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1 Introduction 

Structural analysis is one of the most important tasks in organic chemistry and 

biochemistry. Whether it is the constitution of a molecule, for example a reaction 

product or a newly isolated natural product, whether it is the stereochemistry of its 

chiral centers, or whether it is the conformation, for example of a biological active 

drug or its corresponding receptor, the determination of structure is always the first 

step. Without the knowledge about the molecular arrangement, questions about 

mechanism, activity, function or application won’t be answered. Therefore it is not 

surprising, that a variety of different techniques exist, which deal with structural 

analysis.  

High-resolution nuclear magnetic resonance (NMR) spectroscopy is one of the 

most important techniques for determining the structures of organic molecules. 

Sophisticated methods based on classical NMR parameters like chemical shifts,  

J-couplings, and nuclear Overhauser enhancement (NOE) have been developed for 

deriving constitution, configuration, and conformation of a molecule. The approach 

has been successfully applied to a vast number of molecules including thousands of 

biomacromolecules and uncountable natural and synthetic products.[1, 2]  

However, all standard NMR parameters are of short-ranged nature: chemical 

shifts are typically affected by the first and second sphere of atoms surrounding the 

nucleus and usually provide only qualitative measures; 3J-couplings are limited to 

dihedral angles via three covalent bonds; and through space connectivities via NOE 

can only be found up to 5 Å in favorable cases. As soon as the chain of short-ranged 

information is interrupted by NMR-inactive nuclei, a flexible linker, or overlapping 

signals, distant parts of a molecule cannot be correlated and the structure 

determination is bound to fail.  

A potential solution for many of these problems can be found by the use of so-

called anisotropic parameters: the nature of these parameters allows the extraction of 

angular information relative to the static magnetic field as an external reference. 

Therefore they make it generally possible to correlate independent parts of a 

molecule, even when they are far apart.  

 

This thesis deals with different aspects of these anisotropic parameters. In 

chapter 2 the theoretical background will be discussed: the origin of anisotropic 
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parameters, the necessity to partially align a molecule in order to measure them and 

how this is achieved by so-called alignment media. An overview will be given on 

state-of-the-art alignment media, how to use them and how the alignment they 

introduce can be scaled. Furthermore, methods to measure anisotropic parameters as 

well as methods for their interpretation will be given. 

Chapter 3 deals with the development of new alignment media. In five 

subchapters different newly developed polymer gels for the alignment of organic 

molecules are introduced. Their preparation is described, special properties are 

characterized, and potential applications are discussed. As will be shown, all the 

developed alignment media close important gaps in the variety of already existing 

alignment media.  

The precise measurement of anisotropic parameters does not only require an 

alignment medium but also a proper strength of the induced alignment, as will be 

discussed in chapter 4. Significant developments for the scaling of alignment strength 

will be described in this part of the thesis. 

Finally, applications of anisotropic parameters in structural analysis of small to 

medium sized organic molecules will be given in chapter 5. The four subchapters deal 

with new approaches for analyzing those parameters and describe examples for 

configurational, conformational as well as constitutional analysis.  
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2 Theory 

2.1 Anisotropic Parameters 

So-called anisotropic NMR parameters depend on the orientation of the molecules 

relative to the external magnetic field and therefore contain valuable structural 

information. However, in solution the molecule’s orientation is averaged due to the 

Brownian motion and therefore no anisotropic parameters can be observed in 

isotropically averaged samples as for example liquids.  

Hence anisotropic parameters can only be measured in solid state or in samples 

were the molecule of interest is partially aligned, as will be described in chapter 2.2. 

In such anisotropic samples a number of parameters can be observed, as for example 

dipolar couplings, chemical shift anisotropy, quadrupolar couplings in spin-1 nuclei, 

and pseudo-contact shifts in paramagnetic samples.[3, 4] 

 

2.1.1 Dipolar Couplings 

Next to scalar couplings via covalent bonds, dipolar couplings through space are 

probably the most important interactions in NMR spectroscopy. The origin of this 

interaction can be understood in a simplistic, classical picture if one considers spins 

as magnets with an inherent rotation at the Larmor frequency. Although spins are not 

oriented directly along the static magnetic field B0, the integration over time of the 

fast rotating magnets yields a secular magnetic moment parallel or antiparallel to B0 

(see Figure 2.1. A, B). The magnetic field produced by spin I now adds up to the  
 

 

Figure 2.1.: Illustration of the dipolar interaction. The magnetic field induced by spin I 
adds up to the static magnetic field B0 and leads to a shift of the resonance frequency 
of the close-by spin S. Since spins parallel (A) and antiparallel (B) to the magnetic 
field are about equally populated, a splitting with twice the dipolar coupling 2DIS is 
observed (C).  
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static magnetic field felt by spin S and causes a shift of its resonance frequency, the 

so-called dipolar coupling. Since the spin I is almost equally populated parallel and 

antiparallel to B0, a dipolar coupled signal shows a splitting as shown in 

Figure 2.1. C. 

As one can experience by playing with permanent magnets, the interaction 

between two dipoles depends on the distance and on the angle between them. If a 

north pole gets close to a south pole, one feels an attractive force and, similarly, when 

two identical poles come together, one feels a repelling force. Furthermore, with the 

right angle between two magnets, one can also find an arrangement without 

interaction (Figure 2.2. A).  

Similar to a classical magnet, the magnetic moment of spin I results in a magnetic 

field with the typical r-3-dependence with respect to the distance r to the magnet and 

with the (3 cos2 Θ - 1)-dependence with respect to the angle Θ relative to the axis of 

the magnetic moment (Figure 2.2. B). Since the magnetic moment of the spin is 

oriented along the static magnetic field B0, this angle is identical to the angle with 

respect to B0. 
 

 

Figure 2.2.: Angular dependence of the dipolar interaction. Depending on the 
arrangement of two classical magnets the dipolar interaction between them might be 
attractive, repulsive or no interaction might be present (A). Similarly, the dipolar 
coupling between the two spins is directly proportional to the (3 cos2 Θ - 1)-function 
(B) and can be used as angular information relative to the static magnetic field B0. 
 

 

Therefore strength and sign of this additional magnetic field vary, depending on 

the distance r between the two spins I and S and the angle Θ of their internuclear 

vector relative to B0. The exact formula for the resulting dipolar coupling DIS between 

two spins in a defined orientation is  
 

)1cos3(1
16

2
32

0 −Θ−=
IS

SI
IS r

D
π
μγγh  (2.1.) 
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with the gyromagnetic ratios γI and γS of the two spins, their distance rIS, the angle Θ 

of the internuclear vector with B0, the Planck constant ħ, and the permeability of the 

vacuum μ0. The brackets indicate an averaged over time.  

 

2.1.2 Other Anisotropic Effects 

Other anisotropic effects are chemical shift anisotropy (CSA), quadrupolar 

couplings, and pseudo contact shifts (PCS). As they play no or only a minor role 

within this thesis, they will be introduced only very briefly. 

In solution only the isotropic component of the chemical shift tensor is 

measurable, but for oriented molecules the so-called zz-component of this tensor 

includes anisotropic components. Therefore the measurement of chemical shift 

anisotropy can in principal be used as structural information.  

Quadrupolar couplings are only present in nuclei with spin  1 but due to the 

strong paramagnetic line broadening they are basically only relevant for deuterium 

nuclei. Quadrupolar couplings contain the same angular information as dipolar 

couplings, as the electronic field gradient tensor, which is responsible for the 

anisotropic interaction with the magnetic field, is usually aligned within 1° with the 

directly attached heteronucleus. Since the natural abundance of the deuterium isotope 

is only 0.015%, the measurement of quadrupolar interactions is limited to highly 

concentrated or isotopically enriched samples.  

So-called pseudo contact shifts (PCS) are caused by the hyperfine coupling of a 

nuclei to an electron spin and can therefore only be observed in paramagnetic 

samples. The angular dependence and strength of the PCS is determined by the 

electron distribution of the paramagnetic center and can in general be used as a 

structural parameter.  

 

As will be explained in the next chapter in detail for dipolar couplings, anisotropic 

effects reduce to residual anisotropic effects in partially aligned samples. As they 

play a minor role and as the underlying averaging is the same, this will not be 

explained in detail for the residual chemical shift anisotropy (RCSA) and the residual 

quadrupolar couplings (RQCs). However, specific aspects of RCSA and RQCs, their 

limitations and their measurement will be discussed in chapter 2.5. 
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2.2 From Anisotropic to Residual Anisotropic Parameters 

Dipolar couplings are typically on the order of several thousand Hertz and lead to 

very broad lines in solid-state powder spectra. In liquid-state spectra, however, 

dipolar couplings are averaged to zero and sharp lines with high resolution are 

possible. Although dipolar couplings still contribute to relaxation processes like the 

NOE as a widely used structural parameter in NMR spectroscopy, a large amount of 

the potential structural information is lost by the averaging and valuable restraints 

would be obtained if dipolar couplings could be measured directly.  

To be able to measure the desired additional structural information without 

significant loss in chemical shift resolution, an intermediate state between solid and 

liquid has to be reached: the molecule should be partially aligned. This can be 

achieved with the help of so-called alignment media (see chapter 2.3), which work as 

an orienting matrix as visualized in Figure 2.3. Within the alignment medium the 

molecule tumbles almost freely so that most of the anisotropic interactions are 

averaged out over time. However, the interaction with the oriented grid of the 

alignment medium prevents from complete averaging and a net orientation remains. 

One should point out, that this interaction between the molecule and the alignment 

medium might be of different character: steric, hydrophobic, dipolar, or even ionic 

interactions might be present.  
 

 

Figure 2.3.: Alignment media as a molecular grid. Solute molecules can tumble almost 
unhindered in the oriented matrix given by an alignment medium. Only a small fraction 
of time the molecule is oriented by the medium which leads to a time averaged net 
orientation. Despite the very intuitive picture, it should be mentioned that the situation 
is exaggerated here: in reality the molecular grid has a far larger mesh size compared to 
the aligned molecule.  
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In partially aligned samples, solute molecules are only oriented for a fractional 

amount of time. Typically would be the orientation for a time average of 0.05%. In 

this case a 23 kHz dipolar coupling between a carbon and its directly attached proton 

would reduce to a residual dipolar coupling (RDC) of only 11.5 Hz or a dipolar 

splitting of 23 Hz, which in many cases is also called RDC (see chapter 2.5.3 for the 

difference between those two nomenclatures). This way dipolar interactions can be 

measured with reasonable RDC-based line-broadening and therefore relatively high 

accuracy.  

To use RDCs measured in partially aligned samples and obtain structural 

information, the partial averaging over time due to the tumbling of the molecule and 

its inherent flexibility has to be addressed by an adequate model. The description of 

the averaging in equation 2.1. is by no means trivial and the development of 

corresponding models for an effective inclusion of the flexibility of molecules is still 

an ongoing field of research. Therefore, the simplest case, the averaging of a 

completely rigid molecule, will be discussed firstly before effects of conformational 

averaging will be addressed. 

 

2.2.1 Concept of the Alignment Tensor 

If a rigid molecule with fixed distances and angles between all atoms is assumed, 

the averaging of equation 2.1. is only due to molecular tumbling of the molecule. The 

dipolar coupling in this case can be described by 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Θ−= )1cos3(1

16
2

32
0

IS

SI
IS r

D
π
μγγh  (2.2.) 

 

with averaging only over the angle Θ of the internuclear vector relative to the static 

magnetic field.  

In an isotropic solution all orientations will be distributed equally, resulting in  

 

3
1cos2 =Θ  (2.3.) 

 

and the angular term will lead to a cancellation of all anisotropic interactions. In a 

partially oriented system, however, reduced dipolar couplings survive. 
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The description so far is based on the laboratory frame with the static magnetic 

field fixed along the z-axis and the molecule tumbling in space (Figure 2.4. A). For 

the description of orientational averaging it is useful to go into an arbitrary frame of 

reference which is fixed in the rigid molecule itself. In this reference frame the 

molecule is fixed in space while the magnetic field vector is changing its position 

(Figure 2.4. B).  
 

 

Figure 2.4.: In the laboratory frame (A) the molecule is tumbling with the static 
magnetic field fixed along the z-axis. In contrast, the reference frame of a rigid 
molecule (B) moves with the compound and leads to an effective variation of the 
magnetic field vector. Reprinted from Reference [5] Copyright (2009), with permission 
from Elsevier. 
 

 

With the cylindrical symmetry of the magnetic field and the assumption of a 

cylindrically symmetric alignment medium with its director pointing into the same 

direction as the magnetic field, the distribution of the magnetic field can be described 

by the so-called probability tensor P. This tensor is a second order approximation of 

the orientational probability distribution of the magnetic field direction as seen in the 

molecular fixed frame of reference. It is represented by a 3 x 3 matrix with its 

elements Pαβ describing the averaged probabilities to find the magnetic field at the 

angles ϑx, ϑy, ϑz relative to the axes of the reference frame of the molecule: 

 

βααβ ϑϑ coscos=P   ;  α, β = (x,y,z) (2.4.) 

 

For a known probability matrix P the residual dipolar coupling constant for any 

spin pair I and S along the unit vector ISr  can be calculated as: 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Ρ−= )13(1

16 32
0

IS

T

IS
IS

SI
IS rr

r
D

π
μγγh  (2.5.). 

 

Because of the condition for the probability distribution (Pxx + Pyy + Pzz = 1) and 

since P is symmetric along the diagonal, it is fully specified by only five independent 

parameters.  

In a pictorial way the probability tensor can be imagined as an ellipsoid whose 

orientation is fixed to the molecular frame of reference. For example, when the 

molecule tumbles isotropically in solution there are equal probabilities to find the 

magnetic field vector along all the three principal axes of the probability tensor and as 

a consequence the ellipsoid reduces to a sphere (see Figure 2.5. C). The three 

principal axes x̂ , ŷ , and ẑ  of this ellipsoid are defined by the three eigenvectors of 

the matrix P and the lengths of the three half axes are defined by the eigenvalues  

xPˆ , yPˆ , and zPˆ . In the special frame of reference defined by this principal axis system 

the matrix P is diagonal. In this case the eigenvalues (principal values) xPˆ , yPˆ , and 

zPˆ  correspond to the probabilities to find the magnetic field along the principal axes 

x̂ , ŷ , and ẑ , respectively. Note, that the eigenvalues are usually ordered according 

to xPˆ ≤ yPˆ ≤ zPˆ . 
 

 

Figure 2.5.: Graphical representations of the probability tensor. Examples for three 
characteristic probability ellipsoids P, as seen from the principal axis system with axes 
x̂ , ŷ , and ẑ : An axially symmetric probability ellipsoid (A), a rhombic probability 
ellipsoid (B), and an isotropic probability ellipsoid (C). Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission from Reference [6].  
 

 

Although the probability tensor P is very intuitive and sufficient to describe the 

resulting anisotropic parameters in a rigid molecule, it is more common to express the 
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partial alignment of the molecule in terms of the so-called alignment tensor A, which 

is given by  
 

A = P – 
3
1  1   (2.6.) 

 

with 1 being the unit matrix. A has the same principal axes system as the probability 

tensor P. It describes how strongly the molecule deviates from isotropic tumbling, i.e. 

if it is less likely or more likely to find the molecule within a certain orientation 

compared to an isotropic distribution. It is important to note that by convention the 

principal values of the alignment tensor A are ordered with increasing magnitude 

( xAˆ ≤ yAˆ ≤ zAˆ ), which might lead to a reordering of the axis label. 

With a given alignment tensor A, the residual dipolar coupling between spin I and 

S can now be calculated as: 
 

⎟⎟
⎠

⎞
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⎛
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r
D 32

0 3
16π

μγγh   (2.7.). 

 

Initial work on the interpretation of alignment was done by Saupe,[7, 8] who 

introduced the so-called Saupe matrix S, which is sometimes used for historical 

reasons instead of the alignment tensor A. They are simply related by a scaling factor: 

 

S = 
2
3  A    (2.8.). 

 

Furthermore the alignment is sometimes characterized by the axial (Da) and rhombic 

components (Dr) of the alignment tensor: 

 

za AD ˆ2
3

=  ; yxr AAD ˆˆ −=     (2.9.). 

 

 

It is worth to emphasize again, that the concept of the alignment tensor by its 

definition is only valid for rigid molecules or for rigid parts of a molecule. As most 

applications on medium-sized organic molecules reported today are based on an 
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interpretation of RDCs via the concept of the alignment tensor, it is no surprise to find 

that most molecules studied are relatively rigid.  

However, as many interesting molecules can not be treated as rigid, there has been 

made a lot of effort to develop methods to treat flexible molecules in the last years. It 

turned out that the concept of the alignment tensor even allows the approximate 

description of conformationally averaged structures. 

 

2.2.2 Flexible Molecules 

For a flexible compound, rIS and Θ in equation 2.1. are both depending on the 

conformation of the molecule and the interconversion of different structures is 

overlaid with the reorientation of the molecule as described in the previous section for 

a rigid molecule. The two processes can be separated in principle if their time scales 

are sufficiently different. Especially if the interconversion rate is fast compared to the 

reorientation rate, the molecule of interest can be described by an average structure 

with a single alignment tensor. For the case that conformational changes happen on a 

similar or slower time scale than the corresponding reorientation, each conformer has 

to be described by its own alignment tensor.[9, 10]  

Concentrating on vibrational motions, it has first been shown by Lucas that RDCs 

for a molecule can be influenced if the motions are coupled to the reorientation 

processes.[11-13] The vibrational corrections to RDCs are generally small, estimated to 

be about 1-2% in the original publications[11, 12] and < 5% in later articles.[14] Since 

the experimental error of many RDCs is larger than this correction, it is usually safely 

neglected in corresponding configurational and conformational studies of larger 

molecules. However, it has been shown that vibrational corrections can account for 

RDCs and other anisotropic parameters measured in molecules with tetrahedral 

symmetry like methane or tetramethylsilane,[15-17] which should not show any 

anisotropic parameters at all in the rigid picture.  

Models for the treatment of RDCs in flexible molecules can also be based on a 

mean-field approach. Instead of the alignment tensor which describes the anisotropic 

part of the orientational averaging of a rigid molecule, averaging over all orientations 

and conformations can also be achieved when describing the conformationally 

dependent probabilities to find a molecule in a certain orientation as a sum of an 

isotropic and anisotropic potential. The anisotropic potential can then be expanded 

into a series of functions with their coefficients as fitting parameters. As with the 
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alignment tensor approach, RDCs in addition to the ones used for the fitting process 

then provide highly useful structural information even for molecules with 

conformational flexibility. Several models like the Chord-model,[18] the additive 

potential (AP) model,[19] the maximum entropy (ME) approach[20] and their 

combination into the APME approach[21, 22] have been proposed.  

Other ways of fitting RDCs to a number of conformations are based on theoretical 

calculations of potential conformers (e.g. by DFT calculations or by generating an 

ensemble of structures and sorting out lowest energy conformers in an QM/MM 

approach) and directly fitting RDCs to either a set of alignment tensors[23] or to a 

single alignment tensor as a crude approximation.[24, 25] Furthermore, RDC driven MD 

simulations have recently been used for the treatment of non-rigid molecules.[26] 

However, this is an ongoing field of research and the development of more 

approaches to analyze flexible molecules in conformational and configurational 

studies can be expected in the future. 
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2.3 Alignment Media 

As described in chapter 2.2, an intermediate state between the total alignment in a 

solid and the isotropic averaging in solution must be achieved in order to measure 

residual dipolar couplings. This partial alignment is obtained by a so-called alignment 

medium, which works as an oriented molecular grid capable to constrain the tumbling 

of the molecule in a way, that a time averaged net orientation remains.  

Over the last decades many different alignment media have been developed for 

various applications and usually one can divide them in two categories: those which 

cause very strong alignment and those which introduce only weak alignment. The 

first are designed to achieve maximum dipolar couplings in order to get a 

fundamental understanding of molecular arrangements and motions in very small 

molecules by a multitude of long-range couplings. However, this detailed and 

complex analysis is only applicable for very simple molecules. For small to medium-

sized organic molecules, like natural or synthetic products and biologically active 

molecules, as well as for larger biomolecules fewer couplings should be present and 

hence the induced alignment should be relatively weak. As the focus of this thesis lies 

on medium-sized molecules, in the following the discussion of alignment media will 

be limited on very weakly aligning media. 

 

2.3.1 General Types of Alignment 

Three different ways of partially aligning a molecule are known today: alignment 

in a liquid crystalline phase, alignment in a stretched gel, and the orientation via 

paramagnetic ions.  

Paramagnetic Alignment 

As paramagnetic ions align in a magnetic field they can be used to align a 

molecule which either forms complexes with the ions itself or which can be equipped 

with a specifically designed tag complexing the ion. Paramagnetic alignment is 

frequently used in biomolecular NMR, where RDCs and pseudo contact shifts (PCS) 

provide valuable structural parameters. However their use for small molecules is quite 

limited since covalently attached paramagnetic centers usually broaden the lines of 

neighboring nuclei beyond detection and therefore no RDCs or other anisotropic 

parameter have been measured by paramagnetic alignment of small molecules so far.  
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Liquid Crystalline Phases 

Liquid crystalline (LC) phases have been the first alignment media reported to 

partially align solute molecules for NMR measurements. Already in 1953 the proton 

resonance spectrum of p-azoxyanisole in its liquid crystalline phase has been reported 

by Spence et al.[27] The probably more famous first spectrum of a solute aligned in a 

liquid crystal was shown 1963 by Saupe and Englert, who acquired a spectrum of 

benzene dissolved in the thermotropic LC phase of a p-azoxyanisole derivate.[7] Many 

further examples for nematic, smectic and cholesteric liquid crystalline phases 

followed. Nowadays, mostly lyotropic mesophases instead of the thermotropic media 

are used. In both cases the alignment results from a spontaneous orientation of the 

liquid crystal in the strong external magnetic field. This provides the anisotropic grid 

which causes the solute to align.  

Stretched Polymer Gels 

Cross-linked polymers form gels upon swelling in a solvent and their network 

form a kind of molecular grid. If such a gel is mechanically stretched (or compressed) 

this grid gets an orientation and hence forms an anisotropic matrix. Therefore solute 

molecules diffused into such a stretched gel will be partially oriented by the 

interaction with the polymer network. Stretched polymer gels were introduced in 

1981 by Deloche and Samulski,[28] who used this to study the polymer itself, but it 

took until 2000 that the first solute molecules diffused into stretched polymer gels 

were investigated.[29, 30] Since that, a variety of different polymer gels were developed 

for this approach of ‘strain induced alignment in a gel’ (SAG).  

 

2.3.2 Overview over Existing Alignment Media 

In the following an overview over liquid crystalline phases and polymer gels used 

as alignment media will be given. From the users point of view it makes sense to 

classify the existing alignment media with respect to their application into media for 

aqueous solutions, media for polar organic solutions, media for apolar organic 

solutions and media with the special feature of being chiral. 
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Alignment Media for Aqueous Solutions 

A large number of alignment media for aqueous solutions has been found in the 

field of biomolecular NMR spectroscopy and many of them have been transferred to 

applications with small organic molecules. Initial aqueous alignment media focused 

on liquid crystalline phases. A large variety of so-called bicelles[31-34] has been 

adjusted to corresponding needs especially in protein NMR. Similarly, the liquid 

crystals known as Otting phases[35] are frequently used because of their relatively low 

cost and easy preparation. The preferred alignment media for nucleic acids are 

negatively charged filamentous Pf1 phage, which are also used for negatively-to-

neutral charged proteins and sugars.[36-38] There is a large number of less frequently 

used liquid crystalline phases: for example cellulose crystallites,[39] the so-called 

Helfrich phases,[40-42] purple membranes,[43, 44] and mineral liquid crystals.[45, 46] 

Recently reported alignment based on DNA nanotubes[47] and nucleic acid G-tetrad 

structures[48] are probably too expensive to be of real use in small molecule NMR.  

The use of gels as alignment media for aqueous solutions started with 

poly(acrylamide) (PAA) gels[29, 30, 49] which are commonly prepared in most 

biochemical laboratories. Based on this, a variety of copolymers of PAA with 

positively or negatively charged monomeric units have been introduced.[50, 51] Recent 

developments include also gelatin[52] as an inert, extremely low cost and widely 

applicable hydrogel as well as the closely related collagen.[53, 54] Alignment media 

with interesting features are so-called “composite alignment media”: liquid crystalline 

phases that are immobilized in a gel phase.[55-57] 

Alignment Media for Apolar Organic Solvents 

For typical apolar organic solvents like chloroform, dichloromethane, benzene, 

dioxane, or tetrahydrofurane a large variety of liquid crystalline alignment media 

exists, but typically with quite strong alignment.[3, 4]  

Widely used alignment media for small organic molecules are poly(amino acids) 

like poly-γ-benzyl-L-glutamate (PBLG),[58-60] poly-γ-ethyl-L-glutamate (PELG),[61] or 

poly-ε-carbobenzyloxy-L-lysin (PCBLL).[62] A promising liquid crystalline phase 

with good alignment properties also for larger molecules appears to be 4-n-pentyl-4’-

cyanobiphenyl (PCBP), which is a thermotropic liquid crystalline solvent.[63] 

The first published gel-based alignment medium suitable for apolar solvents has 

been polystyrene (PS), which is compatible with all the above mentioned  
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solvents.[64, 65] Poly(vinyl acetate) (PVAc) is another robust polymer matrix with the 

solvent range extended to more polar solvents.[66] Poly(dimethylsiloxane) (PDMS), 

instead, extends the solvent range to more apolar solvents like hexane and is maybe 

the most widely used apolar gel at the moment.[67] Recently poly(methyl 

methacrylate) (PMMA) gels[68] and polyurethane (PU) gels[69] have been reported as 

alignment media for apolar organic solvents.  

Alignment Media for Polar Organic Solvents 

In contrast to aqueous and apolar solvents, weakly aligning media for polar 

organic solvents are sparse. Very few liquid crystalline phases are known, one of 

them being PBLG with DMF as the polar solvent.[70] Furthermore, poly(ethylene 

glycol) based phases with DMSO/water mixtures, like e.g. pentaethylene glycol 

monododecyl ether (called C12E5) exist.[71, 72]  

As gel-based alignment media for polar organic solvents two polymers have been 

known so far: the already mentioned PVAc is a good alignment medium for most 

polar organic solvents including e.g. methanol, acetone and acetonitrile and works 

reasonably well with DMSO and DMF;[66] the so-called PH-poly(dimethyl 

acrylamide) (PH-PDMAA) can be produced with varying charged groups and also 

covers different solvents.[73] 

However, especially for the very commonly used NMR solvent DMSO a robust 

alignment medium was missing so far, as no liquid crystalline phase works with pure 

DMSO and both mentioned gels have major disadvantages. This gap could be closed 

within this thesis by the development of cross-linked poly(acrylonitrile) (PAN) 

optimized as a gel-based alignment medium for DMSO. A full characterization of this 

already very important new alignment medium will be given in chapter 3.1.  

Furthermore cross-linked poly(ethylene oxide) (PEO) was developed as alignment 

medium which covers a very broad range of solvents, reaching from water over polar 

organic solvents (including DMSO, methanol, acetonitrile) to apolar organic solvents 

(including dioxane, THF, dichloromethane, chloroform, benzene) and will be 

described in chapter 3.5. 
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Chiral Alignment Media 

Many of the alignment media presented so far possess stereogenic centers, but 

only media with a large chiral super structure are referred to as chiral alignment 

media since only those are capable of distinguishing enantiomers. 

A variety of chiral alignment media for organic solvents is known with the most 

widely used and best characterized being the poly(amino acids) PBLG and 

PCBLL.[58-60, 62] Both polymers form lyotropic mesophases and possess α-helical 

structures for which many examples of enantiomeric differentiation have been shown. 

In addition to chiral poly(amino acids) it was demonstrated that achiral media with 

chiral cages like cyclodextrines serve as alignment media with the potential of chiral 

discrimination.[74] 

For water soluble compounds an alignment medium based on a glucopon/buffered 

water/n-hexanol lyotropic liquid crystal[75] was introduced and also the triple helical 

gelatin forms a chiral hydrogel and is especially interesting because of its unbeatable 

low price.[52] Besides water, conventional gelatin can also be used for water/DMSO 

mixtures with up to 80% DMSO.[76] Recently hydrogels of the commercially 

available polysaccharides ι- and κ-carrageenan have been reported as chiral alignment 

media for water as the solvent.[77] 

A chiral alignment medium suitable for pure DMSO could be developed within 

the scope of this thesis: a covalently cross-linked derivate of gelatin the so-called  

e–-gelatin. Compared to conventional gelatin not only the suitable range of solvents 

but also the applicable temperature range could be improved, as will be described in 

chapter 3.4.  

 

2.3.3 Considerations for Choosing the Right Alignment Medium 

In the last section an overview over existing and newly developed alignment 

media was given and all alignment media for small to medium-sized molecule 

applications are summarized in Table 2.1. To choose the best alignment medium for a 

given problem, several things should be considered.  

Solubility  

In most of the cases the solvent which should be used for an analysis is given by 

the solubility of the solute to investigate, by a specific question, e.g. the conformation 
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in a particular solvent, or by preliminary studies, which were already done in a certain 

solvent. Very obvious, the alignment medium should be compatible with the desired 

solvent. However, this might not be sufficient. Furthermore also the solute should be 

compatible with the alignment medium, as it works as a kind of co-solvent. If not all 

three, solute, solvent and alignment medium, fit together different scenarios might 

happen: the solute might precipitate, the solid component of a liquid crystalline phase 

might precipitate, the necessary order in a liquid crystalline phase might break down, 

a polymer gel might not swell or shrink again, or the solute might simply not diffuse 

in a gel.  

It is evident, that charged alignment media like phage or copolymers of PAA 

might exclude charged solutes, but not only charges also polarity might be crucial: the 

polycyclic aziridine studied in this thesis (see chapter 5.3) was apolar enough to 

dissolve sufficiently in chloroform but apparently too polar to diffuse in a 

PDMS/chloroform gel, although this polymer is swelling very good in halogenated 

solvents. As another example PVAc should be mentioned: several cyclic peptides 

tested did not diffuse into PVAc gels, neither in DMSO nor in methanol and it seems 

like this polymer excludes peptides in general.  

These effects are often not predictable and one will simply need to try whether a 

solute fits to a desired alignment medium. However the examples show that the 

development of new alignment media is always desirable, although in the meanwhile 

the whole range of solvents is covered one might need an alternative medium for a 

particular problem.  

Stability 

If one deals with an unstable solute, one might need to consider special 

characteristics of certain alignment media, e.g. if moisture would be a problem. Using 

cross-linked polymers as orienting media, one might get problems with residual 

radicals (due to chemical cross-linking or due to the irradiation used for cross-

linking), which are still present in the gel. For most samples this is not a problem, but 

a sensitive molecule might degrade. 

Furthermore also the stability of the alignment medium itself might be an issue, if 

specific conditions are desired. Especially with liquid crystalline phases, but also with 

conventional gelatin, one is usually limited to certain ranges of temperature or pH.  
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Table 2.1.: Alignment media for small to medium-sized molecules.  
 

Description Compatible solvents Remarks Ref. 
 
Liquid Crystals 
 

   

Pf1 phage D2O charged [36-38] 
Bicelles, micelles D2O  [31-34] 
Purple membranes D2O  [43,44] 
Cellulose crystals D2O  [39] 
V2O5 D2O  [45] 
H3Sb3P2O14 D2O  [46] 
CmEn / n-alkyl alcohol (Otting phases) D2O  [35] 
cetylpyridinium halogenides / hexanol 

(Helfrig phases) 
D2O  [40-42] 

C12E5  DMSO/D2O  [71,72] 
4-n-pentyl-4’-cyanobiphenyl (PCBP) n.a. orienting solvent [63] 
Poly-γ-benzyl-L-glutamate (PBLG) CDCl3, CD2Cl2, DMF, 

THF, Dioxane 
chiral [58-60,70] 

Poly-γ-benzyl-L-glutamate (PBLG) 
(high MW) 

CDCl3, CD2Cl2, DMF, 
THF, Dioxane 

chiral, weaker 
alignment 

[81] 

Poly-γ-ethyl-L-glutamate (PELG) CDCl3, CD2Cl2 chiral [61] 
Poly-ε-carbobenzyloxy-L-lysin 

(PCBLL) 
CDCl3, CD2Cl2 chiral [62] 

immobilized media D2O LC in gel [55-57] 
DNA nanotubes D2O  [47] 
G-tetrad structures D2O  [48] 

 
Stretched Gels 
 

   

Gelatin  D2O chiral, cheap [52] 
Collagen D2O chiral [53,54] 
e–-gelatin D2O, DMSO chiral chapter 3.4 
Poly (acrylamide) (PAA) D2O   [29,30,49] 
Acrylamide copolymers  D2O charged  [50,51] 
Dimethylacrylamide co-polymers  

(PH-PDMAA) 
D2O, DMSO, DMF charged  [73] 

Poly (acrylonitrile) (PAN),  
deuterated PAN (dPAN) 

DMSO, DMF  chapters 
3.1, 3.3 

Poly (vinyl acetate) (PVAc) CDCl3, CD2Cl2, CD3OD, 
CD3CN, DMSO, DMF, 
C6D6, acetone, THF, 
EtOAc, dioxane 

 [66] 

Poly (ethylene oxide) (PEO) CDCl3, CD2Cl2, CD3OD, 
CD3CN, DMSO, DMF, 
C6D6, acetone, benzene, 
THF, TFE, EtOAc, 
dioxane, D2O, mixtures 

single NMR 
signal 

chapter 3.5 

Poly (methyl methacrylate) (PMMA) CDCl3, CD2Cl2, CD3CN, 
acetone, C6D6, EtOAc 

 [68] 

Polyurethan (PU) CDCl3, CD2Cl2, CD3CN, 
acetone, C6D6 

 [69] 

Polystyrene (PS), deuterated PS (dPS) CDCl3, CD2Cl2, THF, 
C6D6, dioxane 

 [64,65], 
chapter 3.2 

Poly (dimethylsiloxane) (PDMS) CDCl3, CD2Cl2, C6D6, 
n-hexane 

single NMR 
signal 

[67] 
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Signal Overlap 

An important aspect of very weakly aligning media is the overlap with undesired 

signals from the alignment medium itself. Liquid crystals like the poly(amino acids) 

usually provide relatively strong alignment and the proton signals of the alignment 

medium are strongly broadened due to the multitude of large homonuclear dipolar 

couplings. The resulting effect on spectra is just a slight increase of the baseline. The 

situation is different for weakly aligning polymer gels where broad polymer signals 

and signals from residual monomers and radical starters might be present. In highly 

concentrated samples it is usually easy to distinguish such signals from solute peaks 

and especially in 2D or 3D spectra the probability of overlap is quite low. However, 

at low solute concentrations large signals from the polymer with their broad feet 

might impose serious problems for RDC detection. One way to circumvent this 

problem is to pick an alignment medium with NMR signals in regions that do not 

overlap with the NMR spectrum of the molecule of interest. PMMA, for example, 

does not contain any aromatic signals[68] and might be used instead of PS[65] if signals 

in this region show overlap. An even better gel in this respect is PDMS, which shows 

a single signal at 0.1 ppm that can be suppressed by water suppression methods.[67]  

The best choice, of course, would be an alignment medium free of any signals. So 

far, only the liquid crystalline phase PCBP has been reported as a perdeuterated 

medium to align small molecules, but no gel-based alignment medium has been 

modified in that way.  

Within this thesis two polymers have been produced in its perdeuterated form  

to get basically signal-free alignment media for small molecules: the deuterated form 

of polystyrene (dPS) will be characterized in chapter 3.2 and the deuterated form of 

poly(acrylonitrile) (dPAN) will be discussed in chapter 3.3. 

Sample Preparation 

Samples of liquid crystalline phases are usually prepared by dissolving the solid 

component (e.g. the polyaminoacid PBLG or PCBLL) together with the molecule of 

interest in the desired solvent (e.g. CDCl3) within an NMR-tube (see Figure 2.6. A). 

As these solutions are typically very viscous, special care has to be taken in 

homogenizing them. This is usually done by centrifuging it back and forth in the 

NMR-tube, which is quite time-consuming. However, after this procedure the sample 

is ready to be measured.  



Theory  -  Alignment Media 

 25

In contrast, the preparation of gel-based alignment media requires some more 

time. There are different ways of achieving the necessary mechanical stretching of the 

polymer gel, the most common one is the following: A dry stick of the cross-linked 

polymer is placed into an NMR tube and swollen by the addition of a solvent. The 

swelling gel reaches the glass walls of the tube and further swelling is limited in these 

directions, hence automatically results in a stretching (see Figure 2.6. B). Depending 

on the polymer it takes several days or even weeks until the gel is fully swollen and 

equilibrated. As a certain percentage of gels is breaking during the swelling and 

equilibration process, one usually allows the gels first to swell without the compound 

and later adds the solute molecule to the equilibrated gel after checking its quality. 

Therefore, in addition to the equilibration time, some days for diffusion of the 

compound in the pre-swollen gel matrix are necessary, especially when dealing with 

valuable samples.  
 

 

Figure 2.6.: Preparation of a liquid crystalline and a gel-based alignment medium. An 
example for a liquid crystalline sample is shown in (A): dry PBLG in an NMR-tube 
(left) and a readily prepared sample of the lyotropic mesophase (right). An example for 
a stretched gel at various stages of the preparation is shown in (B): dry cross-linked PS 
as an unswollen polymer stick in a standard NMR tube (left), polymer stick directly 
after polymerization and fully swollen (middle), and polymer stick swollen in an 
NMR-tube with an effective stretching along the tube axis (right). Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission from References [78] 
and [64]. 
 

 

Other preparation schemes for stretching of polymer gels, like drying and re-

swelling on a glass capillary,[50] using a funnel to squeeze pre-swollen gels into the 

NMR-tube,[79] or compressing a pre-swollen gel with a Shigemi-plunger[29, 49] are 

rarely used for small molecule applications, as the induced alignment is usually too 

weak.  
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This introduces another crucial point for choosing the right alignment medium: for 

each application the proper degree of alignment must be introduced into the sample. 

Apparently this is very important and there are several ways to achieve this, which 

will be discussed in detail in the following chapter.  
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2.4 Scaling of the Alignment Strength 

To get spectra with the best possible resolution while being able to precisely 

measure RDCs, it is necessary to carefully adjust the alignment strength. In 

Figure 2.7. the amide region of efrapeptin C, a 15 amino acid peptide, is shown in 

PDMS/CDCl3-gels with two different alignment strengths as monitored by the 

residual quadrupolar coupling of the solvent CDCl3. While the spectrum with the 

lower alignment (see Figure 2.7. A) will certainly allow the straight-forward 

extraction of RDCs, the stronger alignment (see Figure 2.7. B) leads to linewidths of 

approximately 60 Hz, mainly due to unresolved 1H,1H-RDCs. Clearly in the latter 

case extraction of coupling constants becomes much more difficult, hence the 

alignment of a molecule should not be too strong. On the other hand, too weak 

alignment might average the RDCs to an extent, where the couplings are in the order 

of the experimental error. Therefore the alignment strength should be adjusted to an 

adequate size. As a rule of thumb, the largest RDC between a proton and a directly 

attached carbon should be in the range of ± 30 Hz, as it can be derived from  

equation 2.1. considering the different gyromagnetic ratios and bond lengths.[80] 

 

 

 

 

 

 
 

 

To monitor the alignment strength of a particular alignment medium, it is common 

to measure the quadrupolar splitting ΔQ (see chapter 2.5.2) of the deuterated solvent 

by acquiring a simple 2H-1D spectrum. Often, out of this value a rough estimate of 

the partial alignment a solute molecule will experience in this alignment medium is 

Figure 2.7.: Importance of the right 
alignment strength. The amide region 
of the 1H-1D spectrum of the  
15 amino acid peptide efrapeptin C is 
shown for the alignment in two 
different PDMS/CDCl3 gels with 
deuterium quadrupolar splittings ΔQ 
of the solvent of 9 Hz (A) and  
35 Hz (B). The increased alignment 
strength leads to line widths of 
≈ 60 Hz of the amide signals which 
usually prohibits accurate extraction 
of RDCs. Reprinted from Reference 
[5] Copyright (2009), with permission 
from Elsevier. 
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made. However, this should be done with caution, as comparing quadrupolar 

splittings of the solvent with RDCs of the solute is a comparison of the alignment an 

alignment medium introduces in the solvent molecules with that introduced in the 

solute molecules. It is obvious, that quadrupolar splittings of different solvents used 

for a LC-phase or a gel should not be compared. Furthermore it makes no sense to 

compare quadrupolar splittings of the same solvent in different LC-phases or gels in 

order to draw conclusions about the RDCs to expect for a solute in this different 

media. The particular interactions between the alignment media and the observed 

molecule (solvent or solute) leading to the measureable partial alignment, might be of 

different nature and therefore not comparable. However, because of its good 

accessibility the quadrupolar splitting is widely used to classify the alignment 

strength of a particular alignment medium and when comparing different samples of 

the same combination of alignment medium, solvent and solute, the observed 

quadrupolar splittings and RDCs behave linear to a very good approximation. 

Moreover, maximum RDCs observed for one solute in an alignment medium/solvent 

combination might give a hint for the range of RDCs to expect for a second solute in 

the same alignment medium and solvent, provided that the interactions leading to the 

partial alignment are similar for both solutes.  

 

In general, the strength of alignment induced by an alignment medium can be 

varied in various ways which will be summarized in the following sections. The 

direct way is the variation of the alignment medium itself, which, however, usually 

involves the preparation of a new sample. More sophisticated methods like variable 

angle NMR or the stretching of gels in a specialized stretching device allow the 

scaling of alignment in a single sample. 

 

2.4.1 Adjusting the Alignment Medium 

In partially aligned samples, the solute molecules typically experience a time 

averaged interaction with the alignment medium with only very short contact times. 

An increase of the alignment strength in this case can simply be achieved by 

increasing the number of oriented (polymer) chains and therefore the number of 

contacts per time with the solute. Depending on the type of medium, different 

possibilities exist for achieving this. 
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Adjustment of Liquid Crystalline Phases 

A characteristic feature of liquid crystalline phases is their limitation to certain 

concentration and temperature ranges. Especially the lower concentration limit for a 

first order phase transition leads to a minimum alignment strength. Above this first 

order phase transition of lyotropic mesophases, their alignment strength can typically 

be increased by a higher concentration of the liquid crystal. A certain percentage of 

this solid part is automatically oriented by the static magnetic field and the time 

averaged alignment is approximately linear with the concentration of the polymer 

chains, phage, bicelles, or other oriented structures. In Figure 2.8. A the concentration 

dependence of the alignment strength is shown for filamentous Pf1 phage with a very 

small lower limit of alignment. In this way, by adding phage or by diluting the liquid 

crystalline phase one can easily adjust the alignment strength.  
 

