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Abstract

In the scope of this thesis precision polymers bearing 2,6-diaminopyridine (DAP), urea or
TEMPO moieties were synthesized via acyclic diene metathesis (ADMET) polymerization and
characterized to determine the influence of various internal constraints on the crystallization of
polyethylene analogues. These introduced functional moieties are able to interact with each
other via hydrogen bonding and/or n-r-stacking and serve as conformational constraint on the
polymer chain as they are planar and rotation is restricted.

Via chemical synthesis the designed symmetrical monomers containing unprotected and N-
benzyl or N-methyl protected DAP, urea or TEMPO moieties were prepared followed by bulk
polymerizations using different Grubbs’ type and Umicore catalysts. Subsequent hydrogenation
using p-toluenesulfonyl hydrazide yielded the fully saturated polymers with molecular weights
ranging from 1100 g/mol up to 18300 g/mol. Successful conversion and the purity of the
resulting compounds were proven via *H- and 3C-NMR and IR spectroscopy, GPC as well as
ESl and MALDI ToF MS.

The thermal properties of all polymers were investigated via DSC analysis proving hindered
crystallization in all N-benzyl protected DAP containing polymers, compensated by an
increasing methylene spacer length. The N-methyl protected DAP containing polymers show
semi-crystallinity and melting temperatures above the Trm of pure ADMET polyethylene (Tm=
134 °C), explainable by enhanced thermal stability due to hydrogen bonds, also observed for
the urea containing polymers.

Furthermore, the crystallization behavior was examined via WAXS analysis, observing a
lamellar morphology for all precision polymers. Investigations on the saturated DAP containing
polymers with N-methyl protection group indicate the formation of a mixture of orthorhombic
and triclinic crystal structures. Based on DSC results and the calculated lamellar crystal
thicknesses a partial incorporation of the functional groups into the crystalline lamella and their
parallel arrangement can be assumed. For the unprotected DAP and urea containing polymers
a triclinic crystal structure is proposed.

Moreover, the behavior of the saturated, N-methyl protected DAP containing polymers in
solution was analyzed via DLS measurements proving the formation of single-chain polymer
nanoparticles and bigger aggregates, whose sizes are independent from the methylene spacer
length. Changing the polarity leads either to the unfolding of the polymer chain or precipitation.

Finally, the saturated N-methyl protected DAP containing polymer with a methylene spacer
length of x = 20 was separated via preparative GPC to determine the influence of polydispersity
on the melting and crystallization behavior. WAXS and DSC measurements of the individual
fractions indicate similar properties as the precursor polymer.



Kurzdarstellung

Im Rahmen dieser Arbeit wurden Prazisionspolymere mit 2,6-Diaminopyridin (DAP),
Harnstoff oder TEMPO Funktionalitaten Uber die acyclische Dienmetathese (ADMET)
Polymerisation hergestellt und anschlieBend kristallographisch analysiert um den Einfluss
unterschiedlicher interner Zwénge auf die Kiristallisation von Polyethylen Analoga zu
untersuchen. Diese Gruppen sind in der Lage Uber Wasserstoffbriicken und/oder n-m-
Wechselwirkungen miteinander zu interagieren und tben einen konformativen Zwang auf die
Polymerkette aus, da sie planar und nicht frei rotierbar sind.

Uber mehrstufige Synthesen wurden symmetrische Monomere, welche sowohl ungeschiitzte
als auch N-benzyl oder N-methyl geschiitzte DAP, Harnstoff oder TEMPO Funktionalitaten
enthalten, synthetisiert und anschlieend in Massepolymerisationen unter Zuhilfenahme von
Grubbs‘ und Umicore Katalysatoren umgesetzt. Durch die anschlieBende Hydrierung mit p-
Toluolsulfonylhydrazid wurden vollstandig gesattigte Polymere mit Molekulargewichten von
1100 g/mol bis 18300 g/mol erhalten. Die erfolgreiche Umsetzung und die Reinheit der
erhaltenen Substanzen wurden mittels *H- und 3C-NMR Spektroskopie, IR Spektroskopie,
GPC sowie ESI und MALDI ToF MS nachgewiesen.

Die thermischen Eigenschaften aller Polymere wurden mittels DSC analysiert und zeigen eine
gehinderte Kristallisation in allen Benzyl-geschiutzten DAP Polymeren, welche durch einen
grolReren Abstand zwischen den Defekten ausgeglichen werden kann. Die Methyl-geschitzten
DAP Polymere zeigen semikristallines Verhalten sowie Schmelztemperaturen, welche tiber der
von reinem Polyethylen (Tm =134 °C) liegen, erklarbar durch das Auftreten von
Wasserstoffbriicken. Ein &hnliches Verhalten wird auch fur die harnstoffhaltigen Polymere
beobachtet.

Mit Hilfe von WAXS Experimenten konnte fir alle Polymere eine lamellare Morphologie
nachgewiesen werden. Die Untersuchung der gesattigten, Methyl-geschiitzten DAP Polymere
weist auf eine Mischung von orthorhombischen und triklinen Kristallstrukturen hin. Basierend
auf den DSC Ergebnissen und den Dicken der Kristalllamellen kann davon ausgegangen
werden, dass die Defekte zumindest partiell in die kristalline Phase eingeschlossen werden, in
der sie eine parallele Anordnung einnehmen. Fir die ungeschiitzten DAP und harnstoffhaltigen
Polymere wird eine trikline Kristallstruktur angenommen.

Untersuchungen der N-methyl geschiitzten DAP Polymere in Losung mittels DLS Messungen
zeigen das Auftreten von Nanopartikeln, bestehend aus einer Polymerkette und grof3eren
Aggregaten. Die Anderung der Polaritét des Losungsmittels fithren entweder zur Entfaltung der
Kette oder zum Ausfallen des Prazisionspolymers.

Zuletzt wurde der Einfluss der Polydispersitat auf das Schmelz- und Kristallisationsverhalten
eines N-methyl geschutzten DAP Polymers mittels préaparativer GPC untersucht, wobei die
einzelnen Fraktionen &hnliche Eigenschaften wie die des Ausgangspolymers zeigen.
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1. Introduction

1.1 Precision polymers

Nature has always been one of the greatest archetype for scientists. Biomacromolecules own an
awesome repertoire of interesting functions such as molecular recognition, information storage
or catalysis'3, which could up to now not be observed for synthetic macromolecules. First,
biomacromolecules exhibit an accurately defined primary structure, whereby the single amino
acid monomers are precisely placed in a defined sequence, enabling the storage of information.*
Triggered by the supramolecular interactions, more specifically hydrogen bonds exerted by the
building blocks, biomacromolecules are able to assemble into secondary structures like a-
helices or B-sheets and -turns.* These folded chains finally organize into superstructures
yielding tertiary and quaternary structures, whereby proteins gain the ability to catalyze
numerous processes.* The formation of these complex structures is schematically shown in
Figure 1.

Primary Structure Secondary Structure Tertiary Structure
% ,/. \ / C/
7 \ 7 -
a-helix | WA
Ala Glu | Ser | Leu [ Cys | | @ﬁ
i 1
- or -+ N\ ~N

HO’\l)'LOH K / ./,'
A “ 2
B-sheet é:\

Figure 1: Schematic representation of the primary, secondary and tertiary structure of biomacromolecules.®

Considering, that nature offers all of its astonishing features on the basis of just 21 amino acids,
it is barely imaginable what scientist could create with an infinite number of synthetic
monomers.

Polymers exhibiting a defined primary structure just like biomacromolecules are called
precision polymers whereat it can be distinguished between sequence-controlled and sequence-
defined polymers.® Sequence-controlled polymers show a more or less controlled order of
monomers in the polymer chain, whereby macromolecules differing in length and composition
are obtained®, including for example, block copolymers, as well as alternating, periodic or
gradient copolymers.®® In contrast, sequence-defined polymers are uniform macromolecules in
which the order of monomers in the polymer backbone is perfectly defined just as in
biopolymers or foldamers.® To introduce such a precision into a monomer sequence different
synthetic strategies based on biological and synthetic approaches can be used.
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1.1.1 Synthesis of natural polypeptides - biological precision polymers

Deoxyribonucleic acid (DNA), ribonucleic acid (RNA) and proteins are probably the best-
known and most important representatives of biological precision polymers. These
biomacromolecules are produced in the human organism through replication, transcription and
translation processes.®’

Replication is a natural process in which DNA is duplicated before each cell division (mitosis).
Therefore, the DNA double strand is unwind and the helicase dissolves the hydrogen bonds
between the complementary nucleobases leading to the splitting into two single strands. Primers
are synthesized at which ends the DNA polymerase starts to attach complementary bases onto
the single strands resulting in the formation of two new identical DNA double helices.® During
transcription transfer RNA (tRNA), messenger RNA (MRNA) and ribosomal RNA (rRNA) are
synthesized with the help of a DNA template. The addition of RNA polymerase to the DNA
double strand leads to its unwinding followed by the attachment of complementary
ribonucleotides, whereby DNA is transcribed into RNA.’

Thus, the prepared mRNA can be used for protein synthesis in the ribosomes via translation.
Each base triplet (codon) in the mRNA strand encodes a special amino acid, which is
transported to the ribosome with the help of tRNA, where it is linked to the adjacent amino acid
via peptide coupling forming step by step the coded protein.’

It is also possible to synthesize such polypeptides artificially by different methods, which are
explained below.

DNA Templating

In the simplest case polypeptides are synthesized using DNA templates in processes that
proceed analogously to replication and transcription by connecting nucleic acids and their
analogues with each other.° Therefore, nucleotides are linked via Watson-Crick base pairing
to the corresponding template, followed by their subsequent polymerization initiated by
DNA/RNA polymerases™1%-1* as schematically shown in Figure 2.

nucleotides

oNA tomplate. \l| /™~

DNA/RNA polymerase

Figure 2: Schematic representation of the synthesis of biological precision polymers using DNA templates.*®

Orgel and coworkers were also able to present systems, which do not require the use of
enzymes, broadening the scope of application of this method.'®1” Nevertheless, this method is
not particularly efficient as the synthesis of the templates is very time-consuming and the
desired precision polymers are obtained in very poor yields due to the strong adhesion of the
synthesized oligomers to the template.!

12



Templating via the polymerase chain reaction

The synthesis of polypeptides can also be realized by enzyme catalyzed methods like the
polymerase chain reaction (PCR).}'® Here, a DNA template is initially denatured at high
temperatures to break the hydrogen bonds between the complementary strands followed by the
addition of a primer, which accumulates to the single DNA-strand. Finally a DNA-polymerase
is added, enabling the attachment of complementary bases and thus the replication of the
template®®1®, which is schematically shown in Figure 3. With the help of the temperature-
resistant polymerases nowadays natural as well as non-natural monomers can be polymerized
into well-defined sequences.!829-22 However the PCR still constitutes a laborious process.™°

~F T }ﬂ\ - 4 +

2O0 o FH
NN RNN )

N\ L - denaturation and

- attachment of primer

TTTITITTT

Y L - elongation
L

Figure 3: Schematic representation of the synthesis of sequence-controlled polymers using the polymerase chain reaction.*

Protein Engineering

Protein Engineering represents the most known and widespread biological method for the
synthesis of sequence-defined polymers.1:32 For this purpose an artificial gene is being inserted
into plasmid DNA, which is further incorporated into a host system (e.g. E. coli), where the

synthesis of the targeted protein takes place, followed by its extraction and purification.81%23-
26

Merrifield synthesis

The solid-phase synthesis, pioneered by Merrifield in 1963%', represents a well-known and
highly optimized method for peptide synthesis.?® Here, individual amino acids are linked with
each other one after one, leading to a high sequence control. A filterable polystyrene bead (also
known as Merrifield resin) serves as solid support to which a N-protected amino acid is bound
via its C-terminus. After successful conversion the protection group is removed, enabling the
linkage with the next N-protected amino acid via peptide coupling.24%22% The process of
solid-phase synthesis is schematically shown in Figure 4. Due to the attachment to the solid
phase, the growing oligomer can be purified easily after each coupling step via filtration
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allowing the facilitated removal of undesired side products.t**° This process can also be carried
out automatically in special peptide synthesizers, leading to a significant decrease in reaction
times.! Unfortunately, the scope of application is limited to the synthesis of oligopeptides,
consisting of two to fifty monomer units.2192°

—
—

b&y @ — bo > 000

Figure 4: Schematic representation of the synthesis of sequence-controlled polymers via templated multi-step-growth
polymerization, whereby the letters x and y represent different functional groups. The green square represents a protection
group. Figure reproduced and adapted from reference? with permission from the Royal Society of Chemistry.

1.1.2 Synthesis of non-natural polypeptides/polypeptoids

Artificial ribosomes

As sequence controlled polymers are synthesized in natural transcription processes it is
conceivable that artificial ribosomes are capable of equal performances. A relatively new
biological attempt to synthesize such artificial systems is based on rotaxanes, which resemble
ribosomes like a molecular machine.>® Here, a thiol-modified ring moves along an axis on
which amino acids are deposited and couples them on by one creating a sequence-controlled
polymer chain.1-8:3031

Solid-phase synthesis

Natural monomers can also be linked to non-natural polypeptides or polypeptoids using the
modified Merrifield synthesis. To avoid time-consuming protection and deprotection steps two
different monomers (xx and yy) can be used instead of one bifunctional (xy) building block.!
The successful synthesis of poly(amidoamines)®?32 as well as [oligo(N-substituted glycines)]**
and other polypeptoids®=3" prove the applicability of this method.

Ring-opening polymerization

Non-natural polypeptides and polypeptoids can be synthesized not only by biological but also
by chemical methods. Therefore, the appropriate amino acids are converted into N-
carboxyanhydrides (NCAs) or N-substituted-N-carboxyanhydrides (NNCAS) (for the synthesis
of polypeptoids) via Fuchs-Farthing method using triphosgene, followed by ring-opening
polymerization (ROP) to yield linear precision polymers.®84! This polymerization can be
combined with the approach of solid-phase synthesis by binding the initiator to an insoluble
support as demonstrated by Luxenhofer and coworkers,* whereby sequence-controlled
polymers can be prepared via one after one attachment. Obviously, this is not a generally valid
method for the synthesis of precision polymers as it is currently limited to the use of N-
substituted glycine N-carboxyanhydrides as monomers.

14



1.1.3 Synthesis of non-natural/artificial precision polymers

Deviating from natural monomers to artificial building blocks allows the preparation of
precision polymers via biological approaches as well as chemical syntheses.

Templating

Just like biological precision polymers, synthetic ones can also be synthesized with the help of
DNA templates by attaching monomers to the end of single DNA strands. Via interaction of
two complementary strands the monomers are located in close proximity to each other, which
allows them to be linked by chemical means. After removing the “empty” strand, a new one
bearing another monomer can be added leading to the formation of a sequence controlled
polymer via one after one attachment as schematically shown in Figure 5.
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Figure 5: Schematic representation of the synthesis of sequence-controlled polymers using DNA templates. Figure reproduced
and adapted from reference!4 with permission from The Royal Society of Chemistry.

Another possibility is to bind the monomers to peptide nucleic acid (PNA) adapters, which are
able to recognize different base codons on the DNA template and to complementary interact
with them*® as shown schematically in Figure 6. Here again the monomers are brought into
close proximity to each other enabling their linkage using different chemical reactions.
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Figure 6: Schematic representation of precision polymer synthesis using DNA templates and PNA adapters. Figure reprinted
with permission from reference®-Published by the Royal Society of Chemistry.
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Apart from DNA also synthetic macromolecules like poly(sarcosine)** or poly(2-
vinylpyridine)*>4® can be used as templates. The template is able to interact only with certain
monomers via supramolecular interactions, leading to the preferential incorporation into the
growing polymer chain.

Solid-phase synthesis - iterative chemistry

Artificial precision polymers can also be synthesized using the modified Merrifield synthesis.
This is referred to as solid-phase iterative chemistry®4"48 which is basically a multi-step-
growth polymerization.>>* Here again a bifunctional monomer with one temporarily protected
functional group is tethered via labile covalent bond to a support (mostly a cross-linked polymer
bead).24?° Afterwards the protection group is removed enabling the reaction with the next
monomer.

Via one after one attachment the monomer sequence can be perfectly controlled and the
attachment to the polymer bead allows the purification of the growing oligomer by filtration
after each coupling step, whereby undesired side products are easily removed as schematically
shown in Figure 4.241° Using this method up to now several sequence-controlled polymers
including oligoesters*, oligoureas®, oligocarbamates® and others®>>* could be prepared.
Unfortunately, the deprotection steps are very time-consuming and the scope of application is
limited to the synthesis of oligomers.?2°

1.1.3.1 Chain-growth polymerizations

Chain-growth polymerizations provide an opportunity for the synthesis of sequence-controlled
polymers (see Figure 7).

