(2)⟩ . (2.121)

Fock matrix F

Basis Set

Done

1st guess C

convergence?

coefficients C

RH equations

Overlap S

no

yes

Figure 2.2. Flowchart of the iterative pro-
cess to find self-consistent field solutions of the
Hartree-Fock problem.

The four-function integrals have been expressed
in a short-hand notation where the order indi-
cates the variable (Eq. (2.121)). The Coulomb
and exchange operator depend on the electron
distribution, so for their calculation it was nec-
essary to sum over the N occupied MOs. This
could be written more concisely with the use
of a density matrix D, which is defined analo-
gously to the density matrix known from spin
systems: instead of averaging the products of
basis coefficients of all spins in a systems, here
we average over the occupied molecular orbitals
(Eq. (2.120)). Eq. (2.119) can be written even
more concisely by using the elements of a rank-
4 tensor G containing all possible four-function
integrals of the basis functions:

Fαβ = hαβ +
M∑
γ

M∑
δ

GαβγδDγδ. (2.122)

The iterative process in which a SCF solution is found is represented in Fig. 2.2. With a
basis set and an initial guess for the MO coefficients, a Fock matrix and the correspond-
ing Roothaan-Hall equations are constructed. The resulting solution coefficients are
compared with the previous ones, and if they are the same (within a certain criterion),
the iteration stops. Otherwise, a new Fock matrix is generated to start a new cycle.

The matrices h and S only depend on the basis set and do not change during the
iteration, and they can be calculated in advance. In principle, the same is true for the
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tensor G. Since it has M4 elements, this becomes quickly unfeasible with an increasing
basis set size. For example, the calculations performed in Chapter 4 all had around 1200
basis functions, and G would have around 2·1012 elements. No computer can store such an
amount of data, and it is therefore necessary to calculate its elements transiently during
the calculation of the Fock matrix. Thanks to many clever approximation techniques
which can identify terms that do not contribute to F, Hartree-Fock and DFT calculations
often scale considerably better than the theoretical M4, and large molecular systems
become accessible with this method.

2.6.2 Kohn-Sham Theory
Kohn-Sham theory is a variant of DFT in which the concept of orbitals is reintroduced.
This comes at the price of increasing the complexity from 3 to 3N variables, but it
provides a better approximation to the kinetic energy, which is the main difficulty of
orbital-free DFT. If the system is described as a Slater determinant, the kinetic energy
can be calculated as follows:

TS =
N∑
i

〈
ϕi

∣∣∣∣−1
2∇2

∣∣∣∣ϕi

〉
. (2.123)

As this kinetic energy is calculated from a single Slater determinant (as indicated by
its subscript), it is not exact, and the missing contribution is considered as a kinetic
correlation energy. However, it is a substantial improvement over available purely density-
functional forms. The electron density can be expressed in terms of the orbitals as

ρS =
N∑
i

|ϕi|2, (2.124)

which is again an approximation for the same reason as above. With this density, the
electron-nuclear as well as the Coulomb interaction can be calculated using the (exact)
functionals:

Ene[ρ] = −
Nnuc∑

A

∫ ZAρ(r)
|RA − r|

dr, (2.125)

J [ρ] = 1
2

∫∫ ρ(r)ρ(r′)
|r − r′|

drdr′. (2.126)

Using these expressions, the final form of the DFT energy functional can be written as

E[ρ] = TS[ρ] + Ene[ρ] + J [ρ] + Exc[ρ]. (2.127)

The last term in this equation is called the exchange-correlation energy functional, which
is the key in the formulation of an accurate orbital-based DFT theory. It is conceptually
a correction to Hartree-Fock theory which has the potential to be computationally very
simple and fast to apply. This is in contrast to more rigorous treatments of electron
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correlation, such as configuration interaction or perturbation theory, which substantially
increase the computational cost of the method. Unfortunately, it is not possible (so far)
to derive an exact expression for Exc, and it is also not obvious how to systematically
improve it to get better results. Therefore, a plethora of different exchange-correlation
functionals have been proposed in the past decades, which all have slightly different
performances for different systems and properties.

Often, Exc is divided into separate exchange and correlation contributions, and the
functionals are expressed in terms of energy densities ε:

Exc[ρ] = Ex[ρ] + Ec[ρ] =
∫
ρ(r)εx(ρ)dr +

∫
ρ(r)εc(ρ)dr. (2.128)

Since the correlation of electrons of same spin and opposite spin is different, it is necessary
to distinguish between the separate densities ρα and ρβ for all but closed-shell cases. The
simplest approach for these functionals is the local spin density approximation (LSDA),
which uses functional expressions for the uniform electron gas. For the exchange energy,
this functional has a rather simple form:

ELSDA
x [ρ] = − 3

25/3

( 3
π

)1/3 ∫ (
ρ4/3

α (r) + ρ
4/3
β (r)

)
dr. (2.129)

For the correlation energy in the LSDA, there are only analytical expressions for high-
and low-density limits. The general case can be calculated accurately with quantum
Monte-Carlo methods, and there are parametric functions for the corresponding energy
density εLSDA

c (ρα, ρβ) which are considered to be accurate fits. One example, called
VWN,[154] has a total of eight free parameters, but as it is a very complex function we
shall not show it here.

An improvement over these local density methods can be achieved by including the
gradient of the density. Again, there is no obvious, analytical way how to do this, so
there have been various proposals. A popular option for the exchange energy density, as
proposed by Axel Becke in 1988, is the following:[155]

εB88
x = εLSDA

x − βρ1/3 x2

1 + 6βxarsinh x, with x = |∇ρ|
ρ4/3 . (2.130)

Here, β is a parameter which is fitted to known data for noble gas atoms. This functional
is a considerable improvement for the exchange energy, reducing the error by almost two
orders of magnitude. For the correlation energy, there are also a wide variety of proposed
functionals, one of them being the LYP functional.[156] Similar to the LSDA correlation
it has a very complex functional form which will not be shown here. It contains four free
parameters which were obtained by fitting it to data for the helium atom.

Another way of improving the performance of exchange-correlation functionals is by
including exchange as defined in Hartree-Fock theory (EHF

x ). These form are called
hybrid functionals, and one example is the B3LYP functional which was used extensively
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in this work. Its energy expression is:

EB3LYP
xc = (1 − a− b)ELSDA

x + aEHF
x + bEB88

x + (1 − c)ELSDA
c + cELYP

c . (2.131)

The parameters a, b, and c are determined by fitting to experimental data, and take the
values a = 0.20, b = 0.72, and c = 0.81.

Once an exchange functional has been chosen, the Kohn-Sham problem is very similar
to Hartree-Fock. In can be expressed as an eigenproblem of an effective one-electron
operator ĥKS, analogous to the Fock operator:

ĥKS = −1
2∇2 + V̂ne +

∫ ρ(r′)
|r − r′ dr′ + V̂xc, (2.132)

with V̂xc = εxc(r) +
∫
ρ(r′)δε(r

′)
δρ(r) dr′. (2.133)

Using this Kohn-Sham operator, the iterative solution of its pseudo-eigenproblem using
an expansion of basis function is in complete analogy to the Hartree-Fock procedure.

2.6.3 Basis Sets
The choice of basis set is an important decision for any ab initio method, and it can
significantly influence the accuracy and computational efficiency of the calculation. Ex-
panding an orbital in a complete set of functions is not an approximation, but as such
complete sets are infinite in size, any applicable, finite basis set will lead to truncation
errors. Since ab initio computations all formally scale with at least the fourth power
of the basis set size (compare Eq. (2.119)), keeping the number of functions as small
as possible is of utmost importance for practical applicability. In addition, they should
be easy to handle in the types of calculation that occur in a given method. The LCAO
approach for constructing molecular orbitals is based around the idea of using functions
that resemble the solutions of the hydrogen atom. Slater-Type Orbitals (STOs) are the
type of basis functions that follow this idea most closely, and the have the general form

χSTO(r, θ, ϕ) = NY m
l (θ, ϕ)rn−1e−ζr. (2.134)

Here, N is a normalization constant, and the integers n, l, and m are similar in meaning
as the quantum numbers of hydrogen wave functions. The only difference to them is
that STOs do not have radial nodes, but these can emerge by forming suitable linear
combinations of STOs with different n. Although STOs are very similar to atomic
orbitals and therefore give excellent per-function accuracy, they are computationally
very unfavorable. In particular, there is no analytical expression for three- and four
center integrals, and their numerical calculation is very slow. As such, they are mostly
limited in use to atomic or diatomic cases or for methods where three- and four center
integrals do not occur (such as semi-empirical calculations).
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The other option for basis functions are Gaussian-Type Orbitals (GTOs), which in
Cartesian coordinates have the following functional form:

χGTO(x, y, z) = Nxlxylyzlze−ζr2
. (2.135)

The fact that there is a square dependence of the distance in the exponent leads to two
disadvantages compared to STOs: first, GTOs have zero slope at the site of the nucleus,
unlike atomic wave functions, which have a “cusp” at zero distance. The description
near the nucleus is therefore poorer. Second, the function decays too rapidly with
distance, and properties depending on the tail of the wave functions will be described
less accurately. However, this can be remedied by including a larger number of basis
functions, or by using linear combinations of GTOs with fixed coefficients (contracted
GTOs), and the computational benefit from using GTOs by far compensates for the
necessary larger number of functions. The sum of the Cartesian components in a GTO
corresponds to the angular momentum quantum number, i.e., lx + ly + lz = l. There is
no explicit occurrence of n in GTOs, and this distinction is achieved by a different choice
of ζ. Sets of GTOs with same l are called s-, p-, d-functions, etc., again in analogy to
the hydrogen atom.

A minimal basis set contains a single set of functions up to the highest n of the neutral
atom. Hydrogen and helium would only get a single s function, lithium through neon
would be described with two s- and a set of p-functions, etc. This is also known as a
single-zeta basis set. In a double-zeta basis set all functions are doubled, so hydrogen
would be modeled with two s-functions with different exponent ζ. A triple-zeta set is
generated by tripling the amount of functions. Since often the relevant parts of molecular
binding happens in the valence orbitals, this multiplication is sometimes only applied
to these functions, yielding a so-called split valence basis. Functions of higher angular
momentum than those in a minimum basis are called polarization functions. For example,
p-functions can be added to hydrogen to better model the non-spherical distribution of
its electrons due to a chemical bond.

An example for a family of basis sets are the Pople-style functions (6-31G etc.). They
were designed as a general-purpose basis and have been used extensively in the past. The
resulting large amount of reference data is beneficial to the users, but it also hinders the
transition to more modern and computationally efficient basis sets. General-purpose basis
sets have the intrinsic disadvantage of having to make trade-offs to perform reasonably
well in various types of applications. However, different methods and calculations have
different requirements for basis sets, for example, the basis functions that are ideal for
electron correlation methods differ from those designed for independent-particle methods
(HF, DFT). The calculation of certain molecular properties may also benefit from adapted
basis sets, and it is rather obvious that the calculation of NMR properties requires a
good description at the site of the nucleus, which may be less important for chemical
binding. Wherever possible, we have therefore chosen to use Jensen-type basis sets
(pcseg-n, pcSseg-n) in this work. They have been specifically designed to be used for
density functional methods, and modified sets optimized for the calculation of NMR
shielding constants or J-couplings are available.
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2.7 Electrostatics
2.7.1 Theory of Electric Fields in Materials
To assess the behavior of the electric field within a cell of arbitrary geometry and
composed of various materials, a basic understanding of the theory of electromagnetism
is vital. In this section we will introduce these necessary basics.

Classical electromagnetism is governed by Maxwell’s equations, which are presented
here in their macroscopic form:[5]

∇ × E = −Ḃ, (2.136)
∇ × H = j + Ḋ, (2.137)

∇ · D = ρ, (2.138)
∇ · B = 0. (2.139)

H and B are the magnetic field intensity and the magnetic flux density that may be
familiar to a reader coming from magnetic resonance. The description of the electric
field knows a similar distinction between the electric field strength E and the electric
flux density D, also known as the electric displacement field. Furthermore, j and ρ
denote the current and charge density, respectively. The distinction between H and B
on one hand and D and E on the other hand is the feature of this macroscopic form of
electromagnetism, where the influence of microscopic magnetic and electric dipoles in
matter are taken into account as a functional dependence between the two fields. For
our system we will consider the static case, which is also applicable in the case for AC
fields with low frequencies whose wave length is much larger than the system size. In
this case all time derivatives vanish and equations for the magnetic and electric fields
can be separated, and we need to consider only the latter of the two.

Every electric point charge can be imagined to emit an electric flux equal to its charge
(both have the same unit) uniformly in all directions, and the electric flux density D is
simply this flux per surface area. If the D is integrated over a closed surface, the result
will be the total charge inside the enclosed space. This is formulated in Eq. (2.138). The
electric field strength E however describes the effect of this field on charges, namely
the coulomb force. In the static case it has no curl (∇ × E = 0), and can therefore be
described as the gradient of a potential: E = ∇ϕ. In vacuum both are connected by a
fundamental constant, the vacuum permittivity ϵ0: D = ϵ0E. In the most common case
of linear materials, the permittivity is scaled by a constant factor ϵr: D = ϵ0ϵrE. As a
consequence, both D and E will change at the interface of two materials with different
permittivities. The laws governing this change can be explored using simple model
systems. Let us consider two parallel, conducting and charged surfaces with constant
distance and infinite extent. Since they are conducting, they have the same potential
ϕ everywhere. Between these surfaces there are two layers of different materials, and
the material interface is parallel to the charged surfaces (Fig. 2.3a). As the materials
are electrically neutral, no electric flux is generated within them. The electric flux that
passes through the first layer necessarily needs to pass through the second layer as well;

49



Chapter 2 Theoretical Background

E

ε = 3

ε = 1

(a) (b) (c)

D

Figure 2.3. Electric field strength E (top) and electric flux density D (bottom) in different model
capacitor geometries and two materials with permittivities 1 (light gray) and 3 (dark gray). The material
interfaces are either perpendicular (a), parallel (b), or slanted (c) with respect to the charged plates.

therefore D must be equal in both layers. We can conclude from this model that the
normal component of D must be continuous at an interface. The electric field E must
therefore be inversely proportional to the material’s permittivity. In the second model the
interface between the two materials is not parallel to the surface, but perpendicular, so in
different parts of the model the surfaces are separated by different materials (Fig. 2.3b).
However, as the potential difference as well as the distances are the same, the electric
field strength E must therefore be the same in both cases. From this we can conclude
that the tangential component of E must be continuous at an interface. The resulting
difference in flux density results from a difference in charge density on the conducting
surfaces in the two different regions. From this we can derive the general situation at an
interface. Let Eit and Ein be the tangential and normal components, respectively, of the
field strength in a material i at an interface. The angle αi shall be the angle of the field
with the interface normal, so that it is tanαi = Eit/Ein. At an interface between two
materials 1 and 2 we have E1t = E2t and E1n/ϵ1 = E2n/ϵ2. From this we can construct
the electric field’s law of refraction, named after the analogy to the refraction of light:

tanα1

tanα2
= ϵ2

ϵ1
. (2.140)

This change of the field angle at an interface in the general case is depicted in Fig. 2.3,
where there is a slanted interface between the two materials in the capacitor model.
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2.7.2 Finite Element Analysis
For the field profiles in complex cell geometries there are typically no analytic solutions.
It is therefore necessary to use a numerical, approximate algorithm to calculate these
fields. In this work we made use of finite element analysis, which is a very general
numerical technique capable of solving many problems in physics and engineering such
as mechanical stress and strain, heat conduction, fluid dynamics, electromagnetism, and
many others. In this method the domain of the problem, i.e., a surface or a volume, is
discretized into a collection of basic geometrical objects such as triangles, squares, or
tetrahedrons. These objects of finite surface or volume are the eponymous elements. The
physical quantities in question are modeled within each element using very simple, often
linear, shape functions. One advantage of this method and our rationale in using it is
the possibility of varying the size of the elements depending on the location. In regions
where strong gradients are expected, e.g., close to the electrodes, the element mesh can
be made very fine, while in regions of less interest and where only small gradients are
expected the meshing can be done more coarsely. A detailed discussion of this technique
is beyond the scope of this work, but we will explain the basic concepts of the algorithm
on the example of electrostatics in two dimensions.

The problem is set by a geometry of regions with different permittivity, representing
the different materials, as well as a collection of boundary conditions that can be either
electric potentials or electric field strengths that are fixed in certain parts of the domain.
The goal of the analysis is to find all desired electrical parameters in the unconstrained
regions of the domain. The first step is to find a condition that needs to be satisfied in
such a stationary solution, and express it in a suitable way. While there are different
pathways to find these solutions, here we will present one based on the variational
principle which may be familiar to readers from theoretical chemistry. It is based on the
fact that the system will adopt a state of minimum energy. The energy is calculated by
integrating the electric field’s energy density w over the entire area A:

w = 1
2E · D = 1

2ϵE
2 = 1

2ϵ(∇φ)2, (2.141)

E =
∫

A

1
2ϵ(∇φ)2dA. (2.142)

This expression needs to be in a form of a single independent variable, such as φ in
the case of the Eq. (2.142). This form is called irreducible, meaning that it cannot
be reduced to fewer independent variables. It is sufficient to find a solution for the
electric potential φ, all other parameters such as the field can be derived from it. The
domain is discretized into a triangular mesh which consists of two basic objects: the
nodes of this mesh are points on the surface, and the potential values at these nodes
φi will be the parameters that determine the solution. The triangular areas in between
are the (finite) elements, and we will assume that the material properties, such as the
permittivity, are constant within each element. Based on the potential values of each
element’s three nodes, we need to find a linear function that interpolates the potential
within the area of the element. This is done by using so-called shape functions, which are
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Figure 2.4. (a) Illustration of the shape function N1 within its element. It evaluates to 1 at node 1
and to 0 at nodes 2 and 3. (b) Geometrical interpretation of the linear parameters bi and ci.

conceptually similar (but significantly simpler) to basis functions in electronic structure
theory. Within each element there are three shape functions Ni, one for each node i.
These shape functions will be constructed as linear functions in two dimensions, with
parameters ai, bi, and ci and the element’s area ∆:

Ni(x, y) = 1
2∆

(
ai + bix+ ciy

)
(2.143)

with ∇Ni(x, y) = 1
2∆

(
bi

ci

)
. (2.144)

The condition that determines these parameters is that each shape function, e.g., N1,
should have a value of 1 at its own node ((x1, y1)) and a value of 0 at the other two
nodes ((x2, y2) and (x3, y3)), which is illustrated in Fig. 2.4a. This results in the following
system of linear equations (expressed in matrix form):

1
2∆

1 x1 y1
1 x2 y2
1 x3 y3


a1
b1
c1

 =

1
0
0

 . (2.145)

The solution to this system and the ones for the two other nodes is the following:

a1 = x2y3 − x3y2, b1 = y2 − y3, c1 = x3 − x2, (2.146)
a2 = x3y1 − x1y3, b2 = y3 − y1, c2 = x1 − x3, (2.147)
a3 = x1y2 − x2y1, b3 = y1 − y2, c3 = x2 − x1, (2.148)

and the area can be expressed as ∆ = (x1b1+x2b2+x3b3)/2. A geometrical interpretation
of the linear parameters bi and ci is shown in Fig. 2.4b. The interpolation of the potential
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within the element φe is now executed as a linear combination of Ni with the node’s
potential as linear parameters:

φe =
3∑

i=1
φiNi, (2.149)

∇φe =
3∑

i=1
φi∇Ni. (2.150)

Due to the construction of the shape functions this model function φe has the node’s
potential value at its position (φe(xi, yi) = φi) and interpolates linearly along the edge,
which ensures that this model is continuous over element boundaries. It is limited by
having a discontinuous first derivative as well as a vanishing second derivative, so no
second derivatives may appear in the governing equations. This model function for the
potential may now be inserted into the equation for the total energy (Eq. (2.142)), and
the integration over the whole domain is split up into an integration over element areas
Ae and summation over elements e. As the potential within an element is modeled with
a simple linear function (Eq. (2.150)), this integration is rather straightforward:

E = 1
2
∑

e

ϵe

∫
Ae

(∇φe)2dA

= 1
2
∑

e

ϵe

∫
Ae

3∑
i=1

3∑
j=1

φe
iφ

e
j∇N e

i ∇N e
j dA

= 1
2
∑

e

ϵe

3∑
i=1

3∑
j=1

φe
iφ

e
j

∫
Ae

1
4∆2

e

(be
i b

e
j + ce

i c
e
j) dA

= 1
2
∑

e

ϵe

3∑
i=1

3∑
j=1

φe
iφ

e
j

1
4∆e

(be
i b

e
j + ce

i c
e
j). (2.151)

This final expression for the energy is now only a function of the element’s permittivities
ϵe, the node positions, and the node potentials. The first two are given by the model
geometry, as well as a number of node potential which are the boundary conditions. It
is therefore necessary to find the minimum of E as a function of all φe

i , which is done by
finding the simultaneous roots of its derivatives:

∂E

∂φe
i

=
∑

{e|i∈e}
ϵe

3∑
j=1

φe
j

1
4∆e

(be
i b

e
j + ce

i c
e
j) (2.152)

Note than since i and j are local indexes we only sum over elements e that contain i
as a node. This is now a linear equation with independent variables φe

j , which are the
potentials of the nodes that share an element with the node e, i, including itself (φe

i ).
The double indexing e, i is ambiguous as the same node may belong to various elements,
so it is best to switch to a global indexing of all nodes (denoted k or l). The derivative
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with respect to a node potential in a global indexing φk has the following form.

∂E

∂φk

=
∑

l

φl

 ∑
{e|k,l∈e}

ϵe
1

4∆e

(bkbl + ckcl)
 != 0. (2.153)

The inner summation is over all elements that contain both nodes k and l, which, if
k ̸= l, are those two that share the edge between k and l. For the diagonal elements
k = l the summation is over all elements that contain this node, typically between four
and eight in triangular meshes. This system of linear equations may be expressed as a
simple matrix equation with the parameter matrix H and the solution vector φ, which
is a vector of all node potentials φk. It has dimensions of n × n, where n is the total
number of nodes in the mesh:

Hφ = 0, with Hkl =
∑

{e|k,l∈e}
ϵe

1
4∆e

(bkbl + ckcl). (2.154)

For unconstrained systems the trivial solution to Eq. (2.154) is φ = 0, which corresponds
to a vanishing potential and field everywhere and is a rather uninspiring result. If some
elements of φ are however fixed to a certain value (e.g., at the edges of electrodes),
the solution has to be modified. Let φ be the vector of potential boundary conditions
where all unconstrained potentials are zero. A single index u (Hu, φu) indicates that
the constrained rows have been removed from the vector or matrix, and a double index
u (Huu) indicates that both the constrained rows and columns have been removed. The
constrained problem can then be formulated as follows:

Huuφu = −Huφ. (2.155)

It is a linear equation of the unconstrained potentials φu and may be solved using
standard algorithms from linear algebra.

This section aimed at illustrating the general concept of finite element analysis. Aspects
that were not covered include, for example, boundary conditions on the field instead
of the potential, which require a modification of the energy term in Eq. (2.142), higher
dimensions or different forms of elements (tetragons, tetrahedrons, trigonal prisms etc.),
higher order shape functions, time dependent problems, and many more.
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Chapter 3

Interdomain Dynamics of the Complex
Calmodulin/Munc13-1
In this Chapter we will describe how the interdomain dynamics of the complex calmo-
dulin/Munc13-1 was investigated by means of paramagnetic NMR. The expression and
purification of N60D-calmodulin was performed by Melanie Wegstroth, Karin Giller,
and Stefan Becker. Peptide synthesis of the Munc13-1 fragment was done by Kerstin
Overkamp.

3.1 Introduction

Figure 3.1. Illustration of the EF-hand Ca2+-
binding pocket in calmodulin, with the penta-
gonal bipyramidal coordination shown in yel-
low. The hydrogen bonds of the antiparallel
β-sheet that bind both EF-hand motifs to a
globular domain are shown in green in the top
left of the image. The geometry is taken from
2BE6/B.[157]

Calmodulin (CaM) is a 148-amino acid regula-
tory protein that can be found in all eukaryotic
cells, and it belongs to the family of EF-hand
proteins.[158] The EF-hand motif is a helix-loop-
helix structural element that forms a pocket
for Ca2+ with a pentagonal-bipyramidal bind-
ing geometry. In calmodulin, the loops of two
such motifs are held together by a short stretch
of antiparallel β-sheet, forming a rigid, glob-
ular domain. The binding pocket as well as
the β-sheet are shown in Fig. 3.1. Two of such
domains, containing approximately 70 residues
each, are connected by a linker. The binding
pockets give the protein the ability to sense
intracellular Ca2+ fluctuations and to activate
downstream signaling pathways upon binding
to it, as explained in the following. The two do-
mains of calmodulin undergo a structural rear-
rangement when binding Ca2+, which exposes
a hydrophobic cleft. With this cleft calmod-
ulin is able to bind to different proteins, acting
either as an inhibitor or activator, depending
on the specific target. The apparent dissoci-
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(a) (b)

Figure 3.2. (a) Early crystal structure of calmodulin (PDB code 3CLN[168]), showing the over-
all dumbbell shape and the continuous α-helix connecting the two domains. (b) NMR ensemble of
CaM/Munc13-1 (PDB code 2KDU[169]), aligned onto the N-terminal domain. Munc13-1 is shown in
blue.

ation constant of the N- and C-terminal domain are approximately 10 µM and 1 µM,
respectively,[159,160] so changes in Ca2+ concentration within these limits are interpreted
as signals and induce conformational rearrangements in calmodulin, leading to target
activation or inhibition upon binding.[161–167]

The rigidity of the linker that connects calmodulin’s two domains has been the subject
of various studies. The earliest X-ray structure of calmodulin implied that the protein
has a rather rigid dumbbell shape with the linker forming a continuous α-helix connecting
the two domains (Fig. 3.2a),[168,170] and small-angle X-ray scattering was used to get
first insights into the domain’s rearrangement upon calcium binding.[171,172] NMR studies
later revealed that the linker region of Ca4-CaM was highly dynamic and allowed for
relative motion of the two domains with respect to each other,[173,174] an X-ray study
found disorder in the linker residues,[175] and a structure of the protein crystallized in a
closed conformation was published.[176] This lead to the proposal that calmodulin may
sample a wide, continuous range of relative domain orientations in solution, which was
supported by studies of molecular dynamics.[177,178]

Bertini et al. paved the way for paramagnetic studies of calmodulin by screening a vari-
ety of mutants in the binding sites. They discovered that an N60D mutant allowed them
to selectively load the second binding site (residues 56 – 67) with a lanthanide,[124] and
proceeded to study the conformational space sampled by calmodulin using pseudocontact
shifts and residual dipolar couplings as observables.[122] Their findings confirm the wide
range of possible domain orientations that were proposed earlier, and they composed
three- to four-membered ensembles to fit their data. In these ensembles, the C-terminal
domain spans a region of space approximately in the form of a cone with a semiangle
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of 40° relative to the N-terminal domain. They also determined an order parameter to
quantify the flexibility, defined here as the ratio of alignment (RDCs) between the C-
and N-terminal domain, for which they found a value between 0.05 and 0.15.