 

Figure 2.8.: Scaling of alignment in lyotropic liquid crystals. The alignment is roughly 
proportional to the concentration of the solid part of the crystalline phase as shown 
with deuterium spectra for different concentrations of Pf1 phage in D2O (A). The 
critical concentration for the first order phase transition (▲) of PBLG/CDCl3 liquid 
crystalline phases and therefore the minimal alignment strength, monitored by the 
quadrupolar splitting of the solvent (■), decrease with increasing molecular weight of 
PBLG (B). (A) Reprinted by permission from Macmillan Publishers Ltd: Nature 
Structural Biology [37], copyright (1998). (B) Copyright Wiley-VCH Verlag GmbH & 
Co. KGaA. Reproduced with permission from Reference [81]. 
 

 

In liquid crystals for apolar organic solvents the same rules apply, however, due to 

the relatively large lower limit of alignment, the variation in alignment strength can 

only be achieved down to the concentration of the first order phase transition of the 
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mesophase. Unfortunately, for most of the liquid crystalline phases known this lower 

limit of alignment is already quite large for medium-sized organic molecules. 

Interestingly, the concentration for the first order phase transition and therefore also 

the minimum achievable alignment strength of such liquid crystals decreases with an 

increased persistent length of the polymer. Recently it was shown for PBLG with 

very high molecular weight that in this way the minimum alignment strength can be 

reduced significantly (see Figure 2.8. B), making it possible to reliably extract RDCs 

for medium-sized organic molecules.[81] However, commercially available liquid 

crystalline phases for organic solvents typically posses a minimum alignment 

strength, which is too large and scaling it down requires more sophisticated 

techniques, like variable angle sample spinning (see chapter 2.4.2).  

Adjustment of Polymer Gels 

In an unstretched gel, polymer chains are randomly distributed in all three 

dimensions and solute molecules, although interacting constantly with the gel matrix, 

are not aligned. As soon as the gel is stretched, however, more polymer chains are 

oriented in the stretching direction than perpendicular to it and a net alignment 

results.  

It is clear, that the alignment strength increases with the degree of stretching of the 

gel. This can be varied in different ways depending on the method used for stretching 

(see previous section). When using the stretching-by-restricted-swelling approach 

shown in Figure 2.6. B, simply the diameter of the dry stick relative to the inner 

diameter of the NMR-tube can be varied. For a given stick, the usage of 4 mm or 

even 3 mm tubes instead of the standard 5 mm tubes can be of interest and smaller 

variations might be achieved by the use of thick-wall or thin-wall tubes. When 

synthesizing the polymer sticks, the diameter of the stick can be varied to basically 

any size and fine-tuning of the alignment is possible. Since the swelling strength of a 

polymer stick in different solvents can vary dramatically, the stretching of course also 

depends on the solvent used.[65] 

Another possibility of scaling the alignment lies in the variation of the polymer 

itself. In chemical synthesis, the amount of radical starter defines the average length 

of polymer chains and the amount of cross-linker added to the reaction influences the 

stiffness of the polymer network. The longer the average chain length of the polymer 

and the more cross-linked the gel is, the stronger the alignment gets.[65, 66] In  
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Figure 2.9. the dependence of the alignment strength, monitored by the quadrupolar 

splitting of the deuterated solvent, on the amount of cross-linker (A) and on the 

amount of radical starter (B) is shown for PS/CDCl3 gels as an example. The same 

rule applies for polymer gels cross-linked via accelerated electrons, where in turn the 

irradiation dose defines the amount of cross-linking in the gel.[67] 

Finally, within the limits of the melting and boiling point of the solvent used, the 

alignment can also be varied by a change of temperature. For a PS/CDCl3 gel, for 

example, a factor of 2.4 in alignment strength can be achieved over the accessible 

temperature range (see Figure 2.9. C).  
 

 

Figure 2.9.: Scaling of alignment in gel-based alignment media. The alignment 
strength, monitored by the quadrupolar splitting of the solvent CDCl3, increases with 
the amount of cross-linking (concentration of cross-linker DVB) (A) and the length of 
the polymer chains (and therefore decreases with the concentration of radical  
starter DBP) (B). Furthermore the alignment is reduced by higher temperatures due to 
the enhanced motional averaging (C). (A, B) Copyright Wiley-VCH Verlag GmbH & 
Co. KGaA. Reproduced with permission from Reference [64]. (C) Reproduced in part 
with permission from Reference [65] Copyright 2005 American Chemical Society. 
 

 

The methods described so far, like varying chain length, concentration, or amount 

of cross-linking, give the possibility to prepare samples of different alignment 

strengths and especially with the gel-based alignment media the range of achievable 

alignment strengths is not limited. Nevertheless, each alignment strength requires a 

new sample to be prepared, which is not only time-consuming, but might also cost 

valuable sample. Methods to vary the alignment in a single sample, as discussed in 

the next sections, are therefore highly desirable. 

 

2.4.2 Variable Angle NMR 

In chapter 2.1.1 dipolar couplings were introduced with the averaging over all 

possible orientations (see equation 2.1.). Later on, in chapter 2.2.1 the averaging was 

included in the alignment tensor, assuming that the average director of the alignment 
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medium is parallel to the magnetic field. Considering a possible deviation of the 

average director relative to the magnetic field by the angle ΘdB leads to the expression 
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with Θmd being the angle between the internuclear vector within the molecule and the 

average director of the alignment medium.  

The equation implies that RDCs can generally be scaled if the director can be 

varied independently of the static magnetic field, which has already been derived by 

Saupe in his original theory of NMR in liquid crystalline phases.[8] For liquid 

crystalline phases and for gel-based alignment media, this variation of the director is 

achieved in different ways, as will be described in the following. 

Variable Angle Sample Spinning 

For liquid crystalline phases the sample has to be spun around its axis, as it is 

done by magic angle sample spinning (MAS) in solid state NMR. In high resolution 

MAS experiments this spinning leads to a fast change of the orientation of the crystal 

relative to the magnetic field, which in principal leads to a director parallel to the 

spinning axis. Regarding equation 2.10. this would correspond to ΘdB being 54.7° 

(the magic angle) and thus to a cancelation of the whole term, as the first bracket 

would become zero.  

In liquid crystalline phases the average director will always orient parallel or 

perpendicular to the magnetic field, depending on the sign of the anisotropy of the 

magnetic susceptibility of the particular liquid crystal.[14] However, the orientation 

along the magnetic field takes place with a certain time constant which depends on 

the rotational viscosity and the magnetic field strength.[82] In samples spun around an 

axis not parallel to the magnetic field this leads to a continuous reorientation of the 

liquid crystals and therefore spinning is a way to vary the director of alignment for 

liquid crystalline phases.  

The average director of a nematic phase with positive magnetic susceptibility 

anisotropy will be aligned along the rotational axis as long as the angle of the 

rotational axis relative to the static magnetic field is < 54.7°. For angles larger than 

the magic angle, the average director aligns perpendicular to the magnetic field which 
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leads to strongly modulated spectra. At the magic angle itself, the orientation of the 

director is not defined. For nematic phases with negative magnetic susceptibility 

anisotropy a stable rotation axis is only obtained for angles > 54.7°.[83] Generally, 

spinning above a certain threshold frequency is needed, which depends on the 

viscosity and the magnetic field.[84, 85] Since most liquid crystalline phases used today 

are lyotropic mesophases with relatively small magnetic susceptibility anisotropy, it 

should be noted that the orientation of the director is also influenced by the inertial 

torque when spinning fast.[86] The effect leads to an upper limit for the sample 

spinning frequency under which stable conditions for director alignment are obtained. 

It is generally the case that the window of rotational frequencies is the smaller the 

lower the magnetic susceptibility anisotropy is.[86]  

With the according probe head, variable angle sample spinning (VASS)[86] allows 

the scaling of alignment and therefore the scaling of all anisotropic interaction close 

to zero, as demonstrated e.g. for RDCs measured on strychnine in PBLG/CDCl3.[87] 

Many applications[86-95] have been reported using the approach of VASS and many 

more can be expected in the future. However, the method is of course limited by the 

necessary hardware. 

Variable Angle NMR with Gels 

As has been shown previously, the change of the average director of the alignment 

medium can also be applied to gel-based alignment media.[96-98] In this case, the 

director is given by the mechanical stretching along the tube axis, which might simply 

be varied in the magnetic field with an appropriate probe head. For this variable angle 

(VA) NMR sample spinning is not necessary.  

In contrast to VASS NMR for liquid crystalline phases, VA NMR with stretched 

gels can be used for the whole range of angles ΘdB from 0° to 90°.[98] At the magic 

angle a complete removal of all anisotropic interactions can be used for simulating an 

isotropic state in the aligned sample.[96, 98]  

 

2.4.3 Gel Stretching Apparatus 

Several devices have been developed to stretch gels. One of the first stretching 

devices is the one introduced by Chou et al. which squeezes a poly(acrylamide) gel 

into an open-cut NMR-tube via a funnel.[79] However, the device just helps to prepare 

the sample but is not able to adjust the alignment strength. The method introduced by 
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Ishii and Tycko uses a Shigemi plunger to compress the gel in an NMR-tube and, 

depending on the pressure put on the plunger, different alignment strengths can be 

obtained.[29, 49] A similar approach based on the strong swelling capacity of charged 

hydrogels uses the Shigemi plunger simply as a restriction for gel swelling.[51] The 

alignment strength in this case can be increased by slightly loosening the plunger and 

letting the hydrogel swell stronger with an increased effective stretching. However, 

this approach is a one-way-street since a swollen gel can hardly be pushed back to a 

smaller size without destruction of the sample.  

A totally different stretching apparatus was introduced by the group of Kuchel:[99] 

a flexible silicone rubber tube, which contains the gel, is placed inside an open-cut 

NMR-tube and fixed at the bottom by a rubber plug. After stretching the gel to the 

desired strength by pulling the rubber tube, the position of the latter one is fixed by a 

corresponding screwing device at the top of the NMR-tube. With gelatin/D2O as  

the gel-based alignment medium, Kuchel et al. were able to show that rapid, arbitrary 

and reversible scaling of the alignment strength is possible with this kind of 

apparatus.[99, 100]  

 

Within this thesis, a slightly modified version of this stretching apparatus, 

applicable for standard 5 mm liquid-state NMR equipment, was designed and it was 

shown that the containing silicone tube can not only stretch gelatin/D2O but also other 

polymer gels based on polar solvents like D2O and DMSO. This will be discussed in 

detail in chapter 4.1. 

Furthermore this approach could be extended to the whole range of gel-based 

alignment media by the use of a perfluorinated rubber tube instead of the silicone 

tube, as will be discussed in chapter 4.2. 
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2.5 Measurement of Residual Anisotropic Effects 

To measure anisotropic parameters one usually has to acquire appropriate spectra 

for the measurement of shifts or couplings in an isotropic state and in an anisotropic 

state. This is because the anisotropic shift or coupling simply adds up to the isotropic 

one. Therefore in the anisotropic state the sum of isotropic and anisotropic 

contribution will be measured, while in the isotropic state only the isotropic shift or 

coupling is present. The differences of those shift or coupling values then give the 

desired anisotropic parameters. 

Usually this requires two samples, the substance in isotropic solution and the 

substance in the anisotropic alignment medium. Alternatively, methods for scaling the 

alignment strength (see chapter 2.4) like variable angle methods or the gel stretching 

apparatus can be used to achieve no alignment and therefore isotropic conditions 

within the same sample. However, it is always necessary to acquire at least two 

spectra.  

The only exception among the anisotropic effects is the quadrupolar interaction, 

as there is no isotropic quadrupolar coupling. Therefore the coupling measured in the 

anisotropic state is directly the desired RQC.  

 

2.5.1 Measurement of RCSA 

Changes in chemical shifts due to the partial alignment of a molecule in an 

alignment medium are easy to measure. However, as discussed in detail before,[96] a 

considerable part of this changes is due to the co-solvent effect of the alignment 

medium. Therefore the isotropic and the anisotropic measurements should be done in 

the same sample, as it could be realized with variable angle sample spinning 

(VASS)[86, 87] or variable angle NMR in stretched gels (VA-NMR)[96] (see also 

chapter 2.4.2). In this approaches isotropic chemical shifts are measured at the magic 

angle, while the anisotropic measurements are carried out at an angle different to the 

magic angle.  

One more problem for the accurate measurement of RCSA is the fact, that 

chemical shifts are values relative to a reference, usually the solvent signal or 

standards like e.g. tetramethylsilane (TMS). As this reference molecule might also 

partially align in the alignment medium, it might have its own RCSA value, which 

should be taken into account. As has been shown, even molecules with tetrahedral 
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symmetry as TMS, methane, CCl4 or NH4
+ are partially aligned[15] and show chemical 

shift changes[96] depending on the strength of alignment. Because of the small RCSA 

values observed for the reference molecules it is usually neglected but represents a 

systematic error for RCSA measurements.  

Also the interpretation of RCSA values is much more difficult than for RDCs and 

good estimates for the chemical shift tensors of the molecule have to be made e.g. by 

ab initio methods.  

Due to the difficulties in measuring RCSA, it has been used only in a few 

applications so far, like for example the relative orientation of α-helices in proteins 

from so-called PISEMA-wheels[101] or the backbone orientation of nucleic acids from 
31P-RCSA data.[102] For small molecules first attempts to measure RCSA have been 

made.[96]  

 

2.5.2 Measurement of RQCs 

The splitting, which results from residual quadrupolar couplings, is frequently 

measured in deuterium 1D spectra of the deuterated solvent of a sample, as was 

mentioned already in chapter 2.4. In this case one only measures the splitting, usually 

called ΔνQ, but not the residual quadrupolar coupling, which in addition is 

characterized by a sign. However, out of 1D spectra one can not extract the sign, 

which would be necessary to use it as structural information. For this purpose more 

sophisticated spectra, like a P.E.-COSY type heteronuclear correlation experiment,[97] 

would be necessary.  

For the use of an estimate of the alignment strength (see chapter 2.4), however, 

the splitting is absolutely sufficient. If not mentioned otherwise, throughout this thesis 

all quadrupolar splittings measured from 1D spectra are given as positive values, 

regardless of the (unknown) sign of the RQC causing that splitting.  

 

Considering the difficulties in determining the sign of RQCs and the necessity of a 

highly concentrated or isotopically enriched sample, it is not surprising that RQCs are 

barely used for structure determination of small molecules. Almost exclusively the 

group around J. Courtieu uses deuterium NMR on small organic molecules in 

anisotropic samples, mainly for the distinction of enantiomers in chiral alignment 

media (see references [103-106] and references therein).  
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2.5.3 Measurement of RDCs 

In partially aligned samples residual dipolar splittings, D, simply add to the 

splitting of scalar couplings, J (see Figure 2.10.). The splitting observed in the 

anisotropic state, T, is therefore the sum of J and D: 
 

DJT +=     (2.11.) 
 

(Note, that other publications consider the residual dipolar coupling, DIS, given by 

T = J + 2DIS. This coupling DIS is in consistence with the equations given in chapters 

2.1 and 2.2. However, throughout this thesis all RDC values are named with D and 

describe the anisotropic contribution to the observed splitting as given in equation 

2.11. The factor 2 between coupling and splitting is simply a scaling and does not 

affect the analysis of RDCs as long as all values are used in the same manner.) 
 

 

Figure 2.10.: So-called CLIP-HSQC spectra[107] for the measurement of RDCs. The 
region of CH signals of the tricyclic hydrocarbon discussed in chapter 5.1 is shown for 
the isotropic sample (black) and the anisotropic sample (gray, shifted for clarity). 
Residual dipolar couplings, D, only present in the anisotropic sample add to the scalar 
couplings, J, observed in the isotropic sample.  
 

 

To measure RDCs, in principle most experiments for measuring scalar couplings 

can be used the same way to extract dipolar couplings. In practice, however, the 

required precision for measuring RDCs is usually higher than for scalar couplings and 

the sign information of the measured couplings is needed. As a result, existing 
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methods have been strongly revised and extended during the last decade and further 

techniques can be expected in the future.  

Since the focus of this thesis is on small organic molecules which are usually only 

available at natural isotope abundance, none of the experiments specifically designed 

for labeled macromolecules will be described here, but only those pulse sequences 

used within this work will be mentioned in the following sections. After this short 

description of the used experiments, the method for extraction of couplings out of the 

resulting spectra will be explained.  

Experiments to Measure One-Bond RDCs 

The most easily measured RDCs are along one-bond heteronuclear couplings. In 

organic molecules, this are typically 1DCH or 1DNH couplings as obtained from the 

difference of 1TCH = 1JCH + 1DCH and 1TNH = 1JNH + 1DNH measured in the partially 

aligned sample and the corresponding scalar couplings 1JCH or 1JNH of the isotropic 

sample. If the alignment strength is adjusted correctly, RDCs are significantly smaller 

than corresponding scalar couplings of known sign and sign-sensitive measurement of 

RDCs is most easily achieved. Since the distance between directly bound nuclei is 

usually well-known and fixed, RDCs can also directly be translated into relative 

angular information, which makes one-bond RDCs the most frequently used 

anisotropic information.  

Regarding the actual pulse sequences used for coupling measurements, 

conventional heteronuclear multiple-quantum correlation (HMQC) or heteronuclear 

single-quantum correlation (HSQC) experiments can be recorded without 

heteronuclear decoupling during acquisition. However, if transfer delays are not well-

matched with the 1TCH (1TNH) couplings, dispersive antiphase contributions to the 

signals are obtained, for which the individual multiplet components have to be phased 

separately to obtain correct coupling constants.[108] An elegant way to circumvent 

individual phasing of the multiplet components is achieved by the CLIP-HSQC (see 

Figure 2.11. A) which removes dispersive antiphase components prior to 

detection.[107] The experiment leads to spectra with outstanding overall quality, which 

is even improved when using recently optimized BEBOP excitation[109-111] and 

BIBOP inversion[111] pulses and corresponding universal rotation pulses using the 

construction scheme by Luy et al.[112] For overlap of α and β components of 
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Figure 2.11.: Pulse sequences used for RDC measurements. (A) The CLIP-HSQC  
for the measurement of 1TCH couplings with pure absorptive multiplets.[107]  
(B) HSQC-IP/AP for measurement of 1TCH couplings with samples at low 
concentrations. By acquiring spectra with the phase Ψ = x and Ψ = -x, the 
corresponding added/subtracted spectra can also be used to extract 2THH couplings of 
CH2 groups.[113] (C) The P.E.-HSQC to extract 2THH and 1TCH couplings in a single 
experiment.[114] It results in an E.COSY-type pattern with the two couplings in the 
direct dimension and κ times 1TCH in the indirect dimension (see Figure 2.12.). (D) The 
J-BIRDd,X-HSQC with heteronuclear J-evolution in the indirect dimension is designed 
for maximum resolution.[52]  
Filled and open bars indicate 90° and 180° pulses unless indicated otherwise. The 
delays δ are determined by the duration of applied gradients, Δ = 1/(4 1TCH) and the 
corresponding delays Δ1 and Δ2 have to be adjusted to the expected spin systems 
according to reference.[113] The β-pulse refers to a short pulse with a flip angle of 
typically 30°-40°.[114] Phases are φ1 = φrec2 = x,-x; φ2 = 4(x),4(-x); φ3 = 2(x),2(-x); 
φ6 = (y),4(-y); φrec1 = -x,x,x,-x; φrec2 = φrec4 = x,-x,x,-x,-x,x,-x,x; HSQC-IP and  
HSQC-AP experiments are obtained for φ6 = y, φ7 = x or φ6 = x, φ7 = y, respectively. 
Gradients must fulfill the ratios G1:G2 = 40.1:10 for carbon as the heteronucleus and G4 
as purge gradient should not be a multiple of G1 or G2. Gradient G3 together with 
adiabatic inversion pulses indicated by ZQS have to be adjusted for the Keeler z-filter 
scheme.[115] Reprinted from Reference [5] Copyright (2009), with permission from 
Elsevier. 
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multiplets, the CLAP-HSQC in a kind of IPAP approach provides additional 

resolution.[107]  

A second set of experiments for samples at low concentrations, where the most 

sensitive approach for coupling measurement at good resolution is needed, is given 

by the HSQC-IP/AP sequences[113] shown in Figure 2.11. B. Phases have to be 

corrected individually in this case and obtained couplings might not be as accurate as 

for the CLIP-HSQC,[107] but for low signal-to-noise ratios the pulse sequences 

represent a very good compromise.  

In the experiments mentioned so far, signal widths are generally broadened by 

either heteronuclear long-range couplings or passive homonuclear couplings. The 

situation can significantly be improved by selective decoupling using BIRD filter 

elements.[116, 117] The approach has been applied in several versions for measuring 

RDCs using (J+D)-evolution periods with a central BIRDd,X-filter.[52, 118-120] In  

Figure 2.11. D an experiment with (J+D)-evolution in the indirect dimension 

optimized for best resolution in the coupling-dimension is shown.[52] 

Experiments to Measure RDCs Between Geminal Protons 

A second class of easily measured RDCs with fixed geometry are along 

homonuclear 2JHH scalar couplings found in methylene and methyl groups. A number 

of sophisticated experiments have been developed for the sign-sensitive measurement 

of these couplings: The most easily applied experiment is probably the P.E.HSQC[114] 

described in Figure 2.11. C which is best in cases where overlap is not a problem. The 

experiment results in an E.COSY-type pattern with the 2THH and 1TCH couplings in 

the direct dimension and κ·1TCH in the indirect dimension. The tilt of the resulting 

multiplet is given by the sign of the 2THH coupling relative to the (known) sign of the 
1TCH coupling (see Figure 2.12.).  

Other techniques resulting in further reduced multiplet structures require a couple 

or more spectra to be acquired and combined, but potentially lead to spectra with 

better resolved signals.[113, 121, 122] The extension of the HSQC-IP/AP approach shown 

in Figure 2.11. B to the closely related HSQC-IP(x)/IP(-x) and HSQC-AP(x)/AP(-x) 

allows the sign-sensitive measurement of 2THH couplings in separated sub-spectra.[113] 

A general problem with the extraction of homonuclear two-bond couplings are 

frequently observed second-order artifacts which often prohibit a simple extraction of 

coupling constants in all of the available experiments. 

 



Theory  -  Measurement of Residual Anisotropic Effects 

 41

 

Figure 2.12.: The P.E.HSQC[114] for simultaneous extraction of 2THH and 1TCH 
couplings. Details of P.E.HSQC spectra acquired on 5-α-cholestan-3-one in a 
chloroform solution (A) and in a stretched PDMS/CDCl3 gel (B), showing the 
multiplets of the methylene groups at C1 and C2 (for details on the substance see 
chapter 5.4). One-bond 1H,13C-couplings and geminal 1H,1H-couplings are assigned in 
the spectra. Note that the sign-information of the homonuclear couplings is given by 
the tilt of the multiplet and that in this case the tilt changes upon alignment in the gel as 
the negative 2JHH-couplings (A) are compensated by the larger positive DHH-couplings 
of both methylene groups in the aligned spectrum (B). Blue indicates positive, red 
negative contour levels.  
 

 

Other RDCs 

Especially in small molecules with few protons available, the additional 

measurement of other RDCs than the above mentioned are important for obtaining 

sufficient structural information.  
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It has been shown that long range 1H,13C RDCs[123, 124] and RDCs along  
1JCC couplings[125] and even 2JCC couplings[126] can be used. Such carbon-carbon 

RDCs are one order of magnitude smaller than the corresponding proton-carbon or 

proton-proton RDCs, which should be taken into account. The same is the case for 

long-range proton-carbon RDCs, which are therefore very difficult to measure with 

the necessary accuracy. 

The sign sensitive extraction of homonuclear proton-proton RDCs is difficult 

because of the multitude of long-range RDCs contributing to the proton multiplet and 

they are potentially difficult to interpret since the interproton distance is usually not 

known and might be strongly modulated by the inherent flexibility of the molecule. 

Therefore their measurement won’t be discussed here, nor will the measurement of 

RDCs to other heteronuclei like 31P or 19F be discussed, as their analysis is not part of 

this thesis.  

Extraction of Couplings from a Spectrum 

The measurement of RDCs requires high accuracy and a realistic determination of 

experimental errors. Therefore a scheme for the extraction of couplings out of the 

acquired spectra was used, which will be described in the following for the example 

of one-bond heteronuclear couplings out of CLIP-HSQC spectra.  
1TCH coupling constants are extracted by selecting a slice along the direct 

dimension of the CLIP-HSQC at the appropriate carbon frequency and manually 

shifting a copy of the slice until the corresponding multiplet components were 

centered with respect to each other (see Figure 2.13.). In doing so, special care has to 

be taken regarding the determination of experimental errors as line-broadening and 

strong coupling artifacts can have confound impact on the accuracy of determined 

coupling constants. This is done by the procedure visualized in Figure 2.13.: After 

extraction of corresponding 1D-slices, α- and β-components of the multiplets were 

shifted relative to each other and the shift in Hz is taken as the coupling constant. For 

an error estimate, not the center of the signals was overlapped, but the left- and 

rightmost positions of overlap of the two multiplet components with special 

consideration of the flanks and feet of the signal of interest. This left- and rightmost 

shifts are used for the estimation of the individual maximum error of a coupling.  
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Figure 2.13.: Extraction of 1TCH couplings and estimation of the individual maximum 
error of a specific coupling. A detail of the CLIP-HSQC spectrum of cholesterol in a 
stretched PDMS/CDCl3 gel (A) shows the two doublets of both protons attached to C1 
(for details on the substance see chapter 5.4). A slice at the C1 carbon frequency was 
taken (B) and a copy of the slice (shown in red) is shifted relative to it to achieve 
maximum overlap of the two multiplet components as shown for the C1-H1α signal. 
While the overlap of the center of the multiplet components (C) reflects the coupling 
constant, the overlaps at the right (C’) and left flank (C’’) allow the estimation of the 
maximum individual error. For the example shown (C1-H1α) a coupling constant of 
1TCH = 142.5 ± 1.2 Hz was determined. (The coupling constant for C1-H1β was 
determined in analogy to be 137.4 ± 1.0 Hz.) 
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2.6 Analysis of Anisotropic Parameters 

The wealth of information included in anisotropic NMR parameters and the 

diverse field of application arising from this lead to a variety of different approaches 

to analyze them. Which approach to use, mainly depends on the problem to be solved. 

However, one aspect always has to be considered: anisotropic parameters depend on 

the molecule’s orientation which is usually not known before but part of the analysis.  

In this chapter some principle aspects for analyzing RDCs will be given, along 

with some methods used for different tasks. Out of the multitude of different 

approaches only those used in the following chapters of this thesis will be discussed 

in detail. 

 

2.6.1 General Considerations 

A molecules orientation can be described by the alignment tensor, as introduced in 

chapter 2.2.1, as long as the molecule can be considered as rigid. The five 

independent components of the alignment tensor can be derived by mathematical 

methods like the singular value decomposition (SVD)[127] if a minimum set of five 

independent RDCs is available. Independent in this context means, that out of the five 

internuclear vectors for the RDCs no two are oriented parallel to each other and no 

more than three lie in a plane. Any additional RDC can be used as structural 

information. Less then five RDCs are only useful if the orientation of the molecule is 

known from elsewhere.  

It is worth to emphasize again, that the concept of the alignment tensor is only 

applicable if the molecule (or at least those parts of the molecule which are analyzed) 

can be considered as rigid. For flexible molecules or the analysis of dynamics other 

approaches have to be used (see chapter 2.2.2), which are not discussed in detail here, 

as all systems studied within this thesis were rigid enough to be treated by a static 

approach.  

 

Using a static approach also excludes the use of 1H,13C-RDCs measured within a 

methyl group, as this is usually rotating fast. However, as the rotation is around a well 

known axis, the chemical bond connecting the methyl group with its adjacent 

neighbor, the averaging due to that rotation can be transformed to a coupling along 

this bond, as Verdier et al. showed.[125] According to this, the 1H,13C-RDC measured 
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for a methyl group can be converted in a 13C,13C-RDC or 15N,13C-RDC for methyl 

groups attached to a carbon or a nitrogen, respectively.  

 

2.6.2 Using RDCs for Verification of a Structural Model 

RDCs are commonly used to verify a proposed structural model. As mentioned 

before, an alignment tensor for a given structure can be calculated by singular value 

decomposition (SVD)[127] as implemented in programs like PALES.[128, 129] With this 

alignment tensor all RDCs can be back-calculated according to equation 2.7. and 

compared with measured RDCs. If measured and back-calculated couplings are equal, 

the structural model used for the SVD-fit is consistent with the experimental data.  

This method has been applied to thousands of protein structures (see also 

chapter 2.6.3) and many small to medium sized molecules (see below). In most cases 

the program PALES[128, 129] is used, as this is not only performing the SVD-fit and the 

back-calculation of RDCs but also validating the fitting results. For SVD-fitting the 

“-bestFit” option of PALES[128, 129] is used, which needs the structural model in the 

form of a pdb-file and a list of all measured RDCs as inputs. As results of the fitting 

one gets the parameters of the alignment tensor A and the corresponding Saupe 

matrix S, the back-calculated RDCs, and a comparison of measured and 

back-calculated values, which is also validated in terms of different quality factors 

(see below). 

It is important to keep in mind, that a good correlation between measured and 

back-calculated RDCs only means that the experimental values are compatible with 

the proposed structural model. Therefore it is only verification but never a proof for a 

correct structure. It is always possible that another (not considered) structure might as 

well fit with the experimental data. On the other hand, wrong structures are clearly 

falsified if experimental and back-calculated data are inconsistent.  

It is obvious, that the verification of a structural model becomes the more reliable 

the more independent RDCs are used for fitting. This is especially important under 

the condition that five independent RDCs are necessary for the calculation of the 

alignment tensor and only those RDCs more then five are used for the validation. To 

put it the other way around: with five or less independent RDCs every structural 

model gives a perfect match between measured and back-calculated values in the 

SVD-fitting. For any reliable analysis significantly more then five RDCs are 

necessary.  
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Structural Analysis by Verification/Falsification of Proposed Structures 

Many questions concerning the conformation[130-146] or the configuration[23-25, 67, 68, 

136, 145, 147-151] of a molecule have been treated as verification or falsification of given 

structural models. Therefore different conformers or different diastereomers of a 

molecule have been fitted to the experimental RDCs leading to an exclusion of wrong 

structures and support of only one “correct” structure. As an example, the 

configurational analysis of the spirocyclic spriroindene by Freudenberger et al.[67] is 

shown in Figure 2.14.: only one of the two possible diastereomers shown in  

Figure 2.14. A leads to back-calculated RDCs consistent with the experimental data 

as the plot of back-calculated vs. measured RDCs shows (see Figure 2.14. B). The 

other diastereomeric structure can be excluded because back-calculated RDCs do not 

correlate with the measured couplings. 
 

 

Figure 2.14.: Example for the determination of relative configuration by verification 
and falsification of proposed structures. The spiroindene 1 in principle can adopt two 
configurations 1a and 1b (A). By plotting experimental vs. back-calculated RDCs (B), 
clearly 1a can be excluded as the correct structure while 1b is consistent with the 
experimental data and therefore regarded as the actual configuration of 1. The two 
structures are shown with color-coding of measured RDCs (red, negative RDCs;  
blue, positive RDCs; green, no RDCs measured or RDCs not used in analysis) along 
with the principle axes of the fitted alignment tensors (A). Reproduced with permission 
from Reference [67] Copyright 2004 American Chemical Society. 
 

 

Plots like in Figure 2.14. B are frequently shown to illustrate how good or bad the 

correlation between measured and back-calculated values is. Another common way to 

illustrate the fitting results is shown in Figure 2.14. A: the alignment tensor is 

represented by its principal axes in the same coordinate system as the molecule and 

color-coding shows measured RDCs along the corresponding vectors (in Figure 

2.14. A the CH-bonds as only one-bond CH-RDCs have been used). The color of the 
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alignment tensor representation shows the sign of RDCs to expect along the 

individual axes.  

 

The approach of verifying a structural model by SVD-fits of measured RDCs has 

been intensively used within this thesis. By fitting different possible structures against 

a set of experimental RDCs, the configurational analysis of a degradation product of 

beer has been performed, as will be described in chapter 5.1 and the configurational 

and conformational analysis of a natural product has been determined, as described in 

chapter 5.2. For another natural product the conformation found in the crystal has 

been verified to be the same in solution (see chapter 4.2.4).  

Furthermore the approach of verifying and falsifying structures has been 

performed for the first time to determine the constitution of a molecule, as will be 

shown in chapter 5.3.  

Resonance Assignment by Verification/Falsification 

Like different proposed structures can be validated by the SVD-fit of measured 

RDCs, this is also possible with different proposed assignments for a molecule. In 

this case the different input-“structures” have the same molecular assembly but 

ambiguously assigned atoms are renamed. This is especially useful for the prochiral 

assignment of the two protons in a methylene group which is often an open question 

in the assignment of a molecule,[61, 64, 66, 152] but can also be used for the prochiral 

assignment of two methyl groups (as used in chapter 5.1). As will be shown in 

chapter 5.3 it even can be used for the assignment of two completely independent 

groups or atoms, if for example classical methods for the assignment failed. 

Quality Factors for Validation of Fits 

The comparison between measured and back-calculated RDCs for a proposed 

structure is usually done by plotting calculated vs. experimental data, as done in the 

example by Freudenberger et al. shown in Figure 2.14. B. However, if fits for many 

different structures are to be compared a good measure for the quality of the fit is 

necessary, as plotting all results would become too time-consuming.  

For this purpose the program PALES[128, 129] gives several quality factors for the 

comparison of back-calculated and measured RDCs. They all have their advantages 

and disadvantages. 
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Commonly used is the correlation coefficient R (or its square R2), which is 

calculated according to equation 2.12. with xmeas. and xcalc. being the measured and 

back-calculated values, respectively, and n being the total number of RDCs. It 

indicates the strength of a linear correlation in this case between measured and  

back-calculated RDCs (the value for R should be close to ± 1 for a good linearity). 

However it makes no statement about the characteristics of this linear correlation and 

clearly for the necessary comparison only the linear correlation with the slope 1 and 

an intercept of 0 is reasonable.  
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Better suited in this respect, is the RMSD value (in the PALES output wrongly 

named “RMS”), the root mean square deviation: 
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It gives a kind of averaged difference between measured and calculated values in the 

unit of the values, so in case of RDCs in Hz. It should be as small as possible and 

significantly smaller than the experimental values used for fitting. As the RMSD as  

a quality factor is always to be seen relative to the size of the measured values (e.g. 

the RMSD value of 1 Hz is worse if the experimental couplings are in the range  

of ± 10 Hz compared to an RMSD of 1 Hz if the couplings are in the range  

of ± 100 Hz), Cornilescu et al.[153] introduced the quality factor Q as defined by 

equation 2.14.  
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In this equation RMS is the root means square of the measured values and therefore 

the quality factor Q is the quality factor RMSD weighted by the average size of 

measured values. Q should be as small as possible, significantly smaller than 1 and as 

the correlation factor R it has no unit. 

 

The quality factors R, RMSD and Q all describe in on way or the other, how 

strong measured and back-calculated values differ, or how far the value is away from 

the diagonal in the plot of back-calculated vs. measured RDCs (as e.g. shown in 

Figure 2.14. B).  

For the two plots shown in Figure 2.15. A and B the mentioned quality factors 

would indicate two about identically good (or bad) fits, as both the outlying points 

marked in red are equally far away from the diagonal. If, however, the experimental 

errors of measured RDCs are plotted along the values, as shown in Figure 2.15. C and 

D, it is obviously that the fit in C, where the values are along the diagonal within their 

error range, is far better than the one in D, were one of the outlying points has an 

experimental error far smaller than the deviation from the diagonal.  

 

Consequently, a good quality factor should consider how strong measured and 

back-calculated values differ and it should take into account the experimental error of 

the measured values. This is described by χ2 as defined by equation 2.15.  
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with Δxmeas. being the experimental errors of xmeas. As χ2 increases with an increasing 

number n of measured RDCs, it should be normalized. Therefore a better quality 

factor would be  

 

2χ
n  (2.16.) 

 

which should be as high as possible, preferably larger then 1. 
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Figure 2.15.: Illustration of the importance to consider differing experimental errors 
for the validation of fit quality. The two outlying points in plot (A) and plot (B) 
(marked in red) are equally far away from the diagonal as the difference in measured 
and back-calculated value is equal. This results in equal values for the quality factors 
R, RMSD and Q, hence the two fitting results are evaluated as equally good. If one 
considers the experimental errors of the measured RDCs as shown in the plots (C) and 
(D), it is obvious that the fit shown in (C), which is equal to the fit shown in (A), is 
better than the fit shown in (D) which is equal to the fit shown in (B). However, the 
experimental error is not taken into account in the quality factors R, RMSD and Q, but 
only in n/χ2.  
 

 

The quality factor n/χ2 is optimized for the comparison of different fits to a single 

set of experimental RDCs, including the important individual maximum error 

estimates for the measured values. However it is of limited use to compare the quality 

of fits for completely different systems.  

Throughout this thesis in most cases the quality factor n/χ2 is used to validate the 

fits of different structural models against the same set of measured RDCs. However, 
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for comparison also the correlation coefficient R and the quality factor Q by 

Cornilescu et al.[153] is given in the tables of the Appendix.  

The program PALES,[128, 129] which was exclusively used within this thesis for all 

RDC fits, gives the quality factors R, RMSD, Q, and χ2 as output for its fits. 

Obviously for the calculation of χ2 it is necessary to give the experimental errors of 

measured RDCs as an input. For a reasonable quality factor n/χ2 it is indispensable to 

do a realistic estimation of the individual experimental error for each measured 

coupling. Probably the best way to do this, is described in chapter 2.5.3  

(Figure 2.13.). However, even if not n/χ2 is used as the quality factor, a reasonable 

error estimation should be done, as the experimental error given as input in 

PALES[128, 129] is not only used for the calculation of χ2 but also influences the 

alignment calculated. Within the fitting procedure PALES[128, 129] allows values with 

larger error to deviate stronger from the given values, than those with smaller error. 

This stronger deviation within the given error, which makes absolutely sense, is on 

the other hand punished with the quality factors R, RMSD and Q, as they do not 

consider this larger experimental error of the individual coupling. This is one more 

argument for the use of n/χ2 as the quality factor for RDC-fits with PALES.  

 

2.6.3 Using RDCs for Structure Refinement 

The verification of structures by PALES,[128, 129] as described in the previous 

chapter, uses given structural models in the form of pdb-files, which are not going to 

be changed. With other programs, however, it is possible to modify structures in order 

to fit to the experimental RDCs. This is frequently done in biomolecular NMR  

for structures of proteins or nucleic acids[154] but also examples for linear or  

cyclic peptides,[135, 137, 140, 141, 146] sugars[130-132, 155] or natural products[24, 25, 145] have 

been reported.  

For this purpose, a number of different structure calculation packages can use one-

bond RDCs as structural restraints in addition to angular restraints from  
3JHH couplings and distance restraints from NOE-signals. In this programs (for 

example CNS,[156] XPLOR-NIH,[157] DYANA,[158] AMBER[159, 160]), the RDC 

constraints are incorporated as an explicit target potential in addition to the classical 

potential energy function of the particular force field. As RDCs are treated as angular 

restraints, the orientation of the molecule has to be given as an input for the structure 

refinement. As the orientation is normally unknown a priori, often an iterative 
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procedure is used, calculating the alignment with SVD-based programs, using the 

obtained orientation for structure refinement and recalculating the orientation again 

for the refined structure to use this for the next step of refinement.[135, 154]  

 

2.6.4 Discrimination of Enantiomers and Absolute Configuration 

To discriminate enantiomers by anisotropic parameters, a chiral alignment 

medium as described in chapter 2.3.1 is needed. Due to the chiral super-structure of 

these alignment media, e.g. a helix, two enantiomers are aligned in a different 

manner. This leads to different sets of anisotropic parameters for both enantiomers 

which therefore might be discriminated, as shown in both examples of Figure 2.16.  

 

 

Figure 2.16.: Examples for the distinction of enantiomers. (A) The distinction of 
enantiomers in a sample of 3-methyl-4,4,4-trichlorobutyric-β-lactone 21.5% enriched 
with the S enantiomer and dissolved in PBLG/CDCl3 is done by 1H-1H-RDCs between 
the methyl protons using a SERF 2D experiment.[161] (B) Separation of enantiomers 
using a two-dimensional J-1H,13C-BIRDd,X-HSQC[52] (see also Figure 2.11. D) recorded 
for a mixture of L-Ala/D-Ala (1.2:1) in gelatin/D2O. The determination of enantiomeric 
excess is possible by integration. (A) Reprinted from Reference [161] Copyright 
(2002), with permission from Elsevier. (B) Copyright Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission from Reference [52]. 
 

 

As shown in the two examples, the different size of RDCs for both enantiomers 

leads to a separation of the signals, which even allows the determination of 

enantiomeric excess by integration. This distinction can be achieved not only by 

different RDCs, but also by differences in chemical shift anisotropy and by different 

residual quadrupolar couplings.[105] However, in the spectra it is not possible to 

distinguish which set of signals belongs to which enantiomer. In the examples shown, 
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this was only possible by comparison with an enantiomerically pure sample or an 

enantiomerically enriched sample of one known enantiomer.  

For the differentiation of enantiomers by anisotropic parameters in a chiral 

alignment medium it would be necessary to know the different orientations of the 

enantiomers in the chiral medium. With an SVD-fit of two mirror-imaged structures 

against a set of measured RDCs one would obtain two equally good fits for both 

enantiomers and consequently one could not differentiate them. Marathias et al.[162] 

claim to differentiate between the enantiomers of ibuprofen with RDCs measured in 

PBLG/CDCl3. According to their results of searching for lowest energy conformers in 

a PBLG/CDCl3 simulated environment, the two enantiomers shall possess different 

conformations in the chiral alignment media (hence, they are no mirror images any 

more!) which in each case fit only to one of the two measured sets of RDCs.[162] 

However, this is the only reported example of this kind and it is doubtful whether the 

used approach might be a general procedure for the determination of absolute 

configuration. On the other hand, if once it will be possible to reliably predict the 

orientation of a molecule in a chiral alignment medium this would bring the 

determination of absolute configuration by RDCs in reach. 