Chain-growth copolymerization (non-living):
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Chain-growth copolymerization (living):
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Alternating copolymer

Figure 7: Possible polymer sequences obtained via chain-growth polymerizations. Figure reproduced and adapted from
reference? with permission from the Royal Society of Chemistry.
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In the simplest case two monomers can be copolymerized by the means of radical or ionic
polymerizations®>>*® which usually leads to the generation of a statistical copolymer.?
However, if two monomers with appropriate copolymerization parameters are used, the
synthesis of either block copolymers (ri > 1) or alternating copolymers (ri = 0), in which the
monomer sequence within the polymer chain is exactly defined, is possible.? The radical
copolymerization of styrene (electron-donor) with malic anhydride (electron-acceptor)
represents one example for the synthesis of a perfectly alternating copolymer.:257:58

Kinetic control

This alternating behavior can be reinforced by using kinetically controlled processes as shown
for the atom transfer radical polymerization (ATRP) of styrene and N-substituted
maleimides.}2°%®1 Here, the maleimides are added to the polymerization mixture at defined
times, according to a strict polymerization protocol, whereby they are incorporated into narrow
regions into the polystyrene chain, as the cross propagation is favored to the
homopolymerization of the styrene 24561

The co-polymerization of exo- and endo-nobornene via ring-opening metathesis polymerization
(ROMP)®283 as well as the cationic terpolymerization of oxiranes, ketones and vinyl ethers®
are further examples for the synthesis of precision polymers under the aspect of kinetic control.
However, these techniques do not lead to perfectly sequence-defined polymers, but demonstrate
the proof of concept.*

Monomer reactivity

Further increase in sequence-control can be accomplished by decreasing the reactivity of the
monomers gradually, achieving a single monomer insertion. So far, there is no known general
approach to reduce reactivity, but at least some examples have already been given. Thus, the
addition of hydroiodic acid to the cationic polymerization of vinyl ethers or styrene leads to the
formation of inactive iodo-species, which are reactivated by the addition of Znl. in the presence
of the next monomer.%6°6

1.1.3.2 Step-growth polymerizations

Among the chain-growth reactions it is also possible to synthesize precision polymers via step-
growth polymerizations. An elementary example represents the reaction of monomers bearing
two different functional end groups (see Figure 8).2 In order that no statistical copolymer is
being generated, one of the functionalities must be provided with a protection group, which has
to be removed before the respective reaction. To circumvent these effortful protection and
deprotection steps one can refer to monomers bearing the same functionality at both reactive
ends.?
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Step-growth copolymerization:

Periodic copolymer

Figure 8: Schematic representation of the synthesis of sequence-controlled polymers via step-growth co-polymerizations,
whereby the letters x, y and z represent different functional groups. Figure reproduced and adapted from reference? with
permission from the Royal Society of Chemistry.

At this point particularly the ADMET polymerization, which is used since 1991 by Wagener
and coworkers®’ for the synthesis of precision polymers will be explained in more detail, as this
kind of polymerization was applied in this doctoral thesis.

Acyclic diene metathesis polymerization

The acyclic diene metathesis polymerization is a polyaddition or rather a polycondensation
reaction and is characterized by a stepwise growth of the polymer chain®. The formation of
high molecular weight polymers via dimers, tetramers and so on can only be achieved at high
monomer conversions of about 99%°%-"* as described by the simplified Carothers equation’
(eqg. 1), which can be applied if only one kind of monomer is being used.

X, = —— 1)

where X,, represents the degree of polymerization and p is the conversion.

Symmetric o,o-dienes serve as monomers, which are reacted with an appropriate metathesis
catalyst to produce polymers exhibiting the same functionality and symmetry as found in the
monomer®7, The starting materials should possess a high purity to prevent side reactions and
poisoning of the catalyst. Monomers, which are able to form 5-, 6- or 7-membered rings should
be avoided to eliminate the possibility of cyclization during the polymerization via
intramolecular backbiting.”* " Schrock and Grubbs’ carbenoid catalysts are used to catalyze the
polymerization reaction.”® Schrocks molybdenum containing catalyst shows very high activity
in olefin metathesis but their application is limited due to their sensitivity towards air, moisture
and polar functional moieties®®%®76-"® Therefore, predominantly ruthenium based Grubbs’
catalysts are used, which are more stable and more tolerant towards functional groups® due to
their late transition metal center combined with tricyclohexylphosphine (PCys) ligands.®® The
use of N-heterocyclic carbene (NHC) ligands in the Grubbs’ 2" generation catalyst leads to an
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increase in activity®38%-82 as these ligands stabilize the mono(phosphine) intermediates, which
constitute the actual active species in metathesis polymerization.’®838 Grubbs’-Hoveyda
catalysts are even more stable due to the exchange of the PCys ligands with aromatic ethers
causing long catalyst life times, whereby high molecular weight polymers can be obtained in
high yields.”*8®

The polymerization takes place via metal-carbene mechanism
1, which was first proposed by Chauvin in 1971.88

The reaction of an olefin with a precatalyst via 2+2 cycloaddition leads to the formation of a
metallocyclobutane intermediate, which is converted via 2+2 cycloreversion into an a-
substituted metal-alkylidene species. The reaction with another monomer produces a dimer and
a metal-methylidene, the actual active species, via an a,p-substituted metallocyclobutane
intermediate®®. Hence, the catalytic cycle proceeds under formation of ethylene as side product,
which has to be removed from the reaction to drive the polymerization forward by shifting the
equilibrium towards the products and to avoid back reactions.®®" The internal double bonds in
the polymer backbone created via ADMET polymerization can be removed by subsequent
hydrogenation.
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Scheme 1: Mechanism of the acyclic diene metathesis polymerization. 738789

The length of the alkenyl chain of the symmetric monomer precisely defines the distance
between the functional groups in the final polymer (see Scheme 2) enabling the synthesis of
sequence-defined precision polyolefins.
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Scheme 2: The distance between two functional groups is precisely determined by the symmetric monomer.

As mentioned previously cyclization can occur as side reactions, which can be suppressed by
the choice of appropriate monomers and their use in high concentrations as is the case in bulk
polymerizations.”®" By application of Grubbs’ 2" generation catalysts isomerization reactions
can appear®, that will be suppressed by the addition of tin(11) chloride and bromide salts®, 2,6-
dichloro-1,4-benzoquinone®? or phenyl phosphoric acid.®®

By means of the ADMET polymerization up to now a great variety of polyethylene-like
polymers were synthesized®1% allowing the investigation of polymer crystallization
influenced by defects. This topic is discussed further in chapter 1.3.2.

Ring-opening metathesis polymerization

Diversely substituted cyclic olefins can be converted into linear, sequence-specific copolymers
using the ring-opening metathesis polymerization (ROMP) (see Figure 9). This reaction
proceeds analogously to the olefin metathesis via metallocyclobutane intermediates and can be
catalyzed by Grubbs’ catalysts like the ADMET polymerization. This method can also be used
to increase the number of different monomers per sequence by polymerizing macrocycles®,
bearing the desired segments.2%’

o = ROMP E
) B O reeeeet

G sequence-confralled polymer

F:rrlgr:mlrm:-:l [l e mep s ug Jue i)

Figure 9: Synthesis of sequence-controlled polymers using ROMP. Figure reproduced from reference®” with permission from
the American Chemical Society.

These macrocycles can be created using the relay-ring closing metathesis polymerization
presented by Park and coworkers, whereby long-chain sequences are cyclized with an alkene-
alkyne trigger.1°"1% To compensate the missing ring strain in such large cyclic structures the
entropy-driven ring-opening metathesis polymerization (ED-ROMP) can be applied.*1%°

Other step-growth polymerizations

Further possibilities to synthesize precision polymers via step-growth polymerizations were
presented by Du Prez, Lutz or Han, using “click” chemistry as for example the copper(l)-
mediated alkyne-azide cycloaddition (CUAAC)%-112 or thiol-ene couplings!t3114 8

Equally, the Passerini three-component reaction, whereby isocyanides, aldehydes and
carboxylic acids'®® are combined to a sequence-defined polymer accounts to the step-growth
polymerizations.*8
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Furthermore the thiol-ene step-growth (TES) polymerization is suited for the synthesis of
sequence-controlled polymers. This polymerization is initiated photochemically by organic
substances and produces precision polymers with an already saturated backbone. Due to its high
tolerance towards air and functional groups precision polymers containing thioethers and
sulfoniums could be synthesized!16-12,

1.1.4 Properties and applications of precision polymers

1.1.4.1 Biological precision polymers

Some precision polymers like foldamers or single-chain nanoparticles (SCNP) are able to adopt
folded secondary structures, whereby they gain the opportunity to mimic properties and
functions of globular proteins, as for example most importantly the catalysis based on
enzymes.* A lot of enzymes catalyze processes with the help of metals, which are located in
hydrophobic pockets formed by secondary interactions.* Some groups already prepared
synthetic enzymes (enzyme-mimics) on the basis of SCNPs. Thus, polystyrene chains, bearing
triarylphosphine ligands in exactly defined intervals, can bind Pd(ll), forming a catalytically
active SCNP.'?% A similar behavior was observed by acetoacetoxy based polymers, synthesized
by Sanchez, after the addition of Cu(l1).12* Equally, artificial [Fe-Fe] hydrogenase as well as
heme model mimics could already be prepared.!?®

Polymer hydrogel nanoparticles based on polyamides exhibit chaperone-like behavior and thus
could prevent misfolding of proteins.1? Poly-NIPAM was proven to bind and neutralize toxins,
whereby the use of precision polymers as synthetic antibodies can also be taken into account.?”

1.1.4.2 Artificial precision polymers

Based on the possibility to define the primary structure of precision polymers monomer by
monomer they are suited for use in the area of information storage.?®!?® Thus, documents can
be written in binary code by synthesizing a copolymer consisting of two monomers being
defined as either “0” or “1” bit.}?® Of course also codes containing more than two monomers,
allowing the storage of huge data volumes on short polymer sequences, are imaginable.?® This
possible application was already successfully tested by Lutz and coworkers on sequence-
defined polyphosphates, which were synthesized based on two different phosphoramidite
monomers.?® As the synthesis of this precision polymer is very complex due to numerous
deprotection processes also polymerization approaches without protection chemistry were
pursued.?® Thus, sequence-defined oligo(triazole amides)'?°, oligo(alkoxyamine amides)**°,
oligourethanes'?® as well as oligocarbamates®!, containing encoded messages, could be
synthesized via iterative chemistry. Reading these codes can be enabled by tandem mass
spectrometry>32%131 \whereby the polymer is firstly characterized by ESI ToF MS resulting in
a polydisperse spectrum, the so-called 1% dimension fingerprint. The subsequent analysis of
each single peak via MS/MS reveals the 2" dimension fingerprint enabling the decoding of the
sequence.?8
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Also nanopore sequencing can be used to decode such messages.**! Therefore, a nanopore is
embedded into a lipid bilayer, followed by applying an electric voltage, which induces a certain
channel current in the pore.t3! If now the precision polymer is driven through the protein pore
a blockade in the channel current is induced, whereby the blockage amplitude is characteristic
for each monomer unit allowing the decryption of the sequence.®2%13!

Precision polymers can store huge amounts of information with low space requirement and are
in addition long-term stable, whereby their use as molecular barcodes or anti-counterfeiting
agents can be taken into consideration.?®

1.2 Polymer crystallization

Although, the crystallization of polymers was an essential part of numerous studies during the
past decades this process is not elucidated completely until now. Since the first X-ray diffraction
experiments on polymers, which were conducted during the 1920s, an endless number of
scientific papers and reviews concerning various polymer crystallization theories and
extensions of such were published.32-14

In general it can be considered, that all polymers exhibiting a regular and symmetric structure
are capable to crystallize.}*? Thus, unbranched polymers with an all-trans conformation are
most likely to adopt a regular packing, which is one prerequisite for the formation of crystals.
The most prominent example therefore is surely polyethylene, whereof already in 1957 first
single crystals could be synthesized and analyzed by several groups.141:143-145

If the polymers do contain side chains or other substituents they should be arranged regularly
along the polymer backbone as for example in isotactic or syndiotactic polypropylene.t46:147
Nevertheless, also a multitude of atactic polymers are able to undergo crystallization.'*1% |n
addition the side chains or substituents should be of small size as otherwise the polymer chains
cannot arrange themselves close enough to each other. Intramolecular interactions between the
substituents can lead to a stabilization of the formed crystal.

It remains supplementary to mention that polymers never crystallize completely as their long
molecular chains form entangled, random coils in the melt,*®* wherefore the alignment of the
chains to form a single crystal would only be possible under extreme high pressure or
stretching.*®2% Furthermore, the polymer chain forms loops when exiting and re-entering the
crystallite and can even participate in different nuclei.’> Hence, every crystallite contains
crystalline and amorphous parts, which is why polymers are regarded as semi-crystalline.

In the following chapters the process of polymer crystallization as well as basic theories and
concepts should be outlined in a simple, but detailed manner.

Under which conditions the crystallization of polymers proceeds is described by
thermodynamics, which will be explained briefly in the next chapter.
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1.2.1 Thermodynamic considerations

In order that processes take place spontaneously the change of the free energy, which is given
by the Gibbs-Helmholtz-equation (eq. 2) must exhibit negative values.

AG = AH — TAS (2)
where AG is the change in Gibbs free energy, AH is the change in enthalpy, T is the absolute
temperature and AS represents the change in entropy.

Figure 10 illustrates the relationship between the temperature and the Gibbs free energy of
solids and liquids.
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Figure 10: Graphical depiction of the relationship between Gibbs free energy and temperature.*®

As a crystal exhibits a lower free energy than its corresponding liquid below the equilibrium
melting point (see Figure 10) the phase transformation (crystal formation) proceeds
spontaneously under constant pressure. If the crystalline and the amorphous/liquid phase are
existent in equilibrium to each other the change of free energy equals zero, happening at the so
called equilibrium melting temperature, which can be calculated with the equation given below

AH¢ H; —H ©)
AS¢ S} — S

TS =

The process of crystallization is a first-order transition,>! which means that the first derivations
of the free energy with respect to pressure or temperature (see eq. 4 and 5) show a step change
at the point of phase transformation®®, which is illustrated in Figure 11.

AG = Vdp — SdT ()
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Figure 11: Curve progression of the first derivations of the free energy with respect to pressure or temperature for a first-order
transition. 1%

1.2.2 Primary nucleation

Every polymer crystallization starts with the formation of a crystalline nucleus via random
fluctuations in density or order due to Brownian motion in the polymer melt. This process is
called primary nucleation and takes place at a certain crystallization temperature, which lies
below the melting temperature of the polymer.*>* This temperature range is called supercooling
and can be defined as follows

AT =T, — T, (6)

where T, represents the melting temperature and T, the crystallization temperature. !
Primary nucleation events can be divided into homogenous and heterogeneous nucleations,
describing the formation of the nucleus, as well as thermal and athermal nucleations, indicating
whether the nucleation event is temperature dependent or not. If the formation of nuclei is
caused just by random fluctuations, which happens predominantly at high supercoolings, this
is called a homogeneous nucleation.™® This process is temperature dependent und thus can be
classified as thermal nucleation leading to different sized crystallites as the nuclei starts to grow
independent from each other. In contrast heterogeneous nucleation takes place if nucleation
starts on pre-existing surfaces like dust particles, catalysts or the walls of the reaction vessel.
This kind of nucleation can be referred to as thermal or athermal, the latter implying the
formation of comparable sized crystals, as they start growing at approximately the same
time.*>>158 Wunderlich introduced another possibility for the primary nucleation, the so called
“self-nucleation®, occurring if single crystals survive the melting process and serve as nuclei
during polymer crystallization.5°-169

Figure 12 schematically shows the relationship between the free energy and the size of a given
nucleus.
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Figure 12: Schematic description of the relationship between the energy and the size of a given nucleus.

To obtain a stable nuclei the change in free energy of the nucleation process (calculation for a
spherical nucleus with radius ‘r’ given in eq. 7) must be negative.
()

4
AG = §T[F3Agf + 4mr?o

where Ag represents the difference in free energy of fusion per unit volume of the crystal and
o the surface free energy. If the nucleus exhibits a size below the critical nucleus size (r < rerit)
the surface free energy prevails and AG adopts positive values, meaning that the seed
decomposes under energy gain. The change in free energy only takes on negative values if the
nucleus exceeds the critical nucleus size (r > rerit) leading to the formation of a stable crystallite.
The inflection of the curve represents the critical nucleus size, which can be calculated as shown
in equation (8, at which the system is in equilibrium (AG = 0).1*!

20 (8)

Ferit =
Ags

Therefore, at this point the change in free energy can be determined by the following
equation155,16l—163

16mo® 9)
4G = ——
34g;
Afterwards, the crystal is growing, whereby a lamella is formed, whose thickness determines
the melting temperature. The Gibbs-Thomson equation®®* (eq. 10) describes the indirect
proportionality of these parameter to each other.

20, 1) (20)

where T;9 represents the equilibrium melting point, g, the surface free energy of the lamella, [
the lamella crystal thickness and AH,, the heat of fusion.64
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1.2.3 Secondary nucleation

After the formation of the first nuclei the crystallite will grow further by depositing new stems
on the previously formed surfaces. How the crystal growth proceeds exactly can be explained
by two different models. The “fringed micelle* model was postulated by Hermann, Gerngross
and Abitz in 1930.6%1% This model assumes that parts of the polymer chains disentangle, align
and form bundled crystalline stems within an amorphous surrounding as depicted in Figure 13.