When binding to target peptides and proteins, calmodulin typically binds to a short
section of amphiphilic α-helix within the target with both its domains, which forces it into
a more rigid state not dissimilar to the closed crystal structure mentioned earlier.[179,180]

There are many examples of this in the literature,[181–186] one of them being the com-
plex with the IQ recognition motif from the voltage-gated calcium channel CaV1.2
(CaM/IQ).[157] Russo et al. applied paramagnetic NMR to study the conformational
ensemble of this complex in solution, and indeed found significantly reduced interdomain
dynamics with an order parameter of around 0.9.[123]

Munc13-1 is a large multi-domain protein involved in synaptic vesicle fusion and
neurotransmitter release,[187–189] and its activity is highly dependent on calcium concen-
tration due to its regulation by calmodulin.[190] Unlike many other targets of calmodulin,
Munc13-1 features a unique 1-5-8-26 recognition motif consisting of two independent
sections binding to the N- and C-terminal domain.[169,190] It is therefore reasonable to
assume that through their interaction it restricts the conformational freedom of calmo-
dulin far less than any of the other targets. In the work of Rodriguéz-Castañeda et al.
an NMR structure of the complex was determined (Fig. 3.2b), but since no long-range
constraints were used for this ensemble, it does not properly describe the interdomain
dynamics present in the complex. In this chapter we will explore the conformational
space sampled by calmodulin using paramagnetic NMR, and compile an ensemble that is
in agreement with the acquired constraints. From a methodological point of view we will
maximize the amount of gathered paramagnetic data, and we will show innovative ways
of reducing the structural information of conformations to its essentials, of sampling this
conformational space, and of finding an appropriate ensemble size which is neither too
big nor too small.

3.2 Complex Preparation and NMR Spectroscopy
3.2.1 Sample Preparation
The preparation of uniformly 15N,13C-labeled N60D-calmodulin followed largely estab-
lished procedures.[191,192] It is however important to ensure that any remaining ethylene-
diaminetetraacetate (EDTA) from the protein purification procedure is eliminated before
preparing the complex. EDTA is a strong chelating agent and is able to remove calcium
ions from the binding pockets of calmodulin, but since only calcium-bound calmodulin
(Ca4-CaM) binds strongly to Munc13-1,[169] full calcium saturation needs to be ensured
before proceeding to prepare the complex. This is best done by means of NMR: apo-CaM
and Ca4-CaM are easily distinguishable by their 15N-HSQC spectrum, and EDTA can be
identified in the proton spectrum (see Fig. A.1). To remove EDTA, an additional dialysis
step against an EDTA-free buffer was added to the existing purification protocol, and
afterwards CaCl2 was added until no further changes in the HSQC spectrum could be
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observed. Munc13-1 was prepared by solid-phase synthesis and lyophilized. As it is not
soluble by itself in the required concentrations of > 1 mM, the complex was prepared by
adding a solution of CaM to lyophilized Munc13-1. This has the problem that it is very
difficult to control the amount of added peptide, as the quantities are too small to be
reliable controlled gravimetrically. As an additional complication, there is evidence that
CaM can weakly bind to a second equivalent of Munc13-1, so care has to be taken to only
add a single equivalent of Munc13-1.[193] The process of complex formation can again be
easily monitored by NMR spectroscopy. The binding of the first equivalent of Munc13-1
occurs in the slow exchange regime, so in the case of incomplete saturation, two sets of
peaks of CaM and CaM/Munc13-1 can be observed. The binding of the second equivalent
of Munc13-1 happens on the intermediate exchange regime, so in excess of Munc13-1
certain affected peaks will shift and eventually broaden beyond detection. To prevent
dissolving an excess of Munc13-1, which is very difficult to reverse, we simply saturated
only half of the protein solution by adding an excess of solid Munc13-1, removed the
remaining peptide, and combined it again with the protein stock. This generated a
solution with too little peptide, as could be easily determined by NMR. By repeating
this process multiple times, saturating increasingly smaller fractions of the total volume,
and acquiring an NMR spectrum after each step, the stoichiometry of the complex could
be controlled very precisely. The resulting solution of 1.85 mL had a concentration of
approximately 0.9 mM.

To maximize the NMR signal in all further steps of the project, this was concentrated
further to a final volume of 1.12 mL and a concentration of 1.43 mM as determined via
NMR.[194] All lanthanide-substituted samples were prepared from this stock solution to
ensure that they have exactly the same complex conditions. The mutation in N60D-CaM
achieves about a 10-fold increase in the affinity of lanthanides (Ln) to the second metal
binding site, so upon addition of lanthanide the calcium ion in this binding site gets
substituted preferentially.[124] This was done by titrating a 30 mM solution of LnCl3 to the
complex solution while monitoring via NMR. The lanthanide binding occurs on the slow
exchange regime, so two sets of peaks can be observed in the HSQC spectrum during the
titration. Care must be taken not to add excess lanthanide as it will substitute calcium
in the other binding pockets as well as soon as the second site is saturated. This way
six paramagnetic samples with the lanthanides dysprosium (Dy), erbium (Er), holmium
(Ho), terbium (Tb), thulium (Tm), and ytterbium (Yb) were prepared, as well as a
diamagnetic reference sample with lutetium (Lu).

3.2.2 Assignment
The paramagnetic lanthanide ions induce strong chemical shift perturbations in the
vicinity of the binding site, and a number of resonances in the immediate surrounding of
the lanthanide are broadened beyond detection by paramagnetic relaxation enhancement
(PRE). Even for the diamagnetic reference with lutetium some chemical shift changes
relative to Ca4-CaM/Munc13-1 were observed due to the different charge and ionic radius
of Lu3+ and Ca2+. Due to these shift perturbations specific to each lanthanide, separate
resonance assignment had to be done for the different samples. This was done following
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Figure 3.3. Illustration of an HNCA-based backbone walk on the example of ten residues of Ca3Yb-
CaM/Munc13-1. Each slice also differs in 15N chemical shift, which is not depicted here.
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Figure 3.4. Available (green) and missing (red) amide resonance assignment for the different metal
complexes Ca3Ln-CaM/Munc13-1. The gray lines indicate the position of the two proline residues.

established methods using triple-resonance experiments, and we acquired HNCA and
HNCO spectra of each sample. An HNCA is a three-dimensional NMR spectrum that
correlates the amide proton and the amide nitrogen resonance with the Cα resonance of
the same (i) and of the preceding (i − 1) residue. The spectrum will therefore feature
two peaks for each amino acid in the protein. Since the intraresidual J-coupling of the
amide nitrogen to its own Ci

α is slightly larger than the interresidual coupling to the
preceding Ci−1

α , the two corresponding peaks can typically be distinguished by their
signal intensity. Therefore, the peaks from two neighboring amino acids will differ in
their HN-resonance, but share a peak in the carbon dimension, and the intensity of these
two peaks will indicate which amino acid comes first in the sequence. If this is done for
each pair of neighboring amino acids, the whole sequence can be assigned. This so-called
backbone walk is illustrated in Fig. 3.3. Due to the finite resolution of NMR spectra a
de novo assignment using only an HNCA is typically prevented by different Cα having
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very similar resonance frequencies, and more sophisticated experiments are necessary.
However, since an assignment of Ca4-CaM/Munc13-1 was available in literature[192] and
the chemical shift changes of Ca3Lu-CaM/Munc13-1 were quite small due to the lack
of PCSs, the HNCA was sufficient to assign the entire protein backbone. The HNCO
spectrum, which correlates the amide proton and nitrogen resonances with the preceding
(i − 1) carbonyl C′ resonance, does not provide sequential information, but could be
used to cross-check the proposed assignment with the data from the literature. Based
on the assignment of Ca3Lu-CaM/Munc13-1 we assigned the paramagnetic derivatives.
While the differences in chemical shift (i.e., the PCSs) could be substantial close to
the metal center, we could make use of the fact that the PCS varies slowly in space.
That means that resonances of atoms that are close in space (e.g., belong to the same
residue) will have similar PCSs. Although there are exceptions to this rule particularly
in the spatial regions where the PCS has a zero-crossing, this trend greatly simplified the
resonance assignment of the paramagnetic complexes. Since some parts of the sequence
close to the metal were broadened beyond detection, the assignment of all paramagnetic
complexes was incomplete. Fig. 3.4 illustrates which residues could be observed and
assigned in which complex, and the complete assignment can be found in the data
collection (Appendix A.1).

3.2.3 Acquisition of Paramagnetic Data
It was our goal to acquire as many paramagnetic constraints as possible, within reasonable
effort, to maximize the amount of available data. PCSs are determined by simply taking
the chemical shift difference between the paramagnetic sample and the diamagnetic
reference (Lu). Instead of limiting ourselves to amide H and N resonances, as it was done
in previous work,[123] we determined PCSs for all resonances that were available from the
assignment process, namely amide-H, amide-N, Cα, and C′. RDCs are determined in a
similar way. In the spectrum of the diamagnetic reference only J-couplings occur, while
in the paramagnetic samples a combined coupling T = J+D is observed. The RDCs (D)
are then determined as the difference between the two. The simplest RDCs to measure
are the amide-HN-RDCs. They can be extracted from an uncoupled HSQC, or, more
commonly, from an IPAP-HSQC where the two doublet components are separated into
two spectra, but both approaches suffer from peak overlap in the crowded central region
of the HN-plane. As most RDCs are relatively small effects in the order of single-digit
Hz, their measurement requires very accurate peak positions, and any overlap essentially
disqualifies a peak from being used for an RDC.

To minimize this issue we determined all RDCs from 3D NMR spectra. This has the
additional benefit that multiple RDCs can potentially be determined from one experiment.
For example, we acquired an HNCO{no H} spectrum without proton decoupling during t1
and t2. As a consequence, each resonance is split into a doublet. Since there is no proton
decoupling in neither of the indirect evolution periods, these two peaks are separated in
the 15N dimension by THN and in the 13C dimension by THC′ . The second experiment we
acquired was an HNCO{no Cα} without Cα decoupling. This gives TC′Cα in the carbon
dimension and TNCα in the nitrogen dimension. Since DNCα is very small due to the
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relatively large distance and the low gyromagnetic ratios of the nuclei involved, we did
not use them as RDCs. As a third experiment we acquired an HNCA{no H} without
proton decoupling in the t1 evolution time, which yielded TCαHα in the carbon dimension.
We did not remove proton decoupling during t2 as this would introduce the unwanted
TNH coupling in the nitrogen dimension. RDCs in paramagnetic samples are caused by
magnetic alignment, so they scale with the square of the magnetic field. Therefore we
sought to measure them at as high fields as possible. The HNCOs without H-decoupling
(for THN and THC′) were acquired at 950 MHz, the other two sets of experiments at
900 MHz. In Fig. 3.5 an overview of the acquired RDCs and their relative sizes is given.

Figure 3.5. RDCs and their size relative to
DNH acquired for CaM/Munc13-1. The color-
ing groups the couplings acquired in a single
experiment. Due to the small size DNCα

were
not used as RDC constraints.
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Figure 3.6. NUS sampling grid for an
HNCO without Cα-decoupling. The density
of points decreases exponentially with larger
t1,2 times. Additionally, the point density fol-
lows a 52.5 Hz-modulation in t1 to match the
TC′Cα

-coupling.

All HNCA and HNCO experiments men-
tioned above were acquired in a way to max-
imize accuracy in peak position. This was done
by adjusting the acquisition time in all dimen-
sions such that the signal has fully decayed,
which corresponds to acquisition times of about
45 – 60 ms for H, N, and C′. The lifetime of
Cα-magnetization is much shorter due to the
dipolar coupling to the directly attached pro-
tons as well as the 35 Hz-J-coupling to Cβ, so
about 12 ms of acquisition time were sufficient
for this nucleus. Most modern triple resonance
sequences combine the magnetization transfer
of Cα/C′ to N with the chemical shift labeling
of N into a single block of constant time,[195]

which reduces losses due to relaxation but lim-
its the acquisition time to the transfer time
of < (2JCN)−1. To be free of this limitation,
all our triple resonance experiments used semi-
constant time blocks.[196,197] These are a clever
modification of the constant time block which
removes the constraint on the acquisition time
taq. For the case of taq < (2JCN)−1 it is identical
to the constant time block. If the acquisition
time taq is greater than (2JCN)−1, the block
length gets slowly incremented from (2JCN)−1

at the beginning to taq at the end, and the
180°-pulses within are shifted in a way that the
evolution of the chemical shift increases from 0
to taq and the evolution of the coupling remains
constant at (2JCN)−1. This is best understood
by inspecting a pulse sequence such as the one
in Fig. A.2.

By increasing the acquisition times in the indirect dimensions, the number of points
to be sampled inevitably increases as well, and the number of transients for each sample
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Table 3.1. Number of paramagnetic constraints in CaM/Munc13-1, separated by lanthanide, by type
(PCS/RDC), and by the protein domain.

Dy Er Ho Tb Tm Yb sum

N-terminus
PCS 57 103 117 90 129 199 695

1026
RDC 13 42 58 18 55 145 331

C-terminus
PCS 237 233 241 230 238 244 1423

2691
RDC 213 200 213 209 209 224 1268

should not be reduced below a certain number (typically 8) due to the phase cycle. In
this case one runs into the so-called sampling limit, which describes the case where
the minimum experimental time is not restricted by the signal-to-noise ratio, but by
the number of samples that have to be acquired. This limit is about 3 and 7 days
for HNCA- and HNCO-based experiments, respectively, which is prohibitive given that
multiple experiments need to be acquired for multiple samples. To cope with this, we
employed non-uniform sampling (NUS), which is a technique in which only a fraction
of the samples are acquired in a non-regular pattern.[52] By acquiring more samples in
regions of the grid where more signal is expected, i.e., at shorter evolution times and at
the maxima of cosine-modulations, this approach can even improve the signal-to-noise
ratio achieved in a given amount of time (see Fig. 3.6). The drawback of NUS is that
before Fourier transform, the missing samples need to be reconstructed using complex
and computationally expensive algorithms. Nonetheless, as the necessary computation
time is typically orders of magnitude less expensive than high-field NMR time, it is a
valuable tool to acquire high resolution 3D NMR spectra.

The amount of paramagnetic constraints that could be extracted from this collection
of spectra is summarized in Table 3.1. It is evident that far fewer data could be collected
in the N-terminal domain than in the C-terminal domain. This is expected as the
paramagnetic lanthanide is located within the N-terminal domain, and many nearby
resonances are broadened beyond detection (compare also Fig. 3.4). Metals with larger
susceptibilities (e.g., Dy) provide fewer constraints than lanthanides with a smaller
susceptibility (e.g., Yb) for the same reason. This does not make them less valuable,
however, since the effects are also larger and therefore less affected by noise, providing
better constraints. It is also worth noting that the aim of this work is to analyze the
protein’s interdomain motion, and the paramagnetic effects that report on this motion are
the ones located in C-terminal domain (i.e., in a different domain than the lanthanide).
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3.3 Data Analysis and Modeling
3.3.1 Fitting of N-Terminal Data
The first step in data analysis is the fitting of the N-terminal data to determine the
susceptibility tensors ∆χ. As the N-terminal domain has little to no motion this is also
well-suited to try different fitting approaches and to assess the data quality. The link
between the paramagnetic data, the structure, and the susceptibility tensor is found in
Eqs. (2.29), (2.53) and (2.73) and is repeated for the reader below:

∆δPCS = 1
4πr3

Ln
tr
(
r̂Lnr̂T

Ln∆χ
)
, (3.1)
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12
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T
12A

)
= − B2

0γ1γ2ℏ
40π2kBTr3

12
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r̂12r̂

T
12∆χ

)
. (3.2)

With the geometrical parameters rLn and r12 from a structural model and the para-
magnetic data set, these can be expressed as a system of linear equations with the
five independent components of ∆χ as unknowns in an equivalent manner as shown
in Eqs. (4.11) and (4.12). These five components are ∆χax = 2∆χzz − ∆χxx − ∆χy,
∆χrh = ∆χxx − ∆χy, ∆χxy, ∆χxz, and ∆χyz. The least-squares solution for these com-
ponents can be found easily and deterministically, and the agreement of the data with
the structural model is assessed by a Q-Factor (see also Eq. (4.13)):

Q =
√√√√∑i(xexp,i − xcalc,i)2∑

i x
2
exp,i

. (3.3)

Here x refers to any type of data point (RDC/PCS) and the index indicates whether
it is experimental or back-calculated using the fitted susceptibility tensor. We will use
subscripts on the Q-factor to indicate when only a certain type of data was considered
(QPCS, QRDC), and superscripts to differentiate between the two domains (QN, QC). In
this analysis there are still some finer aspects to consider, namely the choice of the
structural model, the simultaneous evaluation of PCSs and RDCs, the optimization of
the lanthanide position, and the inclusion of RCSAs. We will discuss each of these
aspects in the following. Whenever we report an improvement in Q-factor due to any of
these points, this was calculated with the other three aspects already optimized.

An accurate structural model is crucial for the successful fitting of data. While there
is an NMR structure of the complex CaM/Munc13-1, deposited in the protein data bank
(PDB)[198] with code 2KDU,[169] it provides a subpar model for the N-terminal domain
of calmodulin, which is reflected in the comparatively high QN-factor when fitting the
data. We fitted our data to the 20 different members of the 2KDU-ensemble individually,
which yielded a set of QN-factors with a minimum of 0.1361, a mean of 0.1758, and an
RMSD of 0.0214. There is no crystal structure of CaM/Munc13-1, but if one assumes
that the structure of the individual domains is not significantly affected by the type
of binding partner, one can also use the structure of a different complex. We chose to
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use the structure of the complex CaM/IQ with PDB code 2BE6,[157] which had also
been studied by paramagnetic NMR.[123] This X-ray ensemble contains three different
structures (A, B, and C), and any of them yielded much lower QN-factors than the
NMR structures (0.0615, 0.0461, and 0.0690, respectively). We also had the idea that
the domain in solution could be better modeled by a combination of the three X-ray
structures with equal contributions, but this fit yielded a QN of 0.0557, rejecting this
hypothesis. We therefore chose to use the N-terminal domain structure of 2BE6/B in
all further analyses. Another point concerning the structural model is the fact that
small-scale local motion such as bond libration reduce the observed RDC and therefore
leads to an underestimation of the tensor size when fitting to a rigid model. A simple
way to cope with this is to use larger effective bond lengths. For the most affected
RDCs, which are DNH and DCαHα , we only took the corresponding bond orientation
from the structure and fixed the length to 1.041 Å and 1.117 Å, respectively, as described
by Ottiger et. al.[199]

Eq. (3.3) hides the problem of simultaneously evaluating RDCs and PCSs, which
inherently come in different units. There are different ways to overcome this problem,
for example by converting both into frequency units (similar to how it was done in Chap-
ter 4 for gymnochrome G), or by scaling them by the maximum observed experimental
value.[123] However, we believe it is best to scale different types of data with the associated
statistical error (as for strychnine in Chapter 4) to minimize the influence of this scatter,
which is a very general way of scaling any type of data for simultaneous evaluation. To
do so, we devised an iterative approach to determine the relative scaling factor of RDCs
and PCSs. First, we fitted RDCs and PCSs separately to the structural model, and
estimated the associated error by the RMSD of experimental against back-calculated
data. We then used these RMSDs as scaling factors to simultaneously fit PCSs and
RDCs to the model. From this simultaneous fit, we again determined the RMSDs for
PCSs and RDCs, and used them as scaling factors for a new simultaneous fit. This cycle
was repeated until the RMSDs did not change any further, which was typically achieved
after 3 – 5 iterations. The RMSDs used for scaling converged to 44 ppb for PCSs and
4.6 Hz for RDCs, yielding a relative scaling factor of 105 Hz ppm−1. The scaled data was
then also used for the calculation of Q-factors (Eq. (3.3)).

The X-ray structures used for the fit were acquired for a purely calcium-loaded form
of the complex (in our case, Ca4-CaM/IQ), while the paramagnetic data was acquired
from a complex where one calcium atom was replaced by a lanthanide ion. For the fit
on PCSs, the vector between the lanthanide and the nucleus in question is the relevant
geometrical parameter, and in the simplest case this is determined by simply assuming
that the lanthanide takes the exact same position as the calcium ion in the structural
model. However, this may not be entirely accurate as the binding pocket can adopt a
slightly different geometry when binding an ion with different charge and ionic radius.
An inaccurate lanthanide position most strongly affects the PCSs from nuclei close to
it, and results in a poorer fit for these data points. We therefore chose to optimize the
lanthanide position with the criterion of minimizing the QN

PCS-factor. This resulted in
an improvement in QN

PCS from 0.0514 to 0.0375 with a change in lanthanide position of
0.60 Å.
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Although the chemical shift perturbation caused by the paramagnetic lanthanide is
dominated by the PCS, there is a small contribution from alignment in the form of an
RCSA as well. Both the PCS and the RCSA depend (apart from the geometry) only on
the susceptibility tensor ∆χ, and therefore the inclusion of RCSA comes essentially “for
free”, in the sense that it does not add additional fit parameters (unlike, e.g., optimizing
the lanthanide position). The expression for the chemical shift perturbation is adapted
to be

∆δ = ∆δPCS + ∆δRCSA = 1
4πr3

Ln
tr
(
r̂Lnr̂T

Ln∆χ
)

+ B2
0

15µ0kBT
tr (δ∆χ) . (3.4)

If this expression is expanded into the aforementioned system of linear equations, the
inclusion of RCSAs therefore simply corresponds to a small additional contribution to the
linear coefficient matrix. To do this in practice, the chemical shift tensor δ is necessary.
We chose to include RCSAs only for carbonyl carbon and amide nitrogen nuclei, as these
exhibit the largest chemical shift anisotropy. The CSA eigenvalues and the orientation of
the eigenvectors within the peptide plane, which we took as local reference frame for each
nucleus, were taken from Loth et al.[200] This yielded an improvement in QN

PCS-factor from
0.0467 to 0.0383. The root mean square (RMS) of the back-calculated PCS contribution
is 3.515 ppm, while it is 0.058 ppm for the RCSAs. This effect is expected to be even
more relevant in the case of the C-terminal domain, since the RCSA does not scale with
distance like the PCS. Indeed, if one takes the absolute best ensemble determined in
Section 3.3.4 and predicts the contributions to the chemical shift perturbation, one finds
that the RCSAs contribute a remarkable 20 % to the overall chemical shift perturbation
in the C-terminal domain. We will continue referring to the chemical shift perturbations
as PCSs, but from here on this will always imply that the RCSAs have been included as
well.

Taking into account all these previous points, we fitted the N-terminal paramagnetic
data to yield the susceptibility tensors ∆χ of the six lanthanide ions. The full tensor
has an orientation in space and is therefore dependent on the coordinate system. All
structures of CaM/Munc13-1 used in this work were aligned with the backbone of the
N-terminal domain to the crystal structure 2BE6/B, which served as a reference frame
in this way. The uncertainty of these tensor elements were determined via 1000 steps
of bootstrap resampling of the data.[201] Briefly, in a bootstrapping analysis points from
the original data set are drawn with replacement to yield new, synthetic data sets with
the same number of points as the original one. They are then subjected to the same
fitting as the original data set. This way, a statistic of the resulting values (such as ∆χ)
can be done. The uncertainty in the tensor components is calculated as the RMSD of all
bootstrap resamples. The (orientation-independent) eigenvalues are found in Table 3.2,
and the full five tensor elements are plotted in Fig. 3.7 and tabulated in Table A.2.
Fig. 3.7 shows also the tensor if only one type of data (PCS/RDC) is used for fitting.
This demonstrates that both types of data do lead to the same result within the margin of
error. The tensors determined from RDCs are associated with a higher uncertainty, first
because there are fewer data points available (most notably for Dy and Tb), and second
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Table 3.2. Eigenvalues of ∆χ in 10−32 m3, obtained from fitting both RDCs and PCSs to the N-
terminal domain, and by fitting RDCs to the C-terminal domain, for all six lanthanides. The ordering
follows the convention |∆χ̃xx| < |∆χ̃yy| < |∆χ̃zz|. The uncertainty is given in parentheses.

domain ∆χ̃xx ∆χ̃yy ∆χ̃zz

Dy N 8.34(30) 18.36(23) −26.69(18)
C 0.17(27) 3.76(29) −3.93(30)

Er N −1.05(13) −8.20(12) 9.25(8)
C −0.27(16) −1.21(17) 1.48(18)

Ho N 0.74(11) 9.46(13) −10.21(8)
C −0.19(22) −1.86(22) 2.05(23)

Tb N −2.55(21) −20.94(14) 23.49(19)
C 0.22(26) 3.76(32) −3.98(31)

Tm N −3.31(11) −14.08(14) 17.39(14)
C 0.17(21) 2.67(26) −2.84(27)

Yb N −2.27(5) −3.55(5) 5.82(4)
C 0.00(16) 0.65(14) −0.65(16)

because they are associated with a higher relative scatter. The QN
PCS-factor is 0.038 and

the QN
RDC-factor is 0.392, which tells us that the RDCs have ten times higher relative

scatter than the PCSs. The overall QN-factor is 0.046. Across the various metals the
QN-factor is relatively consistent, although there are larger variations for the RDC-only
fits. All QN-factors are tabulated in Table A.1. A correlation plot of the experimental
and back-calculated data is shown in Fig. 3.8.