In analogy to the distinction of enantiomers, it is possible to distinct prochiral (or 

enantiotopic) groups in a chiral alignment medium. While those groups would show 

the same size and sign of anisotropic parameters in an achiral environment, they are 

differently aligned in the chiral environment and hence possess different anisotropic 

parameters. This has been shown for several molecules in the chiral alignment media 

PBLG and PCBLL, gelatin,[76] and polysaccharides.[77]  

The discrimination of enantiomers and prochiral groups as described here, will be 

used to characterize the newly developed alignment medium introduced in 

chapter 3.4. 

 

2.6.5 Analysis under Presumption of the Molecule’s Orientation  

To calculate a molecule’s orientation by SVD-fitting of experimental anisotropic 

parameters, a minimum of five independent values is necessary and only every 

additional value gives structural information. Therefore a significantly large set of 

experimental data is needed for a structural analysis. It would be desirable if the set of 

necessary parameters could be reduced, and indeed this would be possible if the 

molecule’s orientation would be known without using the experimental data to 
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determine it. This would circumvent the SVD-fitting and expected RDCs could be 

directly calculated from the known alignment according to equation 2.7. The program 

PALES[128, 129] provides this calculation in its “-saupe” option which needs, next to 

the pdb-file and the RDC list, the parameters of the Saupe matrix as input.  

However, the alignment of a molecule is usually not known a priori. An elegant 

and effective solution would be the prediction of alignment from first principles. 

Many attempts have been made to predict the alignment of a molecule by considering 

steric[128] and electrostatic[163] interactions between the solute and the alignment 

medium, as it is for example done in PALES (“-stPales” option).[129] Other 

approaches use inherent properties of the solute molecule like its tensor of 

gyration.[164, 165] The prediction of alignment works well for large biomacromolecules, 

but for small molecules the effects of the fine-structure of the alignment medium and 

corresponding dynamics play a much more important role and therefore often lead to 

wrong results (see also chapter 5.4).  

 

A different approach, based on the idea that molecules with very similar structure 

should orient in the same manner if aligned by the same alignment media under 

identical conditions, has been used by Ziani et al.[166] By comparison of residual 

quadrupolar couplings measured for similar structures of known chirality, they were 

able to determine the absolute configuration of a small chiral molecule.[166]  

In chapter 5.4 it will be shown that this approach of cross-fitting anisotropic 

parameters between structurally similar molecules works also for RDCs.  
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3 Development of new Alignment Media 

3.1 Poly(acrylonitrile)  

3.1.1 Introduction and Motivation 

While a multitude of adequate alignment media exists for aqueous solutions and 

apolar organic solvents (see chapter 2.3.2), only few orienting media with limited 

applicability are reported for the standard solvent in pharmaceutical NMR, DMSO. 

Mixtures of pentaethylene glycol monododecyl ether (C12E5) with D2O and DMSO as 

a lyotropic nematic phase have a narrow range of alignment and are not suitable for 

pure DMSO.[72] Stretched gels based on cross-linked poly(vinyl acetate) are freely 

scalable in their alignment for a large number of small molecules, but cyclic peptides 

as an important class of molecules do not diffuse into them.[66] Finally, 

poly(dimethylacryl amide)-based copolymer gels[73] worked well with a number of 

peptides,[140] but exclude many molecules due to their negative charge. Therefore the 

aim of this project was the development of a freely scalable, uncharged alignment 

medium applicable to a wide range of molecules.  

Besides the applicability for DMSO, it was of great importance to find an 

alignment medium, which possesses as less NMR-signals as possible. Therefore 

poly(acrylonitrile) (PAN) was chosen and the aim was to cross-link PAN by 

irradiation with accelerated electrons, as it was successfully done for 

poly(dimethylsiloxane) (PDMS),[67] in order to avoid undesired NMR-signals 

originating from chemical cross-linking. 

 

3.1.2 Cross-Linking of PAN 

It is crucial for the cross-linking by irradiation[167] that on the one hand, the 

polymer has an amorphous state and on the other hand, the shape which is desired  

for the gel (in this case a cylindrical form). As has been shown for several  

examples, cross-linking upon irradiation will not occur within crystal regions of the 

polymer.[168-170] However, commercially available pure PAN is a white powder and it 

is necessary to get it in the right form in order to cross-link it by irradiation. Because 

of its high crystallinity and its degradation upon heating,[171] this is a rather 

challenging task.  
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Step by step different procedures were developed to obtain stretched gels of 

cross-linked PAN which can be used as an alignment medium for the measurement of 

anisotropic NMR parameter.  

Cross-linked PAN of the first Generation[96] 

Sticks of poly(acrylonitrile) were obtained by precipitation out of a DMSO 

solution: A highly viscous solution of PAN (≈ 300 g/L) was filled in paper rolls with 

inner diameters of 3.5-4.5 mm. The filled paper rolls were then placed in solutions 

with stepwise increased content of methanol: DMSO/MeOH 2:1 (20 min, 80°C); 

DMSO/MeOH 1:1 (20 min, 65°C); pure MeOH (60 min, 50°C). Finally, the paper 

was removed and precipitated PAN-sticks were dried at 70°C for 24 hours. By this 

procedure dry PAN-sticks of 2.5-3.5 mm were obtained (see Figure 3.1. A). The 

polymer sticks were then cross-linked by irradiation with accelerated electrons (for 

details see Appendix). The cross-linked sticks have been placed in 5 mm NMR-tubes 

and DMSO-d6 was added. The restricted swelling in the tube leads to the necessary 

stretching of the gel (see Figure 3.1. B).  

The obtained stretched gels of PAN could be used as alignment media for the 

measurement of anisotropic parameters, however, the gels showed poor homogeneity 

and long-term stability[96] and therefore alternative preparation schemes were 

developed. 

Cross-linked PAN of the second Generation[96] 

PAN/DMSO-d6-solutions of different concentrations (ranging from 100 g/L  

to 280 g/L) were filled in standard 5 mm-NMR-tubes and in silylated NMR-tubes and 

irradiated by accelerated electrons directly in the NMR-tubes (for details see 

Appendix). Upon addition of DMSO on top of the in-tube cross-linked polymer, the 

gels swell further and get automatically stretched (see Figure 3.1. C). 

The stretched gels obtained by this method have excellent alignment properties, 

are very homogeneous and robust. Furthermore the preparation is very easy compared 

to the cross-linked PAN of the first generation and production in larger quantities is 

possible. Hence, cross-linked PAN of the second generation is preferred and all 

studies described in chapters 3.1.3 - 3.1.6 were carried out with samples prepared by 

this procedure. Nevertheless, a problem arises when irradiated tubes with the 

cross-linked PAN/DMSO gel get too cold, as it might be the case while shipping 
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samples during winter times: the DMSO in the gel freezes out and emerging crystals 

disrupt the gel. Depending on the concentration this happens between 0-10°C and it is 

therefore desirable to produce dry PAN-sticks which can be transported safely and 

which are of better homogeneity than the sticks of the first generation.  
 

 

Figure 3.1.: Preparation of cross-linked poly(acrylonitrile). PAN of the first generation 
is produced as shown in (A, B): highly viscous solutions of linear PAN are filled in 
paper rolls (A, left) and precipitated to obtain sticks (A, right). After drying and 
irradiation with accelerated electrons the sticks of cross-linked PAN (B, left) can be 
swollen to gels in DMSO (B, middle). If this is done in an NMR tube, the gel gets 
automatically stretched by the restriction of the tube walls (B, right). (C) shows 
different steps for the preparation of PAN of the second generation: solutions of linear 
PAN in DMSO-d6 are filled in NMR tubes (C, left) and irradiated (C, middle). After 
that, the addition of DMSO leads to swelling and stretching of the PAN/DMSO gels 
within the NMR tubes (C, right). The preparation of PAN of the third generation is 
shown in (D): DMSO-solutions of PAN are irradiated in Teflon® tubes (D, left) and 
dried to obtain sticks of cross-linked PAN (D, middle) which can be re-swollen  
in DMSO and get automatically stretched when re-swelling inside an NMR  
tube (D, right). 
 

 

Cross-linked PAN of the third Generation 

Combining the strategies for the preparation of PAN gels of the first and the 

second generation, PAN/DMSO solutions have been filled in glass or Teflon® tubes, 

cross-linked by irradiation with accelerated electrons (for details see Appendix) and 

then precipitated. For the last step the tubes were peeled off and the cross-linked gels 

obtained by the irradiation were placed in solutions with stepwise increased content 

of water: DMSO/H2O 5:1; 1:1; 1:3 and pure H2O (each for several days at room 

temperature). Precipitated sticks of cross-linked PAN were then dried at 50°C  

for 3 days. By this procedure PAN-sticks of 1.0-4.0 mm were obtained (see  

Figure 3.1. D), which can be re-swollen and stretched in NMR-tubes or in the 

stretching devices described in chapters 4.1 and 4.2.  
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The sticks of the third generation can be stored and transported easily in the dry 

form, and the gels obtained by swelling of this sticks are as homogeneous as the gels 

of the second generation.  

 

3.1.3 Swelling and Equilibration of PAN/DMSO Gels 

Depending on the preparation scheme and the amount of irradiation, the cross-

linked PAN sticks are swelling to approximately 15 times their original volume in 

DMSO and 20 times their volume in DMF. Swelling in water or less polar organic 

solvents like methanol or chloroform is not observed (see Figure 3.2.).[96]  

 

 

 
 

 

 

As alignment media, only PAN/DMSO gels have been investigated, gels of PAN 

and DMF were not tested so far. Most of the characterizations of PAN gels have been 

done with gels of the second generation and as long as not stated otherwise the 

following studies have all been done with these gels of irradiated PAN/DMSO-d6 

solutions. However, it is most likely that the results obtained for the second 

generation of PAN could be transferred to gels of the first and third generation as 

well.  

 

A general problem of DMSO based gels is the slow swelling and therefore also 

slow equilibration of the stretched gels due to the high viscosity of the solvent. For 

PAN/DMSO gels it takes typically several weeks at room temperature to obtain a 

well equilibrated gel with homogeneous alignment and narrow lines in the deuterium 

spectrum (see Figure 3.3.). Higher temperatures and silylated NMR-tubes help in 

speeding up this process (see Figure 3.4.).  

 

 

Figure 3.2.: Swelling of cross-linked 
PAN sticks in various solvents. From 
left to right: dry PAN-polymer stick 
of the first generation with 2.4 mm 
diameter and identical sticks after  
5 days in DMSO, DMF, methanol and 
chloroform.[96]  
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Figure 3.4.: Equilibration and aging of PAN gels. Quadrupolar splitting ΔνQ of 
DMSO-d6 taken from 2H-1D spectra of five individual samples irradiated with  
280 kGy, 360 kGy, and 480 kGy accelerated electrons in a conventional NMR-tube, 
and 400 kGy and 480 kGy in NMR-tubes which were silylated prior to irradiation. The 
swelling at room temperature is enhanced for silylated NMR-tubes. Narrow lines in the 
deuterium spectra have been recorded for all samples after at least 50 days. However 
quadrupolar splittings are further growing slowly before declining again. Samples can 
be used as alignment media for several months before the alignment breaks down 
completely (e.g. the sample with 360 kGy was broken after about one year).  
 

 

 

Figure 3.3.: Equilibration of a 
PAN/DMSO-d6 gel. A PAN gel in a 
silylated NMR-tube was allowed to 
swell at room temperature and 2H-1D 
spectra of DMSO-d6 have been 
recorded after different time intervals 
to monitor the equilibration process.  
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3.1.4 NMR-Signals and Impurities of PAN/DMSO Gels 

Spectral Quality of PAN Gels 

The 1H-NMR-spectrum of a PAN/DMSO-gel is shown in Figure 3.5. A. The 

cross-linked PAN results in two broad signals at 2.0 ppm (CH2-groups) and 3.2 ppm 

(CHCN-groups). In addition, a triplet from 14NH4
+ (7.0 ppm) and signals of unknown 

impurities (3.8, 6.0, 6.3 ppm) are observed. These impurities are already visible in 

non-cross-linked PAN, but their intensities seem to increase slightly upon 

irradiation.[96] As DMSO is quite hygroscopic, small amounts of water diffused into 

the gel, however, this is more a problem of DMSO as a solvent and not of the PAN 

gels. The intensity of the water signal can be reduced by adding molecular sieve to 

the DMSO on top of the gel.  

Figures 3.5. B and C show the 1H amide region and a 1H,13C-CLIP-HSQC 

spectrum[107] of 8 mg cyclo(-D-Ala-Ala-Ala-(NMe)Ala-Ala-)[172] diffused into a 

PAN/DMSO-gel with a final concentration of the two observed conformers of 

≈ 16 mM (see chapter 3.1.6 and Appendix for details on the peptide). Although pep-

tide signals overlap with the intensive polymer signals in the 1H-1D-NMR-spectrum, 

the additional resolution of the 13C-chemical shifts in the 2D experiment prevent 

signal overlap in this case and the full set of one-bond DCH-RDCs can be obtained.  
 

 

Figure 3.5.: Various spectra of a PAN/DMSO-gel used for measuring RDCs on  
cyclo(-D-Ala-Ala-Ala-(NMe)Ala-Ala-). (A) 1H-1D of the gel without peptide added. 
Asterisks indicate small impurities, other signals are annotated correspondingly.  
(B) Amide region of the peptide diffused into the gel. The two conformations of about 
equal intensities and a final concentration of ≈ 16 mM are visible. (C) The CLIP-
HSQC spectrum[107] for the extraction of one-bond 1H-13C coupling constants shows no 
overlap between signals of the alignment medium and the solute.  
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Suppression of NMR Signals 

Since other solute molecules might well have overlapping cross peaks in a 

2D-spectrum, several possibilities of reducing the backbone polymer signals have 

been investigated. Presaturation of one or both of the backbone signals leads to a 

significant decrease of peak intensities[96] but might also infer efficient saturation of  
 

 

Figure 3.6.: Suppression of polymer signals using CPMG and z-relaxation filters. (A) 
1H,13C-CLIP-HSQC without relaxation filter, (B) the same experiment with identical 
parameters and an additional 175 ms CPMG period[173] applied directly after the initial 
excitation pulse, (C) the experiment with a z-relaxation filter of 500 ms incorporated as 
described by Luy et al.[65] Traces show for comparison the –CHCN– and –CH2– groups 
of the polymer, and the methylene group C3-H3a/b cross peaks of ≈ 100 mM 
norcamphor diffused into the gel. All traces and contours are scaled identical. 
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the solute molecule. Best signal suppression was obtained by applying a CPMG-

based relaxation filter[173] or a less power consuming z-relaxation filter[65] as can be 

seen in Figure 3.6. This suppression methods work very well for small solute 

molecules, however, with increasing size of the solute its signals get suppressed as 

well. In this case an alternative alignment medium might be necessary, as for example 

the one described in chapter 3.3.  

 

 

3.1.5 Tuning the Alignment Strength 

As with all gel-based alignment media, the degree of alignment in PAN/DMSO-

gels can easily be varied with different parameters.  

The strength of orientation induced by the gel increases with an increasing amount 

of cross-linking, i.e. an increasing irradiation dose (see Figures 3.7. A and B), as 

previously also shown for irradiation cross-linked PDMS gels[67] and chemically 

cross-linked PS[64] and PVAc[66] gels. Furthermore an increasing chain length of the 

polymer leads to stronger alignment (see Figure 3.7. A), as also found for the 

mentioned polymers.[64-67]  
 

 

Figure 3.7.: Tuning of the alignment strength of PAN/DMSO gels. (A) Quadrupolar 
splitting ΔνQ of PAN/DMSO gels with respect to the irradiation dose applied for cross-
linking. All gels were cross-linked inside the NMR-tube as a 280 g/L PAN/DMSO-d6 
solution. Linear polymers of two different molecular weights have been used. The 
induced alignment increases with the chain length of the polymer and the irradiation 
dose applied for cross-linking. (B) Quadrupolar splitting ΔνQ of various gels with 
respect to the initial concentration of the PAN (MW=150000 g/mol)/DMSO-d6 
solution used for irradiation with accelerated electrons. Increasing the polymer 
concentration leads to larger alignment strength. All samples were measured after  
57 days of equilibration in silylated NMR-tubes.  
 

In contrast to PS, PDMS, PVAc and other polymers, the preparation of the cross-

linked PAN of the second generation does not allow the tuning of the alignment 

strength by varying the ratio of stick and tube diameter. However, an additional 
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tuning is possible by varying the initial concentration of the PAN/DMSO solution 

which is irradiated (see Figure 3.7. B). 

PAN/DMSO gels of the second generation with quadrupolar splittings between 

3 Hz and 40 Hz could be obtained by varying concentration, irradiation dose and 

chain length.  

 

 

3.1.6 Orientational Properties 

To explore the range of solutes compatible with PAN/DMSO-gels, different 

compounds have been tested. Norcamphor as a small organic compound, the standard 

sugars glucose and sucrose and the peptides cyclo(-aAA(NMe)AA-),  

cyclo(-R(Pbf)GD(OtBu)fK-) and cyclo(-RNalAGyR-) readily diffused in the pre-

swollen gels and 1H,13C one-bond as well as 1H,15N one-bond RDCs have been 

measured (see Appendix).  

For norcamphor as a test molecule which has been studied intensively in different 

PS[65] and PVAc[66] based gels, properties of the alignment tensor in a PAN/DMSO 

gel obtained with a SVD-fit by PALES[128, 129] are given in Figure 3.8. A comparison 

with results for a PVAc/DMSO gel[66] reveals a rather similar alignment in both gels.  
 

 

Figure 3.8.: Alignment tensor properties of norcamphor in a PAN/DMSO gel. 
Alignment tensor parameters as calculated with PALES[128, 129] using the RDCs 
measured in a gel of the second generation (see Appendix): axial and rhombic 
components (Da, Dr) and principal axes of the alignment tensor (Axx, Ayy, Azz) with 
their corresponding eigenvectors are given. The accuracy of the fits is described by R2. 
The structure of norcamphor is shown with color-coded bonds representing negative 
(red) and positive (blue) 1H,13C-RDCs and the axes of the corresponding alignment 
tensor drawn next to it.  
 

 

Besides the above mentioned compounds, other groups have studied some more 

molecules in PAN/DMSO gels prepared within this thesis, including cyclic peptides, 
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complex organic molecules und natural compounds.[24, 25, 146, 174] None of the 

compounds tested so far, did not diffuse into a pre-swollen PAN/DMSO gel, which 

indicates a wide range of compatible solutes in contrast to the narrow range of 

solvents tolerated by PAN.  

Table 3.1. gives an overview over compounds measured in PAN/DMSO gels and 

their strength of alignment, monitored by the range of RDCs measured in comparison 

with the quadrupolar splitting of the solvent. It could be used as a rough estimation 

for the range of RDCs to expect for a molecule to be measured in a PAN gel.  

 

 

Table 3.1.: Overview over compounds measured in PAN/DMSO gels. Listed is their 
size and range of measured RDCs in comparison with the quadrupolar splitting ΔQ of 
the solvent measured in the used gel.[96] 

 

Compound  Size[a] ΔQ [Hz] Range of 
RDCs[b] [Hz] 

Ref. 

norcamphor small bicycle C7H10O 
110.1 

21.1 -8.2 to 13.3 [96] 

sucrose di-sugar C12H22O11 
342.3 

40.4 -18.7 to 15.3 A[c] 

cyclo(-aAA(NMe)AA-) cyclic peptide  
(5 amino acids) 

C16H27N5O5 
369.4 

21.2 -7.5 to 36.4 A[c] 

cyclo(-RNalAGyR-) cyclic peptide  
(6 amino acids) 

C45H64N16O8 
957.1 

15.8 -23.7 to 20.0 chapter 
4.1. 

hymenistatin cyclic peptide  
(8 amino acids) 

C46H68N8O12 
924.5 

≈ 12 -25.2 to 42.5 [174] 

((-)-menthyl)-(5-oxo-
5,6-dihydro-2H-pyran-
2-yl)-diphtalate 

flexible organic 
molecule 

C23H28O6 
400.5 

≈ 20 -14 to 16 [174] 

saggittamide A flexible long-chain 
hydrocarbon 

C48H81N3O18 
988.2 

14.9 8.1 to 16.9 [24] 

sucro-neolambertellin glycoside C26H29O15 
581.1 

15.6 -11.2 to 21.2 [25] 

cylindramide macrocyclic lactam C27H34N2O5 
466.2 

13.9 -20 to 25 [146] 

tricyclocohumol[d] tricyclic 
hydrocarbon 

C20H30O6 
365.2 

21.0 -12.4 to 17.4 chapter 
5.1. 

GIPFFPVHLKR[d] linear peptide  
(11 amino acids) 

C65H99N17O12 
1309.8 

8.6 -14.1 to 17.6 chapter 
3.3 A[c] 

parthenolide chair-like bicycle C14H18O3 
234.3 

4.5 -6.4 to 7.4 chapter 
4.2 A[c] 

 

[a] size in terms of molecular formula and molecular weight in g/mol 
[b] 1H,13C one-bond RDCs  
[c] data is given in the Appendix 
[d] has been measured in deuterated PAN (see chapter 3.3.) 
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3.1.7 Conclusion 

In summary, it has been shown that stretched poly(acrylonitrile)/DMSO gels are 

very useful alignment media for the measurement of anisotropic NMR-parameters. 

The few broad NMR-signals resulting from the polymer backbone can be reduced by 

relaxation filters and small detected impurities can be neglected. The strength of 

alignment is freely scalable by the chain-length of the polymer, the irradiation dose 

used for cross-linking and other parameters. As the presented alignment medium is 

uncharged and compatible with peptides, natural products and other molecules, it is 

widely applicable and closes a gap in the variety of existing alignment media.  

In the meanwhile, the developed PAN/DMSO gels are a favored alignment 

medium for small to medium-sized molecules soluble in DMSO as many requests, 

several already published projects[24, 25, 146, 174] and a number of yet unpublished 

projects of other research groups show.  

 

 

 

 

 

 

 

 

 

 

 

 
This project was already started during the Master’s Thesis and first results (preparation of 
cross-linked PAN of the first and second generation, swelling behavior and RDCs of 
norcamphor in a PAN/DMSO gel) have already been published there.[96] Poly(acrylonitrile) of 
high molecular weight (MW=231000 g/mol) was synthesized in the group of Prof. Dr. Andreas 
Lendlein from the Center for Biomaterial Development at the Institute of Polymer Research, 
GKSS Research Center (Teltow, Germany). The cyclic peptides were synthesized by Dr. Jörg 
Auernheimer, Dr. Burkhardt Laufer and Dr. Jayanta Chatterjee (TUM, Munich). Irradiation of 
the polymer samples was done at BetaGammaSystems (Saal a.d. Donau, Germany).  
 
 
Results presented in this chapter have been published: 
 

Grit Kummerlöwe; Jörg Auernheimer; Andreas Lendlein; Burkhard Luy: 'Stretched 
Poly(acrylonitrile) as a Scalable Alignment Medium for DMSO' in Journal of the American 
Chemical Society 2007, 129, 6080-6081. 
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3.2 Deuterated Polystyrene 

3.2.1 Introduction and Motivation 

In the last years a multitude of new alignment media for the alignment of small 

molecules have been developed, closing gaps in the range of applicable solvents and 

achieving a better scalability of the alignment strength. With the help of this media 

molecules can be partially aligned and anisotropic parameters can be measured. 

However, alignment media generally introduce undesired NMR-signals which might 

severely overlap with signals of the molecule of interest and become especially 

annoying in polymer gels at low alignment strengths.  

One solution to the problem is the use of an alignment medium with few NMR 

signals, like PDMS with only one 1H NMR signal at 0.1 ppm.[67] This is of course a 

strong limitation in the choice of alignment medium, and sometimes it might be not 

possible due to solubility or other considerations. Another solution might be the use 

of relaxation filter methods[65] (see also chapter 3.1.4), but for some polymers this 

does not work. As has been shown in great detail, NMR signals originating from 

polystyrene (PS) can hardly be removed using relaxation filter experiments.[65] 

Especially the apparently dynamic side chains of PS lead to aromatic proton signals 

with T2 times similar to small organic molecules. A more generally applicable 

approach might be the perdeuteration of the alignment medium which has been 

previously applied to the liquid crystalline phase 4-n-pentyl-4’-cyanobiphenyl-d19.[63]  

The aim of this project was therefore to produce fully deuterated polystyrene gels, 

bearing all advantages of scalability, solubility and easy handling of PS gels but with 

practically no 1H NMR signals originating from the alignment medium. The 

preparation and characterization of the new alignment medium made of stretched gels 

of cross-linked deuterated polystyrene, called dPS gels, is the topic of this chapter.  

A first application of dPS gels for the configurational and conformational analysis of 

a natural product, will be presented in chapter 5.2. 

 

3.2.2 Preparation of dPS Gels 

Deuterated polystyrene/chloroform gels have been prepared in a similar way as 

described previously for non-deuterated polystyrene.[64]  
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Polymerization of Cross-Linked dPS 

Perdeuterated and cross-linked polystyrene (dPS) was made out of commercially 

available styrene-d8, divinylbenzene (DVB) as cross-linker and azobisisobutyronitrile 

(AIBN) as radical starter. The latter two were used in their non-deuterated form, as 

they are only needed in very small amounts and as they are not commercially 

available or very expensive.  

Glass tubes with inner diameters of 2.4 mm, 3.4 mm and 4.0 mm were sealed on 

one end by melting and dried carefully, followed by a treatment with a 1:1 mixture of 

chlorotrimethylsilane and dichloromethylsilane for 18 h to ensure hydrophobic glass 

surfaces. After washing with dichloromethane, tubes were dried at 50°C.  

Styrene-d8 (98%, Sigma) and divinylbenzene (80%, Fluka) were filtered through 

basic aluminium oxide (pH 10) and further purified by cryogenic condensation and 

vacuum distillation, respectively. The monomers then were degassed for 15 minutes 

under vacuum in an ultrasonic bath and ventilated with argon.[175]  

The purified styrene-d8 was mixed with different amounts of DVB (0.2%; 0.5%; 

1.0% (w/w)) and AIBN (0.1% (w/w)) and filled into the glass tubes. Open ends of the 

tubes were sealed by melting and polymerization was performed for 5 days at 45°C 

and another two days at 60°C.[175] Glass tubes were destroyed mechanically to obtain 

the sticks of cross-linked dPS. 

Preparation of Gels  

Stretched gels of deuterated polystyrene and chloroform were prepared with the 

approach of restricted swelling in a glass tube: sticks of cross-linked dPS were placed 

in NMR-tubes and CDCl3 was added for swelling. The gels were allowed to swell and 

equilibrate for at least 3 weeks before NMR experiments were carried out. Different 

alignment strengths were achieved by the different amount of cross-linking (different 

DVB concentration) and by varying the ratio of stick-diameter and tube-diameter. For 

comparison analog gels of non-deuterated polystyrene and CDCl3 were prepared (for 

details see Appendix).  

 

3.2.3 Spectral Quality of 1D Proton Spectra 

For a first comparison, 1H-1D-spectra of stretched polystyrene/chloroform and 

deuterated polystyrene/chloroform gels have been recorded (see figure 3.9. A). The 
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reduction of NMR signals originating from the polymer is enormous. For the dPS gel 

only small remaining signals originating from residual protons of styrene-d7 and the 

non-deuterated DVB and AIBN are present. The most intense signal in the spectrum 

of the dPS gel is the residual solvent peak of CDCl3 at 7.26 ppm.  

The dramatic improvement of spectral quality can easily be seen as soon as 

approximately 25 mM strychnine is diffused into the gel and corresponding  

1D-spectra are recorded (Figure 3.9. B): While signals from the polymer PS dominate 

the spectrum in the non-deuterated case, they are hardly visible in the dPS sample.  
 

 

Figure 3.9.: Comparison of 1H 1D-spectra acquired on various stretched PS/CDCl3 and 
correspondingly deuterated and stretched dPS/CDCl3 gels. (A) Comparison of proton 
1D-spectra of the polymer gels without additional solute. Selected signals of the 
alignment media have been assigned. (B) Corresponding 1D-spectra of the stretched 
gels with ≈ 25 mM strychnine diffused into them show the dramatic improvement of 
spectral quality upon deuteration of the alignment medium. 
 

 

 

3.2.4 Deuterium Spectrum of a dPS Gel 

To estimate the alignment strength of a stretched gel deuterium 1D-spectra are 

recorded in order to measure the quadrupolar splitting of the solvent. In this respect it 

is interesting in how far the perdeuteration of the polymer affects the deuterium 

spectrum. Apparently, almost no signals of the dPS remain because of the fast 

relaxation of the quadrupolar nucleus in the stretched and therefore anisotropic 

polymer matrix: they can hardly be seen as broad humps in the aliphatic and aromatic 

region (see Figure 3.10.). The deuterium spectrum shows basically only the solvent 

peak CDCl3 with its quadrupolar splitting. Very weak and sharp signals originate 

from remaining monomers (styrene-d8) and impurities of unknown origin.  
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Figure 3.10.: 2H 1D-spectrum of a stretched dPS/CDCl3 gel. The spectrum basically 
contains the solvent signal with its 26.8 Hz quadrupolar splitting. Polymer signals can 
be seen only as very broad humps and weak, sharp signals originate from monomers 
and unknown impurities. 
 
 

 

3.2.5 Spectral Quality of 2D Heteronuclear Proton-Carbon Spectra 

As seen in Figure 3.8. B signals from the non-deuterated polymer can make it 

impossible to identify solute signals in a 1H-1D-spectrum. On the other hand, in  

two-dimensional heteronuclear experiments as used for the extraction of one-bond 
1H,13C-RDCs, signal overlap is usually reduced due to the additional spectral 

dimension. However, as the CLIP-HSQC[107] of approximately 4 mM staurosporine 

diffused in a PS/CDCl3 gel clearly demonstrates, overlap in the aromatic region is still 

a significant problem at low solute concentrations (Figure 3.11. A). The corres-

ponding spectrum in a dPS/CDCl3 gel shows no overlap with the very small residual 

polymer signals and allows the extraction of all aromatic RDCs (Figure 3.11. B). 

With all of the RDCs in hand, the configurational and conformational analysis of the 

natural product staurosporine is possible, as will be shown in chapter 5.2.  

 

It is worth to mention, that the quality of spectra is not only improved in terms of 

less signal overlap, but also by an increasing signal-to-noise-ration of solute signals: 

without the intense signals originating from the polymer, the receiver gain of the 

spectrometer can be adjusted. Therefore solute signals get more intense, leading to 

better spectra and/or less measurement time, especially for low solute concentrations 

(see also chapter 3.2.6). 
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Figure 3.11.: Aromatic region of CLIP-HSQC spectra[107] acquired on the 
corresponding gels of non-deuterated PS (A) and deuterated dPS (B) containing 
≈ 4 mM staurosporine. Contour levels were adjusted to allow for the identification of 
staurosporine signals as far as possible. Cross peaks are assigned wherever possible 
(for the structure of staurosporine see chapter 5.2). Residual unidentified signals 
originating from the alignment medium are marked with an asterisk. 
 
 

 

3.2.6 Spectral Quality of 2D Homonuclear Proton Spectra 

In addition to the improvements in heteronuclear experiments the perdeuteration 

of the alignment medium also allows the acquisition of clean homonuclear correlation 

experiments. Figure 3.12. shows a comparison of J-ONLY-TOCSY spectra[176] 

acquired on samples of strychnine in a PS/CDCl3 (Figure 3.12. A) and a dPS/CDCl3 

gel (Figure 3.12. B). Although all experimental parameters are in favor of the non-

deuterated gel (600 MHz vs. 500 MHz spectrum, approximately twice the 

concentration of strychnine, lower alignment strength resulting in much smaller 

multiplet patterns and sharper lines), the significantly higher quality of the 

dPS/CDCl3 spectrum is clearly visible. Because of intense polymer signals in the 

PS/CDCl3 sample the receiver gain had to be set to 32 compared to 2048 in the 

dPS/CDCl3 case, leading to significantly lower noise and spectral artifacts for the 

latter one.  

Moreover, potential overlap is reduced: in the non-deuterated case broad peaks are 

visible at 1-2 ppm and 6-7.5 ppm that are absent in the deuterated case and a 

multitude of relatively narrow TOCSY and ROE cross peaks affects the aromatic 

region very seriously since they cannot be distinguished from cross peaks of the 

solute. In contrast, the spectrum recorded in the deuterated gel is of excellent quality.  
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Figure 3.12.: Comparison of J-ONLY-TOCSY spectra[176] of strychnine acquired in a 
PS/CDCl3 (A) and a dPS/CDCl3 gel (B). Although the concentration of strychnine is 
higher and the alignment strength of the gel lower in the case of the PS gel (A), the 
spectrum recorded in the dPS gel (B) is clearly of higher quality.  
 

 

In Figure 3.13. the aliphatic region of three TOCSY spectra recorded on 

strychnine in a dPS/CDCl3 gel is shown. While in a PS/CDCl3 gel the reduced 

dynamic range and overlap with the polymer backbone signals (see Figure 2.12. A) 

make the interpretation of the spectra almost impossible, spectra recorded in a dPS 

gel are clean enough to reliably extract all cross peaks.  

The TOCSY experiments shown differ in the multiple pulse sequence used in the 

mixing period: While the so-called J-ONLY-TOCSY (Figure 3.13. A) with its 

JESTER-1 sequence shows only correlations via scalar couplings,[176] the DIPSI-2 

sequence (Figure 3.13. B) leads to positive scalar and negative dipolar polarization 

transfer and combinations of them.[177, 178] While the J-ONLY-TOCSY can be used in 

partially aligned samples to reassign scalar coupled spin systems with shifted 

chemical shifts,[176] the additional cross peaks present in the DIPSI-2 experiment can 

be used to identify neighboring spin systems that are now coupled through space via 
1H,1H-RDCs[179] (see color-coded assignments in Figure 3.13.). The MOCCA-XY16 

TOCSY experiment, optimized for maximum combined scalar and dipolar 

transfer,[180] is shown in Figure 3.13. C.  

 

 



Development of new Alignment Media  -  Deuterated Polystyrene 

 72 

 

 

 

 

 

Figure 3.13.: The absence of polymer 
signals in dPS/CDCl3 gels allows the 
measurement of homonuclear correla-
tion experiments. For example, 
TOCSY-type spectra with varying 
mixing sequences and dipolar trans-
fer behavior can be recorded:  
(A) J-ONLY-TOCSY,[176] in which 
RDCs are not active and only classical 
J-coupled spin systems are correlated; 
(B) the DIPSI-2 mixing sequence 
which results in mostly negative cross 
peaks from RDCs while conventional 
positive cross peaks originate from 
J-dominated correlations;[177] (C) The 
MOCCA-XY16 mixing sequence, 
optimized for maximum efficient 
transfer via RDCs with always 
positive cross peaks.[180]  
Positive and negative cross peaks are 
drawn in black and red contour  
lines, respectively. Resonance assign-
ment is color coded according to the 
spin systems of strychnine as shown 
in (D).  
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3.2.7 Conclusion 

In summary, it has been shown for the example of cross-linked polystyrene, that 

perdeuterated polymer gels significantly improve the quality of spectra measured on 

samples partially aligned in the stretched gel.  

The almost signal free and scalable alignment medium enables the measurement 

of RDCs without overlapping signals and at very low concentrations of the solute. 

Furthermore it allows the acquisition of any kind of homonuclear correlation 

experiments, as has been shown for various TOCSY-type experiments. Small residual 

polymer signals of the dPS presented here originate from the non-deuterated  

cross-linker DVB and radical starter AIBN, which could be further reduced by using 

the corresponding deuterated substances or by substituting the radical starter with a 

proton-less one.  

The example of deuterated poly(styrene) suitable for apolar solvents, shows the 

wealth of the approach to perdeuterate the alignment medium. In principle this 

method can be extended to other polymer gels suitable for polar solvents, enabling the 

acquisition of high quality spectra with scalable alignment for the most common 

NMR solvents. In the next chapter a second example for a perdeuterated polymer gel 

will be shown: deuterated poly(acrylonitrile).  

 

 

 

 

 

 

 

 

 

 

 
This project was done in cooperation with Dr. Sebastian Knör (TUM Munich), who did the 
synthesis of cross-linked polystyrene and cross-linked deuterated polystyrene.  
 
Results presented in this chapter have been published: 
 

Grit Kummerlöwe; Sebastian Knör; Andreas O. Frank; Thomas Paululat; Horst Kessler; 
Burkhard Luy: 'Deuterated Polymer Gels for Measuring Anisotropic NMR Parameters with 
Strongly Reduced Artefacts.' in Chemical Communications 2008, 5722-5724. 
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3.3 Deuterated Poly(acrylonitrile) 

3.3.1 Introduction and Motivation 

As shown for the example of deuterated polystyrene gels (see chapter 3.2), the 

approach of perdeuteration of the alignment medium can significantly improve 

spectral quality of samples in anisotropic environment. Since dPS gels, like the non-

deuterated PS gels, are only applicable for apolar organic solvents,[65] it would be 

desirable to extent this approach to polymers used as alignment medium for solutes in 

polar solvents.  

The aim of this project was therefore to produce fully deuterated 

poly(acrylonitrile) gels, with all the advantages of PAN, as they were described in 

chapter 3.1, but without 1H-NMR signals originating from the alignment medium. 

First results for the cross-linked deuterated poly(acrylonitrile), called dPAN, and its 

DMSO gels are topic of this chapter.  

 

3.3.2 Preparation of dPAN Gels 

With the experiences of cross-linking the linear polymer PAN by irradiation with 

accelerated electrons, this method was to be applied also for deuterated PAN. As the 

polymer is not commercially available in its deuterated form, it was necessary to 

polymerize it out of the deuterated monomer.  
 

 

Figure 3.14.: Preparation of deuterated poly(acrylonitrile) gels: The polymerization of 
acrylonitrile-d3 was carried out in water using a proton less redox-system as radical 
initiator. The precipitated polymer was washed and dried before dissolving it in 
DMSO-d6. The polymer solution was then filled in glass or Teflon® tubes and 
irradiated with accelerated electrons to obtain gels of cross-linked dPAN analog to the 
production of the corresponding non deuterated gels. 
 

 

The polymerization was done in water, using the proton-less redox-system 

K2S2O5 / K2S2O8 as radical starter (for details see Appendix). During polymerization 
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the building polymer precipitates and after filtering, washing and drying, it was 

dissolved in DMSO and irradiated as solution in cylindrical glass or Teflon® tubes. 

Cross-linked dPAN gel cylinders were precipitated in an analogous way as the non-

deuterated PAN of the third generation (see chapter 3.1.2) to obtain dry sticks of the 

cross-linked polymer.  

 

 

3.3.3 Spectral Quality of 1D Proton Spectra 

For a first comparison 1H 1D-spectra of stretched poly(acrylonitrile)/DMSO and 

deuterated poly(acrylonitrile)/DMSO gels have been recorded (see Figure 3.15.). As 

for polystyrene and its deuterated form, the reduction of NMR signals originating 

from the polymer is enormous. For the dPAN gel only small remaining signals 

originating from residual protons of acrylonitrile-d2 are present, except for the solvent 

signals, which built the most intense signals in the spectrum. The improvement of 

spectral quality is already obvious from these 1D-spectra. 

 

 

 
 

 

 

3.3.4 Spectral Quality of 2D Heteronuclear Proton-Carbon Spectra 

As already discussed, overlap of solute signals decreases in heteronuclear  

2D-spectra due to the additional spectral dimension and for all examples shown for 

PAN/DMSO gels so far (see chapter 3.1) signal overlap was not an issue. An counter-

example is shown in Figure 3.16. The histidin Cβ-group of the linear peptide  

Gly-Ile-Pro-Phe-Phe-Pro-Leu-His-Val-Lys-Arg dissolved in a PAN/DMSO gel 

Figure 3.15.: Comparison of proton 
1D-spectra of stretched poly(acrylo-
nitrile) gels. In the case of the non 
deuterated PAN/DMSO gel (top) 
broad peaks of the polymer backbone 
dominate the spectrum, while for the 
deuterated dPAN/DMSO gel (bottom) 
besides the solvent signals only very 
small peaks originating from residual 
protons of acrylonitrile-d2 are visible. 
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severely overlaps with the CH-group of the polymer. Although the concentration of 

the peptide is relatively high, a coupling extraction out of the CLIP-HSQC 

spectrum[107] is not possible in this case (see Figure 3.16. C). The corresponding 

CLIP-HSQC spectrum of the peptide in the deuterated alignment medium 

dPAN/DMSO is clearly of higher spectral quality and an extraction of the couplings 

of the histidin Cβ-group is possible (see 3.16. A and B).  
 

 

Figure 3.16.: CLIP-HSQC spectrum[107] of the linear peptide Gly-Ile-Pro-Phe-Phe-Pro-
Leu-His-Val-Lys-Arg dissolved in a stretched dPAN/DMSO gel (A). The region where 
the polymer signals would appear is enlarged (B) to allow the comparison with the 
corresponding spectrum of the peptide in a non deuterated PAN/DMSO gel (C). 
Although peptide concentration is relatively high the couplings of the Histidin  
Cβ-group can not be extracted in the case of the non deuterated gel because of signal 
overlap. 
 

 

 

3.3.5 Conclusion 

By the deuteration of cross-linked poly(acrylonitrile) an almost signal free and 

easily scalable alignment medium for DMSO as the solvent was produced. It has been 

shown that it significantly improves spectral quality and enables the measurement of 

RDCs without overlapping signals origination from the polymer.  

In summary, it has been shown for a second example that perdeuterated polymer 

gels significantly improve the quality of spectra on partially aligned samples. With 

the deuterated poly(acrylonitrile) for polar organic samples as presented here and the 

deuterated polystyrene for apolar organic samples as presented in chapter 3.2 a broad 
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range of solvents is covered with basically signal free alignment media. For the future 

it might be worth to consider the perdeuteration of poly(acrylamide) as an important 

medium for water soluble compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This project was done in cooperation with Dr. Aleksandra Volkmann, Dr. Steffen Kelch, and 
Dr. Marc Behl, of the group of Prof. Dr. Andreas Lendlein from the Center for Biomaterial 
Development at the Institute of Polymer Research, GKSS Research Center (Teltow, Germany). 
They gave useful advices for the polymerization of deuterated PAN and produced a second 
batch of dPAN. Irradiation of the polymer samples was done at BetaGammaSystems (Saal a.d. 
Donau, Germany). 
 
