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1 | Abstract

In high resolution nuclear magnetic resonance (NMR]) spectroscopy, residual ani-
sotropic parameters like residual dipolar couplings (RDCk), residual chemical shift
anisotropies , and residual quadrupolar couplings (RQCk) provide valu-
able information complementary to parameters derived in isotropic (standard)
conditions for the structure elucidation and refinement. For their measurement,
homogeneous and appropriate weak partial alignment in so-called alignment media
are needed to induce the suitable anisotropy. Although a multitude of different
alignment media does exist, they are applied rather seldom, because common align-
ment media presently available are either specifically developed for application with
small organic molecules or for big macromolecules and their use is restricted to a
narrow range of certain solvents.

Besides liquid crystalline phases, mechanically strained polymer gels are used
for the adequate alignment of solutes. The preparation of samples can take up
to weeks and even months, which renders these methods rather unfavorable for
commercial use. Earlier investigations with poly(ethylene oxide) (PEO) hydro-
gels showed considerable swelling in a wide variety of solvents. Unfortunately,
cross-linking procedures required the use of - or ~-radiation, or radiation with
ultraviolet ([UV]) light for weeks. This work presents a quick, optimized synthe-
sis route to yield homogeneous alignment media sticks based on PEO that can
be followed using standard equipment available in every modern laboratory. The
swelling compatibility in a large variety of pure solvents and mixtures is compared
and evaluated and the influence of the mass content during the cross-linking is
demonstrated.

By using a starting material with small dispersity, control over the distribu-
tion of inter cross-link chain lengths is introduced, yielding quite homogeneous
gels with narrow line-widths. Different mass containing swollen [PEQO-DAI gels
are therefore investigated with double quantum NMR (DQ-NMR) to reveal the
amount of cross-linked network fractions and the sol fraction. [PEQ-DAI allows
inducing scalable anisotropy both in compressing as well as in stretching devices
and is successfully applied with pure solvents and mixtures in this work. Here,
a method is introduced, allowing fast equilibration and transfer into the sample



tubes. In accordance with parameter fine-tuning, cross-linked [PEO-DA] is shown
to be suitable for the alignment of solutes reaching from small natural products
up to proteins, making it a universal alignment medium.

The existing manual method for extraction of couplings is time-consuming and
subjective. A method for the semi-automated extraction of couplings is intro-
duced, utilizing a procedure based on autocorrelation. For the data evaluation
of on small organic molecules, molecular dynamics with orientational con-
straints (MDOU), is applied. It enables the elucidation of the conformational space
based on experimentally derived anisotropic data that is incorporated as tensorial
orienting constraints into the force field. When solute molecules show flexibility
and occur in different conformations, data interpretation with so far existing ap-
proaches can be difficult because of the averaged nature of extracted data. In these
cases the approach is preferred as the evaluation is not hampered
based on the modeling of choice.



2 | Zusammenfassung

In der hochauflésenden Kernresonanzspektroskopie (engl.: nuclear magnetic reso-
nance (NMRI) spektroscopy) liefern rest-anisotrope Parameter wie dipolare Rest-
kopplungen (engl.: residual dipolar couplings (RDCk)), restliche chemische Ver-
schiebungsanisotropien (engl.: residual chemical shift anisotropies ) und
quadrupolare Restkopplungen (engl.: residual quadrupolar couplings (RQCk)) wert-
volle Informationen, die zu den unter isotropen (standard-) Bedingungen gemesse-
nen [NMR| Parametern fiir die Strukturverfeinerung und -aufklarung komplementér
sind. Daher ist ein homogenes und ausreichend schwaches sogenanntes Alignment
in sogenannten Alignmentmedien erforderlich, um eine geringe Anisotropie in der
Probe zu induzieren. Obwohl eine Vielzahl unterschiedlicher Alignmentmedien und
-methoden existiert, werden sie recht selten genutzt, da die derzeit verfiigharen
iiblichen Alignmentmedien entweder speziell fiir die Anwendung mit kleinen or-
ganischen Molekiilen oder fiir groie (Bio-) Makromolekiile entwickelt wurden und
ihre Verwendung auf bestimmte Losungsmittel beschréankt ist.

Neben fliissigkristallinen Phasen werden mechanisch gestreckte oder gestauch-
te Polymergele zur addquaten Ausrichtung von gelosten Stoffen eingesetzt. Oft
kann die Praparation von Proben bis zum Aquilibrieren bis zu Wochen und Mo-
naten dauern, was die Nutzung dieser Methoden im kommerziellen Bereich eher
erschwert. Frithere Untersuchungen mit vernetzten Polyethylenoxid-Hydrogelen
(PEO) zeigten eine erhebliche Quellung in einer Vielzahl von Losungsmitteln. Lei-
der erforderte die Vernetzung die Verwendung von - oder ~-Strahlung oder wo-
chenlange Bestrahlung mit ultraviolettem Licht. In dieser Arbeit wird ein schneller
Syntheseweg optimiert und vorgestellt, um homogene Gelstdbchen auf Basis von
PEO als Alignmentmedien herzustellen, der mit den in jedem modernen Labor
verfiigharen Mitteln nachvollzogen werden kann. Dariiberhinaus wird das Quell-
verhalten in einer Vielzahl von reinen Losungsmitteln und Gemischen aufgezeigt
und der Einfluss des Massengehalts wahrend der Vernetzung untersucht.

Durch Verwendung eines Ausgangsmaterials mit geringer Dispersitat wird Kon-
trolle tiber die Verteilung der Kettenldngen zwischen den Vernetzungspunkten er-
moglicht, wodurch homogene Gele mit schmalen Linienbreiten erhalten werden.
Gequollene PEO-DALGele, die mit unterschiedlichem Massenanteil vernetzt wur-



den, werden zusétzlich mit Doppelquanten NMR (DQ-NMR) untersucht, um das
Verhéltnis von vernetztem Anteil und der Solfraktion inklusive der Defekte im
Netzwerk zu ermitteln. Die Anwendbarkeit von [PEO-DAI in skalierbaren Streck-
und Kompressionsapparaturen wird prasentiert und erfolgreich mit reinen Lo&-
sungsmitteln und Gemischen demonstriert. Hierbei wird eine Methode eingefiihrt,
die ein schnelles externes Aquilibrieren und Ubertragen in die Probenréhrchen er-
moglicht. Es wird gezeigt, dass durch Feinabstimmung verschiedener Parameter,
vernetztes [PEO-DA] als universelles Alignmentmedium fiir geléste Substanzen, die
von kleinen Naturstoffen bis zu Proteinen reichen, geeignet ist.

Die bisher angewandte Methode der manuellen Extraktion von Kopplungen ist
zeitaufwandig und subjektiv. Es wird ein Verfahren zur halbautomatischen Ex-
traktion von Kopplungen vorgestellt, welches mathematisch auf der Anwendung
von Kreuz- bzw. Autokorrelationen beruht. Fir die Auswertung von [RDCk an
kleinen organischen Molekiilen, wurden Molekiildynamiksimulationen mit orien-
tierenden Randbedingungen evaluiert und angewandt (engl.: molecular dynamics
with orientational constraints, MDQOC]), einer Molekiilmechanik-Methode, die oh-
ne Annahmen tber die Ausgangskonformation auskommt. Die Methode ermoglicht
die Bestimmung des Konformationsraums anhand experimenteller anisotroper Da-
ten, die als tensoriell orientierende Bedingungen in das Kraftfeld einfliefen. Wenn
geloste Molekiile flexibel sind und in unterschiedlichen Konformationen auftreten,
ist die Interpretation der Daten mit bisherigen Methoden aufgrund der gemittelten
Natur der extrahierten Daten schwierig und Annahmen iiber auftretende Konfor-
mere miissen getroffen werden, die unter Umstanden nicht gerechtfertigt sind. In
diesen Fillen ist der Ansatz vorzuziehen, da die Interpretation der
nicht durch die Wahl der Modellierung beeinflusst wird.



3 | Introduction

One of the most important tasks in analytical science is the structural elucidation
of matter. This is the precondition for any progress whether to identify or recog-
nize new interesting substances, to control the outcome of syntheses or to improve
the properties of materials. Until the beginning of the 20th century methods of
thermodynamics and kinetics provided insights only in the bulk behavior of mat-
ter. Then, within the last century spectroscopic methods have been invented to
unclose an atomistic view regarding the characteristics of individual molecules™
Furthermore, the progressing computer technology accelerated the way, extracted
data can be processed and allows in silico simulations to deliver not only struc-
tural but also dynamical information. The most prominent methods for structural
elucidation are mass spectrometry (MS)), X-ray diffraction (XRDI) and spec-
troscopy. In contrast to [MS], with the last two methods direct information about
spatial distribution and chemical bonds between atoms can be obtained.
determines the electron density and by this allows drawing conclusions about the
atomic structure, whereas gives insights into arrangements and connectiv-
ities of atoms with nuclear spins. For X-ray diffractometric investigations, the
substance to be examined must be present either as a single crystal or powder,
yet materials often do not crystallize. The actual disadvantage of the struc-
ture analysis, however, is the requirement for a single crystal. Since most of the
times one is interested in the structural features in dilute solutions, potentially
large structural deviations may arise, when the structure in solid crystalline state
is explored. Indeed, most natural substances are highly diluted in solution and
cannot be crystallized or prepared as a solid.

X-ray structure analysis, in contrast to spectroscopy, is therefore gen-
erally unsuitable to analyze the occurrence of different conformations in solution.
Hence, with [NMR] spectroscopy, it is possible to study substances in different con-
densed phases (liquids, solids, liquid crystals, solid-liquid phases and even gases)
and temperatures. In this way, one does not only gain information about the static
arrangement of the atoms in the molecule, but also about their dynamics, leading
to a deeper understanding of molecular functionality.

Already in the early 1980s, conformation and configuration were determined



simultaneously: oligonucleotide? and biopolymer®® structures were determined
exploiting distances from nuclear Overhauser enhancement (NOE]) measurements
and dihedral angles derived from extracted 3J couplings. In the field of low molec-
ular weight compounds (with molecular weights below 800 &/mo1), the spectroscopic
parameters that are measured by liquid state NMR spectroscopy are usually chem-
ical shifts (d), scalar couplings (J) and [NOE] distances. However, various confor-
mations present within the [NMR] timescale render precise structural elucidation
difficult or even impossible, because only an average of these parameters is ob-
tained. Furthermore, in experiments to determine the constitution, configuration
and conformation with NMR, spectroscopy, highly mobile molecules encounter dif-
ficulties in assigning, for example, diastereotopic protons.

Additionally, these classical NMR] parameters (9, J, and [NOE]) in liquid state
[NMRI spectroscopy generate information only within a short range. The reason
behind this is that chemical shifts are affected mostly by nuclei only within the first
and second order sphere of surrounding atoms around the nucleus. Exploiting 3/
couplings to gain dihedral relations via the Karplus equation requires active
spins covalently connected to each other via three bonds. The [NOF] distances are
commonly found only up to a distance of 5 A to each other.

The correlation of distant parts within molecules that may belong to differ-
ent spin systems is amenable by so-called anisotropic parameters, which depend
not only on the distance but also the orientation of the interacting spins relative
to the external magnetic field B,. In solids, molecules possess a high degree of
order and are strongly aligned with each other. In solid state [NMR] hence far-
ranging interactions between the spins via dipolar (DC) and quadrupolar (QC)
couplings lead to complex spectra and increased line-broadening due to chemical
shift anisotropy (CSAl).

To gain the orientation-dependent structural information while maintaining the
simplicity of liquid state spectra, the degree of order needs to be downscaled
to establish a so-called weak or partial alignment of the solutes. For this reason,
homogeneous and appropriate so-called alignment media are needed to induce
the suitable anisotropy avoiding extensive line-broadening. This way, residual
anisotropic parameters like RDCk, [RQCk and [RCSAS| are accessible with adequate
accuracy and have provided valuable information for the structure refinement of
biomacromolecules®® as well as for small organic molecules” < and are still subject
of ongoing research 4

When partially aligned, with regard to rigid molecules, a single so-called global
molecular order (S) or alignment tensor (A) is defined by the molecular topology.
The most straightforward to measure residual anisotropic parameters that corre-
spond to this alignment tensor are RDCk. The evaluation of is achieved by
fitting the experimental data to the alignment tensors of a set of putative struc-




tures. The most plausible proposal is then represented by the best correlation
between experimental and back-calculated data. The fitting is commonly carried
out by a least square fit singular value decomposition ([SVDI)*® but also other
methods do exist. 10722

Since the turn of the millennium,?? anisotropic parameters have solved
stereochemical issues within numerous cases concerning prochiral assignment, con-
formation, relative and even absolute configuration. Nevertheless, the methodol-
ogy is far from being used routinely, e.g. in industry, and has remained an academic
problem. There are two main reasons hampering the general applicability. First,
the alignment media presently available are either specifically developed for ap-
plication with small organic molecules or for big macromolecules. Furthermore,
their use is restricted to certain solvents.** When working with various types of
compounds, the arising questions, concerning solubility, availability and applica-
bility hinder effective workflows for a broad commercial use. A second reason is
the evaluation of the gained data. As stated above, the single tensor approach
depends on a proposed model that is fitted to the experimental data, which means
that the outcome correlates with the reliability of the model. Since molecules often
show conformational flexibility, even so-called multi tensor approaches, where a
small set of (weighted) lowest energy structures is assumed to reflect the observed
measurements, may be ill-defined.**

3.1 Outline

The scope of this thesis is to provide a general protocol for both a universally appli-
cable alignment medium and a new type of molecular dynamics with orientational
constraints (MDOC) as key elements for the alignment, measurement, extraction
and data interpretation to open a way for a broader use of residual anisotropic
parameters. Therefore in the introduction of a brief outline on
basic [NMR] theory and anisotropic parameters is given. Furthermore, a set of
experiments is explained that allow the extraction of of solute and align-
ment medium and the monitoring of alignment strength throughout the sample
via residual quadrupolar couplings (RQCk).

After a brief overview on existing alignment methods and media in chapter 5,
chapter 6 is dedicated to the invention of covalently cross-linked poly(ethylene
oxide) (PEQ)) as a new versatile alignment medium. Earlier investigations with
hydrogels| that were covalently cross-linked by irradiation with - or y-rays
have shown considerable swelling in a wide variety of solvents®® ranging from po-

2In this work the term hydrogel is used even when the swollen material may not contain any
water, since the correct term amphigel describing the amphiphilic properties of cross-linked [PEQ]
networks is used rather seldom.



lar; like water, to apolar solvents, like toluene. Via a free radical polymerization
route, based on an «,f-bisacrylated [PEQ] derivative, an alternative reaction pro-
tocol has been developed to avoid the use of radiation sources. In this chapter,
it is described, how homogeneous cross-linked sticks of different cross-
link density for structure elucidation are derived avoiding significant amounts of
residual radical species in the polymer matrix. The suitability of PEO-DAl as an
alignment medium for the use in a variety of solvents and mixtures is demonstrated
with six different molecules ranging from small organic molecules (sucrose, bor-
neol, ethinylestradiol) over a peptide derivative (Gramicidin SP-F*5W) to proteins
(amyloid precursor protein and malectin) in chapter 7. Here, also a new method
for the semi-automatic extraction of couplings is introduced and compared with
the existing manual method.

In [chapter §| the received are used to gain information about both
structure and dynamics. This is achieved with a new type of molecular dynamics
(MD) calculations that is implemented in the software (MDOC]). In
order to evaluate the new method and to check its reliability, calculations with
one bond are demonstrated with selected examples (borneol, spiroindene,
staurosporine, ethinylestradiol).

In the properties of the PEO-DAl are evaluated by means of physical
properties and the swelling behavior in different solvents and mixtures is discussed.
Since the initial starting material used was with a low dispersity D and
the cross-linking of the «,-bisacrylated was carried out without additional
cross-linking agents, the distribution of inter-chain links is assumed to be less
stochastic. To investigate the ratio of the different network fractions represented by
cross-linked chains, dangling ends and highly mobile components, double quantum
relaxometric measurements were carried out. In the last chapter, the outcome of
the study is summarized and the results are discussed.



4 | NMR Theory

[NMRI spectroscopy is, as described in the introduction, the method of choice, when
the investigation of relative configuration and conformation of organic molecules is
desired. This chapter aims to introduce the basic principles and theoretical back-
ground of spectroscopy. Therefore, the measurable parameters like chemical
shift, scalar, dipolar and quadrupolar couplings are described. For a better un-
derstanding of alignment media in and the description of [MDOC] in
[chapter § the phenomena isotropy, anisotropy, and residual anisotropy are intro-
duced and the influence on the above parameters is explained. Furthermore
experiments for the extraction of couplings and the monitoring of the alignment
state are presented.

4.1 Nuclear spin and the resonance condition

4.1.1 Quantum mechanical description

Spin is a form of angular momentum, but generated without apparent rotation
and a quantum mechanical intrinsic property. Nuclei with a non-zero nuclear spin
quantum number I # 0 possess an intrinsic or nuclear angular momentum / (the

spin), which is quantized=®
1] = hyJI(I+1) (4.1)

with Planck’s constant h divided by 27 (the so-called reduced Planck con-
stant ). The nuclear spin quantum number [ of known [NMR] active nuclides
takes up half-integer (1/2, 3/2, 3/2, /2, ...) or — more seldom — integer values
(1,3,4,...,7) H The angular momentum I leads to a magnetic moment j7, which
is related by the expression:

i= T (4.2)

2So far, no stable nuclide is known with a nuclear spin quantum number I = 2 in its nuclear
ground state.




with the magnetogyric ratio v (also called the gyromagnetic ratio, in rad/7s) of
the particular nucleus. The quantization allows the z-component of the nuclear
angular momentum I, to take up only quantum mechanically allowed eigenvalues

Iz = h~ml (43)

m; is the magnetic quantum number and characterizes the corresponding eigen-
states of the nucleus. The magnetic quantum number m; is related to the spin
quantum number [ according to the condition

my = [LI—1,1—2,..., —I (4.4)

The spin quantum number [ sets the number of possible eigenstates or energy
levels (274 1) whereas the strength of the magnetic moment and therefore the
distance between these levels is determined by the magnetogyric
ratio . According to [Equation 4.2] the z-component of the nuclear magnetic
moment . is expressed by

, = my-vy-h (4.5)

Nuclei with the spin quantum number I = /2 (e.g. 'H, 3C, ®N) exist only
in one of two eigen- or spin states that are degenerate in the absence of magnetic
fields. In a static magnetic field By the potential energy of a nucleus possessing a
magnetic moment p is:

E = —u-By = —my-v-h-By (4.6)

For nuclei with a positive magnetogyric ratio ~, the energy difference between
the upper (excited) state, denoted with § (m; = —1/2) and the lower (ground)

state, denoted with v (m; = +1/2) is evaluated with [Equation 4.6

AE = ~-h-B, (4.7)

The energy gap between the nuclear spin states is proportional to the strength
of the static magnetic field By and to the so-called nuclear Zeeman splitting in
analogy to the Zeeman effect, which describes the splitting of electronic levels in
magnetic fields. The energy needed to stimulate a transition between the states is
calculated with the Bohr frequency condition (AE = h-v) leading to the resonance
condition®"

. B .
vy = T 20 o wo = 7By (4.8)
2T
For protons with vy = 2.675x10% T's™! the so-called Larmor frequency vy is

500 MHz at a field strength g@ of 11.7T. The energy needed for a transition is so
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low that at room temperature according to the Boltzmann equation (Equation 9.2))
the occupation difference is only about few parts per million (see also [section 9.1J).

4.1.2 Measurement principle

To meet the resonance condition, one can basically vary the magnetic flux density
B, at a constant transmission frequency (field sweep method) or the transmission
frequency vy at a constant magnetic field (frequency sweep method), while continu-
ously recording a spectrum. These so-called continuous wave (CW) methods were
mainly used until the end of the sixties. For practical reasons they were replaced
by the pulse Fourier transform method developed by Ernst, Anderson, et al2%2%
Here, NMR] active nuclei with the same Larmor frequency are simultaneously ex-
cited in the sample by a radio-frequency (If) pulse. One takes advantage of the fact
that a short time-switched [fl pulse contains a continuous frequency band centered
around its transmission frequency 4. The width of the frequency band required for
excitation is inversely proportional to the duty cycle length 7, which in practice
is on the order of a few microseconds (us). Furthermore, the shape and duration
of pulses can be chosen to increase the mentioned bandwidths (broadband exci-
tation) or to selectively excite, suppress or decouple areas of interest. Therefore,
the possibility to apply sequences of pulses gave rise to elaborate one-dimensional
experiments and enabled the acquisition of two- and higher dimensional NMR

spectra (see [ection 4.).

The radio-frequency pulses induce oscillating magnetic fields, which interact
with the precessing nuclei (see and , leading to a very
complex movement of the magnetization. Their description by the Bloch equations
can be greatly simplified by using a rotating coordinate system whose transversal
components z and y inversely rotate around z with the Larmor frequency. In this
so-called rotating frame, the [tfl pulses are characterized not by their field strength
and duration but by the axis of rotation and the flipping angle exerted on the net
magnetization of the spins (see .

When recording so-called one-dimensional (1D) spectra with the pulse Fourier
transform method, directly after the[fl pulse, a so-called free induction decay (FID)
is recorded that contains all resonance frequencies of the sample. A scheme of the
pulse sequence for the most simple version of a one-dimensional NMR experiment
to acquire an is shown in [Figure 4.1]

As the[FIDIrepresents the decay in intensity with time, it is Fourier transformed
to obtain the spectral information in the frequency domain.
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Figure 4.1: Sequence of a 1D-'H NMR experiment: dg is a delay, chosen such that the equi-
librium magnetization is restored. The pulse is illustrated as a vertical rectangle, its phase ¢
describes the effective flip angle and rotation axis (e.g. 902), directly afterwards the FID is
recorded. The receiver phase is denoted by ¢,.... The Larmor frequency of the operating channel
is indicated by the nucleus on the left (*H).

FT
—_—

t \Y

Figure 4.2: Time domain data contained in the FID is Fourier transformed to the frequency
domain resulting in a (nuclear magnetic resonance) frequency spectrum, where chemical shifts
are represented by peaks at the corresponding frequency.

4.2 NMR parameters

The most common parameters gained by [NMRIspectroscopy are the chemical shifts
(0), scalar (J) couplings and inter-spin distances determined with the NOEL

4.2.1 Chemical shift

As stated above, nuclei with a magnetic moment p have characteristic Larmor
frequencies, where transitions are induced when the resonance condition is obeyed,
that is, matching the energy difference between the occurring spin states. The
interesting feature of INMRI spectroscopy for chemists surely is not the distinction
of miscellaneous nuclides on the basis of their different magnetogyric ratios but the
possibility to differentiate nuclei according to their electronic environment. Under
the influence of the outer magnetic field 50, the electrons create a counteracting
magnetic field B:; The nuclei experience a local magnetic field B;C that deviates
from By by the amount of B..

BI;)C = g() - Be’ (49)
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The outer static magnetic field By is shielded at the location of the nucleus
depending on the electron density.

Bioe = By — 0By = By(1 — o) (4.10)

The term o is called shielding or screening constant, a non-dimensional aniso-
tropic tensorial quantity that has a directional dependence with respect to By. Its
diagonal form is

011 0 0
g — 0 0922 0 (411)
0 0 033

In solids, generally 017 # 095 # 033, but in liquids, fast molecular tumbling
within the time-scale of the [NMR] experiment leads to an averaged isotropic shield-
ing value that is represented by the average of the trace of the symmetric matrix:

Unperturbed electrons from spherical s-orbitals lead to a diamagnetic (atten-
uating) contribution o4, that can be calculated by the Lamb formula from the
electron density p(r) around the nucleus.

2 oo
a:gf:;/o rp(r)dr (4.13)

When the spherical symmetry of the electron distribution in molecules is per-
turbed, the diamagnetic effect is reduced. This diminution corresponds to a para-
magnetic contribution, which amplifies the effect of the static outer magnetic field
gg. The shielding o in molecules then coincides with the sum of diamagnetic and
paramagnetic components.

O = Oia + Opara (4.14)

Since it is not possible to evaluate absolute values for the shielding experimen-
tally, it is convenient to determine the resonance frequencies relative to a reference.
These so-called offset frequencies still depend on the field strength of the spectrom-
eter. To be able to compare [NMR] spectra, the so-called chemical shift § in parts
per million (ppm) is introduced by determining the deviation of observed signals
(Vsampie) Telative to the position of a reference compound (v,¢f) and then dividing
this difference by the resonance frequency of the reference vy,

§ — Ysample T Vref 106 (4.15)
VUref
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The resulting quantity reflects the influence of the chemical environment on
the static magnetic field, which is shifted on the order of pprm

4.2.2 Anisotropy of the chemical shift

Only scarce molecules are symmetric and therefore in general the distribution of
electrons is not symmetric in chemical compounds. For this reason the shielding o
introduced by the electrons is directionally dependent and accordingly the chemical
shift & is an anisotropic quantity. The mathematical description of the anisotropy
of the chemical shift (or the nuclear shielding) requires a tensor of second rank,
0 (a 3x3 matrix).

611 512 613
o= (512 (522 (523 (416)
513 523 533

In low viscous liquids molecules adopt all possible orientations during the mea-
surement because the Brownian motion causes molecules to tumble very fast (iso-
tropic averaging) and the chemical shift § appears to be a scalar quantity, even
though relaxation effects reveal the anisotropic nature of chemical shifts (see also
section 9.3)). The resulting isotropic chemical shift 9,5, is represented by the average
of the trace of the diagonal form of §

011 + 022 + 033
B 3

Low viscous liquids therefore allow observing highly resolved signals with iso-
tropic chemical shifts giving full width at half maximum (EWHM]) below 1Hz
where all orientational information is lost.

Depending on the direction with respect to the outer magnetic field, the chemi-
cal shift spans about several [ppm for protons in powders, resulting in the so-called
powder patterns in solid state NMRl In the solid state, this orientation depen-
dent information is present, but the overlapping of broad signals complicates their
assignment. gives a schematic comparison of isotropic and anisotropic
signals.

There are different conventions, describing the chemical shift tensor. In the fol-
lowing, the Herzfeld-Berger and the Haeberlen-Mehring convention are explained.

Siso = Tr(6)/3 (4.17)

Herzfeld-Berger convention

In the Herzfeld-Berger convention the tensor of the chemical shift is described by
three parameters, the isotropic value, the skew s and the span 2. The principal
components are ordered according to their size (Figure 4.3]).
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T Q T 8
Figure 4.3: Anisotropic chemical shift resulting in a spread powder pattern for solids (black

line) and isotropic chemical shift d;5, in liquids (blue line). Numbering of components according
to the Herzfeld-Berger convention 3!

A

011 > 022 > 33 (4.18)

The span €2 describes the maximum width of the powder pattern and is ap-
proximated by the difference between the components 917 and ds3.

Q- 00 11 — b33 (4.19)

1- Oref

The skew k characterizes the amount of asymmetry and the orientation of the
tensor. It is given by 3 times the displacement of d95 to the isotropic value d;,,
divided by the span ).

6 - 5@'30
k=32 _1<gk<l1 (4.20)

Haeberlen-Mehring convention

Following the Haeberlen-Mehring convention, the principal components are or-
dered according to their separation from the isotropic value in the traceless repre-
sentation.?!

‘62,2 - 5@'50' 2 ’(Smx - 6iso| 2 ‘5yy - 6iso| (421)

The isotropic chemical shift is the average over the components:

diso = (011 + 029 + 033)/3 (4.22)

and the so-called reduced anisotropy 0,eq

5red = 6zz - 51'50 (423)
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A characteristic measure for the chemical shift anisotropy Ad is then defined

by:

AS = 6. — 5;% _ ‘;’(xed (4.24)

In the Haeberlen-Mehring convention the asymmetry parameter 7 indicates
how much the line shape deviates from that of an axially symmetric tensor.

5yy — Oz

0<n<1 (4.25)
5red

’[’]:

4.2.3 Scalar couplings

The magnetic moments of the nuclear spins can interact with each other, whereby
the measured signals show a fine structure — they are split into multiplets. This so-
called coupling is mediated by different mechanisms: via covalent bonds (indirect-,
spin-spin-, scalar or J coupling), or through space (direct-, dipole-dipole-, or D
coupling). J couplings are mediated (indirectly) through chemical bonds between
spins. The reason is the hyperfine interaction between the nuclei and the local
electron shell. It then is mediated via a nuclear-electron interaction between the
nuclear spin and a non-spherical electron orbital or by Fermi contact interaction
due to a non-vanishing electron charge at the nucleus in s-orbitals. As a result,
the dependence of J couplings on the molecular orientation and the strength of
the external magnetic field Eo can be neglected. Therefore, J couplings are con-
sidered as scalar constants. Scalar couplings operate commonly intramolecularly.
The occurring couplings are field independent and allow conclusions to be drawn
about the contribution of the s-orbital or the hybridization and give information
about bond angles, distances and on the basis of the coupling patterns (multiplets)
information about the connectivities in molecules.

For the quantum mechanical description of J couplings it is useful, to introduce
the nuclear spin Hamilton operator H. It allows to calculate the evolution of
nuclear spin states with the time-dependent Schridinger equation. The basis is the
simplifying assumption that the electromagnetic fields of the relatively fast moving
electrons are averaged within the duration of the acquisition and bears on the
separation of time-scales between electronic and nuclear motion (spin Hamiltonian
hypothesis).*!

HY = 2m Jij(Lio Lo + Iy Ly + T 1)) (4.26)

In case that the coupling constant is at least ten times smaller than the dif-
ference of the Larmor frequencies between the coupled spins, the secular approx-
imation can be applied (weak coupling approximation). It states that only the
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energy, but not the wave function, is altered by a secular perturbation. Here, as a
consequence, the terms I;,/;, and I;, I, can be neglected, leading to

H =2rl;.1;. (4.27)

Heteronuclear J couplings for example between a carbon (13C) and a hydrogen
(*H), therefore can always be considered weakly coupled because their magneto-
gyric ratios separate their Larmor frequencies by several 100 MHz when operating
at high magnetic field strength. In the case of homonuclear J couplings, the differ-
ence in the chemical shift might be small enough that the transversal components
also contribute to the coupling and second order effects hinder the extraction of
the coupling constant as the secular approximation does not hold anymore.

The magnitude of the J coupling interaction depends crucially on the number
n and types of bonds between the spins denoted by a leading superscript and
the type of involved nuclei. The J couplings that were measured in this work are
heteronuclear ! J g coupling constants that take up values between 120 and 250 Hz,
the homonuclear vicinal 2.Jyy couplings that are almost always negative between
-20Hz and -10 Hz and furthermore, 3.Juy couplings that take up values between 0
and 20Hz. The size of 3Juy and 2Jcy couplings allow estimation of the dihedral
angles between the coupling nuclei with the semi-empirical Karplus relation®? or
more recent approaches 232

4.2.4 Dipolar couplings

The dipolar coupling of spins corresponds to the through-space interaction be-
tween two macroscopic magnets. This interaction can be attractive or repulsive,
depending on the orientation of the respective orientation of the north and south
poles against each other and disappears at certain internuclear angles with respect
to the outer magnetic field. The magnetic field induced by a spin I; contributes
to the external static field By and alters the field experienced by a adjacent spin
I;. The approximate equal occupation of parallel and anti-parallel spins with re-
spect to éo leads to a split signal (see also — a dipolar coupling D;; is
observed.
The full Hamiltonian for the dipolar coupling is

3
a3

77D, to Ho 7i7j P> \(T.z i7
Hé)t t_ _ Mo i (3([,;€¢j)<jj€ij) -1 j) : (4.28)

where g is the permeability of the vacuum, the magnetogyric ratios of the
coupling nuclei are ; and 7, with the distance r;;. €;; is a unit vector aligned
parallel to the internuclear vector. I and I ; are the angular momentum operators
of the spins with the dot product
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[P S S (4.29)

The fraction before the operator term represents the magnitude of the dipolar
coupling. It depends only on the inverse cube of the internuclear distance and the
magnetogyric ratios of the coupling nuclei.

o Yivih
by = — 4.
T An Tf’j ( 30)

If the vector operators in |Equation 4.29| are multiplied, [Equation 4.28| can be
represented in the form

Hg’wt = bz] lef] . (431)

The tensor of the dipolar coupling D reflects the directional dependence of this
interaction. In the principal axis system (PAS]) of the dipolar interaction tensor, it
is traceless in its diagonalized form and therefore its isotropic mean value is zero.
Neglecting the non-secular parts of the dipolar coupling (high field approzimation),
the shape of the obtained secular Hamilton operator ﬁg #¢“ depends on whether
the spin system is homo- or heteronuclear. The reason for this is that the secular
approximation neglects the differences of near-related energy levels. However, their
location is crucially influenced by the type of the nucleus. In the homonuclear case,

the secular Hamiltonian is given by

~ 1 A ~ A
a2 = by 503 cos?0;; — 1) (31, 1;, — L,I;) , (4.32)

where the term (3cos?6,;; — 1) reflects the angular dependence between the
internuclear vector 7;; and the direction of the static magnetic field By (see also

Figure 4.4)).
In the heteronuclear case, for different nuclei, the secular Hamiltonian for the
dipolar coupling is given by
N 1 A A
Hilj)’hd = bij 5(3 COS2 eij - ].) QIzz]jz (433)
The dipolar coupling D depends therefore on the internuclear distance r;;, the

angle 0;; between the internuclear vector and the static magnetic field go, and the
magnetogyric ratios «; and ;.

p__Ho %73171
81 T

If the internuclear distance 7;; and the angle ¢;; vary within the [NMRI time-

scale, an average dipolar coupling is obtained. The source for a varying internuclear

(3cos®0;; — 1) (4.34)
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Figure 4.4: Illustration on the dependency of the internuclear angle 6;; with respect to the
outer static magnetic field g@ and the dipolar coupling D;; for two spins I; and I; with positive
magnetogyric ratios. The coupling arises from the fact that the spins can be oriented towards
each other either parallel (a) or anti-parallel (b). The (average) angle between the outer static
magnetic field By and the internuclear vector r;; scales the size of the interaction. Note that
the graph (c) intercepts the zero line and changes the sign at about 54.7° and 125.3° that both
represent the magic angle. In powder spectra the dipolar coupling leads to a characteristically

split signal, the Pake pattern (Figure 4.5)). Adapted from reference®

distance 7;; may arise from vibrational or conformational changes depending on
the separation of interacting atoms. For example the distance between a hydrogen
directly bound to a carbon may vary within 10 to 100£s*® with a fundamental
wavenumber 7 near 3000cm™, such as an acetylenic CH stretch, or for a low
frequency molecular mode respectively. Therefore the average distance (r;;), scales
the dipolar coupling. The analysis of more distant parts is hampered through the
inverse dependency on the third power of r;; and conformational averaging for
flexible molecular entities. If two or more molecular conformations are present in
the sample, the dipolar couplings represent an ambiguous average over the entire
conformational ensemble.

D(05,745) =

 poviih <3 cos?f;; — 1 > (4.35)
t

3
8T T

The indexed bracket in [Equation 4.35| expresses the averaging of the angle 6;;
and distance r;; over time. Hence in powder spectra the rotational averaging is
hindered and the orientation of r;; is preserved within the NMR]time-scale. Powder
spectra therefore show characteristic Pake patterns,*” representing the uniform
distribution of (fixed) orientations in the sample (Figure 4.5). In solid state the
dipolar coupling D results in splittings on the order of kilohertz and takes up
negative and positive values depending on the angle 6;; and the magnetogyric
ratios. The one-bond dipolar coupling of a sp3-hybridized 3C-'H pair aligned
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with the field with an internuclear distance of 109.3pm is 23.15kHz 58 the same
orientation of a sp?-hybridized »N-'H pair of a peptide (100.9 pm) gives rise to a
dipolar coupling of -11.85 kHz.

0,= 90° 0,= 90°

0,=0°
2 1 0 —1 -2 Dy

Figure 4.5: The Pake pattern arises from the fact that the internuclear alignment of the two
spins can take up only two possible orientations (parallel or anti-parallel) along the field B}
(0°), but an arbitrary amount perpendicular to it (90°). At the magic angle (54.7°) the dipolar
coupling interaction vanishes.