Figure 13: Schematic picture of the fringed micelle model. 141167

These crystallites could act as cross-linkers whereby the polymer shows properties of reinforced
rubbers as well as the elasticity and low density of polyethylenes could be explained assuming
this model. Nevertheless, the formation of such fiber-like crystallites seems to be very difficult
just via thermal fluctuations and the occurrence of spherulites in optical microscopy cannot be
explained using the fringed micelle model. 1415

Due to the inconsistencies and further experiments and calculations®®® this theory was replaced
with the so called “folded chain” model, which was mentioned for the first time by Storks in
1938.1%9 He assumed, that the polymer chain must fold back and forth in the polymer crystals
due to its length, which exceeds the size of one crystal lamella. Twenty years later this theory
was confirmed by Keller and other groups via crystallographic analysis of polyethylene single
crystals and is generally accepted until today.'43145170171 Although, the adoption of a folded
conformation seems to be energetically adverse, it is surely the most logical option. In solution
a completely extended polymer chain would exhibit the largest possible surface and thus, the
minimal conformational entropy. Via folding into a lamella this chain adopts the smallest
possible conformation and is consequently in a thermodynamic stable state, which was also
demonstrated by different experiments.}*172177 Equally, in the melt thermodynamic and
kinetic factors suggest the adoption of a folded conformation than the formation of an extended
chain crystal as estimated by several research groups.41:178-180

The mechanism of chain folding can be described with different models, which are summarized
in Figure 14.
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Figure 14: Different mechanisms of chain folding: adjacent re-entry model, switchboard model and intramolecular nucleation
mOde|.141'151

Firstly, one polymer chain can exit and re-enter just one single crystallite, whereby only small
amorphous regions will be formed at the end of the lamella. This adjacent re-entry model was
postulated by Hoffman and colleagues in 1979.%8! Another assumption is the switchboard model
from Flory, which implies the participation of one polymer chain in different lamella acting as
tie molecule or the non-adjacent re-entry into the crystallite leading to the formation of
amorphous loops.1®® The intramolecular nucleation model represents a revision of the
switchboard model, which includes the possibility of adjacent re-entries, 41182183

Now that these basic details have been clarified, the next chapter will focus on the description
of the most popular secondary nucleation theory. This theory is of kinetic nature, whereby the
difference in free energy between the amorphous and crystalline state below the equilibrium
melting temperature acts as driving force.'

1.2.3.1 Hofmann-Lauritzen theory

The Hofmann-Lauritzen theory, which was first presented in 1960 by John Hofmann and John
Lauritzen is probably the most known and widespread secondary nucleation theory,133161.184.185
This theory involves simplifications and assumptions to impart the mechanism of polymer
crystal growth and corresponding kinetics vividly. A graphical description of the theory is
shown in Figure 15.

i —nucleation rate
g — lateral growth rate

)

Figure 15: Graphical representation of the Hofmann-Lauritzen theory, whereby i stands for the nucleation rate and g for the
lateral growth rate.'4!
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For the sake of simplicity a single stem with a smooth surface, which was formed during
primary nucleation via random fluctuation was assumed to serve as critical nucleus.
Subsequently, further stems, one at a time, are being deposit on the existing growth front until
a new surface is formed on which the next nucleation event can take place.!4:1°1.155186 The
crystal growth rate can be estimated and its calculation depends on the chosen crystallization
temperature and thus the corresponding growth regime (see Figure 16).

regime | regime |l regime lll
Figure 16: Illustration of the three different growth regimes during secondary nucleation, 142155186

Considering only a small supercooling (see eq. 6), meaning a crystallization temperature close
to the melting temperature, the system will be located in regime [,161:185187.188 \yhere the
nucleation proceeds much slower than the lateral spreading. In other words, after the formation
of the nucleus the next stems will be deposit very quickly until a new smooth surface is formed
on which the next nucleation event can take place. Hence, the growth rate is limited by the
nucleation rate and can be calculated with the equation given below

G = ibL, (11)

where i is the surface nucleation rate, b is the thickness of on molecular chain stem and L, is
called the “persistence length”,141:186

If the crystallization temperature is located below the melting temperature, nucleation rate
equals the lateral spreading rate, resulting in the existence of more than one nucleus at the same
time. If a new nucleus can be formed before the previous layer is filled completely the system
is located in regime 1118187189 and the corresponding growth rate can be calculated as follows

where g stands for the lateral growth rate, 41186

Regime 11118190 js characterized by a very high supercooling, where the nucleation proceeds
much faster than the lateral spreading. Thus, so many nucleation events take place at the same
time that the lateral spreading rate becomes physically irrelevant and the growth rate is
calculated as for regime | with the following equation

Gy = ibLy (13)
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With the help of these considerations the lamellar crystal thickness as well as the crystal growth
Kinetics can be predicted. 141186

As mentioned previously this theory contains certain simplifications as for example assuming
the critical nucleus to be a complete crystal stem. Therefore, this model was revised by Frank
and Tosi in 1961'°* who described that the crystal growth proceeds by addition of single
subunits, one at a time. These units are subjected to fluctuations meaning, that in each step a
unit can either be attached or removed from the growing stem along the vertical direction as
shown in Figure 17. Therefore, the polymer chain can only fold to start a new lamella if the
length of attached subunits equals the lamellar crystal thickness. This process is also called
“fine grained model”.

Figure 17: Graphical description of the fine grained model.*4

Furthermore, this model was expanded by Jean-Jacques Point who assumed that chain folding
can happen at each step during crystal growth even if the lamellar crystal thickness is not
reached yet.1%219 However, the crystal can only grow further if this defect is removed and the
following units are attached in direction of the lamellar thickness. Figure 18 represents this
hypothesis graphically.

Figure 18: Schematic representation of the modified Hoffman-Lauritzen theory postulated by Point.14

1.3 Crystallization under confinements

1.3.1 External confinements

The crystallization process as well as the resulting crystal structure of polymers can be
influenced by different constraints, which can either be exerted from the “outside” (e.g.
geometrical confinement) or the “inside” (incorporation of defects into the polymer chain) on
the polymeric system.

Restricting the space in the size range of micrometers to nanometers, similar to the size of
lamellar crystals, represents the simplest variant to exert an external constraint onto the
polymer. Therefore, the bulk polymer is divided into smaller fractions, which are also termed
as microdomains.%

One example for such microdomains are polymer droplets. The polymer to be examined is spin-
coated onto a non-interacting, immiscible support, followed by heating the sample above the
melting point of the polymer, leading to dewetting and the formation of polymer droplets.*%>1%
Furthermore these droplets can also be prepared via inkjet printing®®®, aqueous dispersions or
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miniemulsion polymerizations.?®?® As the nucleation mechanism is changing from
heterogeneous to homogenous, assuming that no impurities are contained in the droplets, the
crystallization takes place at lower temperatures compared to the bulk polymer.t® The
nucleation is initiated by either fluctuations due to Brownian motion or the surface on which
the droplet is located, leading to a dependence on the roughness of the surface, meaning the
smoother the surface, the lower the crystallization temperature.’®® Equally, the crystallization
behavior is influenced by the volume and the thickness of the polymer droplet. Whereas
droplets with a thickness of 2-3 nm mostly contain only one nucleus, resulting in a slow crystal
growth, thicker droplets (3.5-5 nm) promote the formation of several nuclei leading to enhanced
growth rates, 194197

Another possibility to restrict the space is the formation of thin polymer films, whereby not
only the nucleation and the crystal growth but also the orientation of the crystallites is
influenced as the crystallization is confined to just one dimension.'®* The glass transition as
well as the crystallization temperature conform to the particular position of the polymer chain
within the film. Chains in contact to the surface are restricted in mobility thus exhibiting higher
glass transition temperatures and along with the highest nucleation rate higher crystallization
temperatures are ensued.'® The crystallites can be oriented parallel to the substrate in the case
of films thicker than 100 nm. Decreasing the film thickness leads to the parallel or perpendicular
arrangement of the crystalline lamella.1%4201

In solution some polymers, predominantly amphiphilic compounds, form crystallizable
nanoparticles or micelles.*® One of the most widely studied examples is polyethylene, forming
nanoparticles in diluted solutions consisting of exactly one polymer chain.’31%4292 Dyring
crystallization this chain arranges into one single crystalline lamella, which is surrounded by
amorphous material at both ends. This nanoparticle, colloquial called “nanohamburger”,
exhibits an enormously low crystallization temperature, indicating a homogeneous
nucleation.” Both, the crystallization behavior and the crystal structure are influenced by the
molecular weight of the polymer and the chosen solvent. 194202

The insertion of polymers into inorganic and organic materials represents another possibility of
an external confinement.’® Thus, great attention was paid to the investigation of polymer
crystallization in anodic aluminum oxide nanopores.?°>2% |n these pores predominantly surface
nucleation takes place and the crystallization as well as the melting temperature are directly
proportional to the pore diameter. The crystallites will be oriented parallel to the pore axis if
the pore exhibits a small diameter, whereas the lamella in pores with bigger diameters will be
arranged perpendicular.2%4

Blending two immiscible polymers leads to the dispersion of the crystallizable compound
(provided that it is added in small amounts) in a polymeric matrix.** The crystallization
temperature now depends on the number of impurities contained in the single polymer droplets.
No or only few impurities in the dispersed material cause homogeneous or surface nucleation
taking place at very low crystallization temperatures.'®* If the amount of impurities lies in the
same order of magnitude as the amount of microdomains, each nucleation event is triggered by
a different heterogeneity, leading to the occurrence of fractionated crystallization.'%*
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Block copolymers represent a special form of polymer blends, whereby the final morphology
of the crystal is determined by the segregation strength between the two blocks as well as by
the order-disorder transition temperature, the glass transition of the amorphous part and the
crystallization temperature of the crystallizable polymer.942952%¢ Based on the Flory-Huggins
interaction parameter and the volume fractions of the polymers different morphologies (cubic,
lamellar, etc.) can be adopted by the block copolymer. Depending on the above mentioned
parameters this morphology is either preserved during crystallization or disrupted due to
breakout crystallization leading to the formation of a crystalline lamella, which is surrounded
by amorphous material. 1%

1.3.2 Internal confinements

By exertion of internal confinements on the crystallization behavior and the resultant crystal
structure via incorporation of defects into the polymer chain a material with tuned properties
can be produced. Popular examples are linear low-density polyethylene (LLDPE), high-density
polyethylene (HDPE) etc., which obtain their enhanced thermal and mechanical properties via
short-chain (SCB) or long-chain branching (LCB). Due to their industrial importance it is
necessary to understand the structure-property relationship of these materials?®’. Unfortunately,
their crystallization behavior as well as the final morphologies could not be elucidated
completely up to now as X-ray diffraction measurements and other methods for structural
investigation show no clear signals due to the random distribution of the defects within the
polymer backbone.®® Here, the ADMET polymerization, which was already dealt with in
chapter 1.1.3.2, represented a revolution. Thus, polyethylene with a wide variety of exactly
placed side-chains could be synthesized and used to improve the comprehension of the
structure-property relationship. In contrast to their random analogues these precision polymers
exhibit higher crystallinities due to highly ordered systems, leading to enhanced thermal
properties, whereby they are characterized by narrower and sharper melting endotherms at
lower temperatures in DSC®. Furthermore, they show a narrower lamellar thickness
distribution.

1.3.2.1 Side-chain defects

Alkyl branches

The probably simplest precision polymers contain a methyl side chain in defined distances
along the polymer backbone. Placing this group on every 5" or 7™ carbon yields totally
amorphous polymers2%, Extending the methylene spacer length between these defects to at least
eight carbon atoms leads to the formation of hexagonal crystals?®®, which feature a typical initial
stage during the crystallization of polyethylene. In pure polyethylene the chains slide past each
other after the formation of a metastable hexagonal mesophase devolving into an all-trans
configuration until the equilibrium lamellar crystal thickness is reached followed by the
transformation into a stable orthorhombic phase??7219-212 Ag this structure is not formed here
the inclusion of the methyl groups into the crystalline phase can be assumed causing the
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disturbance of the unit cell. If the methyl group is placed on every 15" carbon, it is also included
and a triclinic crystal structure is formed in which the alkyl chains between the defects adopt a
hexagonal sublattice 89192213 Equally, the defect is included if it is placed on every 21% carbon
and the appropriate polymer exhibits a monoclinic structure.192213214 A schematic depiction of
the crystal structure with included methyl defects is shown in Figure 21. Even if the methylene
spacer length is expanded to 38 carbon atoms the methyl group is continuously included in the
crystalline phase. A particular feature here is the formation of two different crystal structures,
a dominant orthorhombic phase and a metastable monoclinic one. This example shows, that the
reduction of branch frequency leads to less disturbance of the unit cell'®2, whereby the
orthorhombic phase of polyethylene is preserved, accompanying only with an expansion of the
unit cell. Figure 19 schematically shows the crystal structures adopted by methyl-branched
polyethylene in dependence of the methylene spacer length.
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::igut:]e 19: Formation of different crystal structures of methyl-branched polyethylene in dependence of the methylene spacer
ength.

Expanding this defect to a gem-dimethyl group and placing it on every 9" carbon atom leads to
a complete amorphous polymer due to the increased space requirement of the defect.”>92 Only
the placement on every 15" or 21% carbon ensures the formation of a semi-crystalline structure
exhibiting a polymorphic character.”>192214 Continuing the analog series, an ethyl group is the
next examined defect. Placing it on every 9" carbon the appropriate polymer as well is
completely amorphous'® and shows only semi-crystalline behavior after the methylene spacer
length is expanded to 14 carbon atoms.’*2% This polymer exhibits a bimodal melting behavior
in the DSC, indicating the partial inclusion of the ethyl group into the crystal. Thus some
crystallites contain ethyl groups and some not, resulting in polymorphism.’* Of course, the final
morphology of the crystal also depends on the crystallization temperature, which is explicitly
demonstrated by the precision polymer bearing an ethyl group on every 21% backbone carbon
as schematically shown in Figure 20.102212214-218 Crystallizing this polymer at 5-8 °C very small
crystalline lamella are formed, expelling the defect into the amorphous region. Increasing the
temperature to 10-15 °C leads to the formation of a hexagonal mesophase, which can thin or
thicken, resulting in the inclusion of none or one ethyl group, whereby lamella with two
different thicknesses are obtained.?!2?1421% The inclusion of exactly one ethyl group per
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crystalline lamella is reached at a crystallization temperature of 17 °C. At elevated
crystallization temperatures between 21 °C and 28 °C no hexagonal phase is formed anymore
as it is destabilized due to the inclusion of two defects per lamella, resulting in the formation of
triclinic spherulites 207:212.214-216
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Figure 20: Schematic model of branch inclusion in precision polyethylene bearing an ethyl group on every 21% carbon at
\S/.Ecl)gi(:al:;. crystallization temperatures. Reprinted with permission from reference?!2. Copyright 2013, American Chemical
Placing this ethyl group on every 39" carbon atom leads to the exclusion of the defect from the
crystalline phase, as the polymer chain between the defects shows a sufficient long run length
to pack into a crystallite, expelling the side group into the fold and thus the amorphous phase.
Further series of studies focused on the examination of the relationship between crystal
structure and increasing defect size.?'°?% Thus, precision polymers bearing branches of various
lengths (ranging from methyl to pentadecyl groups®?) and size (iso-propyl, sec-butyl, tert-
butyl, cyclohexyl and adamantly groups?!®) as defects on every 21%t carbon were synthesized.
It was found, that all polymers with defects exceeding the size of an ethyl group exhibit similar
melting temperatures and wide-angle X-ray scattering (WAXS) patterns®21%220 indicative of
an exclusion of the defect from the crystalline phase. Same behavior is observed at a methylene
spacer length of 38 carbons, just that here also the ethyl group is excluded from the crystalline
phase.??® The melting temperatures of these polymers lie much closer together and the
crystallographic analysis indicates a mixture of a predominantly orthorhombic and a small
amount of monoclinic crystals. This is due to the fact, that the excluded groups agglomerate at
the folding surface of the crystal, leading to a packing problem, which causes a shear of the unit
cell, whereby a metastable phase is formed.219-22

This impact vanishes with a methylene spacer length of 74 carbon atoms as demonstrated for
precision polymers bearing a butyl group on every 75" carbon. Here, the polymer shows a
perfect orthorhombic unit cell comparable to pure ADMET polyethylene?®”??2, Another
specialty occurs if the length of the branch exceeds the length of ten carbon atoms enabling the
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defect to co-crystallize observed for precision polyethylene with a heneicosanyl branch on
every 15" or 19" backbone carbon.?2>2%* These polymers exhibit narrower melting profiles and
higher melting temperatures compared to their butyl branched analogues. Both polymers
crystallize in a hexagonal phase and show two melting points in the DSC, indicative of two
lamella with different thicknesses.??® Transmission electron microscopy (TEM) reveals the
existence of thin lamella if the methylene spacer length accounts to 15 carbons and thick lamella
for the polymer with defects on every 19" carbon. In the case of the thin lamella the side chains
crystallize separately from the backbone, whereas the thick lamella are formed due to the co-
crystallization of backbone and branches.??® The side chain crystallization occurs if the branch
exceeds the size of the methylene spacer length, whereas the co-crystallization dominates if the
branch exhibits the same size as the spacer.??

Even amphiphilic branches, consisting of tetraethylene glycol (TEG) as hydrophilic part and a
pyrene, hexyl or tetradecyl group as hydrophobic part can be included as defect into the polymer
backbone as proven by Wagener and coworkers.?!’ These polymers behave contrary to the trend
of other ADMET polymers, showing that increasing the size of the hydrophobic part has a
tremendous influence on the polymer morphology.”?7 Using pyrene as graft end-group
excludes the defects from the crystalline phase followed by their aggregation in the amorphous
interphase. Amphiphilic branches containing hexyl groups as hydrophobic part are also
expelled from the crystal but co-crystallize, leading to the formation of two separate crystalline
regions, indicated by two different melting endotherms in the DSC. Expanding the hydrophobic
part results in the inclusion of the defect into the crystalline phase, where it co-crystallizes
together with the backbone resulting in only one melting endotherm.”-2t7
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Figure 21: Graphic depiction of the crystallization behavior of precision polymers bearing different sized alkyl branch defects.