Results presented in this chapter will be published soon: 
 

Grit Kummerlöwe; Steffen Kelch; Marc Behl; Andreas Lendlein; Burkhard Luy: 'Artifact-Free 
Measurement of Residual Dipolar Couplings in DMSO by the Use of Cross-Linked 
Perdeuterated Poly(acrylonitrile) as Alignment Medium' 2010, submitted. 
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3.4 Covalently Cross-Linked Gelatin 

3.4.1 Introduction and Motivation 

The distinction of enantiomers by NMR spectroscopy using chiral orienting media 

is a very powerful and well-established method.[103, 105, 181, 182] The discrimination in 

this case is based on the differential alignment of molecules in anisotropic media 

which possess a chiral super structure. The approach allows the separation of 

compounds without polar groups, such as saturated chiral hydrocarbons[183] or 

monofluorinated compounds[184] and prochiral elements in symmetrical 

molecules,[185] which are hard to get by with conventional analytical methods like e.g. 

chromatography. 

A large number of suitable chiral alignment media are known for apolar solvents, 

typically liquid crystalline phases of homo-poly-peptides[60-62, 186, 187] (see also  

chapter 2.3.2). In contrast only collagen-based gelatin[52, 76, 100] and collagen[53] itself 

have been shown to discriminate enantiomers in aqueous solution. In this case, the 

chiral distinction ability as well as the cross-linking of the hydrogels is induced by the 

triple-helical structure of collagen which is formed via hydrogen bonds between the 

three individual peptide chains. The necessary anisotropy of the corresponding 

samples is obtained either by stretching a suitable polymer stick by swelling it 

directly in an NMR tube[52, 53] or by using an appropriate stretching device (see 

chapter 2.4.3).[76, 99, 100]  

Since the cross-linking in gelatin and collagen is based on hydrogen bond 

formation, gels soften significantly at temperatures above 35°C and enantiomeric 

distinction is no longer possible.[76] Therefore attempts have been made to covalently 

cross-link gelatin, by the use of glutaraldehyde,[76] but this did not lead to the desired 

distinction of enantiomers at higher temperatures.  

The aim of this project was, to covalently cross-link gelatin, in order to 

discriminate enantiomers at higher temperatures. With the good experiences of cross-

linking gel-based alignment media by irradiation with accelerated electrons (see 

chapter 3.1 or reference [67]) it was intended to use this method also for a covalent 

cross-linking of gelatin. In the following chapters, the preparation of covalently  

cross-linked gelatin and the characterization of this new alignment medium is 

described.  
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3.4.2 Preparation of Covalently Cross-Linked Gelatin 

As has been mentioned before (see also chapters 3.1.2), a polymer has to be in an 

amorphous state in order to be cross-linked by irradiation.[168, 169] Furthermore, to use 

it as an alignment medium, the resulting cross-linked polymer should be in a 

cylindrical shape of an appropriate size. As commercially available gelatin is a 

powder, different approaches have been tried to produce cylindrical sticks of gelatin.  

Two different protocols were developed to produce sticks of covalently cross-

linked gelatin: preparation scheme A includes irradiation of preformed, dry gelatin 

sticks and preparation scheme B involves the drying of previously irradiated gelatin 

hydrogels (see Figure 3.17. for an overview).  
 

 

 

 
 

 

 

A: Sticks of gelatin were obtained by drying cylindrical hydrogels of gelatin:  

40% (w/v) gelatin was dissolved in water at 50°C and the solution was filled in 

silicone tubes with an inner diameter of 3.0 mm. After cooling the solution to 5°C, 

the obtained gelatin hydrogel within the silicone tubing was cut into pieces of about 

25 mm length. Those were stored at 5°C for about one week and the dried sticks 

obtained by this procedure could easily be separated from the silicone tubes. The  

so-produced dry gelatin sticks are cylindrical and of about 18 mm length and 2.0 mm 

Figure 3.17.: Preparation schemes for 
covalently cross-linked gelatin. It  
is possible to either preform sticks  
of gelatin to be irradiated (prepara-
tion scheme A, left) or to dry 
irradiated gelatin hydrogels (prepa-
ration scheme B, right) to obtain 
sticks of covalently cross-linked 
gelatin.  
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diameter. Sticks of gelatin have then been irradiated with accelerated electrons to 

obtain covalently cross-linked gelatin (see Appendix for details).  

B: Cylindrical hydrogels of various diameters and concentrations were prepared: 

gelatin was dissolved in water at 50°C with concentrations of 20%, 30% and  

40% (w/v). The warm solutions were then filled into Teflon® tubes with inner 

diameters of 2.4 mm, 3.0 mm and 4.0 mm and lengths of 20-30 cm and stored at 5°C 

to form hydrogels. Then gels were irradiated within the Teflon® tubes by accelerated 

electrons keeping them cool in an ice/water bath (see Appendix for details). The 

irradiated hydrogels were peeled out of the Teflon® tubes (which are decomposed by 

irradiation) and cut into pieces of about 20 mm length. At room temperature the gels 

dried in about 3 days and cylindrical sticks of about 15 mm length and diameters  

of 1.5 - 2.5 mm were obtained. 

 

The sticks obtained with both preparation schemes could be used as an alignment 

medium, as will be described in the following chapters. Due to the cross-linking by 

electron-irradiation it will be called e–-gelatin. In principle the necessary stretching of 

e–-gelatin gels can be achieved by the classical restricted swelling approach in an 

NMR-tube. However, for all NMR-studies done within this project the newly 

developed stretching device for arbitrary stretching of gels, which will be described in 

chapter 4.1, was used.  

 

 

3.4.3 Swelling Behavior of Covalently Cross-Linked Gelatin 

To investigate the solubility and swelling properties of e–-gelatin, corresponding 

sticks prepared according to preparation scheme A and irradiated with a total 

irradiation dose of 80 kGy were placed in various solvents and stored at room 

temperature for about one week. Strong swelling was observed for water and no 

swelling was observed for methanol, ethanol, acetonitrile, tetrafluorethanol, acetone 

and dimethylformamide. Surprisingly, a reasonable swelling was observed in DMSO, 

which is not a solvent of conventional gelatin (see Figure 3.18.).  

Furthermore, the swollen e–-gelatin gels turned out to preserve their cylindrical 

shape even for higher temperatures (up to 90°C), which is in contrast to conventional, 

not irradiated gelatin (see Figure 3.18.).  
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3.4.4 Stability of e–-Gelatin/Water Gels Towards Temperature  

As a first check whether the e–-gelatin gels are applicable as alignment media for 

the measurement of anisotropic parameters, several e–-gelatin/D2O gels have been 

mechanically stretched within the stretching apparatus (see chapter 4.1) and 

deuterium 1D experiments have been acquired. Not surprisingly, it was possible to 

measure a quadrupolar splitting of the solvent in the stretched gels and therefore it 

can be concluded, that e–-gelatin can be used as an alignment medium. However this 

is also possible with conventional gelatin, so the interesting point was to compare the 

behavior of the e–-gelatin gels upon heating. Therefore different stretched e–-gelatin 

gels have been slowly heated within the spectrometer and the development of their 

quadrupolar splitting has been monitored.  

In Figure 3.19. A the quadrupolar splitting of D2O as a measure of the alignment 

strength is shown with ascending temperature for stretched gelatin/D2O samples with 

different irradiation doses. While the alignment for conventional gelatin breaks down 

completely at ≈ 35°C, quadrupolar splittings can be measured up to 70°C for  

e–-gelatin, but the splittings decrease with temperature also for the e–-gelatin samples. 

The overall reduction of alignment at higher temperatures can be attributed to two 

different processes: firstly the breakage of hydrogen bonds and secondly the 

Figure 3.18.: Photograph of different-
ly treated gelatin and e–-gelatin sticks: 
dry gelatin stick (a) and e–-gelatin 
stick (d) and similar sticks after being 
kept in water for 3 days at 50°C (b, c) 
or after being kept for 3 days in 
DMSO at room temperature (e, f). 
The covalently cross-linked e–-gelatin 
is forming gels in water (c) and 
DMSO (f), while conventional gelatin 
dissolves completely in water at 
higher temperatures (b) and is not 
swelling or dissolving in DMSO (e). 
Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced with per-
mission from Reference [188]. 
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increased dynamics within the gel which leads to a general reduction of the 

anisotropic interaction between polymer and solvent molecules, which also has been 

observed in previous studies[65, 67] (see also Figure 2.9. C).  

For higher irradiation doses and therefore higher covalent cross-linking, the 

decrease of the quadrupolar splitting due to temperature rise is less pronounced (see 

Figure 3.19. A).  

The amount of alignment due to covalently vs. hydrogen bond cross-linked 

polymer networks can also be estimated by the temperature curves shown in Figure 

3.19. B. Apparently, conventionally hydrogen bonded networks and covalently cross-

linked polymer co-exist to a large extent when the gel is heated initially, but after 

heating the particular gel to 55°C only the covalent network component survives. As 

a consequence, repeated heating/cooling cycles do not result in a further noticeable 

reduction of alignment.  
 

 

Figure 3.19.: Temperature dependence of the quadrupolar splitting ΔQ of different 
gelatin gels. (A) The relative quadrupolar splitting rel.ΔQ of D2O (normalized to ΔQ 
at 25°C) drops with ascending temperatures. While for 30% conventional gelatin (●) 
no alignment above 35°C is observed, e–-gelatin with 80 kGy (▲), and e–-gelatin with 
320 kGy (■) irradiation of accelerated electrons show quadrupolar splittings even for 
higher temperatures. (B) The initial decrease of the quadrupolar splitting of a 
40% / 60 kGy e–-gelatin gel upon heating is stronger than the increase upon cooling the 
gel again as only the anisotropy of the covalent network survives. Consequently 
reheating/cooling does not lead to a further reduction in alignment due to the melting 
of hydrogen bonds. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission from Reference [188]. 
 

 

The change in alignment upon heating and cooling is partly due to the melting and 

reforming of hydrogen bonds. As this is a slow process, waiting times of 

approximately one hour are necessary for stable alignment conditions, as can be seen 

in Figure 3.20. The quadrupolar splittings shown in Figure 3.19. B are those acquired 

after 6 h of equilibration.  
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Notably, changes in the quadrupolar splitting and therefore in the alignment 

strength are strongest in the region of 30-40°C, the melting point of gelatin (see 

Figures 3.19. and 3.20.). 
 

 

Figure 3.20.: Change of alignment upon heating and cooling of an e–-gelatin/D2O gel. 
Quadrupolar splittings ΔQ of the solvent D2O are shown as a function of time after a 
certain temperature change. Heating was performed in 5°C steps starting at 15°C and 
the quadrupolar splitting was monitored over 6 hours before the temperature was 
further increased (A). Cooling of the same sample was performed and monitored in an 
analog way but in steps of 10°C (B).  
 

 

 

3.4.5 Enantiomeric Discrimination in e–-Gelatin/Water Gels  

Since covalently cross-linked e–-gelatin might have a different molecular 

arrangement compared to conventional gelatin and as this might change upon heating, 

a crucial question is, whether the chiral, triple helical super structure is still present in 

e–-gelatin and whether this chirality is sufficient to distinguish enantiomers. 

Furthermore, it has to be investigated how the potential to distinguish enantiomers 

develops upon heating, as this causes a melting of hydrogen bonds.  

For this reason a sample was prepared with a 2:1 mixture of L-Ala and D-Ala, for 

which was shown previously that the two enantiomers can be distinguished with 

stretched gelatin[52, 100] and collagen.[53] The e–-gelatin/D2O gel was stretched and by 

using the J-BIRDd,X-HSQC experiment[52] it was possible to distinguish both 

enantiomers of alanine due to their different alignment in the chiral alignment 

medium (see Figure 3.21.). Therefore it can be concluded, that the potential of gelatin 

to distinguish enantiomers is not destroyed upon irradiation with accelerated 

electrons.  
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Figure 3.21.: Discrimination of alanine enantiomers in an e–-gelatin/D2O gel with a 
2:1 mixture of L-Ala and D-Ala. The expansion from the two-dimensional  
1H,13C-J-BIRDd,X-HSQC experiment[52] at 310 K (37°C) is shown with traces along the 
J-dimension at Hα (blue) and Hβ proton (red) chemical shifts of alanine. From the  
1D slices (1JCH+DCH) and 3*(1JCH+DCH) coupling constants can be measured for CαHα 
and CβHβ groups, respectively. 
 

 

The stretched e–-gelatin/D2O gel was then heated to test for the enantiomeric 

discrimination at elevated temperatures. As the slices along the J-dimension of the 
1H,13C-J-BIRDd,X-HSQC experiment[52] (see Figure 3.22.) show, chiral discrimination 

can be achieved in this case up to approximately 55°C. 

 

One-bond CH-RDCs of the CαHα and CβHβ groups of D-Ala and L-Ala in an  

e–-gelatin/D2O gel have been extracted out of the 1D traces at various temperatures 

while stepwise heating, cooling and reheating of the gel. To investigate the 

dependence of RDCs on the temperature without the influence of the overall 

alignment strength, normalized RDCs (RDCs normalized by the corresponding 

quadrupolar splitting of the solvent) have been calculated and plotted against the 

temperature (see Figure 3.23. and Appendix). Obviously normalized RDCs at a given 

temperature do not depend on previous heating or cooling of the gel.  
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Figure 3.22.: Discrimination of alanine enantiomers in an e–-gelatin/D2O gel at various 
temperatures. Enlargements of the 1D column traces from the 1H,13C-J-BIRDd,X-
HSQC[52] shown in Figure 3.21. for CαHα (blue) and CβHβ (red) at various 
temperatures and for the unstretched gelatin sample. In this case, distinction of 
enantiomers at both chemical shifts is possible up to 328 K (55°C).  
 

 

 

Figure 3.23.: Normalized one-bond RDCs do not show changes of alignment 
properties due to the temperature history of the gel since all normalized RDCs at a 
given temperature are practically identical within the experimental error. Around 35°C, 
the melting point of conventional gelatin, changes of normalized RDCs with 
temperature get stronger, most likely because of the breakage of triple-helix-stabilizing 
hydrogen bonds. At 50°C enantiomers cannot be distinguished any more.  
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3.4.6 Influence of Cross-Linking on the Alignment Properties of 
Gelatin 

To investigate whether the alignment tensors of a solute in conventional gelatin 

gels and e–-gelatin gels differ, sucrose was chosen as a test molecule. For a sample of 

sucrose in conventional gelatin (for data of conventional gelatin see chapter 4.1) and a 

sample of sucrose in e–-gelatin 1TCH couplings for different degrees of stretching of 

the gels have been measured using the CLIP-HSQC pulse sequence.[107]  

A plot of measured 1TCH couplings against the quadrupolar splitting of the solvent 

D2O at the same degree of stretching (see Figure 3.24.), reveals that RDCs and 

therefore the alignment tensors are practically the same in both alignment media. This 

is an additional evidence for the more or less conserved structural properties of 

gelatin after irradiation with accelerated electrons. (Measured couplings and fitted 

slopes of 1TCH couplings are given in the Appendix).  
 

 

 

Figure 2.24.: Comparison of 1TCH couplings for sucrose in conventional and 
covalently cross-linked gelatin. Couplings of sucrose are shown as a function of the 
quadrupolar splitting (ΔνQ) of D2O observed at different degrees of stretching. Gels 
have been stretched within the stretching apparatus, which will be described in 
chapter 4.1. The slopes of individual CH-groups of sucrose are almost identical for the 
measurement in conventional gelatin/D2O (black), compared to those in e–-gelatin/D2O 
(red), indicating only very minor differences in the alignment properties between the 
two gels.  
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3.4.7 Prochiral Discrimination in e–-Gelatin/DMSO Gels  

While conventional gelatin tolerates DMSO only in DMSO/D2O mixtures,[76]  

e–-gelatin swells in DMSO/D2O mixtures with high DMSO concentrations and even 

in pure DMSO (see Figure 3.18.), suggesting its use as an alignment medium for 

DMSO. 

As the chiral distinction of enantiomers in gelatin is believed to originate from the 

triple helical fold stabilized by hydrogen bonds and as DMSO is a well-known 

hydrogen-bond-breaker, the main concern was, whether e–-gelatin/DMSO gels 

possess a chiral superstructure which would be able to distinguish enantiomers.  

As a first test, deuterium spectra of stretched e–-gelatin/DMSO-d6 gels were 

acquired. Astonishingly, four lines of two quadrupolar doublets can be observed (see 

Figure 3.25. A). This finding can only be explained by a chiral superstructure, leading 

to different residual quadrupolar couplings for the two prochiral methyl groups of 

DMSO. Furthermore this is a clear indication that chiral discrimination in general 

could be possible with DMSO as the sole solvent, as it generally indicates the non-

equivalence of the solute molecules upon inversion.  
 

 

Figure 3.25.: Quadrupolar splittings of DMSO-d6 in stretched e–-gelatin gels. 
Deuterium 1D spectra of e–-gelatin swollen in pure DMSO-d6 (A) and e–-gelatin 
swollen in DMSO-d6/D2O (4:1) (B) without stretching and stretched within the 
stretching apparatus described in chapter 4.1. The prochiral methyl groups of DMSO 
can easily be distinguished by differences in their residual quadrupolar splittings. The 
temperature dependence of the quadrupolar splittings ΔQ of the methyl groups of 
DMSO-d6 in the stretched e–-gelatin/DMSO-d6 gel (C) shows that prochiral 
discrimination is also possible at elevated temperatures. 
 

 

The two prochiral methyl groups of DMSO exhibit strikingly different residual 

quadrupolar splittings of 15.4 Hz and 40.4 Hz in a stretched e–-gelatin swollen in pure 

DMSO-d6 (see Figure 3.25. A) and 4.0 and 25.0 Hz in stretched e–-gelatin swollen in 
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80% DMSO-d6 / 20% D2O (see Figure 3.25. B), indicating that the alignment tensor 

depends on the content of water in the gel.  

Heating the e–-gelatin/DMSO-d6 gel reveals that the distinction of prochiral 

methyl groups of DMSO-d6 can also be observed at temperatures well above 60°C 

(see Figure 3.25. C), and therefore behaves similar to e–-gelatin swollen in D2O. 

 

3.4.8 Conclusion 

In summary, it has been shown that gelatin irradiated with accelerated electrons 

allows the distinction of enantiomers using anisotropic NMR parameters like RDCs 

or RQCs. The so-called e–-gelatin is not only cross-linked via hydrogen bonds, as 

conventional gelatin, but also covalently cross-linked, as the temperature stability of 

the derived gels proves. By the discrimination of the enantiomers of alanine it has 

been shown, that the chiral superstructure of gelatin is preserved in e–-gelatin/water 

gels and can be used for chiral discrimination even at elevated temperatures. 

Furthermore the irradiation cross-linked e–-gelatin can be used as an alignment 

medium for DMSO as the sole solvent. By the discrimination of the prochiral methyl 

groups of DMSO-d6 in stretched e–-gelatin/DMSO gels it has been shown, that chiral 

discrimination in general could be possible with this new alignment medium.  

The results are of special interest since to the knowledge of the author chirality 

dependent alignment was neither reported for pure DMSO as the solvent, nor for 

water and DMSO at elevated temperatures and therefore e–-gelatin potentially opens 

the field to a variety of polar chiral molecules. Future research will need to show to 

which extent more complex enantiomers can be differentiated in stretched gels of  

e–-gelatin. 

 

 

 

 
This project was done in cooperation with M.Sc. Marelli Udaya Kiran (Indian Institute of 
Chemical Technology, Hyderabad), who helped in preparing several samples and who acquired 
spectra used for Figures 3.19. A and 3.25. Irradiation of gelatin samples was done at 
BetaGammaSystems (Saal a.d. Donau, Germany). 
 
Results presented in this chapter have been published: 
 

Grit Kummerlöwe; Marelli Udaya Kiran; Burkhard Luy: 'Covalently Cross-Linked Gelatin 
Allows Chiral Distinction at Elevated Temperatures and in DMSO' in Chemistry - A European 
Journal 2009, 15, 12192-12195. 
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3.5 Poly(ethylene oxide) 

3.5.1 Introduction and Motivation 

Although a multitude of alignment media exists which cover a broad range of 

solvents, the development of new alignment media probably won’t stop. Frequently it 

happens, that a substance which is soluble in a particular solvent does not diffuse into 

a polymer gel swollen in that particular solvent, thus an alternative medium is 

necessary. Furthermore, it has been shown that signal overlap with signals originating 

from the alignment medium might be a problem, but not all alignment media can 

easily be deuterated. So it might be of help to have an alternative alignment medium 

in which signals do not overlap. Moreover, for some less frequently used solvents 

there is still no alignment medium available, but might be desired for special 

applications. Therefore, the development of new alignment media with different 

properties seems to be highly useful.  

A very good candidate for a polymer to be used as alignment medium is 

poly(ethylene oxide) (PEO). Promising characteristics of PEO are the fact, that it 

shows only one single NMR signal, its good solubility in water, chloroform and 

acetonitrile, and that it is a relatively cheap polymer, available in many different 

chain lengths.  

 

The aim of this project was therefore, to cross-link PEO, preferably by irradiation 

as this does not introduce additional signals, and to prepare gels of cross-linked PEO 

which can be used as an alignment medium. Solvent range, applicability to different 

solutes and general properties of PEO gels should be investigated.  

 

 

 

3.5.2 Cross-Linking of PEO by Irradiation 

The advantages of cross-linking a polymer by irradiation, like the homogeneous 

distribution of cross-links, the easy and arbitrary dosage of the amount of cross-

linking and the fact that no additional signals of any chemical cross-linker will be 

present, make this approach the favorite way to modify a polymer in order to use it as 

an alignment medium. The cross-linking of polymers by irradiation is long 
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known,[167] and recently good experiences with irradiation by accelerated electrons 

for the production of alignment media have been made (see chapters 3.1, 3.3, and 3.4 

and reference [67]).  

However, for cross-linking by irradiation the polymer has to be in an amorphous 

state, as no cross-linking between crystallites will occur.[168-170] Thus, in a solid 

polymer with high crystallinity irradiation won’t form a homogeneous network which 

can swell to a stable gel. For PDMS cross-linked by irradiation[67] this is no problem, 

as the pure linear polymer is an amorphous paste. For PAN and gelatin, best results 

with cross-linking by irradiation have been achieved, when the polymers were either 

dissolved, thus irradiated in solution or gel form, or when the polymer was 

precipitated or dried out of its solution, thus probably containing some residual 

solvent molecules (see chapters 3.1.2 and 3.4.2). Obviously in the latter form the 

content of crystallites is small enough to allow the desired cross-linking.  

 

PEO, in contrast, turned out to be a problematic polymer, because it has a very 

high crystallinity when the chain length exceeds a certain size. PEO with low 

molecular weight (e.g. 400 g/mol) is a liquid or paste, but for PEO with higher 

molecular weight (larger than 1000 g/mol) the crystals dominate its characteristics. 

Therefore different more or less successful attempts have been made to cross-link 

PEO with accelerated electrons, as summarized in the following.  

 

Irradiation with Accelerated Electrons 

As the cross-linking of PEO in aqueous solutions upon irradiation with an electron 

beam has been reported already,[189] and as cross-linking in solution was successfully 

applied also for PAN (chapter 3.1) and gelatin (chapter 3.4), this was tried first.  

 

Different solutions of PEO have been irradiated with accelerated electrons using 

irradiation doses from 10 to 480 kGy. Therefore, PEO of 35000 g/mol has been 

dissolved in water, chloroform, dichloromethane, acetonitrile, TFE, dioxane, DMF, 

DMSO and methanol up to the limit of solubility (see Appendix for maximum 

concentrations estimated in the different solvents) and with different concentrations 

beneath this maximum concentration.  

None of the solutions could be successfully cross-linked to an homogeneous gel. 

Either large amounts of bubbles of the released hydrogen formed, transforming the 
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solutions in foam but not in gels, or the solutions were not cross-linked but degraded. 

The latter was the case for DMF, DMSO, methanol and the halogenated solvents, 

probably as very reactive radicals are formed which cause extensive chain scission. 

The former was the case for water, TFE, dioxane and acetonitrile as the solvents.  

The formation of large amounts of hydrogen upon irradiation is not surprising, if 

one regards, that for every formed cross-link one hydrogen molecule is released.[167] 

Some solvents, like e.g. water, might even form additional gas upon irradiation, 

however, this cannot be prevented. Upon cross-linking of the PEO, which for sure 

happened in these irradiated solutions, this gas could not escape from the building 

network and thus formed bubbles. This foam-building was observed for total 

irradiation doses of 120 to 200 kGy or more, as this seems to be the point were the 

network becomes stable enough. With less irradiation bubbles could escape, however, 

the polymer was not sufficiently cross-linked to be used as an alignment medium. 

This is probably the difference to literature reported hydrogels of PEO (with total 

irradiation doses of maximal 150 kGy)[189] which were used for other purposes and 

therefore did not need to be as form-stable as it is necessary to resist the strain 

induced upon stretching (which is elementary for an alignment medium, as only with 

stretching the gel matrix becomes anisotropic). Obviously, with increasing stability of 

the gel, the formation of bubbles increases as the gas can not escape any more.  

 

This formation of bubbles is no problem in a solid polymer. Therefore attempts 

have been made to form sticks of PEO, with as few as possible crystallites in it. 

Additives like softener or other auxiliaries as they are used in plastics engineering, 

were not used, in order not to contaminate the polymer with substances causing 

additional signals in the NMR spectrum.  

It was tried to break crystallization of PEO by mixing polymers with different 

chain length. Therefore mixtures of PEO with 400, 1000, 4000, 8000 and 

35000 g/mol in different ratios and combinations have been made by melting the 

polymers and mixing them at about 70°C, before filling the mixtures in Teflon® tubes 

for irradiation. None of the tested mixtures formed homogeneous sticks which could 

be swollen to gels after irradiation.  

 

Furthermore it was tried to irradiate melts of PEO and also melted mixtures of 

PEO with different chain lengths. The idea behind this approach was, that in the melt 

there are no crystallites and no solvent can cause additional gas formation upon 
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irradiation. However, hydrogen formation upon cross-linking was sufficient to 

produce a high amount of bubbles in those samples.  

 

Probably the most successful way to cross-link PEO by irradiation with 

accelerated electrons, was found by combining the previous ideas: irradiate a solid, as 

there gas can escape without the formation of bubbles and break the crystallinity by 

dissolving the polymer.  

Therefore PEO was dissolved in water at a concentration where the solution does 

not change its volume upon freezing (this concentration was estimated to be 

0.65 g/mL). The solution has been filled in Teflon® tubes and was then quick-frozen 

with liquid nitrogen. During irradiation these samples were kept cool on dry ice. 

However, when unfreezing the irradiated samples, bubbles produced a foam 

instantaneously, as obviously a lot of gas was trapped but could not escape. Therefore 

those frozen and irradiated PEO/water mixtures were kept at -20°C to give the gas 

time to escape out of the solid. And indeed, after about 1 year storage the samples 

could be defrosted without bubble formation.  

By drying the obtained gels at room temperature, first sticks of cross-linked PEO 

could be obtained, which can be used as alignment medium after re-swelling in an 

appropriate solvent (see chapter 3.5.3).  

 

However, producing cross-linked sticks of PEO with a procedure lasting one year 

is not very handy. Therefore the search for alternative production ways continued.  

 

γ-Irradiation 

Besides the formation of hydrogels upon irradiation with electrons,[189] it is also 

described in literature to produce such gels out of aqueous PEO solutions by 

irradiation with γ-rays.[190] However, also in this case, total irradiation doses do not 

exceed 100 kGy, which is obviously not a problem for their use as drug-delivering 

biocompatible membranes.[190]  

 

It was nevertheless tried to use γ-rays to cross-link PEO sufficiently enough to use 

it as an alignment medium. An advantage compared to the irradiation with electrons, 

is the fact, that with the γ-ray source used (a 60Co source of the radiochemistry  
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department) the irradiation rate could be significantly reduced. The idea was, that 

with a smaller rate but therefore longer irradiation times, the forming hydrogen would 

have more time to escape before the network starts to get too stable. Samples of PEO 

in water were therefore irradiated with small rates of γ-rays for 5 days, which resulted 

in total irradiation doses of 100 to 300 kGy. This was done for different 

concentrations of PEO (30 to 50% (w/v)), different chain lengths (4000, 8000, 35000, 

1 Mio g/mol) and in different tubes (glass, Teflon®, PE tubes).  

As a result, hydrogels of PEO with different mesh-sizes were obtained which 

could be used as aligning media after drying and re-swelling. However, more then 

50% of all irradiated samples were not usable because of intense bubble-formation. 

No significant correlation of bubble-formation with the concentration or the 

irradiation rate could be observed. Although it seemed that treatment of PEO 

solutions with ultrasound prior to irradiation improved the situation, the formation of 

bubbles seemed to be somewhat randomly.  

 

 

In summary, it was successful to obtain cross-linked PEO sticks by irradiation 

either with electrons (using frozen water solutions) or γ-rays (using low irradiation 

rates compensated by very long irradiation times). As will be described in the 

following, those sticks can be used as alignment media for a variety of different 

molecules. However, the reliable and reproducible way to obtain PEO sticks on a 

larger scale, with reasonable yields and worthwhile efforts is still not found.  

Therefore a broad characterization of this new alignment medium was not 

possible so far and only preliminary results will be presented in the following.  

 

 

3.5.3 Solvent-Range of Cross-Linked PEO 

Dry sticks of cross-linked PEO have been placed in a variety of different solvents 

and solvent mixtures. Although linear PEO is very well soluble in water, TFE, 

chloroform, dichloromethane and acetonitrile, its solubility in solvents like DMSO, 

DMF, methanol, dioxane and THF is rather poor (for estimated solubility of linear 

PEO see Appendix). Therefore it was surprising how strong cross-linked PEO is 

swelling on almost every tested solvent (see Figure 3.26.).  
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Figure 3.26.: Solvent applicability of cross-linked PEO. A dry stick of cross-linked 
PEO (left) is shown in comparison with identical sticks after being kept for 48 h in the 
solvent stated above. Accept for hexane, PEO swells in all tested solvents (also in 
DMSO, although not shown here) to gels with at least twice its original size.  
 

 

The only solvent tested, which seems to be not compatible with cross-linked PEO 

is hexane. Beside that, the solvent range of PEO gels is as wide as for no other known 

alignment medium, ranging from apolar solvents like benzene or chloroform to polar 

solvents like methanol or DMSO and water. Among the solvents compatible with 

cross-linked PEO are also rarely used solvents like e.g. trifluoroethanol (TFE) for 

which no alignment media existed so far. Due to its wide solvent range, also mixtures 

of different solvents might be used for gels of cross-linked PEO.  

 

 

3.5.4 Spectral Properties of PEO Gels 

One advantage of poly(ethylene oxide) over other polymers, like e.g. PAN, is the 

fact that it possesses only one proton and carbon NMR signal originating from both 

methylene groups of each monomeric repeating unit. Therefore spectral overlap with 

solute signals is less probable. As can be seen from spectra shown in Figure 3.27., 

this signal appears at ≈ 3.8 ppm in the 1H and ≈ 70 ppm in the 13C dimension, 

respectively.  

As can be seen in the 1H-1D spectrum (see Figure 3.27. A), this signal is relatively 

sharp, which on the one hand reduces overlap, on the other hand it suggests that it 

might be hard to suppress this signal with relaxation methods.  
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In Figure 3.27. B and C the CLIP-HSQC spectra[107] for sucrose in a PEO/D2O gel 

and for norcamphor in a PEO/CDCl3 gel are shown, demonstrating that sugars and 

small organic compounds are compatible with the polymer. However, in  

Figure 3.27. B one can see, that PEO might be not the best choice for sugars, as its 

signal overlaps with one signal of the glucose ring of sucrose.  
 

 

 

Figure 3.27.: Spectral properties of PEO gels. In (A) the 1D-1H-spectrum of a 
PEO/D2O gel is shown, demonstrating the relative sharp line of the polymer signal. 
The CLIP-HSQC spectrum[107] of sucrose in a PEO/D2O gel is shown in (B) and the  
CLIP-HSQC spectrum[107] of norcamphor in a PEO/CDCl3 gel in (C).  
 

 

Not only test substances like sucrose, norcamphor, hydroquinidine or menthol 

with a rather high concentration have been aligned in PEO gels. A “real live 

example” is shown in Figure 3.28. For the structural investigation of the cyclic 

peptide Cilengitide[191, 192] RDCs have been measured in PEO/water, PEO/methanol 

and PEO/DMSO gels. The 1D proton and deuterium spectra of the latter one are 

shown in Figure 3.28. A. Clearly, the huge polymer signal dominates the spectrum 

acquired on a sample of ≈ 10 mg Cilengitide in a PEO/DMSO gel. However, in the 

CLIP-HSQCs spectrum acquired on that sample no overlap of peptide signals with 

the PEO signal affected RDC extraction.  

 

Besides the cyclic peptide Cilengitide, which was aligned in different PEO gels, 

also linear peptides are compatible with PEO, like e.g. the transmembrane helix  

dimer c65, which has been aligned in a PEO/D2O/TFE gel.[193] 

Figure 3.29. shows an application of PEO for the solvent acetonitrile. For RDC 

analysis a substituted [2.2]-paracyclophane has been aligned in a PEO/MeCN gel.  
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Figure 3.28.: 1D spectra acquired on a stretched PEO/DMSO gel with ≈ 10 mg 
Cilengitide. The proton spectrum (A) is dominated by the polymer signal and only in 
the enlargement the weak signals of the low concentrated peptide are visible. However, 
RDC extraction out of 2D spectra was not affected by signal overlap with the polymer. 
In the deuterium spectrum (B) the quadrupolar splitting of the solvent DMSO is 
shown.  
 

 

 

 

Figure 3.29.: Application for a PEO/MeCN gel. The substituted [2.2]-paracyclophane 
depicted to the left, was aligned in a PEO/MeCN gel to measure RDCs. Shown are 
CLIP-HSQC spectra[107] of the aliphatic (right) and aromatic region (left).  
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3.5.5 Conclusion 

It has been shown, that cross-linked poly(ethylene oxide) is suitable as an 

alignment medium for a very broad range of solvents, including water, polar organic 

solvents like DMSO, DMF and methanol, and apolar organic solvents like 

chloroform, dichloromethane and benzene. For TFE, a helix stabilizing solvent which 

is often used for structural investigations of helices, the cross-linked PEO is the first 

suitable alignment medium. Furthermore it seems to be applicable for mixtures of 

different solvents, which is desirable for special applications, but not reported for any 

alignment medium so far. Also the range of solutes compatible with PEO seems to be 

very wide: sugars, small organic molecules, linear and cyclic peptides, proteins and 

even DNA diffused into the gels of PEO.  

However, the preparation of cross-linked PEO sticks is not trivial. So far, no easy 

and effective method for a reproducible cross-linking of PEO by irradiation has been 

found. Many attempts have been made, but further improvements will be necessary 

for the preparation on a larger scale.  

Furthermore, the gels will have to be characterized in more detail. Mesh sizes and 

the degree of induced anisotropy in dependence on concentrations, chain lengths and 

irradiation doses need to be investigated before PEO can be widely used.  

 

 

 

 

 

 

 

 

 

 
This project was done in cooperation with M.Sc. Felix Halbach (TUM, Munich), who helped in 
preparing PEO samples for γ-irradiation and made experiments concerning swelling properties 
in different solvents. γ-irradiation was done in cooperation with Wolfgang Stöwer and Dr. 
Christoph Lierse von Gostomski from Chair for Radiochemistry (TUM, Munich). Irradiation of 
the polymer samples with accelerated electrons was done at BetaGammaSystems (Saal a.d. 
Donau, Germany).  
 
Results presented in this chapter have not yet been published. 
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4 New Ways of Scaling the Alignment 

As has been discussed in chapter 2.4, it is of high importance to adjust the degree 

of alignment to the right strength in order to measure anisotropic parameters with 

high accuracy. Besides the preparation of a new sample which possesses a different 

alignment strength due to e.g. a different chain-length or a different amount of cross-

linking, more sophisticated ways are desirable, which can change the degree of 

alignment in a single sample. This is not only less time and sample consuming than 

preparing a new sample. Furthermore, it also allows the measurement of anisotropic 

parameters under different alignment strengths but with otherwise similar conditions, 

which for some applications might be very useful.  

In the next chapters the development of two different stretching devices, which 

allow the scaling of alignment in a single sample, will be discussed. Furthermore it 

will be outlined in how far this can be applied for a more precise measurement of 

RDCs.  

 

 

4.1 Stretching Device for Polar Solvents 

4.1.1 Introduction and Motivation 

As has been shown recently by the group of Kuchel, a stretching device based on 

a flexible silicone rubber tube provides an easy, rapid, and reversible variation of 

alignment strength. Within this stretching apparatus conventional gelatin was 

arbitrarily stretched and thereby the degree of alignment varied.[99]  

The goal of this project was to redesign the apparatus introduced by Kuchel et al. 

for the use in standard 5 mm NMR probe heads, as the initial device by Kuchel was 

limited to 10 mm NMR equipment.[99] Furthermore the applicability of the approach 

for other gel-based alignment media, besides the conventional gelatin as Kuchel et al. 

used in their apparatus, should be tested. Therefore different polymer-based 

alignment media with water and DMSO as solvents have been studied.  
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4.1.2 Design of the Stretching Apparatus 

Following the fundamental principles of Kuchel et al., the stretching apparatus 

was redesigned to fit into a standard 5 mm high resolution probe head as shown in 

Figure 4.1. Silicone tubing placed inside an open-cut 5 mm NMR-tube and fixed with 

a T-shaped Teflon® plug at the bottom, is used as an expandable container for the 

swollen gel with the solute molecule inside. When stretching the silicone tubing, the 

polymer gel is stretched as well, which in turn leads to partial alignment and 

measurable anisotropic NMR-parameters. 
 

 

 

Figure 4.1.: Stretching apparatus redesigned for 5 mm standard high resolution NMR 
probe heads. The flexible silicone tube (A) is placed inside an open-cut 5 mm NMR 
tube (B) and fixed with a specially designed T-shaped Teflon® plug (C) at the bottom. 
Plastic clamp and brass screws (D) are used to fixate the stretched silicone tube  
at the top of the device. Inside the assembled apparatus a reddish-brown 
poly(acrylonitrile)/DMSO gel is ready to be stretched.  
 

 

When setting up the apparatus, one has to take care in choosing the right silicone 

rubber tubing (see chapter 4.1.4). The experiments presented in this thesis, have been 

made with two different kinds of high quality silicone tubing: tubes of 4.0 mm outer 

and 3.0 mm inner diameter (purchased from J. Lindemann GmbH, Helmstedt, 

Germany) and tubes of 4.2 mm outer and 2.4 mm inner diameter (purchased from 

VWR International GmbH, Darmstadt, Germany). Depending on the tube diameters, 

the diameters of the Teflon® plug used for fixation at the bottom of the device have to 

be adjusted to ensure a reliable mounting of the silicone.  
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4.1.3 Principle of Gel-Stretching within the Stretching Apparatus 

Upon stretching of the silicone tube by pulling on its upper end, a gel inside the 

silicone tube will be mechanically stretched and anisotropic NMR parameters can be 

observed. As the alignment strength of a molecule depends on the degree of 

anisotropy of the aligning matrix, the size of measurable anisotropic parameters can 

be varied by the amount of mechanical stretching of the polymer gel. Within the 

stretching device this amount of mechanical stretching can very easily be varied by 

the degree of pulling the silicone tube. As this is only limited by the force applied for 

pulling (until the point the tube breaks) this scaling is arbitrarily and as the pulling 

force can be reduced again, resulting in less stretching of the tube and the gel inside, 

it is also reversible.  

As the degree of stretching the gel in the apparatus is crucial for the alignment 

strength, Kuchel et al. defined the so-called “extension factor”,[100] which will be 

named Ξ in the following. It is calculated from the length of the stretched and the 

unstretched gel according to equation 4.1.: 

 

1−=Ξ
geldunstretcheoflength

gelstretchedoflength
 (4.1.). 

 

Therefore the extension factor Ξ will be zero for the unstretched state and e.g. 1 

for stretching the gel to double its original length. As an example of stretching gels 

with the stretching apparatus, a PAN/DMSO gel at various extensions is shown in 

Figure 4.2.  
 

 
 

 

In the original publications by Kuchel et al. a linear relationship between the 

extension factor and anisotropic parameters in the gel is proposed.[99] Although it 

Figure 4.2.: Bottom part of  
a stretching apparatus with a 
PAN/DMSO gel at various ex-
tensions.  



New Ways of Scaling the Alignment  -  Stretching Device for Polar Solvents 

 101

sounds intuitive, that half the stretching will result in half the measurable quadrupolar 

or dipolar couplings, there is no conclusive theory explaining a linearity. However, 

for the range of extension factors which can be achieved with the stretching device, 

the quadrupolar splittings measured for the solvents of gels stretched within the 

device, are linear to the extension factor with a very good approximation. As an 

example, the quadrupolar splittings of two e–-gelatin gels at various stages of 

stretching within the stretching apparatus are plotted against the corresponding 

extension factors of the gels (see Figure 4.3.). The observed behavior is about linear 

as also observed for all other gels measured in the stretching device (data not shown).  
 

 

Figure 4.3.: Scaling of the alignment strength with the stretching apparatus. 
Quadrupolar splittings ΔQ of the solvent at 298 K as a function of the extension factor 
of the gel for an e–-gelatin/D2O gel (A) and an e–-gelatin/DMSO-d6 gel (B). As 
observed for other gels, the splitting varies approximately linearly in the monitored 
range of extension. 
 

 

With the introduced stretching device it is generally only possible to stretch gels 

but not to compress them, which would also lead to an anisotropy of the gel matrix 

and therefore to measurable anisotropic NMR parameters. An exception of this is 

conventional gelatin as it is only cross-linked via hydrogen bonds and can therefore 

be recasted inside the rubber tube by a simple heating and recooling cycle. For this 

purpose a gelatin gel is stretched to full extension and heated to about 50°C so that all 

hydrogen bonds melt. Then the gel is cooled down so that the hot gelatin solution 

forms a gel again, which is fully isotropic and hence no anisotropic parameters can be 

observed. By releasing the stretching of the silicone tube the gelatin gets compressed 

and therefore anisotropic parameters can be observed (see Figure 4.5. in chapter 

4.1.5). The extension factor for gelatin gels compressed in this way gets negative 

according to equation 4.1.  
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4.1.4 Applicability and Limitations of the Stretching Apparatus 

Solvents 

In order to test how far the apparatus is applicable to conventional polymer gels, 

several samples were prepared containing different polymers with gel diameters 

adjusted to accommodate for the dimensions of the silicone tube within the stretching 

device. Next to the conventional gelatin as used by Kuchel et al.,[76, 99, 100] the 

stretching apparatus is also applicable to other water-based gels like PAA/D2O, 

PEO/D2O and e–-gelatin/D2O and to DMSO based gels like PAN/DMSO and  

e–-gelatin/DMSO. Some examples of polymer gels within the stretching device are 

shown in Figure 4.4. 
 