In practice, all active nuclei in solid state spectra couple within a radius
of 800 pm which means that signals chemically shifted by several parts per million
with couplings of few Hz can no longer be resolved due to several tens of kHz wide
dipolar splittings and consequently, bands are acquired. In isotropic liquids, no
dipolar coupling is observed, as during the measurement time the nuclear spins are
rapidly reoriented by Brownian motion, allowing the internuclear vector between
the coupled spins to take up all possible orientations ¢;; towards the static magnetic
field By, and (cos?6), = V3. In liquids, still the non-secular contributions of the
dipolar coupling become observable through the cross-relaxation phenomenon of
NOE

In solids, dipolar couplings contain valuable orientational information result-
ing in broadened spectra that lack of resolution of chemical shifts and J couplings,
while in liquids high resolution of chemical shifts and .Jcouplings are obtained
at the expense of orientational information. By applying partially orienting con-
ditions, the advantages of solid and liquid state [NMR] can be combined while
compensating the disadvantages.
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4.2.5 Quadrupolar couplings

More than two-thirds of the NMR]active nuclei have a nuclear spin I > 1/2 and thus
have quadrupole electric moments in addition to the magnetic dipole moment. This
quadrupole moment results from the charge distribution of the nucleus. Instead
of a spherical charge distribution, as found in nuclei with I = 0 or I = 1/2, they
show a prolate (e@) > 0) or oblate (e} < 0) charge distribution around the nuclear
angular momentum axis. Analogous to the electric dipole moment (the product
of charge and distance), the quadrupole moment results as a product of charge
and area. Electric quadrupoles can interact with the electric field gradient (EEG]).
The strength of this quadrupole interaction depends on both the magnitude of
the quadrupole moment and the size of the present [EFGl While the size of the
quadrupole moment e() is a scalar constant characteristic of each nuclide, the size
of the[EFGlacting on the nucleus is essentially determined by the chemical environ-
ment of the nucleus, determined by existing coordination and bonding conditions.
In the simplest case (first order quadrupolar interaction, axially symmetric [EFG)),
the following Hamiltonian is obtained, describing the position of their energy levels

N 1 . A
Hy = wéé(?)lf —I(I+1)1) . (4.36)
With the quadrupole coupling constant X,
2
x, = ¢ ZQ (4.37)

consisting of the electric field intensity e, the electric charge ¢ and the nuclear
quadrupolar moment @), the first-order quadrupolar coupling wb then is given in
terms of X, by the following expression

wy(0) = Ié}r?qu);(g cos’0 —1) forn=0 (4.38)

with the angle 6 between the principal z-axis of the electric field gradient tensor

and the static magnetic field g(]. This directional dependency leads to quadrupolar

split signals (Avg) in the range of kHz to MHz. In liquids, the quadrupolar

coupling is not observable for the same reasons as for dipolar couplings, since all
possible orientations are taken up by the spins throughout the acquisition time.

4.2.6 Residual anisotropic NMR parameters

In order to obtain valuable structural information from anisotropic interactions
without sacrificing the high chemical shift resolution present in liquids, low residual
orientation of mobile molecules must be maintained to scale down (full) anisotropic
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parameters to residual anisotropic parameters (close to zero, but not zero). The
13C-'H dipolar coupling of 23.15kHz, for example, leads to a splitting of 46.3 Hz
if 0.1% of the orientation is not canceled during the measurement time. This
is achieved with the help of so-called aligning conditions. Here, to reveal the
anisotropic parameters while maintaining the chemical shift resolution, a so-called
partial alignment of solutes is established. Then a small fraction of anisotropic
interactions between spins remains, as the molecular tumbling fails to average
out all anisotropic interactions. In this work and were measured
and evaluated. Therefore, an introduction on the considerations and concepts for
the description of the partial alignment and measurement of residual anisotropic
parameters is given.

4.3 Description of partial alignment

Theoretically, [kquation 4.34] could be used to calculate the desired distance and
angle information using [RDCk. Unfortunately the remaining average orientation
is not known a priori. Moreover, one cannot readily separate the fractions of 0;;
and r;;. To solve this problem, Saupe et al. proposed an approximation,*” with
which it is possible to describe the partial alignment.

4.3.1 The alignment tensor

When neglecting internal vibration and rotation, and assuming the distances be-
tween coupled nuclei to be constant (rigid molecule, one- or two-bond interac-
tions), the averaging of the dipolar coupling in |[Equation 4.35 only depends on
global molecular rotations and therefore on the angles ;; between the internuclear

vectors 7;; and By. However, for the description of the orientation-dependent aver-
aging by the molecular motion, it is helpful to choose a freely selectable reference
coordinate system that is anchored to the molecule.

The principal axes system

This molecule-fixed coordinate system is called principal axis system (PAS), in
which the position and orientation of the magnetic field vector By changes de-
pending on the tumbling motion of the molecule.

The can be chosen such that the diagonal representation of the tensor of
the dipolar coupling is derived.

“bij/2 0 0
DA =1 0  ~by2 0 (4.39)
0 0 by
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Figure 4.6: The reference frame of the principal axis system (PAS) in borneol, a rigid molecule,
follows the molecular motion and leads to an effective variation of the magnetic field orientation.
In the laboratory frame (LAB), the molecule is tumbling with the field By defining the z-direction.

The probability tensor

Due to the axial symmetry of the magnetic field By and by assuming an axial-
symmetric alignment environment pointing in the same direction as the magnetic
field Eo, one can now describe the possible arrangements of the magnetic field with
the probability tensor P.

P.s = (cos ¥, sinvg) a, B E€x,y, 2 (4.40)

This tensor is a second-order approximation of the orientation-dependent prob-
ability distribution of the magnetic field vector with respect to the molecule-fixed
coordinate system. It is represented by a 3 x 3 matrix with the matrix elements
of P,3. These describe the average probability of finding the magnetic field at an
angle 9., ¥, or ¥, with respect to the molecule-fixed coordinate system (see also
. The residual dipolar coupling of a coupled heteronuclear spin pair I;
and I; (Equation 4.33)) along the unit vector of constant distance r7; for a known
probability matrix P is given by:

ryivipo (1 T
Dy =~ 7 (3r" Pri; — 1) (4.41)
For the probability distribution, the condition applies,
PI;U+Pyy+Pzz:1 (442)

Thus, the symmetric probability tensor can be determined with five indepen-
dent parameters. The graphical representation of this tensor is an ellipsoid linked
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to the molecule. The three main axes z, y and 2z of this ellipsoid correspond to
the eigenvectors of P, and the length of its three semi-axes is defined by their
eigenvalues P, P, and P,. Usually they are arranged so that P, < P, < P..

AP

-
AT

() (b) (©)

Figure 4.7: Probability tensors P, (a) spherical or isotropic, (b) axially symmetric and (c¢) with
three different components P, < P, < P,.

The alignment tensor

Although the probability tensor P adequately describes the behavior of static
molecular structures in an anisotropic environment and appears to be easy to un-
derstand, another description has been established using the alignment tensor A.
It is proportional to the probability tensor P and linked to it via

A:p_;]l (4.43)

Here, 1 is the unity matrix. The [PASbf the alignment tensor corresponds
with that of the probability tensor. The alignment tensor describes how much
the behavior of a molecule deviates from the isotropic mobility and hence directly
the magnitude of the alignment. It is a real, traceless, symmetric matrix and like
the probability tensor P, it is defined by five independent elements. Thus, for its
evaluation at least five independent need to be known. The relation of the
alignment tensor A to the dipolar coupling D;; can be deduced from [Equation 4.43|
giving

Myivitto (3 (o a1 4 -
Dij = — 167:'2 3 (ST’Z'J‘TAT’Z‘]' — ].) (444)

It is custom to arrange the main values of the alignment tensor A according
to the absolute values |P,| < |P,| < |P,|, whereby the respective axis assignment
can change in comparison to the probability tensor P.
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The Saupe matrix

Originally, Alfred Saupe was involved in the research and interpretation of partial
alignment in nematic liquids2%#Y He proposed the so-called Saupe or order ma-
trix S, which is also used in place of the alignment tensor A. It differs only by a
factor 2/3 of the alignment tensor A.

2
S = §A (4.45)

The alignment can also be characterized by axial (D,) and rhombic (D,) com-
ponents of the alignment tensor A

D,=SA, D,=A,—A, (4.46)

With the determination of RDGE, it is thus possible to determine the alignment
tensor, which allows statements about the mean time alignment of a molecule in
the magnetic field. Conversely, with a known alignment tensor for arbitrary spin
pairs [; and [; of a known structure, one can predict [RDCk. In this context,
it is important that these statements apply only to rigid molecules in which the
coordinates of atoms within the can be assumed as fixed. With the help of a
singular value decomposition (SVD)) (vide infra) a structure proposal can then be
evaluated by the correlation between the experimental to the calculated parameters
based on the alignment tensor. 24 It is therefore not surprising that many RDC-
based applications for structure elucidation are carried out with molecules having
an assumed rigid structure.

However, most organic molecules tend to be more flexible, so methods have
been developed to make this type of molecules available for structure elucidation
using anisotropic [NMR] parameters. Using the alignment tensor, it was possible
to obtain information on molecules that are present in different conformations.

Flexible molecules

In flexible molecules, the assumption of a constant internuclear distance r;; is no
longer permissible. The internuclear distance r;; and the angle 6;; now depend on
the conformation. In addition, the global rotation and translation of molecules
is superimposed by conformational transformations. If these two effects differ in
their duration, they can be separated. For example, for two conformers, which
are slowly interconverted in comparison to the reorientation in the medium, two
separate alignment tensors are obtained. Molecular vibrations interact with exter-
nal mobility, resulting in a measured error typically less than 5%.4% If the
measured have a larger error, the error from molecular vibrations can usu-
ally be neglected. A prerequisite for this, however, is a certain minimum molecule
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size, since otherwise the error may play a role, which could be demonstrated by
means of molecules with tetrahedral symmetry such as methane or tetramethylsi-
lane. According to the static approximation, such molecules should actually show
no anisotropic behavior and demonstrate limitations of this simplification “°

4.3.2 Mean field theory

A different approach than calculating the alignment tensor of a discrete structure
is provided by the mean field theory*” Instead of the alignment tensor, which
effects the averaging over all orientations of a rigid molecule, one can reconstruct
the averaging of the measured with a diversely weighted ensemble popu-
lating the conformational space. This way flexible systems have been described
via the rotational isomeric state model (RIS)*® where molecules are treated as if
they only occupy a set of discrete dihedrals corresponding to their potential min-
ima. Sampling a conformational space that resembles the averaged parameters
obtained by the experiment can be achieved when describing the conformationally
dependent probabilities of finding a molecule in a certain orientation as a sum of
anisotropic and isotropic potentials (Additive potential theory, AP).4? The method
requires the definition of a functional form for the isotropic limit conformational
distribution and allows the separate treatment of molecular fragments. Another
method involves thermodynamical considerations of the entropy for determining
conformational diversity (maximum entropy (ME])). Furthermore, combinations

of AP and have been reported (APME™").

4.3.3 Single and multi tensor approaches

With the knowledge of contributing conformers, for example, from measured 3/ cou-
plings and NOE distances or from quantum mechanical calculations, the alignment
tensor can be deduced from an averaged conformer based on the structural en-
semble (single tensor fit). The same applies to a variant, in which are
calculated from several alignment tensors from the entire ensemble, weighted ac-
cording to their respective population (multi tensor fit) and verified with measured
experimental for structure elucidation. The combination into a theoretical
conformation (single tensor fit) is suitable rather roughly, as the multi tensor fit
is more physically sound, but a large number of needs to be acquired that
may not be approachable.

If the interconversion of conformers is fast, only an averaged alignment tensor
is observed. To gather a minimum set of relevant (weighted) conformations re-
sembling the experimental data, a method has been reported recently, (computer
assisted 3D structure elucidation, CASE-3D) where the simplest data explaining
conformational model is selected to represent the conformational flexibility 22!

26



4.3.4 Separate treatment of molecular subunits

Another possibility is to determine the individual alignment tensors for molecu-
lar subunits and to correlate these local alignment tensors®2°2 with each other.
The one structural proposal is considered most realistic, whose eigenvectors of
the respective alignment tensors are co-linear with one another. Since flexibility
increases the number of discrete subunits, highly flexible molecules, as well as in
the multi tensor approach, require many values (i.e., at least five per local
alignment tensor) for this method.

4.3.5 Molecular dynamics simulations

Molecular dynamics (MD) simulations provide the sampling of huge conforma-
tional ensembles at a relative low computational effort compared to ab initio
methods. Here, a parametric classical force field simplifies the calculation of oc-
curring conformations and their energies. It is also possible to incorporate
parameters into the force field that act as restraints or constraints respectively. In
restrained MD (r-MD) runs, the force field potential functions are extended with
energetic penalty terms.” Via a simple alignment model, are predicted and
the conformations are elucidated by a structure determination approach based on
anisotropic parameters. Both angular as well as combined angular and distance
restraints have been utilized *>®? The direct combination with other NMR] observ-
ables such as scalar couplings or NOE-derived distances as constraints has proven
to be an effective tool for structure verification and refinement 2#°%°1 Unfortu-
nately, the single alignment tensor approximation to a molecular frame of reference
represents a fundamental problem in such so-called scalar methods. The resulting
ensembles can fulfill experimental conditions, but do not necessarily reflect the
actual structural ensembles.

Sternberg et al. have proposed the analysis of anisotropic NMR] properties,
such as quadrupolar couplings (QC), chemical shifts anisotropies (CSA) or dipolar
couplings, by performing molecular dynamics which make use of the full tenso-
rial properties as constraints (molecular dynamics with orientational constraints
(MDOC])). In this fundamentally different approach is applied with one-
bond carbon-proton that does not make any assumptions on the molecular
shape or the corresponding overall alignment (tensor-free approach).“*

62H66
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4.4 Extraction of residual dipolar couplings

To measure [RDCE, the molecules need to be partially aligned, as stated in
[section 4.2.6, The then manifest themselves as difference departing the
so-called total couplings T from the scalar J couplings measured as reference in
isotropic conditions. The line splittings of these total coupling constants corre-

spond to the sum of the scalar J coupling and induced residual dipolar coupling
AvP.
ij

T = Jij + Avpy; (4.47)

If the sign of the magnitude Avp;; is known, the (residual) dipolar coupling
in this work is denoted by the symbol D;;. In order to differentiate splittings
(a frequency distance Av) from couplings (corresponding rise or fall of energy
according to the dipolar coupling Hamiltonian) the following definition is applied

|Dyj| = Avpy; (4.48)

Based on the nomenclature of the scalar Jcouplings, indexing such as "D;;
or "T;; couplings are adapted in this work. Here, n denotes the number of bonds
connecting the spin pair /;1;, but it is important to remember that this is done only
formally and for easier comparability and assignment of corresponding 7', J and D
couplings. However, for n> 1, the dipolar coupling is mediated along the connect-
ing line between the spins (beeline, across the space) rather than along the chemical
bonds, and at n=1 the bonding and internuclear vectors are identical. One should
therefore not rely on the fact that with increasing number of bonds between cou-
pled spins, the spatial distance automatically increases.

4.4.1 Choice of NMR experiments

In principle all experiments can be used for the extraction, where scalar J and
total T couplings emanate as detectable splittings. In one-dimensional 'H exper-
iments, homonuclear proton-proton couplings "Jyy are routinely used for the as-
signment of signals. At high resolution, the coupling between carbon and hydrogen
becomes visible as split satellite signals. The coupling LJcy of these satellite signals
is also present in non-decoupled one-dimensional 3C spectra. Unfortunately, due
to overlapping signals and poor signal-to-noise-ratio , only a low accuracy of
the couplings is commonly achieved. In the following, general considerations and
experiments are presented that allow accurate and unambiguous data acquisition.
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General considerations

As previously described, dipolar couplings have a positive or negative sign de-
pending on the alignment of the coupled spins. Scalar 1J couplings are positive for
nuclei with a positive magnetogyric ratio v, whereas geminal 2 Jyy couplings can
be both positive or negative. For the exact determination of with sign two
consequences result from [Equation 4.47]

First, it is crucial that the order of magnitude of the alignment must be such
that the scalar J coupling is about an order of magnitude greater than the respec-
tive to clearly determine the effect of the on the total coupling.

This is related to the fact that couplings are measured as a frequency distance
Avp;; between two peaks which only reveal the magnitude but not the sign. If
the alignment is too strong, (among other problems like broadening of lines and
fast relaxation) the above equation (Equation 4.47) provides ambiguous values for
Avp;;. For example in the case of a proton bound directly to a carbon, their
scalar coupling YJey can take up a typical value of 130 Hz. If the total coupling is
determined with 500 Hz the dipolar splitting Avp,; could be either positive 370 Hz
or, as the coupling peaks might have exchanged their order, a negative value of
-630 Hz. When operating at lower alignment, e.g. Avp;; values within +50 Hz are
observed, the Yy coupling is increased or decreased such that the order of all
peaks is preserved and the residual dipolar coupling D;; can be extracted with the
sign. To meet these requirements, in this work an alignment medium was designed,
offering the necessary weak and scalable aligning conditions.

The second consequence results from the necessity to measure geminal 2Jyy
couplings sign-sensitive, therefore an experiment was applied that reveals the sign
of the geminal homonuclear scalar couplings ?Jun (see also . For
the extraction of !Dcy couplings, an altered two-dimensional heteronuclear single-
quantum correlation (HSQC) experiment for the necessary accuracy was carried
out which will be presented below. For the extraction of !Dyy couplings in malectin
and APP, complementary .J-coupled IPAPJHSQCE were acquired.*”

Not only the alignment strength but also its homogeneity essentially influence
quality and reliability of acquired [RDCk. The homogeneity of the alignment cor-
relates strongly with the homogeneity of the medium of the sample. Deviations
in the magnetic susceptibility of the sample cause an inhomogeneous magnetic
field distribution that lead to experimental errors. In general, any high resolution
NMR experiment requires an initial homogenization of the By conditions, which
are perturbed by the sample itself, fluctuations in the superconducting magnet
and changes in the environment. This is performed by shimming that is inducing
additional magnetic fields with the help of so-called shim coils. To differentiate
between sample and field induced inhomogeneities a spatial chemical shift profiling
experiment is applied to monitor strength and homogeneity of the alignment as
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well as the field homogeneity.

Monitoring the alignment

When analyte molecules are subjected to partial orientation by one of the methods
described in the following [chapter 5] it is of interest to examine the condition and
quality of the alignment state.

Deuterium NMR

A very simple method to check if a partial alignment has been established is, to
record a one-dimensional deuterium (1D ?H) spectrum, when working in deuter-
ated solvents (see . The quadrupole moment of the deuterium spin-1
nucleus leads to the occurrence of so-called residual quadrupolar splittings Avg
(see also [subsection 4.2.5)) that are a sensitive indicator for partial orienting con-
ditions in the sample.®® Throughout this work, quadrupolar splittings Avg have
been used exclusively, to monitor and evaluate the quality and strength of aligned
samples. However, structural analysis approaches using residual quadrupolar cou-
plings (RQCk) with respective methods presented in [section 4.3 were omitted since
the low natural abundance of 2H of 0.0115% demands either isotope substitution
protocols, spectrometers equipped with specifically developed probeheads®
or tremendous experimental times ™

4.5 2D NMR based coupling determination

The invention of the Fourier transform method enabled the practical application
of two- and higher dimensional NMR methods. The basic concept is the imple-
mentation of elements that can be incremented into the pulse sequence that are
transformed to gain further dimensions. This can be carried out only on a sin-
gle channel (homonuclear) or extended by further channels for other nuclei (het-
eronuclear) and/or additional experimental techniques that alter the magnetic
field profile (gradients) or trigger other stimuli (e.g. light, orientation). Unlike
multi-dimensional spectra, where all axes represent frequencies or chemical shifts,
respectively, in so-called array NMR spectra a set of individual spectra is acquired
sequentially and at least one dimension represents an observable other than a res-
onance frequency. In the following, a short introduction on the experiments for
evaluation of the alignment and the extraction of that were utilized in this
work is given.
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Figure 4.8: 1D 2H spectrum: the residual quadrupolar coupling Avg splits the observed
peak of the deuterium resonance of partially aligned cloroform-d (CDCl3) in poly-vy-benzyl-1-

glutamate (PBLG).

Deuterium NMR chemical shift profile

As mentioned above, one-dimensional deuterium NMR spectra reveal the occur-
rence of anisotropy. As all deuterium spins in the whole active volume give rise
to the spectrum, it is not possible to distinct if broadened lines result from inho-
mogeneities of the field or from the sample. To overcome this problem a so-called
deuterium NMR imaging experiment has been developed™ to probe the spatial
distribution of alignment in a two-dimensional fashion.

In pulsed field gradients of constant duration with incremented gra-
dient strength lead to a deviating phase of the chemical shift depending on the
position along the z-direction within the sample (see also . The indi-
rect dimension is then acquired by sequential mapping of the Fourier transformed
(second dimension) according to the respective gradient strength (first di-
mension).

One-bond heteronuclear RDCs

The most accessible RDCs are one-bond heteronuclear couplings. In organic chem-
istry, CH- and NH-groups form the most common directly bound heteronuclear
spin pairs and for the evaluation of their coupling constants, [HISQC| experiments
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Figure 4.9: NMR imaging pulse sequence: after an excitation pulse a z-gradient is incremented
in a series of acquired FIDs.
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Figure 4.10: After the excitation pulse, the spins throughout the sample (green) rotate along
the z-axis with the same Larmor frequency wy (a). The blue cylinder represents the transversal
distribution of the field strength of B, along the z-direction and the arrows coherent spins in
the z/y plane after the m/2 excitation pulse. When the gradient is switched on (b), the effective
field B;H becomes a function of z as it is now the sum of g@ and the field gradient Egrad (2). The
gradually shifted field experienced by the spins alters the Larmor frequencies leading to shifted
phases according to their position along the z-direction (phase encoding). The amount of the
relative phase shift depends on the strength and duration of this pulsed field gradient. When the
gradient is switched off, the phase shift remains and only the spins within a slice of the sample
(with the same phase) contribute to the recorded FID.
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are in principle suitable when heteronuclear decoupling is omitted (see also
, the gray decoupling element during acquisition).” The splittings can then
be extracted from the coupled dimension. There exist various types where fast and
accurate measurement in the indirectly acquired dimension is feasible without loss
of information and the smaller line-widths of the heteronuclei give the advantage
of defined splittings.™ However, when taking heteronuclear spin multiplicity of
methylene (I,S) and methyl groups (I3S) into account, it is convenient to apply
an HSQC experiment, which is coupled only in the direct dimension (te-coupled
HSQC, see [Figure 4.11)). This way of prochiral methylene protons can be
assigned individually.

Commonly, the [ HSQC]sequence consists of an initial so-called insensitive nuclei
enhanced by polarization transfer (INEPT)) from proton ('H, for historical reasons
often denoted by 'I") to an insensitive nucleus, for example carbon (**C, denoted
by "S"). In the following, during an incremented period ¢; with a centered 7 pulse
on the protons, carbon-proton single quantum coherence evolves. The 7 pulse
refocuses the coupling evolution in the first (indirect) dimension. Finally, in a re-
verse [NEPT step, spin magnetization is transferred from carbons back to protons,
where the recorded FIDs are Fourier transformed twice, first with respect to t, for
the direct dimension, then to t; for the indirect carbon dimension.

Y
1H I T1 |_| ! I |_| ! T1 t2

"0 |_| | t | |_| Dec
1 1
Al B | C | D | E

Figure 4.11: Schematic of a conventional HSQC experiment. Equilibrium magnetization of
protons turned into the transversal plane by a 7/2 excitation pulse on protons (A). The pro-
ton transversal magnetization is transferred on carbon using an INEPT step (B). During the
following period ¢; carbon-proton couplings and chemical shifts evolve while proton chemical
shifts and (heteronuclear) couplings are refocused by a 7 pulse on protons (C). In the following
reverse-INEPT step, magnetization is transferred back to protons (D), where it is observed. In
conventional HSQC, where heteronuclear couplings are not desired, additional broadband decou-
pling is applied on carbon during the acquisition (gray box, E). Without broadband decoupling
in the direct dimension, ¢s-coupled spectra are derived. Adapted from Reference ™
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In conventional to-coupled HSQC experiments in isotropic media, the narrow
range of 1J couplings (in aliphatics Jog: 135415 Hz, in peptides Yxg: 9246 Hz)
allows a nearly optimal setting of the transfer time 7. With

1
C4J

for a typical value for a Yoy of 135 Hz the optimal value for 7; is about 1.9 ms.
With the rise of additional residual dipolar couplings (D), occurring total cou-
plings (!T) depart within a larger range, so that the [NEPT] no longer contains
transfer times appropriate for all spin pairs. Residual anti-phase (AP) magneti-
zation causes artefacts and perturbed signal forms that hamper reliable coupling
extraction. Another usually unwanted effect in the coupled HSQC experiment is
the appearance of primarily dispersive anti-phase cross-correlations of more dis-
tant protons. The reason for this are present ™J couplings (n > 1) that neither
match the transfer times of the INEPT step. A strategy to circumvent this prob-
lem is to utilize the so-called clean in-phase HSQC (CLIP-HSQC]), which provides
excellent quality spectra, by removing heteronuclear anti-phase magnetization ™
This is achieved by a 7/2 pulse in the *C channel just before the data acquisition,
which converts any existing anti-phase coherence into undetectable multi-quantum
coherences.

(4.49)
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Figure 4.12: Schematic of a t3-coupled CLIP-HSQC experiment. The last 7/2 pulse converts
anti-phase coherence into undetectable multi-quantum coherence. Broadband decoupling is omit-
ted to derive the couplings in the direct dimension. For a more detailed description with phase
cycling and gradients see Reference ™

Geminal homonuclear residual dipolar couplings

The geminal couplings acting in methylene groups represent another easily measur-
able quantity. Therefore the two-dimensional so-called primitive exclusive HSQC
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(PE HSQUC) experiment™ has proven to provide the simultaneous and sign-sensitive
measurement of heteronuclear one bond ey +!'Dcy couplings and geminal homonu-
clear 2Jn +2Dun couplings and has therefore been utilized in this work. As with

the CLIP-HSQC both homo- and heteronuclear couplings are extracted in the

direct dimension and are therefore easily comparable. In contrast to previous ex-

periments for extraction of homonuclear couplings, only one spectrum has to be

captured, without the need to consider multiplicities of methinyl (CH), methylene

(CHz) and methyl groups (CHg).

(a) I 'f\
1 t1 t2
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Figure 4.13: Schematic of the homonuclear P.E.COSY experiment (a) and a simple version
of its heteronuclear version, the P.E.HSQC (b). %

The [P.E.HSQC] is the heteronuclear version of the exclusive correlation spec-
troscopy (E. COSY)™™ and the primitive exclusive correlation spectroscopy (P.E.
COSY )™ experiment, which allow the sign-sensitive coupling measurement be-
tween three coupled spins. With the E.COSY principle, simplified cross-peak
multiplets are obtained by exclusive excitation of so-called connected transitions.
The cross-peaks of a spin pair I;/; in a three-spin system I;/;I; then appear only
in those parts of the multiplet pattern in which the spin states of the third nucleus
I, remains conserved. A prerequisite for obtaining such an E.COSY pattern is
that the mixing of spin states with the passive spin I is prevented. The coupling
between I; and I; then becomes visible from the passive coupling of the I;I; cross
peak as a displacement of two in-phase multiplets, which are separated in the indi-
rect dimension. For this, the coupling between /;1; must be weak and greater than
the line width. The highest sensitivity E.COSY technique is primitive exclusive
COSY (PE_COSY]), in which retention of spin states is achieved by a small flip
angle 8 of the mixing pulse and subtraction of the dispersive diagonal over a ref-
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erence spectrum in a phase cycle. The resulting cross peaks contain strong signal
intensities for connected transitions, but disappear on unconnected transitions.="

The P.E. COSY is easily transferred to the heteronuclear P.E.HSQC™ by simply
introducing an INEPT step, to transfer and convert the evolving magnetization to
gain cosine modulated in-phase signals in the indirect dimension. In
the most simple version with purge gradients is shown.

The homonuclear geminal couplings can be extracted with sign according to
the tilt of the multiplets in a similar fashion as in the homonuclear P.E.COSY
experiment.
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Figure 4.14: Sign-sensitive extraction of couplings using a P.E.HSQC spectrum with positive
(black) and negative (blue) peaks: shown is the region of the methylene proton H6.,, multiplet
of borneol in P.E.HSQC experiments recorded in isotropic conditions (dissolved in chloroform-
d) (a) and anisotropic conditions (in cross-linked poly(ethylene glycol)-diacrylate (PEG-DA)
swollen and uniaxially stretched in chloroform-d)(b). Both heteronuclear one bond en+'Den
couplings and geminal homonuclear two-bond 2Jiy +2Dyu couplings can be extracted with sign
according to the tilt of the signals. In this example the 'Dcy is only -1.0 Hz, the homonuclear
geminal residual dipolar coupling 2Dyy is +26.4Hz.

Note that the value of the homonuclear geminal residual dipolar coupling 2Dy
in would be estimated as -0.8Hz, when no sign sensitive experiment
was used neglecting the change of the sign in the geminal homonuclear two-bond
total coupling 2Jum +2Dur while the correct value is +26.4 Hz! The P.E. HSQC
clearly reveals this sign inversion by the tilt of the E.COSY-type multiplets.

4.5.1 Extraction of couplings

To extract the couplings, the frequency difference of doublets is evaluated. When
evaluating LJxy couplings in proteins and peptides, it is straightforward to directly
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subtract the resonance frequencies from the peaks, as they are quickly derived by
so-called peak picking. Peak picking can be applied in this case because the reso-
nance frequency of the amide protons is well-separated from other proton resonance
frequencies and second order artefacts due to strong coupling can be neglected.
This is especially convenient, when spectra contain numerous signals. As the sig-
nals of the amide protons are already broad due to exchanging protons, one can
assume an error that corresponds to the line widths.

However, in the general case, second order artifacts arising from strong cou-
pling need to be considered. Aside from that, in small organic molecules usu-
ally much sharper lines are obtained. Therefore, a method has been developed
and demonstrated® that allows the evaluation of individual errors for each peak.
The method consists of overlaying slices of doublets with themselves (heteronu-
clear couplings) or overlaying displaced rows (from P.E.HSQC) with each other
(homonuclear couplings). One slice is then manually shifted along the frequency
axis until a maximum overlap is reached. The obtained shift is identical with the
coupling value. To evaluate left and right errors, the peaks are shifted towards the
left and the right, to find the least overlapping borders of the peaks. This way,
regarding the line shape, errors are received that represent about three times the
standard deviation o.

Even though this method has shown to be very valuable, the drawback is
that every single coupling has to be extracted in a manual fashion, which consists
at least of copying, overlaying and shifting three times to get main value, left
and right error. There are cases, where this tedious procedure was not applied
and errors were omitted or approximated to be related to the resolution of the
acquisition. Unfortunately, any further use of this data fails to provide insights
about the quality of applied fitting procedures, as reasonable quality criterions
rely on physically sound error estimation. The same is valid for the molecular
dynamics approach used in this work that is able to utilize the errors as boundary
conditions, emphasizing the importance of realistic errors.

Another problem with the manual extraction is displayed by the subjective
nature of the operator, whose experience and perception of what is defining the
border of a spectral line, influences the outcome, the more, the lower the signal-to-
noise ratios are. For this reason, an algorithm for the semi-automatic extraction

of couplings with errors has been developed in this work (see [section 7.2)).
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Figure 4.15: Extraction of total couplings (1Tcy) from a CLIP-HSQC with corresponding
errors: shown is the region of the methylene group CH6 multiplet of borneol (a) recorded under
anisotropic conditions (swollen and uniaxially stretched in chloroform-d). The projection along
the carbon chemical shift §(}3C) at 25.6ppm (also called row or slice) is shown as the black
spectral line with the two split signals of CH6.., and CH6¢yq0 in (b). When the slice is copied
and superimposed, maximum overlap of the split peaks for the CH6.,, group is achieved by a
shift about 129.4 Hz (blue line). An excerpt for the signals at 6(*H)=1.01 ppm (*) is shown in
(d). For evaluating the error, the copied slice is shifted to the right (c¢) and the left (e) to find
the borders of where the peaks just cease to overlay. The resulting shifts are denoted within the
blue arrows, indicating a total heteronuclear one-bond coupling *T(CH6,,,) of 129.4702 Hz.
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5 | Alignment media

5.1 Introduction - State of the art

As stated in [subsection 4.2.6] for the extraction of directional-dependent residual
anisotropic parameters for structural elucidation, it is necessary to partially align
the molecules of interest. In the following an overview is given on the princi-
ple methods for establishing partial alignment and existing alignment media are
reviewed. Furthermore, methods are described to adapt the alignment strength.
These preliminary works found the base for the following [chapter 6 where the syn-
thesis and casting of [PEO-DA] sticks are described and its universal applicability
is demonstrated and discussed with selected analyte molecules.

5.2 Methods for partial alignment in NMR

In principle, the measures to induce partial alignment in a sample can be differen-
tiated into internal and external alignment methods. Internal alignment is a self-
imposed phenomenon whereas external alignment requires an alignment medium.

5.3 Internal alignment and paramagnetic tags

Actually, most molecules take up a preferred orientation in the presence of a mag-
netic field, because the tensor of their magnetic susceptibility X is commonly
anisotropic.®? Therefore, depending on the orientation towards the field, different
magnetic moments are induced, leading to a torque tending to turn the molecule
into its minimum energy orientation. An expression for the distribution function
that results from sampling with a Boltzmann distribution in a low-energy limit is
given by
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with the static magnetic outer field By, AX® and AX! are the axial and rhom-
bic anisotropies of the susceptibility tensor respectively, # and ¢ describe the ori-
entation of the susceptibility tensor relative to the field. N is a normalization
constant. In many circumstances, however, the deviation of P(6,¢) from !/~ is
insignificant, rendering the observed phase to be apparently isotropic. The sus-
ceptibility induced perturbation thus can be neglected for small molecules as their
molecular (anisotropic) susceptibilities are small, unless paramagnetic species are
present. Conditions, where the partial orientation becomes significant, require
strong molecular susceptibilities and fields®* This method of self-alignment is also
known as alignment induced by magnetic susceptibility anisotropy (MSA) and has
been exploited for example with cyanometmyoglobin, a 17.5kDa protein, which
has a highly anisotropic paramagnetic susceptibility. Kung et al. demonstrated
the self-alignment of DNA duplexes and quadruplexes® Furthermore, the molec-
ular susceptibility is efficiently enhanced with so-called paramagnetic tags, species
containing unpaired electrons that are bound or coordinated with the molecule
of interest (e.g. cobalt in the yeast regulatory protein ADR1,% zinc finger tag in
N- or C-terminus of barnase®®). Since susceptibilities in paramagnetic molecules
are usually much larger than in diamagnetic molecules, the degree of alignment
is correspondingly greater. However, paramagnetic tagging for small molecules
is not advisable as the molecular properties of the paramagnetic derivatives and
hence the structural information will be tampered. Another reason is that due
to paramagnetic relaxation enhancement (PRE]) signals within up to 35A are
eliminated, a radius that might affect the whole molecule or at least significant
parts.

5.4 External alignment

For molecules that do not bear enough anisotropic magnetic susceptibility to self-
align within the strong outer magnetic field against the thermal motion, alignment
can be induced with the help of alignment media. Such media can be subdivided
into two main classes, lyotropic liquid crystalline phases (LLC media) or uniaxially
mechanically stressed (compressed or stretched) cross-linked polymer gels. In the
following, a few examples and their properties for both types of alignment media
are given.
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5.4.1 Lyotropic liquid crystalline phases

The first partially aligned molecules were reported 1953 by Spence et al.2” who
investigated the proton resonance of pure para-azoxyanisole at different temper-
atures. Para-azoxyanisole is a thermotropic mesogen that forms a nematic phase
between 118°C and 136 °C. Above the transition temperature, the benzene pro-
tons show a sharp line, which upon cooling below 136 °C reveal a broad triplet as
they become magnetically nonequivalent due to the residual, non-vanishing dipo-
lar interaction. The anisotropy is considered to be induced according to Saupe by
the rod-shaped mesogens getting aligned more or less ... parallel to the field, hin-
dering each other and guest molecules to take up all possible orientations. Saupe
and Englert extended the properties of para-azoxyanisole and its derivatives (R-
O-CgH4-NoO-CgHy-O-R, where R=C, Hy,, 11 with n=1 to 7) by taking advantage
of its lyotropic property to form concentration-dependent liquid-crystalline phases
for example with benzene and other aromatics. In 1968, the different NMR]spectra
were observed for enantiomers within an optically active nematic crystalline liquid
(a mixture of cholesteryl chloride and cholesteryl myristate®®).
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Figure 5.1: p-azoxyanisole.