In summary it can be said that the crystal structure of polyethylene is significantly influenced
by the introduction of alkyl branches to exactly defined points within the polymer backbone.
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Placing the branches on every 7" carbon or less results in completely amorphous polymers as
the defects disrupt the order in the polyethylene unit cell®. Increasing the methylene spacer
length leads to the formation of semi-crystalline crystal structures, whereby small defects as
methyl or ethyl groups can be included into the crystalline phase. Bigger defects are excluded
from the crystal and expelled to the amorphous phase where they can agglomerate or even co-
crystallize causing a packing problem in the crystal lattice (see Figure 21). These polymers
exhibit approximately similar melting points, whereby a lower branch frequency leads to
increasing melting temperatures and melting enthalpies. Amphiphilic branches, where an
increase of branch size results in the inclusion of the defect in the crystalline phase, occur as
exceptions.

Halogen atoms

Since small alkyl groups can be included into the crystalline phase as mentioned earlier there
is a hypothesis that also other sterically not demanding groups can be incorporated into the
crystal. This assumption could be proven with the help of precision polymers bearing precisely
placed halogens (fluorine, chlorine and bromine) along the polymer backbone.%82% These
precision halogenated polyolefins also follow the trend of increasing melting temperature as
well as melting enthalpy with decreasing defect size and branch frequency.?”>??" The
incorporation of fluorine atoms into the crystalline phase of polyethylene lead, due to the small
defect size, to the minimal expansion of the unit cell, whereby the orthorhombic crystal
structure is not disturbed that much®871:225226228 ' Replacing fluorine by chlorine also lead to
defect inclusion, but also to a decrease of melting temperature and the change from
orthorhombic to triclinic crystal structure®, due to the increase in space requirement.’223225
221,229230 \Which morphology is being developed strongly depends on the crystallization
temperature and the size of the first formed nucleus. Cooling the polymer melt rapidly leads to
the formation of a nucleus, whose critical stem length is shorter than the alkyl chain between

all-trans packing herringbone like packing

Figure 22: Schematic representation of the crystal morphologies adopted by precision halogenated polyolefins. Figure
reprinted and adapted with permission from reference?®. Copyright 2014, American Chemical Society.

Thus, the crystal growths by stacking the backbone via van-der-Waals interactions, prevailing
between the methylene units, leading to the formation of an all-trans morphology as visualized
in Figure 22.2%5 Using slow cooling rates result in a critical stem length which is the same size
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or bigger than the methylene spacer length, whereby the chlorine atoms are being packed
densely leading to the formation of a herringbone-like structure with the defects located in the
kinks of the chain as shown in Figure 22.2% In both cases a layered chlorine distribution can be
observed, whereby the respective polymers exhibit lamellar morphologies.??>?%° The inclusion
of the defect as well as the triclinic crystal structure is being preserved when using the sterically
more demanding bromine atom®® causing only a decrease in melting temperature and melting
enthalpy.”?26231 Based on the crystallization temperature here as well several different
crystalline modifications can be observed. Fast cooling of the polymer melt leads to an all-trans
conformation of the polymer chains in which the bromine atoms are packed in layers, but shifted
in height to the adjacent chain.??>%31 At room temperature this conformation is converted fast
to the next modification also exhibiting a fully extended all-trans conformation in which the
bromine atoms of adjacent chains are arranged at the same height.?*! However, cooling the
polymer melt slowly results in the formation of a herringbone-like structure, comparable to the
structure of chlorine substituted polyethylenes, whereby the bromine atoms are located in the
kinks of the polymer chain as visualized in Figure 22. These modifications can be irreversibly
transformed into each other by heating or stretching.?2>231

Supramolecular defects

It is also interesting to find out how the morphology of polyethylene is changed, if the defects
are able to interact with each other via supramolecular interactions. Incorporating a hydroxyl
group into the polymer backbone serves as simplest example for a supramolecular defect. This
group, regardless of the methylene spacer length, is excluded from the crystalline phase and
forms a channel-like hydrogen bonding network stabilizing the amorphous phase as shown in
Figure 23, resulting in high polymer melting temperatures in the region of about 100 °C"3%32,
Due to the exclusion of the functional group from the crystalline phase, the orthorhombic crystal

structure of polyethylene is preserved.
H
!

T

Figure 23: Hydrogen channels formed by precision polymer bearing precisely placed hydroxyl groups.

O

A similar behavior is observed for precision polymers, bearing a carboxylic acid group on every
21% carbon. These defects are also excluded from the orthorhombic crystal lattice®® and form
dimers’*2%7_ that are arranged perpendicular to the polymer chain®, via hydrogen bonding in
the amorphous phase resulting in acid-rich layers between the crystal lamella observable via X-
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ray diffraction.®”9°2% Increasing the acid content also increases the number of hydrogen bonds
and the interactions between the groups become so strong that they act as physical crosslinks,
which restrict the mobility of the polymer chains?®’, whereby the formation a crystal lamella is
hindered resulting in completely amorphous polymers’22°, The interactions between two acid
moieties are so strong, that they even persist above the melting temperature of the polymer®®.
In solution the precision polymers with polar defects form self-stabilized nanocrystals in which
the functional groups are located at the upper and lower surface of the crystalline lamella and
their lamella thickness is dictated by the length of the methylene spacer®®!’? as schematically
shown in Figure 24.
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Figure 24: Schematic representation of carboxy-substituted precision polyethylene forming self-stabilized nanocrystals in
solution. Reprinted with permission from reference!’2, Copyright 2013, American Chemical Society.

By addition of metal salts these precision polymers can be converted into precision ionomers,
which self-assemble into ionic clusters®®2972% via electrostatic interactions resulting in the
adoption of a cubic lattice?®2%, Here again the methylene spacer length influences the ability
to form crystals as shown for 1-methylimidazolium bromide containing precision polymers,
which exhibit completely amorphous polymers if the ion content is too high.?*’

Increasing the number of hydrogen bonds per monomer unit by using phosphonict®238.239 gr
sulfonic4®24 acids, which are also excluded from the crystalline phase’, result in the formation
of acid-rich layers between the crystal lamella, which are oriented perpendicular to the polymer
chain. The final morphology is still influenced by the crystallization of polyethylene, whereby
the big aggregates consisting of acid groups are located at the surface of the crystalline lamella
and induce packing problems in the crystal lattice.”100.23

However, not only hydrogen bonding but also other supramolecular interactions like z-7t-
stacking can have an influence on the morphology of polyethylene as observed for boronic
acids?* and phenyl rings incorporated as defects into precision polymers. The sterically
demanding rings cause an extreme melting point depression and the formation of two melting
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endotherms, whereby one of these endotherms can be traced back to the aggregates, which are
formed by stacking of the defects via n-r-interactions in the amorphous part.?*3

1.3.2.2 In-chain defects

Besides the possibility to introduce functionalities in precision polyethylene via side chains it
is also possible to include the functional group directly into the polymer backbone. In this area
not that much research as in the case of side-chain functionalities was carried out up to now,
but nevertheless first results, which allow conclusions on the relationship between defect size
or structure, respectively and the polymer morphology, could be achieved.

Polar defects

Initially, precision polymers bearing polar defects like polyacetals, polyketones, polycarbonates
and polyesters were analyzed.?**2%® These defects disrupt the crystal structure of polyethylene
thus causing decreased melting temperatures and crystallinities, whereby the melting point is
still higher compared to precision polymers with side-chain defects due to strong
polarities.?**24 Polyacetals with a small acetal content exhibit an orthorhombic crystal structure
with defects included into the crystalline lamella. By increasing the defect concentration
heterogeneous crystalline morphologies are formed due to the gauche conformation of the
defect (induced by the anomeric effect), which is incompatible with the all-trans conformation
of polyethylene.?*® The use of ketone-defects has hardly any influence on the crystal structure
and melting temperature of polyethylene®¥’, as these are, due to their size (similar to a methyl
group), incorporated into the crystal resulting in an orthorhombic crystal lattice.?*>
Polycarbonates as well as polyesters are also included into the crystalline phase creating polar
layers via dipol-dipol interactions?*, which reduce the disturbing effect on the crystallization
of polyethylene. The more polar these groups are the better they form these layers and thus less
disturb the orthorhombic crystal structure.?*424 Therefore, the in contrast to polyesters more
nonpolar polycarbonates show lower melting temperatures.

Also initial examinations on precision polymers with sterically demanding oxidized
phosphorous functionalities, which can be found in polyphosphoesters?®24° (e.g.
polyphosphonates?®-2°2 or polyphosphoamidates?>32°#), were carried out. Up to now it can be
declared that, no matter how these defects are linked to the polymer chain, they are excluded
from the crystalline phase and self-assemble into clusters via dipol-dipol interactions.*8* A
layer-like morphology is formed, whereby crystalline lamella alternate with cluster containing
layers (as visualized in Figure 25), the latter disturbing the packing of the crystal resulting in a
pseudohexagonal crystal structure.®42° The melting temperatures of these precision polymers
decreases with both increasing number of defects and increased steric demand of substituents
(e.g. phenyl rings).164248 A similar behavior is observed for oxidized sulphur functionalities like
sulfites?® or sulfonate esters?®®. Here as well, clusters that are segregated from the crystalline
phase are formed due to polar interactions, causing the disturbance of the methylene sequence,
whereby a mixture of monoclinic and orthorhombic crystal structures is obtained.?® Precision
polymers bearing sulfone defects occupy a special position as they are the only polymers
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exhibiting melting temperatures higher than that of pure ADMET polyethylene.?’” Contrary to
the trend for precision polymers synthesized via ADMET polymerization, their melting
temperatures and melting enthalpies increase with increasing defect concentration. It is
assumed, that this behavior can be ascribed to the small size and the geometry of the SO> group,
which is comparable to that of a CH, group.?®” Furthermore, these moieties are able to form
hydrogen bonds with adjacent chains increasing the thermal stability of these polymers.
Nevertheless, the defects disrupt the formation of an orthorhombic crystal structure resulting in
polymorphism.?’

Supramolecular defects

Moreover, also hydrogen bonding motifs like amides®® or amino acids®® can be incorporated
into the polymer backbone. Precision polymers bearing on average between one and fifty amide
groups per 1000 methylene units occupy a special position between polyethylene and
commercial polyamides. Usually, polyamides possess a high temperature stability due to
hydrogen bonds between adjacent polymer chains. By reducing the amide content drastically,
these polyamides adopt a polyethylene-like orthorhombic crystal structure, whose melting
temperatures lie below those of pure ADMET polyethylene.?>® With increasing amide content
the hydrogen bonding dominates the van-der-Waals interactions of the hydrocarbon chains’?,
whereby the crystal lattice of polyethylene is disturbed and no orthorhombic structure can be
formed anymore.?*® The incorporation of polar amino acids (e.g. glutamic acid or aspartic acid)
into the polymer backbone also yields semi-crystalline polymers with either included or
excluded defects, leading to the formation of a mixture of orthorhombic and monoclinic crystal
structures.?®

TI-Tr-stacking

Figure 25: Schematic representation of the formation of defect-rich layers between crystal lamella due to dipol-dipol or
supramolecular interactions exerted by different excluded defects.

Also polymers bearing aliphatic or aromatic ring defects could already be synthesized and
analyzed.?®® Aliphatic cycles, e.g. cyclohexylene, exhibit a non-planar, flexible structure and
can be present as cis- or trans-isomer.?%! Defects possessing a cis-conformation lead to the
formation of kinks in the polymer chain and are being excluded from the orthorhombic
crystalline phase during the crystallization, whereas trans-isomers are included into the
crystalline phase due to their suitable conformation, leading to a mixture of orthorhombic and
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other coexisting crystal structures.?%%! |f the defect consists of two cycles (e.g. a 4,4’-
bicyclohexandioxy group) it can adopt three different conformations, namely trans-trans, cis-
trans or cis-cis, whereby only the structurally favorable trans-trans conformation will be
included into the crystal forming a disrupted orthorhombic structure, also observed for precision
polymers bearing two cycles that are linked via an unsubstituted methylene bridge.?%° Placing
methyl or phenyl substituents on the methylene bridge leads to the exclusion of the defects due
to the increased steric demand followed by their agglomeration in the amorphous phase,
whereby they disrupt the packing of the alkyl sequences resulting in a triclinic crystal
structure.?°

Conversely, aromatic rings possess, due to their double bonds, a planar, rigid structure, which
can hinder the crystallization of the polymer via n-n-stacking?®?, if the distance between the
defects is too small (less than eight methylene units)’®, resulting in cluster formation.2®2
Increasing the methylene spacer length produces semi-crystalline polymers with melting points
lower than that of pure ADMET polyethylene in which the inclusion or exclusion of the defects
from the crystalline phase is dictated by the disubstitution position of the ring as schematically
shown in Figure 26.2%% Ortho-substituted aromatic rings exhibit an appropriate conformation
for mimicking a chain fold, whereby they are excluded into the amorphous phase where they
form stacks via m-m-interactions (see Figure 25 for schematic representation) and a disturbed
orthorhombic crystal structure becomes visible.?® Defects with para-substitution are included
into the crystal due to their conformation and the orthorhombic crystal structure of polyethylene
is not altered significantly.?®® In the case of meta-substituted aromatic rings there is the
possibility that the defects are either included or excluded, whereby a mixture of orthorhombic
and triclinic crystals is obtained. The expansion of these defects to naphtylene units shows the
same dependence on the disubstitution position.?®® As in the case of aliphatic bicyclic defects
also the aromatic analogues are incorporated into the crystal under formation of an
orthorhombic structure, if no substituents are present on the methylene bridge.260.264
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Figure 26: Schematic representation of the inclusion or exclusion of arylene ether defects depending on their disubstitution
position. Reprinted with permission from reference?®. Copyright 2016, American Chemical Society.

In summary it can be concluded, that the functional group, existent as branch defect, will be
excluded from the crystalline phase when exceeding a certain size (propyl group at a methylene
spacer length of 20 carbons?°”?1* and ethyl group at a length of 38 carbon atoms?%°), whereby
the polymer chain will be preferentially folded at the location of the defect. The side chains,
regardless if they are alkyl branches or supramolecular defects exhibiting hydrogen bonding or
n-n-Stacking, can form aggregates or co-crystallize causing a disturbance of the crystal
structure??%?22_ |f the defect is located directly in the polymer chain the concentration
determines the crystallizability of the polymers and its size as well as its conformation designate
the inclusion or exclusion. A defect with an appropriate geometry can even function as a fold
in the polymer chain and thus be expelled to the amorphous phase (e.g. ortho-substituted
arylene ethers?®®). Excluded defects can agglomerate in the amorphous phase via dipol-dipol
interactions, hydrogen bonds or m-m-stacking as visualized in Figure 25 and thus exert a
disturbing effect on the crystallization behavior of polyethylene.

1.3.2.3 Determination of defect inclusion or exclusion

Differential scanning calorimetry

To determine if a defect is being included or excluded different methods can be used. If a
polymer synthesized via ADMET polymerization exhibits a melting endotherm in the DSC only
in its saturated state, it can be assumed that the crystallizability was enabled just by the removal
of the impeding double bonds, meaning that the defects have no influence on the formation of
crystals and thus will probably be located segregated in the amorphous phase. The occurrence
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of cold crystallizations and melt-recrystallizations point to a complicated and slow crystal
growth indicative of the inclusion of defects, which disrupt the order in the forming crystal.?®3
Another method based on DSC measurements is the so-called successive self-nucleation and
annealing (SSA)%°2% by which more precise predictions about the crystal structure can be
made. Here, a polymer is subjected to a thermal protocol with exactly defined variables
resulting in its thermal, but not physical fractionation.?6>2%” Due to alternating application of
self-nucleation and annealing steps the polymer is separated into fractions containing different
numbers of defects?5°2%6 whereby the fraction exhibiting the highest melting temperature can
be assigned to defect-free crystals. If the defects are excluded from the crystalline phase all
crystalline lamella exhibit the same length and composition, whereby no fractionation occurs
after carrying out the SSA protocol.

Nuclear magnetic resonance

Furthermore, the distribution of defects in the amorphous and crystalline phase can be
determined by the means of solid state 3 C-NMR measurements. If the distribution in both
phases is the same as demonstrated for chlorine and bromine atoms in precision polymers??’,
the defects are most likely included into the crystal.

X-ray diffraction

Also the lamellar crystal thickness determined via X-ray diffraction or TEM measurements can
provide information about the location of defects. If the crystal thickness exceeds the length of
the methylene spacer the defects are included in the crystalline phase. An exclusion of defects
into the adjoining amorphous phase is existent if the lamellar crystal thickness exhibits the same
size as the length of the alkyl chain between the defects.?%
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2. Aim of the thesis

2.1 Motivation/Aim

The aim of this thesis was the synthesis of precision polymers bearing artificial folding
elements, which are repetitively located within a polyethylene chain. These folding elements
should exert a conformational constraint on the polymer backbone due to their planar geometry
and hindered rotation. Furthermore, these groups are able to interact via supramolecular
interactions such as hydrogen bonding and/or n-n-stacking, which is schematically shown in
Figure 27. The supramolecular moieties were expected to induce a molecular order and organize
into superstructures via self-assembly, interfering or competing with the crystallization of the
polymer backbone.
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Figure 27: Schematic structure of the precision polyolefin containing artificial folding elements and corresponding
supramolecular interactions exerted by the functional moieties.

The complete structural elucidation of the polymers will be followed by their crystallographic
analysis to study the structure formation of the self-assembled system in the melt.