3.3.2 Fitting of C-terminal RDCs
While it is necessary to have a motional model for the interdomain dynamics to fit PCSs
due to their complex, non-linear dependence on distance to the lanthanide center, this is
not true for RDCs. They are an alignment effect, and, under the assumption that the C-
terminal domain is in itself rigid, one can fit an alignment tensor to the C-terminal RDCs
and a domain structure. This alignment tensor can also be expressed as an effective ∆χ-
tensor, so that it is comparable to the results from the N-terminal domain. Due to the
interdomain motion, this C-terminal tensor will be reduced compared to the N-terminal
tensor, and this reduction can be used to quantify the motion as a scalar, similar to an
order parameter. As a structural model we have used the C-terminal domain of 2BE6/C;
although for this analysis the three models of 2BE6 showed very little difference, we later
found that 2BE6/C is a significantly better model for the C-terminal domain when includ-
ing PCSs (see Section 3.3.4), so we chose to use this structure here as well. As the RDCs
are associated with a relatively high statistical error, and the size of the RDCs is much
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Figure 3.7. Plot of the five independent tensor elements for the six different lanthanides. The tensor
elements obtained from fitting only PCSs or RDCs are displayed as well. Both are in good agreement
with each other, except for Dy and Tb, where only very few RDCs are available. This leads to a high
uncertainty in the fitted tensor elements. The reference coordinate system was taken from the crystal
structure 2BE6/B. This data is also tabulated in Table A.2.
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Figure 3.9. Plot of the eigenvalues of the ten-
sor determined from the N-terminal fit ∆χN
against the effective tensor eigenvalues from
the RDC-only fit to the C-terminal domain
∆χC,RDC. There is a clear linear dependence
with a scaling factor of 0.162. Error bars for
∆χ̃N are too small to be seen.

smaller than in the N-terminal domain, these
fits produced a very high QC

RDC-factor of over-
all 0.63, ranging between 0.52 and 0.93 for the
different metals (Table A.1). But since we
had acquired a large number of RDCs in the
C-terminal domain, the resulting uncertainty
in the effective ∆χ-tensor was still reasonable.
The tensor eigenvalues are reported in Table 3.2,
while the full form can be found in Table A.2.
The size reduction of the tensor between the
N- and C-terminal domain can best be seen
by plotting their eigenvalues against each other.
Note that for this correlation the eigenvalues
have to be ordered by size and not by absolute
values. Fig. 3.9 illustrates that there is a con-
sistent linear scaling between the eigenvalues of
the two domain’s tensors with a scaling factor
of 0.162 as determined via a least-squares fit. It
is not immediately obvious why all metals have
a similar scaling, and this is also in contrast to
previous findings from Bertini et al., who had
found 0.15 for thulium and 0.05 for terbium in free calmodulin.[122] Here, one needs to
consider the fact that the anisotropy of the susceptibility tensor is not independent for all
metals, as it all originates from asymmetry of the same binding environment. As a result
the spatial orientation of the ∆χ-tensor is similar for all metals, and the mean angle
between the eigenframes of our tensors is only around 16°. The tensors Bertini et al. have
determined are very similar to the ones that we have found, and the angular difference
between the eigenframes of Tm and Tb is as low as 9°. To further investigate this issue,
we have performed a computer experiment by generating ensembles of three random
rotations (the size that Bertini et al. have proposed in their work) and computed the
averaged tensors of both Tm and Tb under these three rotations with equal population.
We then evaluated individual order parameters for both metals. Only in about one in
15 000 of these random rotational ensembles we have found the order parameter for Tm
to be more than three times bigger than the one for Tb. This lets us conclude that is
the norm and not the exception to find order parameters that are approximately equal
for all metals, and it raises some doubt about the data of Bertini et al.[122]

3.3.3 Sampling the Conformational Space of CaM/Munc13-1
A common approach to a motional model of a complex such as Cam/Munc13-1 is
to represent it as an ensemble of discrete conformations. The ensemble 2KDU from
Rodríguez-Castañeda et al.[169] was generated without long-distance constraints such as
PCSs and RDCs, so it was not surprising that it does not describe the interdomain
motion very well. If one tries to fit the C-terminal paramagnetic data to this ensemble,
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it agrees only very poorly.[193] A simple way to assess the mobility of a given model is
to calculate its order parameter, just as we have done it in the previous section. This
evaluates to be 0.48 for the ensemble 2KDU, which is about a factor of three larger than
the experimental result, so this ensemble is clearly more rigid than the real complex.[193]

To find an ensemble that fits to the experimental data, it was necessary to generate a
new pool of conformations from which an ensemble could be compiled. We generated
this pool by doing a conformational search with the structures from 2KDU as starting
points.

It was our goal to generate a set of conformations that spanned a motional range as
large as possible, and which only excluded conformations that were sterically impossible,
to then later choose a subset of this pool as the final model. We therefore did not worry
about modeling the protein as realistically as possible or to calculate accurate energies.
Instead, we modeled the protein in vacuum using the OPLS3 force field.[202] We chose this
force field since other popular options for proteins, such as AMBER,[203] did not include
parameters for Ca2+. The conformational search was very similar to the ones performed
in Chapter 4, consisting of a random sampling of certain bond torsion angles. We chose
the two backbone dihedrals (ϕ, ψ) of the residues 76 – 81 in calmodulin’s linker region
to be sampled in the search, which corresponds to the region where Tjandra et al. have
found increased mobility.[174] Sampling a larger stretch of the linker lead to distortions of
the adjacent α-helices, so we limited the search to this relatively small range of residues.
Each sampling step changed a random selection of up to six of the aforementioned torsion
angles by up to 10°, and then performed a minimization of the resulting structure. The
convergence criterion was set to a relatively large 1 kJ mol−1 Å−1 as the minimization was
the computational bottleneck of the search. The main additional complication compared
to a standard conformational search was the presence of the peptide linker. The change
in torsion angles was done such that the N-terminal domain remained immobile, while
the C-terminal domain moved through space. We needed to ensure that the binding of
Munc13-1 to its pocket in the C-terminal domain was not undone by this step, which
was achieved by adding a number of artificial distance constraints. A key residue in
this binding is Munc’s tryptophan 489, which is located inside of a hydrophobic pocket
within Calmodulin. We added constraints to 18 of calmodulin’s backbone atoms that
were less than 8 Å away from the central carbon atom Cδ2 of W489. These constraints
were executed as flat-bottom potential wells centered around the mean distance of the
corresponding atoms in the 20 structures of 2KDU, a half-width of the flat section of 1 Å,
and a force constant in the outer part of 200 kJ mol−1 Å−2. These constraints ensured
that after altering the linker torsion angles, W489 was pulled back into its binding pocket
in the ensuing minimization step, and distributing this stress onto 18 different atoms
prevented a distortion of the binding pocket. Another measure to preserve the original
domain structure was constraining the two hydrogen bonds in each domain’s section
of antiparallel β-sheet. As an energy cutoff we used 3000 kJ mol−1, which is twice the
difference between the highest and lowest energy structure in the 2KDU ensemble. We
ran this conformational sampling with 9900 steps, starting from each of the 20 structures
from 2KDU, and with approximately two thirds of the steps producing a compatible

70



3.3 Data Analysis and Modeling

geometry, we generated a total of 122 700 conformations of CaM/Munc13-1. These
served as a basic pool of conformations in all further steps.

Such a large number of protein structures can become a challenge to handle compu-
tationally, and the total size of structure files was 26 GB. It was therefore desirable to
reduce this data to the essential pieces of information and to discard all others. While
the most obvious approach would be to eliminate the positions of atoms not involved
in any paramagnetic constraints, which would already cut down the necessary space in
memory significantly, we decided to go even further. As explained in Section 3.3.1, the
structure of the individual domains is represented rather poorly by the NMR ensemble
2KDU, and X-ray structures such as 2BE6 agree much better to the available paramag-
netic constraints. Therefore we again chose to use the C-terminal domain from one of
the three structures of 2BE6. As a consequence, the only relevant piece of information
contained within a conformation of CaM/Munc13-1, as generated by the conformational
search, is the relative orientation of the two domains, which can be expressed as three
translational and three rotational degrees of freedom. This is obviously an enormous
reduction in complexity and facilitates data handling significantly.

In practice, this was implemented using homogeneous coordinates, which are a con-
venient way to simultaneously express translation and rotation. For regular three-
dimensional coordinates translation is expressed as vector addition and rotation as
matrix multiplication. Consider a point P with position vector p. Translation and
rotations are computed as follows:

ptrans = p + q, prot = Rp. (3.5)

Where q is the translation vector and R a rotation matrix (i.e., RTR = 1 and |R| = 1).
However, it is not obvious how to pack these two operations into one. Homogeneous
coordinates provide a solution to this problem. They are generated by adding an ad-
ditional coordinate w, and for any point (x, y, z) the tuple (xw, yw, zw,w) is a set of
homogeneous coordinates of this point. Any choice of w refers to the same point, so it is
typically set to 1. In these coordinates, both translation and rotation can be expressed
as matrix multiplication, as is shown below:

phomo
trans =


1 0 0 qx

0 1 0 qy

0 0 1 qz

0 0 0 1



px

py

pz

1

 =


qx + px

qy + py

qz + pz

1

 , (3.6)

phomo
rot =


0

R 0
0

0 0 0 1



px

py

pz

1

 =

Rp

1

 . (3.7)

With this it is possible to compute a matrix representing two or more concatenated
translations and rotations by simply taking the matrix product of the individual transfor-
mation matrices. Using this formalism we expressed each conformation as a 4×4-matrix,
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which described the transformation of the C-terminal domain of some reference structure
(in our case, 2BE6/B) to the desired location. The transformation matrix was found as
the transformation that minimizes the distance RMSD between their backbone atoms (N,
Cα, C′) of residues 84 – 145, so both structures were represented as the collection of these
atom positions. First, both the reference and the conformation were translated such that
the mean of all atom positions would lay in the origin, with the translation matrices Tref
and Tconf . From there it is a pure rotation R that transforms the reference into the con-
formation, which can be found using the Kabsch algorithm.[204] The total transformation
matrix M is then found by concatenating these three operations: M = T−1

confRTref . With
these matrices and the knowledge about a single reference structure, any interdomain
orientation could be reconstructed. As an additional feature of this formalism, it is
possible to construct translation-invariant vectors by setting the coordinate w to zero
(i.e., (x, y, z, 0)T). This is useful if one has already computed internuclear vectors for
RDCs within the C-terminal domain, which are only affected by domain rotation, but
not by domain translation.

3.3.4 Ensemble Sampling
Now that we had found a set of domain arrangements that were sterically possible, it
was necessary to find a subset that is in agreement with the experimental data. As the
susceptibility tensors were already very accurately determined in the N-terminal fits,
we chose an approach that used these tensors instead of fitting them again. The first
step was to predict the paramagnetic constraints in the C-terminal domain using the
∆χ-tensors from the N-terminal fits, the rigid C-terminal domain structure 2BE6/C, and
its arrangement relative to the N-terminal domain (and with that the ∆χ-tensor) from
the transformation matrices, considering also the contribution from RCSAs as explained
in Section 3.3.1. This yielded an array of 122 700 × 2691 data points, and the problem
of finding a matching ensemble was now equivalent of finding a linear combination
(with certain constraints) of rows of this array that reproduce the 2691 experimental
data points. The coefficients of such a linear combination can then be interpreted as
populations of the corresponding conformation. Although this is in principle no different
from the the many other systems of linear equations that we have solved in this work,
the sheer size of the coefficient matrix of 122 700 × 2691 makes it impossible to find a
solution by applying the usual algorithms.

We therefore chose a random-sampling approach to find approximate solutions to this
problem. We randomly chose a small subset of up to 100 (nens) rows, or conformations,
and checked its agreement with the data. To do this, there are two ways to determine
the individual populations of the chosen conformations. Arguably the simplest way is to
populate them all equally by the inverse of the number of conformations. Alternatively
one can fit for the populations, under the constraint that they are positive and sum
up to one. Populating them equally has the advantage that evaluating the agreement
is very fast, as one has to simply calculate the mean across rows and compare it to
the experimental values. This allows for sampling many more ensembles in the same
amount of computation time than when one needs to fit for each population. Larger
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populations can in principle be described by choosing the same conformation multiple
times. However, this approach comes with a number of drawbacks.

First, there is no clear hierarchy in these models, and it is a mistake to equate the
number of ensemble members to a formal number of fit parameters. In hierarchical
model systems, adding a degree of freedom (i.e., a fit parameter) can never lead to a
decrease in agreement, as higher level models include lower level models. In the case of
fitted populations, a model with a smaller ensemble size can simply be reproduced by
setting some populations to zero. For the case of equally populated ensembles however,
an increase in ensemble size can very well lead to an overall decrease in agreement and
slower convergence, as too many members lead to a model that is too mobile, and due
to the random nature of the sampling it is rather unlikely to pick the same conformation
multiple times. Second, if one designs an iterative sampling strategy (which will be
described in detail further down), it is not obvious how to systematically improve an
existing ensemble, while for ensembles with fitted populations one simply needs to replace
the members with low populations. Third, finding ensembles with good agreement with
the data is much more unlikely, as one needs to find just the right combination, and
therefore the improvement via random sampling is very slow. It turns out that this effect
by far overcompensates for the faster evaluation of the ensemble in terms of computation
time. Fourth, we find that setting all population to an equal value is a very artificial
choice with no justification from reality. It is basic knowledge from chemistry that
conformations of molecules of all sizes are populated to different extents based on their
free energy, and we believe it is therefore the more realistic choice.

As briefly mentioned above, this fitting procedure is different from the linear systems
that we have encountered before as they need to be solved under the constraint that the
sum of populations pi equals to one and that there may be no negative populations. The
first constraint can be solved by adding and additional, synthetic data point with a very
high value (in our case 106) that is the same for both the experimental as well as for all
predicted data sets. The system of linear equations then has the following matrix form:

x11 x12 · · · x1nens

x21 x22 · · · x2nens
... ... . . . ...

xndata1 xndata2 · · · xndatanens

106 106 · · · 106




p1
p2
...

pnens

 =



xexp,1
xexp,1

...
xexp,ndata

106

 . (3.8)

It is easy to see that the equation for the last row in Eq. (3.8) is equivalent to the
constraint of ∑ pi = 1, and due to the high value small deviations from this lead to a
steep increase in the minimization criterion (i.e., RMSD). The second constraint leads to
the non-negative least squares (NNLS) problem, which can be solved with deterministic
algorithms,[205] and fast implementations are available.

As mentioned before, we devised an iterative sampling approach to find increasingly
better ensembles, vaguely inspired by the concept of evolution with the survival of the
fittest and mutation. First, we drew nsample different ensembles with size nens, fitted
their populations, and calculated their agreement with the data as the RMSD. We then
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took the 10 % of these ensembles that fitted best, and duplicated them ten times. All
conformations that had a fitted population of zero were replaced randomly with new
conformations. Apart from that, the original set remained unchanged. For the first
copy, we replaced an additional 10 % of ensemble members randomly, and for the ith
copy, we replaced 10i% of ensemble members randomly. This way we generated a new
set of ensembles with same size nsample with varying degrees of variation (mutation)
compared to the most successful samples from the previous step. Since for one copy we
only replaced unpopulated members, we ensured that each generation would never be
worse than the previous one, and the agreement as measured by the best member of the
sample would therefore decrease monotonically with each step.

As before with the N-terminal domain, we were still faced with the issue of choosing
a structural model and the simultaneous evaluation of PCSs and RDCs. To evaluate
PCSs and RDCs simultaneously, we scaled them again with their (estimated) standard
deviation. For the RDCs this was simple, as we could use the RMSD from the RDC-only
C-terminal fit as an estimate for their scatter. Since there was a significant dependence
on the type of RDC, we chose to scale them independently, and their RMSDs were
1.63, 3.42, 2.20, and 0.78 Hz for DNH, DCαHα , DHC′ , and DC′Cα , respectively. For the
N-terminal domain this distinction between RDC types was not feasible due to the very
low number of RDCs for some metals. We estimated the scatter of the PCSs by a short
sampling procedure using exclusively PCSs, using 100 steps, a sample size of 1000, and
an ensemble size of 50 (taking about 10 minutes). After such a sampling the RMSD
had already converged up to a few percent to the asymptotical value, and we took the
resulting RMSD of 9.8 ppb as a reasonable approximation for the PCS scatter. This type
of scaling with the estimated standard deviation leads to the effect that the combined,
scaled RMSD for a reasonable model will approach unity, and this is what we will report
as RMSD in the following. We proceeded in a similar way for the three candidates
from 2BE6 for the domain structure, and to our surprise we found that the C-terminal
structure of 2BE6/B provided the worst agreement with our experimental data, yielding
an about 30 % larger RMSD than the other two structures. Between them the difference
was less striking, but 2BE6/C yielded about 5 % smaller RMSDs than 2BE6/A, so we
chose it as our model for the C-terminal domain structure. It is rather surprising to
find the PCSs to be the discriminating factor between different domain structures, and
it is conventional wisdom that they are less sensitive to small structural variations than
RDCs. It is possible that this is simply due to the lower relative uncertainty that is
associated with the PCSs. However, as the domain structure was not the scope of this
work, we did not investigate this in more detail.

To find an appropriate ensemble size, we did again short test samples, and employed
the Bayesian Information Criterion (BIC)[206] as a preliminary measure for model selec-
tion. Under the assumption of independently and normally distributed errors, it can be
formulated as:[207]

BIC = nens ln(ndata) − 2ndata ln(σdata), (3.9)
where σdata is the data’s standard deviation, which can be estimated by the RMSD.
When comparing two models, the one with the lower BIC is preferable. This allows us
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to compute a factor by which the RMSD needs to decrease for each additional ensemble
member:

(nens + 1) ln(ndata) − 2ndata ln(σn+1
data) < nens ln(ndata) − 2ndata ln(σn

data) (3.10)
ln(ndata) < 2ndata

(
ln(σn

data) − ln(σn+1
data)

)
(3.11)

exp
(

ln(ndata)
2ndata

)
≈ 1.0015 < σn

data
σn+1

data
(3.12)

This tells us that for each additional ensemble element the achieved RMSD should drop
by at least 0.15 %. While we later used cross-validation to find an optimal ensemble size
for the final model, this simple comparison via the BIC helped us get an idea of the size
of ensemble needed. We again ran a short test sampling with 100 steps and 1000 samples
with all ensemble sizes between 1 and 100 and plotted the achieved RMSD against the
ensemble size nens (Fig. 3.10). As expected each additional ensemble member brought
less of an improvement, so that a certain point we should go below the BIC threshold
of 1.0015. This can easily be seen by plotting lines of constant BIC, corresponding to
the relation RMSD ∝ 1.0015−nens . Inspection of Fig. 3.10 reveals that the models with
lowest BIC correspond to ensemble sizes somewhere between 15 and 30.

Based on this, we chose the ensemble sizes for the final samplings. As it is always
possible to reduce the ensemble size afterwards, we chose the previously determined size
of 15 – 30 as a lower bound and ran longer samplings with ensemble sizes of 15, 20, 50,
and 100. As the evaluation time scales quadratically with nens, we had to run fewer
steps and samples for the larger ensembles, and the final samplings were performed
with 15 000, 10 000, 4000, and 2000 steps and samples for sizes of 15, 20, 50, and 100,
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Figure 3.10. RMSD as a function of ensem-
ble size for a short test sampling. The dotted
lines show lines of constant BIC. The best mod-
els (smallest BIC) are found in the bottom left
region of the plot, corresponding to an ensem-
ble size between 15 – 30.

respectively. As this is a probabilistic proce-
dure, we repeated each sampling 50 times to
evaluate the distribution of results. In Fig. 3.11
we have shown the best sample’s RMSD as well
as the BIC as a function of steps performed.

The final ensembles with sizes of 15 and 20
perform similarly well. However, even when
taking into account the ensemble size with
the BIC, the 20-membered ensembles still per-
formed slightly better. On the other hand,
the ensembles with sizes of 50 and 100 showed
clear signs of overfitting. First, in agreement
with the preliminary results, the RMSD did
not decrease by the necessary 1.0015−∆nens go-
ing from 20 to 50 to 100 structures. Secondly,
the fitted populations for some structures in
the larger ensembles were very low, and partic-
ularly for nens = 100 there was always 10 – 20 %
of structures that had a fitted populations of
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exactly 0. We therefore devised a cross-validation algorithm to iteratively reject all
unnecessary ensemble members.
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Figure 3.11. Convergence of RMSD for en-
semble sizes of 15, 20, 50, and 100, run with
15 000, 10 000, 4000, and 2000 steps and sam-
ples, respectively. The shaded region shows
the estimated standard deviation calculated as
the RMSD of 50 individual runs. The dashed
line is calculated as RMSD · 1.0015nens , which
corresponds to the BIC.

Cross-validation is a very simple and elemen-
tary technique to detect overfitting, and it in-
volves splitting the available data into two parts,
fitting the model to the first part (the training
set) and then evaluate the agreement with the
second part (the test set). In the case of overfit-
ting the agreement of a more complex model is
only higher with the training set, and not with
the test set.[208] This iterative cross-validation
was done in the following way: We split our
data randomly in half in 100 different ways
into training and test sets of equal size. Tak-
ing an ensemble, we fitted populations against
the 100 training sets and evaluated the RMSD
against the 100 corresponding test sets. We
then compiled nens sub-ensembles by removing
one member each, and repeated cross-validation
process for these sub-ensembles. If all members
of the original ensemble were necessary, one
would expect all of the sub-ensembles to per-
form poorer against the test sets. We therefore
computed the ratio of the sub-ensemble RMSDs
and the full-ensemble RMSD and checked for
values smaller than the BIC-threshold of 1.0015.
If we found any, we removed the member with
the lowest ratio from the ensemble. We then went back to the start and repeated the
process. If no ratio below 1.0015 was found, this indicated that every member accounted
for an improvement of at least this much and was considered necessary, so no overfitting
was present any more. Although it is somewhat redundant to combine cross-validation
with the BIC, and it would in principle be sufficient to look for RMSD ratios smaller than
unity, we wanted to apply a somewhat stricter measure to ensure that each ensemble
member would contribute to an improvement instead of just stagnation, and so the
BIC threshold that we had computed earlier was a convenient and somewhat justified
quantity for such a tightened criterion. Also, there is some statistical uncertainty to
these ratios as this is again a probabilistic algorithm, but by taking 100 independent
splits of the data, we could both reduce and estimate this uncertainty to about an order
of magnitude smaller than the threshold of 1.0015.

Several key aspects and results of this iterative cross-validation are presented in
Fig. 3.12. Firstly, it shows the evolution of the RMSD upon successive removal of
structures for each of the 50 runs. This again demonstrates very clearly that both 50
and 100 are too large for an appropriate model. In both cases the removal of ensemble
members only reduces the agreement with the data very slowly, until a critical ensemble
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Figure 3.12. Evolution of RMSD during iterative cross-validation of the 50 different runs, starting at
ninit

ens of 15, 20, 50, and 100. The dots with error bars show the mean and standard deviation of both
RMSD and ensemble size for the final 50 ensembles resulting from the cross-validation procedure, and
the cross marks the best ensemble by BIC. Lines of equal BIC are dotted in gray.

size of around 35 is reached. There, the RMSD lines curve upwards, until reaching a
critical slope that halts the iterative cross-validation. This is trend is not observed for
starting sizes of 15 or 20, where removal of single ensemble members sharply increase the
RMSD from the beginning. Although the cross-validation was able to remove redundant
structures as far as possible, the fact that they originate from a sampling with a large
ensemble size still remains noticeable. Fig. 3.12 also shows the average and the standard
deviation of both the ensemble size and achieved RMSD for the final, cross-validated
structures originating from different samplings. The final ensembles from the ninit

ens = 100
sampling have an average size of 31.2, almost five more members than the ones starting
at a size of 50, which got reduced to an average size of 26.7. The slightly better RMSD of
the former does not justify this larger size when considering the BIC. This is again best
seen by inspecting the points relative to the lines of constant BIC (iso-BIC) depicted
in Fig. 3.12. The trend remains the same when going to the samples that started with
20 members. They were only reduced to an average size of 18.8, indicating that they
were already much closer to the ideal size. In terms of BIC these models are again
better than the counterparts originating from larger ensembles. Only when going to an
starting size of 15 the reduced ensemble sizes has a sufficient effect on the RMSD so that
they on average perform poorer in terms of BIC than the ones starting from 20. This
discussion was based on the mean of the 50 runs, and a similar trend is observed in the
best ensembles, marked as crosses in Fig. 3.12. The exception to this is the absolute best
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ensemble, which originated from a sampling with 15 ensemble members; the difference
to the best result starting from 20 members is small though (less then 0.1 %), and this
can be attributed to the probabilistic nature of the sampling. The QC-factor for this
absolute best ensemble evaluates to 0.290.

When comparing the different ensembles found by this procedure, they all populate
similar conformations. Fig. 3.13 shows cartoon representations of the best ensembles by
BIC for the four different starting ensemble sizes (15, 20, 50, and 100), aligned on the
N-terminal domain and shown from two different angles (called side and top view). It
becomes immediately obvious that the C-terminal domain of CaM/Munc13-1 samples an
ample region of space around the N-terminal domain. Seen from the side, this roughly
corresponds an arc of around 180 degrees, with the highest population in the center and
minor conformations on the sides. When this arc is seen from the top, the shapes are
somewhat more distinct, forming a belt with uniform width for the larger ensembles
(ninit

ens = 50, 100), while it is less regular for the smaller ensembles (ninit
ens = 15, 20). Fig. 3.13

shows only ensemble members with a population above 10 %. This highlights that in all
ensembles the most strongly populated conformations are also very similar.

In all cases, this motion cannot be reduced to rotation along one or two degrees of
freedom. In addition to the rotation of one domain around other, the ensembles show
varying degrees of torsion (rotation around a vector connecting the two domains), and
none of the ensemble rotations can be reduced to a single pivot. We have shown the
latter by trying to shift the origin so that the translational components of an ensemble’s
transformation matrices would vanish. However, this proved to be impossible, and the
remaining translational components had a mean length of around 13 – 17 Å, which was
quite consistent across the various ensembles. We have tried to capture these findings
in Fig. 3.15 on the example of the absolute best ensemble (Fig. 3.13, first row). It
shows a cartoon of 2BE6/C, which is the starting point for all rotation matrices. The
optimal origin of rotation is depicted as a white sphere, which is expectedly located in the
linker region. We have then represented the ensemble members as arrows. The distance
between the origin of rotation and the base of these arrows is the remaining translational
component, whereas the arrow’s length and orientation represent the angle and axes of
rotation, respectively. The population is color-coded as before. It is visible from the
arrow’s wide distribution how much translation contributes to the domain reorientation.
There seems to be no discernible pattern or correlation between translation and rotation,
and this image clearly illustrates the wide range of motion that the domains are spanning.

3.4 Conclusion and Outlook
In this chapter we have shown how the interdomain motion of the complex CaM/Munc13-
1 could be investigated and modeled using paramagnetic NMR. To reduce the impact of
unavoidable experimental scatter, we have acquired as many paramagnetic constraints
in the backbone region as possible, and used exclusively triple-resonance experiments
to reduce the amount of data rejected because of overlap. This way we have been able
to acquire a sizable 1026 constraints in the N-terminus and 2691 constraints in the
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Figure 3.13. Best ensembles by BIC for the different starting ensembles sizes, viewed from two different
angles. The C-terminal is color-coded by population p.
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Figure 3.14. Best ensembles by BIC for the different starting ensembles sizes, viewed from two different
angles. Only members with a population higher than 10 % are shown. The C-terminal is color-coded
by population p.
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Figure 3.15. Cartoon of 2BE6/C, and transformations of the absolute best ensemble from ninit
ens = 15

represented as arrows. The optimal origin of rotation is depicted as a white sphere. The distance
between the origin of rotation and the base of these arrows is the remaining translational component,
whereas the arrow’s length and orientation represent the angle and axes of rotation, respectively.