Since then, many lyotropic liquid crystalline (LLC) phases have proven to pro-
vide aligning properties. Unfortunately, the dependence on the concentration de-
fines the lower limit of the mesophase state. This is, because these mesophases
lose their orienting properties below a limit concentration for the first order phase
transition, rendering too strong lowest alignment conditions. In addition, the solu-
bility and the type of solvent contribute decisively to whether the liquid crystalline
state is formed. It has, therefore, been appropriate to classify the liquid crystalline
phases according to their solubility in aqueous, apolar organic and polar organic
solvents” (see also [Table 5.1)).

Many biomolecules like lipids, cellulose and DNA form LLC phases and have
been used to align aqueous proteins. It is not surprising that a large variety of
LLC phases of lipid bilayers, micelles and bicelles,®**! but also carbohydrate struc-
tures like cellulose crystallites”? and even nucleic acids forming DNA tubes? or
G-tetrad structures” have been utilized to induce anisotropic alignment, since they
all represent molecular ordering building blocks that enable cells to be functional.
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Fragments of cells (discotic purple membranes®”) can be used for the alignment of
proteins and yet negatively charged virus particles from the phage Pf12%Y7 were
applied to align nucleic acids and proteins. Besides the biochemical compounds,
also inorganic LLC systems, so-called mineral liquid crystals (MLC), magneti-
cally oriented mesophases, for example, based on vanadium pentoxide (V,O5)*
or phosphatoantimonates (H3Sh3P2O14)* were applied for the extraction of
pentacarbohydrates.

None of these systems provided a universal applicability in terms of pH-ranges,
salt concentration, temperature or molecular sizes even within the range of aque-
ous buffered solvents. As the systems made of dihexanoylphosphatidylcholine
(DMPC)) and dimyristoylphospatidylcholine (DHPC]) forming bicelles between
35°C and 45°C suffer from irreversible degradation at low pH due to hydrol-
ysis, a complementary system consisting of 1,2-di-O-dodecyl-sn-glycero-3-phos-
phocholine (DIODPC]) and 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-
l-propanesulfonate (CHAPSO) was reported!™ to be stable at pH between 1 and
6.5, but not above. A second limitation of lipid type liquid crystals (bicelles, mi-
celles, purple membranes, phage particles, cell fragments) is that certain proteins
tend to bind to the mesogens, resulting in excessive dipolar couplings, which makes
them impossible to be measured by high resolution NMR techniques. Finally, di-
lute bicelles are not stable and tend to precipitate with time.

No precipitation is shown by so-called Helfrich lamellar phases. They consist
of cetylpyridinium chloride!™ or -bromide™® in hexanol, require high to medium
salt concentrations, respectively, and need to be set into a high magnetic field for
several hours. Alignment of biological macromolecules in non-ionic liquid crys-
talline media composed of n-alkyl-poly(ethylene glycol)/n-alkyl alcohol mixtures
(C12E5 /n-hexanol/water, C8E5/n-octanol/water, C12E6/n-hexanol/water) were
introduced by Riickert and Otting™¥ These Otting phases are uncharged and
therefore insensitive to pH, little sensitive to salt concentration and tolerate high
protein concentrations. The different alkyl-poly(ethylene glycol) molecules are de-
noted as C,,E,, where m is the number of carbons in the n-alkyl group and n
is the number of glycol units in the poly(ethylene glycol)-moiety 1% A further
example based on the poly(ethylene glycol)-alkyl ethers (C12E5) but also com-
patible with aqueous dimethylsulfoxide (DMSO) mixtures was reported by the
group of Thiele et al. The thermotropic crystalline liquid 4-n-pentyl-4’-cyanobi-
phenyl-d;g (PCBP) above the liquid-crystalline transition temperature was shown
in 2002 to act as an apolar aligning solvent with the aromatic condensed compound
2-acetylphenanthrene. 1

Further measurements also with small organic molecules in apolar solvents
were investigated with chiral polypeptide liquid crystalline phases in chloroform
and allowed the relative enantiodiscrimination of (small organic) analyte molecules
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with poly-y-benzyl-L-glutamate (PBLG) 49 poly-y-ethyl-L-glutamate (PELG),
poly-e-carbobenzyloxy-L-lysine (PCBLL ) and poly (n-methyl-n-(R-phenylethyl)-
guanidin) (R-PPEMG) ™ In particular, the use of the homopolypeptides [PBLG]
poly-y-ethyl-L-glutamate (PELG]) and poly-e-carbobenzyloxy-L-Lysine (PCBLII),
impelled the development of polymer-based, liquid-crystalline alignment media and
lead to an increasing range of compatible apolar organic liquids (methylenechlo-
ride-ds, tetrahydrofuran-dg, dimethylformamide-d7, 1,4-dioxane-dg). By increas-
ing the size of the polymeric backbone to obtain high molecular weight (HMW)
polypeptides, the required concentrations for the lyotropic first order phase transi-
tion could be decreased, resulting in feasible lower alignments*? Based on amino
acids, a so-called trans-2-aminocyclohexanecarboxylic acid (ACHC) rich decamer
S-peptide forming LC phase was synthesized for aligning aqueous solutes™ Re-
cently the sequence AAKLVFF, derived from a fragment of the amyloid S-peptide
A(5-(16-20), KLVFF, was reported to allow the enantiodiscriminating measurement
of anisotropic parameters at very low concentrations in more polar protic organic
solvents and mixtures like methanol-dy, methanol-ds/acetone-dg and methanol-
d4/dimethylsulfoxide-ds.

In 2014 graphene oxide (GQI) was reported to induce sufficiently weak alignment
very fast just by dispersing it in low concentrations. ¥ It was derived including two
oxidizing steps, utilizing sulfuric acid, potassium peroxydisulfate (K3S20g), and
phosphorous pentoxide (P,05) to obtain a so-called pre-oxidized graphite and fur-
ther oxidation with concentrated sulfuric acid, potassium permanganate (KMnO,)
and concentrated hydrogen peroxide to yield a so-called [GTOlL To enhance the us-
ability for pure dimethylsulfoxide (DMSQI), the initial material compatible only
with water and mixtures of water with methanol, acetone and was grafted
with trifluoroethyl methacrylate (TFEMAI) via a free radical polymerization with
2,2"-azobisisobutyronitrile (AIBN]). A selected overview on the multitude of LC
alignment media is summarized in [Table 5.1}

Recently a supramolecular type of alignment medium, so-called sergeant-and-
soldier liotropic liquid crystals (SaS-LLCs) was reported.™** They build up an or-
dered mesophase based on n-alkylated benzo-1,3,5-tricarboxamidess (BTAK). An
interesting feature is that blending achiral with chiral substituted [BTAk allows
scalable enantiodifferentiating properties, by forming chiral helical mesophase ag-
gregates, induced by hydrogen bonds and w-m-stacking effects. Unfortunately,
SaS-LLCs so far do not tolerate functional groups, as they perturb the formation
of aggregates big enough for the alignment of solutes. Therefore from SaS-
LLCs have been measured only for alkanes in chloroform and tetrachlormethane
by now. Upon derivatizing [BTA] with amino acid-alkyl groups, the formation of
organogels (without aligning properties) is obtained*® Hence, this supramolec-
ular [BTAl mesophases can be regarded as an intermediate state between LC and
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swollen polymer gels, which are subject of the next section.

Table 5.1: Summary of LC based alignment media and compatible solvents.

Substance Mesogen Compatible Remark
class solvents?® Reference
Virus Pf1 D,O Charged?®9%LLT
particle TMV D,O L8
Phospho- Bicelles D,O SIPIILIBI120
lipids /micelles
Cell Purple D,O Lilibal
fragments membranes

Flagella D,O 122
Carbo- Cellulose D,O G2
hydrates crystallites

Xanthane D,O 123
Inorganic V505 D,0O 2

Hgsb3P2014 DQO ek
Otting CmEn /n-alkyl D,O 10
phases alcohol

C12E5 D>O 124
Helfrich CPCL halogenides D,O L1OBI0B120
phases /hexanol

C12MPB D,0O Las
Immobilized LC in gel DO dafrlas
media
Nucleic DNA nanotubes D,O %
acids G-tetrads D,O e
Nucleo- 5-GMP D,O 130
tides
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Table 5.1: Summary of LC based alignment media and compatible solvents.

Substance Mesogen Compatible Remark
class solvents?® Reference
Other Folic acid D>O 131
Cromolyn DO 132
Polypeptides PBLG/PBDG CDCls, CDyCly,  ChiraltVerit0stlo
THF, Dioxane Chiral, HM W2
DMF
PCBLL/PCBDL CDCl; Chiral*?
PELG/PEDG CDCl3, CD5C1 Chiral*"
PSMBLG/PSMBDG CDClg Chiral*#
PPLA/PPDA CDCls, C3D,Cly  Chiralts
PBPMLG CDCls, THF Chiral'®
PBLA CDClg, CQDQC].4 Chira1136
Polyguanidines (R)-PPEMG CDCl3 Chiral*
Polyphenyl- L-Ala-based PPA CDCl; Chiralt#?
acetylenes L-Phe-based PPA CDCl3 Chiralt#?
L-Val-based PPA CDCl; Lis
Polyphenyl- L-Ala-based PPI CDCls, CDyCly,  Chiralts”
isocyanides THF
Polyisocyano-  L,L-PIAF-OBn CDCl; =
peptides
Peptides ACHC-rich- D,O Chiral*t?
[-peptides
AAKLVFF CD3;0D, Chiral*®
CD30D/Acetone,
CD30OD/DMSO
Graphene GO D,0O/DMSO, 114
oxides D50/ Acetone,
D,O/CD3CN
GO-g-TFEMA DMSO =
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Table 5.1: Summary of LC based alignment media and compatible solvents.

Substance Mesogen Compatible Remark

class solvents?® Reference
Supra- SaS-LLCs CDCl;,CCly Chiralll®
molecules

Orienting PCBP Thermotropict!?
solvent

aCommonly, deuterated solvents are used.

5.4.2 Uniaxially strained polymer gels

In 1981, Deloche and Samulski introduced a conceptually different approach when
they were investigating [RQCk of deuterated organic solvents in swollen mechan-
ically uniaxially stretched polymer gels.’*? Nevertheless, it took until 2000 that
of solute proteins in stretched and compressed aqueous poly(acrylamide)
(PAA]) hydrogels'**!%3 and immobilized media’®” were investigated. The latter
represents an interesting hybrid method, where alignment of solutes is implemented
by embedding magnetically preoriented mesogens into a polymer matrix, and does
not necessarily require mechanic strain. Here, the pre-orientation is obtained from
anisotropic magnetic susceptibility of a mesogen which is fixed by cross-linking
additional monomers together with the solutes in a strong magnetic field. Con-
sequently, mesogens and solutes must be sufficiently inert towards the selected
polymerization protocol.

Without the use of magnetically aligned mesogens, anisotropy can be induced
into swollen polymer gels with mechanical strain (strain-induced alignment in a gel
(SAG). The most simple way to establish a homogeneously uniaxially stretched
polymer gel sample, is to allow a (dry/non-saturated) polymer stick to swell in an
NMR tube with analyte dissolved in a suitable swelling solvent. Provided the glass
wall is reached, absorbing more swelling solvent causes the polymer gel to expand
exclusively along the longitudinal axis of the tube (self-stretching). Such
stretched cross-linked polymer gels force diffused solutes to align along the yet
anisotropic gel matrix. Depending on the degree of cross-linking of the polymer
gel and the deformation aspect ratio, a stronger or weaker alignment is obtained.

Complementary, compressing of swollen hydrogels was also applied already in
initial works by the use of susceptibility matched plugs (Aurum spacers, Doty
susceptibility plugs, Wilmad)*# or Shigemi tubes**” When compressing swollen
gels, best results were obtained when the swollen gels were cast at a diameter
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which was only slightly smaller (0.5mm) than the inner diameter of the
tube, preventing the gels to form coils.

With charged acrylamide co-polymers, pronounced electro-osmotic swelling was
reported, altering the alignment of proteins'** and membrane-bound peptides*®®
in aqueous solution. To enhance the solvent compatibility, a co-polymerizate of 2-
(acrylamido)-2-methylpropanesulfonic acid (AMPS]) and N,N-dimethylacrylamide
(DMAA]) was developed, allowing the alignment in water, but also in the non-protic
solvents DMSO and DMF 4% When formally exchanging the two methyl groups
in IAMPS| enantioselectively by one phenyl group, an enantiodiscriminating chiral
co-polymerizate could be obtained, compatible with water, and methanol.
Here a variant of the compression method, the so-called confinement method (see
also [Figure 5.2)) was described™*” allowing to extract RDCs after 4 days of re-
swelling. Instead of compressing a swollen gel stick, a dry polymer was allowed
to swell radially while restricting its final length with a Shigemi plunger (self-
compression).

Chiral natural products like gelatin®®® and collagen as well could be uti-
lized e.g. for the enantiodiscrimination of D- and L-amino acids. Further cross-
linking of gelatin with S-rays resulted in a covalently cross-linked gelatin based
chiral alignment medium compatible also with [DMSO!MY that does not dissolve
as conventional gelatin at elevated temperatures above 35°C. In the course of the
search for further chiral alignment media, covalently cross-linked [PBLQ] gels were
developed 2?2 utilizing the per se chiral helicity of the polymer similar to gelatin.
Inducing chirality into polymer networks by functionalizing pro-chiral monomers
like styrene with chiral elements like (4)- or (-)-menthol is subject of current re-
search.123

To measure[RDCk on small organic molecules in apolar organic solvents, swollen
poly(vinylacetate) (PVAC),*** poly(dimethylsiloxane) (PDMS),** poly(methyl-
methacrylate) (PMMAI'“® and poly(styrene) (PS)22%128 gels were introduced. An-
other compatible polymer system was obtained by cross-linked poly (acry-
lonitrile) (PAN)** To remove the polymer backround signals present in HSQC
spectra of aligned samples, perdeuterated [PS¥ (dPS) and PANFY (dPAN) were
introduced. Removing polymer backbone and partial suppression of side chain
proton signals could also be achieved with the help of a z-filter element, exploit-
ing a vanishing nuclear Overhauser enhancement for the polymer, based on the
different magnitude of correlation times in comparison to the solute correlation
times 161

Starting from linear [PEQ] which shows a large solubility range (it is soluble in
water but also in non-polar organic solvents such as toluene), polymer gels could
be prepared by application of various cross-linking protocols showing consider-
able swelling in an outstanding range of swelling agents?® Unfortunately, these

149150
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proposed methods require either three weeks of irradiation with [UV] light (poly-
(ethylene oxide methyl methacrylate)), five days of irradiation with y-rays from a
%0Co source and additional irradiation with S-rays (y-poly(ethylene oxide)) or fi-
nal S-irradiation of a step-growth polycondensate (poly(ethylene oxide)methylene
diphenyl diisocyanate).

In this work, the idea of [IPEOI as a precursor for versatile alignment media is
taken up, and a bisacrylated derivative is presented that allows simple cross-linking
methods without the need of - or ~v-irradiation sources. A selected overview on
the multitude of polymer gel based alignment media is summarized in

Table 5.2: Summary of polymer gel based alignment media and compatible solvents.

Polymer Compatible Chirality Reference
solventﬂ

Gelatin D,0O Chiral 148162

e~ —Gelatin D,O, DMSO Chiral Lol

Collagen D,O Chiral 125150

PAA DO Achiral L12R125163

Acrylamide copolymers D,0O Charged 14345

Poly(AMPS/acrylamid) D,O, DMSO, DMF Achiral 120

APhES-PH D,0, DMSO, CD;OD  Chiral 7

PAN, dPAN DMSO, DMF Achiral 159160

PEO D,0, DMSO, CDCly,  Achiral 25

CD,Cl,, CD3OD, THF,
CD3CN, Dioxane,
Acetone, Toluene

PVAc DMSO, CDCls, CDyCl,, Achiral Lo
CD3;0D, CD3;CN,
EtOAc, THF, Dioxane,
CeDg, Acetone

PMMA CDCly, CD5Cly, Achiral 556
CD,CN, EtOAc, THF,
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Table 5.2: Summary of polymer gel based alignment media and compatible solvents.

Polymer Compatible Chirality Reference
solventﬂ

Cg¢Dg, Acetone,

PS, dPS CDCl3, CDyCly, Achiral 57 [T58) 6T
THF, Dioxane
C6D67

PDMS CDCl3, CDyCly, Achiral 159

THF, Dioxane,
CgDg, n-Hexane

PBLG gel CDCly, CDoCly, THF,  Chiral T2
Dioxane, CgDg

p-HEMA DMSO Achiral lod

p-DEGMEMA CDs;0OD Achiral 165

Poly(urethan) CDCl3, CD,Cly, 166

TFE, DMF, n-Hexane

2Commonly, deuterated solvents are used.

5.5 Scaling the alignment

With the media described above, a variety of possibilities is available to realize
partial orientation of guest molecules. A crucial parameter for choosing a suitable
method is the sufficiently weak partial orientation of guest molecules, to prevent
extensive line-broadening. In general, the alignment strength is given crucially
by the amount of interactions, available for a given solute molecule. Hence, the
orientation strength of lyotropic liquid crystalline alignment media depends on the
concentration of the mesogens, as mentioned above. Lyotropic LC media require
specific minimum concentrations for first order phase transitions to occur, which
then prescribes the lowest limit of the alignment strength. In addition, LC phases
orient more strongly or require lower concentrations for the same alignment, the
higher the molecular weight of the mesogen-forming polymer chains is. Further-
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more, the alignment properties of the mesogens can be triggered by number and
type of substituents, capable of non-covalent interactions like hydrogen-bonds,
stacking effects, and steric hindrance or the magnetic susceptibility anisotropy
(see also , and by choosing solvent properties, such as ionic strength or
pH. Thermotropic liquid crystal media display the dependence of the strength of
orientation and the possibility to invert the chirality by means of temperature*
Unfortunately, such systems require multi-hour equilibration in a strong magnetic
field to build up a scaled homogeneous alignment. However, if the alignment
strength of a chosen LC medium still is too large, a more sophisticated technique
exists, called variable angle spinning (VAS) 1671 Tt is adapted from magic angle
spinning (MAS)), usually applied in solid-state [NMRI to average out anisotropic
interactions, by rotating the sample at high frequency along the so-called magic
angle (see also [subsection 9.4.2)). In so-called probe-heads this angle can be
adjusted arbitrarily between 0° and 90°, so anisotropic interactions can be rein-
troduced.

In comparison to LC based alignment media, for cross-linked polymer gels
the alignment strength can also be varied by the temperature and the amount of
available interactions with respect to the polymer chains, but additionally on the
solvent type and conditions that influence, whether significant swelling occurs and
to which degree. The degree of swelling in non-covalently physically entangled
polymer networks like gelatin can be varied by the concentration of the swelling
agent. Within a temperature range limited by melting, evaporation, crystallization
and gelling point, the alignment also changes, triggered by a varying degree of
swelling.

In covalently cross-linked polymer gels the swelling can be varied by the satu-
ration with the solvent, but also by controlling the amount of cross-linking of the
polymer, for example by the amount of cross-linker or the radiation dose, and in
consequence the magnitude of all residual anisotropic NMR interactions (RCSAs,
RDCs, RQCs). The amount of a peroxide initiator has been reported to lower
the intrinsic alighment strength of swollen PS gels**157 and it was concluded that
hence shorter polymer chains were formed, inducing smaller alignments, as in the
case of polymer based LC media. Nevertheless, in the studies carried out in this
work, polymer chain formation and cross-linking were performed separately, and
the use of longer chains as monomers led to weaker alignment.

In contrast to LC phases, cross-linked polymer gels have a defined shape and the
type and degree of uni-axial mechanical deformation along the outer magnetic field
governs the alignment strength. This deformation aspect ratio can be controlled
by adapting the macroscopic dimensions that is by choosing the diameter of the
polymerization mold and the length of the fabricated cylindrical polymer sticks.
In conjunction with diameter and length confining the sticks when uni-axially
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compressed or stretched, a specific alignment strength is obtained. If the polymer
stick is swollen in an isotropic state, no alignment is present. This means that in
contrast to LC media no lower limits for the alignment exists and isotropic data
can be extracted in non-strained but chemically identical environment, which is an
advantage for RCSAl measurements, where the isotropic chemical shift is needed
as a reference.

a) b)

self-stretching

) d) e)

confining compressing

Figure 5.2: Strategies to induce alignment by mechanical strain. The most simple way to
achieve an uni-axially stretched polymer gel is to swell it in a tube. As soon as the polymer
reaches the tube walls (a), further swelling is only possible along the tube axis (b). A different
possibility is, to similarly confine the length instead of the diameter (c), and to let a polymer
gel stick swell radially (self-compression). Active compression of an equilibrated swollen polymer
stick can be induced by Shigemi plungers or a specifically developed compressing apparatus (e).
Here it is important to have a swollen radius that is only slightly smaller that the NMR tube,
otherwise irregular curling renders exact measurement impossible as the perturbed medium fails
to provide a homogeneous environment. The confining method allows to downscale the achieved
alignment by releasing the plunger with excess swelling agent being present, but this process is
irreversible, since this type of micro-porous gels is not compressible. The compressing method
on the other hand allows reversible compressing and relaxing the gel, which can be utilized, to
increase diffusion times of guest molecules or washing procedures respectively.

Stretching and compressing device

Since the intrinsic scaling methods prescribe the alignment, besides[VAS, measures
were taken to alter the alignment of partially oriented samples. A possibility to
achieve two different alignment strengths with a single swollen polymer gel sample
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can be realized within so-called two-stage NMR] tube, 2™ which possess two different
inner diameters and have both ends open, to allow to shift the swollen polymer
gel from one end to the other. The lower end then is sealed with a rubber plug
and the two different stretching degrees cause different alignments.

The introduction of alignment media swollen within silicone elastomer tubes
enhanced the self-stretching approach to a continuously tunable method, which
was demonstrated first by measuring quadrupolar splittings (Avg) of sodium and
caesium dissolved in an aqueous gelatin matrix1®? By pulling the elastomer tub-
ing, the swollen gel is stretched and fixed in this elongated state at the outer glass
tube (Figure 5.3)). One can additionally adjust the degree of orientation of
the molecules effectively just by choosing the amount of elongation imposed to
the gel. The method was improved further to be applicable with standard 5 mm
[NMRI glass tubes by Kummerlowe et al., by introducing a set of clamps, screws
and plugs, allowing the straightforward preparation of fixed, stretched gels to be
measured with standard high resolution probest™ Since silicone rubbers
are not inert against more apolar organic solvents and are permeable for water, an
inert perfluorinated, transparent elastomer without additived]was developed in co-
operation with DuPont™ (Kalrez® 8002UP), allowing the preparation of stretched
gels in all gel/solvent combinations. The fixing of this perfluorinated transparent
elastomer tubings required an improved teflon® sealing screw at the bottom, to
prevail slipping of the stretched tube and ensure impermeable closed tubes. To be
able to apply the tunable stretching method also for small quantities of analytes,
the method was enhanced to be applicable for 3mm tubes

2 i::_-
| S— ‘

b)

c) < % f)
(2 -»
d) e

Figure 5.3: Composite stretching apparatus with swollen aqueous PEO-DA-polymer gel inside
a silicone tubing (a) and parts: (Kalrez® 8002UP) elastomer tubing (b), bottom sealing screw
and plug (c), cut standard 5 mm [NMR] tube (d), fixing clamp (e) and upper teflon® plug (f).

With PMMA] a slightly different strategy for compressed gels was reported,

°To prevent background signals in the spectra
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offering reversible tunable alignment. ™™ Here, a dry PMMA stick with a diameter
of 2mm and 10mm length is allowed to swell radially in an organic deuterated
solvent while restricting its length with a plunger. Such compressed equilibrated
sticks display the strongest alignment in this initial state which can be decreased
down irreversibly to zero upon releasing the plunger, provided no anisotropic strain

is left or reintroduced (Figure 5.2 from d) to b).

Figure 5.4: Compressing apparatus, consisting from a special NMRI tube with a burl on top
and screw nuts to fix the teflon® plunger at a certain height.

When compressing the swollen gel cylinders, curling leads to a helical arrange-
ment within the glass tube and pockets are leftover, filled with solvent and analyte.
As in here no alignment is present, isotropic scalar J and anisotropic total T' cou-
plings can be extracted at once. In this is indicated by the appearance
of two peaks for the undeuterated chloroform trace, representing the two fractions
within and outside the gel.

Another advantage is that the introduction of solutes into the gel matrix can
be accelerated, with pre-swollen gel sticks that have a sufficiently small diameter
(Figure 5.2e). This is achieved by repeated compression and release of the gel stick
within the analyte solution. After the measurement, the analyte can be regained,
when compressing and releasing the gel stick repeatedly while exchanging and
collecting the washing solvent.

This approach also has helped to bypass the formation of cracks when applying
strong swelling agents like chloroform on brittle polymer materials like PMMAI or
. In this case, the dry polymer stick is pre-swollen in an interme-
diate solvent that diffuses slower into the gel matrix, and is exchanged afterwards
with the desired (stronger swelling) solvent with the protocols described above.
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Figure 5.5: 'H[NMRI spectrum of [PMMAI gel before (blue) and after (green) four series of 20
times compressing and releasing within a 100 mM solution of norcamphor in chloroform. The
two peaks at 7.3 ppm indicate non-deuterated chloroform being present within and outside the
gel.

1
[\9]

Figure 5.6: PMMA gel stick in chloroform with inner cracks due to fast swelling.
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6 | Development of PEO-DA as a
versatile alignment medium

6.0.1 Introduction and motivation

As described above, there exists a multitude of techniques and media to align so-
lutes for the extraction of residual anisotropic NMRI parameters. Nevertheless, as
stated in the introduction, in comparison to classical parameters, they are
used rarely. The most important reasons are restricted availability, poor compat-
ibility towards a desired solvent or against the analyte, the price, or complicated
synthesis routes. In the case of polymer gels, background signals overlapping with
the analyte may render the accurate extraction of anisotropic parameters impos-
sible. In this chapter, proceedings to provide a universally applicable alignment
medium based on are given. Former cross-linking methods on PEO to de-
rive alignment media sticks were time consuming and required special radiation
sources, but led to an alignment medium with excellent solvent compatibility and
giving rise to only one background signal of the ethylene oxide units in the proton
and carbon spectra. This chapter is dedicated to the invention of a protocol to
derive covalently cross-linked sticks. The main emphasis lies on a preferably
simple synthesis route, applicable with easily accessible materials and methods.
Inspired by the work of Raic in the group of Lee-Thedieck et al*™ and Hahn
et al MY who used [PEO-DA] as polymeric substrates as scaffolds for stem cells, the
a,w-bisacrylated derivative was synthesized and cross-linked via free radical
polymerization.

Hence, in the following sections, after a brief outline on the choosen network
formation strategy, the dispersity of commercially available PEOs as educts is
evaluated, then the synthesis of PEO-DAl is described and the yielded acrylation
of the product is quantified with 'H-1D NMR. In the next step the cross-linking
of is optimized and practical considerations with respect to the con-
centration of the macromer and the initiator and the mold material to obtain
homogeneous [PEO-DA] sticks are pointed out. Then the preparation and casting
of PEO-DAB5000 sticks is explained and to be able to achieve higher mass con-
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centrations, an additional photo-chemical cross-linking protocol is developed. The
next sections describe the work-up of the cast gel sticks. Then their compatibility
with different solvents and mixtures and how they influence the swelling behav-
ior are evaluated. Furthermore, the influence of the initial mass content of the
polymer sticks on the swelling and hence, on the induced alignment strength is
shown. Subsequently, the applicability in stretching and compressing devices to
scale the alignment and the suitability of PEQ-DA]for the fast preparation protocol
is demonstrated.

6.0.2 Network formation

In this work, the PEO network formation is carried out in a two-step manner.
In gel syntheses, for example to produce media for poly(acrylamide gel electro-
phoresis) (PAGE]), usually the small monomeric molecule acrylamide is mixed
with the cross-linker N,N’-methylenebisacrylamide (BIS)) and network and chain
formation take place simultaneously, resulting in a stochastic distribution of inter-
cross-link chain lengths. In this work, existing chains of a macromer with a small
dispersity D are derivatized to bear acrylic terminal groups , which
are separately connected covalently via free radical polymerization. In comparison
to the simultaneous network and chain formation, a network is obtained, where
the distribution of inter-cross-link distances is assumed to be more uniform and
governed by the chosen chain length and the distribution thereof. Also the length
distribution of dangling ends should correspond to the narrow length distribution
of available macromers if side reactions like hydrolysis are prevented. The aim of
this approach is to increase the homogeneity within cross-linked networks used as
alignment media. The former strategies of controlling the cross-link density via
radiation dose or amount of cross-linker will be compared with a synthesis route
that separates chain and network formation and avoids the necessity of radiation
sources and additional cross-linker. For the application as an alignment medium
various advantages result: Radical species can be minimized and possible network
defects induced by radiation can be avoided. Another consequence of waiving
additional cross-linking agents is the reduced background, as the network will
contain only the signals of the repeating monomeric unit and fewer parameters to
optimize. To be able to create swelling polymer sticks made of PEO routinely as
alignment media, the production process is optimized to be as simple as possible
while maintaining high spectral qualities.

Dispersity of commercially available PEOs

PEO 35000 and PEO 6000 were purchased from Sigma Aldrich and their dispersi-
ties D were evaluated using size exclusion chromatography (SEC) (subsection 11.1.1)).
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For PEO 35000 the number average molar mass M, was determined to be 35880
4810 &/mol with a mass average molar mass M, of 413004413 8/mol resulting in a dis-
persity D of 1.15£0.03. For PEO 6000 the number average molar mass M,, was de-
termined to be 6730£153 8/mol and a mass average molar mass My, of 7299477 &/mol
resulting in a dispersity D of 1.084+0.03.

6.0.3 Diacrylation of PEO

(0]
i TEA
H OH +2 —0°C._ DCM™ o
DCM
%O/\J/ \)}\ 0°C, DC \ O/\l/ \H/\
n Cl n
1 2 3 o

Figure 6.1: Reaction scheme of the esterification of the terminal hydroxy groups of PEO (1)
with acryloyl chloride (2) in dichloromethane (DCM]) with triethylamine (TEAJ] to form an
a, w-bisacrylated poly(ethylene oxide)(3).

Macromer synthesis of PEO-DA 35000

Diacrylation: PEQOI35000 (21g, 0.6 mmol, 1.00 equiv) was dried over night un-
der vacuum at 60°C (250ml two neck flask). It was dissolved in 100 mL dry
dichloromethane. The reaction was conducted in dry glass ware under inert atmo-
sphere (Argon). Then triethylamine (0.182g, 0.525 ml, 1.8 mmol, 3.00 equiv) and
afterwards acryloyl chloride (0.163 g, 0.150 ml, 1.8 mmol, 3.00 equiv) were added
via Eppendorf pipettes. The reaction mixture was covered by aluminium foil and
stirred over night at room temperature.

Work-up: The yellow, viscous reaction solution was poured over neutral Al,O3
(in a frit with filter pore 4 and filter paper on top, rinsing with [DCM)]) directly
into a 500 mL round bottom flask (by vacuum). Then 7g of KoCO3 were added
and stirred for 1.5h. The product was separated from K,;COj3 by filtrating over
Celite/[IDCM] directly into a 500 ml round bottom flask. Then it was reduced to
about 50 mL in a rotary evaporator. Precipitation was carried out in a 500 ml
cooled diethyl ether using a dropping funnel. The precipitate was filtrated on a
500ml frit with filter pore 4 followed by drying in a vaccuum oven at 35°C over
night yielding 18.2g (86%) of a white powder. The dry powder was transferred
into snap lid glass and stored in the freezer at -18°C. The degree of acrylation was
determined by [NMRI [

2The diacrylation and work up were carried out by Birgit Huber from the Soft Matter Lab
IBG3 in cooperation within the SFB1176, project C3 (Dr. Leonie Barner)
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Macromer synthesis of PEO-DA 6000

For [PEO-DAI6000 same equivalents (1:3:3) were used in the same mass concen-
tration (w/v) in dry dichloromethane. For the work up precipitation, 500 ml of a
cooled mixture of 9:1 diethylether:cyclohexane were used. The degree of acrylation
was determined by [NMRI

Analysis and characterization of the product

T ‘ T
6 5 4 (5(]H) / ppm

Figure 6.2: 'H spectrum of [PEO-DAB5000 dissolved in DoO (4.7 ppm) with the peaks and
integrals for the terminal vinyl groups between 5.9 ppm and 6.4ppm and the ethylene oxide
protons at 3.6 ppm. The signal at 4.2 ppm stems from the methenyl groups next to the acrylic
end groups.

When assuming an average molecular weight of 35000 8/mol, a [PEOB5000 chain
contains 795 repeating ethylene oxide units. After the diacrylation, 6 vinyl pro-
tons are added. The trans-vinyl protons appear at 6.4 ppm, the cis-vinyl protons
at 5.9 ppm and the single protons next to the carbonyl group at 6.1 ppm and are
therefore easily distinguishable from the approximated 3180 ethylene oxide protons
appearing at 3.4 ppm. For 100% bisacrylated chains, one would expect to obtain
a ratio of vinyl to ethylene oxide protons of 1:530. Hence, the measurements car-
ried out with product of the above described synthesis resulted in 90% acrylation
(Figure 6.2). In D,O the !Jon couplings of the satellite signals of *C bound pro-
tons is 143.0+£0.4 Hz, the main peak has a full width at half maximum (EWHM))
of 3.48 Hz. The determined acrylation ratio for PEQ-DABO00 reveals an almost
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Figure 6.3: 'H spectrum of PEO-DAB5000 dissolved in DoO (4.7 ppm) after two years storing
protected from light below 8°C. The peaks and integrals remain a the same positions as for
PEG35000. According to the determined integrals, the acrylation turnover was almost quanti-
tative.

quantitave turnover of the terminal hydroxy groups: Assuming an average molec-
ular weight of 6000 &/mol, a[PEOB000 chain contains about 136 ethylene oxide units
corresponding to 544 hydrogen atoms within the chain. 100% bisacrylated chains
here therefore correspond to a ratio of one vinyl proton to 90 aliphatic protons in
the aliphatic chains.

6.0.4 Cross-linking PEO-DA

For the cross-linking of the bisacrylated macromers PEO-DA 6000 and PEO-DA
35000, free radical polymerization was adapted from [PAGE] where acrylamide is
cross-linked with ammonium peroxydisulfate (APS)) and the aliphatic amine co-
catalyst tetramethylethylenediamine (TEMEDI) in water. Since the macromers
are bifunctional, no other bifunctional cross-linker is needed to build polymeric
3D networks. Both, the initator and the co-catalyst are introduced in very small
amounts (solutions of 1wt% and 1vol% respectively) and decompose or are washed
out after the first swelling and are not detected in the later spectra. Also no radical
species or paramagnetic line-broadening was observed.
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Reaction mechanism

TEMED, H,O

o}
VL} O/\J{?m/\ APS, RT
o}
3

céI)<OH
0 o0 0

0
0 o™ o S
\)L}OMST(K/C\')L}N?W(\ . VOL} o 1 i O/\qLo\”/k
0 o o] " 3 o " S
;vﬂow:ﬁo@ oS

Figure 6.4: Initiation and propagation steps for the cross-linking of PEO-DA with ammonium
peroxydisulfate (APS]) and tetramethylethylenediamine (TEMED)).

In the reaction scheme the picture of a polymer stick cast in an NMR
tube indicates that very little is known about the topologies within the formed
gel. It is for example not known, how many chains reach the radical center,
which becomes more sterically hindered, the longer the growing chain is. Note
that n is ~ 136 for PEO-DABO00 and 795 for PEO-DAB5000, and therefore, the
distance between the cross-links and the length of so-called dangling end should
therefore always correspond to a multiple of n. On one hand, this should allow a
better control over distribution of chain lengths within the network compared to
the conventional formation of covalently cross-linked small monomer units with a
cross-linker. The sterical hindrance of the bisacrylated macromer chains on the
other hand prevents high cross-link degrees and a complicated topology with loops,
rings, entanglements, and chains that are not cross-linked at all might be formed.