 
 

All prepared samples could easily be stretched by the silicone-based stretching 

device with very good long-term stability of the hydrogels. The PAN/DMSO samples 

were stable for several weeks and measurements of desired couplings could easily be 

achieved. However, after about one month the gels suddenly started to shrink to their 

original, dry size. As it is known that water leads to a precipitation of PAN/DMSO 

gels (see chapter 3.1.2), it was tested in how far the humidity of air would be 

sufficient to let a PAN/DMSO gel shrink. Therefore a PAN/DMSO gel covered with 

dry DMSO was kept in an open vial with access to air. Within a few weeks the gel 

started to shrink as the critical amount of water was reached because of the humidity 

of the air and the well-known hygroscopic character of DMSO. This experiment leads 

to the interpretation that the stretching device allows water in the form of humidity to 

diffuse slowly via the silicone rubber tubing into the gel and causes the observed gel 

shrinking. 

Figure 4.4.: Various gels used to 
measure anisotropic parameters with 
the stretching apparatus. From left  
to right: gelatin/D2O, PAN/DMSO, 
PAA/D2O, and PEO/D2O. 
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Since silicone rubber swells in most apolar organic solvents (silicone, also named 

PDMS, is used for gel preparation with those solvents[67]), it cannot be used inside the 

stretching apparatus for solvents like chloroform, benzene, or dichloromethane. 

Tubing made out of fluorinated elastomer materials as e.g. Viton® or Kalrez® solve 

this issue of solvent compatibility, as will be described in chapter 4.2. However, 

silicone rubber tubing appears to be compatible with practically all aqueous gels and 

also allows measurements using highly polar organic solvent-based gels like 

PAN/DMSO, although the silicone tubing, especially in the stretched state, seems to 

allow water to diffuse inside the sample. This implies limitations when a sample has 

to be free of water. 

Shimming 

For high quality spectra a good homogeneity of the magnetic field within the 

sample must be achieved as inhomogeneity results in broad lines. Concerning the 

complex assembly of the stretching device with glass tube, silicone tube and gel, the 

shimming of such samples might be problematic. In this respect, special care must be 

taken for the silicone tube used, as some silicone tubing has non-concentric holes and 

very rough surfaces which significantly reduce shimming capabilities. Furthermore 

tubing was found with paramagnetic filling material that resulted in spectra with line 

widths of 40 Hz and broader, which of cause should be avoided. 

With the high quality silicone tubing used in the experiments shown here, it is 

generally possible to obtain line widths of about 2 Hz which improve even further for 

stronger extension of the tubes, as the active volume decreases and the sample in the 

center of the B0-field is more easily shimmed. 

Sample volume 

The downside of the stretching apparatus designed for 5 mm NMR-tubes is, of 

course, decreased sample volume. Since the silicone rubber tube is placed inside the 

conventional glass tube, the active sample volume is considerably reduced. This is 

even more the case when the rubber tube is stretched in order to be able to measure 

anisotropic parameters like RDCs. Compared to a conventional gel sample made of a 

polymer stick swollen inside a standard 5 mm NMR tube, the sensitivity decreases 

approximately by a factor of 2 to 5, depending on the used silicone tube and the 

degree of stretching. For samples limited on the amount of available substance this is 
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usually not a big problem as one can simply increase the concentration in the smaller 

volume, however, for samples limited by the solubility of substance the decreased 

sample volume might be a considerable disadvantage of the method.  

 

4.1.5 Linear Scaling of Anisotropic Parameters 

As discussed in chapter 4.1.3, quadrupolar splittings measured within gels 

stretched with the stretching apparatus increase about linear with the extension of the 

stretched gels. To investigate how other anisotropic parameters behave, samples  

of sucrose as a test molecule dissolved in different gels have been prepared:  

1.) conventional gelatin in D2O, 2.) PAA/D2O and 3.) PAN/DMSO (for details see 

Appendix). On sucrose heteronuclear 1H,13C one-bond couplings that contain the 

most easily accessible RDCs have been measured using the so-called CLIP-HSQC[107] 

pulse sequence. For each gel CLIP-HSQC and deuterium 1D spectra at different 

degrees of stretching (and in the case of gelatin also different degrees of compression) 

have been measured.  
 

 

Figure 4.5.: CLIP-HSQC[107] of sucrose in 40% gelatin. The black spectrum 
corresponds to the isotropic stage (non-stretched). Peaks 1 to 6 belong to the fructose 
ring, while 1’ to 6’ belong to the glucose ring of sucrose as named within the structure 
shown to the right. Insets show two signals (C1’-H1’ and C5-H5) of various stages of 
stretching (blue) and compression (red). Peaks are separated in the vertical direction 
according to the corresponding quadrupolar splitting ΔνQ of the solvent D2O. The 
linear dependence between observed 1TCH-couplings and the quadrupolar splittings is 
evident. 
 

The resulting CLIP-HSQC[107] of sucrose in unstretched gelatin at 293 K is shown 

in Figure 4.5. as an example. While the methylene moieties show identical proton 

chemical shifts and do not allow reliable coupling extraction, all methine 
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heteronuclear one-bond couplings can be measured from non-overlapping signals. For 

two signals corresponding to H1’-C1’ of the glucose ring and H5-C5 of the fructose 

ring, the cross peaks are also shown in the insets of Figure 4.5. at various stages of 

stretching of the silicone tubing. Cross peaks drawn in blue indicate stretched gelatin, 

while red cross peaks mark spectra measured in compressed gelatin. Gel compression 

was achieved by heating the fully stretched gelatin sample to 50°C and subsequently 

releasing the recooled silicone tubing. As expected, the compressed gel shows 

anisotropic parameters with opposite sign compared to the stretched gel. Note that the 

sign of quadrupolar splittings can not be extracted from conventional deuterium  

1D spectra (see chapter 2.1.2) and were set arbitrarily to positive for stretched gelatin 

and negative for compressed gelatin.  

The extracted one-bond heteronuclear couplings 1TCH = 1JCH + DCH are shown in 

Figure 4.6. A. Clearly, the linear relations of the measured DCH couplings with 

respect to the extension factor Ξ and the quadrupolar splitting of the solvent ΔQ are 

evident.  

 
 

 

Analog plots of the measured heteronuclear couplings of sucrose in PAA/D2O and 

PAN/DMSO are shown in Figures 4.6. B and C, respectively. Since those gels are 

Figure 4.6.: The dependence of one-
bond couplings (1TCH = 1JCH + DCH) of 
sucrose on the quadrupolar splitting 
ΔνQ of the solvent and the extension 
factor Ξ of the used gels. The slopes 
of individual CH-groups differ for 
sucrose in gelatin/D2O (A), compared 
to sucrose in PAA/D2O (B) and in 
PAN/DMSO (C) indicating different 
alignment or conformational proper-
ties of the solute. 
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covalently cross-linked, heating up the gel will not change its shape and only 

measurements of the stretched gel are possible. Interestingly, the slopes of individual 

methine groups are different for PAA and PAN as compared to gelatin, indicating 

different resulting alignment tensors for the different alignment media. 

 

4.1.6 Improving the Precision of RDC-Measurements 

The 1TCH coupling constants as shown in Figure 4.6. were extracted by selecting a 

slice of the CLIP-HSQC at the appropriate carbon frequency and manually shifting a 

copy of the slice until the corresponding multiplet components were centered with 

respect to each other (see chapter 2.5.3; Figure 2.13.). Although the signal to noise 

ratio of the sucrose spectra seems to be sufficient for a highly accurate coupling 

measurement, extracted couplings deviate up to 2.6 Hz from the linear fit. For most 

deviations, the choice of 13C-frequency for the slice and the variation of line shapes 

within the multiplets (due to spectral artifacts or second order contributions) seem to 

be responsible for the differences in individual coupling extractions.  

 

However, due to the linear relationship of RDCs with the quadrupolar splitting of 

the solvent, a linear fit through couplings measured at different degrees of stretching 

leads to a slope that can be extracted with a significantly higher precision than it 

would be possible from individual experiments (for details see Appendix). This slope 

is directly proportional to the RDCs and represents a parameter that is independent of 

a specific alignment strength. In this way the stretching device can be used to extract 

residual dipolar couplings or other anisotropic parameters with much higher accuracy.  

 

As a second test molecule for the linear scaling of anisotropic parameters and  

the resulting improvement of RDC measurements, a small cyclic peptide 

cyclo(Arg−Nal−Ala−Gly−D-Tyr−Arg) (Nal = 2-Naphthylalanine) was used. The 

peptide is soluble in DMSO and was therefore measured in a sample with a 

PAN/DMSO-d6 gel (for details see Appendix). Like for sucrose, several CLIP-HSQC 

spectra[107] at different stages of stretching were acquired and corresponding  
1TCH coupling constants for all methine and methyl groups were measured (see  

Figure 4.7.). Also in this case the linear relationship between the heteronuclear one-

bond couplings of the peptide and the quadrupolar splitting of the solvent DMSO is 
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obvious and a corresponding linear fit can be used for a precise measurement of 

RDCs (for details and assignment of the peptide see Appendix).  
 

 

Figure 4.7.: One-bond 1TCH-couplings of methine and methyl groups of 
cyclo(Arg−Nal−Ala−Gly−D-Tyr−Arg) with respect to the quadrupolar splitting ΔνQ of 
DMSO-d6 (bottom axis) and the extension factor Ξ of the PAN gel (top axis).  
 

 

 

4.1.7 Conclusion 

Using the principle setup provided by Kuchel et al.,[99] it was demonstrated that a 

rubber-based stretching apparatus can be used to induce tunable alignment for a 

number of hydrogels and gels based on DMSO. 1TCH splittings can be measured for a 

number of different alignment strengths, allowing RDC-measurements of high 

precision from the slope of 1TCH couplings vs. the quadrupolar coupling ΔνQ of the 

deuterated solvent.  

The ease of scaling the alignment, the relatively good shimming properties of the 

apparatus and the full compatibility with standard 5 mm high resolution NMR 

equipment make the method widely applicable to the structure determination of all 

kinds of polar molecules, including e.g. most compounds of pharmaceutical interest 

and biomacromolecules. The extension of the approach to apolar solvents is desirable 

and will be discussed in the following chapter. 
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Some more advantages of using the stretching device have not yet been addressed 

here, but might be used in the future: RDCs and in particular the scaling of alignment 

might be used to vary overlap among signals of interest, which gives another tool to 

enhance the accuracy of the desired dipolar couplings. Furthermore the stretching 

device with its rapid and reversible scaling of alignment significantly improves the 

flexibility and accuracy of RDC measurements. For example, long-range 1H,13C and 

one-bond 13C,13C RDCs are approximately one order of magnitude smaller than 

corresponding heteronuclear 1H,13C one-bond couplings and their accurate 

measurement with conventional methods is a problem due to their small values. With 

the stretching apparatus it should be possible to tune the size of RDCs in such a way 

that optimal conditions for their measurement are obtained. In contrast to other 

procedures, like the scaling using variable angle sample spinning,[86, 87] standard 

liquid state NMR equipment with its superior B0-homogeneity can be used. 

Another often neglected issue is the fact that any kind of alignment medium, if 

based on liquid crystalline phases or stretched polymer gels, might influence the 

average conformation of a given solute molecule. When measuring couplings in 

isotropic solution and inside the alignment medium, conformational changes in the 

two different environments can potentially lead to erroneous RDCs. A tremendous 

advantage of the stretching apparatus is that couplings with varying alignments can be 

measured in the same sample using the presented approach. In this way errors 

resulting from separate preparations of isotropic and aligned samples can be 

excluded. 

 

 

 

 

 

 

 

 
This project was done in cooperation with M.Sc. Felix Halbach (TUM, Munich), who prepared 
the PAA sample and acquired all spectra recorded on this sample. The cyclic peptide was 
synthesized by Dr. Burkhardt Laufer (TUM, Munich).  
 
Results presented in this chapter have been published: 
 

Grit Kummerlöwe; Felix Halbach; Burkhardt Laufer; Burkhard Luy: 'Precise Measurement of 
RDCs in Water and DMSO Based Gels Using a Silicone Rubber Tube for Tunable Stretching' in 
The Open Spectroscopy Journal 2008, 2, 29-33. 
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4.2 Stretching Device for all Solvents 

4.2.1 Introduction and Motivation 

As has been discussed in the previous chapter, there are several advantages of a 

stretching device to arbitrarily stretch gel-based alignment media. Therefore it is 

desirable to widely apply this method. However, the stretching apparatus equipped 

with a silicone tube, as described so far, is limited to polar solvents like water and 

DMSO because it is incompatible with more apolar organic solvents like chloroform, 

dichloromethane, or tetrahydrofuran. 

The aim of this project was to overcome this major limitation by the use of a tube 

material which is resistant enough to all common solvents but flexible enough to be 

used as an expandable tube. Furthermore, the tube material should not allow water 

and humidity to penetrate into the gel sample, as the silicone tube does, and it would 

be desirable that the tube material would have no additional NMR signals. As will be 

described in the following chapters, the perfluoroelastomer Kalrez® 8002 by DuPont 

Performance Elastomers is an ideal material for this purpose. The design of the 

stretching apparatus with this new tube material and its properties and applicability 

will be discussed. 

 

4.2.2 Design of the Stretching Apparatus 

Following the design of the stretching device equipped with a silicone tube (see 

chapter 4.1), the flexible perfluorinated elastomer tube is placed inside a cut-open 

5 mm NMR-tube and fixed at the bottom (see Figure 4.8.). As with the original  
 

 

Figure 4.8.: The new stretching apparatus for 5 mm standard high resolution NMR 
probe heads. The flexible Kalrez® 8002UP tube (A) is placed inside a cut-open 5 mm 
NMR tube (B) and fixed with a specially designed PCTFE screw (C) at the bottom. A 
PCTFE device with nylon screws (D) is used to fix the stretched tube at the top. Inside 
the assembled apparatus a reddish-brown PAN/DMSO gel is ready to be stretched. 
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apparatus, the rubber tube works as an expandable container for the swollen gel with 

the solute molecule inside. Upon stretching of the flexible tube the polymer gel is 

stretched as well, which in turn leads to partial alignment of the solute and 

measurable anisotropic NMR-parameters.  

Tubing 

After testing a variety of different materials, the perfluoroelastomer Kalrez® 8002 

was found to be the ideal material for the given task. It has a superior resistance 

against most chemicals (see technical information given by DuPont in the Appendix) 

and a high purity. For example, no detectable paramagnetic impurities are present as 

this is the case for most other similar materials like e.g. Viton®.  

Kalrez® 8002UP perfluoroelastomer parts tubes with inner/outer diameters of 

3.2/4.2 mm were specifically produced at DuPont Performance Elastomers for this 

project. 

Fixation of the Rubber Tube at the Bottom 

The simple T-shaped Teflon® plug, as used to fixate the silicone tubing at the 

bottom of the stretching device (see chapter 4.1.2) is not sufficient to fixate the 

perfluoroelastomer tube, because its smoother surface is not sticking at all to the glass 

walls of the cut-open NMR tube. Therefore, a variety of different plugs (e.g with 

barbed hooks) were tested, but the only reliable method for fixation was found in a 

specially designed screw clamp, which tightly holds the Kalrez® 8002UP tube. It is 

important to consider, that this bottom part of the apparatus must fit within the probe 

head of the spectrometer and therefore should not exceed 5 mm in diameter. The  

 

 

 
 

 

 
 
 
Figure 4.9.: Screw clamp for fixation of the flexible Kalrez® 8002UP tube at the 
bottom of the stretching device. The principle of holding the rubber tube tightly is 
shown in (A) and dimensions (in mm) of the two parts of the specially designed 
PCTFE screw are given in (B) and (C). 
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working principle and all dimensions of the designed screw are shown in Figure 4.9. 

Poly(chloro tetrafluoro ethylene) (PCTFE) was chosen as material for the screw 

because of its mechanical properties (hard enough and easy to process) and its 

chemical resistance. 

Clamp for Holding the Stretched Tube 

Although the very simple clamps initially used for fixating the stretched silicone 

tubes at the upper part of the stretching device (see chapter 4.1.2) would be also 

sufficient for the fixation of the Kalrez® 8002UP tube, a more sophisticated clamp 

made out of PCTFE and nylon screws, was designed. This new clamp is not only 

easier to handle (e.g. no screwdriver is necessary) but it is also more easy to fixate the 

upper part of the rubber tube in the middle of the cut-open NMR tube, which is 

essential for good shimming.  
 

 

Figure 4.10.: Clamp with screws to fix the stretched Kalrez® 8002UP tube at the top of 
the stretching device. Blueprints of the clamp with dimensions (in mm) as seen from 
the side (A) and from top (B) and a photograph of the clamp together with the nylon 
screws (C) are shown. 
 

 

 

4.2.3 Spectral Quality 

As the new rubber tube material is a perfluorinated elastomer, no signals of the 

stretching device appear in proton-based spectra. Hence, the quality of NMR-spectra 

is substantially improved using the Kalrez® 8002UP tubing compared to identical 

spectra recorded with the silicone tubing. In Figure 4.11. the 1H-1D-spectra of two 

identical gel samples with alanine in gelatin/D2O stretched within a silicone tube and 

within a Kalrez® 8002UP tube are compared. While the silicone tubing shows an 
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intense, broad signal around 0.1 ppm, there is no additional signal from the 

Kalrez® 8002UP tubing, which not only leads to cleaner spectra, but also to an 

improved sensitivity as the receiver gain of the spectrometer can be increased. 
 

 

 

 

 

 

 
 

 

4.2.4 Applicable Solvent Range 

Although the material is not fully inert against halogenated hydrocarbons 

(according to information given by DuPont), the tubing can be used with all common 

NMR solvents, including chloroform and dichloromethane. This is in contrast to the 

originally used silicone tubing (see chapter 4.1) as can nicely be seen in Figure 4.12. 
 

 

Figure 4.12.: Compatibility of different tubes for halogenated solvents. Short pieces of 
silicone tubing (A) and Kalrez® 8002UP tubing (B) and identical pieces kept in 
chloroform for 2 days (C, D) are shown for comparison. The silicone tube is swelling 
in chloroform to ≈ 1.5 times its length and ≈ 1.2 times its diameter (C) and hence not 
applicable as tubing for the stretching apparatus with chloroform-based gels. In 
contrast, the Kalrez® 8002UP tube is not affected by chloroform (D). 
 

The Kalrez® 8002UP tube was tested with gels containing water, DMSO, 

chloroform, dichloromethane, acetonitrile, methanol and trifluoroethanol and with 

none of the tested solvents a problem arose. In the following some applications of the 

Figure 4.11.: Comparison of 1H-1D 
spectra acquired in a stretching device 
equipped with silicone tubing (A) and 
Kalrez® 8002UP tubing (B) con-
taining identical samples of 1M 
alanine (L-Ala/D-Ala in 2:1 ratio) in 
50% gelatin in D2O (w/v). In the case 
of the silicone tube a broad signal 
around 0.1 ppm dominates (A), while 
the Kalrez® 8002UP tube does not 
contribute to the spectrum (B). 
Additional low-intensity background 
contributions originate from the 
alignment medium gelatin. 
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the Kalrez® 8002UP tube will be discussed, reflecting the broad solvent range 

applicable with this new material. 

Example for a Chloroform-Based Gel - Linear Scaling of Alignment 

The new material can also be used with halogenated solvents, like chloroform and 

dichloromethane. As an example, the stepwise stretching of a PDMS/CDCl3 gel[67] 

containing hydroquinidine as a test molecule was monitored. Therefore, a number  

of CLIP-HSQC spectra[107] at different extensions have been acquired (see  

Figure 4.13. A).  

 

 

 
 

 

As shown for the stretching apparatus equipped with silicone, the alignment 

strength and therefore anisotropic NMR parameters are approximately proportional to 

the so-called extension factor Ξ and the plot of 1TCH couplings against Ξ or the 

Figure 4.13.: (A) CLIP-HSQC 
spectrum[107] of hydroquinidine 
in a PDMS/CDCl3 gel. Insets 
show two signals (C1''-H1'' and 
C5'-H5') at various stages of 
stretching with peaks separated 
in the vertical direction 
according to the corresponding 
quadrupolar splitting ΔνQ of 
the solvent CDCl3. The linear 
dependence between observed 
1TCH couplings and quadru-
polar splittings is evident.  
(B) One-bond CH-couplings 
(1TCH = 1JCH + DCH) of hydro-
quinidine with respect to the 
quadrupolar splitting ΔνQ of 
the solvent CDCl3 and the 
extension factor Ξ of the used 
PDMS gel. Due to the linear 
relationship of RDCs with the 
quadrupolar splitting a linear 
fit of couplings measured at 
different degrees of stretching 
leads to a slope that can be 
extracted with a higher 
precision than it would be 
possible from individual 
experiments.  



New Ways of Scaling the Alignment  -  Stretching Device for all Solvents 

 114 

quadrupolar splitting ΔνQ reveals highly precise RDCs as the slopes of corresponding 

linear fits (see chapter 4.1.6). This scaling of one-bond couplings for the stepwise 

stretching of the hydroquinidine sample is shown in Figure 4.13. B. 
 

Example for a Water-Based Gel - Discrimination of Alanine Enantiomers 

in Gelatin 

As has been shown previously,[52, 53, 100] stretched gelatin provides the possibility 

of distinguishing enantiomers (see also chapter 3.4). The distinction is even more 

facile with the Kalrez® 8002UP tubing, as demonstrated by repeating a set of  
1H-1D-spectra of different samples of L- and D-alanine (see Figure 4.14.). The 

advantage of no additional 1H signals of the Kalrez® 8002UP tube increases the 

sensitivity of the experiments (by adjusting the receiver gain accordingly) and 

therefore it is even possible to determine the enantiomeric excess of the alanine 

enantiomers in simple 1D spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. (next page): Differentiation of enantiomers and estimation of 
enantiomeric excess of an alanine mixture. 1H-1D spectra of alanine samples in  
50% gelatin stretched with a Kalrez® 8002UP tube to the same extension (for all 
spectra ΔQ(D2O) ≈ 400 Hz): pure D-Ala (A), pure L-Ala (B) and 2:1 mixture of D-Ala 
and L-Ala (D). Expansions for the Hα (left) and Hβ (right) signals are shown in (C). 
Addition of the spectra for D-Ala (red) and L-Ala (blue) in the ratio 2:1 results in the 
spectrum one would expect for a 2:1 mixture of D-Ala and L-Ala (purple). The actual 
measured spectrum of a 2:1 mixture at similar alignment strength is shown in black for 
comparison (C, D). 
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Example for a DMSO-Based Gel - Conformational Analysis of a Natural 

Product 

As another test molecule the natural product parthenolide, a sesquiterpenic lactone 

isolated from Chrysanthemum parthenium,[194] was investigated. A set of 16 one-bond 

RDCs could be obtained for the compound in a PAN/DMSO gel stretched within the 

stretching apparatus equipped with a Kalrez® 8002UP tube. RDCs fitted with the 

program PALES[128, 129] confirm the presence of a chair-like conformation of the 

compound in DMSO solution, as previously measured by x-ray crystallography[195] 

and as proposed by MM-calculations.[196]  
 

 

 

Figure 4.15.: Conformational analysis of the natural product parthenolide (A) by 
RDCs measured in a PAN/DMSO gel stretched with the stretching device equipped 
with a Kalrez® 8002UP tube. The plot of back-calculated vs. measured RDCs (B) for 
the chair-like conformation confirms this structural model in solution. The molecule in 
its chair-like conformation is shown with color-coded bonds (red: negative; blue: 
positive RDCs) and the axes of the corresponding alignment tensor next to it (C). 
 

 

In contrast to corresponding gels in the silicone-based device, where penetrating 

humidity leads to shrinking gels within a couple of weeks (see chapter 4.1.4), the 

used PAN/DMSO gel is stable for at least one year. Therefore the Kalrez® 8002UP 

tube is of special advantage for samples which are sensitive to water, as humidity can 

not diffuse through the gas-tight walls of the perfluorinated tube. 
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4.2.5 Conclusion 

In summary, the stretching apparatus equipped with the perfluorinated 

Kalrez® 8002UP tube is an ideal tool to partially align molecules for measuring 

anisotropic NMR parameters. It allows an easy, arbitrary and reversible adjustment of 

alignment strength in practically all polymer gel matrices, with all the advantages 

discussed already in chapter 4.1.7 for the silicone-based apparatus. It has been shown 

that the Kalrez® 8002UP tube is applicable to all gel-based alignment media, 

including those with apolar solvents. In contrast to the previously reported stretching 

device based on silicone tubes, the perfluorinated elastomer tube does not contribute 

to 1H-NMR-spectra and is generally gas-tight, which, for example, prevents the 

diffusion of humidity into the sample. Especially in combination with perdeuterated 

polymer gels (see chapters 3.2 and 3.3), the presented stretching apparatus is of high 

interest for samples at low concentration as it provides proton spectra void of signals 

originating from the alignment medium.  

An important issue for the applicability of the stretching apparatus beyond this 

project is of course the accessibility of the tube material. In the meanwhile attempts 

have been made to sell the elastomer tube itself as well as the whole stretching 

device, hence one can expect that it will be intensively used by other groups in the 

near future. Because of the expensive elastomer part, the stretching device equipped 

with a Kalrez® 8002UP tube will be of a significantly higher price compared to the 

silicone-tube based apparatus, however for many applications the silicone tube is no 

alternative.  

 

 

 

 

 
This project was done in cooperation with Dr. Elizabeth F. McCord, Dr. Steve F. Cheatham, 
Steve Niss and Russell W. Schnell from DuPont, who contributed with fruitful discussions to 
the right choice of elastomer material and who specially produced the tubes for this project. 
Otto Strasser and his team (TUM, Munich) manufactured all clamps and screwing devices.  
 
Results presented in this chapter will be published soon: 
 

Grit Kummerlöwe; Elisabeth F. McCord; Steve F. Cheatham; Steve Niss; Russell W. Schnell; 
Burkhard Luy: 'Tunable Alignment for All Polymer Gel/Solvent Combinations for the 
Measurement of Anisotropic NMR Parameters Using a Perfluorinated Elastomer Tube' in 
Chemistry - A European Journal 2010, in press, DOI: 10.1002/chem.201000108. 
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5 Structure Determination of Small Molecules 

5.1 Configurational Analysis of a Degradation Product of 

Beer 

5.1.1 Introduction and Motivation 

The analysis of residual dipolar couplings is a powerful tool for the determination 

of the relative configuration of small to medium-sized molecules, and especially 

necessary if classical NMR methods fail. The aim of this project was to analyze the 

stereochemistry of a tricyclic hydrocarbon, which was isolated as a degradation 

product of a bitter compound in beer. Standard NMR analysis via ROESY and 

JHH-couplings were not conclusive enough to unambiguously solve the structure. 

The Beer’s Bitter Principle 

Undesirable changes in the attractive aroma, in particular, a significant decrease of 

bitter intensity as well as a change of the bitter taste quality towards a lingering, harsh 

bitterness has long been known as a shelf-life limiting factor of beer. Multiple studies 

demonstrated that aging of beer induces a decrease of the total amount of cis- and 

trans-iso-α-acids, the well-known bitter principles of beer, which are formed upon 

adding hop (Humulus lupulus L.) during wort boiling[197] (see Figure 5.1.).  
 

 

 
 

 

Figure 5.1.: Formation of the beer’s 
bitter principle. The α-acids (1), a 
major hop compound class, are 
transformed to cis- (2) and trans-iso-
α-acids (3) by a thermally driven 
isomerization reaction. Copyright 
Wiley-VCH Verlag GmbH & Co. 
KGaA. Reproduced with permission 
from Reference [197]. 
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Whereas microbiological spoilage and haze formation determined the quality of 

beer in the past, the deterioration of the attractive aroma as well as the bitterness gives 

nowadays the limitation for the shelf live of beer products. Although aging of beer is 

long known to induce a significant decrease of bitter intensity as well as a change of 

the bitter taste quality, the molecular basis of this deterioration of bitterness was not 

known. 

Aging of Beer and Degradation of the Bitterness 

Although exclusively the trans-iso-α-acids, but not the cis-iso-α-acids, were 

found to be degraded upon storage of beer,[198-200] the key transformation products 

formed exclusively from the trans-isomers were not known. Therefore, Daniel 

Intelmann from the group of Prof. Thomas Hofmann at the “Chair of Food Chemistry 

and Molecular Sensory Science” at the Technische Universität München investigated 

the aging of beer by suitable model experiments.[201] Purified trans-isocohumulone 

(3a in Figure 5.1.) was treated for 6 h at 60°C in a methanol-water mixture and the 

transformation products were isolated by preparative RP-HPLC as a series of 

previously unkown trans-specific iso-α-acid transformation products, named 

tricyclocohumol, tricyclocohumene, isotricyclocohumene, tetracyclocohumol, and 

epitetracyclocohumol, respectively. Their chemical structures were determined by 

means of HRMS and NMR spectroscopy (see below).[201] 

Furthermore, HPLC-MS/MS analysis of these compounds, which exhibit a 

lingering harsh bitter taste, confirmed their generation during aging of beer.[201] The 

determination of bitter taste recognition threshold concentrations of these substances 

explained the storage-induced changes of the beer’s bitter taste on a molecular level 

for the first time.[201, 202]  

Structural Investigations of the Degradation Products 

Hofmann and coworkers determined the chemical structures of the transformation 

products by HRMS and classical NMR techniques like COSY, HMQC, HMBC and 

INADEQUATE, as they are shown in Figure 5.2. A. For the tetracycles 

tetracyclocohumol (7a) and epitetracyclocohumol (8a), they were able to determine 

the relative stereochemistry by ROESY and 3JHH-coupling analysis as depicted in 

Figure 5.2. B. The absolute stereochemistry was concluded from the configuration at 
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C4 and C5 of the precursor analog trans-isoadhumolone (3c in Figure 5.1.), which 

was determined by X-ray diffractometry.[201]  
 

 

Figure 5.2.: Structures of the identified transformation products 4a-8a formed from 
trans-isocohomulone (3a). The tri- and tetracyclic compounds have been named 
tricyclocohumol (4a), tricyclocohumene (5a), isotricyclocohumene (6a), tetracyclo-
cohumol (7a), and epitetracyclocohumol (8a), respectively. In (A) chemical structures 
of the five compounds are shown with selected 1H-1H-COSY (blue bold bonds) and 
1H-13C-HMBC correlations (red curved arrows). The stereochemistry as determined by 
ROESY intensities and 3JHH-coupling analysis is shown in (B).[201] 
 

 

Open Questions for Tricyclocohumol 

The stereochemical analysis of tricyclocohumol (4a) turned out to be rather 

challenging with classical methods. Major problems for this, are the quaternary 

carbons C1' and C3'', which interrupt the chain of 3JHH couplings. While for the 

tetracycles this could be overcome with the analysis of ROESY intensities, 

corresponding ROESY spectra for tricyclocohumol were not conclusive. An 

additional problem for the analysis of JHH couplings and ROESY cross peaks is the 

prochiral assignment of the CH2-groups, which is not known a priori but usually 

determined by JHH couplings and ROESY analysis. Consequently, there was too much 

uncertainty in assignment of resonances and stereochemistry left using classical 

methods only. Therefore, the aim of this project was to support the configurational 

analysis and the assignment of prochiral resonances of tricyclocohumol by the use of 

RDCs next to the classical JHH-couplings.  

For the tricycles tricyclocohumene (5a) and isotricyclocohumene (6a), which are 

only formed in very small amounts upon aging of beer, not enough substance was 

available for a detailed analysis. However, as they are formed in an analog 

mechanism from the same precursor as tricyclocohumol (4a),[203] their 

stereochemistry is considered to be the identical.  
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5.1.2 Possible Structural Models of Tricyclocohumol 

The tricycle exhibits 5 stereogenic centers within the five-membered rings, which 

in principle could form 32 different stereoisomers (see Figure 5.3.). As the absolute 

configuration can anyway not be determined with the used methods the problem can 

be reduced to 16 diastereomers.  

In order to assign the stereocenters of the structural models, a systematical 

numbering of the ring system was chosen to be in line with the name according to the 

IUPAC recommendations (see Figure 5.3. A). The short labels for the diastereomers 

(e.g. RSSRS) as they will be used in the following are obtained by the stereo-

descriptors in the order of the IUPAC-numbering. However, this IUPAC numbering 

is only used for the order of the stereo-descriptors. In all Tables, Figures and 

descriptions throughout this chapter the numbering of the molecule will be as in 

Figure 5.3. B. This numbering was derived from the numbering of the precursor 

molecule (see Figure 5.1.). 
 

 

Figure 5.3.: Chemical structure of tricyclocohumol (4a) with different numbering 
systems. The systematic numbering of carbon atoms according to the IUPAC 
recommendations (A) is only used for the order of the stereo-descriptors in the short 
name of the diastereomers as e.g. RSRRS. The numbering of carbon atoms as derived 
from the precursor trans-iso-α-acid (3a) (see Figure 5.1.) and as shown in (B) is used in 
all other Figures, Tables and descriptions throughout this chapter.  
 
 

The absolute configuration at C4 and C5 can be derived from the trans-

isoadhomulone (3c) X-ray structure (see above), reducing the possible diastereomers 

to 8. However, the aim was to leave the relative stereochemistry between C4 and C5 

open in the analysis and therefore confirm this presumption. For the JHH-coupling and 

RDC analysis only the stereocenter at C5 was fixed and all other stereocenters were 

varied. Using the stereo-descriptors according to the IUPAC numbering, the S 

configuration at C5 and the R configuration at C4 (as derived from the precursor’s  
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X-ray structure) would translate into possible diastereomers RxxxS. Nevertheless all 

16 diastereomers xxxxS were analyzed.  
 

In addition to the four stereocenters, the ambiguous prochiral assignment for the 

protons at C2' (H2'α and H2'β) and C1'' (H1''α and H1''β) and for the methyl groups at 

C3'' (C4'' and C5'') should be permutated. This leads to 8 possible prochiral 

assignments, named a-h, for all 16 diastereomers. For the RSSSS diastereomer this 

prochiral assignments are depicted in Figure 5.4. 
 

 

Figure 5.4.: Possible prochiral permutations for the RSSSS diastereomer of 
tricyclocohumol. The 8 different structural models with the assignments at C2', C1'' 
and C3'' permutated are named a-h. 
 
 

With 16 possible diastereomers and 8 possible prochiral assignments for each of 

them, a total of 128 possible structural models has to be tested.  

 

5.1.3 RDCs and J-couplings Measured on Tricyclocohumol 

Initial spectra for tricyclocohumol were acquired in methanol-d4 and  
3,4JHH couplings have been extracted from a 1H-1D spectrum. (For chemical shifts and 

extracted coupling values see Appendix.) Out of this, eight JHH couplings can be used 

for the configurational analysis.  

Later on, additional spectra were recorded in DMSO-d6 with chemical shift values 

very similar to the corresponding methanol sample. On this sample CLIP-HSQC[107] 

and P.E.HSQC[114] spectra have been acquired for the determination of scalar one-

bond 1H,13C-couplings and two-bond 1H,1H-couplings, respectively. For the 
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measurement of RDCs the compound was diffused into a deuterated 

polyacrylonitrile/DMSO-d6 gel (see chapter 3.3) which was stretched within a 

stretching apparatus equipped with a Kalrez® 8002UP tube (see chapter 4.2) for 

partial alignment. Corresponding CLIP-HSQC[107] and P.E.HSQC[114] spectra have 

been acquired for the gel sample, which was estimated to have an approximate 

concentration of 0.4 mol/L. Neglecting couplings of the flexible side chains, and 

converting couplings of the methyl groups, altogether 11 DCH, DCC and DHH RDCs 

within the tricyclic core can be used for the RDC analysis (see Table 5.1.).  
 

Table 5.1.: Chemical shifts in DMSO and one-bond 1H,13C-couplings as well as two-
bond 1H,1H-couplings for tricyclocohumol in DMSO and in the stretched 
dPAN/DMSO-gel.  

 

     Group[a] δ(13C) [ppm][b] δ(1H) [ppm][b] 1JCH (DMSO) [Hz] 1JCH + DCH (PAN) [Hz] DCH [Hz] 

C5    H5    53.8 2.89 136.5 ± 0.1 124.1 ± 0.5 -12.4 ± 0.5 
C2'  H2' α 37.2 1.50 123.0 ± 2.2 135.0 ± 4.5 12.0 ± 5.0 
C2'  H2' β  1.58 131.5 ± 2.2 144.0 ± 4.5 12.5 ± 5.0 
C3'   H3'   57.9 1.98 125.6 ± 0.2 142.5 ± 0.6 16.9 ± 0.6 
C5'   H5'   29.4 1.14 124.7 ± 0.1 127.8 ± 0.3 3.1 ± 0.3  [c] 
C6'   H6'   30.8 0.98 124.8 ± 0.1 124.7 ± 0.3 -0.1 ± 0.3  [c] 
C1'' H1'' α 25.9 1.45 129.0 ± 0.5 129.5 ± 1.5 0.5 ± 1.6 
C1'' H1'' β  1.94 135.4 ± 0.5 141.9 ± 0.6 6.5 ± 0.8 
C2''  H2''  64.8 2.15 130.0 ± 0.3 121.5 ± 0.5 -8.5 ± 0.6 
C4''  H4''  22.8 1.06 125.9 ± 0.2 120.0 ± 1.0 -5.9 ± 1.0  [d] 
C5'' H5''  35.3 1.17 124.1 ± 0.2 126.6 ± 0.3 2.5 ± 0.4  [d] 
C2''' H2''' 35.3 3.47 132.2 ± 0.2 149.6 ± 0.3 17.4 ± 0.4  [c] 
C3''' H3''' 17.1 1.03 127.9 ± 0.5 132.4 ± 0.6 4.5 ± 0.8  [c] 
C4''' H4''' 17.6 1.03 128.0 ± 0.5 132.2 ± 0.3 4.2 ± 0.6  [c] 

      Group[a]   2JHH (DMSO) [Hz] 2JHH + DHH (PAN) [Hz] DHH [Hz] 

H2'α H2'β    -12.9 ± 2.5 12.9 ± 3.0 25.8 ± 3.9 
H1''α H1''β   -13.5 ± 2.0 -20.2 ± 2.5 -6.7 ± 3.2 
[a] Numbering according to structure in Figure FF5.3.FF B. [b] Chemical shifts in DMSO taken from CLIP-HSQC- and 
1H-1D-spectrum and referenced to the solvent signal (δ(13C) = 39.5 ppm; δ(1H) = 2.50 ppm). [c] RDCs within the flexible 
side-chains have not been used for fitting. [d] DCH-couplings of methyl-groups have been converted to the corresponding 
DCC-couplings[125] (DCC(C4''-C3'' = 1.6 ± 0.3 Hz; DCC(C5''-C3'') = -0.7 ± 0.1 Hz).  
 

5.1.4 Configurational Analysis of Tricyclocohumol 

The aim was to determine the configuration and the prochiral assignment of all 

resonances of tricyclocohumol by the combination of JHH-coupling and RDC analysis.  

Therefore a total number of 16 diastereomeric structural models of 

tricyclocohumol was created and energy-minimized using the program Sybyl.[204] 

These models were subsequently the input for the program PALES[128, 129] for fitting 

experimental RDC data and for the J-prediction routine within the program 

MestreNova.[205]  
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Within the RDC-fitting procedure, prochiral protons at carbons C1'' and prochiral 

methyl groups attached to C3'' have been permutated since their assignment was 

ambiguous. The prochiral protons at C2' showed RDCs which were identical within 

the error of the experiment (see Table 5.1.) and therefore they were not subject to 

permutation during the RDC analysis. RDCs of flexible side chains were not included 

in the fitting procedure.  

The prediction of JHH-coupling constants for the 16 structural models was done 

with the program MestreNova.[205] In contradiction to the RDC-fitting procedure, the 

assignment of the prochiral protons at C2' and C1'' were permutated for the fitting 

with the predicted values. The prochiral methyl groups attached to C3'' have not been 

permutated since no JHH-coupling constants could be measured for the protons at C4'' 

and C5''.  

For the RDC analysis as well as for the JHH-coupling analysis experimental data 

and back-calculated/predicted data were compared in terms of calculating the quality 

factor n/χ2 for each fit.  

 

5.1.5 Fitting Results 

A Comparison of all quality factors n/χ2 for the fits of measured RDCs and 

measured JHH-coupling constants for the different possible diastereomers with the 

corresponding permutations of prochiral assignment is shown in Figure 5.5.  

The fitting results demonstrate that only one configuration fulfills both RDC and 

J-coupling data, thus leading to the unambiguous stereochemical assignment of 

tricyclocohumol to be the RSSSS diastereomer. The prochiral assignment is 

determined by the fits of RDCs and JHH-couplings to be the one as depicted in Figure 

5.7. Also the plots of calculated vs. experimental data for selected diastereomers and 

permutations shown in Figure 5.6. clearly indicate that measured couplings are only 

consistent with the structural model RSSSS (e).  

 

Figure 5.5. (next page): Comparison of quality factors n/χ2 for the fits of measured 
RDCs (upper part) and measured HH-scalar couplings (bottom part) against the 
different possible diastereomers of tricyclocohumol. For each diastereomer altogether 8 
different permutations (a-h) of diastereotopic groups have been fitted. Because of 
almost identical RDC values within the C2' methylene group, its permutation was not 
considered in the RDC-fits. Similarly, the permutation of the methyl groups C4'' and 
C5'' were not considered in the J-coupling fits. Clearly permutation (e) (for correct 
diastereotopic assignment see Figure 5.4.) of the RSSSS diastereomer gives best fits 
for RDCs as well as for J-couplings. 
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Figure 5.6.: Plots of back-calculated vs. measured RDCs (left) and JHH-couplings 
(right) for selected diastereomers of tricyclocohumol. 
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Figure 5.6. (continued): Plots of back-calculated vs. measured RDCs (left) and  
JHH-couplings (right) for selected diastereomers of tricyclocohumol. 
 