Thereby, it should be evaluated if the formation of crystallites can be observed or whether the
polymer will be amorphous. Whether and to what extent the supramolecular interactions affect
the crystallization behavior and the final crystal structure of the precision polymers will be
examined as well. Furthermore, it should be determined if the functional moieties will be
incorporated into the crystalline lamella or be excluded from the crystal lattice into the
interstitial space. In case the supramolecular groups will be incorporated it will also be
investigated if the moieties adopt an ordered substructure or whether they will just be irregularly
placed in the crystal. These proposed possible structural arrangements are summarized in Figure
28.
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Figure 28: Proposed possible structural arrangements of the supramolecular moieties within the crystalline polymer backbone
here using the diaminopyridine moiety as example.

Furthermore, the behavior in solution of the precision polymers synthesized within this thesis
will be determined to investigate the structure formation via self-assembly under the influence
of concentration and the polarity of the chosen solvent.

2.2 Concept

In order to ensure the precise placement of the functional groups along the polymer chain the
polymerization should be accomplished via acyclic diene metathesis polymerization. 2,6-
Diaminopyridine (DAP) and urea moieties should be incorporated into the polyethylene
backbone via specially designed symmetrical monomers. These elements were chosen as they
are planar and able to act as fold-inducing element and to interact with each other via hydrogen
bonding and/or r-n-stacking. Starting from 2,6-diaminopyridine and alkenoic acid chlorides
with variable methylene spacer length (m = 7, 8 and 9) the DAP containing monomers should
be synthesized using a Schotten-Baumann reaction. To sustain the solubility of the products
during and after polymerization the amide moieties had to be protected using methyl iodide or
benzyl bromide respectively. The synthesis of the urea containing polymer should be
accomplished by the reaction of undec-9-enoyl chloride with ammonium hydroxide, followed
by the reduction with LiAlH4 and subsequent conversion with ethylene carbonate under use of
TBD without any solvents to yield the final product. Additionally, a TEMPO containing
monomer was synthesized via reaction of 11-bromo-1-undecene with diethyl malonate,
followed by hydrolysis, decarboxylation and further conversion with 4-amino TEMPO to
enable the investigation of structure formation in solution via EPR spectroscopy.
Polymerization of the monomers should be carried out using different Grubbs’ type and
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Umicore catalysts followed by subsequent hydrogenation with p-toluenesulfonhydrazide. The
reaction pathway is shown in Scheme 3.
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Scheme 3: Synthetic route for the a) preparation of unprotected and protected DAP containing monomers (1a-c, 2a-f), b) the
preparation of the urea containing monomer (5), c) the preparation of the TEMPO containing monomer (9) and d) the ADMET
polymerization and subsequent hydrogenation.

After the complete structural characterization via gel permeation chromatography, NMR and
IR spectroscopy as well as mass spectrometry (ESI and MALDI) the crystal structure of the
precision polymers had to be analyzed using DSC investigations and scattering experiments
(WAXS).

The structure formation via self-assembly in solution should be investigated in different
solvents at various concentrations by the means of dynamic light scattering (DLS) analysis and
transmission electron microscopy (TEM) measurements.
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3. Results and Discussion

Parts of the results and discussion as well as of the experimental part were already published in
“Synthesis and Crystallization of Precision Polymers with Repetitive Folding Elements”
(Reimann, S.; Baumeister, U.; Binder, W. H. Macromol. Chem. Phys. 2014, 215, 1963.
http://dx.doi.org/10.1002/macp.201400183)?%°, in “Synthesis of supramolecular precision
polymers: Crystallization under conformational constraints” (Reimann, S.; Danke, V.; Beiner,
M.; Binder, W. H. J. Polym. Sci. 2017, 55, 3736. http://dx.doi.org/10.1002/pola.28759)?° and
in “Structure formation in nanophase-separated systems with lamellar morphology: Comb-like
vs. linear precision polymers” (Danke, V.; Gupta, G.; Reimann, S.; Binder, W. H.; Beiner, M.
Eur. Polym. J. 2018, 103, 116. https://doi.org/10.1016/j.eurpolym;j.2018.03.041)?"* and were in
parts reprinted and adapted with permission from John Wiley and Sons (Copyright 2014 &
2017).

3.1 Monomer synthesis

3.1.1. Synthesis of the diaminopyridine containing monomers

The synthesis of the DAP containing monomers with varying alkyl chain lengths was
accomplished as reported previously?°27%272 ysing a biphasic Schotten-Baumann reaction.
Therefore, 9-decenoic acid, 10-undecenoic acid or 11-dodecenoic acid (synthesized via
Grignard reaction)®272 were converted into the appropriate acid chloride using oxalyl
chloride?’32™ followed by the conversion with 2,6-diaminopyridine in a H,O/DCM emulsion
(see Scheme 4).
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Scheme 4: Synthesis of the unprotected and protected DAP containing monomers (la-c and 2a-f).

The amide functionalities were protected with methyl or benzyl groups to maintain the
solubility of the products during and after polymerization (see Scheme 4). The protection was
accomplished by deprotonation of the monomers (1a-c) with sodium hydride in THF at 0 °C,
followed by the conversion with either methyl iodide or benzyl bromide for 24 h.269.270275 p\||
compounds were analyzed via *H- and *C-NMR spectroscopy as well as ESI ToF MS and the
corresponding spectra are shown in Figures A 1-A 16. A triplett at ~7.88 ppm, which can be
assigned to the aromatic proton Ha and the signals of the allylic endgroups Him, Hmin and Huo
(5.95-5.68 and 5.11-4.84 ppm) in the *H-NMR are characteristic for all samples. The ratio of
these resonances of 1:2 or 1:4 respectively proves the formation of the bivalent products. In the
case of the N-protected monomers the signals at 3.36 ppm (CHs-group, see Figure 32 and Figure

46



A7) and ~5.01 ppm (CH-group, see Figure A 12), which are present in a ratio of 1:6 or 1:4
according to the aromatic proton Ha, demonstrate the elimination of all free amide moieties.

3.1.2 Synthesis of the urea containing monomer
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Scheme 5: Synthesis of the urea containing monomer (5).

The synthesis of the urea containing monomer was accomplished via a three-step-synthesis
according to literature?’%2’* as shown in Scheme 5. In the first step the reaction of 10-
undecenoyl chloride with ammonium hydroxide at 0 °C yielded undec-10-enamide (3) as white
solid. Complete conversion was proven by the shift of the carbonyl resonance (Cs) from
174.1 ppm to 175.9 ppm and the shift of the signal assigned to the adjacent CH. group (Cb)
from 46.9 ppm to 36.1 ppm in the **C-NMR spectrum (see Figure 29, top). Compound 3 was
subsequently converted into undec-10-en-1-amine (4) via reduction with LiAIH4 in dry THF at
0 °C. The disappearance of the carbonyl resonance as well as the shift of Cy from 36.1 ppm to
33.9 ppm indicate complete conversion. Furthermore, the new signal at 42.4 ppm can be
assigned to the CH> group adjacent to the amine functionality (see Figure 29, middle).
Afterwards, the final product, Urea-M-9 (5), was obtained by the reaction of the amine 4 with
ethylene carbonate at 130 °C using TBD as organocatalyst.
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Figure 29: Comparison of the 3C-NMR spectra of undec-10-enamide (3) (top), undec-10-en-1-amine (4) (middle) and Urea-
M-9 (5) (bottom).
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The purity of the intermediate products (3 and 4) and the urea containing monomer (5) were
proven via H- and *C-NMR spectroscopy and ESI ToF MS, which are shown in Figures A
17-A 22. Successful conversion into the symmetrical urea was proven by the signal at
158.3 ppm, which can be clearly assigned to the carbonyl group (Ca) as well as the resonances
belonging to the terminal olefin bonds at 139.3 ppm and 114.3 ppm in the 3C-NMR (see Figure
29, bottom) and at 5.88-5.74 ppm and 5.06-4.88 ppm in the *H-NMR spectrum (see A 21, top).

3.1.3 Synthesis of the TEMPO containing monomer
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Scheme 6: Synthesis of the TEMPO containing monomer (9).

The synthesis of the TEMPO containing monomer was accomplished via several steps
according to literature.?’®2® The reaction scheme is shown in Scheme 6. Firstly, diethyl
malonate was deprotonated using sodium hydride in THF followed by addition of 11-bromo-1-
undecene and heating under reflux conditions to yield diethyl 2,2-di(undec-10-en-1-
yl)malonate (6) as pale yellow liquid. The disappearance of the signal at 3.36 ppm in the *H-
NMR as well as the shift of the resonances belonging to the carbonyl (shift from 166.8 ppm to
172.1 ppm) and the central C-atom (C,, shift from 41.4 ppm to 57.7 ppm) prove the complete
conversion. Afterwards, compound 6 was hydrolyzed by heating under reflux conditions with
sodium hydroxide in a 1:1 mixture of ethanol and water and subsequent acidification with
concentrated hydrochloric acid, whereby a color change from orange to yellow indicated the
successful reaction. Removal of the solvent yielded crude 2,2-di(undec-10-en-1-yl)malonic
acid (7), which was used without further purification. Decarboxylation of compound 7 was
accomplished by stirring at 165 °C for 4 h,%’” whereby 2-(undec-10-en-1-yl)tridec-12-enoic
acid (Acid-M-9, 8) was obtained. The disappearance of the signals at 4.19-4.13 ppm in the *H-
NMR and at 61.0 ppm in the *C-NMR and the new signal at ~2.34 ppm in the H-NMR
spectrum, which can be assigned to the central CH group (Ha), indicate the complete
conversion. Additionally, the shift of the carbonyl resonance from 172.1 ppm to 182.5 ppm and
the shift of the resonance, belonging to the central C-atom from 57.7 ppm to 45.6 ppm also
prove the successful reaction. Attempts to accomplish the decarboxylation of compound 7 via
addition of 1,1°-carbonyldiimidazole?’® or via microwave-assisted conversion of the di-acid
with poly-4-vinylpyridine?® turned out to be not successful. The intermediate products 6 and 8
were analyzed with *H-NMR and *C-NMR spectroscopy as well as ESI ToF MS and the
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corresponding spectra are shown in Figures A 23-A 25. In a final step Acid-M-9 (8) was reacted
with 4-amino TEMPO in DCM using EDC-HCI as coupling agent to obtain the desired product
TEMPO-M-9 (9).
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Figure 30: ESI ToF MS analysis of TEMPO-M-9 (9).

The successful conversion was proven by the appearance of two signals in the ESI ToF MS (see
Figure 30). The first signal at 517.6012 g/mol was assigned to the protonated species without
counterion ([M+H]*, C3sHs2N202"), which fits with its simulation of 517.4728 g/mol (error:
248 ppm). The second signal at 540.5948 g/mol was identified as the sodium adduct ([M+Na]",
CasHs1NaiN202"), whereby the simulation of 540.4625 g/mol (error: 247 ppm) fits with the
observed peaks.

3.1.4 Protection of Acid-M-9

Scheme 7: Synthesis of Acid-M-Ee-9 (10).

Before polymerizing the monomer Acid-M-9 (8) the acid functionality has to be protected to
sustain the activity of the used catalyst. Therefore, Acid-M-9 (8) was dissolved in diethyl ether
and an excess of ethyl vinyl ether as well as a catalytic amount of phosphoric acid were added.
After stirring the reaction mixture at room temperature for three days Acid-M-Ee-9 (10) was
obtained as colorless liquid. The purity of the compound was proven via *H-NMR and *C-
NMR spectroscopy and ESI ToF MS, which are shown in Figures A 26 and A 27. All
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resonances could be assigned and especially the new signals at ~5.95 ppm (H,) and 3.73-
3.51 ppm (Hp) in the *H-NMR and at 96.1 ppm (Cn) and 64.7 ppm (Cp) in the *C-NMR
spectrum indicate the introduction of the protection group.

3.2 ADMET polymerization

The polymerizations were carried out analogous to literature®®7>224281 and previous
investigations?%®279272 ynder a dry, inert atmosphere of nitrogen as bulk polymerization as the
used monomers (1a-c, 2a-f, 5 and 10) are either viscous liquids or present in the molten state at
the chosen polymerization temperature. After degassing the monomers via freeze-thaw cycle
the appropriate catalyst was added and the mixtures were stirred at 40-150 °C for 24-144 h at
reduced pressure to remove generated ethylene. After the evolution of ethylene stopped and the
magnetic stir bar was unable to move due to increased viscosity the crude polymer was
dissolved in THF and precipitated into MeOH. The synthetic route for the preparation of the
unsaturated polymers 11a-i, 12 and 13 is shown in Scheme 8.
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Scheme 8: ADMET-polymerization of the a) unprotected and protected DAP containing monomers (la-c, 2a-f), b) urea
containing monomer (5) and c) acid containing monomer (10).

Initially, different types of catalysts were tested, whereby the use of the Grubbs’ 2" and 3"
generation and the Umicore M1 catalyst only produced either oligomers or polymers in a very
low yield (see Table 7, entries 6, 7 and 9). Thus, the Grubbs’ 1% generation and Grubbs’
Hoveyda 1 generation catalyst were chosen to determine the ideal molar ratio between the
monomer and the catalyst testing ratios from 50:1 to 1000:1 (Table 9, entries 3-7). As there was
no obvious difference in the obtained molecular weights, a ratio of 250:1 was chosen for the
following polymerizations as described in literature®®. The polymerization temperature was set
to 65 °C (130 °C for monomers la-c and 9) and was increased stepwise up to 85 °C to counteract
the increase in viscosity and sustain a thorough mixing. After the complete consumption of the
monomer, which was determined by the disappearance of the corresponding signal in TLC, the
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evolution of ethylene stopped and the polymerization was quenched by opening the Schlenk
tube.
Selected polymerization results and conditions are presented in Table 1.

Table 1: Experimental details for the synthesis of the N-protected DAP containing polymers (11d-i) and the acid containing
polymer (13) and corresponding molecular weight data.

functional ~ polymer®  catalyst T M) (GPC)  PDI  M:® (NMR) vyield®
moiety [°C] [g/mol] [g/mol] [%0]
11a Gl 130 41
S LS 1 G1 130 2 2 2 58
S 11c Gl 130 54
11d GH1  65-85 4250 1.6 20520 98
A LR 11e GH1  65-85 3640 1.6 5222 97
| 11f GH1  65-85 8980 1.8 8661 83
ey 11g GH1  65-85 2720 2.2 7211 85
N 11k GH1  65-85 4370 2.1 32225 65
~ 1 GHL 6585 9890 21 20305 62
(@]
%H*Hrﬁ 12 G1 130 ©) ©) 2 64
o o0 13 Gl 65-85 16270 2.1 76681 96
D |

Apolymerizations were carried out for 24 h; P)determined by GPC analysis in HPLC-grade THF using polystyrene calibration;
9calculated from the ratio of signals assigned to the terminal olefins at 5.91-5.64 ppm as well as 5.10-4.78 ppm and the signals
of the newly formed internal double bond at 5.47-5.12 ppm in the *H-NMR spectrum; Yisolated yields after purification; ©
determination of the molecular weight and the PDI was not possible due to insolubility in any tested solvent.

The polymers 11a-c and 12 were synthesized using Grubbs’ 1% generation catalyst, which was
added in a monomer-catalyst ratio of 250:1. The polymerizations were carried out at 130 °C for
24 h and yielded products that were insoluble in any tested solvent, presumably caused by
hydrogen bonding, allowing no analysis via GPC or NMR spectroscopy. Attempts to
polymerize the TEMPO containing monomer (9) using Grubbs® 1%, Grubbs’ 3" or Grubbs’
Hoveyda 1%t generation catalyst did not produce any polymer at all, wherefore the preparation
via post functionalization of Acid-sP-20 (16) was chosen.

The values for the molecular weights determined by GPC and NMR analysis are very different,
although the deviations do not follow a specific trend. This could be due to the fact that the
determination of the molecular weight via GPC is a relative method. The determined retention
times of the DAP, urea and acid containing polymers are calibrated to a polystyrene standard,
showing a different hydrodynamic radius. Therefore, the determined values are only a rough
estimation of the molecular weight. More precise results could be obtained with the help of a
light scattering detector including the Mark-Houwink parameters of the polymers. Due to the
inaccuracy of these measurements also no reliable PDI values are obtained.
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The successful conversion to the unsaturated polymers (11d-i and 13) was proven by the
occurrence of the olefinic signals in the *H-NMR and *C-NMR spectrum at 5.47-5.12 ppm and
131.3-130.0 ppm, respectively (see Figure 32 (middle) and Figures A 29,A 30 and A 33-A 35),
which can be assigned to the newly formed internal double bonds.2%82%:282 As the termination
of the polymerization was conducted without a special quenching agent, the resonances
belonging to the terminal double bonds can be found at 5.91-5.64 ppm and 5.10-4.78 ppm in
the 'H-NMR spectrum allowing the calculation of the molecular weight and the cis/trans ratio,
which turned out to be approximately 30 % cis and 70 % trans for all of the polymers.

The MALDI ToF MS spectrum of DAP-uP-Me-18 (11e) is shown in Figure 31, displaying one
series with a mass distribution from 1300 to 4900 g/mol and a maximum at 2200 g/mol.
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Figure 31: MALDI ToF MS analysis of DAP-uP-Me-18 (11e).