C-terminal domain. The large amount of data and the careful inclusion of minor effects
such as the lanthanide positioning and RCSAs enabled us to determine the lanthanide’s
susceptibility tensor with a very low relative uncertainty between 1 – 3 %, which laid the
foundation for the subsequent data analysis. Following the simplistic approach from
Bertini et al.,[122] we determined an order parameter of 0.162 by comparing the relative
degrees of alignment in both domains. Unlike their results for free calmodulin, we could
not find any pronounced dependence on the metal. Our order parameter is very close
to the value of 0.15 that Bertini et al. had found for free CaM in the case of thulium.
This supports the idea that the interdomain motion of calmodulin is only marginally
restricted by its binding to Munc13-1. We have also argued that it is expected to find
similar order parameters for all metals, since their tensors all share a similar eigenframe
(not eigenvalues!). This result should therefore not be interpreted as isotropic motion,
which is supported by the fact that the ensembles that we have found to describe our
data do not exhibit a high degree of symmetry.

To find these ensembles, we have sampled the conformational space of CaM/Munc13-1
extensively using molecular mechanics, including a number of synthetic force contribu-
tions to keep the complex together during the sampling. We then devised a way to
reduce the information content of each conformation to the relative interdomain arrange-
ment by borrowing a tool from projective geometry, the homogeneous coordinates. From
these arrangements and the ∆χ tensors we predicted the paramagnetic data for each
conformation, which yielded the basic data matrix for the subsequent sampling.

This sampling was executed by randomly choosing subsets of conformations and
then iteratively improving them by randomly modifying the ones with the best agree-
ment, a process vaguely inspired by evolution. We have then used a combination of
cross-validation and the Bayesian information criterion (BIC) to eliminate redundant
conformations and to compare models with different ensemble sizes against each other.
This way, we have found the necessary ensemble size to be between 15 and 20. Various
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ensembles that perform similarly have been found by repeating this non-deterministic
process multiple times, and they all span a similar region in space. By examining them
we have found that they describe an interdomain motion that comprises both translation
in the order of 15 Å and rotation about all three spatial directions. This further confirms
our result that the interdomain motion is hardly restricted upon binding to Munc13-1,
which is in stark contrast to the case of CaM/IQ which was investigated in a similar
manner.[123]

As we have gathered a large amount of paramagnetic constraints of a highly dynamic
system, this could be used as test case for some more fundamental questions about the
types of motion that are detectable and distinguishable this way. In the most general way
the interdomain motion can be thought of as a probability density in the six motional
degrees of freedom, which is in contrast to the description as an ensemble, which is merely
a collection of points in these six dimensions. D’Auvergne et al. have already formulated
the extensive theory of frame ordering that unifies the description of rotational ordering
of rigid body frames, and they found that the averaging of an alignment tensor can
be reduced to a rank-4 tensor with 15 independent components, which is therefore the
maximum amount of information that can be gathered from RDCs.[116] PCSs however
also encode the distance of the two domains as an inverse third power, so they are both
more rich in information and much more difficult to model. D’Auvergne et al. have
proposed a variety of parameterized, continuous motional models such as the isotropic
cone rotation or the free rotor. As none of these models incorporate translation, based
on our findings they should not be able to model the motion of CaM/Munc13-1. Also,
they do not form clear model hierarchies in the sense that they do not allow incremental
increase in model complexity, unlike the ensemble approach, where the ensemble size
is such an hierarchical increment. It would be quite interesting whether it is possible
to find a suitable set of 6D-functions in which the probability density can be expanded,
and whether this is able to outperform an ensemble-based approach.

3.5 Materials and Methods
3.5a Sample Preparation Uniformly 15N,13C-labeled N60D-Calmodulin was expressed
from E. coli following published procedures,[191,192] with the addition of a dialysis step
against buffer A (20 mM Bis-Tris, 150 mM KCl, 150 µM CaCl2, pH 6.8) to yield a solution
of 1.8 mL at ≈ 0.9 mM protein concentration. 50 µL D2O (≈ 3 %) were added for field
locking purposes. Ca-loading was checked via NMR and adjusted by addition of 1 equiv.
CaCl2 (9.1 µL 200 mM CaCl2). The complex was prepared by repeatedly adding an
aliquot of 500 – 1000 µL to lyophilized Munc13-1, agitate for 30 min, adjust the pH, and
reunite the protein solutions, until full 1:1-CaM/Munc13-1-saturation was observed via
NMR. The solution was then concentrated to 1120 µL at 1.43 mM with a Vivaspin 20 with
PES membrane and 5 kDa molecular weight cut-off (MWCO). The lanthanide samples
were prepared by taking aliquots of 130 µL and titrating 30 mM LnCl3 in buffer A until
1:1 Ln loading was observed via NMR, with Ln ∈ {Lu,Dy,Er,Ho,Tb,Tm,Yb}. The
samples were prepared in 3 mm NMR tubes and stored at 4 °C.
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3.5b NMR Spectroscopy All NMR experiments were acquired on Bruker Avance III
HD spectrometers operating at proton frequencies between 600 – 950 MHz using inverse
cryogenically cooled (QCI/TCI) probes. The sample temperature was set to 298 K and
checked using 99.8 % MeOD.[137] Triple-resonance experiments were acquired using the
following parameters: the carrier offsets were set to 4.7, 116.85, 174.8, and 52.65 ppm
and the spectral widths to 14, 28.1, 12, and 28 ppm for H, N, C′, and Cα, respectively.
The number of dummy scans was 512, the number of scans per increment 8, and the
relaxation delay 1 s. For the uncoupled spectra, the number of acquired real points were
1024, 256, 256, and 128 for H, N, C′, and Cα, respectively. For the coupled spectra (for
RDCs), the number of real points were 1024, 320, 352, and 192 for H, N, C′, and Cα,
respectively. The NUS sampling schedule was generated using exponential weighting
with effective T2 times of 50, 50, and 20 ms for N, C′, and Cα, respectively. For the
coupled spectra a cosine modulation of 52.5 Hz for TC′Cα and 143.5 Hz for TCαHα was
taken into account for the schedule generation.

15N-HSQC spectra were acquired using an in-house sequence with 3-9-19 water suppres-
sion,[209] gradient filters, and 13C decoupling during t1. Decoupled triple resonance exper-
iments were acquired using standard sequences hncogpwg3d_sct and hncagpwg3d_sct,
featuring watergate water suppression,[210] gradient filters, and semi-constant time 15N
evolution. The coupled experiments were acquired using slight modifications of these
sequences. Diagrams of all 3D pulse sequences are found in Figs. A.2 to A.4, and all
sequences are found in the data collection (Appendix A.1).

All spectra were processed with NMRpipe[211] using zero-filling to twice the number of
points and cosine-squared apodization. NUS reconstruction was done using MddNMR[212]

using the CS-IRLS[213] algorithm. A sample of processing scripts can be found in the
data collection (Appendix A.1). Peak picking and assignment was done in CCPNMR
AnalysisAssign.[214]

3.5c Conformational Search The conformational search was done in MacroModel[215]

using the 20 structures of 2KDU[169] as starting points. The search was done as a random
sampling of the two backbone angles of residues 76 – 81. The minimization convergence
criterion was 1 kJ mol−1 Å−1 and the energy cutoff was 3000 kJ mol−1. 18 backbone
atoms within 8 Å of W489-Cδ2 were constrained using flat-bottom potential wells with
1 Å half-width and a force constant of 200 kJ mol−1 Å−2. The four hydrogen bonds in
the antiparallel β-sheets were constrained using MacroModel’s FXHB operation code. A
sample script for the search can be found in the data collection (Appendix A.1).

3.5d Data Analysis All computations and data analysis not mentioned elsewhere
were performed using a series of self-made python scripts, which make extensive use of
the SciPy ecosystem.[216–218] The paramagnetic data, the transformation matrices for
generating the conformers, and the final, cross-validated ensembles can be found in the
data collection (Appendix A.1).
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Chapter 4

Magnetic Alignment of Natural
Products
In this chapter the structure determination of natural products using anisotropic parame-
ters from magnetic alignment is described. It is based largely on work that was published
in a journal article in 2020, and contains identical text passages and figures.[219] The
isolation of gymnochrome G and the determination of its constitution as reported in this
chapter was performed by the co-author Klaus Wolkenstein.

4.1 Introduction
As introduced in Chapter 1, anisotropic NMR can provide valuable information for the
elucidation of the structure of unknown compounds such as natural products, and to
acquire them, these unknown molecules have to be aligned. In the established protocols
alignment is achieved by introducing the analyte into an anisotropic medium, such
as liquid crystals, filamentous phages, or deformed polymer gels.[220–222] However, this
process comes with certain drawbacks, especially if only small amounts of analyte are
available (as it is common for natural products). First, any transfer of the analyte suffers
from inevitable sample losses; second, recovery of the analyte from anisotropic media
can be difficult; third, it prohibits the acquisition of any new experiments under normal,
isotropic conditions for the time being; and fourth, the alignment tensor needs to be
fitted and can yet not be sufficiently accurately predicted.

Therefore, we set out to obtain alignment without an alignment medium. A simpler
way to achieve anisotropic conditions is by exploiting the alignment that is induced
by the external magnetic field. This alignment occurs if the analyte molecule has
an anisotropic magnetic susceptibility, and it scales with the square of the external
magnetic field B0.[223] It is most commonly used in the investigation of metal-binding
proteins, where paramagnetic metal centers (e.g., transition metals or lanthanides) with
substantially anisotropic susceptibilities lead to large degrees of alignment, and the
isotropic reference experiment can be acquired on diamagnetic counterparts (for example,
Zn, La, or Lu).[106,122,123,142,224,225] For diamagnetic cases, aromatic systems are the most
relevant sources for anisotropic susceptibilities. RDCs and RCSAs can be determined
by performing field-dependent measurements, but the effects are typically much smaller
than for paramagnetic metal centers. RDCs have already been determined this way,
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Figure 4.1. (a) Constitution, configuration, and atom numbering of gymnochrome G (1). (b) Relevant
HMBC correlations for the assignment of the aromatic carbon resonances.

both for biomacromolecules such as proteins and oligonucleotides as well as for small
molecules with large aromatic systems such as porphyrins.[106,226–230] However, to our
knowledge, the measurement of RCSAs and the use of either RDCs or RCSAs for small
molecule structure (conformation and configuration) determination through magnetic
alignment have not been reported so far.

In this work, we show the feasibility of this approach on two molecular examples.
First, gymnochrome G (1, Fig. 4.1) is a previously unknown marine natural product
isolated from the deep-sea crinoid Hypalocrinus naresianus, featuring a large, proton-
deficient aromatic system and two side chains with one stereocenter each. Its aromatic
system with eight annealed rings leads to an unusually large degree of alignment and
makes this an ideal target for this approach. We corroborate the configuration using
established NMR-based techniques as (2′S, 2′′R) (see Section 4.2). Second, to show that
this method is more universally applicable, we apply it to strychnine (2, Fig. 4.5), a
well-studied alkaloid with only a single aromatic ring. Despite its relatively low degree
of magnetic alignment, we were able to identify the correct configuration from the set of
its diastereomers with high confidence.

4.2 Characterization of Gymnochrome G
Gymnochrome G is a natural product that was isolated from a specimen of Hypalocrinus
naresianus along a variety of other compounds.[231,232] Before it could be used as a
model compound for testing the approach of magnetic alignment, its structure had to
be determined independently. This was achieved using various spectroscopic methods,
including NMR, UV/Vis, ECD, and MS.

4.2.1 Constitution
Gymnochrome G was isolated from successive extracts of lyophilized animal material
as a violet solid in a quantity of around 2.7 mg or 2.6 µmol. The first characterization
was done using UV/Vis, ECD, and HR ESI MS (Figs. A.10 and A.11). Brominated
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phenantroperylene quinones have previously been reported as occurring in crinoids, and
the UV/Vis and ECD spectrum recorded for gymnochrome G was very similar to the
reported spectra.[233–235] This was the first hint that the substance belonged to the
family of phenantroperylene quinones. The mass spectrum showed a multiplet between
m/z = 1052 and m/z = 1061 with a monoisotopic mass of m/z = 1052.7706 (Fig. 4.2),
which was assigned to the deprotonated molecule ion [M−H]– . The isotope pattern with
a characteristic intensity ratio of 1:4:6:4:1 indicated the presence of four bromine atoms.
The overlayed 13C isotope pattern enabled us to estimate the number of carbon atoms
to be around 35 – 40. A fragment peak with ∆m/z = −97.9678, corresponding to the
mass of H2SO4, indicates the presence of a sulfate group. With these constraints the
molecular formula could be determined to be C38H26Br4O14S.

1055 1060

m/z

1052.7706

Figure 4.2. Molecular ion peak in the mass
spectrum of gymnochrome G. The monoiso-
topic peak is annotated with its exact mass.

For the structural characterization a number
of basic NMR spectra were acquired, includ-
ing 1H 1D, 13C APT, COSY, 1H,13C-HSQC,
and 1H,13C-HMBC spectra (Figs. A.12 to A.16).
The carbon spectrum shows 38 peaks which
confirmed the molecular formula determined
previously, and which are compatible with
the proposed phenantroperylene quinone base
structure. There are two peaks in the region
around 185 ppm, corresponding to the quinone-
carbonyl carbons, seven peaks in the region of
160 – 170 ppm which contain the six phenolic
carbon atoms, and 20 signals in the aromatic
region between 100 – 145 ppm. The remaining
nine signals in the aliphatic region between 15 – 80 ppm belong to the two side chains,
whose constitution could be straightforwardly determined using proton-based experi-
ments to be propyl-2-acetate and pentyl-2-sulfate. The full structure including number-
ing is shown in Fig. 4.1. While the resonance assignment was again straightforward in
the case of the side chains, it proved to be challenging in the case of the aromatic core.
While in principle this could have been achieved using an INADEQUATE experiment,[236]

which is based on one-bond carbon-carbon correlations, this was utterly unfeasible due
to the very low sensitivity of this experiment. Large parts of the aromatic system could
be assigned with an HMBC optimized for a small coupling constant of 3 Hz (Fig. A.16),
making use of the correlations of the hydroxy protons in positions 1, 6, 8, and 13. These
correlations are illustrated on the structure in Fig. 4.1b. However, the central carbons
10a – b and 14b – g showed no correlation and therefore remain unassigned. A list of
proton and carbon chemical shift can be found in Table A.3.

4.2.2 Relative Configuration by J-Couplings and NOE
Gymnochrome G does not only exhibit chirality in its side chains with the chiral carbon
centers. Its aromatic system is non-planar due to steric clashes of the side chains as
well as the so called bay-OH groups at positions 10 and 11. The aromatic rings in the
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Table 4.1. J -couplings of gymnochrome G relevant for the configuration determination, sorted by type
of experiment and side chain.

coupling J in Hz coupling J in Hz

J-HMBC

3JC3a−H1′a 3 3JC3b−H1′′a 4
3JC3a−H1′b 5 3JC3b−H1′′b 5
3JC2−H1′a 8 3JC5−H1′′a 8
3JC2−H1′b 4 3JC5−H1′′b 4
3JC3−H2′ 2 3JC4−H2′′ 3

1D 1H
3JH2′−H1′a 8.8 3JH2′′−H1′′a 9.8
3JH2′−H1′b 5.1 3JH2′′−H1′′b 2.6

HECADE

3JC3′−H1′a 3.6 3JC3′′−H1′′a 1.7
3JC3′−H1′b 5.5 3JC3′′−H1′′b 1.3
2JC2′−H1′a −7.7 2JC2′′−H1′′a −7.2
2JC2′−H1′b −7.7 2JC2′′−H1′′b −1.7

H1′bH1′a

Ar

OAc

H2′H3C

5.1

5.5

−7.7−7.7

8.8

3.6

H1′′bH1′′a
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Pr

H2''
-O3SO

2.6

1.3

−1.7−7.2

9.8

1.7

H1′b
H1′a

H1′′b
H1′′a

(a) (b) (c)

2 3

Figure 4.3. (a) Visible intersidechain ROE contacts in gymnochrome G. (b,c) Newman projections
along C2′-C1′ (b) and C2′′-C1′′ (c) with the experimental J-couplings in Hz used to determine the
major conformer and the configuration of gymnochrome G.

corners are therefore bent out of plane, and the ring system exhibits axial chirality. This
is very useful for the determination of the absolute configuration of the chiral centers at
the side chains, since the aromatic system can be used as chiral reference. A comparison
with the literature suggest that that the configuration should be propeller-(P ),[237] which
we will assume for now. This was later confirmed by comparison of experimental and
predicted ECD (see Section 4.2.4). In the following we will show how to determine the
configuration of the molecule’s chiral carbon atoms relative to the aromatic system using
distance and dihedral constraints.

A Rotating frame Overhauser Enhancement SpectroscopY (ROESY) spectrum was
acquired to get distance information.[238] This was preferable over a conventional NOESY
since the molecular weight of the compound and thus the rotational correlation time was
such that the NOE effect was close to its zero-crossing. Information about dihedral angles
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was extracted from proton-proton 3JHH and long-range proton-carbon nJCH-couplings.
The former were simply extracted from the 1D proton spectrum. For the latter two
different experiments were acquired: the HECADE is an experiment with an HSQC
block followed by a TOCSY transfer and proton acquisition.[239] It is set up in such a way
that it yields ECOSY-type crosspeaks with a splitting of 1JCH in the indirect dimension
and nJCH in the direct dimension. This enables the measurement of very small nJCH-
couplings due to the large splitting in the indirect dimension, and the determination of
their absolute sign as 1JCH is always positive. The disadvantage of this type of experiment
is that it can only measure couplings to non-quaternary carbon atoms due to the HSQC
block. To get these couplings, a J-HMBC was acquired as well.[240] This experiment
is different to a regular HMBC in that it features a splitting in the indirect dimension
corresponding to nJCH. However, since the smaller couplings are in the same order as
the line width, the accuracy of these couplings is lower due to the overlap of the doublet
components. All couplings are reported in Table 4.1. To account for the lower accuracy
of couplings from J-HMBC they were rounded to integer Hz, while all other couplings
were rounded to a tenth of a Hz.

These data were then used to determine the configuration and major conformation of
the side chains. First, the only ROE contacts between the side chains came from the
protons at positions 1′ and 1′′. This suggests that the side chains point away from each
other to reduce steric interactions. This finding was confirmed in the conformational
search performed for the DP4+ analysis (see Section 4.2.3), were all conformations within
the energy window of 21 kJ mol−1 adopted this arrangement. The side chain orientation
and the key ROE contacts are illustrated in Fig. 4.3a. Now that the conformation about
the rotatable bonds 3−1′ and 4−1′′ was known, the diastereotopic protons at 1′ and 1′′

could be assigned using their 3JCH-couplings to the carbon atoms 2, 3a, 3b, and 5. These
couplings follow a Karplus-type dependence on dihedral angles,[82,83] so for antiperiplanar
arrangements (dihedral around 180°) larger couplings are expected than for synperiplanar
arrangements (dihedral around 0°). The protons H1′a and H1′b are indexed in order
of chemical shift. H1′a has a larger coupling to C2 than to C3a, while H1′b shows the
opposite trend. Therefore H1′a must be facing inward (pro-R), while H1′b is facing
outward (pro-S). The same argument applies to H1′′a (pro-R) and H1′′b (pro-S). Now
that this assignment is established, the dihedral angles along the bonds 1′−2′ and 1′′−2′′

can be analyzed, which is best illustrated on a Newman projection (Fig. 4.3b,c). H2′

has a large coupling to H1′a and a small one to H1′b, so it is arranged antiperiplanar to
the former and synclinal to the latter. C3′ has the opposite trend in couplings, so it is
arranged synclinal to H1′a and antiperiplanar to H1′b. The small coupling of H2′ and
C3 is in agreement with this arrangement. Finally, the 2J-couplings between H1′a,b and
C2′ confirm that the acetoxy group must be located at the only remaining position. 2JCH
are sensitive to the dihedral between the proton and an electronegative substituent (e.g.,
AcO) on the carbon atom. If the dihedral is close to 0°, the coupling is large and negative.
If it is close to 180°, the coupling is small and positive. Both H1′a and H1′b have large,
negative couplings to C2′, so the acetoxy group must be arranged synclinal to both. This
yields the configuration at the center C2′ to be S. Using the same logic the configuration
of C2′′ can be determined to be R. Here the trends in the couplings are even more
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Table 4.2. Comparison criteria of calculated ECD data of gymnochrome G.

Functional PBE0 B3LYP CAM-B3LYP
Scaling factor 0.25 0.26 0.42
Bandwidth σ (eV) 0.17 0.17 0.30
UV shift (nm) 9 −1 43
Similarity factor s 0.80 0.81 0.69
Similarity factor s (enantiomer) 0.04 0.07 0.05

pronounced, which is an indication that there is even less rotational freedom around
1′′−2′′ than there is around 1′−2′. This trend is also confirmed by the conformational
search, where all conformations within 21 kJ mol−1 adopted this same rotamer around
1′′−2′′.

4.2.3 Relative Configuration by DP4+
After determining the side chain configuration using ROE contacts and J-couplings, we
decided to corroborate this result with DP4+ as an independent method. DP4 and
DP4+ are probabilistic methods based on the comparison of experimental and predicted
chemical shifts.[96,97] To predict chemical shifts, first a conformational search needed to
be performed. The resulting geometries were optimized and chemical shieldings were
calculated using density functional theory (DFT). The conformation’s individual shield-
ings were averaged using a Boltzmann distribution, typically with zero-point corrected
(ZPC) free energies from a frequency calculation. Conversion of shieldings into chemical
shifts is typically done using some sort of empirical relationship. Grimblat et al.[97]

performed this process on 72 different organic compounds and evaluated the statistical
properties of the difference between calculated and experimental chemical shifts. With
a set of experimental chemical shifts and predicted shifts for some structural candidates,
a relative probability can be assigned to each of these candidates using the deviation of
predicted and experimental shifts and the knowledge about their statistical distribution.
We predicted shieldings for all four possible side chain configurations using the methods
and levels of theory as required (for details see Section 4.7), and compared them to the
experimental shifts using a spreadsheet provided by the authors. To have a result inde-
pendent from the one using J-couplings and ROE, the diastereotopic methylene protons
at 1′ and 1′′ were assigned to the better fitting value for each configuration. We also
only used shifts from the side chain as well as aromatic ipso- and ortho-carbon atoms,
as the aromatic system is the same for all configurations and a full assignment was not
available. The resulting DP4+ probabilities were 0.00 % for (2′R, 2′′R), (2′R, 2′′S), and
(2′S, 2′′S), and 100.00 % for (2′S, 2′′R), which confirmed our previous result with high
certainty.
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4.2.4 Absolute Configuration
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Figure 4.4. Comparison of the experimental
ECD spectrum (black) and the predicted ECD
spectra for the different functionals PBE0
(blue), B3LYP (orange), and CAM-B3LYP
(green).

The absolute configuration of the aromatic sys-
tem was confirmed by comparing the exper-
imental electronic circular dichroism (ECD)
spectrum with predictions from time-domain
DFT, largely following the recommendations by
Pescitelli et al.[241] One important recommen-
dation is to use different types of functionals
(with and without long-range corrections, and
with different exchange fractions), so the three
functionals PBE0,[242] B3LYP,[154,156,243,244] and
CAM-B3LYP[245] were used. For these calcu-
lations the structures of the various possible
conformations were necessary, and the same
structures as in the calculation of anisotropic
parameters were used (see Section 4.7). To re-
duce computational demand, only structures
less than 11.4 kJ mol−1 above the ground state
were used, which corresponds to about 1 % pop-
ulation at 298 K. To get transition energies, an
excited state calculation using 100 states was performed. The first calculation with the
PBE0 functional was done on all four side chain configurations, which revealed that the
side chains have a negligible effect on the predicted ECD spectrum. For the other two
functionals the calculations were therefore only performed on the correct diastereomer
(2′S, 2′′R). These calculations generate a list of transitions energies and intensities. To
generate a simulated spectrum and compare it to the experiment, SpecDis 1.71 was
used.[246] This software performed the task of Boltzmann averaging the individual con-
formers using the zero-point corrected free energies, and also the calculation of the UV
correction, the bandwidth σ, and the scaling factor. The UV correction is an empirical
shift along the wavelength axis which accounts for systematic errors in the transition en-
ergies. The bandwidth is simply the line width of the individual transitions, and using a
Gaussian line shape model the list of transitions is converted into a continuous spectrum.
The scaling factor accounts for the fact that absolute transition intensities are generally
inaccurate in ECD calculations. The predicted spectrum is generated with these three
parameters and compared to the experiment, and SpecDis generates a similarity factor
s ∈ [0, 1] for both enantiomers as a quantitative way to distinguish between the two.
Note that the predicted spectra of the enantiomers are generated by simply changing
the sign of ∆ϵ. The spectra without long-range corrections (PBE0 and B3LYP) show a
slightly better agreement, but in all three cases both visual comparison (Fig. 4.4) as well
as the similarity factors (Table 4.2) clearly confirm the configuration of the aromatic
system to be (P ).
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4.3 Determination of Anisotropic Parameters
To increase the confidence in the result obtained from anisotropic NMR parameters, it is
desirable to acquire as many of such constraints as possible. Magnetic field alignment is
limited by the very small magnitude of the alignment, so only the strongest anisotropic
parameters could be measured, which were 13C RCSAs, one-bond carbon-proton RDCs
(1DCH), and geminal proton-proton RDCs (2DHH). For gymnochrome G, measurement
of some vicinal RDCs (3DHH) was also possible. Proton RCSAs are expected to be
similar in size in Hz to carbon RCSAs, but bigger line widths and homonuclear couplings
decrease the measuring accuracy, so it was not possible to acquire useful 1H RCSAs.
Since the size of RDCs scales with the third inverse power of the internuclear distance,
most long-range RDCs were also unfeasible to acquire.

4.3.1 NMR Experiments
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Figure 4.5. Constitution, con-
figuration, and atom numbering
of the alkaloid strychnine (2).