The evaluation of the cross-linking degree is part of

Practical considerations

Optimization of the macromer concentration: To obtain homogeneous,
cross-linked sticks for aligning solutes of different molecular weights, different con-
centrated PEO-DAI35000 solutions in water were tested to investigate the influence
on the alignment strength. The initial idea to concentrate PEO-DA] in water as
high as possible to create strong alignments was discarded, as above 30%(w/w)
containing solutions were highly viscous and the problem to mix and distribute a
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thermal initiator and co-catalyst evenly in the solution within few minutes arose.
A further disadvantage of this viscous high concentrated macromer solutions was
the difficulty to transfer the reaction mixture into the tubings. Since the average
test volumes were between 200 and 2000 pl, transferring the reaction mixture into
glass or plastic tubes via capillaries or cannulas was also superseded by a method,
where the reaction mixture is directly transferred into the mold teflon® tubes via
vacuum by connecting one end with a syringe. Doing so, much less material was
lost on the surface of syringes, capillaries and/or cannulas enabling cross-linking
effectively on small scales while suppressing the formation of bubbles and foam.

Optimization of the initiator concentration: In comparison to [PAGE, the
concentration of vinyl groups is by far much smaller since the molecular weight
of PEO-DAI is about 500 times larger than the molecular weight of acrylamide.
Therefore, an optimal concentration for the amount of and had to
be evaluated to obtain a pot life time of about 15 minutes. This is important to
transfer the reaction mixture into an appropriate mold. An initial approach to
perform the cross-linking at ambient temperature failed, because the found initia-
tor concentrations were too sensitive to be reproducible throughout the seasons,
therefore an initiator system concentration for a reaction at 40°C was established.
Also the idea to minimize the concentration of the initiator to derive long
chains was discarded. The first reason is that low initiator concentrations showed
poor reproducible cross-linking behavior. The second reason to work at an elevated
initiator concentration is that in contrary to a conventional free radical polymer-
ization reaction, the chains are already present and only need to be joined rather
than being formed. With regard to the later use as an alignment medium, the
formation of (aliphatic) chains consisting from units differing from ethylene oxide
units, visible in hydrogen or carbon spectra, is not desired.

The per se low concentration of vinyl groups in the [PEQ-DA] chain requires,
furthermore, a higher concentration of radicals to effectively initiate the ligation of
a few (but not too many) [PEO-DAI chains. To increase the effective concentration
of radicals available for the initiation and propagation, the reaction mixture was
degassed with vacuum. Applying a protocol to degass the de-ionized (DI)) water by
freezing and melting before the mixing was discarded, since the powder
absorbs air. Therefore, PEO-DA] water and were mixed in eppendorf
vessels or falcon tubes depending on the volume of the reaction mixture and then
degassed with vacuum and flushed with argon or nitrogen several times to remove
residual oxygen. After adding the initiator and transferring the reaction mix-
ture, the mold was overlayed with argon. This was necessary to prevent the upper
first centimeter in the tubes to remain liquid because of the inhibiting properties
of oxygen. Oxygen in small amounts can initiate radical polymerizations, but also
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inhibits the propagation, as it adds to the growing polymer chains with a rate
constant about five orders higher than the propagation step and forms peroxides
that are less reactiveX™ Consequently, the desired propagation reaction only takes
place, when the residual oxygen is consumed. Since the above described degassing
protocol only serves to minimize the amount of dissolved oxygen, residual traces
were compensated by an increased amount of initiator.

Appropriate mold material: Since the diameter of the cross-linked polymer
stick influences the swelling behavior itself but also the applicability within
tubes and the chosen alignment method (stretching, compressing), tubes with dif-
ferent diameters and materials (glass, teflon®) were investigated as molds. As a
method to prevent the hardened gels sticking to the glass walls, silylation protocols
have been described. Nevertheless, this approach was not successful for PEQ-DAI
gels synthesized in this work, and to obtain the cross-linked sticks the glass tubes
containing the product had to be broken. With teflon® tubes as molds, this prob-
lem could be solved, as teflon® is known for its non-sticking properties. For the
compression device, PEO-DA] gels with a stronger consistency had to be tested to
prevent excessive curling. To also be able to cross-link 50% (w/w) concentrated
[PEQO-DA] solutions, a water-soluble photoinitiator was applied, allowing to start
the polymerization with [JV]light. This method concedes enough time for homo-
geneous mixing of the educts. Also here, the use of teflon® tubes is beneficial,
because of its high transmittance for [UV] light (in comparison to glass). Further
advantages of teflon® tubes are their availability in different diameters and its
chemical stability. A drawback was to adequately seal these tubes, as no general
fitting plugs for all the diameters tested were available. To solve this problem,
a method was invented that utilizes short (2-5mm) cut elastomer silicone tubes
closed with a glas bead that can be fixed on the ends of the teflon® tubes when
having a smaller inner diameter than the outer diameter of the mold .
Using elastomeric silicone parts as adapters between different diameters also al-
lows to connect cut pipette tips to one end, allowing better control and yields,
when transferring the reaction mixture into the mold, and prevents the formation
of bubbles by unintended air suction.

6.1 (el preparation

For the development of a reproducible protocol for the cross-linking of PEO-DA,
about 30 different formulations were tested (see concerning the above
mentioned reaction conditions and mold materials. As a result, four formula-
tions with 16, 20, 25 and 30%(w/w) were developed. To also cross-link highly
concentrated, viscous [PEO-DA] the photocatalyst Irgacure2959® (IR2959%, 1-[4--
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Figure 6.5: Equipment for the transfer and the mold: teflon® tube, silicone adapters and beads
for the sealing, and syringe to transfer the reaction mixture with vacuum.

O
O
Ho o—< :}—4/ i v e o OAQ_.// N >-f0H
— OH \ /
Figure 6.6: Photo-initiated radical formation of IR2959°.

(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one, [Figure 6.6) was
used to replace the thermal initiator [APS]

6.1.1 Preparation of PEG-DA-35k sticks

Preparation of a casting mold: Depending on the amount needed and the
desired diameter, a teflon® tube is selected and cut to the desired length. Silicone
tube fragments serve as connectors to a syringe, pipette tips, and glass beads. The
assembled mold is placed in a vacuum bearing glass vessel, e.g. a cooling trap and
the air is exchanged with argon by multiple application of vacuum and flushing
with argon.

Preparation # 45 46 47 48 | UV
Mass content %(vw)| 16| 20| 25| 30| 50
m (total) g 1 1 1 1 1
V (H20) ml 0.74 { 0.70 | 0.65 | 0.60 | 0.40
m (PEG-DA-35k) g 0.16 | 0.20 | 0.25 | 0.30 | 0.50
V (TEMED, 1% (v/v) | ml 0.05 | 0.05 | 0.05 | 0.05 | 0.05
V (APS, 1% (v/w) ml 0.05 | 0.05 | 0.05 ] 0.05 | -
V (TR2959, 1% (V/w) | ml T [ 005

Table 6.1: Formulations for the cross-linking of PEO-DAB5000 to cast polymer sticks as align-
ment media.
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Figure 6.7: The assembled mold is placed in a cooling trap. The syringe will be filled with
argon, which is later pushed into the vessel containing the cross-link reaction mixture. A micro
pipette tip connected to the left end helps to transfer the liquid without bubbles.

Thermal initiation: [PEO-DAB5000 from the freezer is left to warm up to room
temperature while protected from light to prevent condensation of humidity into
the powder. Meanwhile, aqueous 1% solutions of (w/w) and (v/v)
are dissolved and mixed thoroughly. Then, depending on the desired mass fraction
and target volume, the respective amount (adapted according to of the
[PEO-DAB5000 is weighed into an eppendorf vessel (1 to 2ml), falcon tube (15
or 50ml) or other container that can be sealed, stirred with a vortex mixer, and
centrifuged.

Then water and the 1% (v/v) solution of co-catalyst are added. The
educts are vortexed and afterwards degassed applying vacuum and flushing with
argon (so-called sparging). This can be achieved by stinging the plastic container
lid with a cannula and placing it in a vacuum bearing glass flask. When low-
ering the pressure, not only dissolved gas is removed, but also water starts to
boil. Therefore, it is recommended to monitor the volume to maintain the desired
concentration.

Foam and bubbles are removed afterwards by centrifuging. In the next step,
the initiator is injected into the middle of the solution with a micropipette.
Then it is mixed thoroughly on the vortexer and centrifuged to remove residual
bubbles and to collect potential insoluble remains originating from the synthesis
(e.g. Celite®) at the bottom as a pellet.

Casting of the gel: The mold assembled with pipette tip and syringe, filled
with argon, is removed from the cooling trap. The containing argon is pressed out
of the syringe into the reaction vessel (eppendorf vessel, falcon tube), ensuring a
significantly reduced amount of oxygen left in the mold. Then the initiated and
de-foamed [PEO-DAI solution is taken up into the teflon® tube with the syringe.
To prevent formation of bubbles in the mold and for better yields, the pipette
tip should be placed and kept shortly below the meniscus when transferring the
initiated macromer solution. The filled teflon® tubes are sealed with the silicone
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Figure 6.8: [PEO-DA] powder and degassing setup. (a) 50ml Falcon tube filled with 1g of
[PEO-DAB5000. (b) Degassing of 2ml [PEO-DAB5000 solution by sparging argon into a 15ml
Falcon tube with a cannula.
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tube/glass beads and placed in a water bath at 40°C for 12 hours .
Eventually formed bubbles may be removed with additional centrifuging of the
mold. To ensure low oxygen content within left over volume above the liquid, it is
advisable to add a layer of argon on top by flushing with argon.

Figure 6.9: Cross-linked PEO-DAl sticks after polymerization at 40°C for 12 hours within the
sealed teflon® tubes.

Removing from the mold tube: The cross-linked [PEO-DAl gel can be pushed
out of the teflon® tube with air or water, connecting one end to a syringe (filled
with air or water). When cross-linking thermally with and [TEMED], a small
layer remains liquid at the outside of the gel, allowing the above described easy
removal of gels.

Figure 6.10: Cast gel after removal from the teflon® mold. [PEO-DAlwith 16%(w/w) was cross-
linked and cast in a teflon® tube with an inner diameter of 3 mm. After the polymerization, the
length of the stick (l,0;) is about 13.8 cm and the diameter (dpo;) 3 mm.

Photochemical initiation: When initiating the radical polymerization ther-
mally, for the above steps, the formulation scheme allows a pot time of about
10 to 15 minutes. The degassing, centrifuging and transfer can be managed for
weight contents up to 30%(w/w) [PEO-DAB5000 solutions. Higher concentrations
exhibit higher viscosities that complicate the above described procedures, because
the slower diffusion increases the effort to stir the educts evenly in the reaction
mixture, while the formation of foam and bubbles is amplified and their removal is

66



more difficult. Besides, a higher monomer concentration also accelerates the reac-
tion time, further impeding the production of homogeneous gel sticks. Therefore,
a formulation has been developed that can be initiated with [UV] light, enabling
a steady casting protocol also for higher concentrated, viscous reaction mixtures.
The technique exploits the low absorption of [UV] light at teflon® and ethylene
glycol units.

500 mg of PEO-DAB5000 are mixed in a falcon tube with 400ul of water. Then
50ul of are added. To obtain a homogeneous transparent viscous liquid,
the mixture is centrifuged several times up and down and afterwards the mixture
is degassed applying vacuum as described for the thermal initiation. Then 50ul of
a saturated solution of TR2959® (with a solubility of about 1%(w/v) in water) are
added to the honey like, viscous solution. Again the mixture is thoroughly mixed
by the help of centrifuging, degassed and overlayed with argon. Bubbles and foam
are removed by centrifugation. Then the mixture is transferred into a mold with
the desired diameter and placed directly below a [UVHamp with a wavelength of
254nm for 8 minutes. The tubing is turned around and irradiated again another
8 min placing the lamp again on top of it. The tube is left for 12 hours at room
temperature for the cross-linking. In contrast to the thermally initiated sticks, the
polymerized 50% gel adheres strongly to the tube walls and can not be pushed out
by applying pressure. For this reason the stick is removed by cutting the teflon®
tube lengthwise. The yielded polymer string is washed and dried as it is done for
the thermally initiated sticks.

The cylindrical gel strings are weighed, diameter and length are measured. To
remove residual components that are not cross-linked to the gel network, the gel
strings are placed for 24 h in 500 ml water at 40°C.
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Figure 6.11: Cast [PEO-DA] gel after free swelling in water (a) and elongated (b).

Drying method: To prepare straight and homogeneous [PEO-DA] gel sticks ap-
plicable in [NMRI tubes, the gel strings are cut into pieces and dried. Choosing
lengths depends on the desired method to induce uni-axial stress (stretching, self-
stretching, compressing, or confining), the diameter, and the swelling behavior
related to the swelling agent (see also [subsection 5.4.2| and |Figure 5.2 in jsec-|
[tion 5.51 Drying at room temperature can take up to several days and its duration
can be shortened to one day at 40°C. Unfortunately, simple drying in a horizontal
arrangement results in strongly bent sticks due to a mechanical response to an
inhomogeneous distribution of still swollen (bottom) and more dry (top) zones.
The radii of such bent dry sticks prevent them to be placed into tubes.

(sedFigure 6.12)).
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Figure 6.12: Occurrence of bent gels when drying horizontally.

To circumvent the occurrence of bending, the sticks are arranged vertically
within cylindrical glass vials with a diameter of 1cm. The effect of the higher
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evaporation on top effects a longitudinal drying along the axis of the gels, yielding

straight and homogeneous sticks (see [Figure 6.13|

Figure 6.13: Vertically placed gel sticks before (a) and during (b) drying.

Figure 6.14: Cross-linked [PEO-DA] sticks with different polymerization mass contents
(%(w/w)) after vertical drying.

6.2 Swelling behavior

As the amounts of swelling and inducable deformation by mechanic stress play a
crucial role for the suitability of cross-linked [PEO-DAI sticks as a versatile align-
ment medium, the influence solvent composition and mass content were investi-
gated. Based on the results, cross-linked [PEO-DA] sticks could be adapted for
scaling tests in stretching and compressing apparati.
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6.2.1 Solvent compatibility

To test the assumed swelling capability in pure solvents with different polarities
and mixtures, PEO-DAB5000 was cross-linked with a mass content of 25% to be
tested in pure solvents and with a mass content of 16% to be tested in selected
mixtures (Figure 6.15)). Both formulations were cast in an INMRI glass tube with
an inner diameter of approximately 3.9 mm. Deviating from the standard protocol
described in [section 6.1] the sticks were cut after the initial washing in water and
drying. Therefore all the dry sticks had an initial length of 1 ¢cm and and a diameter
of 2.4 mm and were subsequently placed with excess of pure solvent or mixture for
two days at room temperature in glass vessel of 10 ml volume and closed with
screw caps. Then dimensions and weight of the swollen gels were determined and
their volume was calculated geometrically based on diameter and length, assuming
a cylindrical shape. Furthermore, the volume was calculated alternatively from
the ratio of weight to density, neglecting possible (small) deviations due to the
temperature and the fact that the densities of [PEO-DA] mixtures deviate from
the pure solvent densities provided in the respective technical data sheets of the
suppliers. The densities of the mixtures were evaluated by weighing 1 ml of each

mixture. Both the resulting volume increase factors (related to V(M) = p/m and
V(geom) = (9/2)* 7l) relative to the dry state are recapped in [Figure 6.15and a

more detailed listing is found in in the appendix.
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Polymerized with 25%(m/m) in water Polymerized with 16% (m/m) in water

Acetone/H,0 (1:1) #:hb‘\-
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Figure 6.15: Dry [PEO-DA] stick and swollen sticks in different solvents and corresponding
volume increase factors relative to the dry stick. The grid size is 1 cm. The opalescence occurs
due to evaporation, therefore, the pictures of the sticks polymerized with 16%(w/w) were taken
individually.

Acetone showed the smallest swelling between the selected pure solvents and
the initial transparent stick turned opaque during exposition to air due to evapo-
ration. The effect was reversible upon exposition to excess acetone. The mixture
of cyclohexane and ethanol remained in a yet swollen but brittle state at room
temperature that could be remarkably swollen when heated to 40°, showing the
limits of the cross-linked [PEQ-DAI

The swelling behavior plotted against the second virial coefficients of the pure
solvents is shown in and indicate a raw correspondence, nevertheless,
the values of B are partially interpolated or measured values from different sources
(see and strongly depend on the temperature. Besides, the swell factor
Q.. might deviate due to incomplete swelling and measurement errors, which in
sum prevents a straightforward interpolation.
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Figure 6.16: Second virial coefficient B and the relative degree of swelling with reference to
the volume swelling factor Q,. The respective values can be found in

6.2.2 Scalability with stretching apparatus

[PEO-DA] was cross-linked with a mass content of 20% (PEO-DA-35k-20%), in a
teflon® tube with an inner diameter of 2.5mm according to the above described
protocol including washing and cutting the polymerized gels into pieces of 2cm
and dried. One dry stick with a diameter (¢4,,) of approximately 0.9 mm was then
inserted into a stretching device (see equipped with a silicone elastomer
tubing. Then 300Ul DyO were added while care was taken to prevent bubbles.
The prepared stretching device then was left for one week at room temperature for
equilibration. The swollen stick had reached the silicone rubber walls and was self-
stretched in the silicone tubing to 2.9 cm. It revealed a small quadrupolar splitting
Avg of D20 in the deuterium (*H) spectrum indicating partial alignment of the
solvent. The deuterium spectra resulting from further stretching the silicone tubing
and correlation of lengths and quadrupolar splittings are shown in [Figure 6.17]
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Figure 6.17: Quadrupolar splittings (Avg) of D3O in the respective deuterium (*H) spectra
scaled by the amount of stretching.

Since the initial state was already anisotropic, the theoretical length of the stick

in an isotropic state is interpolated via linear regression (see [Figure 6.17b)), leading
to a theoretical non-stretched length (lp) of about 2.58 mm. With the extension

factor = from the work of Kuchel*®? defined as

lS Tetche
_ [lstretched 4 (6.1)
lo

values of approximately 0.12, 0.35, 0.43, 0.51, 0.54, and 0.62 for the six different
lengths shown in were yielded, respectively.

(1]

6.2.3 Influence of the mass content

Once the broad solvent compatibility and the applicability with stretching and
compressing devices was proven, the influence of the mass content on the swelling
was evaluated. Therefore, gel sticks of the 5 established formulations
were prepared in teflon® tubes with an inner diameter of 2.7 mm and dried. Then
they were left for free swelling for two days and the dimensions and weights of the
dry and the swollen sticks were compared .

To evaluate a theoretical stretching factor for the five swollen sticks (all with
swollen diameters above 4 mm), they were transferred into a teflon® tube with an
inner diameter of 3mm and their length was measured. To achieve this, a conical
pipette tip for 100ul micropipettes was cut such that the small end had an inner
diameter of 3mm and the other end was left, having an inner diameter of 5mm.
The short end was connected with a short piece of silicone tubing to the teflon®

73



tubes, serving as a funnel for the transfer via vacuum applied from a syringe at

the other end (Figure 6.18|).

Figure 6.18: Assembled pipette tip filler to transfer freely swollen gels.

Doing so, the [PEQ-DAI stick with the highest mass ratio broke. Neverthe-
less, the other four sticks showed elongation factors above 1.74. The results are
summarized in [Table 6.2

To be able to apply polymer gels as alignment media, the diameters in the
swollen state play, as mentioned above, a crucial role. Therefore the influence
on the relative increase of the diameter due to swelling with regard to the initial
mass content is plotted in [Figure 6.19af Within the range of 16% to 50% the
ratio of the swollen diameter to the dry diameter decreases linearly. The reason
is assumed to be an increasing cross-link density and more entanglements within
the polymeric network, that reduce the relative swelling capability. Interestingly,
the absolute diameters in the swollen and dry state increase slightly with the mass
content (Figure 6.19b)), as there is more material left in the dry state, which is
also resembled in the swollen state. Considering the mass and volume uptake,
decreasing relative swelling is observed in accordance with the decreasing relative
diameter (Figure 6.19d).

The relative elongation factor = derived from the transferred sticks has a mini-
mal value for the 20% stick. Therefore, the almost linear rising relative elongation
factor = above the polymerization mass fractions above 20% can be explained
by the increasing absolute diameters caused by the increased amount of polymer
within the gel. The higher amount of polymerschains, the more water can be
taken up by the gel. The 16% sticks show higher swelling factors than expected.
Since below 16 % only oligomers are found with PEQ-DAF35000, this is related to
a lower cross-link density and more defects within the network enabling a higher
swelling behavior.
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Mass content wy,, wt% 16 20 25 30 50

Preparation # 45 46 47 48 uv

Dimensions of dry sticks

Lary cm 1.14 | 144 | 1.40 | 1.28 1.62
Bary cm 0.12 | 0.13 | 0.15 | 0.16 0.21
My mg 14.3 | 19.4 | 23.9 | 27.0 55.9
Calculated volume and density

Vary ul 14 18 23 26 53

Pdry g/em® | 1.06 | 1.06 | 1.04 | 1.05 1.05
Dimensions of swollen sticks

lsw cm 3.80 | 4.31 | 3.80 | 3.56 3.59
Bsw cm 0.43 | 0.43 | 0.46 | 0.47 0.48
Mgy, mg 575.4 | 635.0 | 665.0 | 681.0 | 697.9
Calculated volume and density

Visw ul 552 611 632 618 650

Psw g/em3 | 1.04 | 1.04 | 1.05 | 1.10 1.07
Swelling ratios

Low /Lary 3.3 3.0 2.7 2.8 2.2

Bsw [ Bary 35 | 33 | 32 | 29 2.3

Visw/Vary 40.7 | 33.5 | 274 | 24.0 12.1
Mgy /My 40.2 | 32.7 | 27.8 | 25.2 12.5

Dimensions of swollen sticks transferred into teflon® tubes
with inner diameters of 3mm

Lotretehed cm 6.9 7.5 7.7 8.7 | broken
Vstretched ul 488 530 544 615 -
Sstretched 082 | 0.74 | 1.03 | 1.44 -

Table 6.2: Dimensions, weights and swelling behavior in DyO of [PEO-DA] gel sticks of different
mass content cast in a teflon tube with an inner diameter (g;) of 2.7 mm.
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Figure 6.19: Behavior of PEO-DAB5000 sticks depending on the mass content. (a) Influence
of the initial mass content on the diameter swell ratio. (b) Influence of the initial mass content
on the diameters of dry and swollen gel sticks, polymerized in a mold of the same diameter
of 0.27cm. Both graphs resemble a lower amount of [PEO-DAl (c) Correlation of the relative
swelling volumes and mass ratios. Higher wt fractions induce a smaller relative swelling. (d)
Relative elongation = when [PEQ-DA] sticks cast in the same diameter of 0.27 cm are swollen to
equilibrium freely in water and afterwards are transferred into a tube with an inner diameter of
0.3 cm.

6.2.4 Influence of the composition of the mixture

Since measurements are also carried out in mixtures, the swelling behav-
ior depending on the composition of a binary mixture was investigated. Tri-
fuoroethanol (TFE) is a solvent, known for its helix-forming properties on pep-
tides and proteins*® and used together with water for the structure elucidation
of membrane associated biomacromolecules. To evaluate the influence of the wa-

ter/trifluoroethanol (TEE])-ratio, PEO-DAB5000 sticks with a mass content of 16%
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were cast in teflon® tubes (¢;:3mm) and cut and dried. Then the swelling behav-
ior was measured in pure water and [TFEl and mixtures with 80%(v/v), 60%(v/v),
50%(v/v), 40%(v/v) and 20%(v/v). The resulting swollen diameters are shown in
Figure 6.20

6 TS
.
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.
g 4
g
~ TS
5 *
23 *
% %(v/v) TFE
)
100 80 60 50 40 20 0

Figure 6.20: Influence of the TFE/water-ratio on the swollen diameter.

Both the pure liquids are good pure swelling agents, with TFE showing about
20% stronger swelling of the diameter. When mixing water and TFE, the transition
of the swelling diameter is not linear, but possesses a minimum swelling that just
resembles the diameter in which it was polymerized. Two possible mechanisms
depending on the interaction taken up by the two components within the swollen
network. One is that both the water and the TFE molecules compete with the PEQ]
chains, leading to a hindrance of the interactions with the polymer chains. The
other possibility is that TFE and water interact more with each other, than with
the chains, leading to a decreased swelling. Nevertheless, with the gained
data it was possible to adapt the polymerization diameter for PEQ-DAB5000-16%
gel sticks to measure biomacromolecules in this binary mixture. Moreover, it is
shown that the swelling and therefore the resulting alignment can be scaled by the
choice of the composition, when working with mixtures.

6.2.5 Adaptation of [PEO-DA] for the application in com-
pressing apparati

As already stated in [section 5.5, the compressing device offers fast preparation
when a suitable diameter of the sticks is realized by the application of a pumping
protocol to load or wash out analytes into or from the swollen gels, respectively.
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Therefore the method was tested successfully with [PEO-DAB5000-20%, by com-
paring the [NMR] spectra before and after application of the repeated compressing

and releasing protocol™™ in a 200 mmol solution of sucrose (Figure 6.21)).

PEG-DA-35k in D,0

PEG-DA-35k + Sucrose
100mM in D,O

N

5.0 45 4.0 3.5 ppm

Figure 6.21: Fast preparation of an aligned sample within 20 min, starting from a pre-swollen
[PEO-DAB5000-20% gel in D20 before (purple) and after (red) four times of repeated compression

and releasing the gel in the compressing apparatus (see [Figure 5.4)).

Since the initial swollen diameter was already 3.2 mm the change of the aspect
ratio was to little, to determine a quadrupolar splitting in DyO within the line
width of the deuterium signal of 1.7Hz. The quadrupolar splittings of DoO (Cy
symmetry), are generally smaller than for deuterated chloroform. Therefore, nu-
merous trials were carried out with deuterated chloroform, as it is more sensitively
showing a quadrupolar splitting when partially aligned. Unfortunately, its strong
swelling degrees (see regarded to cast [PEO-DAB5000 in very small
diameters between 1.0 and 1.8 mm to accomplish swollen sticks with aimed diame-
ters of 3.2 to 3.5 mm. Such cast sticks were to brittle and unstable and did shrink
to diameters below 0.3 mm upon drying. Here, volume to surface effects render a
reproducible cross-linking procedure impossible. Furthermore, small amounts of
oxygen being absorbed or diffusing into the teflon® tube that also have smaller
wall thickness at these small diameters perturbed the production of homogeneous
sticks.

For the above stated reasons and regarding the possibility to decrease swelling
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upon blending with agents showing less swelling, a method could be established,
where a [PEO-DAB5000-50% (photo-polymerized) stick with a diameter of 1.8 mm
put into a 1:1 (v/v) mixture of deuterated chloroform and deuterated [DMSOI in
a compressing device, confining the stick directly afterwards. The stick was left
for equilibration one week and then quadrupolar splittings in the initial state and
upon releasing in several steps were determined including the fully released state
with a non-stretched length of 8.2 cm.

Then the stick was transferred into a stretching device. During the transfer
with a pipette tip, a fraction of 1.1 cm broke, leaving a non-stretched length of
7.1cm. In the stretching apparatus, the remaining stick was elongated to 7.8 cm
and the quadrupolar splitting was determined. The stick could be elongated fur-
ther stepwise until a length of 13.5cm was reached. The resulting elongation
factors = and the corresponding quadrupolar splittings are summarized in

and selected examples of the deuterium spectra are shown in [Figure 6.22]

In [Figure 6.23| the resulting quadrupolar splittings Ay are plotted against the
respective elongation factors.

S0 23,98,
compressed stretched
=:-0.15 E Z:0.20
8 7.5 7 6.5 8 7.5 7 6.5
dCH) / ppm dCH) / ppm
12.3Hz 51.8Hz
=2:-0.20 =:0.55
8 7.5 7 6.5 8 7.5 7 6.5
dCH) / ppm d(H) / ppm
14.5Hz 82.5Hz
=:-0.25 | =:0.90
8 7.5 7 6.5 8 7.5 7 6.5
dCH) / ppm dCH) / ppm

Figure 6.22: Compressing and stretching of the same [PEO-DAB5000-50% stick and corre-
sponding quadrupolar split peaks of the deuterated chloroform revealing scaled alignment with
negative to positive elongation factors =.
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Figure 6.23: Quadrupolar couplings Avg derived from the same stick applied in a compressing
and a stretching device. Note: the sign of the quadrupolar splittings are assumed to be positive
for positive elongation regarding [Equation 4.37] and [Equation 4.38| with a positive value for
eQ(?H)=0.286fm? and an axially symmetric EFG.

6.3 Results

Commercially available PEO is a cheap educt that can be purchased in relatively
narrow dispersities (for the tested educts PEO-6000 and PEO-35000 purchased
from Sigma-Aldrich D was about 1.08). Also acryloyl chloride, and
are commercially available standard chemicals. The two main reactions, the di-
acrylation and later cross-linking step can be applied using simple standard meth-
ods and can be carried out independently when storing produced [PEO-DA] in a
fridge. Using syringes, teflon- and silicon tubes, it was possible to establish a
method to reproducibly create cross-linked polymer sticks of arbitrary diameters
for the use as alignment media. Here, argon was used for degassing and flushing
the equipment, to avoid the exposition to atmospheric oxygen. The variability in
the diameters is crucial to adapt the medium to the swelling behavior of the gels
in the later measurements to have control over the strength of the induced partial
alignment.

Based on the above investigations, extractions of RDCs are carried out on six
different analyte/solvent systems. Finally, a self written program for the semi-
automatic extraction of couplings is presented and evaluated.
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7 | RDC extraction with PEO-DA

In the above sections, the swelling capabilities and the applicability with stretching
and compressing devices has been evaluated. In the following sections, the suit-
ability of PEO-DA]as an alignment medium for the use in a variety of solvents and
mixtures is demonstrated with six different molecules ranging from small organic
molecules (sucrose, borneol, ethinylestradiol) over a peptide derivative (Gramicidin
SP-Fro-SW) t6 proteins (amyloid precursor protein ([(APP]), malectin). To ease the
extraction of couplings, in the following part of this chapter, a new semi-automatic
method is invented and evaluated by comparison with manually extracted cou-
plings.

7.1 Materials and methods

7.1.1 Spectrometers and data processing

All NMR experiments applied for assignment and the extraction of [RDCs were
carried out with the spectrometers listed in [Table 7.1 Data processing was per-
formed using the Bruker software TOPSPIN and the self-programmed PYTHON
script for the semi-automatic extraction of couplings (subsection 11.2.1]).

7.2 Semi-automatic extraction of couplings

As mentioned in [subsection 4.5.1] manually extracting residual couplings with
the overlaying method, can be laborious and subjective. To overcome the man-
ual method, in this work a program that performs the semi-automatic extraction
of from selected slices from 2D spectra with physically sound errors was
invented. The method takes up the approach of the manual extraction, which
essentially determines the frequency difference and its limits from the estimated
maximum overlap of the peaks. Mathematically, this is the problem of finding the
distance of the greatest (self-)similarity and can be solved by means of an auto- or
cross correlation, respectively. To apply the method, slices of the corresponding
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Table 7.1: NMR spectrometers for assignment and the extraction of couplings and their speci-
fications.

Identi- Location 'Hfield Console Probe head Frequency
fier strength

A IBG4 600 MHz Avance II 5mm BBI 1H: 600.19 MHz

Pauli 5mm TBI 13C: 151.91 MHz
2H: 92.13 Mhz

B IBG4 600 MHz  Avance III 5 mm cryo 'H: 599.70 MHz

Ernst CPTCI 13C: 150.81 MHz
2H: 92.06 Mhz

C I0C 600 MHz Avance I 5mm TBI 'H: 600.13 MHz

I0C600 13C: 150.90 MHz
2H: 92.12 Mhz

peaks have to be extracted as in the manual approach. The region of interest
within the slice is selected and exported to an ASCII file with the command totext
in the Bruker Topspin software. This file then contains a finite sequence of discrete
intensities, representing the real part of the selected Fourier transformed processed
signal, each equally departed by the resolution in Hertz per point (Hz/pt) from
each other.

7.2.1 Underlying principle and implementation

A very simple method to find the coupling at which the two peaks overlap most
could be carried out by summing up all products of the signal function S(§) with it-
self shifted point by point S(6+Ad). The discrete auto-correlation G(AJ) function
is then given by

G(AS) = f: S(6)S(6 + nAd) (7.1)

Unfortunately, the amount of points makes this procedure quite laborious, es-
pecially when processing many points, which is essentially the case when working
at high resolution for example at 0.2 Hz/pt. A carbon proton coupled doublet is
typically found within a range of 250 Hz, which means that it contains 1250 points.
Applying the above formula means, n times n points must be multiplied, giving
an effort of 1.562.500 multiplications. To circumvent the problem of incremental
multiplication and summing up, the Wiener-Khinchin theorem™™ is applied, stat-
ing that the autocorrelation function is the inverse Fourier transform of the power
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spectrum.

G(r) = [ SO)S0+7) dr = F(F(@)P) (7.2)

—00

It is well established in signal processing and where time-stationary continuous
processes are analyzed to reveal periodicities. Even though it is unusual to apply
the method to a signal function in the frequency domain, mathematically the only
difference is the unit. Nevertheless, in literature the shifting parameter is called 7
and denoted as a lag, furthermore, autocorrelations are often defined in terms of
periodic time-series as can be also found in where the autocorrelation in
time gives insights about molecular mobilities. Moreover, the lag T can represent
also other variables like a shift in space, or as is the case for the semi-automatic
extraction of couplings, a frequency shift Ad. It is important to note that the so-
called power spectrum term |F(w)|? contains the information how frequencies are
periodically distributed in the frequency domainf] Its inverse Fourier transform,
the autocorrelation function plots this distribution. The expression for the power
spectrum can be evaluated with the use of Parseval’s equation

[F(w)* = F(S(0))F(SO)] - (7.3)

Since the extracted rows are finite, the necessary periodicity must be intro-
duced by adding the same amount of points containing zero value (zero-filling)
and subsequently connecting the end points of the extracted data set. As the
data is not continuous but discrete, a discrete fast Fourier transform technique
is needed. The NumPy library (NumPy v1.18) for the Python programming lan-
guage (Python 3.7.3) has the functionality for the above operations. Therefore a
program was self written for the semi-automatic extraction of couplings. First,
the extracted data set is zero-filled and Fourier transformed, then it is multiplied
with its complex conjugate, and the product then inversely Fourier transformed.
The resulting correlogram reveals the maximum overlap of peaks.

2This term is identical to the spectral density function used to explain the phenomenon of

relaxation, see also [subsection 9.3.
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Figure 7.1: Simple autocorrelation example of the row of the H6 methylene protons exported
with the command totzt (upper plot). The empty area on the the left serves later to evaluate
the standard deviation of the noise. In the lower plot, half of the symmetric autocorrelation
function G(7) thereof (positive values) is shown for the extracted row. The second maximum
points to the shift, where both peaks fit best onto each other and hence, represents the searched
coupling in shifted points. Multiplication with the resolution of 0.9 Hz/pt yields in the coupling.
The relative height of it approaches a value of 0.5 which can be translated into the correlation
R =2 x G(coupling) = 1. This proofs that both peaks have a similar shape and the coupling is
valid.

7.2.2 FError determination

For the evaluation of the errors, it is straightforward, to extract the standard
deviation from the noise in an area with no signals. It allows to calculate an area
of points centered around the maximum correlation, whose limits give the range
of the error. So far, this area has to be chosen manually.

Another criterion for the quality of the overlapping peaks is given by the cor-
relation coefficient R. In the ideal case of peaks with identical shape and no noise
being present in the extracted slice, it must take up the value of 0.5, when the
maximum intensity for 7=0 is normed to 1, since both peaks contain half of the
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area when shifted onto each other. Therefore, both calculation of the error related
to three times the standard deviation and the correlation coefficient are carried
out and returned. The written python program for the semi-automatic extraction
developed by the author can be found in [subsection 11.2.1] and is tested in the
next sections.