The distance between two peaks is 441 Da, reflecting the mass of the repetitive DAP unit. The
shown series can be identified as the Li adduct ([M+Li]"), whereby the simulation of
2682.059 g/mol is in good agreement with the measured value of 2681.017 g/mol (error:
390 ppm). The polymers 11d and 11f were also analyzed via MALDI ToF MS and the
corresponding spectra are shown in Figures A 31 and A 32. Zooming into the mass spectrum
reveals that every polymeric peak consists of a bunch of peaks separated by 14 Da, a
phenomenon, which occurs due to isomerization effects during olefin metathesis also observed
for precision polyethylene bearing amino acid functionalities.?®® These additional peaks can be
assigned to the non-isomerized, main metathesis products as well as the “heavy” and “light”
products, whose formation is shown in Scheme 9.2 The light products are generated if the
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monomer is isomerized, i.e. when the position of the double bond is shifted. Thus, during
metathesis not ethylene but propylene, butylene etc. is released, whereby the isomerized
monomer exhibits a smaller mass than originally. If the isomerization of the monomer is
followed by a non-productive metathesis, monomers with a mass higher than originally are
formed, leading to the generation of heavy products.

i

Ph . h o feym m

s RN AN /ﬂ N A, e 7
m m m m ‘m

nonisomerized, main metathesis product

(M) ethylene
A A A\ \ Py A
' - N

"heavy product”

L
TH
M) .
Ph , A . e
,,\\/* e . P o I
\v " N i r m T { g\\\\ “
S

"light preduct”

R =H, Me, Bn

Scheme 9: Formation of the different isomerization products during ADMET polymerization.?8*

Attempts to suppress isomerization via addition of tin(ll) chloride and bromide salts®?, 2,6-
dichloro-1,4-benzoquinone®? or phenyl phosphoric acid®® during the polymerization (see Table
8, entry 3-6) were not successful or did not even produce polymer.

The polymerization progress of the unprotected polymers (11a-c and 12) was monitored via IR
spectroscopy since they could not be analyzed via NMR spectroscopy or GPC analysis due to
their insolubility. The decrease of the signals at ~911 and ~991 cm* belonging to the C-H out-
of-plane deformation vibration of the vinylic end groups of the monomers as well as the
appearance of the signal at ~963 cm™, which can be assigned to C-H out-of-plane vibration of
the newly formed internal C=C double bonds prove a successful conversion (see the
corresponding IR spectra in Figure 33 and Figures A 6, A 28 and A 44).21°

3.3 Hydrogenation

Hydrogenation of the polymers was accomplished by the reaction with p-
toulenesulfonhydrazide (TsNHNH2) and N,N-diisopropylethylamine (DIPEA) in DMF at
150 °C for 6 h — conditions well known to enable a complete hydrogenation,?17:263.269.270,282,285
The reaction pathway is shown in Scheme 10 and selected results are listed in Table 2.
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Table 2: Molecular weight data of the N-protected DAP containing polymers (14g-i) and the acid containing polymer (16).

functional ~ polymer  M.® (GPC) PDI M.\”? (NMR) vyield®

moiety [g/mol] [g/mol] [%]
) 14d 3880 14 2909 73
ATQN% 14e 3140 1.6 3407 92
14f 6380 18 8344 99

Py L4 4430 16 8204 68
R 14h 7460 14 8634 33
- < 140 10000 1.9 5278 53
jioj\oj 16 18250 1.9 5606 48

3 determined by GPC analysis in HPLC-grade THF using polystyrene calibration; Pcalculated from the ratio of signals assigned
to the terminal methyl groups at 0.95-0.76 ppm and and the signal of the aromatic unit at 7.75-7.60 ppm (for the DAP containing
polymers 14d-i) or the signal assigned to the proton next to the carboxylic acid functionality at 2.26-2.15 ppm (for the acid
containing polymer 16) in the *H-NMR spectrum; 9isolated yields after purification.
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Scheme 10: Synthesis of the saturated a) DAP containing polymers (14a-i), b) urea containing polymer (15) and c) acid
containing polymer (16).

The disappearance of all olefinic signals (from 5.91 to 4.78 ppm) and the formation of terminal
methyl groups, which signals can be seen at ~0.86 ppm in the *H-NMR spectra (see Figure 32
and Figures A 37, A 42 and A 45) prove the complete conversion to the saturated polymers.
Completion of the hydrogenation of the unprotected polymers (11a-c and 12) was proven via
IR spectroscopy by the disappearance of the absorption band at ~963 cm™ (see Figure 33 and
Figures A 36 and A 44).
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Figure 32: Comparison of the 'H-NMR spectra of DAP-M-Me-7 (2a) (top), DAP-uP-Me-16 (11d) (middle) and DAP-sP-Me-
16 (14d) (bottom).

Additionally, the N-methyl protected polymers (14d-f) were analyzed via MALDI ToF MS,
showing one to three different series with a mass distribution from 1300 to 5100 g/mol (see
Figures A 39-A 41. The main series can be assigned to the Li* adduct of the linear polymers,
while the other series indicate the polymer fragmentation due to the relatively high laser energy
used during MALDI measurement. The distance between two peaks accounts from ~415 Da to
~471 Da, reflecting the mass of the corresponding repetitive DAP unit.
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Figure 33: Comparison of the IR spectra of DAP-M-9 (1c) (top), DAP-uP-20 (11c) (middle) and DAP-sP-20 (14c) (bottom).
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3.4 Post-functionalization of Acid-sP-20 (16)

As the direct polymerization of the TEMPO containing monomer (9) using Grubbs* 1%, Grubbs’
3"or Grubbs’ Hoveyda 1% generation catalyst did not succeed, attempts were made to introduce
the functional group via post-functionalization of Acid-sP-20 (16).

Therefore, the acid functionalized polymer was converted into the appropriate acid chloride by
reaction with triphenylphosphine in carbon tetrachloride, which was used without further
purification. In the next step 4-amino TEMPO, DIPEA and pyridine were added and the mixture
was heated to 80 °C for 6 h. Excessive 4-amino TEMPO was removed by purification via
neutral alumina column yielding TEMPO-sP-20 (18) as orange solid. Complete conversion and
purity of the polymer should be determined via MALDI ToF MS and the corresponding
spectrum is shown in Figure 34.

Although, several matrices and salts as well as different methods were tested, the ionization of
TEMPO-sP-20 (18) turned out to be very difficult. Thus, only signals with a low intensity and
at small molecular weights could be obtained. The mass spectrum is displaying one series with
a mass distribution from 1778 to 3244 g/mol and a maximum at 2267 g/mol, whereby the
distance between two peaks accounts to 489 Da. This distance does not reflect the expected
mass of the repetitive unit, which ought to be 491 Da without any counter ion.
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Figure 34: MALDI ToF MS spectrum of TEMPO-sP-20 (18).

Assuming an incomplete hydrogenation of the acid functionalized polymer (16) and subsequent
reaction with the 4-amino TEMPO could explain the deviation of 2 Da if the unsaturated
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TEMPO containing polymer can be ionized better than the saturated one. Nevertheless, the
successful synthesis of the desired, saturated TEMPO containing product cannot be proven.

3.5 Thermal analysis

The thermal properties of all synthesized polymers was investigated via DSC measurements
and selected thermograms and thermal data are shown in Figure 35 and Figure 36 and Table 3.

Table 3: Thermal properties of the DAP (11a-i) and urea (12 and 15) containing polymers.

functional ~ polymer  T4[°C] Tw[°C] Tc[°C] AHS [Jg] ATY[C] X [%]
moiety

1la - 1231 1083 63.01 25.2 28
1335
o={ 11b - 137.6 1187 66.17 18.9 28
= 11c 547 1233  96.0 43.50 27.3 18
@z 14a - 167.7 1405 71.99 27.2 32
r 14b - 153.4  138.8 52.40 29.0 21
o=, 167.8 23
14¢ - 1421 1287 57.07 26.1 23
154.8
i 11d -16.8 - - - - -
o= e -21.7 602 - 41.62 - 18
— 11f 146 717 1.2 42.79 70.5 17
\ 14d i 882  39.6 67.08 48.6 30
a 14e - 87.4 44.8 76.36 42.6 33

o
14f - 96.3 63.4 4251 32.9 17

=,
119 7.7 - - - - -
= 11h -10.1 - - - - -
z
_ 11i -8.6 - - - - -
\ 149 -8.0 - - - - -

/Z
L 14h 2.2 - - - - -
b 14i - 15.0 9.3 34.49 5.7 14
. 12 - 1045 1205 93.25 105 38
. :<ZI 131.0
sy 15 - 1072 94.6 57.28 30.2 23
s 124.8

AT = Tm — T¢, ¥ calculated via equation (14).

Nearly all N-benzyl protected polymers are amorphous, displaying glass transition temperatures
in the range of -10 to -2 °C (see Figures A 51-A 53). Only the saturated polymer with the longest
methylene spacer length (14i) shows a small melting point at 15 °C. With the corresponding



enthalpy of fusion the crystallinity of the sample can be calculated using the equation given
below

14
X = —5 % 100 (14)
AHY,

where AHY, is the enthalpy of fusion of the corresponding alkene [hexadecane:
AHY, = 225.146 J/g used for polymers with a methylene spacer length of x = 16 (14a, 14d and
14g), octadecane: AHY, = 232.269 J/g used for polymers with x = 18 (14b, 14e and 14h) or
eicosane®® AHO, = 247.3 J/g?®" used for polymers with x = 20 (14c, 14f, 14i, 12 and 15) with
100 % crystallinity. At an enthalpy of fusion of 34.49 J/g a crystallinity of 14 % can be
calculated for DAP-uP-Bn-20 (14i). The low or even missing crystal character of the N-benzyl
protected polymers (11g-i and 14g-i) can be explained by the size of the protection group, which
is sterically demanding and thus cannot be incorporated into the crystal lamella, unless the chain
length between the functional groups is big enough to enable the formation of crystals.?? If the
N-benzyl group is replaced by a methyl protection group only the unsaturated polymer with the
shortest methylene spacer length (11d) is still amorphous showing a glass transition at -16.8 °C
(see Figure A 49, black curve). All the other N-methyl protected polymers (11e-f and 14d-f)
are crystalline, showing melting temperatures ranging from 60 to 96 °C (see Figure 35, A 49
and A 50, which are below the Trm of pure ADMET PE.

Upon hydrogenation the melting temperatures increase by ~30 °C (see Figure 35 and A 46-A
50) due to removal of the steric hindrance caused by the cis/trans isomerism of the double bond,
which prevents a tight packing of the adjacent polymer chains, also observed for other precision
polymers.263
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Figure 35: DSC thermograms of DAP-M-Me-8 (2b), DAP-uP-Me-18 (11e) and DAP-sP-Me-18 (14e).
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The comparison of the polymers with different methylene spacer lengths (11d-f and 14d-f)
shows an increase in the melting temperatures with increasing spacer size (see Table 3) as the
percentage of defects is decreasing. Another characteristic for all unsaturated and saturated N-
methyl protected polymers (11d-f and 14d-f) is the so called cold crystallization observable in
every melting endotherm (see Figure 35, A 49 and A 50), implying a non-completed
crystallization during the cooling process typically observed for polymers with slow
crystallization rate. This, in conjunction with the high supercooling, can be interpreted as an at
least partial incorporation of the functional moieties into the crystalline lamella, similar to
observations for other precision polymers,98:263.288

The polymers without protection group (11la-c, 12, 14a-c and 15) exhibit increased melting
temperatures ( from 104 °C up to 167 °C, see Figure 36, A 46-A 48 and A 54), some even
higher than the Tm of pure ADMET polyethylene (Tm = 134 °C).102219220222 The enhanced
thermal stability can be explained by the formation of hydrogen bonds between adjacent DAP
or urea moieties, comparable to diketopiperazine (DKP) or sulfone functionalized
polyethylenes.?%":28°

Based on the decreased supercooling (AT = 10 — 30 °C) a facilitated inclusion of the functional
moieties into the crystalline lamella can be considered. All saturated polymers without
protection group (14a-c and 15) exhibit two melting endotherms (in the case of 14c even a
melting-recrystallization), indicating the formation of different polymorphs, also observed for
polyethylene bearing para-phenylene ether groups along the polymer backbone.?%
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Figure 36: Comparison of the DSC thermograms of DAP-sP-20 (14c), DAP-sP-Me-20 (14f) and Urea-sP-20 (15).
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3.6 Structural analysis

3.6.1 WAXS analysis of the saturated N-methyl protected DAP containing polymers (14d-f)

To understand the influence of the functional group and different methylene spacer lengths on
the crystallization of the precision polymers, the saturated DAP containing polymers with
methyl protection group (14d-f) were studied via wide angle X-ray scattering (WAXS) and the
corresponding diffraction patterns are displayed in Figure 37.

All diffractograms show a signal in the range of 2.4 < g < 2.8 nm™, which is shifting
systematically to higher q values (corresponding to lower distances according to Braggs’ law
dni = 21/ qpi) With decreasing methylene spacer lengths. Thus, these signals can be assigned
to the (001) reflection indicating the distance between two DAP moieties along the polymer
chain. The second order peak (002) visible at 4.8 < q < 5.6 nm™indicates a lamellar morphology,
which was also observed for sulfone functionalized precision polyethylene.?>” All polymers
exhibit a peak at 8.9 nm™, which shows no dependence on the methylene spacer length, thus
representing the periodicity along one of the two lateral directions. These signals can be
assigned to the (100) reflex indicating the distance between two DAP moieties of adjacent
polymer chains. For the corresponding second order peak (200) distances of 0.35-0.36 nm can
be calculated, representing the expected n-n-stacking between the DAP units, which are in a
good accordance to the literature values of 0.33-0.38 nm.?®® Therefore, the DAP moieties of
adjacent polymer chains are assumed to show a parallel arrangement.2’
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Figure 37: X-ray diffraction pattern of the saturated, N-methyl protected DAP containing polymers (14d-f).

The broad signal at 14 < g < 16 nm™ in the wide angle range shows also no dependence on the
methylene spacer length and is corresponding to the (110) reflection of an orthorhombic PE
crystal.??2 Based on the (001) reflections the lamellar spacing doo1 can be calculated to give
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values of 2.24 nm for x = 16 (14d), 2.44 nm for x = 18 (14e) and 2.64 nm for x = 20 (14f),
which show a linear dependence when plotted against the number of methylene units x.
Extrapolating these values to x = 0 results in an intercept of about 6.3 A, which corresponds to
the size of the DAP layer in the lamellar structure and matches the theoretically calculated value
for the size of a DAP group of 6.7 A (structure simulated with Avogadro: an open-source
molecular builder and visualization tool. Version 1.2.0%Y) very well. A slope of 1 A per CH;
unit is observed for saturated, N-methyl protected DAP containing polymers (14d-f), which is
less than the ideal slope of 1.25 A per CH, expected for fully extended and interdigitated
methylene sequences in the all-trans state without tilting, meaning that the polymer chain is
either not fully extended or does not show an overall all-trans conformation.

3.6.2 Impact of different supramolecular interactions on the crystal structure

WAXS measurements of the unprotected (14c) and protected (14f) DAP containing polymers
as well as the urea containing polymer (15) were conducted after annealing the samples at 40 °C
to compare the influence of different supramolecular interactions on the crystal structure. The
corresponding diffraction patterns are shown in Figure 38. Upon annealing the saturated N-
methyl protected DAP containing polymer (14f) shows a better resolved diffraction pattern.
The appearance of additional peaks in the wide angle range indicates the formation of a mixture
of orthorhombic and triclinic crystal structures, also observed for precision polymers containing
meta-substituted phenylenes.?®
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Figure 38: X-ray diffraction patterns of the annealed unprotected (14c) (blue), and protected (14f) (black) DAP containing
polymers and the urea containing polymer (15) (green).

61



By assigning the reflexes to the corresponding planes of an orthorhombic crystal cell (for 14d-
f) the calculation of the unit cell parameters, listed in Table 4, was possible using the
equations?®® given below

a= d(100) (15)

b= \/azdgno)/(az_dgno)) (16)

where d(100) and d110) are the distances of the (100) and (110) crystalline planes, which can be
calculated from the Bragg equation

2dsin® = nA a7

where 6 is a Bragg angle of the relevant reflection and A = 0.154 nm is the wavelength of the
used Cu-K, radiation.

Table 4: Unit cell parameters and lamellar crystal thicknesses of the saturated DAP containing polymers with methyl protection
group (14d-f).

polymer a[nm]  b[nm] ¢ [nm] Ic [nm]
14d 0.71 0.55 2.24 8.42
14e 0.71 0.55 2.44 12.11
14f 0.71 0.54 2.64 9.65

The comparison of these parameters with those of orthorhombic PE (a = 0.74 nm, b =
0.49 nm)?2%2%2 shows no big change in the a-direction but a certain dilation of the unit cell in
the direction of the b-axis?’®, concluding the at least partial inclusion of the functional group
into the crystalline region. The assumed structure of the unit cell is visualized in Figure 39a.
The X-ray diffraction pattern of the unprotected DAP containing polymer 14c (see Figure 38,
blue curve) also features two peaks in the low angle range, representing the distance in the c-
direction and can be assigned to the (001) and (002) reflex, indicating the preservation of the
lamellar morphology.?”® Remarkable here is the disappearance of the signal at 8.9 nm™, which
indicates that the DAP units are not arranged parallel to each other anymore?™, explainable by
the shift of the polymer chains in either a- or c-direction or by tilting. The increase in the
lamellar spacing doo1 to 2.92 nm (compared to the protected polymer 14f, doo1 = 2.64 nm)
supports this hypothesis. Furthermore, a change in the wide angle range can be observed, where
now the two signals at 13.7 nm™ and 15.8 nm are dominating, which could be assigned to the
(100) and (010) planes of the triclinic crystal structure of PE, also reported for branched
precision PE?19:226229 possibly, changing the supramolecular interactions from m-n-stacking to
hydrogen bonding leads to the change from the orthorhombic to the triclinic crystal structure.
In this triclinic unit cell the DAP units would be arranged ladder-like in the direction of the b-
axis (visualization in Figure 39b), which is in good agreement with the arrangement observed
in low-molecular weight DAP containing compounds.?®® However, since only a few broad
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signals are observable, which could superimpose other reflexes, no clear statement but an
assumption regarding the crystal structure can be made.
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Figure 39: Estimated unit cell structures of the a) N-methyl protected DAP containing polymer (14f), b) the unprotected DAP
containing polymer (14c) and c) the urea containing polymer (15).