 

 

 

Figure 5.7.: The RSSSS diastereomer of tricyclocohumol with the correct prochiral 
assignment (A) and the molecule with color-coded bonds representing negative (red) 
and positive (blue) RDCs with axes of the corresponding alignment tensor drawn  
next to it (B). 
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5.1.6 Conclusion 

For the previously unknown major degradation product of the beer’s bitter 

principle, the tricyclic hydrocarbon named tricyclocohumol, a full analysis of the 

stereochemical configuration and the assignment of all prochiral groups has been 

performed with the combined analysis of RDCs and JHH-couplings. Clearly only one 

of the 128 possible structural models is consistent with the experimental data and can 

therefore be regarded as the correctly assigned diastereomer.  

In this case, the combination of the two methods leads to the unambiguous 

assignment. RDCs only as well as JHH-couplings only would not have been 

conclusive enough. The RDC analysis would clearly have favored the correct 

diastereomer, but would have failed with the prochiral assignment of one of the  

CH2-groups, as both CH-vectors of this methylene group coincidental showed almost 

identical RDC values. On the other hand, the JHH-coupling analysis alone would be 

not reliable enough, as the chain of 3JHH-couplings is interrupted between the different 

rings of the molecule by quaternary carbon atoms. The only connection between the 

two spin-systems is a very weak 4JHH-coupling on which therefore the JHH-coupling 

analysis depends. However, in combination with the RDC analysis the stereochemical 

problem could be solved.  

 

 

 

 

 

 

 

 

 
This project was done in cooperation with Dipl. Chem. Daniel Intelmann and other coworkers 
of Prof. Dr. Thomas Hofmann (TUM, Munich), who isolated the compound from aged beer 
samples and model experiments, did all the constitutional analysis of tricyclocohumol, and 
extracted experimental nJHH-couplings from 1D spectra and calculated nJHH-couplings from the 
proposed structures by MestreNova.  
 
Results presented in this chapter have been published: 
 

Daniel Intelmann; Grit Kummerlöwe; Gesa Haseleu; Nina Desmer; Kerstin Schulze; Roland 
Fröhlich; Oliver Frank; Burkhard Luy; Thomas Hofmann: 'Structures of Storage-Induced 
Transformation Products of the Beer's Bitter Principle, Revealed by Sophisticated NMR and 
LC/MS Techniques' in Chemistry - A European Journal 2009, 15, 13047-13058. 
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5.2 Configurational and Conformational Analysis of 

Staurosporine 

5.2.1 Introduction and Motivation 

Staurosporine (see Figure 5.8.) is a natural product first isolated from 

Streptomyces staurosporeus[206] and known as a potent inhibitor of several protein 

kinases,[207] notably protein kinase C (PKC), where it appears to bind strongly to the 

catalytic subunit.[208] A series of inhibitors of PKC has been designed from the 

staurosporine structural lead[209] and more potent drugs based on this natural product 

can be expected.  

 

 

 
 

 

Considering its potential application, the structure of staurosporine is of high 

interest. The absolute configuration is most likely the SRRR diastereomer, like 

Funato et al. determined by X-ray crystallography of the methyl methiodide derivate 

of staurosporine.[210] For the conformation of this derivate in the crystal they found a 

chair-like structure of the tetrahydropyran ring. For the conformation in solution, 

however, the chair as well as the boat conformation is discussed, depending on the 

degree of protonation of the NHMe-group of staurosporine.[211] 

 

The aim of this project was to use staurosporine as a test molecule for the 

measurement of RDCs in the newly developed alignment medium dPS/CDCl3 (see 

Figure 5.8.: Molecular structure of 
the SRRR diastereomer of 
staurosporine with the numbering 
used within this chapter. 
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chapter 3.2) and to use these RDCs for the configurational und conformational 

analysis of staurosporine in chloroform.  

 

 

5.2.2 Possible Conformations and Configurations of 
Staurosporine 

The natural product staurosporine consists of an extensive aromatic ring system 

and a six-membered tetrahydropyran ring attached via two nitrogen atoms (see  

Figure 5.8.). The tetrahydropyran ring in principle contains 4 stereogenic centers 

(C2´, C3´, C4´, and C6´) but cyclization reduces the degree of freedom to 3, resulting 

in 23 = 8 possible configurations. These are the four diastereomers SRRR, SRSR, 

SSRR, SSSR, and their enantiomers RSSS, RSRS, RRSS, RRRS. Since the NMR 

experiments were carried out in an achiral environment, enantiomers show identical 

spectra and only the four diastereomers have to be considered.  

Finally, in addition to the different configurations, chair or boat conformations can 

be assumed for the six-membered ring, resulting in a total of 8 distinguishable 

structures. These eight structural models of staurosporine were created and energy-

minimized using the program Sybyl.[204]  

 

 

5.2.3 RDCs Measured on Staurosporine 

Residual dipolar couplings of staurosporine have been measured by the 

acquisition of corresponding CLIP-HSQC spectra[107] for a solution sample and a 

sample of ≈ 4 mM staurosporine diffused in a stretched dPS/CDCl3 gel. The aromatic 

region of the CLIP-HSQC spectrum acquired in this almost signal free alignment 

medium, has already been shown in Figure 3.11. in chapter 3.2.5.  

Out of the acquired spectra, 13 one-bond 1H,13C-RDCs could be extracted (see 

Table 5.2.) and used for the structural analysis.  
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Table 5.2.: One-bond couplings of staurosporine obtained from CLIP-HSQC[107] 
spectra: 1JCH coupling constants measured in CDCl3, 1JCH + DCH couplings measured in 
the dPS/CDCl3 gel and calculated DCH couplings. 

 

Group 1JCH [Hz] 1JCH + DCH [Hz] DCH [Hz]a 

3' 140.3 ± 0.5 120.5 ± 5.0 -19.8 ± 5.0 
4' 135.2 ± 0.3 131.5 ± 1.0 -3.7 ± 1.0 
5'a 131.7 ± 1.0 139.2 ± 3.0 7.5 ± 3.2 
5'b 126.4 ± 1.0 -[a] - 
6' 159.3 ± 0.5 165.1 ± 1.0 5.8 ± 1.1 

Me 129.2 ± 0.2 126.0 ± 1.0 -3.2 ± 1.0[b] 
1 158.0 ± 1.5 130.8 ± 2.0 -27.2 ± 2.5 
2 158.1 ± 3.0 147.0 ± 7.0 -11.1 ± 7.6 
3 160.6 ± 3.0 162.3 ± 3.0 1.7 ± 4.2 
4 165.0 ± 0.3 137.9 ± 1.0 -27.1 ± 1.0 
8 158.1 ± 0.3 132.8 ± 1.0 -25.3 ± 1.0 
9 160.9 ± 2.0 148.0 ± 5.0 -12.9 ± 5.4 

10 159.6 ± 2.0 162.2 ± 3.0 2.6 ± 3.6 
11 162.5 ± 0.5 137.1 ± 1.0 -25.4 ± 1.1 

[a] Because of signal overlap with the NMe signal no coupling could be extracted. 
[b] For the fits with PALES[128, 129] the DCH coupling of the methyl group was converted[125] to the corresponding  
      DCC coupling (0.9 Hz).  

 

 

5.2.4 Fitting Results 

The 8 potential structural models for staurosporine have been fitted against the 

measured RDCs with the program PALES[128, 129] using the “-bestFit” option  

(SVD-fit). A comparison of the plots of back-calculated vs. experimental RDCs (see 

Figure 5.9.) clearly supports the SRRR configuration in the chair conformation which 

was also previously reported for the free base of staurosporine.[211, 212]  

 

In Figure 5.10. A the squares of the corresponding correlation factors, R2, for the 

fits are shown in comparison. The best correlation (R2 = 0.996) clearly results for the 

SRRR configuration in the chair conformation. In Figure 5.10. B this structure  

is shown with the representation of its alignment tensor as calculated during the  

SVD-fit.  

 

The results obtained with the SVD-fitting are also corroborated by  

RDC-restrained molecular dynamics simulations where the best match of measured 

and back calculated RDCs is obtained for the same structure.[26] 
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Figure 5.9.: Comparison of measured RDCs (DCH(exp)) of staurosporine and RDCs 
back-calculated with PALES[128, 129] (DCH(calc)) for the different possible 
configurations and conformations. Clearly, only the SRRR diastereomer in its chair 
conformation is in consistence with the experimental data.  
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Figure 5.10.: Correlation between measured RDCs and potential staurosporine 
structures. The square of the correlation factor R2 from the SVD-fits for the different 
configurations and conformations (A) supports the SRRR chair structure shown in (B). 
The structure is depicted with color-coded bonds representing negative (red) and 
positive (blue) 1H,13C-RDCs and the axes of the corresponding alignment tensor next 
to it. 
 

 

 

5.2.5 Conclusion 

In summary, the configuration and conformation of the natural product 

staurosporine as present in chloroform solution has been proven by the analysis of 

one-bond proton carbon RDCs measured in a stretched deuterated polystyrene gel. 

Therefore all potential structures in terms of different diastereomers and different 

conformers of the six-membered ring have been fitted against the experimental data. 

 

Only the SRRR diasteromer in its chair-like conformation supports the measured 

RDCs. The results presented in this chapter therefore not only verify the proposed 

structure of staurosporine but demonstrate also the potential of RDC analysis for the 

determination of configuration and conformation of small organic molecules. 

 

 

 
This project was done in cooperation with Dr. Sebastian Knör (TUM, Munich), who 
synthesized the cross-linked deuterated polystyrene and Dr. Andreas O. Frank (TUM, Munich), 
who at the same time analyzed the measured RDCs with his new approach of RDC driven  
MD simulations (results not presented here).  
 
Results presented in this chapter have been published: 
 

Grit Kummerlöwe; Sebastian Knör; Andreas O. Frank; Thomas Paululat; Horst Kessler; 
Burkhard Luy: 'Deuterated Polymer Gels for Measuring Anisotropic NMR Parameters with 
Strongly Reduced Artefacts.' in Chemical Communications 2008, 5722-5724. 
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5.3 Solving the Constitution of an Unknown Reaction 

Product 

5.3.1 Introduction and Motivation 

As has been shown on a multitude of examples, RDCs are a useful tool to 

determine the configuration and/or the conformation of a molecule. However, their 

use to determine a molecules constitution was not reported so far. In this chapter the 

probably first example for the determination of the constitution of an unknown 

substance by the analysis of experimental RDCs is described.  

The molecule under investigation is an unexpected reaction product synthesized 

by Manuel Kretschmer and Benedikt Crone from the group of Dr. Stefan F. Kirsch 

from “Chair of Organic Chemistry” at the Technische Universität München. They 

were conducting the reaction shown in Figure 5.11. but did not receive any expected 

product. Unfortunately, the structure elucidation for the major reaction product turned 

out to be impossible by standard techniques, as will be shown in the beginning of this 

chapter. After all standard techniques failed, the idea was born to solve this problem 

with the help of RDCs. 

 

 
 

 

 

5.3.2 Analyzing the Unknown Compound by Classical Methods 

Initial characterization of the unknown reaction product included  

mass spectrometry (MS), infrared spectroscopy (IR) and the acquisition of  

1D NMR spectra. The first revealed the chemical composition to be C16H18IN  

(m/z = 351 [M+]), the second suggested no NH- or NH2-group as corresponding 

absorption bands were missing in the spectrum. 1D NMR spectra supported this 

findings: in the proton spectrum the 5 protons of a phenyl group, a singlet with 

Figure 5.11.: Reaction scheme for the 
formation of the unknown compound. 
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integral 3 around 1.2 ppm for a methyl group and 10 aliphatic protons with 

resonances between 1.8 and 3.5 ppm could be observed; in the carbon spectrum  

8 signals between 10 and 60 ppm, one signal around 95 ppm and 5 signals between 

125 and 150 ppm (therefore one more than the expected 4 signals for the phenyl 

group) are present. (For spectra see Appendix.) 

Figure 5.12. A shows the aliphatic region of a standard HSQC recorded on the 

substance. Clearly the 10 aliphatic protons belong to 5 methylene groups and except 

for the phenyl-ring (signals not shown) there is no CH-group in the molecule. This 

was of special interest from the chemical point of view, as in contrast the educt 

possesses a CH-group, which therefore must be involved in the reaction.  
 

 

 

Figure 5.12.: Selected NMR spectra for the unknown major reaction product. In the 
aliphatic region of a standard HSQC spectrum (A) the methyl group and five 
methylene groups can be identified. The aromatic region showing three signals for a 
phenyl-ring is not shown. In the enlargement of the 1H-1D-spectrum (B) the 4 signals 
for aliphatic protons a, b, c, and d show all pseudo-triplets with a coupling of ≈ 2.5 Hz 
(and doublets with the large geminal coupling). Hence each of the 4 protons has not 
only the 2JHH-coupling to the proton within the same methylene group, but also two 
small JHH-couplings to both protons of the other methylene group (C). Those might be 
4JHH-couplings or 5JHH-couplings in an olefinic system.  
 

 

In a COSY spectrum, three of the five methylene groups could be correlated to 

build an enclosed spin system and therefore a chain of subsequent CH2-groups. 

Between the two remaining methylene groups very weak cross peaks could be 

observed in the COSY. This is due to small proton-proton couplings of about 2.5 Hz 

between each of the 4 protons with the two protons of the other methylene group, 

respectively. This can best be seen in the enlargement of the 1H-1D-spectrum as 
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shown in Figure 5.12. B. As both couplings to the protons of the other CH2-group are 

that small, they can not be 3JHH-couplings between neighboring groups. Therefore 

they must be either 4JHH-couplings, and hence the two methylene groups are 

connected via one unknown hetero atom, or 5JHH-couplings in an olefinic system[213] 

(see Figure 5.12. C). 

Figure 5.13. A sums up the analysis as described so far, by showing the 

molecule’s fragments as known out of 1D proton, 1D carbon, COSY, and HSQC 

spectra. Note that there are five quaternary carbon atoms.  

 

A standard NMR analysis would also include the acquisition of an HMBC 

spectrum and in this case a 1H,13C-HMBC as well as a 1H,15N-HMBC have been 

acquired. However, the analysis of these experiments was not at all conclusive. In the 
1H,13C-HMBC altogether 58 signals have been detected, among them 21 signals 

within the fragments as shown in Figure 5.13. A and 37 signals correlating different 

fragments. In the 1H,15N-HMBC 8 signals have been detected, leaving only one of the 

methylene groups without a correlation to the nitrogen atom (this being the one in the 

middle of the -CH2-CH2-CH2- chain). Thus, both HMBC spectra are correlating 

almost every known fragment with every other one and no conclusion about the 

connection of the fragments can be drawn. In addition one should keep in mind, that a 

missing cross peak in an HMBC spectrum does not necessarily indicate that the 

corresponding spins are far apart, but only that their coupling is small.  

 

In order to connect the known fragments, a 2D 1,1-ADEQUATE spectrum[214] 

was acquired. This experiment uses magnetization transfer via 1JCC and  
1JCH couplings and thus correlating neighboring carbon atoms. Five additional 

carbon-carbon bonds (see Figure 5.13. B) could be detected, reducing the number of 

fragments. However, as a 1,1-ADEQUATE spectrum is proton detected, no 

correlations between two quaternary carbons can be made. As the molecule possesses 

five quaternary carbons this leaves a lot of possible bonds undefined. An additional 

problem are the two methylene groups for which still one connection is missing (see 

Figure 5.13. B), as it is not clear whether these signals are simply missing in the 

1,1-ADEQUATE spectrum due to a bad transfer via not well matching coupling 

constants, or whether these methylene groups are connected with the nitrogen atom. 

Altogether there are still too many possible structures to solve the constitution of the 

molecule.  
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Figure 5.13.: Fragments of the unknown reaction product as analyzed by NMR 
spectroscopy. The information drawn out of 1D proton, 1D carbon, COSY, and HSQC 
spectra lead to the 10 fragments shown in (A). By the acquisition of a 
1,1-ADEQUATE spectrum, those 10 fragments can be reduced to 6 fragments, as five 
carbon-carbon-correlations (shown in blue) have been detected (B). Red bonds indicate 
an unknown connection to another fragment. 
 

 

Attempts have been made to connect the known fragments by the signals detected 

with the HMBC spectra under the assumption that every cross peak is due to a 2JXH, 
3JXH, or 4JXH coupling, independent of the intensity of the cross peak. However, no 

structure could be obtained which made sense in terms of any imaginable reaction 

mechanism or in terms of carbon chemical shifts to be expected.  

In summary, the structural analysis with classical methods failed. Main problems 

are the high number of quaternary carbons which could not be correlated and the high 

number of HMBC correlations which indicate that the product has a bridged cyclic 

structure.  

 

5.3.3 New Approach for the Determination of a Molecule’s 
Constitution 

After classical NMR analysis failed, the idea came up to solve the constitution of 

the molecule with the help of RDCs. As discussed in chapter 2.6.2, RDCs are a 

suitable tool to verify a proposed structural model. In chapters 5.1 and 5.2 two 

examples for this have been shown, in which the tested structural models have been 

different diastereomers or structural conformers of the same molecule. The principle 

of excluding all wrong structural models and verifying only one of the proposed 

structures should also work if the tested structures are different molecules in terms of 

different constitutions.  
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There are two conditions which must be fulfilled for successfully applying this 

method. On one hand, the experimental data must be sufficient enough to exclude all 

wrong structures, and on the other hand, the correct structure must be among all 

tested. These conditions must be fulfilled in every case, and the first is simply 

achieved by the acquisition of many different RDCs. The latter one is usually no 

problem in the analysis of configurations, as simply all possible diastereomers are 

used as input-structures, like it has been done in chapters 5.1 and 5.2. However, for 

different constitutions, the probability to miss one potential structures is far higher, as 

by hand it is hardly manageable to create all possible structures in a systematic way. 

Therefore, for the analysis of the constitution of a molecule, special attention must be 

paid when creating the set of input structures. Obviously the method is going to fail, 

if the correct structure is not among all tested. 

 

5.3.4 RDCs Measured for the Unknown Compound 

For the measurement of residual dipolar couplings, the compound has been 

aligned in a stretched polystyrene/chloroform gel. The corresponding scalar couplings 

have been measured in a chloroform solution sample.  

In order to measure one-bond CH-RDCs, CLIP-HSQC spectra[107] have been 

acquired for the isotropic and anisotropic sample. Two-bond HH-RDCs between the 

geminal protons of methylene groups have been obtained from corresponding 

P.E.HSQC spectra.[114] (For all couplings and chemical shifts measured on the 

substance see Appendix.) 

Altogether 17 RDCs have been obtained for the structural analysis: 10 one-bond 

CH-RDCs in the 5 CH2-goups, 1 one-bond CH-RDC for the para-CH-group in the 

phenyl-ring, 5 two-bond HH-RDCs within the 5 CH2-goups, and 1 one-bond RDC for 

the methyl group. For the latter one, the corresponding CH-coupling has been 

converted[125] to either a CC or a CN coupling, depending whether the methyl group 

is attached to a carbon or a nitrogen atom in the corresponding structural model.  

 

5.3.5 Structural Models Used for RDC Analysis 

To build the group of tested input-structures for the SVD-fittings, Dr. Stefan 

Kirsch was asked to create all structures he can think of, which fulfill the following 

criteria: The molecular formula C16H18IN must be satisfied, the molecule must 
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contain a chain of three methylene groups and two isolated methylene groups as well 

as a phenyl-ring and an isolated methyl-group, four more quaternary carbons and a 

tertiary nitrogen. These conditions are basically those drawn out of the analysis of 

1D, COSY and HSQC spectra (see Figure 5.13. A). Furthermore the molecule should 

be somehow reasonable in terms of the educt of the reaction. Dr. Kirsch came up with 

the molecules depicted in Figure 5.14., which therefore served as tested structures. 
 

 

 

Figure 5.14.: Potential reaction products suggested for the reaction shown in Figure 
5.11. and composed out of the fragments shown in Figure 5.13. A. Structures have 
been named using a two-letter-code which will be used in the following to identify the 
different molecules. The phenyl-ring is abbreviated by Ph. 
 

 

For none of the 14 suggested reaction products, there is the possibility for a 

diastereomer, which would enlarge the number of structures to be tested. The  

14 input-structures for the unknown compound were created and energy-minimized 

using the program Sybyl.[204] The structural models were then used as input for the 

program PALES[128, 129] for fitting experimental RDC data. Within the fitting process, 

all prochiral assignments for the five methylene groups have been permutated, 

leading to 25 = 32 fits for each of the 14 structures. Furthermore the assignment of the 

two isolated methylene groups was varied as this assignment would not been known 

on the basis of the 1D, COSY and HSQC spectra only. (With the 1,1-ADEQUATE 

spectrum in hand, it is defined which of the two isolated CH2-groups is which one in 

the suggested structures. However it should be demonstrated, that the acquisition of 

the 1,1-ADEQUATE spectrum would not have been necessary for solving the 

structure by RDCs.) The number of fits therefore increases to 64 for each suggested 

molecule, leading to a total number of  64 • 14 = 896 fits. 
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5.3.6 Fitting Results 

To compare this incredible amount of fitting-data, the quality factor n/χ2 has been 

calculated for each fit. Then the highest n/χ2 value for each structure has been 

selected among the 64 fits with permutated assignment. In Figure 5.15. the results are 

summarized by showing n/χ2 for the best permutation of each of the 14 structures.  
 

 
 
 

 

Figure 5.16.: Comparison of back-calculated and experimental RDCs for the fits with 
best n/χ2 value. The structure Ba (top, middle) has not only the best n/χ2 value, but 
shows also a reasonable good correlation between measured and calculated couplings 
(top, left), while the data do not correlate for the structures Aa, Ca and Fa (bottom). 
The structural model of Ba is depicted with color-coded bonds (red: negative;  
blue: positive RDCs) and the axis of the corresponding alignment tensor next to  
it (top, right).  

Figure 5.15.: Comparison of quality 
factors n/χ2 for the SVD-fits done 
with PALES.[128, 129] For each of the 
14 structures altogether 64 different 
permutations of the assignment have 
been fitted and only the one with the 
best n/χ2 value is shown here. 
Structure Ba is the only one with an 
n/χ2 value larger than 1.  
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Clearly only structure Ba has a reasonable high n/χ2 value which is far higher than 

for all other structures. If one compares back-calculated and experimental RDCs for 

the four structures (and the corresponding permutation of assignment) with the best 

n/χ2 value, it becomes evident too, that only for structure Ba a good correlation is 

existent (see Figure 5.16.). Therefore all structures other than Ba can be excluded, 

and Ba can be considered as the correct structural model for the unknown reaction 

product.  
 

 

5.3.7 Discussion of Previous Data and Verification of the 
Constitution 

In retrospective, it is interesting why the classical analysis failed. As described in 

chapter 5.3.2, it was tried to find possible structures on the basis of the fragments 

obtained from 1D, COSY, HSQC, and ADEQUATE spectra (see Figure 5.13. B) and 

the data from the HMBC spectra. For this, all cross peaks in the 1H,13C-HMBC 

spectrum have been assumed to originate from 2JCH, 3JCH, or 4JCH couplings, but the 

obtained structures made no sense in terms of reaction mechanism or chemical shifts 

to be expected. Also the identified structure Ba, was not among them and the reason 

for excluding it were two pronounced HMBC signals between both protons of a 

methylene group and a carbon atom of the phenyl-ring. In retrospective, these cross 

peaks originate from 5JCH-couplings (see Figure 5.17. A). The signals are especially 

unexpected, as the phenyl-ring is rotating, which can be concluded from the identical 

chemical shifts of both ortho- and para-carbons as well as hydrogens.  
 

 

Figure 5.17.: Reasons for the failure of classical NMR analysis. The HMBC signals 
between two protons of a methylene group to the ortho-carbons of the phenyl-ring 
were not expected, especially as the phenyl-ring probably rotates fast around its 
carbon-carbon bond (A). The carbon chemical shifts predicted by ChemDraw[215] 
(blue), are partly far apart from the experimental values (red) measured for the 
unknown reaction product (B). Chemical shifts are given in ppm.  
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However, if it would not have been the HMBC signals, the structure Ba would 

probably have been excluded in a classical analysis due to the chemical shifts. Carbon 

chemical shifts measured for the compound differ up to 14 ppm from shifts predicted 

by the NMR-prediction of ChemDraw.[215] Altogether 4 of 16 carbon chemical shifts 

differ about 10 ppm or more from predicted values (see Figure 5.17. B), which shows 

how unreliable such chemical shift prediction is for bridged cycles, as the spatial 

arrangement of the atoms is not considered.  

 

As this was the first example for the determination of a molecules constitution 

with the help of RDC analysis, efforts were made to verify the obtained result with 

alternative methods. Therefore a 2D INADEQUATE spectrum[216-218] was acquired 

for the substance. This was only possible after the students of Dr. Stefan Kirsch 

synthesized the incredible amount of almost 100 mg of the substance. Out of this 

experiment, which cost 3 days of spectrometer time, three additional carbon-carbon 

connections could be identified, which are all in agreement with the determined 

structure (see Figure 5.18. A). Additional evidence could be obtained by labeling the 

educt of the reaction with 15N-azide and taking a 13C-1D spectrum of the resulting 
15N-labled product. In this spectrum all carbon resonances coupled to the 15N are split 

to a doublet and therefore indicate that the corresponding carbon atoms are only one 

or two bonds apart from the nitrogen. Observed carbon-nitrogen couplings are shown 

in Figure 5.18. B and all of the five correlations are in agreement with the structure 

determined by RDCs.  
 

 

 

Figure 5.18.: Additional evidence for the correct determination of the constitution. (A) 
The INADEQUATE spectrum could reveal three carbon-carbon bonds (shown in 
green) additional to those known from the analysis of COSY (purple) and 
ADEQUATE spectra (blue). (B) The 15N-isotope labeling of the molecule enabled the 
identification of five nitrogen-carbon coupling constants, which are all in agreement 
with the determined structure.  
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5.3.8 Conclusion 

For the unknown reaction product investigated in this chapter, it was shown for 

the first time, that RDCs might be a helpful tool to determine the constitution of a 

molecule. Initial structural analysis by mass spectrometry, infrared spectroscopy and 

classical NMR experiments like 1D, COSY, HSQC, HMBC, and ADEQUATE 

spectra led to no conclusion for the constitution of the compound. In contrast, the fit 

of 17 experimental RDCs against a set of potential structures selected only one to be 

consistent with the measured values. The determined constitution was supported by 

additional data obtained by 15N-labeling of the substance and the acquisition of a  

2D INADEQUATE spectrum.  

As discussed in detail, two conditions must be fulfilled for the successful 

application of this method: enough experimental data must be available to exclude all 

wrong structures and the correct structure must be among all tested. For the first 

condition, further improvements in the technique of partial alignment and further 

development for the measurement of RDCs will help to make more experimental data 

available. Especially the reliable extraction of long-range RDCs will be necessary for 

the successful application of the technique to molecules with less one-bond RDCs in 

reach, e.g. molecules with less protons. For the second condition, it would be helpful 

to use programs which automatically generate possible structures e.g. on the basis of 

known fragments, the molecular formula or even experimental data. Therefore the 

further development of programs like COCON[219, 220] would be highly desirable. 

With the help of such programs the probability of missing the correct structure when 

building the set of proposed structures could be reduced.  

To make the method widely applicable, it would also be necessary to automatize 

the generation of the input files, especially the generation and energy minimization of 

the structures, as well as the fitting procedure itself, especially the permutation of 

potentially ambiguous assignments. Furthermore the evaluation of fits in terms of 

calculating and comparing quality factors, should be simplified. If these practical 

aspects are further improved, this very general technique might be widely used. 
 
 
 
This project was done in cooperation with the group of Dr. Stefan F. Kirsch (TUM, Munich): 
Dipl. Chem. Manuel Kretschmer did the first synthesis for the compound and Dipl. Chem. 
Benedikt Crone resynthesized the substance in a larger scale and with 15N-labeling.  
 
Results presented in this chapter have not yet been published. 
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5.4 Cross-Fitting of RDCs 

5.4.1 Introduction and Motivation 

As outlined already, the five independent components of the alignment tensor can 

be derived by mathematical methods like the singular value decomposition (SVD) if a 

set of at least 5 independent RDCs is available and if the molecule can be considered 

as rigid. As long as considerably more then 5 independent RDCs are given, this 

method can be used for the assignment of prochiral groups and/or for the 

configurational or conformational analysis of rigid molecules. Problems arise when 

the number of RDCs for fitting is not sufficient to unambiguously differentiate 

between different structural models. The situation gets significantly worse if flexible 

parts of a molecule must be taken into account. 

Therefore alternative approaches, which work for a smaller set of RDCs, are 

desirable. In this project, the method of cross-fitting anisotropic parameters, this 

means the transfer of structural information between molecules with similar 

alignment properties, was investigated. The general idea of cross-fitting will be lined 

out and tested for the configurational analysis of steroids as model structures. Its 

potentials and limitations as well as its advantages over other approaches will be 

discussed in detail.  

 

5.4.2 The General Idea of Cross-Fitting RDCs 

Probably the most elegant and effective solution to the problem of a limited set of 

RDCs would be the prediction of alignment from first principles. This would 

theoretically allow distinguishing different structural models, e.g. diastereomers, by a 

single measured, decisive RDC.  

Many attempts have been made to predict the alignment of a molecule by 

considering steric[128] and electrostatic[163] interactions between the solute and the 

alignment medium, as it is for example done in PALES (“-stPales” option).[129] Other 

methods consider inherent properties of the solute molecule like its tensor of 

gyration.[164, 165] The prediction of alignment works well for large biomacromolecules 

like proteins or DNA. However, for small molecules it often fails because the effects 

of the fine-structure of the alignment medium and corresponding dynamics play a 

much more important role. 
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A different approach is the use of RDCs of a molecule of known, very similar 

structure for a cross-fit with the RDCs from the molecule of interest. This idea was 

first used by Ziani et al. for the identification of absolute configuration using RQCs 

measured for a similar molecule of known stereochemistry.[166] As the alignment and 

therefore RDCs are strongly influenced by steric and electrostatic interactions of the 

solute with the polymer of the alignment medium, the molecule used for cross-fitting 

should possess very similar overall shape and charge distribution and the dynamic 

behavior of the molecules should also match. If such a molecule is available, cross-

fitting of RDCs should allow the differentiation of diastereomers even in the case of 

otherwise insufficient RDC data. 

 

The cross-fitting approach can in principle be implemented in two ways: RDCs of 

the cross-fitting molecule can either be used to calculate an alignment tensor which is 

then applied to the solute of interest, or the couplings can be compared directly. This 

means, if only the conservation of a specific part of the molecule shall be tested, a 

direct comparison of RDCs of this specific part should lead straightforwardly to the 

desired result without complicated fittings to an orientational model. 

In the following it should be tested in how far the hypothesis of cross-fitting is 

applicable to real molecules.  

 

5.4.3 Two Steroids as Model Compounds 

Steroids have been selected as test molecules for the cross-fitting approach for 

several reasons. Firstly, steroids in general play a very important role in chemistry, 

biology, and medicine, where many drugs are based on the steroid scaffold.[221-223] 

Secondly, they build a large group of molecules which differ in both configuration 

and substituents while they conserve the overall molecular shape determined by the 

four fused rings. The ring system contains also highly rigid parts as well as a 

relatively flexible five-membered ring. This makes steroids an ideal system to study 

the principle of cross-fitting. 

As representative steroids the commercially available cholesterol and 

5-α-cholestan-3-one have been chosen. The structure of 5-α-cholestan-3-one is 

mainly determined by the keto-group and the fully saturated ring system (see  

Figure 5.19.). In contrast, cholesterol contains a double bond in ring B which bends 

the ring system and leads to a distinct variation in structure. Otherwise the two 
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molecules have identical substituents and their overall shape can be considered to be 

quite similar.  
 

 

Figure 5.19.: Structure and numbering of cholesterol (A) and 5-α-cholestan-3-one (B). 
 
 

Furthermore, in steroids the problematic lack of sufficient RDC-data might arise 

due to the small range in chemical shifts. Most NMR signals appear in the region 

between 15 ppm and 40 ppm in 13C dimension and between 0.5 ppm and 2.0 ppm in 
1H dimension, respectively (see Figure 5.20.). This does not only lead to signal 

overlap but might also cause immense strong coupling artifacts which prevent a 

reliable extraction of coupling constants. In addition, the chair-like structure of  

six-membered rings in steroids reduces the number of independent RDCs as all axial 

CH-bonds are practically parallel. Therefore it might well happen that RDC-data 

measured on steroids are not sufficient for a desired configurational analysis. As will 

be shown in the following, cross-fitting of RDCs can overcome this problem. 
 

 

Figure 5.20.: Aliphatic region of the 
CLIP-HSQC spectrum[107] acquired  
on cholesterol in a stretched 
PDMS/CDCl3 gel. Almost all steroid 
signals appear in a very narrow 
spectral range causing signal overlap 
and strong coupling artifacts. As an 
example of signal overlap the  
inset shows five doublets: C2-H2α,  
C2-H2β, C7-H7α, C7-H7β, and 
C8H8. 
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5.4.4 RDC Measurements 

The assignment of all NMR resonances (see Appendix) has been achieved by 

standard COSY, HSQC and ADEQUATE spectra performed on ≈ 31 mM samples of 

both steroids in CDCl3. The isotropic samples were also used to measure scalar 

couplings. Anisotropic samples were prepared in the new stretching apparatus 

introduced in chapter 4.2: PDMS sticks[67] were swollen inside the Kalrez® 8002UP 

tube with a solution of 150 μl CDCl3 and 16 mg of the corresponding steroid. The 

elastomer tube of the device was then stretched accordingly for obtaining equivalent 

alignment strength for both samples. The alignment strength was measured by the 

quadrupolar splitting of the deuterated solvent CDCl3 and was adjusted to be 30.2 Hz 

for the cholesterol sample and 30.8 Hz for the 5-α-cholestan-3-one sample, 

respectively. 
1H,13C one-bond couplings and homonuclear 1H,1H couplings between geminal 

protons in CH2-goups were measured, as they contain the most easily accessible 

RDCs. For the measurement of 1JCH and 1TCH
 = 1JCH+DCH the CLIP-HSQC and 

CLAP-HSQC pulse sequences[107] have been used. The coupling constants were 

extracted by selecting a slice of the CLIP-HSQC at the appropriate carbon frequency 

and manually shifting a copy of the slice until the corresponding multiplet 

components were centered with respect to each other (see chapter 2.5.3 Figure 2.13.). 

For overlapping signals of a CH2-group the IPAP-approach was used as described by 

Enthart et al.[107] 
2THH couplings were measured using the P.E.-HSQC pulse sequence.[114] The 

coupling constants were extracted from resulting spectra by selecting two slices at the 

appropriate carbon frequencies of one signal and manually shifting them until the 

corresponding multiplet components were centered with respect to each other. The 

sign of the 2THH is given by the tilt of the multiplet (see chapter 2.5.3 Figure 2.12.).  

RDCs were then calculated from the difference of couplings measured in the 

anisotropic sample and couplings measured in the isotropic sample (see Appendix for 

all couplings and Table 5.3. for RDCs of both steroids). In the case of cholesterol 

16 1DCH and 7 2DHH couplings and for 5-α-cholestan-3-one 21 1DCH and 8 2DHH 

couplings could be extracted within the four rings. Additional 9 1DCH couplings for 

the flexible side chain of each steroid were extracted. Missing couplings could not 

reliably be extracted due to signal overlap or strong coupling artifacts.  
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Table 5.3.: Comparison of 1H,13C one-bond RDCs measured on cholesterol and 
5-α-cholestan-3-one in similarly stretched PDMS/CDCl3 gels.  
 

  Group[a] 
1DCH (exp) 
cholesterol 

1DCH (exp) 
5-α-cholestan-3-one 

C19-H19 -6.6 ± 0.6 -7.2 ± 0.8 
C18-H18 -7.0 ± 0.6 -7.2 ± 0.5 
C16-H16a 0.3 ± 5.8 -1.9 ± 5.8 
C16-H16b 5.1 ± 5.8 8.5 ± 5.4 
C15-H15a -[b] 11.6 ± 5.1 
C15-H15b 14.0 ± 5.8 14.0 ± 5.1 
C7-H7β 14.2 ± 5.8 4.1 ± 5.0 
C7-H7α -[b] 25.9 ± 1.5 
C8-H8 20.7 ± 8.5 27.2 ± 1.0 
C2-H2α 11.3 ± 3.9 6.9 ± 3.2 
C2-H2β 16.1 ± 3.9 21.1 ± 3.2 
C1-H1β 9.0 ± 1.4 7.3 ± 1.2 
C1-H1α 18.2 ± 1.4 20.7 ± 1.7 
C12-H12α 22.4 ± 1.4 27.4 ± 1.6 
C12-H12β 5.1 ± 1.4 4.3 ± 1.1 
C9-H9 23.6 ± 4.0 23.7 ± 1.1 
C21-H21 -4.9 ± 0.6 -5.0 ± 0.7 
C25-H25 10.8 ± 0.9 11.4 ± 0.8 
C20-H20 23.3 ± 1.1 23.3 ± 1.0 
C27-H27 -0.2 ± 0.4 -0.5 ± 0.4 
C26-H26 0.2 ± 0.4 0.2 ± 0.4 
C23-H23a 18.1 ± 5.1 20.5 ± 8.2 
C23-H23b 5.2 ± 2.7 8.5 ± 8.5 
C22-H22a 25.6 ± 6.4 26.7 ± 5.8 
C22-H22b 8.7 ± 10.4 8.7 ± 5.1 
[a] Methylene protons marked with a, b indicate that prochiral assignment 
is not available. Protons marked with α or β are assigned following standard 
steroid nomenclature. 
[b] Couplings not extracted due to signal overlap or strong coupling 
artifacts.  

 
 

 

5.4.5 Calculation and Comparison of Alignment Tensors 

For the cross-fitting of RDCs between different molecules the assumption that 

both molecules possess the same alignment tensor must be fulfilled in a good 

approximation. Therefore, first the alignment tensors of both steroids under 

investigation have been calculated for comparison. For this the “-bestFit” option of 

PALES[128, 129] (SVD-fit) was applied to fit measured RDCs to structural models of 

cholesterol and 5-α-cholestan-3-one that were created and energy-minimized using 

the program Sybyl.[204]  
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RDCs measured in the five-membered rings (D-ring) did not fit to back-calculated 

RDCs, which was expected as the flexible rings most likely experience a different 

orientational averaging and therefore a different average alignment compared to the 

rigid part of the steroids. As a result, the number of RDCs used for SVD calculations 

was reduced to 18 for cholesterol and 23 for 5-α-cholestan-3-one, respectively.  

Since the prochiral assignment of methylene groups were not known a priori, a 

permutation of all prochiral protons was performed, resulting in 16 and 64 structural 

models for cholesterol and 5-α-cholestan-3-one, respectively. The best fit, as 

measured by the correlation factor n/χ2, leads to the prochiral assignment for the 

entire molecule.  

As expected, for both molecules corresponding alignment tensors could be 

calculated with high precision and measured RDCs of the rigid parts fit well with the 

back-calculated values. (see Appendix for back-calculated couplings and alignment 

tensor parameters). A comparison of both calculated alignment tensors shows that 

they are very similar, as can also be seen in Figure 5.21. Hence, this essential 

condition for the applicability of the cross-fitting approach is fulfilled.  
 

 

Figure 5.21.: Structures of cholesterol (A) and 5-α-cholestan-3-one (B) with color-
coded bonds representing negative (red) and positive (blue) RDCs. The axes of the 
corresponding alignment tensors are drawn next to the structural models. Apparently 
the alignment tensors of both steroids are very similar but not fully identical.  
 

 

5.4.6 Cross-Fitting RDCs via the Alignment Tensor 

As the alignment tensors of both steroids in the stretched PDMS/CDCl3 gels are 

almost identical, a fit of measured RDCs for one of the molecules using the alignment 

tensor of the other molecule should also lead to a good agreement between measured 
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and back-calculated RDC data. To test this both steroids have been cross-fitted to the 

alignment tensor derived for the other steroid using the PALES option for a user 

supplied order matrix (“-saupe” option).[128, 129]  

As expected, the quality factors of the corresponding fits drop compared to the 

direct fit with the PALES “-bestFit” option (from n/χ2 = 5.42 to 0.59 for cholesterol 

and from n/χ2 = 1.13 to 0.26 for 5-α-cholestan-3-one). However, measured and  

back-calculated RDCs are still in very good agreement and deviations are small.  

For cholesterol fitted against the alignment tensor of 5-α-cholestan-3-one this can be 

seen in Figure 5.22. C with the comparison of the corresponding direct SVD-fit in 

Figure 5.22. A. Detailed results on the fittings and analog Figures for 

5-α-cholestan-3-one fitted against the alignment tensor of cholesterol can be found in 

the Appendix. 

Generally, this result can be seen as direct proof of principle for the cross-fitting 

approach based on the alignment tensor as the orientational model for rigid parts of 

molecules.  

 

5.4.7 Differentiation of Diastereomers by Cross-Fitting RDCs 

After this proof of principle, it was tested in how far the cross-fitting approach 

would be applicable to identify the correct relative configuration of an unknown 

molecule. Therefore measured RDCs were cross-fitted against a potential 

diastereomer of one steroid using the alignment tensor of the other steroid to see if 

fitting results would be able to differentiate the correct diastereomer from a false one.  

10-α-cholesterol has been chosen as a diastereomer of cholesterol, which has an 

inverted chiral center at carbon atom C10. A structural model of 10-α-cholesterol has 

again been created and energy-minimized with the program Sybyl.[204] For 

comparison, experimental RDCs measured on cholesterol have been directly fitted 

against the structure of 10-α-cholesterol with the “-bestFit” option and cross-fitted 

with the fixed orientation of the alignment tensor derived for 5-α-cholestan-3-one 

using the “-saupe“ option of PALES. Again the protons of all prochiral methylene 

groups were permutated as their assignment was considered to be unknown and the 

best permutation was selected for comparison.  

Plots of RDCs measured on cholesterol and back-calculated for 10-α-cholesterol 

with the two methods can be seen in Figure 5.22 B and D along with the deviation of  
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the RDCs mapped to the structural model. Comparing the results with those for the 

cholesterol structure (Figure 5.22 A and C), one can clearly differentiate the correct 

diastereomer cholesterol from the wrong diastereomer 10-α-cholesterol.  
 

 

 

Figure 5.22.: Comparison of SVD-fits (top) and cross-fitting results (bottom) for 
cholesterol (left) and its potential diastereomer 10-α-cholesterol (right). For each fit a 
plot of calculated vs. experimental RDCs and the corresponding structure with color-
coded bonds denoting the deviation between measured and back-calculated RDCs are 
shown. The corresponding alignment tensors are visualized with their principal axis 
systems (black: Azz; gray: Ayy; white: Axx). Experimental RDCs measured on 
cholesterol have been SVD-fitted against the structural models of cholesterol (A) and 
10-α-cholesterol (B) using the “-bestFit” option of PALES. For cross-fitting the 
alignment tensor derived from 5-α-cholestan-3-one was used as orientation to calculate 
RDCs for the structures of cholesterol (C) and 10-α-cholesterol (D).  
 