2000000 A
3

z 0
2
2

2000000 1

T T T T
1000 2000 3000 4000 5000
offset [points]
Coupling:174.20Hz
0.5 1

R: 1.01141

autocorrelation

0.0 - IS

T T T T T T T
1600 1700 1800 1900 2000 2100 2200
shift [points]

Figure 7.2: Error estimation scheme for the example shown in with the standard
deviation (purple) of the selected noise region (upper plot) and with a fraction of about 0.997
(pink) of the correlation R (second maximum) gives two intervals (between the pink or the purple
dots respectively) that can be interpreted as errors. When the autocorrelation function is not
symmetric, the positive and the negative error are different.
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7.3 Extraction of RDCs in water

7.3.1 Sucrose
A dry PEO-DAB5000-25% stick (Table 11.1)) with a length of 1.5cm was placed

into a stretching device with a silicone tubing and 500 ul of a 100 mM solution
of sucrose in DO were added and left for two weeks to swell to equilibrium.
Before inserting into the spectrometer, the silicone tubing was stretched to the
maximum and the field was shimmed. In the insert in the resulting
chemical shift profile of DO reveals the quadrupolar splitting along the tube of
about 7Hz, clearly proving that the solvent gets aligned in the stretched gel. A
small inhomogeneity in the lower third of the active volume is visible. Nevertheless
eleven RDCs were derived by subtracting the total couplings from scalar couplings
measured in water . A detailed table of the manually extracted data
with errors is given in the appendix. The scalar (*.Jcg) and total (*Tcy) splittings
in were all extracted manually and then semi-automatically to validate
the method with a real example. In the following, the extracted rows are processed
with the self written python program described in [section 7.2l In [Table 7.2 the
results from both approaches are summarized.
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Figure 7.3: Assigned CLIP-HSQCs of sucrose (green) in DoO and aligned (blue) in PEO-DAI
35k. The 2H chemical shift profile reveals an overall quadrupolar splitting Avg of 7Hz along the
active volume of the aligned sample with a small defect within the lower third. The isotropic
peaks (green) were shifted slightly for better comparability. As expected the methylene protons
6, 11 and 10 show only small RDCs due to a higher mobility outside the rings. Besides H4, which
is overlapped by the signal of the poly(ethylene oxide) and therefore can only be approximated,
all RDCs (turquoise) could be extracted.

Semi-automatic extraction test

The following pictures illustrate the semi-automatic extraction with the extracted
rows of both HSQCs from (green). On the left side are the isotropic
(e.g. and on the right side the respective anisotropic rows (e.g. [7.4b)).
The two plots below contain the two respective corelograms (blue) whose second
maxima reveal the shift for a maximum overlap. Twice the value of its relative
height corresponds to the cross-correlation of the shape of the two peaks and all
other signals (noise, artifacts, overlapping neighbour signals) for the respective
shift. This shift in points multiplied with the resolution (here: 0.090826 Hz/pt) is
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assumed to be identical with the respective coupling and calculated as described
in [section 7.2l The plots are given in the order of the respective carbon chemical
shift. The method is also applied with the row concerning the polymer signal from

the ethylene oxide protons of the [PEO-DAI| chains (Figure 7.6al).
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Figure 7.4: Semi-automatic extraction of the sucrose methenyl carbon proton couplings. On
the left are the slices measured isotropically in deuterated water, on the right are the anisotropic
slices containing the total couplings.
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Figure 7.5: The sucrose H4 proton doublet overlaps with the PEO-DAB5000 peaks and cannot
be extracted precisly by hand nor with the algorithm and must be approximated. Nevertheless
the J coupling can be extracted.
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Figure 7.6: The methylene protons of the ethylene oxide units of the stretched [PEO-DAB5000
stick create a large doublet in the CLIP-HSQC that interferes not only with H4 and creates some
small artifacts also visible in the following rows of the methinyl protons H2, H5 and H3.

90



(a) "Jone (b) 'Toha
1- 1 4
e =
3 g AVp: 147.22Hz
= E
E : 7 S
0- 04 T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
v [Hz] [z
1.0 104
=1 =
8 £
g R: 0.993 3 R: 0.996
=051 < 051
2 g
8 8
0.0+ 1 , | ; 001, | | | ;
0 50 100 150 200 0 50 100 150 200
Av [Hz] A [Hy
(c) YJcus (d) 'Tcus
11 11
= z
g g Avp: 147.04Hz
3 = I A S As s~y i
N 2,
0 50 100 150 200 250 300 0 50 100 150 200 250 300
v [Hz] v [Hz|
1.0 1.0
= =
2 R: 0.984 2 R: 0.864
< 0.5 T £ 0.5 =
8 3
< <
0.0, ! ; | , 0.0, , , , :
0 50 100 150 200 0 50 100 150 200
Av [Hz] Av [Hz]
(e) "Jcns (f) 'Tcus
11 11
z z
E u Avp: 14349511 E
E A > £
0 _—JMUULJ\_.__JAJ‘\_) 04
0 50 100 150 200 250 300 0 50 100 150 200 250 300
v [Hz] v [Hz)
1.0 1.0
= =
e R: 0.993 E R: 0.996
£0.51 e £051 C
3 3
< <o
0.0, , ! ! , 0.0, , , , ,
0 50 100 150 200 0 50 100 150 200
Av [Hz] Av [Hz

Figure 7.7: Rows of the split proton signals of H2, H5 and H3. All extracted rows have
distortions caused by the polymer and second order artifacts. Since C5 and C3
have have similar carbon chemical shifts, their signals also interfere. The cross-correlation of the
two peaks is declined significantly.
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Figure 7.8: Rows for the split proton signals of H8, H7, H9 and H1.
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Manually and semi-automatically extracted [RDCk

Manually Semi-automatic Difference
CH | 'Jouw A'Jewm | 'Jon A'Jem |'Jem A'Jdcnm

CH6 | 143.68 0.09 143.70 -0.02 -0.02 0.11
CHI11 | 144.62 0.09 144.60 0.02 0.02 0.07
CH10 | 143.38 0.09 143.51 -0.13 -0.13 0.22
CH4 | 144.41 0.09 144.43 -0.02 -0.02 0.11
CH2 | 144.35 0.09 144.25 0.10 0.10 -0.01
CH5 | 144.28 0.18 144.25 0.03 0.03 0.15
CH3 | 145.21 0 145.16 0.05 0.05 -0.05
CH8 | 144.45 0.09 144.43 0.02 0.02 0.07
CH7 | 144.48 0.09 144.34 0.14 0.14 -0.05
CH9 | 148.49 0.27 148.00 0.49 0.49 -0.22
CH1 | 169.67 0 169.71 -0.04 -0.04 0.04

Table 7.2: Comparison of the extraction methods and isotropic scalar couplings 'Jen with
errors Al Jop derived from a CLIP-HSQC of sucrose in D5O. Because of the good quality, most
or the errors are within the resolution of 0.9 Hz/pt.

7.3.2 Malectin

Figure 7.9: Overlay of 10 malectin structures™® from zenopus laevis derived from NMR mea-
surements. For the structure the entry 2JWP was downloaded from the protein database.
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Malectin is a carbohydrate-binding protein consisting of 174 amino acids**% A 15N-
enriched sample thereof was also partially aligned in [PEO-DA] and both isotropic
! Jxu and anisotropic 'T'xi couplings were extracted, using so-called *HSN-IPAP-
HSQC spectra 1883 For the isotropically measured spectra, '°N marked malectin
was dissolved 100 uM in 20 mM potassium diphosphate buffer, with a salt concen-
tration of 150mM sodium chloride and 2mM Cleland’s reagent (dithiothreitol
(DTT)) in a mixture of 10%(v/v) D20 in Hy0 to sustain 'H bound to *N. Then
a first 'H-1D spectrum was recorded, revealing a huge water peak and the need
for water suppression. Instead of pre-saturating the water signal for peptides and
proteins, it is common, to apply an improved so-called WATERGATE W5 pulse
sequence, not to loose the NH-signals due to exchanging protons. The resulting
1D spectrum was recorded, using the zggpw$ standard Bruker pulse program and
is shown in ??. The resulting spectra are shown below and in [subsection 11.2.3]
150 extracted scalar couplings and 166 total couplings resulting in 139 evaluated
RDCs can be found. There also a histogram is given.

1D-'H spectrum with watersupression.

rel. intensity

10 8 6 4 2 0 -2
S('H) / ppm

Figure 7.10: The protons of the ethylene oxide groups and the water are substantially decreased.
The alignment is weak enough and the homogeneity of the field and the medium allows the
distinction of lines.
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Figure 7.11: Shown are the peaks of the sum (blue, upper) and the difference (green, lower) of
the split "HN-IPAP-HSQCs7 within the NH-region. The peaks were assigned relative to the
isotropic values, which were provided by Claudia Muhle-Goll and the scalar '.Jxp couplings were
extracted. The numbers are according to residue numbers given in together with the
chemical shift assignment and the respective scalar and total couplings.
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Figure 7.12: Anisotropic sum and difference spectra of malectin. The quality of the spectrum
allowed the extraction of 166 couplings that are found in
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7.4 Extraction of RDCs in chloroform

7.4.1 Sample preparation with d-(4)-borneol

The next solvent to test the applicability of [PEO-DAl as an alignment medium
was chloroform, one of the standard solvents used for liquid [NMR] spectroscopy.
As a test analyte, the small organic molecule d-(+4)-borneol was prepared for
testing in a stretching device. 600ul of a solution of 100mM d-(+)-borneol in
chloroform-d were transferred into an NMR tube sealed with a teflon cap. Af-
ter recording [CLIP-HSQC| and [P.E. HSQC]| spectra in isotropic solution, a dry
[PEO-DAB5000-25% stick with a diameter of 2.5 mm and a length of 1.15cm was
placed in a Kalrez® tubing inside a cut NMR tube and closed with the special
bottom screw to prevent slipping of the tubing when stretched as described pre-
viously in the work of Kummerléwe 2™ A small amount of the borneol solution
was added and the tube was left for one hour horizontally to prevent swimming
of the PEO-DA] stick with a lower density than chloroform. This step wise initial
swelling with solvents of higher density than [PEO-DA] (~ 1g/cm?) ensures the
sticks stay at the the very bottom without a gap. After this pre-swelling proce-
dure, the residual borneol solution was added and sealed with Teflon® tape. The
prepared stretching device was placed in a fridge and left for equilibration. After
2 days the PEO-DAB5000 gel was self-stretched to 6 cm. Within the next 4 weeks
no further elongation appeared.

Before inserting into to the spectrometer, the gel was stretched further to
10cm. In the deuterium 1D experiment the chloroform signal was quadrupolarly
split by 274 Hz, indicating a significant partial alignment. Nevertheless, after the
sample was shimmed thoroughly, the proton 1D experiment showed sharp signals
(Figure 7.13) and hence, [CLIP-HSQC] and [P.E. HSQC] spectra were recorded in
the uniaxially stretched, aligned [PEO-DAB5000 sample. After the measurement,
the sample was relaxed and stored at 8°C in a fridge. Four weeks later, the sample
was again stretched to 8 cm and a quadrupolar splitting of 127 Hz was obtained.
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Proton 1D experiment

Inthe corresponding 1D-'H spectra are shown. The huge main peak in
the anisotropic spectra arises from the ethylenoxide units. For the two anisotropic
spectra, a second signal next to the polymer main peak is visible. It is broadened
more pronounced than the analyte signals at higher alignment strength (blue).

|
| A »

5 45 4 35 3 25 2 15 1 05 O

Figure 7.13: 1D-'H-spectra of Borneol in CDCl3 [PEO-DAB5000-25% isotropic (black) and
with two different stretching degrees resulting in qadrupolar splittings of Avg 127Hz (green)
and 274 Hz (blue).




CLIP-HSQC

The CLIP-HSQC spectra of d-(+)-borneol are superposed in [Figure 7.14 and [Ta-|

sums up the results for the extraction of one-bond [RDCk with[PEQ-DAB5000

in chloroform-d and a stretching device.

CLIP-HSQC measurements of borneol
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Figure 7.14: Overlay of the peaks from CLIP-HSQC spectra of d-(4)-borneol in

chloroform- d/[PEO-DAB5000-25% from isotropic (black) and anisotropic at Avg 127 Hz (green)
and 274 Hz (blue) CLIP-HSQCs. The chemical shifts § refer to the green peaks recorded at Avg
127 Hz, the other two sets were centered around them, maintaining the splittings.
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Group | 'J T T 1pa AD2 D® ADP

MelO | 124.1 1242 1245 0.1 0.3 0.4 1.0
Me8 | 124.3 128.8 133.8 4.5 0.3 9.5 0.8
Me9 | 1244 120.8 116.7 -3.6 0.3 -7.7 0.2
H6x | 130.1 1298 1294 -0.3 0.4 -0.7 0.3
Hé6n | 131.2 1391 1478 8.0 0.6 16.6 1.0
H5n | 131.8 1319 1319 0.0 0.5 0.1 0.6
H5x | 130.1 1434 160.2 133 0.8  30.1 0.9
H3n | 130.5 128.1 1253 -23 0.8 -5.1 1.0
H3x | 1295 1150 103.0 -14.5 20 -26.5 3.0
H4 140.2 145.0 1504 4.8 0.8 10.2 0.5
H2x | 145.8 136.7 127.7 -9.1 03 -181 0.3

Table 7.3: Extracted RDCs from borneol at two different alignment strengths. The superscripts
of the couplings T, D and their errors AD indicate the measured quadrupolar deuterium splitting
of chloroform-d: (a) Avg: 127Hz and (b) Avg: 274Hz. All values in are given in Hz.

99



P.E.HSQC and semi-automatic extraction of geminal couplings

P.E.HSQC measurements with borneol
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Figure 7.15: Overlay of the peaks from P.E.HSQC spectra of d-(+)-borneol in chloroform-
d/[PEO-DAB5000-25% from isotropic (green and turquoise) and anisotropic (blue and purple),
indicating the phase of the peaks. Avg was 274Hz (blue). The chemical shifts § refer to the
anisotropic spectrum containing the signal of [PEQ-DAl Note that the tilts of the respective
methylene protons H6n/x and H5n/x changes the direction when partially aligned indicating a
positive total coupling 2Tyy.

In the following plots, the semi-automatic extraction utilizing cross-correlation of
the two extracted rows from the P.E.HSQC is illustrated. On the left are the
rows, measured in chloroform-d containing the isotropic values (J), on the right
are the anisotropic rows containing the total couplings 7" shown. The plot in the
middle represents the superposed slices from above, shifted onto each other by the
calculated coupling.
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Figure 7.16: Semi-automatic extraction of the borneol methenyl homonuclear splittings from
the respective slices in the [P.E. HSQUC] in [Figure 7.15] The isotropic values (?.Jgp), measured in
chloroform-d are on the left, on the right are the anisotropic rows containing the total couplings
(®Tqn). In the middle of each figure, the superposed slices from above, shifted onto each other by
the calculated coupling are shown. Note that the program cannot differentiate between positive
and negative sign, which changes in the aligned case for both the endo and exo methylene protons
of C6 and C5. Here, the upper rows (green) are to the right from the lower row (blue), indicating

a positive sign.
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Figure 7.17: Semi-automatic extraction of the borneol methenyl homonuclear splittings from
the respective slices in the [P.E. HSQC] in [Figure 7.15| Here, the upper row (green) is to the

right from the lower row (blue), indicating a positive sign. The partial orientation increases the
geminal coupling significantly maintaining the order of rows, indicating a negative sign.

Manual Semi-automatic
2JHHa 2THHa 2DHHa ADab 1JHHa 2THHa ZDHHa
H6 -12.9 13.6 26.4 1.1 -12.8 13.7 26.5
H5 -11.7 11.2 22.8 0.7 -11.8 94 21.2
H3 -134 -39.9 -26.5 0.2 -13.5 -39.9 -26.5

Table 7.4: Comparison of the results shown above with manually extracted geminal couplings.

Evaluation of the obtained RDC with SVD

Since borneol is a rigid molecule, a single tensor fit was aplied to a model that was
optimized with the MMFF96 force field incorporated in the free software Avogadro.
Then the 1-bond heteronuclear ' Doy and the homonuclear 2 Dy RDCs were read
into the program and a singular value decomposition (SVD) was carried out. The
results are shown below.

aAll values in Hz.

PErrors were estimated manually.
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(a) Front view (b) Top view.

“a

[

Figure 7.18: Illustration of the x, ¥ and z components of the alignment tensor induced with
the measurements at Avg of 274 Hz. Calculated experimental SVD derived values are shown in
the table below.

Table 7.5: Singular value decomposition and back-calculation of the values with the program
MSpin

‘ Dewp ‘ DSVD

C10-Mel0 | 04 1.99
C8-Me8 9.5 8.56
C9-Me9 -7.7 | -7.96
C6-H6x | -0.65 | 0.81
C6-H6n 16.6 | 15.79
C5-Hbn 0.1 -2.83
Ch-Hbx | 27.2 | 32.48
C3-H3n -50.1 | -7.98
C3-H3x | -26.5 | -30.84
C4-H4 10.2 | 10.48
C2-H2x | -18.1 | -16.15

H6n-H6x | 26.4 | 26.89

Hbn-Hbx | 22.8 | 25.95

H3n-H3x | -26.5 | -23.53

The back-calculated values are in good accordance with the experimental values
giving a Cornilescu’s quality factor (Q) of 0.1.
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7.5 Extraction of RDCs in DMSO

7.5.1 Ethinylestradiol

Another routinely used NMR solvent is DMSO-dg. As a test analyte, the steroid
17a~ethinylestradiol, a derivative of the female hormon estrogen and part of some
contraception pills, was prepared for testing in a compressing device. During a
series of tests, no quadrupolar splittings were observed, when 17a-ethinylestradiol
was dissolved in DMSO-dg and tested with the compressing apparatus. Neverthe-
less, comparing the isotropic with the anisotropic HSQCs revealed the presence of
RDCk.

For the preparation, a 100mM solution of 17a-ethinylestradiol was dissolved in
DMSO, and the isotropic data was extracted. Furthermore HSQC, HMBC, and
NOESY spectra were recorded for assignment. Then a dry 30% PEO-DAB5000
stick (cross-linked in a 3 mm diameter) was placed in a compressing device and the
500ul of the analyte solution were added. The stick had an equilibrated swollen
length of 2.8cm and was then compressed to 2.35cm. As mentioned before, the
quadrupolar splitting of was within the line width resulting in a broadened
[EWHM] of the deuterium signal of 1 Hz.

In the corresponding 1D-'H spectrum is shown for the aligned 17q-
ethinylestradiol in DMSO-dg. Sharp signals are obtained and even the satelites can
be identified. Interestingly, the signal of the ethylene groups could be exposed for
3D shimming, resulting in narrow line-widths within 8 minutes. The corresponding
CLIP-HSQC spectra are superposed in [Figure 7.20| and |[Figure 7.21] sums up the
assigned and extracted one-bond with PEO-DAB5000 in DMSO-d and a

compressing device.
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Figure 7.19: 1D-'H-spectrum of ethinylestradiol in DMSOF//PEQ-DAB5000-25%.
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Figure 7.20:
ethinylestradiol in [DMSOlg /PEO-DAB5000-25%.
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Overlay of anisotropic (blue) and isotropic (green) CLIP-HSQC spectra of

Coupling D [Hz] | A'Dey [Hz]
Cl H1 -1.6 0.1
C2 H2 -1.4 0.1
C4 H4 -1.7 0.1
C7 H7a -0.9 0.3
C7 H7b 8.2 1.5
C8 H8 5.4 0.5
C9 H9 53 0.2
Cl1H11la 5.4 0.3
C11 H11b 0.4 0.4
C12 H12a 0 0.2
C12 H12b 5.6 0.3
Cl4 H14 5.3 0.3
C15 H15a 3.8 0.3
C15 H15b 3.3 1.1
Cl6 Hl16a 4 0.4
C16 H16b 0.2 1.1
C18 H18 -1.8 0.1

Figure 7.21: Assignment and extracted couplings of ethinylestradiol.
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7.6 Extraction of RDCs in methanol/water

7.6.1 Gramicidin-DPro-SW

Gramicidin DP*™SW is a photo-switchable peptidomimetic™® derived from the an-
tibiotic Gramicidin S by inserting a thioarylethene group . 15.6 mg
were dissolved in a 1:1 mixture of deuterated methanol and water and the isotropic
measurements were carried out. Stretching the sticks resulted in a quadrupolar
splitting for the deuterated hydroxy group of methanol-d4 of 4.6 Hz and for the
methyl group of 2.2 Hz in the 1D-?H-spectra. The doublets of the alpha-C-region
are shown in the overlay of the CLIP-HSQCs [Figure 7.23] Note that for a better
comparability, the doublets of the anisotropic spectra were shifted towards the
underlying isotropic peaks.

NH,
0 H § o}
N_: N
N QJ\N
1 H 2 3 H 4
N o} 0

0

: \J2

NH,

Figure 7.22: Configuration and numbering of Gramicidin DP™°SW .
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Figure 7.23: Overlay of the alpha-C-regions in the isotropic (green) and anisotropic (blue
CLIP-HSQC spectra of Gramicidin DP**SW. Numbering of the C-alphas according to|Figure 7.22
7.7 Extraction of RDCs in TFE /water

7.7.1 Amyloid precursor protein (APP)

The Amyloid precursor protein is known to form pathological f-amyloid plaques
that are found in the brains of Alzheimers disease patients 88 A selectively °N
enriched sample thereof was prepared and couplings were extracted from isotropic
and anisotropic 'HN-HSQC spectra with water suppression.
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Figure 7.24: Overlay of the isotropic (green) and anisotropic (blue) spectra of APP. Shown is
the amide proton region with the eight !N labeled amino acids. The isotropic quartet of the
deuterated TFE signal in the deuterium spectra appears as a quintet in the anisotropic case
(blue) giving a quadrupolar splitting of about 1.7 Hz.

7.8 Results

In the above sections, the applicability of PEO-DAIl as an alignment medium was
demonstrated and the suitability for the use in deuterated neutral and buffered
water, chloroform-d, DMSO-dg, a mixture of methanol-d; and water and a mixture
of TFE and water was proven with sucrose, borneol, ethinylestradiol, Gramicidin
SP-Pro-SW [APP] and malectin. This is especially remarkable, since alignment
media available are sensitive towards water and no alignment medium has been
reported for TFE, which is often applied for membrane associated proteins. The
extraordinary quality is reflected in the line width obtained in the deuterium spec-
tra of the solvents. In the case of [APP| a quadrupolar splitting of 1.3 Hz could
easily be resolved in the one-dimensional deuterium spectrum.

The spectra are affected of the medium only by the ethylene oxide units, but
no further signals are visible. Their huge peak was exploited for automatic 3D
shimming implemented on most modern spectrometers, allowing also less experi-
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enced readers to achieve homogeneously shimmed field conditions. The big signal
of [PEO-DAI was significantly reduced, when a WATERGATE sequence was ap-
plied. Suppressing the signal would hypothetically be possible for a perdeuterated
[PEO-DA] material. Because of the price this approach was not followed, since
it would also prevent the shimming possibilities. Yet, a source for 3C depleted
monomers was not found, which would also prevent signals of the polymer occur-
ring in HSQC spectra while allowing to use of the proton signal for automatic
shimming.

[PEO-DAlshows a remarkable swelling capability, the samples could be prepared
within a week when swelling in a small diameter. The possibility to swell the gel
outside and transfer it into a stretching device allowed the preparation within two
days. The semi-automatic extraction program was tested and applied and were in
good accordance with the established manual method. Furthermore, the program
plots the slices, if desired, and documents the outcome. The auto- and cross-
correlation can be used to approximate the validity of values. This is especially
helpful, when strong coupling- or other artifacts are present. In contrast to the
manual approach, the phase of the signal does not play a role, allowing a robust
and reproducible data evaluation.

Together with the successfully developed preparation protocols presented in
scientific personal is enabled, to prepare partially aligned samples and
to measure anisotropic parameters without the need to know all kinds of materials
that may be suitable and where to get these materials from. Therefore the above
work resembles a cornerstone for the more routinely use of such parameters and
opens their features to a wide scientific community. The five successfully developed
formulations allow to set the desired alignment properties by the cross-linking
concentration and the chosen mold diameter. This is especially true, since the
approach was proven with molecules of very different sizes and polarities.
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8 | Molecular dynamics with
orientational constraints

In the next chapter molecular dynamics with orientational constraints are ex-
plained and applied with 'Dcy as constraints. The results are compared
with SVD based static method, implemented in MSpin. The software COSMOS
(Computer Simulation of Molecular Structures) has implemented such molecular
dynamics simulations (MD) with orienting boundary conditions. In this work,
measured RDC data from anisotropic samples was used in the COSMOS software
to obtain structural as well as dynamic information.

8.1 Molecular modelling

There are three different approaches to calculate molecular properties and to de-
termine their structures: quantum mechanical methods, semi-empirical methods
and empirical methods.

Quantum mechanical methods

In the quantum chemical description of molecules, the wave function of the mole-
cule determines how the probability density of the electrons (orbitals) is arranged,
within which the attractive atomic nuclei are centered. Depending on whether
electrons are treated as individual particles or delocalized as a probability density,
a distinction is made between ab initio methods (Hartree-Fock, post-Hartree Fock
approaches) that only depend on fundamental physical constants and DFT meth-
ods, where the exchange-correlation energy as a functional of the electron density
must be approximated *¥* None of them need to formulate explicit chemical bonds,
as they are implicitly contained in the wave function and only fundamental physi-
cal constants and the initial connectivity need to be known. Furthermore, physical
properties that are described quantum mechanically can be calculated and even
chemical reactions and transition states can be described.
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For structure determination, in the balance of attractive and repulsive energy
components, a favorable arrangement of the electrons for resting nuclei (Born-
Oppenheimer approximation) is determined. By optimizing the molecular struc-
ture, an equilibrium structure is sought in which the forces between the atoms
are minimized. The difficulty is that the exact application of quantum mechanics
leads to equations much too complicated to be solvableé!®® and the computational
effort in quantum chemical ab initio, and post-Hartree-Fock methods can become
very large. These methods are therefore suitable only for simple molecules and
DFT methods allow usually the calculation of systems with up to few hundred
atoms.

Semi-empirical methods

Semi-empirical calculation methods are characterized by time-saving approxima-
tions, incorporating empirical parameters that would otherwise have to be calcu-
lated from the wave function of the system (for example, potentials and energy
matrix elements). These parameters can be derived from experimental data as
well as from other theoretical (ab initio) calculations. Such methods are much less
computationally intensive than ab initio methods. The quality of a semi-empirical
method depends therefore on the accuracy and validity of the empirical parame-
ters and is in general limited to a certain class of molecules or bonding conditions.
Depending on the method and the property to be calculated, it is possible to
calculate systems of up to several thousand atoms.

Empirical methods

Empirical methods of molecular computation are not based on the quantum chem-
ical wave function, but are based on purely classical mechanics. The structure of
molecules is interpreted in simplified terms as mass points connected with springs.
As a result, empirical methods are significantly less computationally intensive (the
quantum mechanical calculation may require something like 10* times as much
computation time as the equivalent molecular mechanics calculation for the same
accuracy™?), which means that ever larger systems such as protein complexes or
cell membrane sections can be calculated. The energy is obtained as a sum of
different system surface potentials that depend only on the atom position (dis-
tance, bond angle, dihedral angle, and non-bonding interaction potentials) and
force field parameterization. The ground state again is where all the potentials are
minimized representing the most probable conformation. Since the classic mechan-
ical description neglects quantum effects, physical properties that are described
quantum mechanically cannot be calculated and since the bonds are explicitly for-
mulated between the mass points, no reactions can be simulated. Nevertheless,
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force field calculations allow the prediction of geometries and relative energies and
thus insights into the conformational space.

Limitations of molecular modeling

All of the above modeling methods have in common that the models are either
simulated as single entities in vacuum without any borders, or assumptions are
done, adding solvent molecules e.g. explicitly or as an averaged solvent field. In
reality, many molecules are prone to collisions with each other, solvent molecules
and walls all the time and at ambient temperatures higher energy conformations
are adopted, differing from the ground state. When obtaining structures from
the minimal energies, as described above, the found conformation can represent
the global minimum (the ground state) but also a local minimum (representing a
side conformation). For a better description of the conformational space, therefore,
molecular dynamics simulations can be applied, where the trajectory of a molecule
is determined and analyzed.

COSMOS software

The COSMOS program combines quantum mechanical methods for the calcu-
lation of molecular properties in combination with a parameterized, molecular-
mechanical force field. This semi-empirical approach makes it possible to use
NMR spectroscopic properties as boundary conditions in molecular dynamics cal-
culations to obtain more realistic results. In addition, semi-empirical bond polar-
ization theory (BPT)*” can be used to calculate fluctuating single-atom charges
that are more accurate than electronegativity scales for the calculation of chemical
shift tensors™! in each step of molecular dynamics simulations. Its main parame-
terization is for peptides and biomolecules with an extension for application with
small organic molecules. In the works of Méllhofft?? and Koch® the use of COS-
MOS force field is proven to be suitable. In this work, a method called molecular
dynamics with orientational constraints (MDOC) has been applied utilizing one-
bond carbon proton as constraints.**

8.2 Implementation of RDCs as constraints

In the following, the implementation of as orientational constraints for
simulations is explained. At first the introduction of the pseudo energy and how
it can be evaluated with the help of appropriate transformation matrices and an
averaging procedure are outlined. Then it is explained, how this pseudo energy
resembles a re-orienting potential, whose derivative pseudo forces alter the con-
ventional force field.
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Underlying principle

For the introduction of [RDCk as constraints, a pseudo energy term EP*¢%4 is added
to the potentials of bonding and non-bonding interactions (Ebnd, pron=tond) of the
molecular-mechanical force field.

Etotal — Ebond + Enon—bond + Epseudo (81)

The re-orientation energy potential £ jwdo(t) at a single given time step arises
from the deviation of a theoretical dipolar current coupling for a given pair of inter-
acting nuclei I; and I; (D}") from an experimental value (D;”) that was evaluated
experimentally under anisotropic conditions ([Equation 8.12)). The experimentally
derived dipolar couplings are always an average of the different vibrational states,
conformations, and orientations being populated during the course of the measure-
ment. For one bond dipolar couplings, a constant average of the bond length can
be considered, since corresponding vibrational changes are very small and occur
on the order of femtoseconds. The tensor of the dipolar coupling in the is of
the form

~bij/2 0 0
DPA5@, )= 0 —b;/2 0 (8.2)
0 0 b

with the constant of proportionality b;; from [Equation 4.30]

Transfomation from the PAS to the laboratory frame

The tensorial components in its principal axis system (PAS) representation are
then transformed into the laboratory frame by a rotation matrix T'(i,7). This
transformation is expressed by a double sum over the components of the transfor-
mation matrix T,g.

Dy(i5) = D3 Too Toar Dy (i, ) (8.3)
% ﬂ,
with the Cartesian components «, 8 € {x,y, z} in the laboratory frame (in-
dicated by the index L) and o/, 3" € {2/,9/, 2’} in the principle axis system, re-
spectively. The calculated dipolar coupling DQLB after a given time within the
simulation, containing more than one step, must therefore represent a vibrational,
conformational and rotational tumbling average over the course of the MD.

The scaling factor s,

Furthermore, a scaling factor s4;; is introduced, since the experimentally derived
RDCk (= D7 (i,j)) are commonly on the order of 107 compared to dipolar
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couplings. Subsequently, an averaged calculated dipolar coupling in the laboratory
frame is obtained by the following expression.

<D§B(z', j)> = Sam <Z > Tw,Tﬁﬁ/ij;g,S(z‘,j)> (8.4)
o 5/ t—o0

The scaling factor s, is related (but not identical) to the order parameter of
the applied alignment conditions and needs to be estimated empirically via scaling
MD runs. As a good starting point, the biggest is assumed be aligned with

the magnetic field By. Then s, can be estimated via

maz(Deg (i, 7))
SAM > —
— max(D*(i, j))

by dividing the the biggest measured through the dipolar coupling value
when aligned with the field in solid-state D®%(i,7). For example, if the largest
measured one-bond sp? CH has a value of 43 Hz, setting s43; to 1073 would
scale down the dipolar coupling of 43 kHz to a maximum achievable value of 43 Hz.
When the molecule in the course of the MD takes up also different orientations, it
is possible that in average this value cannot be reached anymore because of s,/
limiting the range of occurring values. If s4j; is chosen too big, the re-orienting
pseudo forces (vide infra) cannot act efficiently as constraints, since the energy
criterion in [Equation 8.12| is weakened, leading to incomplete sampling of the
conformational space.

(8.5)

Exponential decaying memory time function

The application of a pure arithmetic running average would overreach the initial
state and conserve initial values over time, preventing any conformational changes
that might occur. This is especially problematic when a chosen starting confor-
mation is not the correct one or more than one conformations need to be adopted
during the MD to obtain a conformational ensemble that reflects the experimen-
tal data. Therefore, a so-called memory time function, invented by Torda and

van Gunsteren 2419 i introduced to forget former events after a so-called mem-

ory time has passed . This running memory time function weights
values the less, the more time has passed since they occurred by introducing an
exponential decay term to the pure arithmetic average. Values that occurred more
than five times of 7 ago contribute then with less than 1% to the actual running
mean value.
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t

- 1 ot N
<DL(Z’])>t:N(t) /exp - D¥(i,j;t)dt (8.6)
t'=tg
¢ /
N(t) = /exp% dt’ (8.7)

t'=tg

Here, N(t) is a time-dependent norming term. The running mean values with
an exponentially decaying memory introduce effectively a new time-scale for ro-
tational re-orientations and fluctuations with 7 representing the lifetime of an
orientation of the molecule or of a mobile segment.

The equations of motion in MD simulations are solved for finite time steps.
Therefore, the integral in can be implemented as a discrete sum.
Instead of summing up all values that occurred during the MD, memory and
computing time are efficiently saved by evaluating the running mean value in a
recursive manner only once after every time step .

<DL(i,j)>t = N;l { N, <DL(i,j)>mAt e + DY (i, j; £} (8.8)

with ¢t = (m + 1)At (8.9)

Here, m denotes the number of passed steps. For the starting conditions, the
norming term Ny is initially set to one and for the successional steps evaluated by

Nppir = Nppe ™ +1. (8.10)

Since there are no former values to average, the initial running mean of the
dipolar tensor <DL(2', j)> is substituted by the first current dipolar tensor evalu-
ated from the respective pair of coupling nuclei I; and I;.

<DL(z',j)>0 = D"(i,j;t =ty = 0) (8.11)

Calculation of the pseudo energy

The difference of this calculated dipolar coupling from the experimentally derived
[RDCl can be translated into a re-orienting potential energy of a given spin pair.

Eﬁ;eudo ZZ << aﬁ i > Dexp( ))2 (812)
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The force constant k is also chosen via preliminary scaling MD runs to adjust
size and units of this pseudo-energy term. The experimental [RDC| constraints
De*P are introduced into the COSMOS via

—DeP(i, ) /2 0 0
D (4, §) = 0 —Der(i, §)/2 0 (8.13)
0 0 D= (i, §)

which conforms the vanishing trace of the dipolar interaction, leaving the xx-
and yy-components minus half the size of the zz-component (see also[Equation 4.31]
in [subsection 4.2.4]).

Deriving the pseudo force

From classical mechanics it is known that the force F' on an object is the negative
of the derivative of the potential function E.

dE o
dry

whereby v is a coordinate in space (y € x,y,2). Therefore, the re-orienting
pseudo forces F, are obtained as derivatives from the respective pseudo energy
contributions with respect to the Cartesian coordinates of the atoms. For the
orientational pseudo force the transformation matrices T'(, j) with respect to the
atom coordinates (see also Sternberg et al®®) need to be derived from the unit
vectors that define the directions of the dipolar coupling spins. Here, the unit
vector e, = e(; ;) and hence, is the internuclear vector, while e, and e, are
perpendicular to it. At any given time t the transformation matrix T'(i,j;t) is
then constructed with the unit vectors as columns

F,=- (8.14)

T=| e, (8.15)

The pseudo forces in the Cartesian directions v € x,y, 2z are then given by

0
Fy =k fap(ADas (i, ) )%%(i,j; t) (8.16)
ap

8 . 0 o
8’)/ aﬂ ¢ ] t ZZ(Tﬁﬂ’ /Y aa (Z ] t)+Taa a Tﬁﬂ’(zaj;t))DP’g’S(z .] t)

(8.17)
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This way the calculation of the pseudo force is simplified to determining the
elements of the transformation matrices T'(7, j;t) with respect to the Cartesian
coordinates of the atoms at the time ¢. Its direction is set by the current orientation
of the internuclear vector of the coupling spins I; and I;, while the magnitude
depends on the deviation of the exponentially decaying time weighted running
mean <DQLB(i, j)>t and the corresponding experimental dipolar coupling tensor

EX

components Dg’(4, j) expressed here as the function fyg (ADQB(Z', J ))

Adapted pseudo force potential

The standard harmonic potential in [Equation 8.12|is useful, particularly near the
pseudo energy minimum, but leads to extensively rising and fluctuating forces,
when the exponentially decaying time weighted running mean <D£ﬁ(i, j)>t and

the corresponding experimental dipolar coupling tensor components ngff (i,7) vary
largely, for example in the beginning of an MD. To avoid these strong pseudo forces
that would render unrealistic motions and conformers or even break bonds or alter
the chiral configuration, the expression of the harmonic potential is multiplied with
a hyperbolic tangent weighting function, leading to

(DLs(i. ), — D (i, 4)
AD(i, j)

£25(ADag(i, j; ) = tanh ( (8.18)

The width of this potential AD(4, ) is ideally chosen to be proportional to the
experimental error (AD(7, j) =~ AD?(i, j)). Aslong as the condition <DaLﬁ(i, j)>t—
Dgi(i,5) < AD(i, j) is fulfilled, the function behaves similarly to the derivative
of the harmonic potential [Equation 8.12| divided by the experimental error ac-
cording to [Equation 8.18 For the case that <D§5(i,]’)>t — D37 (i, j) exceeds the
experimental error ADP (i, j), it now gives rise to nearly constant forces.