RCSAs manifest themselves as small changes in chemical
shifts, so these have to be accurately measured. To do so,
we acquired attached proton test (APT) spectra, which
are a type of 1D 13C experiment using a J-modulated spin
echo to include multiplicity information in the sign of the
signal. Regular pulse-acquire sequences on 13C suffer from
baseline distortions caused by pulse ring-down, especially
in the cryogenically cooled, inverse-geometry probes used
in our facility, and in experiments with a large number of
scans.[247] In the APT sequence acquisition does not occur
immediately after a pulse which prevents these baseline
distortions. This is the main reason for the choice of this

experiment to measure carbon chemical shifts. For RDCs, all nuclear pairs of interest also
have a substantial scalar J-coupling, and the RDC is observed as a small change in the
overall coupling. For gymnochrome G the proton-proton couplings were extracted simply
from 1D 1H spectra, and carbon-proton couplings were not acquired. For strychnine we
measured couplings using a CLIP-HSQC (clean-inphase-HSQC)[248] with perfect-echo
INEPT periods[249] to suppress phase and amplitude modulations from homonuclear
proton couplings. While proton-proton couplings could have been also been extracted
from the 1D proton spectrum, the use of an HSQC for this purpose has the advantage of
having almost no signal overlap due to the additional dimension. Only a few peaks showed
overlap with long-range correlations of neighboring protons and had to be discarded. It
was also important to bear in mind that couplings (and especially RDCs) are a signed
quantity. As all RDCs were much smaller than the corresponding J-coupling, the sign
of the total coupling T follows from the sign of J . All 2JHH-couplings were assumed to
be negative, all others positive.

In methods involving induced alignment anisotropic parameters are determined as the
difference between values in isotropic and anisotropic, aligned conditions. In the case
of magnetic field alignment there is always some degree of anisotropy as there is always
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4.3 Determination of Anisotropic Parameters

a non-zero magnetic field. The necessary approach is therefore to measure at different
magnetic fields and then fit for the expected square-field dependence of the anisotropic
parameters. We acquired the above-mentioned experiments at fields of 400 MHz (except
for APT of 1), 600 MHz, 700 MHz, 800 MHz, 900 MHz, and 950 MHz (except for APT
of 2).

4.3.2 Chemical Shift Correction
Since the desired anisotropic effects are very small, any source of error has to be carefully
excluded. The chemical shift is very sensitive to the experimental conditions, so the
perturbation of 13C chemical shifts could not be associated to alignment alone. As the
spectra at different fields were acquired at different spectrometers on different days,
we identified the following systematic errors for 13C chemical shifts: first, differences
in sample temperature due to imperfections in temperature calibration and different
decoupling powers on the order of 0.2 K; second, slow degradation of the sample over
the course of time; and third, the referencing. These contributions could be eliminated
using basic linear algebra. We postulate that all these errors can be described as linear
perturbations as a function of temperature T , some degradation coordinate ξ (which
is not necessarily proportional to time), and a constant c quantifying the amount of
misreferencing:

δ = δcorr + TδT + ξδdegrad + cδref , (4.1)
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Figure 4.6. Correlation plot of experimen-
tal and DFT-calculated RCSAs for the cor-
rect diastereomer of strychnine. While there is
overall very poor agreement of the uncorrected
data, in the corrected data all deviation gets
concentrated into three defined points, which
are then discarded.

where the five vectors represent the measured
chemical shift, the corrected chemical shift, and
the chemical shift contributions from tempera-
ture, degradation, and misreferencing, respec-
tively. Each assigned 13C shift corresponds to
one component of these vectors, making them
30-dimensional for 1 and 21-dimensional for 2.
For temperature, we quantified the relative ef-
fect by acquiring spectra at the same field, but
at different temperatures (297 K, 298 K, and
299 K for 1, 298 K and 301 K for 2). For each
resonance, a linear fit of the form δ = δ0 + TδT

was performed, and the resulting δT were ar-
rayed to the vector δT . For degradation, APT
spectra at different time points, but equal fields
were acquired. We acquired three pairs of spec-
tra for 1 and two pairs of spectra for 2 with
time differences between one and three months and calculated δdegrad as the chemical
shift difference of each resonance between these pairs. The fact that the resulting δdegrad
for different spectral pairs were close to parallel confirms that the assumption of linearity
in Eq. (4.1) is a reasonable approximation for degradation. For practical application we
recommend acquiring the data as quickly as possible, and to repeat the measurement of

93



Chapter 4 Magnetic Alignment of Natural Products

the first field point at the end of the measurement series. This way the degradation effect
during the measurement series is captured, requiring only one additional measurement
and no extra waiting time. To give the reader an idea of the magnitude of these effects,
the root mean square of the temperature dependence of the carbon chemical shifts was
3.3 ppb K−1 for 1 and 5.9 ppb K−1 for 2, while for the degradation it was 3.7 ppb for 1
and 0.4 ppb for 2. The correction of misreferencing was only necessary for 2, supposedly
due to small temperature and degradation effects on the reference shift (TMS), and
the smaller size of the desired RCSAs. δref is trivial to find as every peak is shifted by
the same amount and therefore all elements of δref are equal (e.g., 1). Now, instead
of attempting to correct the measured chemical shifts by determining the exact values
of T , ξ, and c for each spectrum, another approach proved to be much more effective.
We performed an orthonormal transformation of the chemical shift vectors, using the
temperature, degradation, and referencing vectors as the first basis vectors. This can
be done by arraying these perturbation vectors into an m × n matrix A, where is m
the number of resonances and n is the number of perturbation vectors, and a full QR
decomposition of this matrix is performed. Note that only the direction and not the
magnitude of the perturbation vectors is relevant, as they are normalized during the
process of QR decomposition. The orthogonal matrix Q can now be used to perform
the above-mentioned orthonormal transformation of chemical shift vectors δ by matrix
multiplication δ∗ = QTδ. Since the perturbation vectors are the first basis vectors of the
new system, all following base vectors are orthogonal to these vectors and are therefore
not affected by them. If Eq. (4.1) is expressed with chemical shift vectors δ∗ in the new
basis, it changes as follows:

δ∗ = δ∗
corr + T



δ∗
T,1
0
0
0
...

+ ξ



δ∗
degrad,1
δ∗

degrad,2
0
0
...

+ c



δ∗
ref,1
δ∗

ref,2
δ∗

ref,3
0
...

 . (4.2)

It is easy to see that only the first three components are affected by temperature,
degradation, and misreferencing, which have to be discarded. The remaining components
are now free from these systematic errors and could be used for structure determination.
The success of this approach becomes obvious when inspecting a correlation plot of
experimental and predicted RCSAs with and without basis transformation, which is
shown in Fig. 4.6. Without the transformation, there is little correlation between the
data. After the transformation, all the systematic error is concentrated into three points,
and the other ones show very good agreement.

4.3.3 Field Dependence Fit and Weighting Factors
The RDCs and RCSAs are the square-field dependent components of the total coupling
and the chemical shift, respectively, and they are found by a fitting procedure as outlined
in the following. To determine RCSAs, the corrected chemical shifts were expressed as
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peak positions ν in Hz with ν = δνref , which obey the following relation:

ν = δisoνref + δB
anisoνrefB

2
0 = δisoγB0 + δanisoγB

3
0 . (4.3)

In this context, the unknown parameters δiso and δB
aniso correspond to the isotropic

chemical shift in ppm and to the desired RCSA in ppm T−2, respectively. The superscript
B illustrates that δB

aniso dimensionally contains the inverse square of the field. As both
parameters appear in linear form in Eq. (4.3), the least-squares solution to a given set
of (ν,B0) data can be determined easily and deterministically. Similarly, the measured,
total coupling T obeys the following relation as a function of the field:

T = J +DBB2
0 . (4.4)

Here, J and DB correspond to the J-coupling in Hz and to the RDC in Hz T−2, respec-
tively, and can again be determined as least-squares solution to a given set of (T,B0).
As mentioned above, δB

aniso and DB have units of ppm T−2 and Hz T−2, respectively,
but for all subsequent data interpretation they were converted into frequency units by
evaluating the anisotropic components of Eqs. (4.3) and (4.4) at B0 = 23.49 T (1 GHz
proton frequency). While it is a somewhat arbitrary choice, it enables the simultaneous
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Figure 4.7. Two examples of the field dependence of the total coupling T in strychnine. While the
2THH10-coupling shows excellent agreement with the model (top right), the 1TCH20 is affected by large
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interpretation of RDC and RCSA. For gymnochrome G, we give them both the same
weight since at this field the RDCs are in size between aliphatic and aromatic 13C RC-
SAs, while for strychnine, a more sophisticated weighting procedure was devised (see
below). For strychnine, 1DCH-couplings from the two protons of a methylene group were
evaluated as their mean value to remove the need for diastereotopic assignment. A given
geminal 2THH-coupling was determined individually from each proton peak and averaged.

While for the chemical shifts the main error contribution was corrected as outlined
above, the issues with couplings were less predictable and less easy to mitigate. The
biggest problem were peak distortions due to overlap with long-range correlation as
well as strong coupling effects. While some of the more obvious outliers could have
been sorted out manually, this introduces unwanted human bias. Instead, we devised
a weighting strategy for each point based on the agreement with Eqs. (4.3) and (4.4).
Although this was originally developed with the RDCs in mind, we applied it to both
RDCs and RCSAs, since the determination of weighting factors from uncertainties for
both types of parameters is a general way to make simultaneously evaluation possible.
In the following, we illustrate the procedure on the example of RDCs.

All data points are affected by random scatter, and the uncertainty in the determined
anisotropic component is proportional to this scatter. In principle, the scatter of each
field-series of couplings can be quantified by calculating the RMSD si of the fit to
Eq. (4.4):

si =
√√√√ 1
nj

∑
j

(
T ij

meas − T ij
model

)
, (4.5)

where the indices i and j refer to the coupling (atom pair) and the field, respectively,
and nj is the number of fields. Since there are only six data points (fields) along j, there
is a significant uncertainty associated with this. If this RMSD is used as a weighting
factor to the corresponding RDC, data points that by chance have a very low RMSD will
be overvalued (Fig. 4.7, top right). However, since some few couplings are affected by
stronger peak distortion (Fig. 4.7, top left), there was the need to devalue them relative
to the more accurate RDCs, i.e., determine individual weighting factors. We made the
following assumption: All couplings are equally affected by the same (random) base
scatter. Some few couplings are then additionally affected by individual deviations due
to peak distortions etc. If there were no individual deviations, the base scatter could be
estimated by taking the RMS of the RMSD of all field-series fits. Some of these field-
series are affected by additional deviations which lead to outliers in their corresponding
RMSD, which greatly affects this RMS of RMSD. To cope with that, we estimate the
base scatter sbase by calculating the root median square instead:

sbase =
√

median(s2
i ). (4.6)

Now, we estimate the individual error as the RMSD of the field-series fit and calculate
the total error stot as RMS of base and individual error. We use the inverse of the error
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as weight wi:
wi = 1

stot
= 1√

s2
i + s2

base

. (4.7)

This enables a smooth transition between small and large errors, prevents the overvalua-
tion of data points, and enables to give smaller weights to data points with large error.
In Fig. 4.7 the different error components si, sbase, and stot are illustrated for the RDCs
of strychnine as a logarithmic bar plot.

4.4 Data Evaluation and Discrimination of Stereomers
Generally, anisotropic NMR data do not provide individually interpretable structural
constraints, but they are used in their entirety and validated against different structural
models. These models are generated for each possible configuration using molecular
modeling.

4.4.1 Model Generation
In the case of 1, the aromatic system was fixed to its known configuration (P ) previously
determined via ECD (Section 4.2). Therefore, the two side-chain stereocenters 2′ and 2′′

produce four possible diastereomers. We conducted an MM-based conformational search
of the side-chain torsions to generate a conformational ensemble for each diastereomer,
containing between 13 and 33 conformers. For 2, we assumed no conformational flexibility.
The multiple fused and bridged cycles of 2 allow only a subset of the theoretically possible
32 diastereomers, and we were able to build 22 configurations. Although some of these
have strongly distorted carbon binding geometries and could have been discarded as
they are unlikely to be stable, we purposefully left them in the analysis as this further
demonstrates the discriminating power of the method. We cross-checked the resulting
geometries with the structures of Bifulco et al.,[250] who conducted a thorough study
of the possible diastereomers of strychnine. All conformations for both 1 and 2 were
geometry-optimized and chemical shift tensors as well as magnetic susceptibility tensors
were predicted via DFT. For technical details about these calculations see Section 4.7.
These molecular models are finally used to predict a set of anisotropic data which is
compared to the experiment.

4.4.2 Prediction of Anisotropic Data
The RDCs and RCSAs can be calculated from the expressions found in Eqs. (2.53)
and (2.59) and are repeated for the reader below:

∆νRDC = −3µ0γ1γ2ℏ
8π2r5

12
tr
(
r12r

T
12A

)
, (4.8)

∆νRCSA = νreftr (δA) . (4.9)
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In the case of magnetic alignment the alignment tensor A can also be calculated from
molecular properties (derivation in Section 2.2.2):

A = B2
0

15µ0kBT

(
χ − tr(χ)

3 1
)
. (4.10)

Since all quantities are either constants (γ, µ0, ℏ, kB), known experimental parameters
(T,B0), or molecular properties that can be calculated via DFT (r12,χ,δ), theoretical
RDC and RCSA can be calculated by simply inserting all constants and parameters into
Eqs. (4.8) to (4.10). In the multiconformer case of 1, Boltzmann averaging is done as a
final step with the anisotropic parameters.

In the more widespread case of measuring anisotropic NMR with induced alignment,
the prediction of the alignment tensor is typically not possible and it has to be determined
using a fitting procedure. To assess whether the possibility to predict the alignment
is an advantage of our method, we also determined the alignment tensor via a fitting
procedure to compare both approaches. To do so, Eqs. (4.8) and (4.9) have to be brought
into a form where the linearity of the components of A is apparent. It is helpful to
realize that both equations have the exact same form:

∆ν = tr (MA) . (4.11)

For ∆νRDC it is M = −(3µ0γ1γ2ℏ)/(8π2r5
12)r12r

T
12 , while for ∆νRCSA it is obviously

M = δ. By using the fact that A and M are real symmetric this can be expanded and
rearranged into

∆ν = 1
3(Axx + Ayy + Azz)(Mxx +Myy +Mzz)

+1
6(2Azz − Axx − Ayy)(2Mzz −Mxx −Myy)

+1
2(Axx − Ayy)(Mxx −Myy) + 2AxyMxy + 2AxzMxz + 2AyzMyz. (4.12)

The reason that the products of diagonal elements are rearranged in this way is that
now the first summand can be discarded since A is traceless, i.e., Axx + Ayy + Azz = 0.
What is left is a linear equation of five independent components of A. This becomes an
(ideally overdetermined) system of linear equations if all data points ∆ν (RDC/RCSA)
with their individual M are taken together, and the least-squares solution of this system
yields the fitted alignment tensor. This fitted alignment tensor can then in return be
used to back-calculate the anisotropic data. For 1, there is the additional complication
of multiple conformers. While in principle each conformer has its individual alignment
tensor, this would increase the number of free variables beyond feasibility, but it is
also not necessary. This is because the main source of alignment (i.e., the aromatic
system) has no conformational freedom. Therefore, we can ignore these differences and
apply a single tensor approximation. To do so, we use a common frame defined by
the aromatic system for all conformers. In practice this is done by defining the vectors
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v1 = −−−−→C5C12, v2 = −−−→C2C9, v3 = v1 × v2, orthonormalize them, and use them as base
vectors for a common Cartesian coordinate system. In this common frame, we calculate
the components of the matrices Mk for each conformer k and apply the Boltzmann
averaging to them. Note that it would be a mistake to average over coordinate vectors
as they contribute quadratically to the RDC coefficient matrix. The averaged M is then
used in the alignment tensor fit (Eq. (4.12)) to determine A. For 2, the weighting has
to be included in this tensor fitting. This is achieved simply by multiplying both sides
of Eq. (4.12) with wi for each data point i.

4.4.3 Comparison of Experimental and Calculated Data
Both ways of determining the alignment tensor (predicted or fitted) yield a set of cal-
culated data for each configuration, which is compared with the experimental data
to identify the best match. This comparison is done in the same way for both back-
calculated and DFT-predicted data sets. As primary criterion for the agreement of the
calculated and experimental data we use the Q-factor,[251] which is the RMSD between
the two, scaled by the RMS of the experimental data:

Q =
√√√√∑i w

2
i (∆νexp,i − ∆νcalc,i)2∑

i w
2
i ∆ν2

exp,i

. (4.13)

The configuration whose calculated data gives the lowest Q-factor is assumed to be the
correct configuration. However, this approach gives no quantitative estimate for the
confidence of the result since differences in Q-factors cannot be directly interpreted as
a measure for the confidence. We use a bootstrapping test to examine the statistical
properties of the data and get an insight on the confidence of our result.[201] Bootstrapping
has the advantage that no assumptions about source, size, and distribution of error have
to be made. In this procedure, resampled data sets of the same original size are generated
by drawing randomly with replacement from the experimental data. These resampled
sets are then each subjected to the same analysis as the original data set. The DFT-
predicted data has to be simply re-matched to the sampled experimental data points.
However, the procedure of fitting the alignment tensor and back-calculating the data
has to be repeated for each resample. By repeating this resampling many times (in our
case 106) one gets a distribution of any quantity that results from the data evaluation.
As mentioned before, we assume the correct configuration to be the one with the lowest
Q-factor, so we did this for each resample. The fraction of resamples that yields a
certain configuration is then interpreted as confidence p in this result. Both Q-factors
and confidences are illustrated in Fig. 4.9 as well as tabulated in Tables A.4 and A.5.

4.4.4 Results
First, it is noteworthy that the predicted anisotropic data are in excellent agreement
with the experimental data, especially considering that the predicted data are purely
obtained by DFT and contain no empirical or fitted contribution. A correlation of
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Figure 4.9. (a) Q-factors for the different diastereomers of 1 and 2. The values obtained from
predicting the alignment tensor with DFT are shown in blue, the ones obtained from the fitted alignment
tensor are shown in orange. In all cases, the true configuration is correctly identified by the lowest Q-
factor. (b) Confidences p from bootstrap resampling for the two different approaches of data evaluation,
plotted on a logarithmic scale.
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experimental and predicted anisotropic data that illustrates this is shown in Fig. 4.8.
Figure 4.9 shows the Q-factors for the possible configurations of 1 and 2 for both
methods of obtaining the alignment tensor. In all cases, the true solution ((2′S, 2′′R)
for 1, (7R, 8S, 12S, 13R, 14R, 16S) for 2) is correctly identified by the lowest Q-factor.
Generally, the Q-factor is lower for fitted compared to predicted alignment tensors, as
more fitting parameters always lead to smaller residuals. Yet, more important than the
absolute values of Q are the power of the two approaches to discriminate configurations.
In the case of 2, the use of predicted alignment tensors clearly increases the degree
of discrimination, as the Q-factors of the incorrect configurations increase much more
than the one of the correct diastereomer: the ratio between the second-smallest and the
smallest Q-factor is only 1.22 for the fitted tensor approach, while it improves to 1.57
by using the predicted tensor. By using the results from the bootstrapping analysis, the
increase in confidence of the result for 2 by using predicted alignment becomes obvious,
as the confidence increases from around 77 % to 99.2 % (see Fig. 4.9). This trend has a
simple explanation: when the alignment tensor is fitted, it gives the system some leeway
when fitting the data to an incorrect structure, thus reducing the Q-factor and therefore
improving the agreement for this incorrect model. For 1 however, the confidence goes
from 96 % (fitted) to 88 % (predicted), so there seems to be no advantage in using
the predicted tensor. We hypothesize that this is caused by the structural similarity
of the possible configurations, which all share the large aromatic system that is the
source of alignment. The many data points available in this system with comparatively
large anisotropic effects already characterize the alignment tensor very well, while there
are relatively few data points and marginal contribution to alignment in the relevant
side-chain regions. The data from the aromatic ring therefore dominates the fitting
procedure and the differences between the four diastereomers are small. Also, there is
more uncertainty in the structural model of 1 due to the conformational flexibility of
the side chains, that is, the regions containing the stereocenters and the conformational
averaging using calculated free energies. It is plausible that this uncertainty masks the
expected improvement from the predicted alignment tensor compared to the fitted tensor.
If the energy is calculated in a different way, for example, without thermal corrections
or with a different basis set, the confidences change in the order of 10 %.

4.5 Addition of 1200 MHz
While it was possible to use anisotropic NMR data from magnetic field alignment to dis-
tinguish between diastereomers, the small size of the effects remained the main challenge
of this approach. As the degree of magnetic alignment is proportional to the square of
the magnetic field, this methodology should greatly profit from the use of even higher
fields in NMR. As a 1200 MHz NMR spectrometer became available in our laboratory
shortly after the publication of the previous results,[219] it was natural to test how the
inclusion of this ultra-high field instrument could potentially improve the discrimination
of this method. We therefore repeated the measurement of 13C-RCSAs and RDCs on
the example of strychnine (2) using instruments at frequencies of 400, 600, 700, 800, 900,
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Figure 4.10. (a) Confidences p from bootstrap resampling for the two different approaches of data
evaluation for 2 using 1200 MHz data. (b) Sum of confidences for the incorrect diastereomers (1−pcorrect)
for different combinations of field data used.

and 1200 MHz. The inclusion of the 1200 MHz instrument did not come without its own
trade-offs and issues. First, at this field so far only 3 mm probeheads are available, forcing
us to prepare our sample in a 3 mm NMR tube. This led to a reduced signal-to-noise
ratio of our experiments and as such a reduced accuracy of our shifts and couplings,
most notably at the 400 MHz instrument, which was not equipped with a cryogenically
cooled probehead. Second, the experiments on the 1200 MHz instrument were performed
only weeks after the charging of the superconducting magnet, and the resulting shim
instabilities led to increased line widths. The data evaluation was performed exactly as
with the previous data with fields up to 950 MHz so that both results remain comparable.
And indeed the confidences in the result improved significantly from 99.2 % to 99.88 %
using the predicted alignment tensor (see Fig. 4.10a). That corresponds to a reduction
in the remaining uncertainty (1 − pcorrect) of almost an order of magnitude. We also
investigated the effect of using only a subset of fields on the final result to assess how
many different fields are necessary to get to a certain result, which is illustrated in
Fig. 4.10b. First we repeated the data evaluation after removing the data from a single
field. Here it became obvious that the data point from 1200 MHz is by far the most
important one, and without it the uncertainty goes up to 10 %. By removing any other
data point the uncertainty stays below 0.5 %. We also tested different combinations of
three field points to see with how few data the approach remains feasible. This expect-
edly led to an increase in the uncertainty, presumably because the weighting approach
relies on having a sufficient number of points to assess the agreement with the expected
square-field dependence of RDCs and RCSAs (see Section 4.3). Here the data point at
1200 MHz again proved to be crucial, as all the sets without it reached uncertainties
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between 35 – 70 %, which effectively means that the correct diastereomer could not be
determined. The three-point data sets that contained the point from 1200 MHz however
all had uncertainties between 0.7 – 3.3 %, which is an expected increase compared to
using more data, but still identifies the correct diastereomer with reasonable certainty.

4.6 Conclusion and Outlook
We have demonstrated how both RDCs and 13C-RCSAs caused by magnetically induced
alignment can be acquired, including a way to efficiently remove systematic errors from
chemical shifts which is crucial for the measurement of the very small RCSAs, and an
approach for weighting the individual data points. These data are accurate enough
to successfully distinguish between all different diastereomers of our sample molecules.
Second, we have shown that anisotropic parameters can be fully and reliably predicted
using DFT, and how this can significantly improve the discriminating power in structure
determination. For multiconformer cases, this approach eliminates the need for a common
conformer frame, so fewer additional assumptions have to be made. The feasibility
of our approach does not directly depend on the degree of alignment, but more on
the differences in anisotropic parameters between the diastereomers. As these can
be accurately predicted, the feasibility for any given molecule can be evaluated with
inexpensive DFT calculations before investing expensive NMR time. The molecule
strychnine is certainly near the limit of what we assume to be feasible at this point; we
have calculated expected anisotropic parameters for various non-aromatic compounds
(e.g., sugars) and they are typically about an order of magnitude smaller than for an
aromatic compound such as strychnine. But also the geometrical differences of a set of
diastereomers obviously affect how well they can be discriminated. Lastly, the availability
of high magnetic fields plays an important role. Since the magnitude of anisotropic effects
scales with the square of the field, while the measuring accuracy is (in first approximation)
constant, having very high fields such as 1200 MHz greatly enhances the feasibility of our
approach. Since even strychnine with only a single aromatic ring can be subjected to the
magnetic alignment method, we conclude that it is an elegant alternative to alignment
media for the determination of the relative configuration of flexible natural products.

4.7 Material and Methods
4.7.1 Characterization of Gymnochrome G
4.7.1a Spectroscopic Experimental Procedures UV spectra were recorded on a Jasco
V-630 UV-visible spectrophotometer, ECD spectra were recorded on a Jasco J-810 spec-
tropolarimeter, and IR spectra were measured on a Jasco 4100 FT-IR spectrometer
equipped with a Pike Gladi ATR (attenuated total reflection) accessory. 1D and 2D
NMR spectra were recorded in MeOH-d3 at 298 K on Bruker Avance III HD and Avance
Neo spectrometers at 800 and 900 MHz equipped with TCI CryoProbes. Chemical shifts
were referenced using residual solvent peaks (MeOH: δH = 3.31 ppm, δC = 49.0 ppm).
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Standard Bruker pulse sequences (zgpr, jmod, hsqcetgpsp.2, hmbcetgpl2nd, hmbcetg-
pjcl2nd, hsqcdietgpjcndsisp) were used. 1H,13C-HMBC experiments were optimized
for nJCH = 8 Hz, as well as nJCH = 3 Hz for long-range correlations. Long range CH-
couplings to quaternary carbons were measured using J-HMBC experiments,[240] all other
signed CH-couplings were determined using a HSQC-HECADE-type sequence.[239] High-
resolution MS spectra were obtained using a Bruker micrOTOF mass spectrometer with
electrospray ionization in the negative-ion mode. HPLC was performed on an Agilent
1200 Series system using a Phenomenex Gemini C18 column (250 × 10 mm i.d., 5 µm).