 

In an analog way RDCs measured on 5-α-cholestan-3-one have been fitted against 

the structure of its potential diastereomer 5-β-cholestan-3-one with both methods. 

Results for this fits can be seen in analogous Figures in the Appendix. Also in this 

case the correct diastereomer could clearly be distinguished from the wrong one.  

 

However, it should be mentioned that differentiation of diastereomers for the two 

steroids works with both methods: cross-fitting and conventional RDC-based 

configurational analysis for which RDCs are directly fitted to the structural models of  
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the diastereomers. It therefore can be concluded that if there is a sufficient number of 

RDCs for fitting available, a reliable differentiation between diastereomers is 

generally possible with either approach.  
 

 

5.4.8 Differentiation of Diastereomers with Reduced RDC Data 

If the number of available RDCs is reduced, the situation can change significantly 

as the reliability of the alignment tensor of a direct SVD fit might be strongly 

decreased.  

For the simulation of this effect the number of RDCs used for fitting have  

been successively reduced. Out of the 18 measured RDCs of cholesterol, various 

subsets of 15, 12, 9, 8, 7 and 6 RDCs were generated by random selection of  

RDC-combinations. As with a decreasing number of RDCs within a subset the 

influence of the actual composition of the subset increases, it was decided to create 

the more subsets the less RDCs are contained within the subsets. The hope was to get 

an overall trend for what happens to the fitting quality with a decreasing number of 

RDCs (See Appendix for the actual combinations of RDCs in the used subsets).  

Altogether 54 subsets of RDCs measured for cholesterol have been built and fitted 

to the structures of cholesterol and 10-α-cholesterol in order to differentiate the 

correct diastereomer. For comparison both methods have been used: SVD-fitting and 

the cross-fitting with the alignment tensor given by 5-α-cholestan-3-one. For each 

subset and structure again all possible permutations for prochiral methylene groups 

were performed and the one with the best fitting result in terms of highest n/χ2 value 

was chosen.  

 

A summary of the results is shown in Figure 5.23. which compares n/χ2 values for 

the direct SVD-fits (top) and the cross-fitting against the alignment tensor of 

5-α-cholestan-3-one (bottom) for both diastereomers and different RDC-subsets.  

One can clearly see the breakdown of the SVD approach with a decreasing 

number of RDCs: although n/χ2 rises from an initial value on the order of 1 for all 18 

RDCs to over 1000 if only 6 RDCs are used for the fitting routine (actually indicating 

a better fit to the structure), this rise is artificial since the lower number of restraints 

more easily allows a good fit to the five degrees of freedom of the alignment tensor. 

In fact less RDCs are more easily fitted to a structure but this does not mean that the 
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fit reflects the real orientational behavior of the molecule. Considering that a fit with 

only 5 RDCs always gives a perfect match and therefore an infinitely high quality 

factor, it is no surprise that the quality factors increase with a decreasing number  

of RDCs. However, it becomes also obvious that one can not trust a fit with only  

few RDCs.  

In this regard it is not surprising that also the differentiation of the two 

diastereomers fails with decreasing number of RDCs. For the randomly chosen 

subsets used in this study, the wrong diastereomer was favored for several 

combinations of 8, 7 and 6 RDCs. For one of the subsets with 9 RDCs and several 

combinations of 8, 7 and 6 RDCs a wrong permutation of the prochiral assignment 

for cholesterol was favored (marked in Figure 5.23. with an * for each wrongly 

assigned prochiral center).  

 

The cross-fitting approach, instead, leads to a completely different behavior for a 

decreasing number of RDCs. First of all, the quality of the fit does not depend on the 

number of RDCs and n/χ2 values are generally on the same order close to 1 and vary 

only slightly due to the actual composition of the subset. While the average molecular 

orientation is allowed to vary freely in the SVD approach, the alignment tensor is 

fixed by the full set of 21 RDCs of 5-α-cholestan-3-one in the cross-fitting case and 

the reliability of the alignment tensor is independent of the available number of RDCs 

of cholesterol.  

As a consequence the full information content of the measured RDCs can be used 

for the differentiation of diastereomers and the correct diastereomer is favored for all 

randomly chosen subsets used for Figure 5.23. In addition it should be noted, that for 

each subset the correct prochiral assignment of cholesterol is reflected in the fits.  

 

 

The cross-fitting approach, in principle, will allow distinguishing the 

diastereomers even with less than 5 RDCs. However, its comparison with the SVD-fit 

makes only sense for more than 5 RDCs. It is also evident that with a decreasing 

number of RDCs the actual composition of the subset of RDCs becomes more and 

more important. As can be easily derived from Figure 5.22. D by looking at the 

coupling deviations of individual RDCs, almost any RDC measured in the A-ring will 

be sufficient to differentiate the correct from the wrong diastereomer, while the whole 

set of RDCs of the C-ring will not lead to conclusive results.  
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Figure 5.23. (previous page): Differentiation of diastereomers with reduced sets of 
RDCs. Compared are quality factors n/χ2 obtained for the direct SVD-fitting method 
(top) and the cross-fitting approach (bottom) using subsets of RDCs measured on 
cholesterol for fitting against the structures of cholesterol (blue) and 10-α-cholesterol 
(orange). RDC-data was reduced by building various subsets of the 18 measured RDCs 
with 15, 12, 9, 8, 7 and 6 RDCs. The individual subsets are marked with letters  
(15A-C, 12A-E, 9A-H, 8A-J, 7A-L, 6A-O) for which the corresponding RDC 
combinations can be found in the Appendix. For each fit the prochiral assignment of 
CH2-groups was permutated and only the fit with the best result is shown here. For 
each asterisk (*) one methylene group was obtained with incorrect prochiral 
assignment for the best permutation. Fewer RDCs for the SVD-fitting lead to highly 
unreliable results and strongly increased n/χ2 values, while the cross-fitting approach 
maintains the correct differentiation of diastereomers and prochiral assignments even 
for sparse data.  
 

 

 

5.4.9 Comparison with Other Methods 

As mentioned before, RDC prediction would be the most elegant way of deriving 

the alignment tensor of a given molecule. However, established methods only work 

for large proteins but often fail for small molecules. In addition, the prediction of 

alignment is highly susceptible to flexible parts, whose influence on the induced 

orientation is generally overestimated by static approaches.  

The two steroids investigated here do not contain any charged groups and their 

orientation is most certainly dominated by the relatively rigid ring systems. They 

therefore represent almost ideal candidates for predicting the alignment tensor by the 

prediction routine of PALES[128] (“-stPales” option).  

However, RDCs predicted by PALES for the whole steroid structure fit only 

reasonably to the measured RDCs. The situation improves, when the steroid structure 

is shortened at the flexible side chain attached to C17, as was found out by stepwise 

shortening and subsequent prediction of alignment (for details see Appendix). For 

cholesterol best prediction results were achieved with the cholesterol fragment  

C1-C24 (cholesterol shortened by C25, C26 and C27 and adjacent protons) with a 

very good n/χ2 value of 3.29. For 5-α-cholestan-3-one prediction was best for the 

fragments C1-C23 (shortened by C24, C25, C26 and C27 and adjacent protons) and 

C1-C20 (shortened by the whole side chain) with n/χ2 values of 0.92 and 0.87, 

respectively. Obviously the influence of the flexible side-chain is overestimated and 

better results are therefore achieved after shortening the side chain. However, the 

optimal length of the flexible side chain for the PALES prediction differs even in this 
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case of two very similar molecules, showing how unreliable and unpredictable the 

method is. 

More problems with the PALES prediction arise when the interaction between 

solute and alignment medium is not purely steric but charges need to be considered. 

The PALES prediction performed for sodium cholate, for example, does not at all 

reflect RDCs measured for sodium cholate in PAA/D2O[148] (see Appendix). 

Considering how difficult and unreliable an accurate RDC-prediction with currently 

available methods is, cross-fitting appears to be the superior approach whenever 

applicable.  

 

 

5.4.10 Direct Cross-Fitting of RDCs in Flexible Parts 

The cross-fitting via an alignment tensor allows the indirect comparison of RDCs 

measured even in differing parts of two similar molecules. However, quite often it is 

only necessary to transfer e.g. the assignment of prochiral groups. Furthermore, it 

might be desirable to identify signals in a flexible part for which the alignment tensor 

approach is not applicable. As has been shown previously for residual quadrupolar 

couplings by Ziani et al.,[166] the anisotropic couplings can in this case directly be 

transferred between two molecules with very similar orientational behavior without 

the detour over an orientational model.  

A comparison between RDCs measured on cholesterol and 5-α-cholestan-3-one 

(see Table 5.3.) leads to a unique assignment for practically all prochiral protons with 

the exception of C7-H7 close to the structural difference in ring B. Furthermore, a 

comparison of the RDCs measured within the flexible side chain (carbon atoms C20 

to C27) reveals a striking match of RDCs measured for the two molecules. 

For more or less identical parts of two molecules that fulfill the conditions for 

cross-fitting, the direct comparison of anisotropic NMR parameters like RDCs 

therefore must be considered as a highly effective tool to obtain an assignment or to 

independently verify a given assignment. Especially for molecules like the presented 

steroids with many signals within narrow chemical shift ranges this can be very 

useful as the potentially slightly better resolution for closely related compounds can 

be directly used by transferring corresponding RDCs. 
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5.4.11 Limitations and Potentials 

In contrast to methods for prediction of alignment from first principles, the cross-

fitting approach does not need to consider structural details or charges of the 

alignment medium, as the orientational information is taken from experimental data. 

However, a number of conditions must be fulfilled: both the molecule of interest and 

the molecule used for cross-fitting RDCs must be rather similar in their overall shape 

and charge distribution, and RDCs must be measured for both molecules in the same 

alignment medium. Otherwise the cross-fitting of RDCs will fail.  

The influence of the alignment medium and/or the influence of the molecule’s 

charge distribution might be seen when comparing experimental data measured on 

sodium cholate in PAA/D2O[148] with the data acquired on cholesterol and 

5-α-cholestan-3-one in PDMS/CDCl3. Sodium cholate is another molecule with 

steroid scaffold, but in contrast to the other steroids it is charged. In Figure 5.24. the 

three steroids are shown with the axes of their alignment tensors as derived by the 

SVD-fit of the corresponding experimental RDCs. The alignment of cholesterol and 

5-α-cholestan-3-one in PDMS/CDCl3 is fairly different compared to that of sodium 

cholate in PAA/D2O and therefore the cross-fitting approach in this case would not 

work. Notably the prediction of alignment with PALES does also not work for the 

charged sodium cholate (see chapter 5.4.9 and Appendix). 
 

 

 

Figure 5.24.: Comparison of alignment tensors for steroids in different alignment 
media. RDCs have been measured for cholesterol (A) and 5-α-cholestan-3-one (B) in 
stretched PDMS/CDCl3 gels and for sodium cholate (C) in a compressed PAA/D2O 
gel. The structures are shown with color-coded bonds representing negative (red) and 
positive (blue) RDCs and the axes of the corresponding alignment tensors next to it. 
The alignment is considerably different due to the influence of the alignment medium 
and/or the influence of the molecule’s charge distribution. 
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It should be mentioned, that cross-fitting based on an alignment tensor requires 

rigid or at least partly rigid molecules, as only for those an alignment tensor is  

well-defined. The method, however, should be extendable to flexible molecules by 

the use of more general mean-field descriptions of orientational properties.  

By directly comparing RDCs from a reference molecule with the molecule of 

interest, flexibility has no influence on the results as long as the molecules show 

similar dynamic behavior. The success of the method therefore is not limited by the 

cross-fitting approach in general, but by finding a reference molecule of known 

structure with sufficient similarity to the molecule of interest.  

 

5.4.12 Conclusion 

In this chapter, the cross-fitting approach as a general tool was discussed in detail. 

It was shown that structural information obtained from anisotropic parameters can be 

transferred between similar molecules, using the example of 5-α-cholestan-3-one and 

cholesterol. It was demonstrated, that the alignment of the two steroids cholesterol 

and 5-α-cholestan-3-one in stretched PDMS/CDCl3 gels is rather similar and that it is 

therefore possible to use the alignment tensor derived for one of the molecules to fit 

the RDCs of the other one. As has been shown in detail, cross-fitted RDCs can be 

used to unambiguously distinguish diastereomers of the two measured compounds 

even in the case of massively reduced RDC datasets.  

The approach of cross-fitting RDCs can also be applied without the detour of 

fitting an alignment tensor but by directly comparing RDCs of a known reference 

molecule with RDCs from the solute of interest. In this case no restriction in terms of 

rigidity of the molecules applies and molecules can be compared even when no 

overall alignment tensor can be defined.  

General limitation of the approach is the necessity of a known reference molecule 

with sufficiently similar structure and dynamic behavior.  

 

 
 

This project was done in cooperation with B.Sc. Sebastian Schmitt (TUM, Munich) who helped 
throughout the whole project, especially by writing some useful scripts for fitting and 
illustration of fitting results.  
 
Results presented in this chapter have been published:  
 

Grit Kummerlöwe; Sebastian Schmitt; Burkhard Luy: 'Cross-Fitting of Residual Dipolar 
Couplings' in The Open Spectroscopy Journal 2010, 4, 16-27. 
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6 Summary 

NMR spectroscopy is an indispensible technique to determine the structure of 

organic molecules. However, classical NMR methods often fail, as only short-ranged 

structural information can be gained. The investigation of anisotropic NMR 

parameters can, in many cases, help to overcome these problems, as those parameters 

contain angular information relative to an external reference. 

Within the scope of this work the large field of NMR in anisotropic environments 

was covered in terms of developing new techniques for the measurement of 

anisotropic parameters and applying them to the structural analysis of organic 

molecules. In this respect, fundamental research merged with actual questions of the 

chemist’s everyday life. This thesis is dealing with the following important aspects of 

anisotropic parameters for structural analysis: 

1. development of new alignment media for small organic molecules 

2. development of tools to adjust and vary defined alignment strengths 

3. improvement of the analysis for the case of scarce experimental data 

The adaptability of the newly developed methods has been audited with several 

examples of structural analysis for molecules of different origin. The discussion of 

these examples has been used to reveal crucial interrelationships between 

experimental parameters, data evaluation, and problems to be solved.  

 

A crucial point for the measurement of anisotropic parameters is the availability 

of adequate alignment media to partially align the molecule of interest. Within this 

thesis a number of novel, gel-based alignment media were developed closing several 

gaps in the variety of already existing media. All the developed alignment media 

belong to the class of stretched polymer gels, which have several advantages over 

other classes of alignment media like e.g. liquid crystals.  

One of the gaps was related to the most important solvent in pharmaceutical 

NMR, dimethylsulfoxide (DMSO). Only few alignment media for DMSO existed and 

all of them suffered from major disadvantages. In chapter 3.1 of this thesis, stretched 

gels of cross-linked poly(acrylonitrile) (PAN) were introduced as a new medium to 

partially align DMSO soluble compounds. The commercially available linear polymer 

was cross-linked by irradiation with accelerated electrons. The resulting cross-linked 

PAN has excellent swelling properties in DMSO, and the gels show only a few broad 
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NMR signals. As the developed alignment medium is uncharged and compatible with 

peptides, natural products and other molecules, it is widely applicable and meanwhile 

has become the favored alignment medium for small to medium-sized molecules 

soluble in DMSO.  

One common problem for most of the existing alignment media is  

their contribution to acquired 1H-spectra as they generally introduce undesired  

NMR-signals which can result in severe overlap with signals of the molecule of 

interest. Especially at low solute concentrations the intense proton signals of the 

alignment medium cause problems, as the sensitivity of the spectrometer has to be 

adjusted to the most intense signal. Perdeuterated alignment media can be considered 

as a general approach to circumvent this problem. Hence, one scope of the present 

thesis was to examine the potential of cross-linked deuterated polymers as alignment 

media. Two examples, cross-linked deuterated polystyrene (dPS) and cross-linked 

deuterated poly(acrylonitrile) (dPAN) have been introduced. The two gels have been 

synthesized, characterized, and successfully applied as alignment media for several 

molecules, as described in chapter 3.2 and chapter 3.3 of this thesis. While dPS is 

suitable for apolar organic solvents like chloroform, dichloromethane, benzene, 

dioxane, or tetrahydrofurane, dPAN is compatible with polar organic solvents like 

DMSO or DMF, and thus the two deuterated polymers already cover the most 

important solvents for the analysis of small organic molecules.  

The fourth alignment medium developed within this thesis is of special interest, 

because it is able to distinguish enantiomers. Although many of the existing 

alignment media possess stereogenic centers, only media with a chiral super structure 

are referred to as chiral alignment media since only those are capable of 

distinguishing enantiomers. A variety of chiral alignment media for organic solvents 

is known. In water, the triple helical gelatin forms a chiral hydrogel which is 

especially interesting because of its unbeatable low price. However, there was no 

chiral alignment medium known suitable for pure DMSO as the solvent. Within this 

thesis, this gap could be successfully closed by the covalent cross-linking of gelatin 

which was achieved by irradiation of gelatin with accelerated electrons. This  

so-called e–-gelatin is not only suitable for pure DMSO as the solvent, but also 

enlarges the applicable temperature range of conventional gelatin/water gels, as the 

latter are solely formed by hydrogen bonds and hence melt for temperatures above 

about 35°C. In chapter 3.4 it has been shown, that e–-gelatin/water and  
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e–-gelatin/DMSO gels are able to distinguish chiral and prochiral centers and 

therefore can be used for the estimation of enantiomeric excess.  

Furthermore cross-linked poly(ethylene oxide) (PEO) was developed as alignment 

medium which covers a very broad range of solvents, ranging from water over polar 

organic solvents (including DMSO, methanol, acetonitrile) to apolar organic solvents 

(including dioxane, THF, DCM, chloroform, benzene). The first results for PEO 

presented in chapter 3.5 are very promising, however, preparation of the cross-linked 

gels is difficult and has yet to be improved. Moreover, some additional work in terms 

of characterization of the alignment medium has to be done, before PEO gels will 

probably be the most widely applicable alignment media.  

 

In order to get spectra with the best possible resolution while being able to 

precisely measure RDCs, it is crucial to have the optimal alignment strength: if the 

partial alignment of the molecule of interest is too strong this will result in broad lines 

and hence extraction of RDCs will be difficult. If, on the other hand, the partial 

alignment is too weak, RDCs will be averaged to very small values and hence might 

not be sufficiently larger than the experimental error. It is therefore necessary to 

carefully adjust the alignment strength. With the newly developed gel based 

alignment media, it is usually possible to achieve different degrees of alignment by 

varying the chain length of the polymer, the amount of cross-linking or other 

parameters. However, this always requires the preparation of a new sample, which is 

material and time consuming or might even be impossible. Therefore it is desirable to 

change the strength of alignment in a single sample.  

In chapter 4.1 it was described how this is achieved in a stretching device based 

on a flexible silicone tube which works as an expandable container for the aligning 

gel that gets automatically stretched, when the silicone tube is expanded. It has been 

shown that this apparatus can be used to stretch different gels based on water or 

DMSO as the solvent. For different examples it was demonstrated, that due to the 

linear scaling of the measurable anisotropic parameters with the extension of the gel, 

RDCs can be measured with a higher accuracy. 

Furthermore the stretching device has been significantly improved by replacing 

the silicone tube with a flexible tube of the perfluoroelastomer Kalrez® 8002, which 

extends the approach to the full range of gel based alignment media because of its 

general resistance to basically all solvents. In addition, the specially produced  
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Kalrez® 8002UP tube by DuPont Elastomers is gas-tight and does not contribute to 

NMR spectra because it does not contain any protons. The application of this 

important technique has been described in chapter 4.2.  

 

Several examples for the application of RDCs for structural analysis have been 

given, which demonstrate that the newly developed alignment media and stretching 

devices significantly improve the possibilities of RDC measurements.  

Configurational analysis has been carried out in chapter 5.1 for the formerly 

unknown, main degradation product of the key bitter compound in hop products. This 

compound named tricyclocohumol has been isolated from aged beer samples and the 

constitution of the tricyclic compound was identified by MS and NMR. However 

classical NMR parameters like 3JHH couplings and NOE/ROE data failed in the 

determination of the correct (relative) configuration of all 5 stereogenic centers. Main 

problems were the ambiguous prochiral assignment of the methylene protons and the 

quaternary carbons which interrupt the chain of short-ranged information. Only with 

the analysis of RDCs measured in a dPAN/DMSO gel the relative configuration of 

tricyclocohumol could be solved. For this analysis, the structures of all possible 

diasteromers of tricyclocohumol including all possible prochiral assignments have 

been fitted against the experimental RDC values. Only one model was found to be 

consistent with experimental values and hence the configuration along with the 

correct prochiral assignment has been unambiguously determined. 

Furthermore, configurational and conformational analysis was done for the natural 

product staurosporine as described in chapter 5.2. The four different possible 

diastereomers, each in its chair and boat conformation, have been fitted against the 

RDCs measured on staurosporine in a stretched gel of cross-linked deuterated 

polystyrene. Clearly the structure also found for a crystallized derivate of 

staurosporine was favored in the RDC analysis and can therefore be considered as the 

correct structure in chloroform solution.  

The first application for the determination of a molecule’s constitution, was 

described in chapter 5.3. For the unknown reaction product of a novel reaction, 

classical analysis by MS, IR and NMR spectra like 1H and 13C 1D, COSY, NOESY, 

ROESY, HSQC and HMBC spectra, did not help to solve the constitution. Main 

problems were the five quaternary carbons and the tertiary nitrogen, which could not 

be correlated unambiguously and the overwhelming number of HMBC cross-peaks,  
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correlating every heteronucleus with almost every proton and therefore giving no 

conclusive connection of the molecule’s atoms. Even an 1,1-ADEQUATE 

experiment could not solve the problem because of the high number of quaternary 

carbons. The analysis of 17 RDCs measured in a stretched polystyrene/chloroform gel 

could solve these structural problems. Therefore, experimental RDCs have been fitted 

against structures proposed on the basis of the reaction, the molecular formula and 

simple NMR spectra. As expected for a sufficient set of RDCs only one of the 

suggested structural models gave a good correlation between experimental and back-

calculated couplings and thus, can be considered as the correct structure. The 

determined constitution of the unknown reaction product has later on been confirmed 

by the acquisition of an INADEQUATE experiment and the 15N-isotope-labeling of 

the substance.  

The general approach of cross-fitting RDCs between structurally similar 

molecules has been explored in the last chapter of the thesis. For two steroids it has 

been demonstrated, that their alignment induced by the same alignment medium is 

similar enough to use the alignment tensor calculated for one of the molecules to 

back-calculated RDCs for the other one with a good agreement to experimental 

values. This approach of cross-fitting RDCs could be used to distinguish potential 

diastereomers of the steroids. The differentiation between correct and wrong 

stereochemistry turned out to be even possible, when the set of experimental data was 

significantly reduced. In contrast, other methods, like the conventional SVD-fitting or 

the prediction of alignment from first principles, are not suited for the problem of 

insufficient RDC data. Therefore the cross-fitting approach, as demonstrated in detail, 

overcomes several limitations of classical RDC analysis.  
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7 Appendix 

7.1 List of Abbreviations and Symbols 

  

1D, 2D, 3D one- / two- / three-dimensional 

A alignment tensor 

Å Ångström, 10-10 m 

ACN acetonitrile 

ADEQUATE adequate sensitivity double-quantum spectroscopy 

AIBN azobisisobutyronitrile 

B0 static magnetic field (strength) 

c cyclo- 

C carbon atom 

C12E5 pentaethylene glycol monododecyl ether 

calc calculated 

CLIP-HSQC clean-inphase-HSQC 

COSY correlated spectroscopy 

CPMG Carr-Purcell-Meiboom-Gill (relaxation filter) 

CS chemical shift 

CSA chemical shift anisotropy 

D dipolar coupling or dipolar splitting 

DBP dibenzoylperoxide 

DCM dichloromethane 

DEPT distorsion-less enhancement by polarization transfer 
(spectroscopy) 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

DNA desoxyribonucleic acid 

dPAN deuterated PAN 

dPS deuterated PS 

DVB divinylbenzene 

e– electron 
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exp experimental 

F1 / F2 indirect / direct NMR dimension 

FID free induction decay 

h hour(s) 

H hydrogen atom 

HMBC heteronuclear multiple bond correlation 

HMQC heteronuclear multiple quantum coherence 

HPLC high performance liquid chromatography 

HSQC heteronuclear single quantum coherence 

Hz Hertz 

INADEQUATE incredible natural abundance double quantum transfer 
experiment 

IR infrared (spectroscopy) 

IUPAC International Union of Pure and Applied Chemistry 

J scalar coupling constant 

K degree Kelvin 

kGy kilogray 

LC liquid crystalline (phase) 

LC-MS liquid chromatography mass spectrometry 

M molar 

MD molecular dynamics (simulation) 

Me methyl- 

meas measured 

MeOH methanol 

MHz megahertz 

min minutes 

Mio million 

mL milliliter 

MM molecular mechanics (calculations) 

mM millimolar 

mm millimeter 

mmol millimol 

MS mass spectrometry 
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MW molecular weight  

N nitrogen atom 

n/χ2 quality factor 

NMR nuclear magnetic resonance (spectroscopy) 

NOE nuclear Overhauser effect 

NOESY nuclear Overhauser enhancement spectroscopy 

O oxygen atom 

P probability tensor 

P.E.HSQC primitive exclusive HSQC 

PAA poly(acrylamide) 

PAN poly(acrylonitrile) 

PBLG poly-γ-benzyl-L-glutamate 

PCBLL poly-ε-carbobenzyloxy-L-lysin 

PCBP 4-n-pentyl-4’-cyanobiphenyl 

PCS pseudo contact shift 

PDB protein data bank 

PDMS poly(dimetylsiloxane) 

PELG poly-γ-ethyl-L-glutamate 

PEO poly(ethylene oxide) 

Ph phenyl- 

PH-PDMAA “Peter Haberz” dimethylacrylamide co-polymers 

PMMA poly(methyl methacrylate) 

ppm parts per million 

PS polystyrene 

PU polyurethan 

PVAc poly(vinyl acetate) 

Q quality factor by Cornilescu et al. 

QM quantum-mechanical (calculation) 

R correlation coefficient 

RCSA residual chemical shift anisotropy 

RDC residual dipolar coupling 

RMS root mean square 

RMSD root mean square deviation 
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ROE rotating-frame Overhauser effect (peak volume) 

ROESY rotating-frame Overhauser effect spectroscopy 

RQC residual quadrupolar coupling 

RT room temperature 

S Saupe matrix 

SAG strain induced alignment in a gel 

SVD singular value decomposition 

T Tesla 

T1 / T2 longitudinal / transversal relaxation times 

TFE trifluoroethanol 

THF tetrahydrofurane 

TMS trimethylsilyl- / trimethylsilane 

TOCSY total correlation spectroscopy 

UV / VIS ultraviolet / visible (spectroscopy) 

vdW van der Waals 

  

°C degree Celsius 

δ chemical shift 

ΔνQ quadrupolar splitting 

μL microliter 

μM micromolar 

ν frequency 

Ξ extension factor 
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7.2 Supplemental Material for Chapter 3.1 

 

 

PAN-sticks and PAN/DMSO-d6 solutions were irradiated with 10 MeV electrons 

generated by an industrial electron accelerator (Beta-Gamma-Systems in Saal an der 

Donau, Germany). Sticks and tubes were placed perpendicular to the electron beam 

during irradiation. The samples were irradiated by single irradiation doses of 40 kGy 

which took several seconds each. The time interval between two subsequent 

irradiation steps was approximately 10-15 min. Total irradiation doses of 

120-480 kGy were applied. 
 

 

For the preparation of PAN gels of the second generation, standard 5 mm NMR 

tubes and sylilated NMR tubes were used. Tubes were silylated by treatment with a 

1:1 mixture of ClSi(CH3)3 and Cl2Si(CH3)2 for 24 h at room temperature, and washed 

3 times with dichloromethane before drying them at 50°C. 

 

 

The following samples were used: 

PAN gel for Figure 3.3.: PAN gel of the second generation. PAN with MW = 150000 g/mol 
was irradiated as 280 g/L DMSO-d6 solution in a silylated NMR tube with a total irradiation 
dose of 320 kGy. After irradiation, additional DMSO-d6 was added for swelling.  

PAN gels for Figure 3.4.: PAN gels of the second generation. PAN with 
MW = 150000 g/mol was irradiated as ≈ 250 g/L DMSO-d6 solution in silylated or not 
silylated NMR tubes with total irradiation doses of 280 kGy, 360 kGy, 400 kGy, or 480 kGy. 
After irradiation, additional DMSO-d6 was added for swelling.  

PAN gel for Figures 3.5., A2.3. and Tables A2.3., A2.4., A2.5.: PAN gel of the second 
generation. PAN with MW = 231000 g/mol was irradiated as 280 g/L DMSO-d6 solution in a 
silylated NMR tube with a total irradiation dose of 240 kGy. After irradiation, additional 
DMSO-d6 was added for swelling. 8 mg of the peptide cyclo(-D-Ala-Ala-Ala-(NMe)Ala-
Ala-) were added after 21 days of swelling.  

PAN gel for Figure 3.6.: PAN gel of the second generation. PAN with MW = 150000 g/mol 
was irradiated as 280 g/L DMSO-d6 solution in a silylated NMR tube with a total irradiation 
dose of 480 kGy. After irradiation, additional DMSO-d6 was added for swelling.  
6.2 mg norcamphor were added after 165 days of swelling.  

PAN gels for Figure 3.7. A: PAN gels of the second generation. PAN with 
MW = 150000 g/mol or MW = 231000 g/mol was irradiated as 280 g/L DMSO-d6 solution in 
silylated NMR tubes with total irradiation doses between 120 kGy and 480 kGy. After 
irradiation, additional DMSO-d6 was added for swelling.  

PAN gels for Figure 3.7. B: PAN gels of the second generation. PAN with 
MW = 150000 g/mol was irradiated as 140 g/L, 210 g/L, or 280 g/L DMSO-d6 solutions in 
silylated NMR tubes with total irradiation doses of 240 kGy, 400 kGy, or 480 kGy. After 
irradiation, additional DMSO-d6 was added for swelling.  
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PAN gel for Figure 3.8. and Table A2.1.: PAN gel of the second generation. PAN with 
MW = 150000 g/mol was irradiated as ≈ 250 g/L DMSO-d6 solution in a silylated NMR tube 
with a total irradiation dose of 400 kGy. After irradiation, additional DMSO-d6 was added for 
swelling. 200 μL of a 1M norcamphor DMSO-d6 solution were added after 20 days of 
swelling.  
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Figure A2.1.: Structure of norcamphor with nomenclature used in Table A2.1. 
 

 

Table A2.1.: Assignment and measured one-bond couplings for norcamphor in 
isotropic DMSO solution and diffused into a PAN/DMSO gel with a quadrupolar 
splitting ΔνQ of 21.1 Hz.[96] 
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Figure A2.2.: 1H,13C-CLIP-HSQC[107] of sucrose acquired inside a stretched 
PAN/DMSO gel with a quadrupolar splitting ΔνQ of DMSO-d6 of 40.4 Hz. The 
structure of sucrose with corresponding numbering of the carbon atoms is shown as 
inlet. 
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Table A2.2.: Measured one-bond couplings of sucrose in isotropic DMSO solution and 
diffused into a PAN/DMSO gel with a quadrupolar DMSO-d6 deuterium splitting ΔνQ 
of 40.4 Hz. 
 

 
a   individual protons have not been resolved and measured RDCs can not be used for structural input 
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Figure A2.3.: Structure (A) and coupled 1H,15N-CLIP-HSQC[107] (B) of the cyclic 
pentapeptide cyclo(-D-Ala-Ala-Ala-(NMe)Ala-Ala-) inside the PAN/DMSO gel with  
ΔνQ = 21.2 Hz. The inlet compares the amide group of Ala 3 of conformer 1 with the 
cross peak in isotropic DMSO-d6 solution (in gray). 
 

 

Table A2.3.: 1H, 15N and 13C assignment for the two conformations of cyclo(-D-Ala-
Ala-Ala-(NMe)Ala-Ala-). Isotropic chemical shift values are given in ppm. 
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Table A2.4.: One-bond couplings measured for conformer 1 of the pentapeptide  
cyclo(-D-Ala-Ala-Ala-(NMe)Ala-Ala-) in isotropic DMSO-d6 solution and inside the 
PAN/DMSO-d6 gel with ΔνQ = 21.2 Hz. 

 
 

Table A2.5.: One-bond couplings measured for conformer 2 of the pentapeptide  
cyclo(-D-Ala-Ala-Ala-(NMe)Ala-Ala-) in isotropic DMSO-d6 solution and inside the 
PAN/DMSO-d6 gel with ΔνQ = 21.2 Hz. 
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7.3 Supplemental Material for Chapter 3.2 

 

For the preparation of dPS/CDCl3 and PS/CDCl3 gels, sticks of cross-linked dPS 

and PS were placed in NMR-tubes and CDCl3 was added. The swollen gels were 

allowed to equilibrate for approximately 3 weeks before NMR experiments were 

carried out.  
 

The following samples were used: 

PS for Figure 3.9. A: Polymer stick with 3.4 mm diameter, polymerized with 0.75% DVB 
and 0.1% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 147 Hz. No solute was added. 

dPS for Figure 3.9. A: Polymer stick with 3.4 mm diameter, polymerized with 0.5% DVB 
and 0.1% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 135 Hz. No solute was added. 

PS for Figure 3.9. B: Polymer stick with 3.4 mm diameter, polymerized with 0.5% DVB and 
0.1% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 128 Hz. 8 mg of strychnine was added and 
allowed to diffuse for about 3 days. 

dPS for Figures 3.9. B, 3.12. B, 3.13.: Polymer stick with 3.4 mm diameter, polymerized 
with 0.5% DVB and 0.1% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner 
diameter. Quadrupolar splitting of the solvent CDCl3: 121 Hz. 8 mg of strychnine was added 
and allowed to diffuse for 3-4 days. 

PS for Figure 3.11. A: Polymer stick with 3.4 mm diameter, polymerized with 0.2% DVB 
and 0.05% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 36 Hz. 2.5 mg of staurosporine was added and 
allowed to diffuse for 10 days.  

dPS for Figures 3.10., 3.11. B: Polymer stick with 1.6 mm diameter, polymerized with 0.2% 
DVB and 0.1% AIBN, swollen in NMR tube with 3.0 mm outer and 2.4 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 26.8 Hz. 2 mg of staurosporine was added and 
allowed to diffuse for about 1 week. 

PS for Figure 3.12. A: Polymer stick with 3.4 mm diameter, polymerized with 1.0% DVB 
and 0.01% AIBN, swollen in NMR tube with 5.0 mm outer and 4.2 mm inner diameter. 
Quadrupolar splitting of the solvent CDCl3: 38 Hz. 8 mg of strychnine was added and 
allowed to diffuse for about 20 days. 
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7.4 Supplemental Material for Chapter 3.3 

 
 

Deuterated acrylonitrile (≥ 98% deuterated, Cambridge Isotope Laboratories, 

Andover, USA) was purified by distillation under argon. 2.78 g (500 eq.) purified 

monomer was dissolved in 25 mL degassed water. 2.7 ml of a 1% (w/v) aqueous 

solution of K2S2O8 (1 eq.) and 2.2 mL of a 1% aqueous solution of K2S2O5 (1 eq.) 

were added and the reaction mixture was stirred for 15 h at room temperature. During 

polymerization the building polymer precipitates and after filtering and washing it 

was dried by lyophilization.  

A dPAN/DMSO-d6-solution with a concentration of 220 g/L was filled in glass 

and Teflon® tubes of 2.4, 3.0, and 3.4 mm inner diameter. Polymer solutions were 

irradiated with 10 MeV electrons generated by an industrial electron accelerator 

(Beta-Gamma-Systems, Saal an der Donau, Germany). During irradiation, tubes were 

placed perpendicular to the electron beam. The samples were irradiated by single 

irradiation doses of 40 kGy which took several seconds each. The time interval 

between two subsequent irradiation steps was approximately 10-15 min. Total 

irradiation doses of 120-480 kGy were applied.  

 

The following samples were used: 

PAN gel for Figure 3.15.: PAN gel of the third generation. PAN with MW = 150000 g/mol 
was irradiated as 150 g/L DMSO solution in a 3.4 mm Teflon® tube with a total irradiation 
dose of 480 kGy. After irradiation, the polymer was precipitated and re-swollen with DMSO-
d6 in a standard 5 mm NMR tube. 

dPAN gel for Figure 3.15.: Synthesized dPAN was irradiated as 220 g/L DMSO solution in 
a 3.4 mm Teflon® tube with a total irradiation dose of 480 kGy. After irradiation, the polymer 
was precipitated and re-swollen with DMSO-d6 in a standard 5 mm NMR tube. 

PAN gel for Figure 3.16.: PAN gel of the third generation. PAN with MW = 150000 g/mol 
was irradiated as 200 g/L DMSO solution in a 2.4 mm Teflon® tube with a total irradiation 
dose of 480 kGy. After irradiation, the polymer was precipitated and re-swollen with a 
solution of 12.5 mg of the 11-mer peptide in 100 μL DMSO-d6 within a stretching device 
equipped with a Kalrez® 8002UP tube. 

dPAN gel for Figures 3.16., A4.2. and Table A4.1.: Synthesized dPAN was irradiated as 
220 g/L DMSO solution in a 3.4 mm Teflon® tube with a total irradiation dose of 480 kGy. 
After irradiation, the polymer was precipitated and re-swollen with a solution of 12.5 mg of 
the 11-mer peptide in 100 μL DMSO-d6 within a stretching device equipped with a 
Kalrez® 8002UP tube. 
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Figure A4.1.: Linear 11-mer peptide derived from SPC(I) used for demonstration of 
dPAN/DMSO-d6 gels as alignment medium.  
 

 

 

 
Figure A4.2.: 1H-1D-spectra of a conventional PAN/DMSO-d6 gel (A), a 
perdeuterated dPAN/DMSO-d6 gel (B) and a dPAN/DMSO-d6 gel with approximately 
30 mM SPC(I)-derived 11-mer peptide diffused into it (C). 
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Table A4.1.: One-bond proton carbon couplings measured for the linear  
11-mer peptide shown in Figure A4.1. Residual dipolar couplings (DCH) are calculated 
from the difference of couplings measured in a stretched dPAN/DMSO gel with 
ΔQ = 8.6 Hz (1JCH + DCH) and in DMSO solution (1JCH).  
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7.5 Supplemental Material for Chapter 3.4 

 

 

For all experiments porcine gelatin (Naumann Gelatine und Leim GmbH, 

Memmingen, Germany) with an approximate Bloomgrade of 250 was used. 

Gelatin sticks and hydrogels were irradiated with 10 MeV electrons generated by 

an industrial electron accelerator (Beta-Gamma-Systems, Saal an der Donau, 

Germany). Sticks and Teflon® tubes were placed perpendicular to the electron beam 

and kept cool by an ice/water bath during irradiation. The samples were irradiated by 

single irradiation doses of 10 kGy or 40 kGy which took several seconds each. The 

time interval between two subsequent irradiation steps was approximately 10-15 min. 

Total irradiation doses of 10-480 kGy were applied.  

 

All NMR measurements were carried out in the stretching apparatus equipped 

with silicone tubes purchased from J. Lindemann GmbH (Helmstedt, Germany) with 

4.0 mm outer and 3.0 mm inner diameter (tube type I) or silicone tubes purchased 

from VWR International GmbH (Darmstadt, Germany) with 4.2 mm outer and 

2.4 mm inner diameter (tube type II). Sticks of covalently cross-linked gelatin were 

placed in the silicone tube of the stretching apparatus and solvent (D2O, DMSO-d6, 

D2O/DMSO-d6 mixtures) or solution (e.g. alanine in D2O) was added. To all samples 

a small amount of NaN3 was added to prevent bacteria growth. Prepared samples 

were allowed to swell and equilibrate for about 3 days at room temperature before 

NMR experiments were carried out. 

 

The following samples were used: 

Figure 3.18.: Sticks prepared according to preparation scheme A (a, b, e: no irradiation; 
c, d, f: irradiation with 80 kGy). Sticks b and c were kept in water, e and f in DMSO at 50°C 
for about 3 days. 

Figure 3.19. A (●): Sample with conventional (not irradiated) gelatin. A warm 30% (w/v) 
solution of gelatin in D2O was filled in the stretching apparatus (tube type I) and cooled in a 
refridgerator for gelation prior to measurement.  

Figure 3.19. A (■): Stick prepared according to preparation scheme B (30%, 3.0 mm, 
320 kGy) swollen in D2O within a tube of type I.   

Figure 3.19. A (▲): Stick prepared according to preparation scheme B (30%, 3.0 mm, 
80 kGy) swollen in D2O within a tube of type I. 
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Figures 3.19. B, 3.20., 3.23. and Tables A5.1., A5.2.: Stick prepared according to 
preparation scheme B (40%, 3.0 mm, 60 kGy) swollen in 220 μL D2O + 16.5 mg D-Ala +  
33 mg L-Ala within a tube of type I. 

Figures 3.21., 3.22.: Stick prepared according to preparation scheme B (30%, 3.0 mm, 
280 kGy) swollen in 200 μL D2O + 10 mg D-Ala + 20 mg L-Ala within a tube of type I. 

Figures 3.25. A and C: Stick prepared according to preparation scheme B (40%, 3.0 mm, 
140 kGy) swollen in pure DMSO-d6 within a tube of type II. 

Figure 3.25. B: Stick prepared according to preparation scheme B (40%, 3.0 mm, 90 kGy) 
swollen in DMSO-d6/D2O (4:1) within a tube of type II. 

Figure 3.24. and Tables A5.3., A5.4.: Stick prepared according to preparation scheme B 
(40%, 3.0 mm, 140 kGy) swollen in 200 μL D2O + 34 mg sucrose within a tube of type I. 