The polymer containing a urea moiety (15) shows nearly the same diffraction pattern (see
Figure 38, green curve) as the DAP containing polymer without protection group (14c). The
signals at 2.7 nm™ and 5.4 nm™ in the small angle range represent the (001) and (002) plane,
thus implying a lamellar morphology, which was also observed in low-molecular weight urea
containing compounds interacting via hydrogen bonding®*.2® The signals representing the
(100) and (010) planes can be observed at 14.5 nm™ and 15.8 nm™, respectively. Shifting of the
peaks in the small angle region as well as of the (100) peak to higher g-values compared to the
DAP containing polymers indicate the contraction of the unit cell, which is logic due to the
decreased defect size. Since here too only a few broad signals are observable, as in the case of
the unprotected DAP containing polymer (14c), just an assumption regarding the crystal
structure can be made and the estimated structure is visualized in Figure 39c.

Another indication for the at least partial inclusion of the functional groups into the crystalline
lamella (beside the dilation of the unit cell) is the lamellar thickness, which was calculated with
the help of the Scherrer equation given below?™

K-A

= 18
lc A(ZG) ' COS Bhkl ( )

where A(20) is the full peak width at half maximum height (FWHM), K ~ 1 is the dimensionless
Scherrer constant, A = 0.154 nm is the wavelength of the used Cu-K, radiation, and Onw is a
Bragg angle of the relevant reflection.?”®
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If the functional group would be excluded from the crystal, the lamellar crystal thickness would
be equivalent to the length of the corresponding CHz-chain. Assuming an all-trans geometry a
length of 1.88 nm for the Cis-chain, 2.13 nm for Cig and 2.38 nm for C2o would be expected.
All of the calculated values for the lamellar crystal thickness, which range between 8.42 nm
and 12.11 nm (see Table 4) exceeded these values, which further hints toward the inclusion of
3-5 functional groups into one crystal lamella.?’

3.7 DLS analysis

Precision polymers bearing supramolecular, complementary recognition groups (i.e.
diaminopyridine-thymine or cyanuric acid-Hamilton wedge)?®>2% at preselected points within
the polymer backbone tend to fold themselves into well-defined three-dimensional architectures
in highly diluted solutions (c < 1 mM) forming so-called single-chain polymer nanoparticles
(SCNPs) via intramolecular coupling.?®’

Thus, the saturated, N-methyl protected DAP containing polymers (14d-f) were analyzed via
DLS measurements to determine their self-assembly behavior in solution. Initially, the self-
assembly of the polymers was explored in two different solvents, CHCI; and THF, at a
concentration of 2 mg/mL and the particle formation was observed for 3 h. The results are
displayed in Figure 40.
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Figure 40: Time-dependent DLS measurements of a) DAP-sP-Me-16 (14d), b) DAP-sP-Me-18 (14e) and ¢) DAP-sP-Me-20
(14f) at 2 mg/mL in CHCls (black) or THF (blue).

All polymers show the formation of small and intermediate particles with sizes ranging from 2-
4 nm or 40-60 nm, respectively, which are not changing significantly with the time. Also the
methylene spacer lengths as well as the choice of solvent does seem to have no influence on the
particle size. Afterwards the concentration dependence in CHCIs was determined, whereby
concentrations ranging from 0.001 mg/mL to 5 mg/mL were used and the results are shown in
Figure 41.

Especially at the lowest concentration of 0.001 mg/mL all polymers show the formation of
small particles with a size of 2-4 nm. These particles are assumed to consist of a single-polymer
chain, also observed for other precision polymers under diluted (~ 10° to 10° M)
conditions.2%%2%98-3% possibly, so-called single-chain polymer nanoparticles are formed through
intramolecular chain collapse, triggered by a non-covalent crosslinking via n-n-stacking of the
DAP units, comparable to observations for other supramolecular precision polymers bearing
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anthracene®! or phenyl and 2,3,4,5,6-pentafluorophenyl*®? moieties. The size of 2-4 nm also
matches the size range for SCNPs given in literature.>%3% At concentrations higher than
0.001 mg/mL bigger particles (40-60 nm) appear, which are aggregations of more than one
polymer chain formed by intermolecular interactions. The self-assembly of DAP-sP-Me-20
(14f) into SCNPs at ¢ = 0.001 mg/mL and into aggregates at ¢ > 1 mM was also proven via

TEM measurements and the corresponding images are shown in Figure 41d and e.
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Figure 41: Concentration-dependent DLS measurements of a) DAP-sP-Me-16 (14d), b) DAP-sP-Me-18 (14¢€) and c) DAP-sP-
Me-20 (14f) in CHCl3 as well as TEM images of DAP-sP-Me-20 (14e) at d) 0.001 mg/mL and e) 2 mg/mL.

Furthermore, different portions of methanol or hexane were added to the solutions to test the
dependence of polarity on the particle size and the results are visualized in Figure 42.
Decreasing the polarity by addition of hexane seem to have no significant influence on the
particle size measured by DLS, but a look at the corresponding TEM image (see Figure 42c¢)
indicates a change in structure. The former round particles (see Figure 41e) transformed into a
thread-like network, whereby the single strings could be identified as the extended polymer
chains. Due to the good solubility of the oligoethylene chains in hexane the polymer-solvent
interactions exceed the polymer-polymer attraction forces leading to a complete solvation of
the chain segments and thus the adoption of an unfolded conformation. Conversely, increasing
the polarity by the addition of methanol leads to an increase in particle size up to ~ 200 nm, as
soon as the methanol content exceeds 25 vol%, followed by the precipitation of the polymers
DAP-sP-Me-16 (14d) and DAP-sP-Me-18 (14e).
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Figure 42: Change of the particle size with increasing a) hexane or b) methanol content as well as TEM images of DAP-sP-
Me-20 (14f) in c) CHCls:hexane (50:50) and d) CHCls:methanol (50:50).

By increasing the methanol content to 50 vol% or higher also DAP-sP-Me-20 (14f) starts to
precipitate and the corresponding TEM image (Figure 42d) shows the formation of big
aggregates with sizes up to several micrometers.

3.8 Fractionation of the N-methyl protected DAP containing polymer (14f) via preparative
GPC and subsequent analysis

Due to the synthesis of all polymers via ADMET polymerization (non-living polycondensation)
they exhibit broad polydispersity indices ranging from 1.4 to 2.4. To determine how much the
polydispersity influences the melting and crystallization behavior the saturated N-methyl
protected DAP containing polymer with a methylene spacer length of 20 (14f) was fractionated
via preparative GPC using THF as solvent and the corresponding fractionation pattern is shown
in Figure 43.
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Figure 43: GPC trace of the fractionation of DAP-sP-Me-20 (14f) via preparative GPC.

The polymer was separated into 14 different fractions, which were dried under high vacuum
before determining the molecular weights via GPC and MALDI ToF MS analysis and the
corresponding spectra are shown in Figure 44 and Figure 45.
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Figure 44: GPC traces of the individual fractions of DAP-sP-Me-20 (14f).

The GPC traces show monomodal distributions and shift to higher retention volumes with
increasing fraction number as expected. Starting from a polymer with a molecular weight of
6380 g/mol and a PDI of 1.8 fractions with molar masses ranging from 19500 g/mol to
960 g/mol and PDIs of about 1.1 were obtained. The molecular weight data for all fractions are
listed in Table 5.
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MALDI ToF MS spectra were recorded using DCTB as matrix and LiTFA as salt. Here as well
the molecular weight is decreasing with increasing fraction number, whereby MALDI ToF MS
shows smaller values compared to GPC results, explainable by the hampered vaporization and
detection of heavier polymer species. For each fraction two series can be observed, whereby
the distance between two peaks of each series accounts 471 Da, reflecting the mass of the

repetitive DAP unit.
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Figure 45: MALDI ToF MS analysis of the individual fractions of DAP-sP-Me-20 (14f).

The main series can be assigned to the respective Li adducts ([M+Li]*] and matches the

simulations very well.
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Table 5: Molecular weight data and thermal properties of the different fractions achieved by the fractionation of DAP-sP-
Me-20 (14f).

fraction M,[g/mol] PDI  Tn[°C]  AHS[kI/mol] X2

[%0]
1 19500 1.3 - - -
2 15650 1.2 54.6 26.45 1
3 12190 1.1 56.7 70.70 2
4 9950 1.1 55.3 29.95 1
5 8780 1.1 51.4 17.91 1
6 8030 1.1 545 46.57 2
7 7270 1.1 53.7 27.55 1
8 6290 1.1 52.9 23.21 1
9 5300 1.1 56.5 82.31 6
10 4450 1.1 52.5 42.99 4
11 3500 1.1 46.0 9.98 1
12 2510 1.1 37.7 4.54 1
13 1760 1.1 - - -
14 960 1.6 - - -

3 calculated via equation (14).

Thermal behavior of the individual fractions was determined via DSC measurements and the
corresponding data are listed in Table 5. Nearly all fractions exhibit melting points ranging
from 51 °C to 56 °C (thermograms are shown in Figure A 55) and crystallinities of 1-6 %.
Fractions 1, 13 and 14 could not be characterized due to the lack of substance. Because of the
decreasing molecular weight of fractions 11 and 12 the melting temperatures are also decreasing
to 46 °C and 37.7 °C, respectively.

Furthermore, WAXS measurements were performed for the fractions with molecular weights
of approximately 12000, 7000 and 3000 g/mol (fractions 3, 7 and 12) and the corresponding
diffraction patterns, which are displayed in Figure 46, resemble the pattern of the precursor
polymer (cf. Figure 38, black curve). Although, the signals become broader with decreasing
molecular weight due to the elevation of the amorphous fraction, an orthorhombic crystal
structure can be assumed. The signals at 2.1 < q < 2.3 nm? and 4.3 < g < 4.8 nm™ can be
assigned to the (001) reflection and the corresponding second order peak (002), indicating a
lamellar morphology. Additionally, the (100) and (110) reflections are visible at g ~ 8.8 nm™
and g ~ 14.5 nm™. The corresponding unit cell parameters as well as the lamellar crystal
thicknesses were calculated according to equations (15), (16) and (18) and are listed in Table
6.
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Table 6: Unit cell parameters (a, b and ¢) and lamellar crystal thicknesses (Ic) of the fractions 3, 7 and 12 achieved by the
fractionation of DAP-sP-Me-20 (14f).

fraction a [nm] b[hm]  c[nm] Ic [nm]
3 0.71 0.54 2.75 12.15
7 0.72 0.54 2.75 11.55
12 0.71 0.54 2.94 13.66
f (001)
) ‘ (110)
;: -
5,
= (002) (190) M, = 3000 g/mol
‘»
@
Q
£
IJ M,, = 7000 g/mol
M, = 12000 g/mol
! I N | ’ | N I N 1 ! 1
0 5 10 15 20 25 30

scattering vector q [nm'1]

Figure 46: X-ray diffraction patterns of the fractions 3 (green), 7 (blue) and 12 (black).
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4. Experimental Part

4.1 Materials

2,6-Diaminopyridine (98 %), 9-decenoic acid (90 %), 10-undecenoic acid (99 %), 11-bromo-
1-undecene (95 %), methyl iodide (99 %), sodium hydride (60 % dispersion in mineral oil),
lithium aluminum hydride (95 %), ethylene carbonate (98 %), triazabycyclo[4.4.0]dec-5-ene,
sodium bicarbonate, ethyl vinyl ether (98 %), phosphoric acid (85 %), Grubbs’ 1%, 2" and 3"
generation catalyst, Grubbs’ Hoveyda 1 generation catalyst, phenyl phosphoric acid, poly-(4-
vinylpyridin) (average Mw ~ 60000 g/mol), p-toluenesulfonyl hydrazide (99 %), N,N-
diisopropylethylamine (99 %) and carbon tetrachloride (99 %) were purchased from Sigma
Aldrich. Magnesium sulfate (99 %), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid (99 %),
tin(11) bromide (99.4 %), 2,6-dichloro-1,4-benzoquinone (98 %) and triphenylphosphine were
received from Alfa Aesar. Sodium hydroxide and hydrochloric acid were purchased from
Grussing, while diethyl malonate (99 %) and 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl
(97 %) were bought from TCI. Sodium sulfate was received from Carl Roth and benzyl bromide
(98 %) from Fluka. The Umicore M1 catalyst was received from Umicore AG. Ammonium
hydroxide solution (25 % NHs) was purchased from VWR and tin(ll) chloride was received
from Merck. All chemicals were used without further purification if not mentioned otherwise.

Sodium hydride (60 % dispersion in mineral oil) was washed several times with dry THF and
stored under an atmosphere of nitrogen before use.

All solvents were purchased in technical grade and were either distilled and/or dried using
standard methods. THF was predried over potassium hydroxide and freshly distilled from
sodium/benzophenone under an atmosphere of dry nitrogen. DCM was predried over calcium
chloride and freshly distilled from calcium hydride before use. Et,O and toluene were predried
over calcium chloride and freshly distilled from sodium/benzophenone under an atmosphere of
dry nitrogen.

11-Dodecenoic acid, 9-decenoyl chloride, 10-undecenoyl chloride and 11-dodecenoyl chloride
were synthesized according to literatures®®2’* as described in a previous investigation.?’

4.2 Instrumentation

NMR (nuclear magnetic resonance) spectroscopy measurements were conducted on a Varian
Gemini 400 (*H-NMR at 400 MHz and **C-NMR at 101 MHz) or on a Varian Unity Inova 500
(*H-NMR at 500 MHz and *C-NMR at 126 MHz) at 27 °C using CDCls (Chemotrade,
99.8 Atom%D) and THF-dg (Chemotrade, 99.5 Atom%D) as solvents and tetramethylsilane as
internal standard. The coupling constants were given in Hz and the chemical shifts (8) in ppm
and referred to the solvent residue peak [CDClz 7.26 ppm (*H) and 77.0 ppm (**C); THF-ds
3.58 and 1.72 ppm (*H) and 67.2 and 25.3 ppm (**C)]. For the interpretation of the spectra
MestReNova v. 8.0.0-10524 was used.
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Gel permeation chromatography (GPC) measurements were performed on a Viscotek GPCmax
VE2001, equipped with a GMHHr-N-18055 and a ST-3000 column in THF at 25-30 °C with a
sample concentration of 1 mg/mL. The injection volume was 100 pL and the detection was
accomplished by refractive index using a VE3580 RI detector or via UV dectection (Viscotek,
model no. 2600) at 35 °C and a flow rate of 1 mL/min. Polystyrene standards with molecular
weights of 1050, 2790, 6040, 13 400 and 29 600 g/mol were used for external calibration.

Preparative gel permeation chromatography was performed on a Hitachi Chromaster System
from VWR, equipped with a GPC KF-2002.5 and a GPC KF-LG column from Shodex in THF
at 30 °C with a sample concentration of 30 mg/mL. The injection volume was 400 pL and the
detection was accomplished by refractive index using a Chromaster HPLC 5450 RI detector at
35 °C and a flow rate of 0.7 mL/min. The fractionation of the sample was accomplished with a
Foxy® R2 fraction collector from Teledyne ISCO. The processing of the data was carried out
using EZChrom Elite Version 3.3.2 SP2 from Agilent.

Electrospray ionization time of flight mass spectrometry (ESI ToF MS) measurements were
performed on a Bruker Daltonics Focus microTOF. The sample was dissolved in methanol
(HPLC grade, purchased from Sigma-Aldrich) at a concentration of 1 mg/mL without
additional salt and directly injected using a flow rate of 180 pL/h. Measurements were
performed in the positive mode with an acceleration voltage of 4.5 kV, a transfer line of 190 °C
and a scan range of 100-1500 m/z. The processing of the data was carried out using Bruker
Daltonics ESI compass 1.3 for MicroTOF (DataAnalysis Version 4.0).

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI ToF MS)
measurements were performed on a Bruker Autoflex Il System from Bruker Daltonics
operating in linear and reflection mode. lons were formed by laser desorption (smart beam laser
at 355, 532, 808 and 1064 + 5 nm; 3 ns pulse width; up to 2500 Hz repetition rate), accelerated
by a voltage of 19-20 kV and detected as positive ions. The matrix trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (received from Sigma-Aldrich), the salts
lithiumtrifluoroacetate and sodiumtrifluoroacetate (purchased from Sigma-Aldrich) as well as
the polymer samples were dissolved in THF or methanol with a concentration of 20 mg/mL
each. The solutions of the matrix, the polymer and the salt were mixed in a volume ratio of
25:5:1 or 1:1:1 and 1 pL of each mixture was spotted on the MALDI target. A poly(ethylene
glycol) monomethyl ether (PEG-OCHj3) standard (Mn = 4200 g/mol, Mw/Mn = 1.05) was used
for external calibration. The interpretation of the data was carried out using flexAnalysis
Version 3.4 (build 76) from Bruker.

Fourier-transform infrared (FTIR) spectroscopy was performed as KBr pellet on a Bruker
Vertex 70 MIR using Opus 6.5 and OriginPro 2016G for data interpretation.