In comparison to the other bonding and non-bonding forces within the force
field, the orientational pseudo-forces need to be tuned in continuously to pre-
vent strong and unrealistic oscillating motions in the beginning that could over-
come configurational barriers and inadvertently alter the molecular model. This
is achieved by an additional inverse damping function term with another time
constant p.

fop(BDap(i, ji1)) = (1= €) £ty (ADas(i, ;1)) (8.19)

The time constant p is like the memory time constant 7 on the order of 200 ps
resulting in the pseudo forces reaching 99% of their maximum strength after the
first nanosecond.
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8.3 Processing and interpretation of data

The COSMOS program offers different outputs for the evaluation of an MD run.
As there are normally more than ten million steps with a stepsize of 0.5 to 2 fs
simulated to have an overall MD time of at least 5 to 20 nanoseconds, it is conve-
nient to take a data snapshot after equidistant intervals, e. g. every 10000 steps.
In the options (cos) file, type, interval and the respective group of atoms can be
selected. This way data snapshots of the occurred structures (coo files) and a
text file (txt) containing the constraining experimental residual dipolar couplings
(D<*?(1, 7)) followed by the time course of the calculated residual dipolar coupling
tensors (<D§5(i, J; t)>t) arising from the trajectory, are created. The coordinate
snapshots can then be overlayed and analyzed further, for example with multivari-
ate statistical techniques such as principal component analysis (PCA) to identify
conformers. 229197 The dipolar tensorial snapshot file is in a format that can be
evaluated by Mathematica, Matlab or a python script developed in this work.

Evaluation of the back-calculated dipolar coupling

The back-calculated dipolar coupling of the created (conformational and rota-
tional) ensemble of snapshots is obtained by arithmetically averaging n values
after the first nanosecond.

S ((DLs(i, jit > 1ns)) )

D (i, j) = (8.20)

The reason is that the MD is then considered to be equilibrated, meaning that
the influence of wrong starting conformations is forgotten and non-physical modes
of motion induced by an initial distribution of random momenta are canceled out
via dissipation within the force field. An example for the trajectories of the time
course of the back-calculated values of a constrained spin couple during an MDOC
is given on [page 121} The first nanosecond clearly contains strong fluctuating
values. Nevertheless, their cumulative average (bright blue) converges, as the time
points after the first ns adopt a smaller range.

Quality factors for the evaluation of the fits

To assess the quality and validity of the MD runs, the agreement of the experi-
mental and the back-calculated [RDCk for one given coupled spin pair is expressed
through the inverse of the so-called X? value.

1 B (ADexp(i’j)>2
X2(i, j) B (De=p (i, 5) — Deal(i, 5))2 (8.21)
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To sum up the overall quality of all back-calculated constraints a normed sum
of the inverse X? values, the so called total 7/x? is evaluated with the following
equation.
n n
T X)) (5:22)
(i.9)

In this work, the lowest accomplished !/x2 value (Equation 8.21)) from all con-
strains implemented on the molecular models was regarded to just reach a value
above one for the validity of a simulation. Therefore, in a set-up for discrimina-
tion, all but one competing models ideally have at least one outlier, not fulfilling
the experimental data. In the examples shown in [Figure 8.1] the overall qual-
ity criterion [Equation 8.22| exceeds one for the correct (SRRR) and a competing
model (SRSR). Nevertheless, the constrained spin couple achieving the poorest
/x> (H3p/C3p) allows not only to assign the right configuration, but also the
correct starting conformation (chair).

The difficulty is, to arrange a combination of scaling parameter s 43, and pseudo
force constant k to achieve the former mentioned conditions. Since the number of
constraints, their magnitudes and of course the topology of molecules all influence
those two parameters, they have to be found empirically. The described workflow
in the next section describes, how this is performed.
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(a) Staurosporine SRRR chair conformation. (b) Staurosporine SRRR boat conformation.

H3p/C3p:  1/x>=1.075 H3p/C3p:  1/x% = 0.904
[

0 5000 10000 15000 20000 0 5000 10000 15000 20000
Time / ps Time / ps
(¢) Staurosporine SRSR chair conformation. (d) Staurosporine SRSR boat conformation.
H3p/C3p:  1/x° =0.446 H3p/C3p:  1/x*=0.483
-
-15 ~15]
N N
) )
~ ~
O — O —
9 —20 < —20
= =
—95 —251
0 5000 10000 15000 20000 0 5000 10000 15000 20000

Time / ps Time / ps

Figure 8.1: Resulting time course of the back-calculated dipolar couplings of H3p/C3p for 4
different structural starting models. The green line indicates the experimental value centered
between the error limits (turquoise). The blue dots represent the value of the[RDClat a respective

time point. The cumulated averages are shown for the whole (bright blue) and the time excluding
the first nanosecond (marineblue). The possible configurations of staurosporine are illustrated in

Figure 8.10] the starting conformations (boat and chair) for the correct assigned staurosporine

SRRR are presented in
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8.4 Workflow for MDOC simulations

The implemented approach marks a fundamentally new way to use ten-
sorial NMR parameters for the elucidation of structures. Therefore, extended
tests had to be carried out to identify and remove bugs with known structures.
Starting with COSMOS version 3, more than 350 molecular dynamics simulations
were repeatedly carried out only with the molecules staurosporine, spiroindene and
ethinylestradiol. This way defective code could be identified, leading to an evolved
stable and reliable COSMOS version 6. The need to scale the MD runs with ev-
ery new version required an effective workflow, which is presented in the following
section. After a short introduction into the needed files, an invented iterating
script is described, allowing the effective execution of the COSMOS back-end on
an hpc cluster. For the processing of the tremendous amounts of data generated
by MDOC runs, a python script for the back-calculation and evaluation by means
of individual 1/x2 values was written for this work.

8.4.1 Classification of file types

The relevant files for MDOC runs with the COSMOS software can be differentiated
into two classes: The executable binary files for the graphical user interface (GUI)
based frontend (cosmos.exe) and the command line based backend (cosback) with
their parameter files in the configuration directory, containing the code, force field
parameters and also the so called .pol files that contain information about dipolar
couplings of certain differently hybridized spin couples. The second class are input
files, including the COSMOS coordinate file (.coo), a COSMOS data file (.cod) and
a COSMOS options file (.cos) that contain the starting structure, experimental
values and the settings of the simulation.

To set-up an MDOC simulation, the windows executable GUI of COSMOS
offers a multitude of tools, to edit, sketch and build molecular structures or just to
view and rotate them. Since its initial purpose aimed on the treatment of peptides
and proteins, it has implemented a sophisticated masking functionality, to mark
and group atoms for example by their names. Furthermore up to 24 groups can be
defined arbitrarily, allowing to switch different constraints on or off, or to define
overlaying sites for the created ensemble of conformers. The frontend is very
helpful for the search of errors and the illustration of results and even provides a
POV-Ray output, to create rendered pictures. Furthermore, the frontend allows
analyzing and overlaying whole trajectories. Even though the whole MD can be
performed locally on a desktop computer, the simulations carried out for this work
were applied with the back-end on the high performance computing (bwHPC)
BwUniCluster.
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To start an MDOC on the bwHPC, a so-called job is submitted via the msub
command, followed by information regarding the number of nodes, the needed
memory and the so-called wall time that sets a maximum duration for the pro-
cessed job. This information is needed by the job scheduling manager (MOAB)
that controls how individual programs will run and best fit into the available re-
sources of the cluster ™ Subsequently, the backend of the COSMOS program is
entered together with the information regarding

o the COSMOS options file (.cos) containing several hundred options that
specify the overall settings for the MD, (e. g. temperature, cut-off radii,
...), but more importantly, the scaling parameter s, and the force constant
k (the weight) for the re-orienting energy potential and information on the
desired output (after the parameter -c).

o the COSMOS data file (.cod) containing the experimental data, grouping
and fixed sites as well as remarks about the data (after the parameter -a)

o the location of the COSMOS configuration directory (after the parameter
Tf))

o the location of the COSMOS output directory for the data snapshots (after
the parameter -y),

o the starting structure (the .coo file) that will be processed.

A typical command line for the start on the cluster then reads as

msub -1 nodes=1:ppn=1,walltime=3:00:00,pmem=2000mb /home/kit/ibg/yi5156/C0OSMOS/bin
/cosback.x86_64-STATIC -dw -c /home/kit/ibg/yi5156/C0SM0S/Staurosporine/exp_op002_
DD0O007_err_10MSteps_2fs_ver3_16th_noFx.cos -a /home/kit/ibg/yi5156/C0OSMOS/Staurosp
orine/Staurosporine_.cod -f /home/kit/ibg/yi5156/C0SM0S/config -y /work/kit/ibg/yi
5156/Staurosporine/Staurosporine_ver3_16th_exp_1_SRRR_boat /home/kit/ibg/yi5156/C0
SMOS/Staurosporine/Staurosporine_1_SRRR_boat.coo

which is a pretty inconvenient and error-prone way to run even a single MD.
Fortunately, this command line can also be saved as a short executable bash script.
This way, former runs are also documented, which helps for failure analysis or

repeating and modifying the following MDs.

8.4.2 Executing MDOC

When carrying out MDOC for relative pro-chiral assignment, all possible relative
stereo-configurations are modelled and processed with the same constraints. A
molecule with n, stereocenters can form 2"s-! pairs of enantiomers. For example
for the reserpine derivatives in the work of Sager, ™ 6 unknown stereogenic centers
lead to 32 possible relative configurations. Instead of creating 32 times a bash
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script, to start the MDOC, a looping script was adaptedF] that iterates over a set
of given models and creates individual job subscripts that are submitted to the
cluster. Furthermore, the output folders are named and created automatically and
the simulations are processed in parallel. In the operational steps for
parallel MDOC of several stuctures, and/or setups are summed up.

Create a set of 2V! configurations and save with an appropriate descriptor,
e.g. ,,SRRRc, SRRRb, ...

Y

Insert RDC tensors with Name all atoms, e.g. Create an option file with
errors into data file, e.g. ,Hla“,  CIl“ the pseudo force weight
»H3p C3p 9.90 9.90 (e.g. k=0.002) and the
-19.80 0 0(5.0) scaling parameter
* (e.g. sSAM=0.001)
\/
Data file, e.g. 2N coordinate files, Options file, e.g.
»Stsp.cod* e.g. ,SRRRc.coo* »Stsp k002a001.cos*

N Y ¥

Edit bash master script (COD, COO and COS), and list of iterators,
e.g. ,list=(1_SRRRc2 SRRSb)“

v

Transfer COSMOS data (cod), -coordinate (coo), and -options (cos) files and
masterscript (.sh) to the hpc cluster and execute.

\

Subscripts are created and executed, prompting and directing the COSMOS
backend to the respective files and output folders.

\

N folders with the output of the MDOC

4 } N\

Trajectory files (e.g. e.g. 10000 data COSMOS log file
diplar tensor, snapshots
temperature, energies, »SRRRc 10000.coo*

torsion angles)

Figure 8.2: Operational steps for parallel MDOC and related input and output files.

2In cooperation with Robert Barthel from the Steinbuch Centre for Computing (SCC) at KIT
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8.4.3 Evaluation of scaling factor and pseudo force weight

The iterating script also allows to start MDOCs with different options to find an
optimal setting for the pseudo force constant k and the scaling factor s4;,. In this
work, an optimal setup for an s45; and k is accomplished, when the smallest indi-
vidual /a2 value of a constrain just exceeds one and the temperature converges.
This way it is provided that the pseudo-forces act on, and by that, heat the molec-
ular model as little as necessary. The quality criterion furthermore ensures that
the back-calculated average of the constrain is approached (sufficient high s45/),
but not too easily (too high sap). An example on the influence of the scaling of
the pseudo force k and the total /a2 value is shown in for two possible
configurations of a synthetic spiroindene derivative. Here, the MDOCs were ap-
plied with five different pseudo force constants (k) while keeping the order scaling
factor constant (s4y = 2 x 1073)

11.28
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total n /%2
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—
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i =
2 o o T —
o (e} (e e} (e
O — — —_— |
la 1b

k/(10°kJ/Hz?): w10 m20 m30 m40 m45

Figure 8.3: Different scaling of the pseudo force constant k and resulting total quality factors
n/x? of the RDC data for two possible spiroindene configurations.

Even though the first setup with & = 1.0 gives a clear discrimination by the
total n/x2 criterion differing between one order of magnitude for the two structural

proposals (red bars in , the configuration that fulfills the experimental
data the best (1b) still contains back-calculated constraints that were not fulfilled.
How the value of the minimum individual quality factor 1/x? is influenced by
increased pseudo force scaling is shown in for both configurations.
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Figure 8.4: Different scaling of the pseudo force constant k& and resulting lowest individual
quality factors 1/x2,,,, (k) for two spiroindene configurations.

The first four attempts with increased pseudo force constant k (1.0, 2.0, 3.0, 4.0x
10-°kJ/Hz?) resulted in increasing minimum 1/x2(k) values for both configura-
tions, yet the correct one (1b) has a higher slope (note the exponential scale) and
depart about one order of magnitude from the competing configuration. Since the
value of n/x2(k) was close to one, k was finally increased only to 4.0 x 1075 kJ /Hz”,
resulting in a MDOC where all experimental constrains could be reproduced.
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8.5 Evaluation of MDOC with borneol

In the obtained could be correlated with the model using the
static single tensor approach. The experimental values were in good accordance
with the calculated ones. The established data will be exploited to test the MDOC
and describe its features. Therefore different settings were tested and a scaling pro-
cedure was worked out. The size of d-(+)-borneol furthermore allowed to simulate
20 million steps within three to four hours on the bwHPC cluster. Finally a set
up was found (sap= 0.002 and k= 0.003) that fulfills all orientational constraints

(see [Figure 8.5)).

Borneol scaling_cods_OP002_DD003: n/x? = 30.479

107 4

10° A

1/x?

103 4

101 i
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%42@@@000000
HESEEEEEE

== s B o

Figure 8.5: Setup for an MDOC run to fulfill all orientational constraints.

As a test, the exo protons H3x and H5x were switched for falsification and the
simulations was repeated.
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H3x - H5x switched : n/x* = 0.014
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Figure 8.6: Exchanging the assignment of the constraints of the exo protons H3x and H5x. The
wrong assignment worsens directly the total »/x? value and the two individual wrong assigned

protons can unequivocally be identified by their low 1/x? values.

128



8.6 Assignment of the configuration and
conformation of spiroindene

A second test was carried out to discriminate between diastereoisomeric structures
of the two synthetic spiroindene derivatives shown in The configura-
tion of the molecule, according to X-ray analysis™ has been determined to be
1S1aS6aR, which corresponds to configuration 1b . Previous RDC
analysis obtained in a stretched cross linked poly(dimethylsiloxane)/chloroform
gel resulted in one bond CH RDCs that could be fitted well using the SVD-fitting
procedure as well as the steric prediction method implemented in the program
PALES#™ A good discrimination between 2a (1R1aS6aR) and its diastereoisomer
2b was observed. In the following we use this well-studied test case to evaluate the
ability of the MDOC simulations to discriminate the diastereoisomers la and 1b.
More than 150 MDs were carried out, since at that time, the calculation for the
coupling and the force field contained a bug. As the force field of COSMOS does
not preserve the configuration at the spiro carbon atom, distances between the
neighboring atoms were fixed. The resulting total and individual quality factors

are shown for both configurations in and in [Figure 8.8|

(a) Spiroindene 1la (b) Spiroindene 1b

Figure 8.7
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n/x? = 0.268

spiroindene la:

101 .

100 .

X/

107" 5

dLO/dLD-dLH
20/eDcH
¢D/D-SH
d¥D/dvD-dvH
¥O/FO-VH
€0/€0-¢H
dsD/dgD-dSH
d90/d9D-d9H
90/90-99H
90/90-9%H
©9D)/29)-C9H

BID/eTDCTH

Achieved individual and total quality factors for spiroindene la

Figure 8.8

n/x? = 11.805

spiroindene 1b:

104 E
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X/
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90/90-99H
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Achieved individual and total quality factors for spiroindene 1b

Figure 8.9
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The data in combination with MDOC clearly reveals the correct configuration
of the spiroindene derivative. Altering the force field only conserved the chirality
at the carbons next to the spiro atom. The scaling behavior of increased pseudo

force scaling k is shown in [Figure 8.3|

8.7 Assignment of the configuration and
conformation of staurosporine

Staurosporine is a molecule of a higher flexibility than borneol and has 4 stereogenic
centers that were discriminated by simulations of the four different configurations
shown in [Figure 8.10 Furthermore, the six-membered aliphatic ring can take up
boat and chair conformation. Its absolute configuration has been determined by
single crystal X-ray analysis of its N-methyl iodide derivative to be 2'S3’R4’R6'R.
!Den RDCs were available from measurements taken in stretched perdeuterated
polystyrene/chloroform gels.®®¥ In[Table 8.1]the results are summarized with values
achieved from a SVD carried out with the program MSpin <M

(c) Staurosporine SSRR (d) Staurosporine SSSR

Figure 8.10
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Staurosporine_ver3_16th_exp_1_SRRR _boat:

n/x% = 3.339

102 -

1/x?

101 -

100

C-CH3/C2p A

H1/C1 -
H2/C2 -
H3/C3
H4/C4 -

H8/CS

H9/C9 -
H10/C10 4
H11/C11 4

H3p,/C3p

H4p/C4p
H5pa,/Chp

H6p,/C6p

Figure 8.11: Discrimination of the correct conformation: Even though the total n/x? value
is above one, one outlier differentiates the wrong starting conformation (boat) from the correct
staurosporine configuration (chair).

Table 8.1: Achieved (minimal) individual and total quality factors compared with the static
SVD approach. The number in the brackets indicates the amount of constraints with individual

quality factors below one.

MDOC SVD

n/X?* 1/Xx? n/X?* 1/Xx2
SRRRD 3.344 0.905 (1) 0.108 0.014 ()
SRRRc 4139 1.074 (0) 5392 0.617 (1)
SRSRb 2.657 0.481 (1) 0.049  0.004 (5)
SRSRe 2,469 0.446 (1) 1.377  0.160 (3)
SSRRb 2.454 0.374 (1) 0.032 0.005 (10)
SSRRe 1,573 0.184 (2) 0.118 0.014 (7)
SSSRb 1,601 0.220 (2) 0.116  0.017 (8)
SSSRe 1,575 0.219 (2) 1.575  0.219 (2)

The molecular trajectories of the correct assigned configurations starting with
boat (SRRRb) and chair (SRRRc) conformation are analyzed according to the tor-
sion angle along the atoms of CH3-C2’-C3’-C6’ and H6’-C6’-C5’-C4’ in
(left side). Shown on the right are the respective histograms. The plots reveal that
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the correct assigned model remains in the chair conformation (E-H). The Trajecto-
ries were plotting using the COSMOS utility implemented in the Software MSpin.
Note that the scale in E is much smaller. The trajectories in A and C (boat) show
deviating initial dihedral angles of 80 or -100°. The peaks visible at around the
220th snapshot in A and C, and at the 20th, 100th and 470th snapshot in G are
artifacts arising from the plotting method, when the absolute values exceed £180°
and are not contained in the COSMOS output. Clearly, the model starting with
the boat conformation forms an intermediate twisted ring that further flips into
the chair conformation, where it remains.
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Figure 8.12: Trajectory (left) and histograms (right) of dihedrals along CH3-C2’-C3-C6’ (A /B,
E/F) and H6’-C6-C5’-C4’ (C/D, G/H) of correct staurosporine configuration starting with boat
(SRRRb, upper left) and chair (SRRRc, upper right) conformation.
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8.8 Assignment of prochiral protons in
ethinylestradiol

Figure 8.13: 17a-ethinylestradiol

RDCs of ethinylestradiol were measured in DMSO-dg and [PEO-DA]
a model was created with COSMOS. After the adaption of the order and the
force scaling parameters, enantiodiscrimination was carried out by exchanging the
prochiral methylene protons H7, H11, H12, H15 and H16 leading to the competing
models (X7, X11, X12,X 15, X16) and evaluating the results after the MDOC by

the quality criterions. The outcome is summarized in [Figure 8.14]
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Figure 8.14: Resulting quality criterions for the prochiral assignment of protons with
ethinylestradiol. The correct assigned structure competes with the assignment, where the protons
15a and b are exchanged. A closer look reveals that both these protons suffer from secondary
order effects. The two constraints for Hl15a and b are 3.840.3 Hz and 3.34+1.1 Hz, which does
not allow a clear differentiation. Moreover they are part of a five membered ring that bears a
higher mobility, averaging out anisotropic values.

8.9 Results

In the previous chapter the MDOC approach was tested with three different mo-
lecules for prochiral discrimination and configurational and conformational eluci-
dation. The main problem of finding a set up to run an MD with orientational
constraints was crucially eased by the development of two scripts for the execution
and the evaluation of the data. With these tools, reliable optimization of the runs
could be carried out and by using the X2 criterion, the method could be falsified.
All the models posses a high mobility within the runs and fill out the conforma-
tional space much faster than feasible with conventional MD approaches, while
no effort has to be taken to add solvent molecules or to find a correct starting
conformation.
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9 | Properties

When investigating polymers the repeating monomer units lead to overlapping
spectral lines for containing chemically and magnetically almost equivalent spins.
With standard INMR| methods clear assignments and revealing the inner relations
of cross-links, dangling ends and network defects is therefore hardly amenable.
For swollen polymer sticks used as alignment media, the property not to show
to many signals is actually desired, to avoid covering signals from the analyte
guest molecule. In the case of cross-linked [PEQ-DA] networks, most of the chains
consist of ethoxy groups whose chemical shift ¢ is almost invariant towards its
position within about 800 units. Nevertheless, another type of so-called time-
domain relaxometry [NMR] methods, withdrawing chemical shift resolution, is able
to identify and separate network fractions within the samples. In the previous
chapters it has been described, how nuclear spins are manipulated intentionally
(external spin interactions®Y) and how the Fourier transformed [FID]contains a large
variety of structural information based on chemical shifts (J), scalar couplings (.J)
or distances according to the applied pulse sequence. Due to relazation
the perturbed state (bulk magnetization) returns back to its equilibrium. The
way, active nuclei relax, is related to their dynamics and environment. In
the next chapters it will be explained, how apparent dynamic information can
be deduced from time domain relaxometric measurements and how topological
insights to polymeric networks can be achieved. According to the components
of magnetization — transversal and longitudinal — two types of relaxation can be
differentiated and evaluated separately.

9.1 T, relaxation

In the absence of magnetic fields, the energy states of spins are degenerated and
the nuclear magnetic spins take up all possible orientations (Fig. [9.1]A). If spins
are exposed to a homogeneous magnetic field g{), however, the energy levels split
(Zeeman interaction) and their axes of precession is oriented with (a) or against
(B) its direction (z). Since the a-state is energetically preferred, z-components of
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a fraction of spins don’t cancel each other out anymore (Fig. B) raising a so
called net magnetization along z- M,.

o/ / P’ \ TN Ny P’
’ A

T AN N~ \ X / \ /
’;\‘—\ 4 ;{\ f\ff/
), N X \ \
AVECANS P AAVASS
Figure 9.1: Schematic description on the properties of an ensemble of spins without (A) and
within (B) an outer homogeneous magnetic field (By). In A, the direction of the nuclear magnetic

moments are evenly distributed, compensating each other to zero. Arrows indicated in red (B)
represent the fraction of spins causing a remaining z-component.

z

The saturated initial state builds up net z-magnetization M, being propor-

tional to the occupation difference (Equation 9.1|) until the thermal equilibrium
My described by the Boltzmann distribution is achieved:

My x (N, — N) (9.1)
Na —AFE —’}/h.B_'g —’yh.B_'g (9 2)
— = eX = X ~ - .
N, CPRr TP TRT kT

The ratio of the number of spins occupying a- (N,) and [-state (N3) depends
on the magnetic field strength By and the magnetogyric ratio () describing the
energy difference AFE between the respective energy levels at the absolute tem-
perature (T)F] The built-up to this equilibrium doesn’t occur instantaneous but
is characterized by the time 77. The perturbed state dissipates energy to the sur-
roundings (the lattice) as heat that is why the so-called spin-lattice or longitudinal
relaxation is an enthalpic process. The temporal return of the z-magnetization to

equilibrium is expressed by the Bloch equation [Equation 9.3

dM, M, — M,
a T
The initial net magnetization [NMR]| experiments operate on is gained within

5 times T;. This is the reason, why the longitudinal 77 relaxation determines how
fast [NMR] experiments can be repeated and has therefore a great impact on the

(9.3)

2At room temperature, this difference is on the order of 1 ppm, since thermal motion is
permanently inducing transitions
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Figure 9.2: Pulse sequence of the inversion recovery experiment. Bold rectangles indicate
90° pulses, open rectangle 180° inversion pulses. 7 is increased stepwise and the respective 1D
spectra are recorded. To ensure equilibrium magnetization is restored, the recovery delay dg is
typically set between 5 to 10 times of an approximated 77 time. Phases ¢; can be set to z for
a simple version or phase cycling can be applied to compensate imperfections especially of the
inversion pulse (¢1 = &, —Z; 2 = Prec = T, T, —T, —T, Y, Y, —Y, —Y)

total acquisition time especially when recording numerous scans for a better
or for incrementing e.g. on 2D experiments. The value of T; can be determined
with the so-called inversion recovery experiment .

During its course the equilibrium magnetization is inverted to —M, which
is allowed to return for an incremented delay 7. A final 90° pulse turns the
z-magnetization into the transversal plane, where the intensity of the for
different delays 7 depends on T} by an exponential built-up function:

M,(7) = — My + 2Mp exp _TIT (9.4)

For the zero-crossing of the intensity built-up (see M, in [Figure 9.6) the fol-
lowing relation can be applied to evaluate T;:

=D (9.5)

An additional and more quantitative method to measure T is the saturation-
recovery experiment, where the initial inversion pulse is replaced by a series of
saturation pulses. T is here evaluated by fitting the recovery of the magnetization
according to the following expression:

M, = My(1 — e 1) (9.6)

9.2 T, relaxation

In a static magnetic field BB, the spins can be pictured to precess on a cone
pointing along the field in z-direction. M, arises from the unequally occupied a-
and [-states (vide infra), but the 2- and y-components of the spins are randomly
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distributed and cancel each other, so no z- or y-magnetization is observable. The
situation changes, when [tfl pulses are applied, turning the z-magnetization into the
transversal plane. Here, the precession leads to a coherently oscillating so-called
z,y- or transversal magnetization, rotating all with the same phase | igure 9 3)).

Figure 9.3: Schematic illustration of precessing spins in a static magnetic field for spin 1/2
nuclei with a positive magnetogyric ratio v before and after a 90° pulse. The overall equilibrium
z-magnetization (M,) is represented by the excess of positive z-components of the spins (thin
arrows) precessing in the z/y-plane. z- and y-components are randomly distributed causing zero
magnetization in the transversal plane but creating net z-magnetization. A 90° pulse transforms
(M,) into oscillating x/y-magnetization (My/y) inducing the FID.

The oscillations induce a current in the receiver coil of the spectrometer that
is recorded as the [FIDl The so-called T3 relaxation time describes this decay of
the transversal magnetization — its lifetime — and therefore determines the line
widths (wy/2, 11/2) of signals in the frequency domain. This lifetime
dependent line broadening is also classified as homogeneous line broadening in
contrast to line broadening due to superposition of many sharp lines (heterogeneous
line broadening). To differentiate between intrinsic 75 relaxation originating from
interacting spins and T, relaxation arising from field inhomogeneities an effective
T5 is defined.

1 1

Wi/2 = E Vija = TTQ*

Note, that with the observed line widths the 73 time is calculated, which is

shorter than one would expect from the underlying atomic and molecular mecha-

nisms between spins (vide infra). The acceleration is induced from inhomogeneities

in the magnetic field, which may originate from intrinsic defects in the magnet or

susceptibility-induced distortions produced by inhomogeneities in the sample it-

self or the tube. The contribution of the "true" T, relaxation and the component
induced by sample and field inhomogeneities to 75 sums up inversely.

(9.7)

1 _ 1,1
T T Tgh
The knowledge of T5 is important for dynamic [NMR] experiments and inves-

tigations of spin-diffusion. The decay occurs, because fluctuating fields mostly
originating from other spins induce a dephasing on the initially coherent spins

(9.8)

140



(vide infra). This is the reason why this entropically driven, energy conserving
process is also called spin-spin relaxation. The 75 time can be evaluated with the
Carr-Purcell-Meiboom-Gill (CPMG) sequence.%

?1 ¢

g d |L M : Jn\ﬂ Brec

Figure 9.4: Pulse sequence of the CPMG experiment.

o1

The sequence starts with a 90° excitation pulse to create transversal magne-
tization, where the spins precess coherently. Then, after an incrementable time
7/2 allowing the spins to relax is followed by an inversion pulse. Within the sub-
sequent second delay, the spins refocus and a so-called spin-echo or Hahn-echo is

derived (Figure 9.4)).
y
x‘ delay 1/2 w@x‘

x* 180° pulse

)
@f delay /2

Figure 9.5: Evolution of the transversal magnetization in the rotating frame. once an excitation
pulse has been applied, the spins precess in phase. During a delay 7/2 the spins having different
chemical shifts begin to dephase. Shown here are three exemplary spins with chemical shifts
(w1 > we > wsy) different from each other and the irradiation frequency (off-resonant). When
a 180°-z-pulse is applied, their positions get mirrored at the z-axis, changing the sign of their
y-component and preserving their z-component. Because the direction of their gyration remains,
they refocus after another delay 7/2.

The decay of transversal magnetization can be described with the following
linear differential Bloch equations:?%

dM, M,  dM, M,

dt Ty d Ty

which are resolved as:

—T
M‘%y(T) = MI,y(O) exp Tz (910)
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Figure 9.6: Comparison of the course of 77 and 75 time relaxation of a single component.
The longitudinal magnetization M, built-up after an inversion (green) and the relaxation of the
transversal M, magnetization after a 90° excitation pulse (blue). Time 7 is in units of 77 and
T, respectively. Note, that after 5 times 77, more than 98.6% of the initial magnetization are
recovered. (77 and T» are here of the same value; in general Tp < T1).

9.3 Relaxation mechanisms

In the above chapters the behavior of an ensemble of free precessing spins has
been described. There it was also explained, how manipulation of spins requires
transverse magnetic fields oscillating near the Larmor frequency. The key for re-
laxation is that such oscillating fields occur naturally (internal spin interactions).*!
A premise for their appearance is a combination of present local inhomogeneous
fields or field gradients in the sample and motion of particles or segments within
these fields or moving fields, respectively. All relaxation pathways therefore can
be categorized by the type of interaction that enables it, and a type of motion
that drives it 2 For a general description of such stochastic motions the so-called
correlation time 7, is introduced.

9.3.1 The correlation function

The correlation function describes and quantifies magnitude and distribution of
thermal motion. A rough approximation for the so-called rotational correlation
time 7. of a spherical neutral particle in a homogeneous fluid gives the Stokes-
Einstein-Debye relation from hydrodynamic theory, the relationship between 7,
viscosity 7, the hydrodynamic radius r;, and the temperature 7'.
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It states that the rotational correlation time 7, increases linearly with the hy-
drodynamic volume V' and viscosity 7 of the fluid and decreases with the temper-
ature T'. In liquids, even small molecules do not rotate freely but are subject to
collisions at all times and in between they rotate by small amounts about arbitrary
directions. This motion is called rotational diffusion. The rotational correlation
time 77° is equivalent to the average time it takes, until a tumbling molecule has
turned by one radian. Another correlation time denoted with 7"/ is the mean
life time of conformations or exchanging species. In general, 7. is the crucial part
of the correlation function G(7). It assumes that moving spins experience time-
dependent local fields B,.(t) that change after an interval 7 to Bj.(t + 7). The
correlation function G(7) then is given by the average over all spins of the product:

(9.11)

Te

G(7) = Bioe(t) Bloc(t + 7) (9.12)

The random variations of local fields By, (t) do not depend on a point in time
and therefore G(7) is a stationary function. The correlation function G(7) hence
only depends on the interval 7/ Its maximum for 7 = 0 corresponds to the
average of the square of the local field B2, so it only depends on the average size
of the interaction. The behavior of G(7) depends on the type of interaction but
can be expressed for simple cases like rotational diffusion as an exponential whose
decay rate is set by 7. and an amplitude B .

F7 e 1T

G(7) = Bj,. exp{

} (9.13)

Because the exponential part of this function does not depend on the local field
it is therefore common to define it as the reduced correlation function g(7.), which
is independent of the size of local fields.

Te

‘T’} (9.14)

Te

9(7) = exp{

9.3.2 The spectral density

To find out the fraction of oscillations that is present at the Larmor frequency
and therefore effectively contributing to relaxation, the correlation function G(7)
is Fourier-transformed to obtain the so-called (power) spectral density function
J(w) 2205 For the exponential decay (Equation 9.13), the spectral density J(w)
has Lorentzian shape.
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Whereas the correlation function G(7) depends on the time of an interval T,
the spectral density function J(w) provides information on the distribution of fre-
quencies w for given correlation times 7. (see Fig. [9.7)). The spectral density shows
a maximum 2B2 7. at w = 0 and then decreases steadily for higher frequencies.
Note that for shorter correlation times, the function covers a broader range to
higher frequencies w. To find the most effective correlation time for relaxation in

a given field, one has to evaluate J(w) in [Equation 9.15 with w = wy.

G(1)

> >
> T >

0 T 0 0

Figure 9.7: Comparison of the correlation function G(7) and its Fourier transform, the spectral
density function J(w) for different correlation times 7.. (11 < 72 < 73)

When plotting J(7.;w = wp) a maximum appears where 7.wy = 1. This point
indicates the correlation time 7, with the maximum spectral density for a given
Larmor frequency wy (see |[Figure 9.8 on [page 145|). The reduced spectral density is
given by

B 27,
14+ WaT2

j(wo) (9.16)

9.3.3 Motional regimes

Depending on the magnitude of 7. and wy the spectral density converges against
two limits that correspond to two motional regimes. The so-called fast motion or
extreme narrowing limit is mathematically defined for wy7. < 1, which is the case
for small molecules at sufficiently high field strength. At the Larmor frequency,
the reduced spectral density j(wp) then converges to

fast motion: J(wo) = 27, (9.17)
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Figure 9.8: Illustration of spectral density functions J(7.) at different Larmor frequencies
(wo,1,wo,2,wo,3). The maximum effective relaxation rate takes place for spins with 7. = /w,.

which means that here the relaxation behavior is linearly dependent on the
squared average of oscillating fields raised by some interactions (vide infra) and
the correlation time 7., but independent with respect to the Larmor frequency wy.
Since j(0) = 7. it follows that j(wy) = 7(0). In such a behavior is
shown by 77, where the spectral density is almost constant over a wide range.
The other extreme case — the slow motion or spin diffusion limit — occurs when
woTe < 1, which reflects the situation in macromolecules like proteins or backbones
of polymers.

2
1 tion: ' = —— 9.18
slow motion J(wo) . (9.18)
With the relation j(0) = 27. [Equation 9.18| can be rewritten as
: (0
J(wo) = 3(0) (9.19)

WaT2
Here, the spectral density J(wy) declines quickly from the maximum at J(0).
This behavior is illustrated in Fig.[9.7, where 73 decreases fast with rising frequency
w. When operating at a Larmor frequency of 600 MHz (wy = 3.77x10° rad s7)
for small molecules with correlation times of 10 ps the product wy7. = 0.038, which
allocates them to the fast motion limit. For a small protein with a correlation time
of 10ns, wyt. = 37.7 assigning it to the slow motion limit.