4.7.1b Animal Material, Extraction, and Isolation Two specimen of H. naresianus
were collected from Shima Spur, Kumano-nada Sea, Japan from depths of 763 – 852 m.
Voucher samples were deposited in the collection of the Systematische Zoologie am
Museum für Naturkunde Berlin (ZMB Ech 7415 and ZMB Ech 7416).[231] Lyophilized
H. naresianus material (9.0 and 10.1 g) was successively extracted with MeOH/CH2Cl2
(1:1), MeOH/H2O (9:1), MeOH/H2O (1:1), and distilled water. The methanol-soluble
pigments of the MeOH/CH2Cl2 extract were combined with the other extracts and
subjected to semipreparative HPLC using a linear gradient of MeCN/20 mM aqueous
ammonium acetate (45:55) to 85 % MeCN. Fractions were purified and concentrated
using solid phase extraction (Bondesil C18, 40 µm). Pigments were washed with water
and eluted with MeOH/H2O (9:1) followed by evaporation of the eluates to dryness to
give compound 1 in addition to several anthraquinone and biaryl pigments as well as
further phenanthroperylene quinones reported elsewhere.[231,232]

4.7.1c Molecular Data violet solid (2.7 mg); UV (MeOH) λ/nm (log ϵ/L mol−1 cm−1)
220 (4.64), 235 (4.65), 257 (4.59), 300 (4.46), 331 (4.37), 404 (3.86), 496 (4.07), 553
(4.21), 597 (4.50); ECD (MeOH) λ/nm (∆ϵ/L mol−1 cm−1) 218 (+36.65), 238 (–12.43),
255 (+22.91), 296 (–38.76), 324 (+26.98), 363 (–8.03), 445 (+33.67), 488 (+24.08), 555
(–13.44), 599 (–30.47); IR (ATR) νmax/cm−1 1570, 1451, 1238, 1128; 1H NMR (MeOH-d3,
800 MHz), see Table A.3; 13C NMR (MeOH-d3, 200 MHz), see Table A.3; HRESIMS
m/z 1052.7706 [M−H]– (calcd for C38H25Br4O14S, 1052.7704), 954.7986 [M−H3SO4]–

(calcd for C38H23Br4O10, 954.8030), 525.8836 [M−2 H] –
2 (calcd for 0.5 × C38H24Br4O14S,

525.8816).

4.7.1d Computational Methods The starting geometries of gymnochrome G were
built in Maestro 11.4.[252] For all configurations, the quinoid carbonyl acted as H-bond
acceptor for the 1-, 6-, 8-, and 13-OH, the 11-OH group acted as H-bond acceptor
for 10-OH, and 12-Br acted as H-bond acceptor for 11-OH. In all following steps this
OH conformation was kept fixed to greatly reduce sampling complexity. The sulfate
group was built in its deprotonated form. The aromatic ring was built in propeller
conformation (P ). All four combinations of configuration at the two stereogenic cen-
ters were generated. A conformational search was performed with MacroModel 11.8[215]

using the MMFF force field[151] in vacuum. The method was a Monte-Carlo torsional
sampling[253] of all non-terminal rotatable side chain bond with 100 000 steps, a mini-
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mization convergence of 1.0 kJ mol−1 Å−1, and an energy threshold of 21 kJ mol−1. The
resulting conformers were subjected to a finer minimization with 0.001 kJ mol−1 Å−1 con-
vergence, and structures with a maximum atom deviation below 0.5 Å were discarded
as duplicates. For the DP4+ analysis, all conformers from the ensemble were geometry
optimized at the B3LYP[154,156,243,244]/6-31G[254] level of theory, including the calcula-
tion of vibrational frequencies, and all conformers below 8.4 kJ mol−1 of the minimum
zero-point corrected (ZPC) free energy were discarded. The shielding constants were
calculated at the mPW1PW91[255,256]/6-31+G(d,p) level of theory using GIAO[257] and
an implicit solvent model.[258] The resulting shieldings were then averaged assuming a
Boltzmann distribution with the ZPC free energies from the geometry optimization. For
the ECD calculation, all conformers were geometry optimized at the B3LYP/pcseg-1[259]

level of theory, including vibrational frequencies to get ZPC free energies. All conform-
ers with a free energy of less than 11.4 kJ mol−1 above the ground state were used for
an excited state calculation with 100 states using time-domain DFT using three differ-
ent functionals PBE0[242] (all configurations), B3LYP,[154,156,243,244] and CAM-B3LYP[245]

(only (2′S, 2′′R)), and the pcseg-1 basis set. All DFT calculations were performed with
Gaussian09,[153] and Jensen basis sets were retrieved from the Basis Set Exchange.[260]

4.7.2 Anisotropic NMR
4.7.2a Sample Preparation For 1, 2.0 mg of dry material from purification was dis-
solved in ca. 150 µL MeOH-d3 and transferred into a 3 mm NMR tube. For 2, a 200 mM
solution of strychnine (Sigma-Aldrich) in CDCl3 with ca. 1 % v/v TMS was washed
twice 1:1 with 250 g L−1 K2CO3(aq) to remove traces of chloroform degradation products.
The solution was then dried over K2CO3(s), transferred into a 5 mm NMR tube, and
degassed using five freeze-pump-thaw cycles. Finally, the tube was flame-sealed under
vacuum. For the measurements at 1200 MHz, a 200 mM solution of strychnine in CDCl3
was washed twice 1:1 with 250 g L−1 K2CO3(aq), dried over K2CO3(s), transferred into
a 3 mm NMR tube, and degassed using five freeze-pump-thaw cycles. The tube was
flame-sealed under argon atmosphere.

4.7.2b NMR Parameters 1D and 2D NMR spectra were recorded on Bruker Avance
III HD or Bruker Avance Neo spectrometers at fields between 9.4 – 28.2 T (proton fre-
quencies of 400, 600, 700, 800, 900, 950, and 1200 MHz) using inverse cryogenically
cooled (QCI/TCI) probes (600 – 1200 MHz) and a room temperature inverse (QXI) probe
(400 MHz). The sample temperature was set to 298 K. For 1, the temperature control
was cross-checked and fine-tuned using a 99.8 % MeOD-d4 reference sample (Sigma-
Aldrich).[137] For 2, the chemical shift of the residual water peak (2.397 ppm @298 K,
−23 ppb K−1 temperature shift) served as internal temperature standard. Proton 1D
spectra were acquired using simple pulse-acquire sequences. For 1, low power presat-
uration was added for solvent suppression. Spin-echo based solvent suppression (WA-
TERGATE etc.) is less suitable as it introduces phase errors in the multiplet structure
due to homonuclear coupling evolution. Carbon 1D spectra were acquired using an APT
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sequence (Bruker standard sequence jmod) with 4 – 5 kHz proton decoupling. For 2,
HSQC spectra were acquired using a perfect-clip-hsqc sequence.[249] For data processing,
zero-filling to 1024k (220) points (1D spectra) and 64k (216) points (HSQC) was applied
in the direct dimension. For the low-sensitivity carbon-based experiments (APT/HSQC),
0.3 Hz line broadening was applied before Fourier transformation. Peak picking and
multiplet analysis were done in MestreNova 11. For 1, JHH couplings were taken from
the proton 1D, and peaks showing overlap were discarded. For 2, all couplings were
extracted from the HSQC. The slices in the proton dimension containing the relevant
peaks were extracted for this purpose. Any HSQC peaks showing obvious overlap with
long-range correlations of neighboring peaks were discarded. This was the case for the
atom positions 1, 2, and 3. The unprocessed chemical shifts and couplings used in the
data analysis can be found in the data collection (Appendix A.1).

4.7.2c Computational Methods For 1, the conformer geometries from the DP4+/ECD
calculations at the MMFF level of theory were used as starting points (Section 4.7.2).
For 2, starting geometries for 22 possible diastereomers were built in Maestro 11.4. All
geometries were optimized at the B3LYP/pcseg-1 level of theory, including vibrational
frequencies for 1 to get ZPC free energies. We calculated NMR shieldings and magnetic
susceptibility tensor at the B3LYP/pcSseg-1[261] (1) and B3LYP/pcSseg-2[261] (2) level
of theory using GIAO and an implicit solvent model. All DFT calculations were per-
formed with Gaussian09,[153] and Jensen basis sets were retrieved from the Basis Set
Exchange.[260] The logfiles from the NMR calculations containing all relevant data for
the analysis can be found in the data collection (Appendix A.1).

During the first attempts to predict magnetic susceptibilities, we encountered severe
basis set convergence problems, which was most prominent for large Pople-type basis
sets. We investigated this by calculating shieldings and susceptibilities for strychnine
using 57 different basis sets, from STO-3G to 6-311++G(3df,3pd). For relatively small
basis sets (e.g., 6-31G, 6-31G(d)) the agreement of the calculated alignment (i.e., the
susceptibility anisotropy) with the experimental data was good, but with larger basis sets
it became increasingly worse. This was most extreme for basis sets with diffuse functions
(i.e., functions with small exponents decaying slowly with distance), which points to
numerical artifacts due to near-degeneracy of some basis set functions. It is noteworthy
that these numerical artifacts had a significant effect only on the susceptibilities, but not
on geometries or nuclear shielding tensors. These numerical artifacts could be avoided
by using a finer than default integration grid using the Gaussian “UltraFine” keyword.
As an additional measure, we decided to switch to a more balanced family of basis sets
with a clear hierarchy. We tested Jensen’s polarization-consistent segmented basis sets
as well as Karlsruhe (def2) basis sets[262] on strychnine, which yielded very similar results.
We finally chose to do all subsequent calculations with Jensen-type basis sets as they
were specifically designed for DFT calculations and provided a subfamily optimized for
nuclear properties (pcSseg-n).
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4.7.2d Data Analysis All computations and data analysis were performed using a
series of in-house python scripts, which make extensive use of the SciPy ecosystem.[216–218]

Intermediate results, such as carbon resonance assignment, chemical shift error vectors
δT and δdegrad, the transformation matrix Q, and the fitted RDCs and RCSAs with the
fit residuals and the weighting factors are reported in the data collection as tab-separated
text files with extensive comments (Appendix A.1).

107





Chapter 5

Design of an Electric Field Cell
This chapter describes the design of a an electric field cell for anisotropic NMR. All elec-
trotechnical work, in particular the design and construction of an AC high voltage source,
was done by Florian Jordan. Matthias Kulp and Matthias Kleinhans performed the coat-
ings using physical vapor deposition, and Julius Bergmann designed and machined the
stencils for coating.

5.1 Introduction
While the method of magnetic field alignment as presented in the previous chapter was
an elegant and physically simple way to acquire anisotropic NMR data, it suffers from
a series of drawbacks, which are mostly connected to the very small magnitude of the
effects. First, very high magnetic fields are necessary to observe appreciable alignment,
which may not be available in routine analytics. Second, a number of different fields
are necessary, which increases the experimental effort and raises the need for error
correction. Third, only molecules with sufficiently large anisotropic susceptibility can
be examined, which is mostly the case for aromatic molecules. Using electric fields as
aligning agents has the potential of having the advantages of magnetic field alignment,
such as predictability via DFT and the lack of aligning media, while avoiding some of
its disadvantages. Magnetic alignment is based on the interaction between the magnetic
field and the molecule’s susceptibility, whereas electric field alignment is caused by the
interaction of the molecule’s electric dipole moment with an external electric field. This
type of alignment is therefore also governed by simple physical interactions and molecular
properties, and can potentially be predicted just as easily as magnetic alignment using
molecular modeling such as DFT. On the other hand, as the electric field could be applied
independently of the magnetic field, the isotropic and anisotropic experiments could be
acquired in a single session by simply turning the electric field off or on. This may greatly
reduce the necessity for error correction. In magnetic alignment, the chemical shift errors
were mostly caused by temperature, degradation, and referencing instabilities which are
attributable to using different spectrometers on different days. Similarly, problems with
RDCs were often caused by the different strong coupling regimes present at different
magnetic fields. Another advantage of using electric fields is that the degree of alignment
can potentially be tuned by simply increasing or decreasing the electric field strength.
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Also, it is more universally applicable since most small molecules such as natural products
have a nonzero dipole moment.

There are also challenges and drawbacks of this approach. One fundamental drawback
shared with magnetic alignment is that there is only one possible shape of the alignment
tensor, which is governed by the molecular properties. Here, induced alignment has the
advantage of offering the possibility of acquiring data in different media with different
alignment tensors and as such gaining independent constraints. As with magnetic
alignment, very strong fields are necessary to achieve appreciable alignment. A quick
back-of-the-envelope calculation and the study of previous work[263–266] reveals that the
fields need to be in the order of 10 – 100 kV cm−1, so care needs to be taken to avoid
arching and electric breakdown in the apparatus. Indeed, the success or failure of electric
alignment hinges on the design of the electric field cell. Fundamentally, such cells have
been designed and constructed and this effect has been experimentally verified before.
Plantega et al. used alignment by DC electric fields to measure the orientation of dipole
moments in substituted benzenes[263] as well as the degree of alignment in binary mixtures
of liquids with different polarities.[264] Peshkovsky et al. used pulsed AC electric fields at
28.5 kHz to study the alignment of nitrobenzene, observing both RQCs[265] and RDCs.[266]

In both cases the field cells were too large to fit into a regular 5 mm NMR probe, and
the experiments were conducted in wide-bore magnets with large-diameter probes. We
believe however that electric field alignment can only become widespread and useful in
routine structure determination if the field cells are applicable in a standard liquid state
NMR spectrometer, so this was the main goal in the design of our cell.

5.1.1 General Considerations
As briefly introduced in Section 5.1, there are certain requirements that a field cell for
electric alignment should fulfill. Firstly, it should be applicable in a standard spectrome-
ter. Since most routine instruments are fitted with 5 mm probeheads, the cell has to be
limited to a 5 mm NMR tube as outer boundary. Also, any electrical connections need
to be attached to the top as this is the only access point to a regular probe.

To better estimate the necessary field strengths it is instructive to calculate the
expected anisotropic parameters of an exemplary sample. The alignment tensor for
electric alignment is shown in Eq. (2.41). However, the effective dipole moment p and
electric field E differ from the gas phase dipole moment p0 and the theoretical electric
field E0 as computed by the fraction of voltage and electrode distance. This is described
by Onsager’s theory,[267] which comes to the following result for the general case of polar
liquids:

p = (2ϵr + 1)(n2 + 1)
3(2ϵr + n2) p0 and E = 3ϵr

2ϵr + 1E0, (5.1)

where ϵr and n are the solvent’s dielectric constant and the refractive index, respectively.
An example could be a 1DCH-RDC of strychnine dissolved in chloroform. We use the
parameters of this sample (ϵr = 4.81, n = 1.45, p0 = 5.3 D), a temperature of 298 K, a
perpendicular arrangement of E and B (α = π/2), a bond length of 1.1 Å, and a parallel
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arrangement of the dipole moment and the bond vector (which yields the orientational
maximum of the RDC) to calculate the RDC Dmax as a function of the field strength:

Dmax = 2
3

3µ0γHγCℏ
8π2r2

CH

1
30

(
ϵr(n2 + 1)
(2ϵr + n2)

p0E0

kBT

)2

(3 cos2 α− 1) ≈ −3 · 10−4 Hz
(
E0/kV cm−1

)2

(5.2)
If one aims for these maximum RDCs being no smaller than 0.3 Hz, which roughly
corresponds to what was achieved by magnetic alignment, the electric field should be no
smaller than about 30 kV cm−1. Such field strengths pose severe engineering challenges:
a potential apparatus needs to be designed in a way that prevents arching between the
cell electrodes, but also any arching to the the NMR coil needs to be prevented with
certainty, as such an event may be catastrophic to the NMR hardware.

Apart from the need to reach these high field strengths, the electric field also needs
to be sufficiently homogeneous within the active volume of the NMR sample. If this is
not the case, different parts of the sample exhibit different RDCs or RCSAs, which leads
to additional line broadening. Formally, the resulting line shape is the convolution of
the isotropic line shape and the distribution function of the RDCs or RCSAs (which are
proportional to E2). Here we will not formulate a formal requirement for the homogeneity,
but it is a property to be considered and examined for a potential cell design.

Finally, the components and electrodes of the field cell should also not compromise
the NMR experiments. Firstly, for polymeric materials and fluids the NMR background
signal has to be taken into account. Secondly, the conducting materials of the electrodes
have to be arranged in a way that they do not act as a Faraday cage, shielding the
sample volume from the RF radiation that is applied from outside.

5.2 The 1D Field Cell: Circular Tubes and Linear
Electrodes

5.2.1 Concept and Design
Based on the abovementioned considerations two major design choices were made for the
first cell design. First, we considered various arrangements of electrodes. The textbook
example of creating homogeneous electric fields is the plate capacitor with plane-shaped
electrodes, where the distance of the planes is much smaller than their dimensions.
Arranging the plates above and below the active volume violates this geometric condition,
which leads to field inhomogeneity and poses the additional challenge of connecting the
bottom electrode from above. Arranging the plates sideways is hardly compatible with
the round cross-section of the NMR tube and also creates a large conducting surface
between the NMR coil and the sample, which potentially attenuates or blocks the RF
radiation necessary for the NMR experiment. We therefore chose to use a number of
line-shaped electrodes parallel to the NMR tube axis; this design will be referred to as
the 1D field cell.
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Second, the cell should consist of a 3 mm tube containing the sample within a 5 mm
tube, where the electrodes and electrical connections are positioned in the ring-shaped
gap between the tubes. This ensures that both the sample as well as the NMR probe
are separated from the high-voltage components by an insulating layer of borosilicate
glass, which has a high dielectric strength of around 300 kV cm−1.[268]

To determine the basic arrangement of the electrodes, we experimented with different
options using a very simple mathematical model of line-shaped electrodes in vacuum.
Also, the region around the active volume is translationally symmetric along the tube
axis, so we limited the field modeling to a 2D cross section. The electric field of a charged
line (infinitely long and thin) in vacuum is given by:

E = λ

2πϵ0r
êr, (5.3)

where λ is the linear charge density, r and êr the distance and direction to the elec-
trode, respectively, and ϵ0 the vacuum permittivity. With these 1D electrodes field
inhomogeneities are unavoidable, and they are smallest within the active volume when
the electrodes are as far away as possible, so we positioned them on the inner wall of
the outer tube. We chose to use four electrodes (two positive and two negative ones)
since fewer (i.e., two) would lead to a very inhomogeneous field, similar to a dipole field,
while more would require different same-polarity electrodes to be connected to different
magnitudes of electric potential. Symmetry consideration require these four electrodes
to be arranged in a rectangular pattern (see Fig. 5.1a), and there is only one degree of
freedom for this arrangement: the ratio of side lengths of this describing rectangle, or,
as we express it, the angle α between its diagonals. In this description an angle α of 0°
corresponds to the case where the same-polarity electrodes coincide, which corresponds
to the (suboptimal) dipole case. At an angle α of 180° electrodes of opposite polarity
coincide, which is obviously also not a viable arrangement. The optimum must therefore
lie somewhere in between. The criterion for the optimization was the field homogeneity,
or more precisely the RMSD of the electric field magnitude within the active volume.
We found the minimum of the RMSD at an angle of α = 58°. The field distribution for
this case is depicted in Fig. 5.1a, and a histogram of relative field strengths within the
active volume is shown in Fig. 5.1b. It shows a narrow and symmetric peak at the center
which is exactly desirable for our application.

5.2.2 Technical Realization
While the most natural choice for constructing line electrodes would be to use thin wires,
it is not trivial to ensure that they are perfectly straight and properly positioned in the
desired rectangular arrangement, and to safely connect them to a high-voltage cable.
We therefore used flexible printed circuit boards (PCB) as framework for the electrodes.
Specifically, we designed a PCB with a width corresponding to the inner circumference
of a 5 mm tube that could be rolled and inserted into such a tube. The electrodes
were implemented as two pairs of two conducting paths on the PCB. The minimum
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Figure 5.1. (a) Electric field distribution for four electrodes at their optimal positions: the separation
in polar angle of the electrodes with same polarity is 58°. The field is calculated for line-shaped electrodes
in vacuum. The color and arrows indicate the field, equipotential lines are drawn in gray, and inner
and outer circumferences of the two NMR tubes are drawn in black. (b) Histogram of relative field
strengths within the active volume (inner black circle).

cross section of these electrodes were given by the minimum feature size on the PCB
(80 µm) and the thickness of the PCB’s copper layer (18 µm). Above the active volume
the same-polarity electrodes were united into a larger conducting path and ended in a
soldering pad on a foldable flap. A layout of the PCB is depicted in Fig. 5.2b. To hold
the various components together a 3D-printed plastic head was designed. It consisted
of two pieces: the bottom part had a 5 mm opening from the bottom that would hold
the outer tube. The PCB’s top flaps would go further through this opening and fold
horizontally onto a flat surface, where the connecting cables could then be soldered on.
All solder joints were covered in epoxy for electrical insulation. The head’s lid contained
three holes for the two cables and for the inner tube, which could potentially be chosen
to be longer than the outer tube. The computer-assisted design (CAD) model of the
head is depicted in Fig. 5.2a. To ensure that both tubes are concentric at the bottom, a
2 × 1 mm O-ring was placed at the bottom of the outer tube before inserting the inner
tube. Having air in the gap between the two tubes is detrimental both because of its
low dielectric strength and its low permittivity, which leads to high local field strengths.
Therefore we filled this gap with different insulating fluids (See below). The high voltage
was supplied by two commercial DC voltage supplies, one with positive polarity and one
with negative polarity to ensure symmetric potential of the two electrode pairs around
ground.
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(a)

(b) 12.50 mm0.50 mm0.08 mm2.04 mm4.47 mm

Figure 5.2. (a) CAD model of the 1D field cell’s two-pieced head. The 5 mm tube is inserted from the
bottom and is fixed by friction, the inner 3 mm tube from the top. The pads of the flex-PCB are folded
onto the contact area and soldered to the cable coming from the top. (b) Layout of the flex-PCB (to
scale). The dotted region indicates a cut-out of 50 mm.

5.2.3 Testing
We first tested the setup with various choices of insulating fluids for electrical stability
outside the NMR instrument. Since the insulating fluid is located between the electrodes,
its permittivity ϵr has a large effect on the field inside the sample volume; for maximum
field in the sample the insulation’s permittivity should be much larger than the sample’s
permittivity. Also, a fluid with minimal NMR background should be chosen, so the
first choice were deuterated solvents. We tested dichloromethane with ϵr ≈ 8.9 as well
as chloroform with ϵr ≈ 4.8 as readily available solvents. Unfortunately, the flexible
PCB were not resistant against these solvents and its glued layers started to deteriorate
and curl. Additionally, electrolytic gas formation was observed upon application of
high voltage, which may potentially be catastrophic in combination with arching, so
these solvents were quickly rejected as potential insulators. Another option for insulating
fluids without (proton) NMR background that are chemically very inert are perfluorinated
hydrocarbons. We chose to use perfluorodecalin mostly for its high boiling point (low
volatility) and its availability. While it has a low permittivity (ϵr ≈ 1.9), it ensured
electrical stability of our setup up to a voltage of 10 kV which could not be achieved

114



5.2 The 1D Field Cell: Circular Tubes and Linear Electrodes

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
1H [ppm]

4.104.154.204.254.30

−20020406080100120140160180200220
13C [ppm]

Figure 5.3. 1H and 13C spectra of 200 mM strychnine in CDCl3 acquired within the 1D field cell
(orange) as compared to the reference spectrum (blue, only 1H). In 1H the polymer background from
the flex-PCB is visible as a low-intensity hump between −1 and 9 ppm. Neither the signal intensity
nor the line shape are affected. In 13C the background from perfluorodecalin is limited to the region
between 80 and 115 ppm.

with the other tested options. The electrical stability in the head region was challenging
to achieve; only after several iterations of adding epoxy and rearranging the cables we
could safely exclude arching even at the highest voltage.

To see if and how the field cell components would affect the NMR experiments, we
acquired 1H 1D spectra of a test sample (200 mM strychnine in CDCl3) with and without
the field cell (Fig. 5.3). In terms of line shape and intensity there was no measurable
difference, and the sample within the field cell generally behaved no different from a
regular NMR sample. Only the background signal from the flex-PCB polymer made it
possible to distinguish between the two spectra, which appeared as a very broad hump
between −1 and 9 ppm. In a 13C spectrum the signal from perfluorodecalin was clearly
visible as a number of signals between 80 and 115 ppm; in many natural products this is
an empty region of the spectrum between the aliphatic and the aromatic region, so this
should also only be a minor nuisance.

While the first field calculations in vacuum gave a very rough idea of the field distribu-
tion given the electrode geometry, it ignored the electric properties of the materials within
and around the cell. To get a more accurate and realistic picture, we used finite element
calculations to simulate the field distribution in the cell. As before, we exploited the
translational symmetry along z around the active volume and restricted the simulation
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Figure 5.4. Finite element simulation of the field distribution of the 1D design. The concentric circles
mark the borders between the different components, which are, from inside to outside: sample, glass
tube, insulating fluid, flex-PCB, glass tube, air, probe glass, air. The electrodes and the NMR coil
are annotated. The coloring indicates the magnitude of the relative electric field Erel = E/U in a
logarithmic scale. The simulation was done for (a) CDCl3 with ϵr ≈ 4.8 as well as (b) DMSO with
ϵr ≈ 46.7.

to two dimensions. A disc in the center of the geometrical model represented the sample
volume, which is surrounded by several concentric rings. These represent the inner 3 mm
tube, followed by the insulating fluid and the polyimide foil of the flex-PCB. Within the
PCB the 80 × 18 µm conducting electrodes were embedded. It is surrounded first by the
outer 5 mm tube and then by air. Since it is relevant to simulate the field distribution
of the sample cell within an NMR probe, and the conducting parts of the NMR coil
may have a significant effect on the electric field, we also included the first layer of a
room temperature NMR probe in the geometrical model. The sample in the probe is
surrounded by a sapphire glass wall with an i.d. of 5.5 mm and an o.d. of 6.1 mm, and the
Helmholtz coil right behind it. While we did not know the exact coil dimensions as they
are corporate secrets of the manufacturer, we could measure approximate dimensions
on a disassembled probe. The coil is made from wire with a rectangular cross section
measuring approximately 0.8 × 0.2 mm, and in a horizontal cross section through the
active volume these wires are positioned in a very similar, rectangular arrangement as
the electrodes. In principle the field cell can be freely rotated against the probe part,
and we chose an arrangement so that they are as far apart as possible. This geometry
is best understood by inspecting Fig. 5.4 which shows the borders between the different
materials as well as the predicted field distribution.

For the simulation, we applied equal and opposite potentials ±U/2 to the electrodes
and set the potential of the NMR coil to 0 (ground). We then generally report the field
as a relative value Erel = E/U so that it becomes independent of the applied voltage U .
Also, it is sufficient to consider the magnitude of the electric field. For alignment, only
the electric field magnitude and its angle α to the magnetic field B0 is relevant, and since
B0 is along z, the angle α is independent of the orientation of E in the xy-plane. As we
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assume translational symmetry along z, E cannot have a z-component, and therefore it
is always α = π/2.

1.00 1.05 1.10 1.15 1.20 1.25

Erel [cm−1]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ρ
[c

m
3
]

Figure 5.5. Histogram of the electric field
within the sample region for CDCl3 as a sol-
vent. It is normalized such that integration
yields the cell area.
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Figure 5.6. Deuterium signal of MeCN with
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Figure 5.7. Structure of disperse red 13.