Appendix  -  Supplemental Material for Chapter 3.4 

 180 

 

For Figure 3.23. one-bond CH-RDCs (see Table A5.1.) of the CαHα and CβHβ 

groups of D-Ala and L-Ala have been extracted out of 1D traces along the  

J-dimension from 1H,13C-J-BIRDd,X-HSQCs[52] at various temperatures. The series of 

spectra was recorded on a single e–-gelatin/D2O gel with constant extension factor 

Ξ = 0.6 starting with 15°C (row 1 in Table A5.1.) and subsequent heating, cooling, 

and reheating as described in Figures 3.19. B and 3.20. Obtained RDCs have then be 

normalized by the quadrupolar splitting of the solvent (see Table A5.2.).  

 

 

Table A5.1.: 1TCH (1TCH = 1JCH + DCH) couplings for alanine in covalently cross-linked 
gelatin and the quadrupolar splitting (ΔνQ) of D2O at different temperatures. 
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Table A5.2.: Measured 1DCH RDCs (as derived from Table A5.1.) normalized by the 
quadrupolar deuterium splitting of the solvent D2O to obtain potential information 
about changes in the alignment properties of e–-gelatin (see Figure 3.23.). 
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To investigate whether the alignment tensors of a solute in conventional gelatin 

gels and e–-gelatin gels differ, sucrose was chosen as a test molecule, because RDC 

data were already available for sucrose in conventional gelatin (see chapter 4.1.). 1TCH 

(1TCH = 1JCH + DCH) couplings of sucrose have been measured using the CLIP-HSQC 

pulse sequence[107] for different extensions of the e–-gelatin/D2O gel. The temperature 

was chosen to be identical to measurements in conventional gelatin (293 K / 20°C). 

Measured couplings are given in Table A5.3. Linear regressions of 1TCH couplings 

with respect to the quadrupolar splittings ΔνQ were done with the Linear Fit option of 

Origin.[224] Fit parameters A and B of the regression equation Y = A + B • X, with Y 

being the measured 1TCH couplings and X being the corresponding ΔνQ values, are 

given in Table A5.4. for all CH-couplings of sucrose in the e–-gelatin/D2O gel and 

conventional gelatin (see chapter 4.1.) for comparison. See also Figure 3.24. 

 

Table A5.3.: 1TCH (1TCH = 1JCH + DCH) couplings for sucrose in covalently cross-linked 
gelatin and the quadrupolar splitting (ΔνQ) of D2O at different extensions.  

 

 
 

Table A5.4.: Fit parameters for the slopes of 1TCH couplings of sucrose measured in 
conventional and covalently cross-linked gelatin. 
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7.6 Supplemental Material for Chapter 3.5 

 

Solubility of linear PEO (purchased from FLUKA Chemie GmbH, Buchs, 

Germany) with MW = 35000 g/mol was roughly estimated by the following 

procedure: a certain amount of PEO (between 200 mg and 3 g) was weighed in a vial 

and solvent was added stepwise (in steps of 0.2 ml to 0.05 ml). After every step of 

adding solvent, the vial was closed and heated to 55°C for one day before cooling 

down to room temperature again. If the polymer was not completely dissolved, more 

solvent was added. When the polymer was dissolved completely, the amount of 

solvent was added up and the concentration was calculated. For each solvent at least 

three different batches have been dissolved and results have been averaged to reduce 

the error of this solubility estimation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solvent Estimated Solubility [g/mL] 
    

acetonitrile 0.96 ± 0.1 

dichloromethane 1.95 ± 0.1 

dioxane 0.23 ± 0.2 

DMF 0.13 ± 0.1 

DMSO < 0.07   

water 1.47 ± 0.2 

methanol 0.14 ± 0.05 

TFE 1.70 ± 0.2 

THF < 0.05   

chloroform 1.90 ± 0.1 
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7.7 Supplemental Material for Chapter 4.1 

 

 

All NMR measurements were carried out in the stretching apparatus equipped 

with silicone tubes purchased from J. Lindemann GmbH (Helmstedt, Germany) with 

4.0 mm outer and 3.0 mm inner diameter (tube type I) or silicone tubes purchased 

from VWR International GmbH (Darmstadt, Germany) with 4.2 mm outer and 

2.4 mm inner diameter (tube type II). Sticks of covalently cross-linked polymer were 

placed in the silicone tube of the stretching apparatus and solvent or solution was 

added before samples were allowed to swell and equilibrate for about 5 days at room 

temperature. Gelatin samples were prepared by filling hot (50°C) gelatin/water 

solutions in the tube and cool it down (5°C) for gelation.  

 

The following samples were used: 

Figure 4.3. A: Stick of e–-gelatin prepared according to preparation scheme B (30%, 
3.0 mm, 280 kGy) swollen in D2O within a tube of type I. 

Figure 4.3. B: Stick of e–-gelatin prepared according to preparation scheme B (40%, 3.0 mm, 
140 kGy) swollen in pure DMSO-d6 within a tube of type II. 

Figures 4.5., 4.6. A and Table A7.1.: Sample of conventional (not irradiated) gelatin. A 
warm 40% (w/v) solution of gelatin in D2O with approximately 500 mM sucrose was filled in 
the stretching apparatus (tube type I) and cooled in a refrigerator for gelation prior to 
measurements.  

Figure 4.6. B and Table A7.2.: PAA was prepared from an aqueous solution of 8.55% (w/v) 
acrylamide and 0.45% (w/v) N,N‘-methylene bis(acrylamide) with 0.1% (w/v) ammonium 
persulfate and 0.1% (v/v) N,N,N‘,N‘-tetramethyl ethylen diamin for cross-linking.[29] Radical 
polymerization was allowed for 1 h within a glass tube of 2.4 mm inner diameter. The 
obtained gel was washed three times with water to remove free acrylamide before it was dried 
at room temperature. The stick was re-swollen with a solution of 500 mM sucrose in D2O 
within a tube of type I.  

Figure 4.6. C and Table A7.3.: PAN gel of the third generation. PAN with 
MW = 150000 g/mol was irradiated as 280 g/L DMSO solution in a 2.4 mm Teflon® tube 
with a total irradiation dose of 320 kGy. After irradiation, the polymer was precipitated and 
re-swollen with a solution of 200 mM sucrose in DMSO-d6 within a tube of type I. 

Figure 4.7.: PAN gel of the third generation. PAN with MW = 150000 g/mol was irradiated 
as 280 g/L DMSO solution in a 2.4 mm Teflon® tube with a total irradiation dose of 480 kGy. 
After irradiation, the polymer was precipitated and re-swollen with a solution of 50 mM of 
the cyclic peptide in DMSO-d6 within a tube of type I. 
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Linear regressions of 1TCH couplings with respect to the quadrupolar splittings 

ΔνQ as shown in Figure 4.6. were done with the Linear Fit option of Origin.[224] Fit 

parameters A and B of the regression equation Y = A + B • X, with Y being measured 
1TCH couplings and X being the corresponding ΔνQ values, are given in Tables A7.1., 

A7.2., and A7.3. for all CH-couplings of sucrose in the different alignment media 

used. Furthermore, maximum deviations of the measured 1TCH couplings from the 

linear fit (max. Δ1TCH) and root mean square deviations (σ (1TCH)) of all the measured 

couplings are given.  

 
 

Table A7.1.: Fit parameters for 1TCH couplings of sucrose measured in gelatin/D2O. 
 

Signal A [Hz] B max. Δ1TCH 
[Hz] 

σ (1TCH) 
[Hz] 

1' 169.17 ± 0.18 0.147± 0.001 1.6 /-1.0 0.53 
2' 145.33 ± 0.19 0.042± 0.001 1.1 /-1.0 0.63 
3' 145.03 ± 0.36 0.043± 0.002 1.7 /-2.6 1.13 
4' 145.86 ± 0.49 0.022± 0.003 1.9 /-2.6 1.54 
5' 145.60 ± 0.38 0.050± 0.002 2.1 /-1.9 1.16 
3 144.92 ± 0.15 -0.059± 0.001 0.6 /-1.1 0.49 
4 146.76 ± 0.31 -0.010± 0.002 2.3 /-1.9 1.14 
5 148.87 ± 0.36 -0.189± 0.002 2.1 /-2.0 1.11 

 

 
 

Table A7.2.: Fit parameters for 1TCH couplings of sucrose measured in PAA/D2O. 
 

Signal A [Hz] B max. Δ1TCH 
[Hz] 

σ (1TCH) 
[Hz] 

1' 144.15± 0.02 0.115± 0.010 0.1 /-0.5 0.3 
3' 145.42± 0.43 0.217± 0.014 0.6 /-0.6 0.4 
4' 143.23± 0.79 0.180± 0.027 0.3 /-1.3 0.6 
5' 147.53± 0.33 -0.318± 0.014 0.3 /-0.4 0.6 
3 145.84± 0.25 -0.333± 0.010 0.6 /-0.4 0.4 
4 149.81± 0.40 -0.443± 0.015 0.6 /-1.6 0.8 
5 169.97± 0.13 0.220± 0.005 0.2 /-0.1 0.1 
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Table A7.3.: Fit parameters for 1TCH couplings of sucrose measured in PAN/DMSO. 
 

Signal A [Hz] B max. Δ1TCH 
[Hz] 

σ (1TCH) 
[Hz] 

1' 167.42 ± 0.10 0.372± 0.006 0.4 /-0.5 0.26 
2' 141.00 ± 0.10 0.182± 0.006 0.5 /-0.4 0.25 
3' 143.12 ± 0.23 0.184± 0.014 0.9 /-0.8 0.59 
4' 141.76 ± 0.18 0.089± 0.011 1.0 /-0.8 0.46 
5' 143.22 ± 0.34 0.168± 0.022 2.4 /-2.0 0.89 
3 141.47 ± 0.22 -0.392± 0.014 0.9 /-1.2 0.57 
4 141.54 ± 0.27 -0.320± 0.018 1.3 /-1.1 0.72 
5 145.99 ± 0.19 -0.426± 0.012 1.2 /-0.8 0.50 
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Figure A7.1.: Structure (A) and CLIP-HSQC spectrum[107] (B) of the cyclic 
hexapeptide cyclo(Arg−Nal−Ala−Gly−D-Tyr−Arg) in the unstretched PAN/DMSO gel.  
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7.8 Supplemental Material for Chapter 4.2 

 

All measurements were carried out in the described stretching apparatus equipped 

with Kalrez® 8002UP tubes of 4.2 mm outer and 3.2 mm inner diameter or silicone 

tubes of 4.0 mm outer and 3.0 mm inner diameter. Sticks of covalently cross-linked 

polymer were placed in the elastomer tube of the stretching apparatus and solvent or 

solution was added before samples were allowed to swell and equilibrate for about  

5 days at room temperature before NMR experiments were carried out. Gelatin 

samples were prepared by filling hot (50°C) gelatin/water solutions in the tube and 

cool it down (5°C) for gelation.  

 

The following samples were used: 

Figure 4.13. and Table A8.1.: Stick of cross-linked PDMS (2.4 mm diameter, 480 kGy) 
swollen in 150 μL CDCl3 + 25 mg hydroquinidine within a Kalrez® 8002UP tube.  

Figure 4.11. A: A hot solution of 125 mg porcine gelatin + 14.8 mg D-Ala + 7.4 mg L-Ala in 
250 μL D2O was filled in a silicone tube and cooled down for gelation. A small amount of 
NaN3 was added to prevent bacteria growth. The gel was stretched with an extension factor 
Ξ = 0.56 resulting in a quadrupolar splitting ΔνQ(D2O) = 390.3 Hz. 

Figures 4.11. B, 4.14. D: A hot solution of 125 mg porcine gelatin + 14.8 mg D-Ala + 
7.4 mg L-Ala in 250 μL D2O was filled in a Kalrez® 8002UP tube and cooled down for 
gelation. A small amount of NaN3 was added to prevent bacteria growth. The gel was 
stretched with an extension factor Ξ = 0.58 resulting in a quadrupolar splitting 
ΔνQ(D2O) = 417.6 Hz. 

Figure 4.14. A: A hot solution of 125 mg porcine gelatin + 22.2 mg D-Ala in 250 μL D2O 
was filled in a Kalrez® 8002UP tube and cooled down for gelation. A small amount of NaN3 
was added to prevent bacteria growth. The gel was stretched with an extension factor 
Ξ = 0.57 resulting in a quadrupolar splitting ΔνQ(D2O) = 395.0 Hz. 

Figure 4.14. B: A hot solution of 125 mg porcine gelatin + 22.2 mg L-Ala in 250 μL D2O 
was filled in a Kalrez® 8002UP tube and cooled down for gelation. A small amount of NaN3 
was added to prevent bacteria growth. The gel was stretched with an extension factor 
Ξ = 0.57 resulting in a quadrupolar splitting ΔνQ(D2O) = 407.2 Hz. 

Figures 4.15., A8.2. and Table A8.2. (isotropic sample): Solution of 7.2 mg parthenolide in 
500 μL DMSO-d6 in a standard 5 mm NMR tube.  

Figures 4.15., A8.2. and Table A8.2. (gel sample): Stick of cross-linked PAN of the third 
generation (irradiated as 180 g/L PAN/DMSO solution in a 2.4 mm PTFE tube with 480 kGy 
and precipitated in water/DMSO) swollen in 200 μL DMSO-d6 + 2.9 mg parthenolide within 
a Kalrez® 8002UP tube. The gel was stretched with an extension factor Ξ = 0.23 resulting in a 
quadrupolar splitting ΔνQ(DMSO) = 4.5 Hz. 
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Table A8.1.; Chemical shifts and measured one-bond couplings taken from CLIP-
HSQC spectra[107] for hydroquinidine in a PDMS/CDCl3 gel at various stages of 
stretching. 

 

A) Extension factor Ξ = [(length of stretched gel) / (length of unstretched gel) - 1]. B) Quadrupolar splitting of the 
solvent CDCl3 at the corresponding stretching state. C) No couplings measured because of unresolved methylene 
group. D) No coupling extraction possible due to signal overlap. E) Signal not plotted in Figure 4.13. because of large 
experimental error or overlapping signals. 

  P

1
PTBCHB [Hz] 

Ξ P

 
P

A)
PP
 

0.07 0.21 0.38 0.61 0.77 1.07 
   

Assignment 
 δ P

13
PC 

[ppm] 
 δ P

1
PH 

[ppm] 
Δν BQB [Hz] P

 B)
P
 

10.5 31.8 73.4 104.0 132.0 181.9 

C10-H10 12.0 0.87  124.8 ± 0.2 125.8 ± 0.3 126.5 ± 0.2 127.0 ± 0.3 127.5 ± 0.3 127.6 ± 0.5 

C3-H3 a 20.8 1.97  130.5 ± 0.5 131.0 ± 0.4 132.0 ± 0.3 133.3 ± 0.3 135.2 ± 0.6 137.4 ± 0.5 

C3-H3 b 20.8 1.03  130.7 ± 0.5 126.9 ± 0.8 121.2 ± 0.7 117.2 ± 0.4 113.5 ± 1.0 106.9 ± 0.6 

C9-H9 a/b 25.3 1.46   -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 

C4-H4 26.3 1.66  137.0 ± 0.4 139.7 ± 0.1 143.4 ± 0.2 146.3 ± 0.2 147.2 ± 0.4 152.5 ± 0.8 

C8-H8 a/b 27.2 1.44   -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 -P

 C)
P
 

C5-H5 P

 E)
P
 37.5 1.38  122.5 ± 2.0 122.8 ± 3.0 121.0 ± 2.5 119.0 ± 2.5 119.0 ± 2.5 113.0 ± 2.0 

C7-H7 a P

 E)
P
 50.3 2.82  58.8 ± 0.5 58.5 ± 1.0  -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 

C7-H7 b P

 E)
P
 50.3 2.70  54.0 ± 0.7 50.0 ± 1.0 - P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 

C6-H6 a 51.3 3.11  -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 

C6-H6 b 51.3 2.86   -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 -P

 D)
P
 

C10'-H10' 55.6 3.83  145.3 ± 0.2 146.7 ± 0.1 149.9 ± 0.3 152.9 ± 0.3 155.1 ± 0.2 158.2 ± 0.2 

C2-H2 60.0 2.97  134.5 ± 0.3 134.3 ± 0.2 134.5 ± 0.1 134.5 ± 0.5 134.0 ± 0.5 132.6 ± 0.5 

C1''-H1'' 71.7 5.57  143.0 ± 0.2 146.2 ± 0.3 150.6 ± 0.4 154.2 ± 0.3 157.3 ± 0.5 164.5 ± 0.5 

C5'-H5' 101.3 7.16  154.9 ± 0.3 147.6 ± 0.3 133.8 ± 0.5 122.9 ± 0.5 113.3 ± 0.3 97.2 ± 0.8 

C3'-H3' 118.5 7.49  163.7 ± 0.2 164.9 ± 0.2 165.1 ± 0.2 167.3 ± 0.2 167.1 ± 0.5 171.5 ± 0.5 

C7'-H7' 121.3 7.23  162.3 ± 0.2 162.4 ± 0.7 163.1 ± 0.5 163.9 ± 0.4 165.2 ± 0.2 164.7 ± 0.5 

C8'-H8' 131.2 7.87  159.3 ± 0.3 153.4 ± 0.5 138.5 ± 0.4 128.3 ± 0.5 117.9 ± 0.4 103.4 ± 0.3 

C2'-H2' P

 E)
P
 147.3 8.45  177.1 ± 2.8 178.4 ± 2.3 174.6 ± 2.8 170.5 ± 3.0 170.6 ± 3.3 180.0 ± 3.0 
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Figure A8.1.: Molecular structure of parthenolide with the numbering used in Table 
A8.2. 
 

 

Table A8.2.: Chemical shifts in DMSO and measured one-bond couplings taken from 
CLIP-HSQC spectra[107] of parthenolide in isotropic DMSO solution (1JCH) and 
diffused into a PAN/DMSO gel (1JCH + 1DCH) and the resulting residual dipolar 
couplings (1DCH). 
 

Group δ ( P

13
PC) 

[Hz] 
δ ( P

1
PH) 

[Hz] P

1
PJ BCH B [Hz] P

1
PJ BCH B + P

1
PD BCH B [Hz] P

1
PD BCH B [Hz] 

C15-H15 17.1 1.67 125.4 ± 0.1 124.7 ± 0.2 -0.7 ± 0.2 PP

A)
PP
 

C14-H14 17.3 1.22 126.5 ± 0.2 125.8 ± 0.3 -0.7 ± 0.4 P

 
P

A)
PP
 

C2-H2a 24.2 2.08 129.5 ± 0.7 127.5 ± 1.0 -2.0 ± 1.2 
C2-H2b 24.2 2.38 127.1 ± 0.5 128.8 ± 0.8 1.7 ± 0.9 
C8-H8b 30.1 1.75 128.1 ± 0.3 131.1 ± 0.6 3.0 ± 0.7 
C8-H8a 30.1 2.12 127.8 ± 0.4 122.0 ± 0.6 -5.8 ± 0.7 
C3-H3a 36.5 1.13 129.1 ± 0.8 133.0 ± 1.2 3.9 ± 1.4 
C3-H3b 36.5 2.05 129.3 ± 0.4 122.9 ± 0.6 -6.4 ± 0.7 
C9-H9a 41.1 2.14 127.5 ± 0.8 129.9 ± 1.2 2.4 ± 1.4 
C9-H9b 41.1 2.23 126.0 ± 1.5 132.6 ± 1.8 6.6 ± 2.3 
C7-H7 46.9 2.97 130.1 ± 0.3 132.1 ± 0.5 2.0 ± 0.6 
C5-H5 65.7 2.92 176.3 ± 0.3 178.6 ± 0.5 2.3 ± 0.6 
C6-H6 82.7 4.06 155.6 ± 0.4 158.6 ± 0.6 3.0 ± 0.7 
C13-H13a 121.2 5.80 161.7 ± 0.4 169.1 ± 0.6 7.4 ± 0.7 
C13-H13b 121.2 6.14 161.5 ± 0.3 157.5 ± 0.5 -4.0 ± 0.6 
C1-H1 125.0 5.26 150.4 ± 0.4 151.4 ± 0.6 1.0 ± 0.7 

A) DCH-couplings of methyl-groups have been converted to the corresponding DCC-couplings[125] 
(DCC(C15-C10) = 0.2 ± 0.06 Hz; DCC(C14-C4) = 0.2 ± 0.1 Hz).  
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7.9 Supplemental Material for Chapter 5.1 

 

 

 

Table A9.1.: NMR data[a, b] of compounds 3a, 4a, 5a, and 6a[c] as determined by 
Daniel Intelmann. 

 

No.[d] trans-Isocohumulone (3a) Tricyclocohumol (4a) Tricyclocohumene (5a) Isotricyclocohumene (6a)
 δH, m, J  in Hz [e] δC, m [f] δH, m, J  in Hz [e] δC, m [f] δH, m, J  in Hz [e] δC, m [f] δH, m, J  in Hz [e] δC, m [f] 
1  203.6 [C]  204.1 [C] 203.8 [C]  204.4 [C]
2  111.4 [C]  112.4 [C]  n.a. [g]  n.a. [g] 

3  198.3 [C]  201.1 [C]  n.a. [g]  n.a. [g] 
4    90.4 [C]    85.4 [C]    84.3 [C]    85.7 [C] 
5 2.96, dd, 9.6, 5.3   57.1 [CH] 2.98, dd, 10.6, 8.2   55.6 [CH] 3.01, dd, 10.7, 7.5   56.2 [CH] 2.84, dd, 10.5, 8.0   55.2 [CH]
1'  210.0 [C]    86.7 [C]    87.9 [C]    86.6 [C] 
2'α 3.43, dd, 20.2, 6.8   39.9 [CH2] 1.62, dd, 13.2, 12.7   39.0 [CH2] 1.62, d, 9.6   40.5 [CH2] 2.29, m, 16.7   43.2 [CH2]
2'β 3.46, dd, 20.2, 6.9  1.74, ddd, 13.2, 6.7, 1.8    2.44, m, 16.7  
3' 5.24, dd, 6.9, 6.8 116.5 [CH] 2.17, dd, 12.7, 6.7   59.9 [CH] 2.78, dd, 9.6, 9.6   56.8 [CH]  141.4 [C] 
4'  136.2 [C]    73.0 [C]    146.1 [C]  125.7 [C] 
5' 1.59, s   18.2 [CH3] 1.27, s   29.8 [CH3] 1.70, s   24.2 [CH3] 1.71, s    20.6 [CH3]
6'α 1.73, s   25.9 [CH3] 1.13, s   31.2 [CH3] 4.54, s 111.3 [CH2] 1.50, s   23.6 [CH3]
6'β     4.81, s    
1''α 2.26, ddd, 15.4, 9.6, 9.6   24.9 [CH2] 1.59, ddd, 13.8, 11.3, 8.2  27.8 [CH2] 1.50, ddd, 14.1, 10.5, 7.5   27.4 [CH2] 1.27, m    28.8 [CH2]
1''β 2.49, m, 15.4, 5.3, 5.1  2.11, ddd, 13.8, 10.6, 8.9 2.13, ddd, 14.1, 10.7, 7.5  2.16, m   
2'' 5.17, m, 9.6, 5.1 122.3 [CH] 2.31, ddd, 11.3, 8.9, 1.8   66.6 [CH] 2.39, dd, 10.5, 7.5   65.8 [CH] 2.24, m    66.4 [CH]
3''  134.9 [C]    43.3 [C]    42.4 [C]    45.5 [C] 
4'' 1.51, s   18.1 [CH3] 1.15, s   23.6 [CH3] 0.77, s   22.3 [CH3] 1.21, s   26.5 [CH3]
5'' 1.67, s   25.9 [CH3] 1.26, s   36.3 [CH3] 1.25, s   34.4 [CH3] 1.35, s   28.8 [CH3]
1'''  204.3 [C]  206.6 [C]  205.4 [C]  205.1 [C] 
2''' 3.53, m, 6.8   36.3 [CH] 3.56, m, 6.8   37.3 [CH] 3.58, m, 6.8   36.3 [CH] 3.65, m, 6.8   37.2 [CH]
3''' 1.14, d, 6.8   18.3 [CH3] 1.12, d, 6.8   18.0 [CH3] 1.10, d, 6.8   18.1 [CH3] 1.07, d, 6.8   18.5 [CH3]
4''' 1.09, d, 6.8   18.4 [CH3] 1.12, d, 6.8   18.5 [CH3] 1.10, d, 6.8   18.1 [CH3] 1.07, d, 6.8   18.9 [CH3]

[a] Bruker DMX 400 NMR spectrometer, CD3OD as NMR solvent,  1H and 13C chemical shifts are given in ppm 
referenced to the solvent signal (δH = 3.31 ppm, δC = 49.05 ppm). [b] Assignment made by 2D NMR experiments 
(COSY, HMQC, HMBC). [c] Compound numbering is referring to Figures 5.1. and 5.2. [d] Arbitrary numbering of 
atoms according to structures 3a, 4a, 5a, and 6a in Figures 5.1. and 5.2. [e] Coupling constants of multiplet signals are 
obtained by means of J-simulation with MestreNova.[Mestre] [f] Multiplicity determined by either DEPT 135 for 3a or 
2D NMR experiments (COSY, HMQC, HMBC) for 4a-6a. [g] not assigned. 
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7.10 Supplemental Material for Chapter 5.2 

 

 

The following samples were used: 

Staurosporine solution sample: 4.2 mg staurosporine were dissolved in 450 μL CDCl3 in a 
standard 5 mm NMR tube.  

dPS sample for RDC measurements: Polymer stick with 1.6 mm diameter, polymerized with 
0.2% DVB and 0.1% AIBN, swollen in NMR tube with 3.0 mm outer and 2.4 mm inner 
diameter. Quadrupolar splitting of the solvent CDCl3: 26.8 Hz. 2 mg of staurosporine was 
added and allowed to diffuse for about 1 week. 
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Table A10.1.: Proton and carbon chemical shifts of staurosporine in CDCl3 and in the 
corresponding dPS/CDCl3 gel.  
 

 
* shifts of quaternary carbons were not assigned in the gel sample. 

 

 

Table A10.2. (next page): Alignment tensor parameters for the different possible 
structures of staurosporine as calculated with PALES[128, 129] using the RDCs given in 
Table 5.2. The accuracy of the fits is described by R2 and χ 2. Axial and rhombic 
components (Da, Dr) and principal axes of the alignment tensor (Axx, Ayy, Azz) with 
their corresponding eigenvectors (EV) are given. The Euler angles (α, β, γ) define the 
orientation in the gel. Only one of the four possible Euler angle combinations is given. 
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7.11 Supplemental Material for Chapter 5.3 

 

 

The following samples were used: 

Solution sample I (used for 1D, COSY, HSQC, HMBC, ADEQUATE spectra and CLIP-
HSQC, PE.HSQC spectra): unknown amount of the compound (estimated ≈ 10 mg) 
dissolved in 450 μL CDCl3 in a standard 5 mm NMR tube. 

PS gel sample (used for CLIP-HSQC, P.E.HSQC spectra): Polymer stick with 3.4 mm 
diameter, polymerized with 0.5% DVB and 0.075% AIBN, swollen in NMR tube with  
5.0 mm outer and 4.2 mm inner diameter. Quadrupolar splitting of the solvent CDCl3:  
103 Hz. ≈ 30 mg of the compound was added and allowed to diffuse for 8 days. 

Solution sample II (used for INADEQUATE spectrum): ≈ 80 mg of the compound 
dissolved in 250 μL CDCl3 in a 5 mm Shigemi tube (matched for CDCl3). 

Solution sample III (used for 15N,13C couplings): ≈ 5 mg of the 15N-isotope labeled 
compound dissolved in 250 μL CDCl3 in a 5 mm Shigemi tube (matched for CDCl3). 
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Figure A11.1.: Proton 1D spectrum of the unknown compound. Dichloromethane and 
2-butoxyethanol could be identified as impurities (blue). A singlet for an isolated 
methyl group, the signals of a phenyl group, and 10 aliphatic protons can be observed.  
 

 
Figure A11.2.: Carbon 1D spectrum of the unknown compound. Signals of the 
compound are labeled according to their assignment as taken from 2D spectra (e.g. 
HSQC). Signals of the impurities dichloromethane and 2-butoxyethanol are crossed out 
(blue).  
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Table A11.1.: Carbon and proton chemical shifts for the unknown reaction product as 
taken from 1D and COSY spectra. Hydrogen atoms are assigned to their neighboring 
carbon atoms according to cross peaks of the HSQC spectrum. Shifts are referenced to 
the solvent signal (δ (13CDCl3) = 77.0 ppm; δ (CHCl3) = 7.26 ppm). 

 

13C atom δ (13C) 
[ppm] 

adjacent 
1H atom 

δ (1H) 
[ppm] 

A 146.0 - - 

B 140.7 - - 

C 128.1 Ph3 7.35 

D 128.0 Ph1 7.18 

E 127.2 Ph2 7.28 

F 94.6 - - 

J 57.9 - - 

K 49.7 7 2.81 

  11 3.39 

L 46.2 9 3.12 

  10 3.26 

M 43.5 - - 

N 42.9 6 2.54 

  8 2.86 

P 29.5 3 1.89 

  4 2.07 

Q 29.0 2 1.74 

  5 2.12 

S 14.6 1 1.17 
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Table A11.2.: Measured one-bond proton-carbon and two-bond proton-proton 
couplings taken from CLIP-HSQC[107] and PE.HSQC spectra[97] of the compound in 
isotropic CDCl3 solution (1JCH and 2JHH) and diffused into a PS/CDCl3 gel (1JCH + DCH 
and 2JHH + DHH) and the resulting residual dipolar couplings (DCH and DHH). 

 

Group[a] 1JCH [Hz] 1JCH + DCH [Hz] DCH [Hz] 

S - 1 126.3 ± 0.2 122.7 ± 0.1 -3.6 ± 0.2[b] 

Q - 2 129.9 ± 3.0 139.0 ± 3.5 9.1 ± 4.6 

Q - 5 130.0 ± 2.0 124.4 ± 2.5 -5.6 ± 3.2 

P - 3 128.3 ± 3.0 136.2 ± 3.5 7.9 ± 4.6 

P - 4 129.0 ± 2.0 129.6 ± 2.5 0.6 ± 3.2 

N - 6 126.0 ± 0.5 120.0 ± 0.5 -6.0 ± 0.7 

N - 8 130.0 ± 1.0 132.1 ± 0.5 2.1 ± 1.1 

L - 9 128.7 ± 0.5 125.2 ± 0.5 -3.5 ± 0.7 

L - 10 131.6 ± 0.5 132.0 ± 0.5 0.4 ± 0.7 

K - 7 136.8 ± 0.5 150.6 ± 0.5 13.8 ± 0.7 

K - 11 141.4 ± 0.5 136.4 ± 0.8 -5.0 ± 0.9 

E - Ph2 160.5 ± 0.5 151.6 ± 1.0 -8.9 ± 1.1 

Group 2JHH [Hz] 2JHH + DHH [Hz] DHH [Hz] 

2 - 5 -9.9 ± 4.0 -4.2 ± 4.0 5.7 ± 5.7 

3 - 4 -13.2 ± 4.0 -4.5 ± 4.0 8.7 ± 5.7 

6 - 8 -18.5 ± 1.0 -23.4 ± 1.5 -4.9 ± 1.8 

9 - 10 -18.6 ± 1.0 -23.9 ± 1.5 -5.3 ± 1.8 

7 - 11 -12.2 ± 1.0 -4.9 ± 1.5 7.3 ± 1.8 
[a] Numbering according to assignment given in Table A11.1.  
[b] For the RDC analysis with PALES[128, 129] the DCH-coupling of the methyl group has been converted[125] to 
the corresponding DCC-coupling (DCC = 1.0 ± 0.1 Hz) or DCN-coupling (DCN = -0.44 ± 0.1 Hz).  
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Figure A11.3.: Structure of the identified reaction product with resonance assignment 
including the assignment of prochiral groups. Carbons (blue letters) and hydrogens (red 
numbers) are labeled according to the assignment used in Tables A11.1. and A11.2.  
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7.12 Supplemental Material for Chapter 5.4 

 

 

Table A12.1: Chemical shifts(a) of cholesterol and 5-α-cholestan-3-one in CDCl3. 
 

 
(a) Chemical shifts are referenced to the solvent signals: δ 1H (CHCl3)  = 7.26 ppm and δ 13C  (CDCl3) = 77.2 ppm. 
(b) The prochiral assignment for Hα and Hβ protons was done with the help of measured RDCs (see Tables A12.2. 
and A12.3.). Protons a and b have not been assigned to position α and β wherever no or inconclusive RDCs were 
measured. α and β refers to the standard steroid nomenclature.  
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Table A12.2.: Couplings of cholesterol measured in solution (1JCH) and in the stretched 
PDMS gel (1TCH), corresponding RDCs (1DCH) and RDCs back calculated with the 
“-bestFit” option of PALES[128, 129] (SVD-fit). All couplings are given in Hz. 

 

 
(a) The prochiral assignment for all Hα and Hβ protons was determined by fitting all possible permutations with the “-
bestFit” option of PALES[128, 129] and selecting the one with the best fitting result (in terms of highest n/χ2 value).  
(b) DCH-couplings of methyl groups have been converted[125] to the corresponding DCC-couplings: (DCC(C18-C13) = 
1.9 ± 0.2 Hz; DCC(C19-C10) = 1.8 ± 0.2 Hz). 
(c) As couplings in the D-ring did not fit in the initial fittings (see main text) they were not used in the further fittings. 
(d) Couplings measured in the flexible side chain, were not used for PALES fits. 
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Table A12.3.: Couplings of 5-α-cholestan-3-one measured in solution (1JCH) and in the 
stretched PDMS gel (1TCH), corresponding RDCs (1DCH) and RDCs back calculated 
with the “-bestFit” option of PALES[128, 129] (SVD-fit). All couplings are given in Hz. 

 

 
(a) The prochiral assignment for all Hα and Hβ protons was determined by fitting all possible permutations with the -
bestFit option of PALES[128, 129] and selecting the one with the best fitting result (in term of highest n/χ2 value).  
(b) DCH-couplings of methyl-groups have been converted[125] to the corresponding DCC-couplings: (DCC(C19-C10) = 
1.9 ± 0.2 Hz; DCC(C18-C13) = 1.9 ± 0.1 Hz) 
(c) As couplings in the D-ring did not fit in the initial fittings (see main text) they were not used in the further fittings. 
(d) Couplings measured in the flexible side chain, were not used for PALES fits. 
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Table A12.4. (previous page): RDCs measured on cholesterol and RDCs back 
calculated for cholesterol and 10-α-cholesterol for the SVD-fit, the fit with fixed 
orientation given by the alignment tensor of 5-α-cholestan-3-one (cross-fitting), and the 
fit with orientation predicted by PALES. All couplings are given in Hz. Additionally, 
alignment tensor parameters and quality factors for the different fits are given: Axial 
and rhombic components (Da, Dr) and principal axes of the alignment tensor (Axx, Ayy, 
Azz) with their corresponding eigenvectors (EV), number of RDCs used for fitting (n) 
and quality factors χ2, n/χ2, correlation factor (R) and quality factor by Cornilescu et al. 
(Q).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A12.5. (next page): RDCs measured on 5-α-cholestan-3-one and RDCs back 
calculated for 5-α-cholestan-3-one and 5-β-cholestan-3-one a for the SVD-fit, the fit 
with fixed orientation given by the alignment tensor of 5-α-cholestan-3-one (cross-
fitting), and the fit with orientation predicted by PALES. All couplings are given in Hz. 
Additionally, alignment tensor parameters and quality factors for the different fits are 
given: Axial and rhombic components (Da, Dr) and principal axes of the alignment 
tensor (Axx, Ayy, Azz) with their corresponding eigenvectors (EV), number of RDCs 
used for fitting (n) and quality factors χ2, n/χ2, correlation factor (R) and quality factor 
by Cornilescu et al. (Q).  
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Figure A12.1.: Comparison of RDCs measured on cholesterol and back-calculated for 
the structures of cholesterol (left: A, C, E) and 10-α-cholesterol (right: B, D, F) using 
the “-bestFit” option (SVD-fit) of PALES[128, 129] (top: A, B), the cross-fitting approach 
with the alignment tensor determined for 5-α-cholestan-3-one in PDMS/CDCl3 
(middle: C, D) and the prediction by PALES[128, 129] (bottom: E, F). The structures are 
shown with color-coded bonds denoting the deviation between measured and back-
calculated RDCs for the different fits. The corresponding alignment tensors are 
visualized with their principal axis systems (black: Azz; gray: Ayy; white: Axx).  
For all three methods the cholesterol structure (left) gives clearly the better fit. The 
direct SVD-fit for 10-α-cholesterol (B) results in an alignment tensor which differs 
most significantly from the alignment tensors for all other fits, since it tries to match 
RDCs measured on cholesterol to the wrong structural model. It therefore has the least 
ability to distinguish the diastereomers. In contrast the fit with the fixed orientation 
given by the alignment tensor of  5-α-cholestan-3-one (D) shows small deviations 
(yellow) in regions similar to cholesterol (C-ring) and strong deviations (red) for those 
different to cholesterol (A- and B-ring). 
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Figure A12.2.: Comparison of RDCs measured on cholesterol and back-calculated for 
the structures of cholesterol (left: A, C, E) and 10-α-cholesterol (right: B, D, F) using 
the “-bestFit” option (SVD-fit) of PALES[128, 129] (top: A, B), the cross-fitting approach 
(middle: C, D) and the prediction by PALES[128, 129] (bottom: E, F). The plots show the 
back-calculated RDCs, D(calc), as a function of the measured RDCs, D(exp). Clearly 
the correct diastereomer cholesterol (left) is favored in all three methods. 
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Figure A12.3.: Comparison of RDCs measured on 5-α-cholestan-3-one and back-
calculated for the structures of 5-α-cholestan-3-one (left: A, C, E) and 
5-β-cholestan-3-one (right: B, D, F) using the “-bestFit” option (SVD-fit) of 
PALES[128, 129] (top: A, B), the cross-fitting approach with the alignment tensor 
determined for cholesterol in PDMS/CDCl3 (middle: C, D) and the prediction by 
PALES[128, 129] (bottom: E, F). The structures are shown with color-coded bonds 
denoting the deviation between measured and back-calculated RDCs for the different 
fits. The corresponding alignment tensors are visualized with their principal axis 
systems (black: Azz; gray: Ayy; white: Axx). For all three methods the 
5-α-cholestan-3-one structure (left) gives clearly the better fit.  
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Figure A12.4.: Comparison of RDCs measured on 5-α-cholestan-3-one and back-
calculated for the structures of 5-α-cholestan-3-one (left: A, C, E) and 
5-β-cholestan-3-one (right: B, D, F) using the “-bestFit” option (SVD-fit) of 
PALES[128, 129] (top: A, B), the cross-fitting approach (middle: C, D) and the prediction 
by PALES[128, 129] (bottom: E, F).The plots show the back-calculated RDCs, D(calc), as 
a function of the measured RDCs, D(exp). Clearly the correct diastereomer 
5-α-cholestan-3-one (left) is favored in all three methods.  
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Out of the 18 measured RDCs of cholesterol, various subsets of 15, 12, 9, 8, 7 and 

6 RDCs were generated by random selection of RDC-combinations. As with a 

decreasing number of RDCs within a subset the influence of the actual composition 

of the subset increases, the more subsets have been created, the less RDCs are 

contained within the subsets. 
 

Table A12.6.: Composition of RDCs used in each subset with 18, 15, 12, 9 or 8 RDCs. 

 
x = RDC used in this subset, / = RDC not used in this subset. 
 

Table A12.7.: Composition of RDCs used in each subset with 7 or 6 RDCs. 

 
x = RDC used in this subset, / = RDC not used in this subset. 
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To investigate the influence of the flexible side chain on the orientation predicted 

by PALES[128, 129] several pdb-files of both steroids with decreasing length of the side-

chain have been created. The alkyl chain has been shortened stepwise and the 

resulting fragments are named after the containing carbon atoms (e.g. C1-C24 is the 

fragment with carbon atoms 1 to 24 and all adjacent oxygen and hydrogen atoms. 

Accordingly C1-C27 is the whole steroid molecule). With all steroid fragments 

prediction of alignment and back-calculation of the measured RDCs were performed 

with PALES (-stPales mode) assuming a rod-shaped alignment medium (-pf1 flag) 

and including all hydrogen atoms (-H flag).[128, 129] The concentration of the alignment 

medium (-wv flag)[128, 129] which only scales the resulting RDCs linearly, was varied 

in steps of 0.001 to give the best result (best n/χ2 value). 

 

 

 

 

next pages: 

 
Table A12.8.: RDCs measured on cholesterol and RDCs back calculated for various 
cholesterol fragments as result of the orientation predicted by PALES.[128, 129] All 
couplings are given in Hz. Alignment tensor parameters and quality factors for the 
different fits are given: Axial and rhombic components (Da, Dr) and principal axes of 
the alignment tensor (Axx, Ayy, Azz) with their corresponding eigenvectors (EV), 
number of RDCs used for fitting (n) and quality factors χ2, n/χ2, correlation factor (R) 
and quality factor by Cornilescu et al. (Q). Additionally the concentration (-wv) used 
for the best prediction is given. 
 

 

Table A12.9.: RDCs measured on 5-α-cholestan-3-one and RDCs back calculated for 
various 5-α-cholestan-3-one fragments as result of the orientation predicted by 
PALES.[128, 129] All couplings are given in Hz. Alignment tensor parameters and quality 
factors for the different fits are given: Axial and rhombic components (Da, Dr) and 
principal axes of the alignment tensor (Axx, Ayy, Azz) with their corresponding 
eigenvectors (EV), number of RDCs used for fitting (n) and quality factors χ2, n/χ2, 
correlation factor (R) and quality factor by Cornilescu et al. (Q). Additionally the 
concentration (-wv) used for the best prediction is given. 
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Figure A12.5.: Structure and nomenclature of sodium cholate. 
 

 

Table A12.10.: RDCs measured on sodium cholate and RDCs back calculated for 
sodium cholate with the SVD method, the fit with fixed orientation given by the 
alignment tensor of 5-α-cholestan-3-one (cross-fitting) and fit with orientation 
predicted by PALES.[128, 129] All couplings are given in Hz. Additionally, alignment 
tensor parameters and quality factors for the different fits are given: Axial and rhombic 
components (Da, Dr) and principal axes of the alignment tensor (Axx, Ayy, Azz) with 
their corresponding eigenvectors (EV), number of RDCs used for fitting (n) and quality 
factors χ2, n/χ2, correlation factor (R) and quality factor by Cornilescu et al. (Q). 

 

 
(a) Experimental data was taken from Mangoni et al.[148] As no experimental errors are 
given by Mangoni et al.[148] they were set to 1Hz for the fitting with PALES. 
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