9.3.4 Interactions enabling relaxation

The origin of motion for spins and thus the experience of fluctuating fields is mostly
molecular tumbling and conformational exchange. The fluctuating fields will cause
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the spins to precess differently causing faster loss of coherence (a Ty effect). The
varying components of this local fields support transitions towards the thermal
equilibrium with higher probability, re-establishing the equilibrium populations.
In the following, the origins for these local field fluctuations are explained

Dipoles

The most important source contributing to relaxation arises from magnetic dipoles.
In the classical picture, the spins behave much like tiny bar magnets with north and
south poles (the dipole). Any charged particle with a magnetic spin (e.g. nucleus,
unpaired electron) possesses its own field, leading to a deviation in the strong outer
magnetic field By. For the case of a methinyl group, the magnetic field (BB) both
nuclei experience is amplified or attenuated depending on the orientation of the

bond (see [Figure 9.9)).

‘\\J /

Figure 9.9: Dipolar interaction of a 'H nucleus inducing an additional field on an attached
carbon.

Thus, the direct dipole-dipole (DD) interaction operates through space and
depends principally on the internuclear distance and the magnetogyric ratios of
the involved nuclei. For the contribution of a heteronuclear DD interaction between
carbon and an attached proton the relaxation rate Ry (extreme narrowing limit,
see [Equation 9.17)) follows the equation

2252
L _p i
— {,DD — 6
T\ pp Trs

(9.20)

with the internuclear distance r;¢ between the nuclei / and S and the molec-
ular correlation time 7.. This explains, why ¥C displays faster relaxation, the
more protons are directly attached and nearby. The distance of protons to qua-
ternary carbons is at least two bonds further and therefore comparatively longer
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slowing down their relaxation rates significantly. The interaction takes also place
intermolecularly but can be neglected in liquids with low viscosity.

As the Brownian motion prompts the molecules to tumble and rotate, the asso-
ciated dipolar magnetic field also fluctuates at a given point in space. Depending
on the molecular correlation time 7, (and the outer magnetic field By outside the
extreme narrowing limit), a larger or smaller fraction of spins is exerted to fluctua-
tions matching the Larmor frequency and consequentially relaxation is more or less
effective, respectively. Since the magnetic moment of electrons (9.274x10724.J/T)
is almost 3 orders of magnitude higher than the magnetic moment of protons
(1.411x10726.J/T), unpaired electrons provide highly efficient paramagnetic relax-
ation pathways via the dipolar interaction. That is why paramagnetic impurities
like metal cations but also dissolved oxygen with its unpaired electrons enhance
relaxation in an often unwanted manner, leading to line broadened spectra. On
the other hand this is exploited by the [PRE] technique, where paramagnetic (e.g.
nitroxide) spin-labels are tagged to macromolecules. Within a radius up to 35 A,
the paramagnetic center broadens signals such that they disappear due to para-
magnetic relaxation uncovering information about structural aspects within the
macromolecule.

Chemical shift anisotropy

In liquids, molecules tumble and rotate very fast compared to the time scale of the
measurement, resulting in an averaged isotropic chemical shift [Equation 4.22] with
line widths below 1Hz. The anisotropic nature of the chemical shift causes the
local field B?OC to oscillate due to stochastic motion of the molecule. The resulting
T) relaxation caused by the chemical shift anisotropy (CSA) is described by the
term

1 1
- = Rl,CSA = EV2B§(AU)2

Nuclear relaxation governed by CSA therefore is particularly effective for such
nuclei as 13C, 1°C, 9F and 3!P, having large CSA values. Nonetheless, when oper-
ating at high field strengths, the CSA relaxation pathway becomes more dominant,
even for protons with relatively low Ao values (~20 ppm).

The CSA spin-spin relaxation time is expressed by

27,
1+ wit2

(9.21)

1

— =Rycsa =

1 67
7 — B3 (Ao)? <87’C + T) (9.22)
2

90 1+ w?r?

It is also field dependent and as [Equation 9.21| proportional to BZ, when oper-
ating under fast motion conditions. In the extreme narrowing limit the ratio from
[Equation 9.21| and [Equation 9.22 becomes
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Tycsa/Tocsa = T7/6 (9.23)

which can reveal CSA relaxation when comparing longitudinal and transversal
relaxation times2%°

Scalar coupling

If a nucleus is coupled via scalar (J) coupling to another one, whose spin state is
changing quickly, additional local oscillating fields B,,,. arise that effectively open a
relaxation pathway also for the first nucleus. This mechanism becomes important,
the closer resonance frequencies of the interacting nuclei are. For heteronuclear
couplings, the difference is big and scalar coupling practically does not contribute
to relaxation, especially at high fields. When operating at lower field strength,
e.g. 2.3 Tesla, in case of *C bound to ™Br, wy(**C) is 25.144 MHz and wo(™Br)
is 25.050 MHz, the given carbon signal will be broadened due to scalar coupling.

In the case of homonuclear J couplings between protons in organic molecules,
resonance frequencies are close to each other or even the same (for example in
the case of chemically and magnetically equivalent geminal nuclei) and although
the coupling may be unobservable the contribution to relaxation still remains.
For 3Juy coupling of vicinal protons the efficiency of the J coupling interaction
crucially depends on the dihedral angle ¢ spanned by the three bonds. Fast inter-
converting rotamers show a coupling constant 2J as the temperature dependent
average over all 3.J(t) components with approximate lifetimes given by the indi-
vidual rotamers affecting relaxation. Following the Karplus equation, the mean
amplitude of 3.J(t) is in the range of 10 Hz.

When considering that relaxation rates correlate with the square of the vari-
able component of the enabling interaction, it seems that scalar relaxation would
always be negligible compared to dipolar relaxation being stronger by a factor
of 10°. On the other hand, one also must take into account the different charac-
ter of correlation times 7 of the random motions driving the respective relaxation
pathway. For dipolar relaxation it is the rotational diffusion time 77°" concerning
the orientation whereas for the scalar interaction it is the conformational lifetime
e of a conformation. The respective spectral density functions become pro-
portional towards the correlation time when operating in the extreme narrowing
limit (Equation 9.17)), which allows an arrangement, where 7¢°*/ can compensate
77° for the difference in the mean amplitudes of the interactions. This becomes
more clear when comparing the bandwidths of the correlation times. Rotational
diffusion times 77°" vary between tens of picoseconds for small molecules to tens

c

of microseconds for large proteins. The conformational lifetimes 76", however,

rot

can be just as low as 7% values but can be elongated as long as relaxation times
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on the order of seconds, depending on internal conformational barriers and the
temperature. For sufficiently slow inter-converting conformers, separate lines are
observed, faster conformational exchange causes the rotamer spectral lines coa-
lescing into one. At this coalescence point, scalar relaxation may dominate over
dipolar relaxation 2%+

Quadrupolar coupling

The majority of NMR] active nuclei have a spin I > 1/2 and possess a quadrupolar
moment (). It is the result of a non spherical distribution of charge in these nuclei.
This non spherical distribution of charge interacts with an electric field gradient
(EFG) posed by an asymmetric distribution of electron density around the nu-
cleus. This is reflected in peaks being broadened the more, the less symmetric the
nucleus is surrounded by electrons. Like for the dipolar interaction, the Brownian
motion induces rapid changes in this distribution causing the [EFGl to fluctuate,
contributing to relaxation. Depending on the magnitude of the electric quadrupole
moment @) of the nucleus, the relaxation behavior will be similar to a spin /2 nu-
cleus for small values of @ (*H, °Li), or for large values, nuclei will have short T}
times, making their observation difficult. The rapid quadrupolar relaxation also
prohibits any indication of coupling between these nuclei and adjacent carbons or
protons, they decouple themselves via quadrupolar relaxation. Both T3, and Ty,
times are related to the rotational correlation time 7, and the quadrupole moment
through

1 1 3 20+3 |
T, T, 10 I2(2] — 1) q( 3T (9:24)

with the nuclear quadrupole coupling constant X, that can be calculated by

X, = e*q..Q/h (9.25)

where the electronic charge is e, the largest component in the electric field gra-
dient represented by ¢.. (its zz-component) and Planck’s constant h. The asym-
metry parameter 7 is a positive number between 0 and 1 (see also [Equation 4.25|

in [page 16|) and given by

n= (qyy - qg:x)/q,zz (926)

The quadrupole coupling constant does not require any static outer mag-
netic field, which is exploited in nuclear quadrupole resonance Nuclear
Quadrupole Resonance (NQR) experiments. Besides avoiding nuclei that possess
quadrupolar moments, e.g. by isotope enriching or depleting protocols, a simpler
way to increase relaxation times for sharper lines are all measures that shorten
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the correlation time 7., for example by increasing temperatures or low solvent
viscosities.

9.4 Double quantum proton INMR

Understanding the morphology and dynamic behavior of polymer networks on
the molecular-scale is basis for efficient design of new materials. Furthermore
the function of polymer networks and gels depend not only on their molecular
composition but also their supramolecular arrangement and resulting mobility on
very large distance and time scales. Swelling, e.g. is strongly affected by the degree
of cross-linking, chain length distribution, occurring entanglements, the amount
of network defects and other elastically inactive fractions like dangling ends or
loops and the presence of functional groups. Unfortunately, X-ray and neutron
scattering methods normally applied on condensed matter need the materials under
investigation to be single crystals and fail to indicate the positions of hydrogen
atoms due to their low scattering cross-section. To reveal the composition of
amorphous networks far above T, like elastomers, swollen gels and gelling systems,
Multiple-Quantum Proton [NMR] relaxometry (MQ-'HINMRI]) has been carried out
comprehensively as one of the most promising non-invasive methods ' In the
following chapters the basic principles of the method are explained and a fitting
procedure is developed, tackling intrinsic issues of low concentrated polymer gels
with swollen PEO-DAF35k gels as an example.

9.4.1 Basic principle

The different interactions enabling numerous relaxation pathways are as stated
above dependent on the molecular dynamics and contain information on motional
regimes within 11 orders of time magnitudes. Whereas in the solid state due to
high order dipolar couplings enable the fast return into equilibrium magnetiza-
tion, in liquids, especially small to medium sized molecules tumble and rotate too
fast to effectively contribute to relaxation, giving rise for competing relaxation
pathways. When assuming that inner topological relations are reflected by the dy-
namics of networks, they can be analyzed by the relaxation behavior, provided all
components contributing to relaxation are known. Dipolar (and also quadrupolar)
couplings inherently contain structural information because of their axially sym-
metric dependence concerning the distance r and angle 6 between the internuclear
vector of coupled spins and the main magnetic field éo. In polymeric materials like
hydrogels, these interactions fluctuate rapidly and mirror the segmental motions
of chains between cross-links. Since the relaxation due to dipolar coupling de-
clines with the inverse of the sixth power of distance, intramolecular homonuclear
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dipolar relaxation dominates over intermolecular interactions. Accordingly, very
fast and local motions of the single monomer units give rise to a pre-averaged seg-
mental dipolar tensor. The pre-averaging rescales the static-limit dipolar coupling
Dgiarie by a factor k and 6 becomes the angle of the symmetry axis of the interac-
tion, namely the backbone of the chain. Its fluctuations are then mirrored by the
time dependent angle 6(¢). The associated segmental autocorrelation function can
simply be written as

Gr) = G[te — to]) = ; (3052 0(t,)) ; (305014 (9.27)

The segmental autocorrelation function G(7) depicts the time it takes for a
segment to change its orientation. The dipole-dipole (DD) induced longitudinal
relaxation rate Ry (T;™!) is given in the Bloembergen-Purcell-Pound (BPP)) the-

oryZI2E213
1 3 Mo>2 2

= Ruop =154 J (7, 4J (7e,2 9.28

Ti.pp LPP (47r r6 ( (7e;wo) +4J (7, WO)) ( )

with the magnetogyric ratio of protons ~, the correlation time 7., the Larmor
circular frequency wy and the internuclear distance r. Analyzing relaxation allows
differentiating network fractions by their different rates, when different correlation
times are apparent. To do this, as stated above, the relaxation pathway needs
to be known, for a proper characterization. In principle, one could measure the
transversal relaxation decay and deduce relaxation times by fitting FID curves, but
the contribution of relaxation pathways other than the dipolar relaxation would
have to be approximated, hampering quantitative results. To quantitatively dif-
ferentiate the dipolar coupling contribution from other interactions, 'H-MQNME]
relaxometry is used.

9.4.2 The coupled two-spin system

In the case of an isolated uncoupled spin 1/2 nucleus, there are only two possible
energy states, and only single quantum (SQ) transitions that change the magnetic
quantum number +1 are allowed inevitably. In a coupled two-spin 1/2 system,
nevertheless, there are 4 energy states with 6 possible transitions. Four of them
are again SQ transitions (W;) changing the state of only one of the two spins.
One transition (W) is a zero quantum (ZQ) transition, where the two spins just
flip conserving their mutual energy and the other one (W3) is a double quantum
(DQ) transition, where both spins change their spin state (Fig. [0.10). The latter
two are also called multi-quantum (MQ) transitions, since more than one spin
changes its state. The populations of the respective states in thermal equilibrium
can be evaluated with the Boltzmann distribution. MQ transitions cannot be
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Figure 9.10: Possible transitions W causing relaxation in a coupled two-spin system. Four of
them are single quantum transitions and change the total magnetic quantum number M by +1,
indicated with a subscript "1". The superscripts in brackets indicate, which spin flips and the
state of the passive spin.

observed directly in contrast to SQ transitions that are directly observable. SQ
transitions aa or B8 <> aff or fa have the highest transition probability to occur
for excitation and relaxation. For swollen hydrogels or elastomers, the DQ and
ZQ) coherences are accessible exclusively via couplings, and can be excited with
suitable experiments. The most simple experiment to excite DQ coherences is a
two pulse sequence of the form %+ — 7pg — %. During the delay 7pg homonuclear
dipolar coupling creates two- and higher spin antiphase coherences. For a better
efficiency of double quantum transitions another m, pulse is applied in the middle
of 7pg to refocus the chemical shift evolution. The second 7 pulse transforms the
antiphase coherences into various MQ coherences, which can be observed only by
converting them back into observable transversal magnetization by an appropriate
detection pulse (commonly a 7/2 pulse).

For the measurement of DQ coherence built-ups an improve pulse sequence
based on the Baum-Pines-Sequence®? is applied (Figure 9.11). This so-called
back-to-back (BaBa) DQ experiment is the homonuclear analogue of the very
similar popular rotational-echo double-resonance (REDOR % heteronuclear pulse
sequence, used in solid state [NMR] for recoupling heteronuclear dipole-dipole cou-
pling under magic angle spinning (MAS)H

d214

Pwhen applying MAS, the sample is rotated rapidly with a frequency vg = 1/7. around an
axis tilted by 6y, = 54.7° against the outer magnetic field direction averaging all tensorial [NMR]
properties like DD couplings and CSA to zero.
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Figure 9.11: Pulse scheme of the improved Baum-Pines sequence:*¥ A) DQ excitation and
time reversed SQ reconversion block pulses are shifted by a phase ®. B) Detailed view of the
pulsetrain of the upper block comprising 4 sets of 7/2 — m — 7/2-elements. C) Delay and pulse
durations therof.

During 7pgi, multiple quantum coherence is excited via dipolar coupled spins.
At the end of 7pg; z-magnetization and D(Q) coherences are built-up. Subsequently
the reconversion is achieved by applying the former multipulse train time reversed
with a shifted phase A®. The last m-pulse reads out the respective single and
double quantum coherences excited by the first block with the respective delay
Tpg. As typical for relaxometry, intensity is measured only by the first point,
when working at low field. The effective dipolar or pure double-quantum Hamilton
operator f[ézp of the pulse sequence in terms of angular momentum operators fq
for two spins 4, j is

D
= w} (31@]? L) (9.29)
=W (31 F - 1" 1)

Starting with initial z-magnetization, the %+ — 7pg — %-element, being part
of the BaBa-sequence ([Figure 9.11 C) evolves according to product operator for-

malism as follows.
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with the respective angular momentum components fq and the phase ¢pg =
3/2 wepp Tpg. The last row |Equation 9.31| can be deduced from the relation fi =
(f; + z_fé) revealing the DQ coherence terms denoted by I.. At the end, the
sin ¢pg and cos ¢pg terms contain DQ coherence and modulated longitudinal z-
magnetization, respectively. By altering the phase in a 4 step manner by 90°
(AD = 0,7/2,7,37/2, phase cycling), the DQ coherences Spq and the SQ reference
81gnals Srer are accessible. The above treatment is valid for a pure Hamiltonian
HY dip acting on a single spin pair and neglects the situation in multispin systems.

Here, the general non-commutativity of different pair operators H djzp permits an
analytical description and leads to unwanted dephasing effects for longer 7pg.
However, the fourfold repeated pulse element in Figure [9.11] on page [153|is robust
meaning it excites multiple quantum (MQ) coherences of even order (2n) at longer
Tpo and thereby ensures an effective pure dipolar Hamiltonian HY dipefs dllowing
quantitative fitting strategies. For a deeper explanation of the phase cycle and

coherence selection paths the author refers on the literature #1

9.4.3 Double quantum build-up

As stated above, the implemented modified Baum-Pines sequence yields two data-
sets, Spq and S,er. Spq is much lower in intensity than S, because the probability
for DQ transitions is lower than for SQ transitions. The DQ transition probabil-
ity rises with time since more suitable Figenstates are getting populated (see also
Figure . However, Spq decreases again due to relaxation. Relaxation takes
place already with the first transversal magnetization arising. This attenuation
in networks caused by relaxation contributes nearly equally to Spg and the sum
intensity.

Ssmq = SpqQ + Shret (9.32)

Consequently relaxation effects arising from other origins than segmental ani-
sotropic motion (e.g. from molecular isotropic motion, see also section|9.3) on Spq
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can be removed through point-by-point division to give S,pq, the normalized DQ
intensity.

Supq(Tp@) = Spq(TpQ)/Ssma(Tpe) (9.33)

The sum intensity Synq contains all excited quantum coherences and represents
the total magnetization as a function of 7pg. Since the population of the spin states
equalizes the longer the excitation takes place, for long times, magnetization is
distributed equally and for 7pg — oo

Spq = Sret - (9.34)

From [Equation 9.33|and [Equation 9.34] follows that S,pq converges against /2
for rising Tpg

pQ1 T 1
Sapg — 2 = (9.35)
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Figure 9.12: Schematic behavior of the normalized signal functions S;cf, Spq, the total mag-
netization Symq and the point-by-point-normalized DQ intensity Sypq-

155



9.5 Double Quantum Proton INMR! with
PEO-DAF35k

Only little is known about the factors that improve or worsen the properties of
alignment media. It is for example not clear, if the alignment of guest molecules
takes place at the network chains, or if network defects like loops and dangling ends
induce the partial orientation of analytes. Since cross-linked [PEO-DA] is swelling
in a broad range of solvents and mixtures, it represents a model system, where
different polymerization and swelling conditions can be compared and character-
ized. Therefore, the above methodology was applied to covalently cross-linked
[PEO-DAI35k gels. Three common deuterated solvents, DMSOLd6, chloroform-d
and deuterated water, were chosen to examine the network fractions when swollen
to equilibrium. Furthermore the influence of the initial monomer concentration
on the cross-linking degree was investigated with the four different mass concen-
trations (16, 20, 25 and 30%) established as alignment media.

To assess the sol fraction more quantitatively, a sample was polymerized with
20% «, w-bisacrylated PEO (PEO-DAI35000) and 5% as a known part of the
network, unable to form any covalent cross-links. This approach is called spiking
and is used to identify or quantify components e. g in metabolomics studies. For
the initiator and the co-catalyst, the protocol for 25% (see was applied.

9.5.1 Sample preparation

[PEO-DAL35k was cross-linked in deionized water via free radical polymerization
with APS and TEMED at the four established concentrations following the stan-
dard protocol from [subsection 6.0.4]in a water bath at 40°C including the steps of
degassing centrifuging and overlaying with argon.
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For the measurements in D50, the educts were mixed in a precellis homogenizer
(see Fig. without beads (as a lockable container), whose inner diameter were
adapted with a short teflon® tube of approximately 35mm length to an inner
diameter of 5.5 mm. The samples for swelling in DMSO-dg were also mixed in a
precellis homogenizer adapted the same way with a cut teflon tube to an inner
diameter of 6.0 mm. The polymerization mixtures for measurement in chloroform-
d were prepared in 50 ml Falcon tubes (see also [subsection 6.0.4) and drawn into
teflon tubes of increasing diameters with a syringe. Vacuum degasification was
applied to all mixtures 3 times in the precellis and the Falcon tubes and afterwards
they were covered with Argon. Mixing was performed on a vortexer and defoaming
was achieved for the precellis samples by centrifuging 1 minute at 12000 rounds
per minute and for the falcon tubes by centrifuging 1 minute at 6000 rounds per
minute. The polymerization then was carried out in a water bath at 40°C.

() (b)

Figure 9.13: Empty Precellis homogenizer and cut teflon® tube(a). With cross-linked
[PEO-DA}35k gel (b).

After 16 hours the polymerized gel sticks were removed from their molds and
weight, length and diameter were measured . The covalently cross-
linked [PEO-DALI35k gel sticks for DoO and DMSO-dg were placed upright in open
top-screw 10ml vials and dried at 40° for another 3 days in an exsiccator at 40°C
over calciumchloride (CaCly) (Figure 9.14b)) and the sticks for chloroform-d were
dried upright in open 2ml glass vials . After weighing them and
measuring length and diameter of the dry state, the sticks were put into the sample
tubes with an initial amount of solvent, covering more than half of the sticks.
Then swelling solvent was added gradually until supernatant liquid remained while
monitoring the progressing swelling degree with a marking line. After swelling
to equilibrium, weight, length and diameter were measured and afterwards the
non-cylindrical, conic tips stemming from the Precellis homogenizers were cut
off, to yield cylindrically shaped gel sticks . The samples in D,O
and DMSO-dg were closed with a rubber plug to prevent evaporation, while the
samples with chloroform-d as swelling agent were sealed with PVC lids and teflon®
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tape until equilibration and finally fused. The measurement of PEO-DAF35k-gels
swollen in chloroform was carried out by cutting each to the same length within
three fused standard tubes at once with an inner diameter of 4.2mm and
[PEOQ-DAF35k sticks of the same length.

Figure 9.14: [PEO-DAI35k gel: after polymerization (a), after drying (b), equilibrated and cut
in D20 (c). Dried Sticks for swelling in chloroform (d).

Since the DQ built-up is mediated via segmental averaged dipolar couplings
and reflects all anisotropic motion, care was taken that the swollen samples under
investigation were in an unstressed isotropic state to avoid additional contributions
from aligned chains tampering the real proportions between cross-linked chains
and defects. For this reason the swelling degree was taken into account, to arrange
the covalently cross-linked [PEO-DAF35k sticks with swollen diameters just below
the inner diameter of 8 mm within the tube. This way four sets of cross-linked
[PEO-DAF35000 (polymerized with mass contents of 16, 20, 25 and 30%(w/w)
of [PEO-DAI35000) were swollen to equilibrium in CDCl3, DO and deuterated
DMSO with diameters below 8 mm (see also . To spike the polymer
sol fraction (C) a sample was cross-linked with a composition of 20% [PEO-DAland
5% of as a known component, not able to form any cross-links. Because the
[PEQO-DA] cross-linking takes place in water, and is washed and dried for application
with other solvents, only for water a spiking sample was realized, omitting the

washing step. This way 13 samples were created (see also [Figure 9.19)).
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9.5.2 Low field NMR experiments

The 'H-DQ-NMR, saturation recovery and CPMG experiments of the swollen gels
were carried out on the low-field device Bruker the minispec mq20 from Bruker.
The field strength of By is approximately 0.47 T and the proton resonance fre-
quency vy accordingly at 20 MHz. The measurement parameters of the DQ pulse
sequence and the D(Q build-up curve are decisive for the duration of the entire
measurement. Based on the selected parameters, the resulting measuring time
was approximately 42 hours for the DQ experiment. The long time to measure
the DQ build-up curves Spg and Sges arose from the high number of scans (512)
needed to gain reasonable for the low polymer concentrations in the swollen
gels.

The high solvent proportion furthermore led to long relaxation times com-
pared to polymer melts and solids and the number of points had to be adapted
accordingly. In the parameter set applied for all samples presented are

summed up.

9.5.3 Adaptation of the fitting procedure

In the following, the adaption of the fitting procedure is described. Two main
approaches to fit the curves and to extract S,,pg have been applied: The figures
are normed to the maximum, which should be represented by the first point of
Srer and than either exponential fits are carried out, or mono-exponential decays
are approximated step wise and subtracted 2!%2L7 In the case of all the gels, signal
to noise was low and long incremental times up to 500 ms had to be measured,
recording 512 points per time step (resulting in an experimental duration of about
42 h). Despite the high amount of points per increment noisy curves were obtained.
For this reason the simple exponential fitting method failed. Step wise manual
fitting led to too many dis-ambiguities about where to choose the start and which
points are valid. Many tryouts did not lead S, pg to converge against /2.

As an example, the normed data for the 16% PEO-DA] gel is shown in see
[Figure 9.12] Even though, S,.; can be fit with a tri-exponential decay resulting
in a correlation of R bigger than 0.998, the factors for A (= 0.56), B (=~ 0.25),
and C (= 0.15), cannot explain the whole composition leaving a uncertainty of
the network fractions of about 0.1. Because of this and the problem to identify
fitting intervals within very noisy and distorted regions, step wise fitting of S,.f to
create S,¢q led to very variable results within a single measurement and prevented
physically sound values that could be compared among the samples.
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Figure 9.15: Recorded relaxation of S,.; (orange) and DQ-build up curve (green) with no
corrections and tri-exponential fit for the PEO-DAB5000-16% gel in water. The points marked
in red were excluded from the fitting. Since the fluctuations appeared in all experiments and
their origin is most probably arising from electronic circuits and the electricity net static.

9.5.4 Development of a robust fitting procedure

As a new fitting strategy to process the available data as good as possible, the
region of Spg short after the maximum was taken into account. Since it has to
converge against 1/2, a difference term that helps to find a reduced reference S,¢q
could be fit bi-exponentially. The assumption is that S,.q contains all the sol (C)
and defect fractions (B) (the so-called tail), and can then be differentiated from
the signal build-up induced by the network fractions with the lowest mobility.
This represents the fraction (A) of the cross-linked chains. Then the curves of Spg
were fit mono-exponentially after the maximum resulting in the respective curves

Spo-rit (see [Figure 9.16)).
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Figure 9.16: Monoexponential fitting after the maximum of Spg.

This exponentially decaying curve (in [Figure 9.16|) is subtracted from S,.f,

resulting in the reduced decay S,q that can now be bi-exponentially fit to obtain
the (sum of) network fractions B and C. Since this part of the curve has a low
signal to noise ratio, a much lower correlation factor is obtained. In
the resulting curve for the example of a[PEO-DAB5000-16% gel is plotted and the
mono-exponential fit has a correlation R of only 0.8. Because of this, care needs to
be taken, when interpreting the later created curve S,.4 concerning the fractions
B and C (the sol and defect fractions within the gel network).
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Figure 9.17: Resulting reduced decay curve for the fitting of [PEQ-DAB5000-16%. The red
points were excluded from the fitting.

Evaluation of [Equation 9.33|is then adapted to

Spa(Tpe)
Sapq(Tpg) =
pa(7o0) Sred(Tpo) + Spo(Tp0)
The resulting curve of S,,pg, i+ is compared in [Figure 9.18 with the curve of

Snpg (black) shown in [Figure 9.15 showing the corrected curve (blue) converging
against /2. The results for all testes samples are presented in [subsection 9.5.5|

(9.36)
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Figure 9.18: After the fitting procedure described above, S, pg, it (blue) converges against 1/2
despite a poor signal to noise ratio.

9.5.5 Results

In the following the network fractions evaluated with the adapted method for the
fitting procedure in PEO-DA] from the measurements described in [subsection 9.5.2]

are summarized in the bar plots of [Figure 9.19|
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Figure 9.19: Evaluated network fractions of the swollen [PEQ-DA] gels in DMSO-dg, D>O and
chloroform-d. The bars are normed to 100%, the numbers inside present the absolute fitted
values.

Only in DMSO-dg, a significant increase of the derived network fraction A
(green) is observed, rising from 23% to 40% depending on the initial mass con-
tent during the cross-linking. For deuterated water and chloroform-d, the trend
(Figure 9.19a) is less pronounced or cannot be validated. Here, the fraction of
cross-linked chains remains around 20%. The stronger slope for DMSO-dg can be
explained with the lower swelling degree. Lower swelling degree means that the
chains are not as elongated and much more entangled also due to the lower amount
of solvent leading to a bigger value for network fraction A. To maintain a larger
diameter, a higher absolute amount of PEO-DA] was used and the diameters of the
gel sticks were adapted accordingly. This effect also leads to better signal to noise
ratios for the measurements taken in DMSO-dg. An interesting outcome is the
evaluated network fraction A for the 20% sample, spiked with 5% PEO (20+5%)
as a known component within the network.
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Figure 9.20: Comparison of the network fraction A.The highest network cross-linked network
fractions are observed with DMSO-dg and an apparent rise of the cross-linked fraction is visible.
Nevertheless, the data was very noisy and between 100 and 400 ms strong distortions occured.
The error therefore is assumed to be 10%.

The thinned composition of 20% [PEO-DAB5000 blended with 5% of PEO, bear-
ing no cross-linkable groups shows the lowest value for the network fraction A. This
is related to a less efficient polymerization induced through non-reacting chains,
hindering the propagation of the formed radicals and decreasing the amount of the
cross-linked network fraction. The higher swelling degree in water and chloroform
enables the polymer chains to unfold while dangling ends are less hindered through
entanglements.
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10 | Summary

The importance of the results achieved within this work could be briefly put to-
gether in the following: major point was the development of a universal alignment
medium for the extraction of RDCs and structure elucidation with tensorial con-
straints. After a short introduction of the standard NMR parameters, the benefits
of anisotropic NMR parameters were introduced and explained (chapter 4). An
important point was the introduction of the experiments carried out to monitor
and measure aligned samples. The best achievements with the use of anisotropic
parameters are reached, when all possible methods and media to induce the nec-
essary partial alignment are followed and the benefits of the respective methods
and media are taken into account. Therefore in chapter 5 an extensive review
of the existing approaches with the their different advantages and obstacles were
presented before the reader could be introduced to the development of [PEQ-DAI
As PEO-DA works in combinations with a number of different solvents, this align-
ment medium could be used as a universal alignment medium and its preparation
was evaluated in together with all considerations and measures taken,
to produce homogeneous polymer sticks. The resulting alignment media sticks
were tested in chapter 7 and their universal application was proven with the ex-
traction of RDCs from 5 different test molecules of various sizes using pure sol-
vents and mixtures covering different polarities. In chapter 8, a fundamentally
new type of orientationally constrained molecular dynamic simulations (MDOC)
as implemented in the program COSMOS was thoroughly tested and evaluated.
This approach was used within this thesis with the falsification of three examples
(borneol, staurosporine and spiroindene) and the accuracy of the simulations was
controlled. The workflow is significantly improved by generating scripts for the
parallel execution on a high computational power cluster and for the evaluation
of the obtained data. The understanding of the network composition of the de-
rived alignment media gels plays a crucial role for the further improvements of the
alignment media as the knowledge of the best network composition would allow
targeted synthesis of desired polymer networks. This knowledge is gained by ap-
plying low field DQ-NMR experiments to a selected set of PEO-DA swollen sticks
in three common solvents as described in [chapter 9
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The literature sources presently available demonstrate that the common align-
ment media are rather restricted for application with small organic molecules or
big macromolecules, and could be used with a narrow range of particular sol-
vents. Earlier developed cross-linked PEO gels were reported to show remarkable
swelling in solvents ranging from polar ones, like water, to very apolar ones, like
toluene, however, had an extremely low practical application due to the inconve-
nient methods for synthesis by irradiation with -, v- or UV-rays. To overcome
these problems and allow the use of the swelling benefits of PEO based align-
ment media, such a synthesis route was chosen that the end groups of PEO are
diacrylated with acryloyl chloride and cross-linking was performed via thermally
and photochemically induced free radical polymerization. Two molecular weights
(6000 and 35000 g/mol) of PEO with low dispersities were used as educts, giving
the opportunity, to create a network with known inter-cross-link distances. No
additional cross-linking agents were used to have as little as possible background
signals in the later spectra induced by the proton and carbon-13 nuclei of the
medium.

To establish reproducible casting of cylindrical cross-linked PEO-DA gels in
varying diameters five different formulations were developed regarding working
life and handling under low oxygen conditions. Since the reactions were carried
out in quantities between 50 mg and 2 g, it turned out to be most effective, to use
a setup of connected syringes and teflon® tubes to lose as little as possible material
and to have the desired variability in the diameters. This enabled the adaption
for the different strategies to scale the alignment (Figure 5.2) and thus to get the
predefine swelling of the initial dry stick for the various solvents. In order to reach
this stage the swelling properties of these different formulations were investigated
in a big set of solvents and mixtures. Additionally the applicability in the common
devices: so-called stretching and compression devices was succesfully tested, while
defining the most suitable conditions. A desired property of this alignment media
is the naturally limited dispersity within the polymer yielding quite homogeneous
gels with narrow line-widths. Different mass containing swollen PEO-DA gels are
therefore investigated with DQ-NMR experiments to reveal the amounts of cross-
linked network fractions and the sol fraction.

Within this thesis it was proven that PEO-DA allows inducing scalable anisotropy
both in compressing as well as in stretching devices. A major contribution is the
successful application to pure solvents and mixtures. Furthermore a method is
introduced which allows fast equilibration and transfer into the sample tubes,
speeding significantly up the sample preparation time and thus giving the oppor-
tunity to apply the method in a more industrialized environments. In accordance
with parameter fine-tuning, cross-linked PEO-DA is shown to be suitable for the
alignment of solutes reaching from small natural products up to proteins, mak-
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ing it a universal alignment medium and making it one of the most advantageous
alignment media currently available.

The standard workflow as an existing method of extraction of RDCs relies on
manual procedure, which is time-consuming and quite subjective as it relies on
the experience of the person performing the manual extraction steps. In order to
remove the subjectivity and speed up the extraction procedure a method for the
semi-automated extraction of couplings is introduced, utilizing an fitting method
based on autocorrelation.

Typically the RDCs data is used for structure evaluation where the most com-
monly used approached relies on a predefined model and having certain approxi-
mations for its validity. Mostly these approaches are not applicable or are prone
to huge errors when the molecule under investigation is flexible or shows some
degree of flexibility. Within this work the RDC data evaluation on small organic
molecules used the so-called MDOC approach, which does not require a predefined
model conformation. It enables the elucidation of the conformational space based
on experimentally derived anisotropic experimental data that is incorporated as
tensorial constraints into the force field. When solute molecules show flexibility
and occur in different conformations, data interpretation with so far existing ap-
proaches mostly fail because of the averaged nature of extracted data. The MDOC
approach is preferred as the RDC evaluation is not hampered based on the model-
ing of choice and the implementation of the simulation allows the system to forget
previous states (i.e. conformations) and freely samples potential other states which
on average fulfill the experimental data. Thus, the presence of different confor-
mations within the according NMR timescales are revealed. Within this thesis
the optimization of the performance of these relatively exotic molecular dynamics
simulations was performed and the applicability of the approach was proven.

In the last chapter, DQ measurements were carried out with [PEQ-DA] gels.
They contain a lot of solvent and therefore non-deuterated impurities need to be
filtered out for reliable results. A further obstacle was the appearance of strong
fluctuations above 100 ms in combination with a low signal to noise ratio. Based
on the known fitting procedures reported in the literature, a variant was developed
that lacks the ability to differentiate network fraction B and C, but reproducibly
retains the fraction of main interest, the part of chains being cross-linked forming
the network. Besides, a spiking approach was suggested and applied, offering to
add a known component. This way, the limits of low field NMR have been extended
for the application of low concentrated polymer gels.

Although the parts of this work belong to quite different areas of chemistry,
the knowledge from polymerchemistry, structural elucidation, NMR spectroscopy
and computational chemistry was bundled. The synergies led to an improvement
of the whole methodology of applying anisotropic NMR parameters in terms of a
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simple production route, the fast preparation of samples and their measurement,
and a workflow established for the quick evaluation of the results, creating the
basis for a broader application in an academic and industrial context.
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11.1 Supplemental material for

| Appendix

11.1.1 Dispersity evaluation
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Figure 11.1: Measurement of the distribution of mass weights in commercially available PEO-
6000 and PEO-35000 with size exclusion chromatography (SEC). Both educts resemble the dis-
persity given from the supplier.
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11.1.2 Cross-linking

Table 11.1: Cross-linking studies for the development of a reproducible polymerization protocol
to derive homogeneous cross-linked [PEO-DAI35000 polymer sticks. The final trials (no. 45 to 48
in green) are the ones established for cross-linking and casting cylindrical polymer gels for the
use as alignment media.