The result of these FEM simulations for two
different sample solvents are depicted in Fig. 5.4.
Similar to the vacuum calculations, these simu-
lations confirm that the field within the sample
region is reasonably homogeneous, as can be
seen in Fig. 5.5. However, the flaws of this
cell geometry also becomes immediately obvi-
ous. First, let us consider the case for a low-
permittivity solvent such as CDCl3 (Fig. 5.4a).
The relative field strength within the sample of
1.1 cm−1 is less than half the value one would
expect by taking the inverse of the electrode
distance. This inverse of the electrode distance
would be the valid approach for a plate capac-
itor with a single material between the plates,
and marks an upper limit for the relative field.
While our geometry is fundamentally different
from a plate capacitor which already limits the
achievable fields, it is further reduced by the
very low-permittivity insulating fluid perfluo-
rodecalin and the interaction with the NMR
coil, which is at ground potential. This effect is
even more pronounced when the sample solvent
is a high-permittivity material such as DMSO
with ϵr ≈ 46.7. In that case, the effective field
is more than five times smaller as compared
to CDCl3 as a solvent (Fig. 5.4b). Even with
CDCl3, the maximum voltage possible with the
available power supplies of 10 kV would yield
a field of ≈ 11 kV cm−1, which may be suffi-
cient to see first effects in model systems, but
certainly not for broad applicability in natural
products. An additional fundamental flaw of
the line-electrode geometry is the occurrence of
very high local fields at the electrode surface.
In these simulations, this field has a value of
≈ 40 cm−1 and is therefore two orders of magnitude larger than the field within the
sample. This facilitates electrical breakdown at the electrodes and therefore reduces the
maximum applicable voltage. Similarly, the field around the NMR coil is also very high
(≈ 10 cm−1), which may lead to arching during pulsing and potentially damaging the
probe.
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Finally, we tested whether we could observe anisotropic effects using this 1D field cell
under the most promising conditions. Firstly, we used benzene as a solvent which has a
very low permittivity of ≈ 2.3, yielding a relative field strength in the FEM simulation as
high as 1.6 cm−1. Secondly, we tried to observe deuterium residual quadrupolar couplings
(RQC) of acetonitrile. The deuterium signal of MeCN is remarkably narrow with a line
width between 0.1 – 0.2 Hz due to its low molecular weight, and the comparatively large
electric dipole moment of 4.8 D (predicted via DFT) should lead to strong electric
alignment. Taking all parameters into account, we predicted the RQC to be around
0.1 Hz, which would be well observable given the line width. In a sample of 2 % v/v of
MeCN-d3 in C6D6, we acquired deuterium spectra at voltages of 0, 4, 6, 8, and 10 kV,
which are shown in Fig. 5.6. Unfortunately, no RQC splitting could be observed, not even
a slight broadening at higher voltages. We also attempted to observe RDCs in disperse
red 13, which is an azo die with a (predicted) dipole moment of around 11 D. Here
we predicted an ortho-3DHH coupling of 0.06 Hz at a voltage of 10 kV, which is already
at the lower limit of detectability. Again, we were not able to detect any measurable
difference between the spectra with and without applied voltage.

In a second set of experiments we observed clear signs of arching at the NMR coil
on deuterium at voltages of only 6 kV. As this can potentially damage the probe, we
decided to abort the experiments and fundamentally review the cell design.

5.2.4 Conclusion and Outlook
Apart from the obvious failure in generating alignment, the first cell showed a number
of other flaws and drawbacks. Due to the relatively large distance of the electrodes,
high potentials are necessary to generate the required fields. This is worsened by the
fact that between the electrodes there are other components of the cell (tube, insulating
fluid) which, due to their relatively low permittivity, reduce the field within the sample
region even further. This also leads to a great dependence of the field on the sample
properties: when going from CDCl3 to DMSO as solvent, the field within it is reduced
more than five-fold (Fig. 5.4). Generally, the theoretically achieved field strengths with
this design were barely enough to yield significant alignment on model systems, and
would certainly be too low for general applicability. The high necessary voltages are
unfavorable insofar as they require more powerful voltage sources, and more care in
ensuring electrical stability and insulating the design to the outside. As we have seen the
insulation to the outside does not only concern the prevention of electrical breakdown
across the tube, but also the shielding of the NMR coil from high field strengths. Such a
shielding could in principle be achieved by adding a conductive layer around the outside
of the outer tube. However, FEM simulations of such a modification show that this
would reduce the field within the sample again by more than a factor of two, while
simultaneously increasing the local field around the electrodes.

A possible explanation for the missing alignment may be the use of a DC voltage. In
the resulting static field the migration of ions in the solvent can occur, which creates a
field with opposite polarity. Given a sufficient concentration of ions, this continues until
the fields cancel completely. A quick calculation can give us an order of magnitude for
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the necessary ion concentration. As a model system we assume a plate capacitor with
electrode distance d = 4 mm, surface area A, and a dielectric with ϵr = 5. The charge Q
loaded onto the capacitor is given by

Q = CU = ϵ0ϵr
A

d
U (5.4)

To cancel the field, the total charge of the dissolved ions must be at least as big as this
capacitor charge C. We get the ion amount by dividing by the Faraday constant F , and
the concentration c by dividing again by the Volume V = Ad:

c = n

V
= Q

FAd
= ϵ0ϵr

U

d2F
(5.5)

A potential of 10 kV and the aforementioned capacitor parameters yield a required ion
concentration of only 0.3 nM. Since even very non-polar solvents are never completely
free of ions, it is quite plausible that this mechanism leads to a complete cancellation of
the field within the solution in our case.

5.3 The 2D Field Cell: Shaped Tubes and Planar
Electrodes

5.3.1 Concept and Design
Many of the obvious issues of the 1D field cell were a consequence of the line shape of
the electrodes. We therefore chose to revisit the possibility of building a field cell which
is more close to the geometry of a plate capacitor, with plane-shaped, 2D electrodes.
One of the issues of such a design is that the sample region is largely encompassed
by conducting surfaces, which potentially act as a Faraday cage and shield the sample
from the RF irradiation. However, in the work of Peshkovsky et al. this problem was
solved by using electrodes from the semiconducting material indium tin oxide deposited
onto a glass surface.[265] The combination of a low layer thickness and a low specific
conductance of the material yielded a sufficiently low surface conductivity such that the
high frequency RF irradiation is not significantly damped. Their field cell did not meet
our requirement of being compatible with a standard probe, but it showed that the basic
geometry of a plate capacitor can be made compatible with an NMR experiment, so we
chose to follow this basic design for our second design, hereinafter called the 2D field
cell. As we suspected the use of a DC electric field as one possible cause for the failure
of the first experiments, we chose to employ an AC field with a frequency in the order
of 10 kHz as it was done in most of the previous work done on electric field alignment.
Off-the-shelf high voltage AC power supplies for scientific purposes offer a wide range of
functions, but are prohibitively expensive. For our purpose of alignment a very simple
device with a voltage range up to 10 kV and a frequency range in the single-digit kHz
range should be sufficient. This type of technology is, in principle, cheaply available as
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Figure 5.8. (a) CAD model of the 2D field cell’s two-pieced head. Both tubes are inserted from the
bottom. The ring-shaped PCB (not shown) is mounted onto the flat surface shown in the center view
and fixed using screws, so that the spring contacts touch the inner tube on the large sides upon insertion.
(b) CAD model of the aluminum stencil used to coat the shaped tubes.

it appears in various consumer electronics, such as cathode-ray tube monitors or plasma
lamps. We therefore chose to build a suitable voltage supply ourselves in a price range
of around 1000 C.

5.3.2 Technical Realization
To construct a cell that is compatible with a standard NMR probe and still approximately
corresponds to the geometry of a plate capacitor, we chose to use shaped tubes with
a near-rectangular cross section. Such tubes with dimensions 5 × 2.8 mm are already
available for NMR for an entirely different purpose: their shape avoids the region of
the probe where the electric component of the RF pulses is most prominent, and has
therefore advantages for lossy samples with high salt concentrations.[269] Thanks to this,
appropriate sample holders are already available. We chose to keep the tube-in-tube
design as this again ensures electrical insulation to the outside. The outer tube had the
common dimensions of 4.95 × 2.8 mm to ensure compatibility with existing equipment.
For the inner tube we chose tubes with dimensions 4.2 × 1.25 mm. The wide side of
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4.2 mm is just small enough to fit inside the outer tube, which has a wall thickness of
0.25 mm. This maximizes sample volume and reduces possible lateral motion of the
inner tube. Having a thin side of only 1.25 mm, which will correspond to the electrode
distance, increases the possible electric field and reduces field inhomogeneities on the
sides. A thin wall of only 0.12 mm maximizes sample volume and, as the electrodes will
be applied on the outside, reduces the influence of the glass on the field strength within
the sample.

We applied the electrodes onto the glass surface as a thin film using thermal physical
vapor deposition (PVD). In this technique, the film material is loaded into a metal
crucible, called “boat”, within a high vacuum chamber below the glass tube. The boat
is then heated by passing an electric current through it, evaporating the material. The
material then deposits onto all surfaces within the chamber, including the glass tube.
We tested different semiconducting materials such as indium tin oxide and silicon, but
since these materials are sensitive to the oxidation conditions within the chamber which
could not be controlled with the PVD chamber that was available to us, we were not
able to produce conducting surfaces. Silver and gold produced films that were too
conductive and significantly hindered the NMR experiments. Also, they were very
sensitive to mechanical abrasion (touching, scratching etc.). Finally, we discovered that
titanium was a suitable material: it could easily be deposited with our PVD chamber and
produced conductive and physically robust films. Due to limited capabilities of the truly
ancient PVD chamber we could not control the film thickness very well and therefore
the resulting (approximate) surface resistivities fluctuated in the range between 1.5 – 4 Ω.
However, in no case those layers would measurably influence the NMR experiments (see
Section 5.3.3). The cross-section of the inner tubes is approximately that of a rectangle
with two semicircles on the short sides. To maximize field homogeneity, we aimed at
coating the full width of the flat surface as well as short section of the curved part as well.
This was done on a length of 70 mm from the bottom to encompass the whole sample
region. Above that, the titanium surface had merely the purpose of a conducting layer,
so we reduced the width to 1 mm to increase the distance from opposite electrodes as
well as to reduce the capacitance of the resulting cell. To achieve this precise non-planar
shape, we designed and produced a CNC-milled aluminum stencil in which the tube was
placed during coating. It is depicted in Fig. 5.8b. Again, the space between the tubes
was filled with perfluorodecalin to a height of approximately 100 mm so that the wide
part of the electrodes was safely covered.

We designed a slightly modified, 3D-printed head to hold all parts together (see
Fig. 5.8a). The outer tube was 25 mm shorter than the inner tube and reached 10 mm
into this head. Within the head there was a ring-shaped PCB onto which the connecting
cables were soldered. The ring’s hole in the center was sized so that the inner tube could
be guided through. On the side of this hole spring contacts ensured the electrical contact
to the electrode surfaces. With this design it was possible to ensure reliable contact to
the titanium surface (onto which it was not possible to solder) with the added benefit of
being reversible, i.e., the inner tube could be easily removed from the setup without the
need for tools or soldering. After observing probe arching in first tests similar to before
(see Section 5.2.3), we added a titanium coating all the way around the outer tube from
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Figure 5.9. Finite element simulation of the field distribution of the 2D design. The black lines
mark the borders between the different components. The electrodes are marked in red and blue. The
coloring indicates the absolute value of the relative electric field Erel = E/U in a logarithmic scale. The
simulation was done for (a) CDCl3 with ϵr ≈ 4.8 as well as (b) DMSO with ϵr ≈ 46.7.

the bottom to a height of approximately 100 mm, which shields the outside from the
high electric fields present within the cell.

Our high voltage AC supply consisted of a two-stage amplification. The basic waveform,
a sine wave of the desired frequency, was provided by a signal generator at a low voltage
of around 1 V. The mid-range DC voltage of ±60 V was provided by industrial power
supplies. Both of these were then fed into a home-built inverter which outputted AC
voltage with a maximum of 60 V (peak) or 42 V (RMS) with the appropriate frequency.
The voltage level could be tuned by adjusting the voltage of the input wave from the
signal generator. Here, it was important to ensure that both the DC input as well as
the inverter itself could handle several amperes of current that were necessary for the
next amplification step. This next step consisted of a simple high voltage transformer
with 2400 turns on the output side. We wound 8 turns on the input side by hand, which
yields a theoretical voltage increase by a factor of 300. The output side was directly
connected to the head of the field cell with a cable, and it was also equipped with a high
voltage probe to directly measure the occurring voltages and waveforms.

5.3.3 Testing
As with the first design we tested the electrical performance of the cell outside the
magnet to assure that the setup is electrically stable and poses no harm to the NMR
equipment. Unlike with the first design, we had no problems with electrical breakdown
in the region of the 3D-printed head or the electrodes, and the cell was stable at the
maximum possible voltage of around 4.9 kV RMS. To maximize the achievable voltage,
we exploited the fact that the field cell (a capacitance) and the transformer’s secondary
winding (an inductance) together make a resonant circuit. If the frequency of the AC
current in the primary winding matched this resonance, which was between 4 – 10 kHz
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Figure 5.10. (a) Deuterium signal of 5 % v/v MeCN-d3 in benzene at voltages between 0 and 2.7 kV
RMS and 2.3 kHz. (b) Deuterium signal of neat nitrobenzene-d5 at voltages between 0 and 4.9 kV
RMS and 4 kHz. Mind the different frequency scale due to the very different line widths of MeCN and
nitrobenzene.

depending on the solvent, we were able to approximately double the voltage at the cell.
We also tested the effect of the setup without any voltage on the NMR experiment. Here
the reference was two shaped tubes stacked into each other, but without any titanium
coating or perfluorodecalin between the tubes. Although there were now two layers of
titanium in the final field cell, neither the signal intensity nor the shim was significantly
affected. Since we were working on a room temperature probe which is not designed
to be used with shaped tubes, it was not possible to insert the field cell with a defined
orientation relative to the probe’s Helmholtz coil, and indeed we did observe a dependence
of the tuning and matching of the probe circuit on this rotational positioning of the cell.
However, this did not affect the signal intensity or the shim quality.

The simulation of the field distribution was done in a very similar manner as for
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Figure 5.11. Histogram of the electric field
within the sample region for CDCl3 as a sol-
vent. It is normalized such that integration
yields the cell area.

the 1D cell. It was limited to two dimensions,
and the probe part was kept identical. The
shaped tubes were modeled as rectangles with
semicircles attached to the short sides. The
outer side of the inner tube as well as an addi-
tional 40° along the semicircle was defined to
be the electrode surface. The outer side of the
outer tube was set to ground potential, which
models the outer shield. The features of the
probe such as the outer glass tube and the coil
cross sections were left in the simulation, al-
though they obviously did not experience any
field as they were completely cut off from the
electrodes by the shield. The resulting field dis-
tributions for both CDCl3 and DMSO as sample
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solvents are depicted in Fig. 5.9. For CDCl3 the relative field strength has increased by an
order of magnitude compared to the 1D cell. In the case of the high-permittivity solvent
DMSO the difference is even more pronounced, since the 2D design is less sensitive to
the sample properties, which is additional advantage. The shielding achieves a complete
elimination of the electric field outside in the probe region, and the field within the
sample is not reduced at all by this shield. There are no significant field spikes except
for the expected ones at the electrode edges, which well-insulated by perfluorodecalin.
The homogeneity of this design is excellent, as becomes evident by inspecting the field
histogram in Fig. 5.11. In summary these FEM simulations showed that the new design
is, in theory, an immense improvement over the 1D cell.

We again attempted to observe RQCs on deuterated solvents to see whether we could
induce alignment with our field cell. The concentration of MeCN-d3 in benzene was
increased to 5 % v/v for higher signal-to-noise. These experiments were done without
exploiting the resonance of the cell-transformer circuit, so the maximum voltage was
2.7 kV RMS at a frequency of 2.3 kHz. FEM simulations using benzene as a solvent
predict a relative field of 8.9 cm−1, which would together yield a field of 24.0 kV cm−1

and an RQC in MeCN of 0.27 Hz. Given a 2D line width of 0.12 Hz, such a splitting
should be resolved almost to the baseline. Unfortunately, no splitting or even line
broadening could be observed, as is seen in Fig. 5.10a. The small broadening at the
base of the peak at higher electric field fields could be attributed to slow deterioration
of the shim, as this broadening remained even after switching off the field again. To
ensure that there are no unknown sample effects that prevent alignment, we tested a
sample were electric alignment was observed before by Peshkovsky et al.,[265] namely pure
nitrobenzene-d5, and applied voltages up to 4.9 kV RMS using the cell’s resonance at
4 kHz. With the FEM-predicted relative field strength of 3.5 cm−1 for nitrobenzene this
yields a predicted RQC of the para-deuteron of 1.6 Hz. Interpolation of the previously
observed RQCs suggests that an even higher value of around 3.8 Hz should be observed.
These larger experimental alignments were hypothesized to come from clustering effects
in pure solvents.[104,265] At a line width of 2.0 Hz for the para-deuteron a splitting or
broadening should be visible in any case. However, no such observation was made upon
application of the voltage, which is depicted in Fig. 5.10b.

5.3.4 Conclusion and Outlook
Even with the new design of the field cell it was not possible to observe electrically
induced alignment, and the reason for this failure is not obvious to us. We used AC fields
at lower frequencies of 2 – 4 kHz than in previously reported cases of electrical alignment
with 28.5 kHz,[265,266] but as ion migration is expected to occur on the timescale of
seconds,[146] this should not lead to a cancellation of the electric field. One significant
difference to previous cells is that in our design there is a layer of glass between the sample
and the electrodes. While in principle this has the advantage of eliminating issues with
electrode degradation and electrolytic reactions, it reduces the aligning field if the sample
permittivity is much larger than the permittivity of the glass. Although we expected the
electric field to penetrate the glass unhindered, it is not unthinkable that this is a cause
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for the missing alignment. Another difference to the work of Peshkovsky et al.[265,266] is
that they used pulsed electric fields during an indirect evolution period instead of having
a continuous field. This was done to further reduce issues with electrode and sample
degradation, as they had an immediate interface between the sample and the electrode.
As this is relatively simple to implement, it would be worthwhile to do so to see whether
it makes a difference in the result. An independent method of determining the presence
of a field within the cell would also be desirable. A possible way would be to make use
of the exceptionally large Kerr effect of nitrobenzene.[270,271] Upon the application of an
electric field, nitrobenzene becomes birefringent and is able to change the polarization
of incoming light. Using two polarization filters in an orthogonal arrangement on both
sides of the cell, this rotation can be detected. This would correspond to using the field
cell as part of a Kerr shutter. As the reaction times of Kerr shutters are known to be
on the nanosecond time scale, this should also work for the AC fields employed in this
work. Should it be possible to demonstrate alignment using electrical alignment using
AC fields, it would also be desirable to redesign the high voltage source. Particularly
the input for the high voltage transformer could be designed from off-the-shelf audio
equipment, where high power amplifiers and wave generators (e.g., a smartphone) are
cheaply available without the need for custom design of electronic components.

Although the present work was not able to achieve alignment via the use of electric
fields, we believe that it is worth to persist on this work. It is an effect that has been
proven before to be measurable, and the advantages and potential benefits for the field
of anisotropic NMR are too significant to give up on.

5.4 Materials and Methods
5.4a Cell Construction Glass tubes were made from Borosilicate 3.3 glass and all pro-
cured from Hilgenberg GmbH. Circular tubes were of “economy” quality. The nominal
5 mm tube had dimensions of 4.95(5) mm o.d., 0.38 mm wall thickness, and 178 mm length,
the nominal 3 mm tube had dimensions of 2.95(3) mm o.d., 0.295 mm wall thickness, and
203 mm length. The outer rectangular tubes had dimensions of 4.95(5) × 2.80(5) mm
outer cross section, 0.25(3) mm wall thickness, and 178.0(5) mm length, the inner rect-
angular tubes had 4.2(2) × 1.25(5) mm outer cross section, 0.12(5) mm wall thickness,
and 203.0(5) mm length. All dimensions and uncertainties are as reported by the manu-
facturer. The 1D cell’s head was printed on an in-house fused deposition printer from
polylactate filament, the 2D cell’s head was printed using stereolithography with the
resin WaterShed XC 11122 by Proto Labs Germany GmbH. The flexible PCBs for the 1D
cell electrodes were ordered from LeitOn GmbH. They consisted of a sandwich of 25 µm
polyimide, 20 µm epoxy glue, 18 µm copper, 13 µm epoxy glue, and 13 µm polyimide.
Perfluorodecalin was procured from Sigma-Aldrich. Titanium coating was done using
a 1961 Balzers PVD chamber using resistive heating. A quantity of 0.45 g of titanium
granulate was weighed into a tungsten boat and fully evaporated. For the 1D cell, a DC
high voltage was provided by two Heinzinger HNC 20.000 - 5 pos./neg. sources (one
positive, one negative). For the 2D cell, a home-built AC voltage source was employed.
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The frequency was determined by a sine wave at an amplitude of 0 – 1 V peak-to-peak
supplied by a signal generator. This input was amplified by a home-built driver using a
±60 V, 4.3 A DC input as a power source. The schematics of this driver can be found
in the data collection (Appendix A.1). Its output was then fed into a high-voltage
transformer with six primary turns and 2400 secondary turns, which was procured from
Voltagezone Electronics e.U.[272]

Table 5.1. List of relative permittivi-
ties used in FEM simulations.

material ϵr

air 1
polyimide[273] 3.1
glass[274] 4.6
chloroform[275] 4.81
DMSO[275] 46.7
perfluorodecalin[276] 1.86
benzene[275] 2.27
dichloromethane[275] 8.93
nitrobenzene[275] 34.82

5.4b FEM The meshes were generated with Gmsh
4.7[277] using its python API. The mesh for the 1D cell
consisted of eight concentric circles with diameters
2.36, 2.95, 4.022, 4.2, 4.95, 5.5, 6.1, and 36.95 mm.
The appropriate materials were, from inside to out-
side: sample, glass, perfluorodecalin, polyimide, glass,
air, glass, air. Both the electrodes and the NMR coil
were modeled as four annulus sectors. The electrodes
sectors had a width of 80 µm and thickness of 18 µm,
and their radial position matched the layering of the
flex-PCB (Par. 5.4a). The polar positions were at
angles of −29, 29, 151, and −151°. The coil sectors
had dimensions of 0.8 × 0.2 mm and were positioned
at polar angles of −61, 61, 119, and −119°. The ra-
dial positioning was such that they were located in
the outermost air region with a gap of 0.1 mm to the glass ring. The mesh element sizes
were 10 µm in the sample region, 5 µm in the electrode region, 50 µm in the rest of the
cell, and it increased to 500 mm in the large air region around.

The mesh for the 2D cell shared the outer glass ring and NMR coil with the 1D
cell. The outermost diameter was reduced to 8 mm. The shaped tubes were modeled as
rectangles with semicircles attached to the short sides, and the dimensions were chosen
to match the real-world counterpart (Par. 5.4a). The mesh size within the inner tube
and up to 1 mm around it was set to 20 µm, falling off to 100 µm in the outer regions
of the model. The python scripts for generating these meshes can be found in the data
collection (Appendix A.1).

The finite-element analysis was run in Elmer 8.4 using the electrostatics solver.[278]

The permittivities were set to the values as shown in Table 5.1. The potential of the
electrodes were set to ±0.05 V yielding a potential difference of 0.01 V; this was done so
that the simulation would calculate convenient numbers in the SI-unit V m−1, and all
field values were then divided by the potential difference. The potential of the NMR coil
was set to 0 (ground). For the 1D cell, the outermost circle at a diameter of 36.95 mm
corresponds to the metal casing of the probe, and it was set to ground. For the 2D
cell, the outermost circle at 8 mm diameter was fit with an infinity boundary condition,
and the outer boundary of the outer tube was set to ground (shielding). The solver
input files for all simulations mentioned in this work can be found in the data collection
(Appendix A.1). Visualization and analysis was done using Paraview 5.8.[279]
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5.4c NMR Spectroscopy Deuterated solvents were acquired from Deutero GmbH,
disperse red 13 was acquired from Sigma-Aldrich. All substances were used without
purification. NMR spectra were acquired on a Bruker Avance III HD spectrometer at
a field of 9.4 T (400 MHz) using room temperature probes (QXI/TBO). The sample
temperature was set to 298 K. Carbon spectra were acquired using an APT sequence
(Bruker standard sequence jmod). Proton and deuterium spectra were acquired using
simple pulse-acquire sequences. For proton spectra under alignment conditions (disperse
red 13) an acquisition time of 4.0 s was employed, for deuterium we used acquisition
times of 4.7 s (nitrobenzene) and 19.1 s (MeCN).

5.4d Molecular Modeling For disperse red 13, a conformational search was performed
by sampling torsions of freely rotatable bonds, using an energy cut-off of 21 kJ mol−1 and
a minimization convergence of 1.0 kJ mol−1 Å−1. This was done in MacroModel 11.8[215]

using the MMFF force field[151] in vacuum. We performed a total of 10 000 sampling steps.
For MeCN and nitrobenzene, we assumed a single conformation. All structures were
geometry-optimized at the B3LYP[154,156,243,244]/pcseg-1[259] level of theory. We calculated
NMR shieldings and electric field gradients at the B3LYP/pcSseg-1[261] level of theory
using GIAO and an implicit solvent model. All DFT calculations were performed with
Gaussian09,[153] and Jensen basis sets were retrieved from the Basis Set Exchange.[260]

The Gaussian log files containing all relevant information can be found in the data
collection (Appendix A.1).
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Chapter 6

Extension and Improvement of the
Methanol-d4 NMR Thermometer
Calibration
This chapter is a reformatted version of a journal article published in 2021, and is
identical to it in text and content.[280] The calibration of the Pt100 thermometer against
the ITS-90 was performed by the co-authors Stephan Krenek and Dieter Heyer.

6.1 Introduction
The sample temperature is an important parameter in many NMR experiments. For
example, when studying kinetics or thermodynamics temperature is inherently rele-
vant.[65,281–283] In other cases, such when accurate chemical shifts need to be determined,
temperature variation between experiments can lead to undesirable systematic errors.[219]

The spectrometer’s variable temperature unit has a temperature sensor which is typically
located directly below the sample tube, and depending on the flow and input temperature
of the tempering gas there are significant systematic differences between the sensor and
sample temperature of 5 K and more.[284] To correct for these differences, it is necessary
to experimentally determine the temperature inside the NMR sample. A very convenient
way of doing this is a sample with a strongly temperature dependent chemical shift,
where this dependence is known and established. The measured chemical shift then
directly relates to the temperature of the sample. Two very common examples for
this are methanol and glycol, where the chemical shift difference between hydroxy and
aliphatic protons are a very good sensor for temperature.[285,286] Both these examples were
established more than half a century ago when sensitivity of NMR spectrometers was
much lower than today, and therefore fully protonated substances were used. Nowadays
however these very high sensitivity samples cause problems due to radiation damping,
which makes accurate determination of shifts challenging to impossible. To solve this,
Findeisen et al. proposed the use of methanol-d4 with 99.8 % deuteration, which is cheaply
available as NMR solvent, and its residual proton signals are readily detectable in a
modern NMR spectrometer with sufficient intensity.[137] Due to these advantages it has
become a popular choice as NMR thermometer, and there are ready-to-use sealed samples
of 99.8 % methanol-d4 from various manufacturers. Since the degree of deuteration
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has an influence on the exact shift-temperature-relationship, the authors determined
an individual calibration curve for this sample. Unfortunately, due to limitations of
their hardware, they could only determine this calibration in the temperature range of
282 – 330 K. In this work, we aim to extend this calibration to the full liquid range of
methanol and decrease its uncertainty using temperature sensors with higher accuracy.
An additional complication to the calibration of NMR thermometers is the magnetic
field influence on the commonly used Pt100 resistance thermometers. Due to the effect
of magnetoresistance the measured temperature is subject to an offset depending on the
magnetic field, which is significant at the fields present in NMR spectrometers. This
effect is known in the literature but was ignored in the work of Findeisen et al.[287,288] By
acquiring data at different fields we eliminate this effect by extrapolating to zero field.

6.2 Results and Discussion
In preliminary experiments we made observations that determined our decisions on
the details of the calibration procedure. Firstly, the reproducibility and stability of
temperature, which was checked by repeatedly inserting the Pt100 thermometer, de-
pended on the instrument. More specifically, our spectrometers ≥ 600 MHz, equipped
with cryoprobes, showed excellent stability and reproducibility smaller than the digital
resolution of our thermometer of 10 mK. Our 400 MHz instrument, which is equipped
with a room temperature probe, showed similar stability but much poorer reproducibil-
ity. The temperature after removing and reinserting of the thermometer would vary
up to 100 mK. Also, the equilibration time needed after a change in temperature set-
ting until there was a stable temperature at the Pt100 sensor was about an order of
magnitude larger on the 400 MHz instrument (1 h vs. 5 min). Tests on a 300 MHz
instrument with a room temperature probe showed the same behavior, so we hypothesize
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Figure 6.1. Temperature differences from the mean
as a function of the vertical displacement z as deter-
mined via NMR.

that this is a consequence of the probe
design. Secondly, the deviation between
measured temperature due to magnetore-
sistance at 400 MHz and 800 MHz is in
the order of 300 mK, which is well above
the accuracy that we were aiming for.
It was therefore necessary to correct for
this effect. Therefore, we conducted the
main measurement series on the smallest
field available with a cryoprobe, namely
600 MHz. Since our cryoprobes are not ca-
pable of going below 233 K, we conducted
the low temperature part of the calibra-
tion at 400 MHz, which is therefore asso-
ciated with a higher random uncertainty.

Another issue that needed to be ad-
dressed is the effect of possible temper-
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ature gradients and convection, which may lead to systematic errors not captured by a
statistical error analysis. Temperature gradients and convection are a phenomenon that
is present in an NMR tube under most circumstances, and depends on sample viscosity,
temperature settings, and tube diameter, among others.[289–291] For our experiments
vertical temperature gradients are most problematic, as they could lead to systematic
errors if the gradients are large compared to the achieved accuracy in sensor positioning.
We therefore estimated these gradients from both experimental approaches. First, we
acquired slice-selective spectra of the methanol standard sample at temperatures of 330,
289, and 238 K (roughly corresponding to the temperature range of our cryoprobes) and
calculated the temperatures from the observed chemical shift differences. By fitting
a linear equation to these data, we estimated the temperature-z-gradients ∂zT to be
−6.5(7), −3.0(1), and −0.1(4) mK mm−1 at 330, 289, and 238 K, respectively (the posi-
tive z-direction is upward). These data is depicted in Fig. 6.1. On the other hand, we
measured the temperature using the Pt100-thermometer while deliberately displacing
the sensor by ±3 mm in the vertical direction. While there was no measurable difference
at 289 K and 238 K, there was a barely measurable difference of 10 – 20 mK for this
displacement at 330 K. This is in agreement with the data from the NMR measurements.
Since both ways of measuring the temperature (NMR and Pt100) are averaging over
a similar volume, and the Pt100 sensor can be centered in the NMR-active volume
to an accuracy of approximately ±1 mm, we concluded that temperature gradients in
the sample do not lead to a significant systematic deviation. A statistical uncertainty
contribution resulting from these measurements is taken into account accordingly as a
small contribution in the total uncertainty budget (see Par. 6.3d).

In the first step for the main measurement series, we acquired 11 data pairs of temper-
ature (T ) as measured by the Pt100 sensor and chemical shift difference (∆δ) between
the methyl and the hydroxyl peak in the range of 234 – 336 K in steps of approximately
10 K. Since the purpose of the calibration is to find the temperature as a function of shift
difference, we chose ∆δ to be the independent variable for our model (and not vice versa).
We chose a polynomial as the model function. However, a second degree polynomial as
used by Findeisen et al. proved to be insufficient to describe the data, and the residuals
showed a very clear trend of a third degree component. A standard approach to deter-
mine the necessary model complexity and to avoid overfitting is cross-validation:[208] We
randomly and repeatedly (10 000 times) chose eight data points (≈ 70 %) to perform the
fit, and then checked the root mean square deviation (RMSD) of the model with the
three remaining data points. This RMSD had a minimum for a fourth degree polynomial,
which is then the appropriate model to choose. With this model, the RMSD of the fit
with all data points was as low as 6.3 mK (similar to Fig. 6.3b above 230 K). This
indicates that our data is associated with very little statistical scatter.

It is known that the magnitude of magnetoresistance of a given sensor depends on
the geometry of its winding.[287,292] A correction must therefore be adjusted to the
specific sensor model. Therefore, we determined this correction ourselves by measuring
additional data at different magnetic fields between 9.4 T and 28.2 T (400 – 1200 MHz
proton resonance frequency), with at least 4 points per field between 235 K and 335 K.
The field dependent deviation cannot be measured in absolute terms since this would
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Figure 6.2. (a) Deviation of Pt100 temperatures as a function of field and temperature, relative to
the uncorrected calibration at 14.1 T (600 MHz), and the proposed models: temperature-independent
deviation (dotted line) and deviation inversely proportional to temperature (solid line). The error bars
show 2σ for each data point. (b) Deviation constant A as a function of the square magnetic field and
its linear fit function.

require data at zero field which we cannot acquire. The deviation is therefore determined
relative to a reference field. Since it is also very challenging to impossible to acquire data
at different fields at the exact same true temperature (i.e., the same ∆δ), we simply used
the uncorrected model that we had determined at 14.1 T (600 MHz proton resonance
frequency) before as a reference. This model gives the theoretical Pt100-temperature at
14.1 T as a function of ∆δ. Comparing this with the measured Pt100-temperature at
the given field gives the field-dependent temperature deviation relative to 14.1 T. This
deviation is known to be proportional to the square of the magnetic field.[287,288] An
appropriate model for the temperature dependence of the magnetic field error is less
obvious, and we explored two possibilities. The simplest solution is to ignore it and to
assume that the magnetic field deviation is independent of temperature. However, after
looking into the data from Brandt et al.[287] we realized the deviation in our temperature
range can be more accurately described by

∆Tmag = A

T
, (6.1)

where ∆Tmag is the temperature deviation, T the (absolute) temperature, and A a free
parameter. This model is equally simple as the assumption of a constant deviation, as it
only contains a single parameter, but it improves the agreement (RMSD) with our data
by a factor of 2.4 and was therefore our model of choice. The field-dependent deviation
as well as the two models can be seen in Fig. 6.2a. The parameter A then exhibits the
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Figure 6.3. (a) Fit of chemical shift difference versus corrected temperature. (b) Residuals of the
fit as a function of temperature. The data <230 K were acquired at 9.4 T (400 MHz) with a LN2 heat
exchanger and show a much larger scatter. The error bars show 2σ for each data point.

aforementioned square-dependence on the magnetic field:

A = kB2
0 + Aref , (6.2)

where k is the field-dependence parameter specific to the sensor and Aref is an offset that
is a consequence of using a non-zero field (14.1 T) as a reference for the temperature
deviation. The least-squares fit yielded k = 0.3026(66) K2 T−2 and Aref = −57.6(29) K2.
Fig. 6.2b shows A as a function of the square field as well as the fitted Eq. (6.2).

With this data it is possible to correct for the systematic effects introduced by the
magnetic field. The measured temperatures TPt100 were corrected as follows:

Tcorr = TPt100 − kB2
0

TPt100
. (6.3)

For the final calibration curve the 11 data points between 235 K and 335 K at 14.1 T
were combined with 9 data points between 180 K and 230 K at 9.4 T, both corrected for
the magnetic field shift. The data from 9.4 T was acquired in two different sessions on
two different probes (TBO and QXI) using a LN2 heat exchanger to further cool down
the variable temperature (VT) gas. Indeed, it seemed as the data from 9.4 T was also
affected by systematic effects. These could partly be associated with the order of data
acquisition (i.e., from high to low temperatures or vice versa) and possible incomplete
thermal equilibration after temperature changes. However, this cannot explain all effects.
We included both datasets in the fitting assuming that the true value lies somewhere in
between.
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This combined data set was then used again as basis for a fourth-degree polynomial
T as a function of ∆δ in ppm, which is the main result of this work :

T =
4∑

i=0
ai∆δi. (6.4)

Table 6.1. Polynomial co-
efficients for the fit func-
tion in Eq. (6.4).

i ai/K ppm−i

0 416.4745
1 −39.5133
2 −36.0620
3 11.4869
4 −2.4340

Table 6.1 contains the polynomial coefficients of the fit function,
and Fig. 6.3a shows the graph of this function including the data
points. In Fig. 6.3b the deviation of the individual data points
from the fitted curve is depicted.

We used a Monte-Carlo approach to estimate the uncertainty
of this calibration curve (see Fig. 6.4).[293] Each data point is
associated with an uncertainty from different contributions (see
Par. 6.3d), and we generated 100 000 datasets where we added
an additional, synthetic deviation to each point. Here it was
important to distinguish between the different contributions to
the uncertainty, because the contributions from the temperature
regulation σreg, the thermometer σtherm, and the sensor position-
ing σz affect each data point independently, whereas the contribution from the magnetic
field correction σk affects each data point the same way. Each synthetic data point T syn

i,j ,
where i is the index for the corresponding experimental data point Tmeas

i and j the index
for the synthetic data set, was calculated as follows:

T syn
i,j = Tmeas

i + xi,j

√
σ2

reg + σ2
therm + (σz∂zT )2 + xi

σkB
2
0

Tmeas
i

, (6.5)

where xi,j and xi are standard normally distributed (σ = 1) pseudorandom numbers. For
each synthetic data set j we determined the fourth-degree polynomial fit function. From
this set of fit functions, we estimated the standard deviation of temperature σT as a
function of temperature, which we interpret as uncertainty of our calibration. In Fig. 6.4
we have plotted 2σT , which represents a confidence interval of 95 %. Roughly speaking,
this interval is ±25 mK in the range between 330 K and 240 K and then increases to
±190 mK at 180 K.

6.3 Material and Methods
6.3a NMR Spectroscopy We used commercial NMR standard reference samples from
Bruker Biospin. They are water-free 99.8 % methanol-d4 flame-sealed under inert atmo-
sphere. NMR experiments were conducted on Bruker Avance III HD spectrometers (400,
600, and 950 MHz) and Avance Neo spectrometers (700, 800, and 1200 MHz) equipped
with a TBO or QXI probe (400 MHz) or Q/TCI cryoprobes (all other fields). The probe
at 1200 MHz was a 3 mm probe. For temperatures below 230 K we used a liquid nitrogen
heat exchanger to further cool down the VT gas flow (only 400 MHz). All spectra were ac-
quired using a simple pulse-acquire sequence with a single scan. The acquisition time was
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Figure 6.4. Uncertainty (2σT ) of the cali-
bration as a function of temperature as deter-
mined by a Monte Carlo analysis.

5.85 s and the spectral width 14 ppm. Be-
fore Fourier transform exponential line broad-
ening between 0.3 Hz and 3 Hz (depending on
achieved line shape/shim) and a zero filling to
1 048 576 points was applied, yielding a spec-
trum with digital resolution of 0.013 ppb. Peak
picking was done in MestreNova 11. Imaging ex-
periments were performed using slice-selective
excitation with a z-gradient of ≈ 0.5 T m−1

and an EBURP2[294] pulse with a length of
250 µs (≈ 15 kHz bandwidth). 14 slices were
acquired with pulse offsets in steps of 25 kHz
(corresponds to ≈ 1.2 mm).

6.3b Pt100 Resistance Thermometer We used a Pt100 sensor acquired from Klas-
meier GmbH with model number P100/2515. It is a wire-wound ceramic sensor with
a length of 25 mm and a diameter of 1.5 mm in the accuracy class 1/10 DIN B. We
connected a low temperature compatible PTFE cable in 4-wire configuration. Resis-
tance/Temperature measurement was done using a Greisinger GMH 3750 thermometer.
The sensor was inserted into an NMR tube and fixed in place to be exactly (±1 mm)
in the center of the NMR coil (active volume). It was submersed in ethanol to a filling
height of 40 mm to mimic the conditions of the NMR sample as closely as possible. The
whole sensor-thermometer measurement chain was calibrated traceable to the Interna-
tional System of Units. For this purpose, the display values of the thermometer were
compared with the measurements of a standard platinum resistance thermometer (SPRT)
that was directly calibrated at the fixed points of the International Temperature Scale
(ITS-90). The comparison was carried out in stirred alcohol and water baths with high
homogeneity and stability, so that uncertainties of a few millikelvin can be achieved.[295]

From the deviations measured several times at intervals of approximately 20 K, a correc-
tion function was determined for the display values. Its total uncertainty results from
the uncertainties of the calibration and the confidence band of the fit. It varies with
temperature from about 19 mK to 27 mK and is used as standard deviation σtherm in the
data analysis.

6.3c Measurement Procedure To measure both spectra and temperature at different
temperatures, we alternated between the NMR sample and the Pt100 sensor. The
temperature setting of the spectrometer was changed while the Pt100 sensor was inserted.
That way we could record a temperature value both before and after acquisition of the
NMR spectrum at all given temperatures. When using the LN2 heat exchanger, the
measured temperature would fluctuate, so we recorded an upper and lower limit of
this fluctuation. These values were used to estimate the temperature stability of the
spectrometer’s temperature regulation. Before recording the temperature or the spectrum
we waited until stability within the measurement accuracy was reached (approx. 5 min).
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At 400 MHz the data was associated with much larger fluctuations, so data was acquired
in two sessions on two different probes (TBO and QXI).

6.3d Fitting and Data Analysis All analysis and data evaluation were performed using
Python3 relying heavily on the SciPy ecosystem.[216–218] The fits to Eqs. (6.1) and (6.2)
were least-squares solutions with no weighting. The uncertainty of the fit parameters
of Eq. (6.2) was calculated as the root of the estimated variance reported by the fit
routine numpy.polyfit.[296] To estimate the standard deviation σreg of the temperature
regulation in the spectrometer, we calculated the root mean square deviation (RMSD)
from the temperatures recorded before and after the acquisition of the spectrum. We
assumed this standard deviation of the temperature control is independent of temperature
within one measurement series, so we calculated a common σreg for all points by taking
the root mean square (RMS) of the individual RMSDs. The standard deviation of
the temperature measurement σtherm was estimated during the sensor calibration as
a function of temperature. The contribution from the magnetic field correction σcorr
was estimated by using a linear propagation of uncertainty for Eq. (6.3) using the
standard deviation of k. Note that this is a minor contribution, adding less than 5 %
to the total uncertainty. The contribution from temperature gradients was calculated
by estimating the uncertainty of the sensor position to be σz = 1 mm, and to assume a
linear model for the temperature dependence of the temperature gradient in a cryoprobe:
∂zT = −6.9 · 10−5 mm−1T + 16.5 mK mm−1, obtained as least-squares fit to the three
gradient data points determined from slice-selective NMR experiments. The contribution
from gradients to the data at 400 MHz was neglected as this is a minor contribution
and these data are already associated with a much higher uncertainty. The combined
standard deviation of each temperature point was then calculated as the root sum
of squares (RSS) of these contributions. The polynomial fits for the function T (∆δ)
were determined as the least-squares solutions using the inverse of the uncertainties as
weighting. The uncertainty of the fit itself was calculated with a Monte-Carlo approach,
as described above.
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A Appendix

A.1 Data Collection
Most numerical and other digital data are too bulky to be printed, and are more con-
veniently provided as compressed archive of data files. Please to open the
archive, or access it via the list of attachments of your pdf viewer.

A.2 Calmodulin/Munc13-1 – Additional Data

Table A.1. Q-factors for the fits to static structural models of CaM/Munc13-1.

N-terminal C-terminal
PCS/RDC PCS RDC RDC

Dy 0.036 0.027 0.125 0.516
Er 0.052 0.042 0.353 0.805
Ho 0.049 0.042 0.307 0.749
Tb 0.048 0.039 0.220 0.555
Tm 0.047 0.036 0.381 0.613
Yb 0.043 0.038 0.453 0.933
all 0.046 0.038 0.392 0.625
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Table A.2. The five independent components of ∆χ, given in 10−32 m3, obtained from fitting both
RDCs and PCSs to the N-terminal domain, and from fitting RDCs to the C-terminal domain, for the
six lanthanides. The uncertainty from bootstrap analysis is given in parentheses.

∆χax ∆χrh ∆χxy ∆χxz ∆χyz

Dy N 14.90(24) −24.54(95) 10.43(23) 10.08(26) −5.66(19)
C −0.14(28) −1.74(42) −1.95(24) 3.16(29) −0.49(24)

Er N −4.87(11) −0.27(13) −4.76(8) −5.81(8) 1.64(12)
C 0.15(16) 1.46(38) 0.05(14) −1.00(17) 0.55(17)

Ho N 6.83(11) −4.43(13) 3.80(9) 4.71(7) −4.55(10)
C −0.07(23) −1.42(40) −0.69(17) 1.46(24) −0.86(17)

Tb N 17.58(15) 2.02(22) 6.83(14) 12.79(18) −7.43(24)
C 0.24(30) −2.80(53) −0.09(23) 2.91(32) −2.13(23)

Tm N −8.86(14) −6.17(14) −8.03(9) −8.68(6) 6.89(10)
C 0.73(25) 3.27(49) −0.21(22) −1.29(17) 1.69(18)

Yb N −2.04(5) 2.94(4) −2.96(4) −2.86(2) 1.91(3)
C 0.09(17) 0.60(28) 0.27(14) −0.47(14) 0.20(16)

2.53.03.54.0
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Figure A.1. 1H (a) and 15N-HSQC (b) spectra of apo-CaM and Ca4-CaM. Both the Ca-loading and
the presence of EDTA can be clearly discerned via NMR.
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A.2 Calmodulin/Munc13-1 – Additional Data

τ1 τ1 τ1 τ1

τ2 τ2 ta2 tb2 tc2

t1

1H

y y −y y −y−x −x−x

15N

φ2 φ3

13C1

φ1

13C2

Gz

G1 G2 G3 G4 G4

Figure A.2. HNCA/HNCO pulse sequence. Cycled phases are ϕ1 = (x, −x), ϕ2 = (x)2(−x)2,
ϕ3 = (x)4(−x)4, and ϕrec = (x, −x, −x, x)2. The INEPT delays were set to τ1 = 2.3 ms and τ2 = 12.4 ms.
The semi-constant time delays were ta

2 = τ2−t2τ2/t2,max, tb
2 = t2(1/2−τ2/t2,max), and tc

2 = τ2+t2/2. For
selective Cα and C′ excitation Gauss-cascade type shaped pulses are used,[297,298] and water suppression
is achieved via a watergate block in the reverse-INEPT period.[210] For the HNCA, it is C1 = Cα and
C2 = C′, and for the HNCA, it is C1 = C′ and C2 = Cα. The HNCO{no Cα} was acquired by omitting
all pulses on Cα.

τ1 τ1 τ1 τ1

τ2 τ2 ta2 tb2 tc2

t1

1H

y y −y y −y−x −x−x

15N

φ2 φ3

13Cα

φ1

13C′

Gz

G1 G2 G3 G4 G4

Figure A.3. HNCA{no H} pulse sequence. All annotated parameters were identical to the regular
HNCA (Fig. A.2).
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τ1 τ1 τ1 τ1

τ2 τ2 τ1 τ1 ta2 tb2 tc2

t1

1H

y y −y y y −x −x−x

15N

y φ2 φ3 y

13C′
φ1

13Cα

Gz

G1 G2 G3 G4 G4

Figure A.4. HNCO{no H} pulse sequence. All annotated parameters were identical to the regular
HNCO (Fig. A.2).
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A.2 Calmodulin/Munc13-1 – Additional Data
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Figure A.5. Cartoon representations of the second best ensembles by BIC, for each starting size.
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Figure A.6. Cartoon representations of the third best ensembles by BIC, for each starting size.
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Figure A.7. Cartoon representations of the fourth best ensembles by BIC, for each starting size.

161



A Appendix

0.00

0.05

0.10

0.15

0.20

0.25

p

side view

ninit
ens = 15 RMSD = 1.029

top view

1.053 = RMSD · 1.0015nens

side view

ninit
ens = 20 RMSD = 1.025

top view

1.052 = RMSD · 1.0015nens

side view

ninit
ens = 50 RMSD = 1.016

top view

1.057 = RMSD · 1.0015nens

side view

ninit
ens = 100 RMSD = 1.017

top view

1.062 = RMSD · 1.0015nens

Figure A.8. Cartoon representations of the fifth best ensembles by BIC, for each starting size.
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Figure A.9. Cartoon representations of the sixth best ensembles by BIC, for each starting size.
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A.3 Spectral Data of Gymnochrome G

Table A.3. NMR-spectroscopic data of gymnochrome G. The unassigned carbon resonances are located
in the center of the aromatic core and could not be assigned due to a lack of proton correlations. They
belong to the atom numbers 10a, 10b, and 14b–g.

index δC

7 185.83
14 185.70
11 170.31
10 170.09
13 166.43
8 166.37
6 160.92
1 160.70
4 145.00
3 142.53

127.65
127.55
126.60
126.55

3b 123.79
3a 123.47

122.93
122.92
119.46
119.38

5 116.82
2 116.52

index δC δH (J in Hz) HMBC
14a 110.85
6a 110.84
13a 104.25
7a 104.16
9 103.80
12 103.77

1′ 44.51 4.09 dd (13.5; 5.1)
3.82 dd (13.4; 8.8) 2, 3, 3a, 2′

2′ 71.15 4.79 m OCOCH3
2′- OCOCH3 171.53
2′- OCOCH3 20.83 1.81 s OCOCH3
3′ 18.59 0.15 d (6.2) 1′, 2′

1′′ 44.06 3.92 dd (14.3; 2.6)
3.86 dd (14.2; 9.6) 3b, 4, 5, 2′′

2′′ 79.95 4.27 m
3′′ 38.72 1.48 m, 1.64 m 2′′, 5′′

4′′ 18.87 1.42 m, 1.47 m 5′′

5′′ 14.42 0.87 t (7.3) 3′′, 4′′

1-OH 14.94 s 1, 2, 14a, 14
6-OH 14.92 s 5, 6, 6a, 7
8-OH 15.47 s 7a, 8, 9, 10, 7
13-OH 15.44 s 11, 12, 13, 13a, 14
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A.3 Spectral Data of Gymnochrome G
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Figure A.10. HR mass spectrum of gymnochrome G. The main peaks are annotated with the species
and its monoisotopic mass.
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Figure A.11. UV/Vis spectrum (top) and ECD spectrum (bottom) of gymnochrome G in methanol.
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A.3 Spectral Data of Gymnochrome G
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Figure A.12. 800 MHz 1H spectrum of gymnochrome G.
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Figure A.13. 200 MHz 13C-APT spectrum of gymnochrome G.
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A.3 Spectral Data of Gymnochrome G
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Figure A.14. 800 MHz DQF-COSY of gymnochrome G.
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Figure A.15. 900 MHz 1H,13C-HSQC of gymnochrome G.
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A.3 Spectral Data of Gymnochrome G
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Figure A.16. 800 MHz 1H,13C-HMBC of gymnochrome G, optimized for a small coupling of 3 Hz.
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Figure A.17. 800 MHz ROESY of gymnochrome G.
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A.3 Spectral Data of Gymnochrome G

Table A.4. Q-factors and confidences p for gymnochrome G (1) for both approaches.

Configuration Q (DFT) Q (fitted) p (DFT) p (fitted)
RR 0.229 0.223 7.46 · 10−4 3.72 · 10−3

RS 0.257 0.235 1.23 · 10−4 9.20 · 10−5

SR 0.132 0.118 8.80 · 10−1 9.57 · 10−1

SS 0.201 0.195 1.19 · 10−1 3.88 · 10−2

Table A.5. Q-factors and confidences p for strychnine (2) for both approaches. A confidence of 0 is
equivalent to it being smaller than 10−6.

Configuration Q (DFT) Q (fitted) p (DFT) p (fitted)
RSSRRS 0.326 0.273 9.92 · 10−1 7.66 · 10−1

SSSRRS 1.200 0.563 0.00 2.19 · 10−3

RRSRRS 0.969 0.552 0.00 6.75 · 10−3

SRSRRS 1.073 0.569 0.00 6.97 · 10−4

RSRRRS 0.512 0.407 5.00 · 10−3 1.55 · 10−2

SSRRRS 1.354 0.602 0.00 6.73 · 10−4

RRRRRS 0.705 0.470 0.00 4.30 · 10−3

SRRRRS 1.239 0.545 0.00 6.47 · 10−4

RSSSRS 0.751 0.334 0.00 1.52 · 10−1

RRSSRS 0.573 0.392 1.68 · 10−3 3.15 · 10−2

SRSSRS 1.263 0.602 0.00 9.10 · 10−5

RSRSRS 0.822 0.475 0.00 1.13 · 10−3

RRRSRS 0.684 0.485 2.90 · 10−5 1.93 · 10−3

SRRSRS 1.323 0.658 0.00 2.10 · 10−5

RSSRSS 1.057 0.577 0.00 4.37 · 10−3

RRSRSS 0.931 0.525 0.00 7.30 · 10−3

RSRRSS 0.976 0.568 0.00 3.21 · 10−4

RRRRSS 0.620 0.470 3.10 · 10−5 1.68 · 10−3

RSSSSS 0.986 0.548 0.00 2.03 · 10−4

RRSSSS 0.713 0.452 8.57 · 10−4 8.44 · 10−4

RSRSSS 1.020 0.550 0.00 1.43 · 10−3

RRRSSS 1.044 0.626 0.00 9.00 · 10−6
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