# %(w/w) | m(PEO- V(H20) V(TEMED, V(APS, T mold remarks
DA 35k) /ml 10%)/ul 10%)/ul
/g
1 0.385 0.237 0.378 1.0 5.0 | RT glass tube | too viscous
2 0.375 0.152 0.253 1.3 6.7 | RT glass tube | too viscous
3 0.379 0.231 0.378 1.0 5.0 | RT glass tube | too viscous
4 0.233 0.152 0.500 1.5 7.5 | RT glass tube | hardened after max 2h
5 0.230 0.105 0.351 0.5 2.5 | RT glass tube | not hardened in teflon®
6a 0.222 0.100 0.350 0.8 3.8 | RT glass tube | non-hardened layer on
top
6b 0.379 0.231 0.378 1.0 5.0 | RT glass tube | very viscous, foam
6c 0.233 0.152 0.500 1.5 7.5 | RT glass tube | hardened
NMR-glasstube, 4mm
7 0.266 0.204 0.564 1.5 6.0 | 70°C| NMR hardened after heating,
tube formation of bubbles,
yellowish, dried @ 4°C
8 0.279 0.194 0.500 1.5 6.0 | RT NMR hardened the next day,
tube yellowish, broke into 2
parts, dried @ 4°C
9 0.171 0.206 1.000 1.5 6.0 | RT NMR increased water ratio to
tube prevail yellowing, de-

gassing of reaction mix-
ture, dried @ 4°C

teflon® tube (for varying diameters)

9a 0.191 0.137 0.583 0.5 1.0 | 40°C | teflon® not hardened
10 0.176 0.106 0.498 2.0 8.0 | 40°C | teflon® hardened after heating
to 70°C, yellowish
11 0.176 0.107 0.500 10.0 10.0 | RT teflon® hardened
12 0.300 0.109 0.255 10.0 10.0 | RT teflon® too fast polymerization
13 0.238 0.094 0.301 8.0 8.0 | 40°C | teflon® hardened
14 0.256 0.102 0.298 8.0 8.0 | 40°C | teflon® hardened after at least
2h
14a 0.250 0.250 0.750 20.0 15.0 NMR- too fast polymeriza-
Tube tion, impossible to
transfer into NMR-
tube
14b 0.250 0.152 0.456 4.0 4.0 | 40°C | NMR- hardened after at least
Tube 2h
15 0.251 0.252 0.750 4.0 4.0 | 40°C | NMR- hardened after 1 h
Tube
16 0.251 0.251 0.750 3.0 3.0 | 40°C | NMR- hardened after 10 min
Tube
TEMED 5% /ul
17 0.254 0.255 0.750 6.0 4 | 40°C | NMR- hardened after 1h
Tube
18 0.250 0.250 0.750 3.0 3 | 40°C | NMR- hardened after 1h
Tube
19 0.250 0.250 0.750 2.0 2 | 40°C| NMR- hardened after 1h
Tube

TEMED 1% /ul
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Table 11.1: Cross-linking studies for the development of a reproducible polymerization protocol
to derive homogeneous cross-linked PEO-DAI35000 polymer sticks. The final trials (no. 45 to 48
in green) are the ones established for cross-linking and casting cylindrical polymer gels for the
use as alignment media.

# %(w/w) | m(PEO- V(H20) V(TEMED, V(APS, T mold remarks
DA 35k) /ml 10%)/ul 10%)/ul
/g
25 0.250 0.250 0.750 2.0 2.0 | 40°C | NMR- not hardened after 1h
Tube @ 40°C and additional

1h @ 70°C, overnight
@40°C: hardened, up-
per layer liquid.

26 0.253 0.254 0.750 6.0 6.0 | 40°C| NMR- next day hardened, up-
Tube per layer liquid

27 0.251 0.251 0.751 8.0 8.0 | 40°C | NMR- hardened after 40 min
Tube

27b 0.251 0.177 0.528 5.6 5.6 | 40°C | teflon® not hardened!  Dou-

ble amount of AP-
S/TEMED for next

trial
28 0.254 0.179 0.525 11.2 11.2 | 40°C | teflon® hardened, but very
slow. "Worm" within

half of the tube I, 90%
in tube II liquid.

37 0.200 0.200 0.800 10.0 10.0 | 40°C | NMR- 1d
Tube

38 0.251 0.251 0.750 10.0 10.0 | 40°C | NMR-~ 1d
Tube

39 0.302 0.303 0.700 10.0 10.0 | 40°C | NMR- 1d
Tube

43 0.376 0.244 0.400 200.0 50.0 | 40°C | teflon® 1h

45 0.160 0.060 0.264 18.0 18.0 | 40°C | teflon® 15 min

46 0.200 0.075 0.263 18.8 18.8 | 40°C | teflon® 15 min

47 0.250 0.100 0.260 20.0 20.0 | 40°C | teflon® 15 min

48 0.300 0.129 0.257 21.4 21.4 | 40°C | teflon® 15 min
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11.1.3 Solvent compatibility

Swelling tests with selected mixtures

Table 11.2: Resulting swelling behavior of PEO-DA] gels cross-linked with a mass content of
16% and swollen to equilibrium in selected mixtures. The factors Qv and Q,, correspond to the
volume increase (V') and the mass increase (m). In the first column the number of the stick and
its state (d=dry, s=swollen) are given.

#  solvent I/cm d/cm m V/ml Qv Qm A V/ml Qv Qm/p p
mixture [g] V/ml (m/p) g/ml

1d - 0.79 0.145 0.0147 0.013 1.0 1.00 0.013 1

1s  Acetone 2.42 0450 0.3889 0.385 29.7 26.46 0.372 0.429 33.1 29.15 0.91
H20 1:1

2d - 0.72 0.145 0.0140 0.012 1.0 0.95 0.012 1.0

2s  MeCN 2.30  0.440 0.3480 0.350 29.4 23.67 0.338 0.382 32.2 26.01 0.91
H20 1:1

3d - 0.72 0.150 0.0140 0.013 1.0 0.95 0.013 1.0

3s CgHg 2.54 0.500 0.7100 0.499 39.5 48.30 0.48 0.526 41.6 35.79 1.35
CHCIl3 1:9

4d - 0.72 0.150 0.0140 0.013 1.0 0.95 0.013 1.0

4s CHCI3 2.55 0.505 0.6800 0.511 40.4 46.26 0.498 0.500 39.6 34.01 1.36
MeOH 7:3

5d - 0.76 0.150 0.0150 0.013 1.0 1.02 0.013 1.0

5s DMF 2.34 0455 0.3933 0.380 28.3 26.76 0.367 0.357 26.6 24.28 1.10
H20 1:1

6d - 0.76  0.145 0.0148 0.013 1.0 1.01 0.013 1.0

6s DMSO 2.20 0420 0.3370 0.305 24.3 22.93 0.292 0.319 25.4 21.68 1.06
H>O 1:1

7d - 0.77 0.150 0.0148 0.014 1.0 1.01 0.014 1.0

7s EtOH 1.45 0.280 0.0662 0.089 6.6 4.50 0.076  0.089 6.6 6.04 0.75
Cyclohex-
ane

7d - 0.77 0.150 0.0148 0.014 1.0 1.01 0.014 1.0

7s EtOH 2.05 0.380 0.1640 0.232 17.2 11.16 0.219 0.230 17.0 15.67 0.71
Cyclo-
hexane
@40°C

8d - 0.75 0.145 0.0148 0.012 1.0 1.01 0.012 1.0

8s MeOH 2.38 0455 0.4100 0.387 31.5 27.89 0.375 0.448 36.4 30.45 0.92
H>O

9d - 0.75 0.145 0.0154 0.012 1.0 1.05 0.012 1.0

9s TFE 2.00 0.400 0.2860 0.251 20.4 19.46 0.239 0.241 19.6 16.40 1.19
H20

7d - 0.77 0.150 0.0148 0.014 1.0 1.01 0.014 1.0

7s EtOH 2.056 0.380 0.1640 0.232 17.2 11.16 0.219 0.230 17.0 15.67 0.71
Cyclo-
hexane
@40°C
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Second virial coefficients and relative mass increase factors

Solvent Q. B, T° Ref
1,4-Dioxane 18.96 -1190 25.0 28219
TFE 76.03 -1155 25.0 %0
Acetone 821 -2016 25.0 4

Acetonitrile 11.59 -3902 25.0 44
Chloroform  35.67 -1093 25.0 2

DCM 29.24 -872  25.0 22l
DMSO 16.21 -6900 25.0 21%E22
Ethanol 11.92 -3166 25.0 il
Methanol 10.99 -1698 25.0 poal
DMF 14.37 -2165 25.0 219
THF 18.53 -1310 28.7 223
Toluol 10.59 -2567 30.0 st
Water 18.39 -1062 25.0 adn

Table 11.3: 274 Virial coefficients By in cm®/mol at given temperatures °C with references and
relative mass swelling factors Q,, of the respective solvents.
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11.1.4 Quadrupolar splittings of step-wise compressed and
stretched gel

lp/em [1/mm| 2 [ Ay
compressing device
8.2 6.1 -0.26 | -14.5
8.2 6.2 -0.24 | -14.5
8.2 6.3 -0.23 | -13.6
8.2 6.5 -0.21 | -12.3
8.2 6.7 -0.18 | -11.3
8.2 7 -0.15 | -84
8.2 7 -0.15 | -84
8.2 7.3 -0.11 | -6.5
8.2 8.2 0.00 | 0.9
stretching device
7.1 7.8 0.10 | 13.5
7.1 8.5 0.20 | 25.9
7.1 9.6 0.35 | 35.8
7.1 11 0.55 | 51.8
7.1 11 0.55 | 52.0
7.1 11 0.55 | 514
7.1 13.5 0.90 | 82.5
7.1 8 0.13 | 16.8
Table 11.4

11.2 Supplemental material for chapter 7

11.2.1 Python script for the semi-automatic extraction of
couplings

# -*- coding: utf-8 -*-
mnnn

Autocorrelate 1D ASCII files that were created from rows or coloumns from 2D
coupled spectra to measure couplings.(use topspin command: "totzt")

written by Thomas Gloge at the AK Luy @ KIT

mailto: thomas.gloge@gmail.com
07/2017

import numpy as np
import matplotlib.pyplot as plt
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from matplotlib import rcParams

plt.close ()
""" set up color scheme, fonts """

colormap = [’#1£f77b4’, ’*#ff7f0e’, ’#2cal2c’, ’#d62728°, ’#9467bd’,
’#8c564b’, *#e377c2’, ’#TLf7£f7f°, ’#bcbd22’, ’#17becf’]
plt.rc(’text’, usetex=True )

plt.rc(’font’, family=’dejavuserif’, weight=’normal’, size=9)
plt.rcParams [’mathtext.fontset’] = ’dejavuserif’

nwn

read data file (ASCCII-file ezxzport of row/coloumn from Topspin via the command
"totexzt" -> row 3038) """

filename = "C:/Users/3038"

f = open(filename)
data = np.loadtxt(filename)
f.close ()

# noise genmerator for ewaluation
#noise = np.random.normal (0, 0.25, data.shape)

#data = data * (1+mnoise)
#data [1000:] = signal [1000:]

# remove mnoise and data below a threshold
#data[np.absolute (data) < 1000000] = O
#data = np.clip(data, avdata, mazdata)

# more data manipulation

#data [data <200000]=0

#data = np.sqrt(data)
#data[np.absolute (data) <0.2%1e7] = 0
#data [1000:1315] = 0

#data [:500] = 0

#data [1750:]=0

#data[np.absolute (data) < 2000000] = 0
#data = np.square(data)

" set up resolution in Hz/Point to convert point to Hz
needs to be set manually!!!"""

#res=2.017691

res=0.183179

nnm get length N of data """
N = len(data)

nwn wun

get absolute values of data
adata = np.absolute(data)
"t primitive searching of min and maxz peaks and their indices """

sortval = np.sort(data)
rawminval = sortval [0] #Minimum value
rawmaxval = sortval[-1] #MAzimum value

" find max wvalue for normalisation """
if np.abs(rawminval) < np.abs(rawmaxval):
normmax = np.abs(rawmaxval)

else:

176



normmax = np.abs(rawminval)

rawminindex = np.where(data==rawminval) #indexz therof as tuple
rawmaxindex = np.where(data==normmax) #index therof
rawmaxindex=rawmaxindex [0] [0] #index therof as number

rawminindex=rawminindex [0] [0]

#primitive distance from peakdifference

rawcoup = (rawmaxindex - rawminindex)*res

#convert to text

rawcoup= r"$\Delta\nu_{D} {extr}$: "+"{:.{}f}".format( rawcoup, 2 )+"Hz"

nnn nwnn

prepare normed data
ndata=0.5*xdata/data[rawmaxindex] #normed data

"m" prepare frequency scale from O to N"""

scale=np.arange (N)

scale=scale*res

"nr set up first plot of raw data with point scale to search noise"""
plt.subplot (311)

plt.ylabel(r’rel._ intensity’)
plt.xlabel (r’$\nu$,[Hz]’)
plt.plot(ndata, color = 20.37)
plt.grid(True)

"nitocalculate 3*std from selected region in mormed data
needs to be set manually !!! """

SD = 3%(np.std(ndatal[0:40]))

"""t start processing of data: convert to absolute walues """

data = np.absolute(data) #/data [rawmazindex]
" absolute mormed data """
adata = data /datal[rawmaxindex]

"m"it---gutocorrelation ——---------------- e

e ft data and process data = pdata
pdata = np.fft.ifft (data, n=2xN)

mnr multiply with complex conjugate -> ft(data)* ck(data)"""
pdata = pdata * np.conjugate( pdata )

nnn gqnverse ft -> ift(ft(data) * ck(data)) """

pdata = np.fft.ifft( pdata )
""" yucutydatagtoy Nypointsyy
pdata = pdatal[:N]

"mr remove imaginary
pdata = np.real( pdata )

"wnn

wun

nnr set starting point from where Mazimum/Minimum <s searched (to ezclude main
mazimum @ tau=0), needs to be set manually !!! """
x=80

"mromorm maxzimum by first point for relative intensity”"""
pdata = pdata / pdatal[0]

mmnn get maz or m,Ln nann

min = np.min(pdata)

max = np.max(pdatalx:])

#find index of biggest autocorelation walue , call it indexmacz
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indexmax=np.argmax (pdatalx:])

#add threshold = to recreate original indez

indexmax=indexmax+x

nnn eygluate correlation from maz value at second mazimum = F(0)/2 +f R=1 """
ratio = pdatal[indexmax]*2

#assign coupling wvalue from index

coupling=indexmax*res

""" set up second plot to show processed data with frequency scale”"""
plt.subplot (312)

plt.ylabel(r’rel. intensity’)

plt.xlabel (r’$\nu$,[Hz]’)

plt.plot(scale, adata, color= colormap[2])

plt.grid(True)

"nt add difference from extrema """

plt.annotate( rawcoup , xy=(indexmax*res, max), xycoords=’data’, xytext=(0.55,
0.66), textcoords=’axes_ fraction’,

horizontalalignment=’center’, verticalalignment=’top’)

plt.annotate(s=’’, xy=(rawmaxindex*res,0.5 ), xytext=(rawminindex*res,0.5),
arrowprops=dict (arrowstyle=’<|-|>’,linestyle =’--’, 1lw=1,

color=’r’))

middle =((rawmaxindex*res)+(rawminindex*res))/2

""" add couplings from autocorrelation """

plt.annotate(s=’’, xy=((indexmax/2*res+middle) ,0.18 ),
xytext=((middle-indexmax/2*res) ,0.18), arrowprops=dict(arrowstyle
=’<|-|>?,linestyle =’--’,1lw=1, color=colormap[0]))
"t evaluate coupling and mazimum correlation R, rn

coupling = r"$\Delta\nu_{D} {cor}$: "+"{:.{}£f}".format( coupling, 2 )+"Hz"
plt.annotate( coupling, xy=(indexmax*res, max), xycoords=’data’,
xytext=(0.55, 0.33), textcoords=’axes, fraction’,
horizontalalignment=’center’, verticalalignment=’top’)

ratio = "R:_"+str(ratio) [:5]
"m" create correlogram """

plt.subplot (313)

plt.x1lim (-5, scale[-11%0.68)

plt.ylabel(r’correlation’)

plt.xlabel(r’$\Delta\nu$,[Hz]’)

plt.plot(scale, pdata,color= colormap [0])

plt.axhline( y=0.5, xmin=0, xmax=1, color=’grey’,linestyle =’:7)
plt.grid(True)

nnn eprorestimation: yError = 2%F(tau)*std """

"mro find values in autocorrelation function that deviate by -2std from the
maxz around 0.5 """
error_list=np.argwhere(pdatal[x:]>=max*(1-2%SD))

win find left /right intervall """
error_left=error_list[0]-indexmax
error_right=error_list[-1]-indexmax

"t put infos together """

infotext = (r"$\Delta_{-}$:," + str((error_left+x)*res) [1:6]
+ "Hz, " + r"$\Delta_{+}$:," + str((error_right+x)*res) [1:5]
+ "Hz, res: " + str(res)[0:4] +" Hz/pt, " + r"$\sigma_{I}$: "
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+ str(100*x(np.abs(SD))) [:4] + "\%,u" + ratio +"\n")

plt.annotate( infotext, xy=(indexmax*res, max), xycoords=’data’,
xytext=(0.05, -0.4), textcoords=’axesyfraction’,

horizontalalignment=’left’, verticalalignment=’top’)

plt.show ()

"t find values in the range of 3 fold standart deviation (3sd: 99.73002047 of
mazimum), put them into the list error_list """

print ("Splitting,:",indexmax,"Points, or:",coupling,"Hz\n, ")
print ("leftyerror",(error_left+x)*res,"Hz\nright error",(error_right+x)*res,
"Hz,\n@", res," Hz/Pt", "\nSD:",np.abs(SD) )

11.2.2 Swucrose assignment and extracted RDCs

6
CH,OH 11
o  CH:OH
4,/ 1 O 9
oH HO
OHY o \
OH  OH

Figure 11.2

CH,OH
8 10

Assignment | 13¢ ¢s | Y, [Hz] | £ Error 1H CS row | Tey [Hz]| “'Tew [Hz] | * T [H2) | L- Error | R- Error |'Dg=T-) | £ Error
6 60.02] 143.83 0.49 3.75| 586.00 144.28 144.53 143.98 -0.25 0.30 0.4 0.50
11 61.25) 144.71 0.42 3.60| 577.00 144.30 144.37 144.27 -0.07 0.03 -0.4 0.42
10 62.29] 143.54 0.67 3.75] 569.00 144.11 145.23 143.65 -1.12 0.46 0.6 1.12
4 69.13] 144.32 0.36] 3.35-3.50 519 145.66 163.74 120.54] -18.08 25.12 1.3] 18.08
2 70.99| 143.82 0.37 3.48( 505.00) 147.28| 147.45 147.13 -0.17 0.15 3.5 0.37
5 72.32) 144.26 0.62 3.78| 496.00 147.23 147.71 146.51 -0.48 0.72 3.0 0.72
3 72.48| 144.54 0.49 3.69( 494.00] 148.40 148.90 148.19 -0.50 0.21 3.9 0.50
8 73.90] 149.88 0.44 3.98| 484.00 141.01 141.50 140.95 -0.49 0.06 -8.9 0.49
7 76.30 143.74 1.11 4.15| 467.00 138.26 138.95 138.19 -0.69 0.07 -5.5 1.11
9 81.30] 147.59 0.71 3.82( 430.000 140.33 140.66 139.33 -0.33 1.00 -7.3 1.00
1 92.11}] 169.56 0.36 5.34] 651.00 173.79 174.04 173.68 -0.25 0.11 4.2 0.36

Figure 11.3: Extraction of RDCs from Sucrose in D5O.
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11.2.3 Malectin RDCs

Table 11.5: Assignment and determination of scalar (J), total (T') and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (J) and total (T) couplings were determined
from the isotropic 'H'N-IPAP-HSQC and the anisotropic 'H'>N-IPAP-HSQC spectra shown in
[Figure 7.11| and [Figure 7.12} respectively.

#a o le o 15Nc lJNHd ITNHe IDNHf
3M 861 119.84 9483 n/a n/a
4D 827 11718 9483  88.77 -6.06
oK 8.55  111.09  92.81  93.69 0.88
6V 8.18  122.03 94.83  84.75 -10.09
71 8.29 119.66 92.82  86.76 -6.05
10V 735 120.30 9483  n/a n/a
11N 8.32 122.10  90.80 110.97 20.18
12A 7.50 123.34  92.82  96.85 4.03
13G 757 12919 9282  106.94 14.12
14G 8.87 120.24 9483 102.90 8.07
15E 8.48  125.03 92.86 100.88 8.02
16S 751 12879 9282  92.82 0.00
17H 10.39 109.84  92.09  76.59 -15.50
18V 7.08 10421 9388  82.73 -11.15
20V 8.48 112.65  92.82  95.71 2.89
21H 8.84 123.08  92.78  80.71 -12.07
22G 7.28 128.32 92.82  84.75 -8.07
231 8.54 12726  96.84  81.44 -15.40
24H 9.28 11439 90.80 104.92 14.12
25Y 793 11949 9282  88.90 -3.91
26R 817 107.72 9483 9281 -2.02
27K 8.53 124.04 9282  92.81 0.00
28D 8.28  126.89 9281  &88.78 -4.03
29P 9.35 12588 9483 75.15 -19.68
30L 8.10  123.08 92.82  86.76 -6.05
31E 8.08 119.64 90.80 108.96 18.16
32G 6.98  123.61 92.81 82.72 -10.09
34V 8.19  118.21 9483  &86.76 -8.07
35G 6.86  120.57 94.83 102.90 8.07
37A 8.24 11896 92.82 89.64 -3.17
40Y 8.32 118.79  92.82  95.15 2.33
41A 832 12317 n/a  94.83 n/a
42M 8.46 111.92 9281  95.83 3.02
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Table 11.5: Assignment and determination of scalar (J), total (T") and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (.J) and total (T') couplings were determined
from the isotropic HN-IPAP-HSQC and the anisotropic 'H*N-IPAP-HSQC spectra shown in
[Figure 7.11| and [Figure 7.12} respectively.

#a P le Py 15Nc lJNHd ITNHe IDNHf
43K 837 129.15 92.81 100.88 8.07
461 796  118.18 94.83  94.83 0.00
A7L 731 116.22 9483 84.74 -10.09
48R 7.30  120.72  92.82  78.69 -14.13
50N 7.91 121.62  92.82  102.90 10.09
51P 8.87  130.71 92.81 108.96 16.15
52E 8.75 11255 9281  76.67 -16.15
53D 7.08  110.05 94.33  86.76 -7.57
54N 891 12400 wn/a  79.23 n/a
56L 9.16 116.78 90.80  92.82 2.02
57Y 7.64 11498 91.70  93.28 1.58
58Q 748  119.57  94.83  80.71 -14.12
59T 796  120.22 9282  86.76 -6.05
60E 726 120.20 90.80  88.78 -2.02
61R 6.99 111.27 90.80 82.73 -8.07
63N 7.02 10453 90.80 96.85 6.05
64E 8.47  117.33 9281  90.21 -2.60
65D 8.19 119.84 90.80  92.39 1.59
67D 7.30  111.27 106.38 n/a n/a
68G 7.79  120.04 90.79 96.84 6.05
69Y 7.23  116.05 90.80  98.87 8.07
70D 8.99  116.47 9281 94.83 2.02
72P 8.12  106.23 94.83  94.83 0.00
731 8.41  114.86 90.80  97.82 7.02
74K 856 121.18 92.82  n/a n/a
75E 9.10 12452 90.79  98.86 8.07
717G 7.82 12291 9282 88.78 -4.03
78E 8.54 12485 90.80  85.80 -4.99
79Y 7.54  116.67 9280 82.73 -10.08
80V 877 12391 9282  96.85 4.03
81V 8.81  107.47 92.88  98.86 5.98
82E 748  118.46 n/a 101.47 n/a
83L 897  120.64 94.83 100.89 6.05
84K 9.39 118.64 94.83 104.92 10.09
85F 8.54  129.82 92.81 104.92 12.11
86A 8.95 128.06 92.81 106.94 14.13
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Table 11.5: Assignment and determination of scalar (J), total (T") and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (.J) and total (T') couplings were determined
from the isotropic HN-IPAP-HSQC and the anisotropic 'H*N-IPAP-HSQC spectra shown in
[Figure 7.11] and [Figure 7.12} respectively.

#a P le Py 15Nc lJNHd ITNHe IDNHf
87E 8.77 125.07 92.81 102.90 10.09
88V 8.29  120.32 9282  96.85 4.03
89F 9.68  119.60 n/a 90.44 n/a
90F 6.94 117.32 90.79  88.77 -2.02
94Q) 9.47 12215  92.82 n/a n/a
96K 6.10 11488 9281 n/a n/a
97V 8.51 11894 9483 n/a n/a
99D 810 11310 94.83 n/a n/a
100V 7.33  120.14  90.58 n/a n/a
102V 8.08 124.26 94.83  90.80 -4.03
103N 8.02  116.68 90.80  90.80 0.00
104G 895 118.06 92.82  96.85 4.03
105H 9.36  126.86 88.78  94.83 6.05
106T 8.87  120.60  90.80  100.89 10.09
107V 9.49  129.68 96.85  96.85 0.00
108V 8.72 101.91 94.39 84.74 -9.65
109K 8.26  122.25 9282 9282 0.00
110D 9.39 12525 94.83  90.80 -4.03
111L 8.49 12231 92.82  98.87 6.05
112D 7.54  120.74 90.80  88.78 -2.02
1131 8.65 12899  92.81  94.83 2.02

114HN 9.73 127.37 9536  86.98 -8.38
115D 8.67 121.32 9282  88.78 -4.03
116R 7.69  131.79 90.79  90.73 -0.07
119H 778 12117 94.83  n/a n/a

1208 7.75  113.83 90.79  86.76 -4.03
121T 7.81 106.72 90.80  90.19 -0.61
122A 8.46  112.83 94.83 9281 -2.02
123H 8.78  120.85 92.81  88.77 -4.04
125E 8.57 113,50 90.80  86.76 -4.04
1261 8.17  129.73 94.83  88.77 -6.06
1271 8.86 119.39 9281  98.87 6.05
128P 714 125.67  92.82  94.83 2.02
1291 9.15 119.92 9281 100.89 8.07
130S 8.67 12344  92.82 102.90 10.09
1311 9.50  128.75  92.82  98.87 6.05
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Table 11.5: Assignment and determination of scalar (J), total (T") and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (.J) and total (T') couplings were determined
from the isotropic HN-IPAP-HSQC and the anisotropic 'H*N-IPAP-HSQC spectra shown in
[Figure 7.11| and [Figure 7.12} respectively.

#a P le Py 15Nc lJNHd ITNHe IDNHf
133K 9.02 121.02  92.81 100.88 8.08
134G 8.23 118.03 92.82 104.92 12.10
135K 8.76  127.03 92.82  96.85 4.03
136L 8.60 126.21  94.83 104.92 10.09

137THN 9.86 127.69  93.08 104.20 11.13
138V 8.91 104.33 9483  92.81 -2.02
139Q 791 11979 9282  98.19 5.37
140G 9.38 126.56 96.85  98.87 2.02
141E 9.09 119.89  92.81 102.90 10.09
142V 8.43 124.55  94.83  90.79 -4.03
143S 9.48 126.16  92.82  92.82 0.00
144T 8.51 104.88  92.82 104.92 12.11
145F 8.23 122.05 92.82 107.96 15.14
146T 8.35 12093  90.79  98.87 8.08
147G 9.29 119.82 96.85  98.87 2.02
149L 9.05 130.41  92.82  92.82 0.00
1508 861 117.32 9483 n/a n/a
152E 6.78  118.66  92.82  90.80 -2.02
153F 9.13 128.12  92.81 100.88 8.07
154V 9.34 122.51  92.82  92.82 0.00
155K 8.86 128.82  92.82 104.92 12.10
156G 8.93 126.05 94.83  97.96 3.12
158Y 9.01 124.30  92.82  95.55 2.73
159D 8.14 128.42  92.82  88.78 -4.04
160G 9.58  120.44 n/a 77.75 n/a
161P 8.56 120.95  92.81 n/a n/a
162K 7.32 115.17  92.82  94.83 2.02
164C 775 113.61 9281  n/a n/a
166Q 8.42 121.42 9247  94.83 2.36
167F 837 111.79  92.81 9281 0.00

1681 7.74 120.52 9281  95.96 3.14
169A 781 11875 nja 7775 n/a
170K 8.69 11537 92.82 104.92 12.10
171G 9.01 11476  94.83 106.94 12.11
172T 9.13 117.43  92.81 104.92 12.11
173A 9.12 126.21  93.69 110.97 17.28
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Table 11.5: Assignment and determination of scalar (J), total (T") and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (.J) and total (T') couplings were determined
from the isotropic HN-IPAP-HSQC and the anisotropic 'H*N-IPAP-HSQC spectra shown in
[Figure 7.11| and [Figure 7.12} respectively.

#a P le Py 15Nc lJNHd ITNHe IDNHf
175D 8.11 114.99  94.58 n/a n/a
176L 834 107.85 91.12  86.76 -4.36
177M 8.99  121.65 92.82  86.76 -6.06
178L 7.78 114.78  92.82  78.69 -14.13
179D 781  117.30  n/a  80.70 n/a
180Q 7.060 119.32 9281  98.87 6.05
182H 8.25 12253 9483  96.85 2.02
184G 8.01  120.72 92.82  96.85 4.03
186E 8.62 122.20  94.83  94.58 -0.26
188K 9.18 110.71  94.83  92.82 -2.02
189E 799 12198 92.82  96.85 4.03
190E 7.89  126.33 9281  94.83 2.02
12HE 10.32  129.07 98.01  98.44 0.43

The following peaks were excluded due to noise and overlapping.

45P 845 117.68 93.20 n/a n/a

OA/179L  7.82 117.32 9483  n/a n/a
19D /711 850 119.33 9282  n/a n/a
36R/148K 8.83 117.80  92.82 n/a n/a
41G/183P 834 123.03 98.87 n/a n/a
62Y/388 754 11758 9113  n/a n/a
174D /157 8.92 12543 -92.81 n/a n/a
87L 876  124.80  n/a  105.65 n/a
3G noisy 8.61 119.84 n/a 98.87 n/a
19E/71F 8.59  123.03 n/a 89.60 n/a
36G/148T 8.83 11791 n/a 99.38 n/a
38V/62Q 751  117.67 n/a  107.72 n/a
45G noisy 8.431 100.522 n/a  80-85 n/a
62Q/38V 7.51  117.66  n/a  90.80 n/a
67N /sidechain  7.28 112.16 n/a 183.61 n/a
7IF/19E 859 11940 n/a  84.75 n/a
74D/161Y 8.43 112147 n/a 96.85 n/a
92V noisy 8.79 12713 n/a 93.39 n/a
96Q noisy 6.09  114.80 n/a 82.73 n/a
10V/100K  7.32 12029 n/a  92.82 n/a
116D noisy 7.70  131.76  n/a  102.90 n/a
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Table 11.5: Assignment and determination of scalar (J), total (T") and residual dipolar (D)
couplings from '*N-enriched malectin. The scalar (.J) and total (T') couplings were determined
from the isotropic 'H'N-IPAP-HSQC and the anisotropic 'H'>N-IPAP-HSQC spectra shown in
[Figure 7.11| and [Figure 7.12} respectively.

#a P le Py 15Nc lJNHd ITNHe IDNHf
7 noisy 974 12546 n/a _ 92.89 n/a
119D noisy 776 121.19 n/a 84.75 n/a
148T/36G 882 117.85 n/a  98.93 n/a
150T noisy 8.61  117.23 n/a 76.67 n/a
157F /174K 8.91  125.37 n/a 98.86 n/a
161Y /74D 856  121.06 n/a  87.65 n/a
164N /120R 756  113.15 n/a 94.83 n/a
174K /157F 8.91 125.41 n/a 98.86 n/a
99Q/175G 810 113.05 n/a  82.73 n/a
183L noisy 8.28  122.48 n/a  118.70 n/a

30+
] 27
25

.

7

Figure 11.4: Histogram of the extracted ! Dy [RDCk.

aNumber of amino acid residue.

PProton (IN) chemical shift ¢ in ppm.
Nitrogen (1°N) chemical shift § in ppm.
dScalar coupling 'Jyy in Hz.

¢Total coupling Ty in Hz.

fResidual dipolar coupling Dz in Hz.
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11.3 Supplemental material for chapter 8

11.3.1 TIterating script for MDOC on the bwHPC cluster

#!1/bin/bash

RURARBARBRRRARBRRRARRRARERRBRRRARBRRRARRRRRARRRRRHRAHR
## Purpose: Master script to submit single jobs ##
## based on the Job run template for bwUniCluster ##
## (ver. : 2014-09-15, Robert Barthel, KIT, SCC) ##
## to run M independent sub jobs on N cores ##
HARARAARRRARARBRARARBRAREARRRRRRARBRRRAARBRARRRARRRHRAHR

##-> Do NOT submit this script to MOAB !!

## Use wariables !!! to shorten script code
## -> Don’t run your code in $HOME!!

## Location of the COSMOS backend and config directory

EXE=$HOME/COSMOS/bin/cosback.x86_64-STATIC

CONF=$HOME/COSMOS/config

## Location of the COSMOS options file (cos)

C0S=$HOME/COSMOS/Staurosporine/exp_op002_DD0007_err_10MSteps_2fs_ver3_16th_noFx.
cos

## Location of the COSMOS data file (cod)

COD=$HOME/COSMOS/Staurosporine/Staurosporine_.cod

## Use loops !!! to shorten script code

## -> put your numbers in a bash array

## the entries within in the bracket specify the descriptor of the respective
COSMOS options—, coordinate—, or data-file

list=(1_SRRR_boat 2_SRRR_chair 3_SRSR_boat 4_SRSR_chair 5_SSRR_boat 6_SSRR_chair 7
_SSSR_boat 8_SSSR_chair)

## Count the number of jobs from the number of elements in $list array
NoJ=${#list[@]}
echo "Number of_ Jobs_,ingis: $NoJ"

## Before starting loop, set loop counter
i=1

## Run loop as long as loop counter is smaller them mazimum mno. of jobs
while [ $i -le $NoJ 1 ; do

##

echo "GenerateSubyjobyno: $i"

##

## generate 2 digit version of bash array elements
y=$(printf ${list[i-113})

##

## set output path
0UT=${WORK}/Staurosporine/Staurosporine_ver3_16th_exp_${y}
##

## build MOAB script per job:

sub_script=${0%.sh}_${i}.sh

echo "#!/bin/bash" > ${sub_script}

echo "#MSUB,-1,nodes=1:ppn=1" >> ${sub_script}

echo "#MSUB_-1,walltime=03:00:00" >> ${sub_script}

echo "#MSUB,-1,pmem=2000mb" >> ${sub_script}

## set jobname

echo "#MSUB,-N,Staurosporine_exp_16th_${list[i-1]}" >> ${sub_script}
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##

echo "#MSUB ,-m abe" >> ${sub_script}

echo "#MSUB_,-M_ thomas.gloge@kit.edu" >> ${sub_script}

## set jobinfo name

echo "#MSUB,-o,jobinfo_Staurosporine_exp_16th_${list[i-1]}" >> ${sub_script}

##

echo "${EXE},-dw,-c,${C0S}, -a,${COD} -f,${CONF} -y, ,${0UT},,$HOME/COSMOS/
Staurosporine/Staurosporine_${list[i-1]}.coo" >> ${sub_script}

##

## generate output directories

mkdir ${0UT}

## before executing

echo "|--_,Executing,viayy:ymsuby${sub_script}"

##

## execute command

msub ${sub_script}

##

## increase counter

let i+=1

done
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11.4 Supplemental material for chapter 9

Relaxometry

Table 11.6: Experimental parameters of the DQ experiment for the Bruker - the minispec -

mq20

DQ experiment

Initial cycle time /ms 0.04
cycle time increment 0.06
Number of cycles 2
Number of DQ build-up points 87
double increment after ... points 10
FID Evaluation Interval /ms 0.05
Scans 512
Recycle Delay / s 1.5
Gain / dB ® 86
Dummy shots 4
Pulse attenuation 12
Detection mode complex
Bandwidth narrow

aThis parameter varies according to the homogeneity of the field and the sample due to the
initial tuning and matching.
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