Differential scanning calorimetry (DSC) measurements were conducted on a NETZSCH DSC
204F1 Phoenix, which was calibrated with indium, tin and zinc. The samples (3-10 mg) were
filled into standard aluminum pans with a pierced lid, heated above their melting point and
cooled below their crystallization temperature to erase the previous thermal history. Afterwards
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the samples were subjected to a thermal program using a heating rate of 10 K/min. The obtained
data was processed with NETZSCH Proteus - Thermal Analysis - Version 5.2.1 and OriginPro
2016G.

Initial X-ray diffraction measurements were performed on a glass plate by cooling the samples
from the isotropic liquid on a temperature-controlled heating stage. The two-dimensional
patterns were recorded by an area detector VANTEC500 (Bruker AXS) using Ni-filtered CuK,
radiation at a sample-detector distance of 8.95 cm and an exposure time of 30 min.

Further X-ray scattering experiments were conducted in transmission mode using a SAXSLAB
laboratory setup (Retro-F), equipped with an AXO microfocus X-ray source with an AXO
multilayer X-ray optic (ASTIX) as monochromator for CuK, radiation (A = 0.154 nm). A
DECTRIS PILATUS3 R 300K detector was used to record the two-dimensional scattering
patterns at various temperatures (q = 0.05-3 nm?; g = 0.25-7 nm™? and q = 1-29 nm’™).
Aluminum discs (2 mm thickness) with a central hole were used as sample holders.

Dynamic light scattering (DLS) experiments were performed in chloroform, tetrahydrofuran or
mixtures of these solvents with methanol or hexane at different concentrations on a Viscotek
802. The received data was processed with OmniSIZE Version 3.0.0 292 from Viscotek.

Transmission Electron Microscopy (TEM) measurements were conducted on an EM 900
transmission electron microscope from Carl Zeiss. The samples were dissolved in chloroform
or tetrahydrofuran with a concentration of 2 mg/mL and 0.001 mg/mL and 5 pL of these
solutions were spread onto a copper grid coated with a carbon film. After one minute the
excessive solution was removed with a piece of filter paper. The samples were stained with a
uranyl acetate solution (1 % in H20). TEM images were taken using a SSCCD SM-1k-120
camera from TRS.

Thin-layer chromatography (TLC) was carried out on Merck TLC aluminum sheets (silica gel
60 F254). The resulting spots were visualized by UV light (254 nm) or by wetting the sheets
with the oxidizing agent “blue stain” and subsequent heating. The stain was prepared by
dissolving Ce(S04)2:4H20 and (NH4)eM07024-4H20 in a mixture of distilled water and
concentrated sulfuric acid.

Column chromatography was performed with Kieselgel 60 (230-400 mesh), which was
purchased from Merck.
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4.3 Monomer synthesis

4.3.1 Synthesis of the diaminopyridine containing monomers (1a-c)

@] ~ @] = @]
A | e s A | Ko~
2 + = NS
= Cl HoN N NH, 0°C-RT, 24h = N N N =
m m H H m
1a-c
1a (DAP-M-7):m=7
1b (DAP-M-8). m =8
1c (DAP-M-9): m=9

Scheme 11: Synthesis of the diaminopyridine monomers with varying alkyl chain lengths (1a-c).

All monomers containing the diaminopyridine-moiety were synthesized according to previous
investigations,2%279272 which were inspired by literature?” using a Schotten-Baumann reaction.
2,6-Diaminopyridine (4.61 mmol, 0.50 g) and NaOH (9.22 mmol, 0.37 g), dissolved in water,
were placed in a one-necked round bottom flask and cooled to 0 °C with the help of an ice-
water bath. Furthermore, dec-9-enoyl chloride (10.60 mmol, 2.00 g) was dissolved in DCM and
added slowly to the cold mixture over a period of 15 min. After stirring the mixture for 2 h the
phases were separated and the organic layer was dried over Na;SO4, followed by the evaporation
of the solvent in vacuum at 45 °C. The crude product was purified via column chromatography
(silica gel 60, hexane/EA 8:2) to yield DAP-M-7 (1a) as white solid (4.29 mmol, 1.77 g, 93 %).
The monomers 1b and 1c were synthesized analogously to this procedure with yields ranging
from 92-94 %. NMR spectra and ESI ToF MS analyses are shown in Figures A 1-A 6.

1a (DAP-M-7):

'H-NMR (400 MHz, CDCls)

& =7.87 (t, 1H, 3Jun = 8.3 Hz, CH), 7.60 (d, 2H, 3Jun = 8.3 Hz, CH), 5.91 — 5.68 (m, 2H,
CH=CH,), 5.04 —4.86 (m, 4H, CH,=CH), 2.71 (t, 4H, 3Jun = 7.5 Hz, CH), 2.08 — 1.93 (m, 4H,
CHy), 1.83 - 1.70 (m, 4H, CHy), 1.44 — 1.17 (m, 16H, CH2) ppm.

13C-NMR (101 MHz, CDCls)
5= 176.9 (C=0), 145.7 (Cquart), 145.5 (Ar-C), 139.1 (CH=CHy), 114.4 (CH,=CH), 107.9 (Ar-
C), 37.3 (CHy), 33.9 (CHy), 29.3 (CH2), 29.2 (CH2), 29.0 (CHs), 29.0 (CHy), 24.8 (CH2) ppm.

ESI ToF MS [m/z]
[M+Na]" C2sHzgNaiNsO.": calculated 436.2934 g/mol, found 436.3250 g/mol.

IR (KBr) [cm™]
3310 (s), 2923 (s), 2850 (s), 1670 (s), 1590 (), 1525 (s), 1470 (s), 1414 (m), 1306 (m), 1243
(W), 1181 (w), 993 (w), 912 (m), 723 (W), 635 (m).

R¢ (TLC) [hexane/EA 8:2]
0.49
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1b (DAP-M-8):

IH-NMR (400 MHz, CDCl5)

5=7.88 (d, 2H, 3Jun = 8.0 Hz, CH), 7.69 (t, 1H, 3Jnn = 8.1 Hz, CH), 7.61 (s, 2H, NH), 5.95 —
5.69 (M, 2H, CH=CHy), 5.11 — 4.84 (m, 4H, CH,=CH), 2.36 (t, 4H, 3Ju = 7.5 Hz, CH2), 2.10-
1.92 (M, 4H, CH,), 1.82 — 1.60 (m, 4H, CH,), 1.47 — 1.16 (m, 20H, CH2) ppm.

13C-NMR (101 MHz, CDCls)

§=171.7 (C=0), 149.4 (Cquan), 141.1 (Ar-C), 139.3 (CH=CH_), 114.3 (CH,=CH), 109.4 (Ar-
C), 38.0 (CH2), 33.9 (CH2), 29.4 (CHz), 29.3 (CH), 29.2 (CH2), 29.2 (CH2), 29.0 (CHz) 25.4
(CH2) ppm.

ESI ToF MS [m/z]
[M+Na]™ C27Ha3NaiN3O2": calculated 464.3247 g/mol, found 464.3571 g/mol; [M+K]*
C27H43K1N302": calculated 480.2987 g/mol, found 480.3307 g/mol.

IR (KBr) [cm™]
3316 (s), 2921 (s), 2849 (s), 1671 (s), 1590 (), 1524 (s), 1470 (s), 1412 (m), 1304 (m), 1243
(W), 1180 (w), 991 (w), 911 (m), 724 (W), 636 (m).

R¢ (TLC) [hexane/EA 8:2]
0.53

1c (DAP-M-9):

IH-NMR (400 MHz, CDCls)

8=7.89 (d, 2H, 3Jun = 8.0 Hz, CH), 7.69 (t, 1H, 3Jnn = 8.1 Hz, CH), 7.56 (s, 2H, NH), 5.89 —
5.73 (M, 2H, CH=CHy), 5.05 — 4.87 (m, 4H, CH,=CH), 2.37 (t, 4H, 3Jnn = 7.5 Hz, CHy), 2.12
~1.97 (m, 4H, CH>), 1.80 — 1.66 (M, 4H, CHy), 1.46 — 1.18 (m, 24H, CH,) ppm.

13C-NMR (101 MHz, CDCls)

8 =171.7 (C=0), 149.5 (Cquart), 141.1 (Ar-C), 139.3 (CH=CH,), 114.3 (CH2=CH), 109.5 (Ar-
C), 38.0 (CHy2), 33.9 (CH2), 29.6 (CH>), 29.5 (CHZ2), 29.5 (CHy), 29.3 (CH>), 29.2 (CH>), 29.1
(CHy), 25.5 (CH2) ppm.

ESI ToF MS [m/z]
[M+Na]® C29Ha7NaiN3O2": calculated 492.3560 g/mol, found 492.3496 g/mol; [M+K]*
C29H47K1N302™: calculated 508.3300 g/mol, found 508.3236 g/mol.

IR (KBr) [em™]
3314 (s), 2921 (s), 2849 (s), 1671 (s), 1590 (s), 1524 (s), 1470 (s), 1412 (m), 1308 (m), 1242
(W), 1180 (w), 991 (w), 911 (m), 724 (w), 638 (m).

R¢ (TLC) [hexane/EA 8:2]
0.58
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4.3.2 Protection of the amide moieties
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2b (DAP-M-Me-8): m =8 2e (DAP-M-Bn-8): m =8
2c (DAP-M-Me-9): m=9 2f (DAP-M-Bn-9): m =9

Scheme 12: Synthesis of the N-methyl or N-benzyl-protected diaminopyridine monomers (2a-f).

The introduction of the methyl or benzyl protection groups was accomplished according to
previous investigations?%%270272275 ynder a dry, inert atmosphere of nitrogen. A two-necked
round bottom flask, equipped with a rubber septum and a gas tap was filled with the unprotected
monomer la (2.42 mmol, 1.00 g) and methyl iodide (5.80 mmol, 0.36 mL), which were
dissolved in dry THF, and cooled to 0 °C. After the portion-wise addition of NaH (5.80 mmol,
0.14 g) the reaction mixture was allowed to stir overnight at room temperature, followed by
pouring it carefully into ice water. The reaction mixture was extracted with ethyl acetate and
the combined organic layers were washed with water and dried over MgSOs. Removal of the
solvent in vacuum at 45 °C yielded the crude product, which was further purified via column
chromatography (silica gel 60, hexane/EA 8:2) whereby 2a was obtained as pale yellow oil
(1.80 mmol, 0.79 g, 74 %). The protected monomers 2b-f, were synthesized analogously to this
procedure with yields ranging from 69-82 %. Introduction of a benzyl protection group was
accomplished by using benzyl bromide instead of methyl iodide. NMR spectra and ESI ToF
MS analyses are shown in Figures A 7-A 16.

2a (DAP-M-Me-7):

'H-NMR (400 MHz, CDCls)

8 =7.75(t, 1H, 3Jun = 7.9 Hz, CH), 7.24 (d, 2H, 3Jun = 8.4 Hz, CH), 5.89 — 5.69 (m, 2H,
CH=CH,), 5.05 — 4.86 (m, 4H, CH,=CH), 3.36 (s, 6H, CHs), 2.36 (t, 4H, 3Jun = 7.6 Hz, CH>),
2.07 —1.97 (m, 4H, CHy), 1.71 — 1.59 (m, 4H, CH>), 1.41 — 1.20 (m, 16H, CH>) ppm.

13C-NMR (101 MHz, CDCls)

5 = 173.7 (C=0), 155.0 (Cquat), 139.8 (Ar-C), 139.2 (CH=CHp), 117.6 (Ar-C), 1143
(CH2=CH), 35.4 (CHa), 35.3 (CH>), 33.9 (CH2), 29.4 (CH>), 29.4 (CH2), 29.1 (CH), 29.0
(CHy), 25.4 (CH2) ppm.

ESI ToF MS [m/z]

[M+Li]" C27HasLiiN3sO2": calculated 448.3510 g/mol, found 448.3821 g/mol; [M+Na]*
Ca7Ha3NaiN3O2*: calculated 464.3247 g/mol, found 464.3555 g/mol; [M+K]* C27Ha3K1N3O2":
calculated 480.2987 g/mol, found 480.3294 g/mol.




R¢ (TLC) [hexane/EA 8:2]
0.16

2b (DAP-M-Me-8):

'H-NMR (400 MHz, CDCls)

8 =7.74 (t, 1H, 3Jun = 7.9 Hz, CH), 7.23 (d, 2H, 3Jun = 7.7 Hz, CH), 5.87 — 5.70 (m, 2H,
CH=CH,), 5.05 — 4.83 (m, 4H, CH>=CH), 3.36 (s, 6H, CH3), 2.35 (t, 4H, 3Jun = 7.6 Hz, CH>),
2.07 - 1.94 (m, 4H, CHy), 1.63 (t, 4H, 3Jun = 7.4 Hz, CHy), 1.43 — 1.18 (m, 20H, CH2) ppm.

13C-NMR (101 MHz, CDCls)

8 = 173.7 (C=0), 155.0 (Cquat), 139.8 (Ar-C), 139.3 (CH=CHy), 117.6 (Ar-C), 114.3
(CH2=CH), 35.3 (CHBa), 35.3 (CH>), 33.9 (CH2), 29.5 (CH>), 29.5 (CH2), 29.4 (CH,), 29.2
(CH>), 29.0 (CHy), 25.4 (CH>) ppm.

ESI ToF MS [m/z]
[M+Na]* C29Ha7NaiN30,*: calculated 492.3560 g/mol, found 492.3170 g/mol.

Rs (TLC) [hexane/EA 8:2]
0.16

2c (DAP-M-Me-9):

'H-NMR (400 MHz, CDCls)

& =7.75 (t, 1H, 3Jupn = 7.9 Hz, CH), 7.24 (d, 2H, 3Jun = 7.8 Hz, CH), 5.88 — 5.72 (m, 2H,
CH=CHy>), 5.03 — 4.89 (m, 4H, CH,=CH), 3.36 (s, 6H, CH3), 2.36 (t, 4H, 3Jun = 7.5 Hz, CHy),
2.07 —1.97 (m, 4H, CHy), 1.70-1.58 (m, 4H, CHy), 1.42 — 1.14 (m, 24H, CH>) ppm.

13C-NMR (101 MHz, CDCls)

5 = 173.7 (C=0), 155.0 (Cquat), 139.8 (Ar-C), 139.3 (CH=CHp), 117.7 (Ar-C), 1143
(CH2=CH), 35.4 (CHs), 35.3 (CHz), 33.9 (CH2), 29.6 (CH2), 29.6 (CH2), 29.5 (CHz), 29.5
(CHy), 29.3 (CHy), 29.1 (CHy>), 25.5 (CH2) ppm.

ESI ToF MS [m/z]
[M+Na]" Cs1Hs1Na1N3sO.": calculated 520.3873 g/mol, found 520.5881 g/mol.

R¢ (TLC) [hexane/EA 8:2]
0.16

2d (DAP-M-Bn-7):

'H-NMR (400 MHz, CDCl5)

8=7.61 (t, 1H, 3Jup = 7.9 Hz, CH), 7.26 — 7.14 (m, 10H, CH), 7.10 (d, 2H, 3Jnn = 7.6 Hz,
CH), 5.92 — 5.69 (M, 2H, CH=CHy), 5.22 — 4.79 (m, 8H, CH2 + CH2=CH), 2.24 (t, 4H, 3Jip =
7.3 Hz, CHy), 2.06 — 1.91 (m, 4H, CHy), 1.67 — 1.53 (m, 4H, CHz), 1.38 — 1.13 (m, 16H, CH,)
ppm.
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13C-NMR (101 MHz, CDCls)

8 =173.6 (C=0), 154.1 (Cquart), 139.7 (CH=CHy>), 139.2 (Ar-C), 137.6 (Cquart), 128.6 (Ar-C),
127.7 (Ar-C), 127.3 (Ar-C), 119.0 (CH2=CH), 114.3 (Ar-C), 51.0 (CH>), 35.3 (CH,), 33.9
(CHy), 29.4 (CH>), 29.4 (CH>), 29.1 (CH2), 29.0 (CH>), 25.4 (CH2) ppm.

ESI ToF MS [m/z]

[M+H]* CsgHs2N30,": calculated 594.4054 g/mol, found 594.4369 g/mol; [M+Na]*
Cs9Hs51NaiN30,*: calculated 616.3873 g/mol, found 616.4200 g/mol, [M+K]* C3gHs1K1N3O0":
calculated 632.3613 g/mol, 632.3955 g/mol.

R¢ (TLC) [hexane/EA 9:1]
0.62

2e (DAP-M-Bn-8):

'H-NMR (400 MHz, CDCls)

§=7.61(t, 1H, 3Jun =7.9 Hz, CH), 7.25 - 7.17 (m, 6H, CH), 7.15 — 7.04 (m, 6H, CH), 5.86 —
5.74 (m, 2H, CH=CH), 5.04 — 4.98 (m, 4H, CHz), 4.97 — 4.89 (m, 4H, CH>=CH), 2.24 (t, 4H,
8Jun = 7.4 Hz, CHy), 2.02 (dd, 4H, 3Jnn = 14.4 Hz, 3Jun = 6.9 Hz, CHy), 1.63 — 1.56 (m, 4H,
CH>), 1.38 — 1.15 (m, 20H, CH>) ppm.

13C-NMR (101 MHz, CDCl3)

8 = 173.6 (C=0), 154.1 (Cquart), 139.7 (CH=CH), 139.3 (Ar-C), 137.6 (Cquart), 128.6 (Ar-C),
127.7 (Ar-C), 127.3 (Ar-C), 119.0 (Ar-C), 114.3 (CH2=CH), 51.0 (CH>), 35.3 (CH>), 33.9
(CH2), 29.5 (CH2), 29.4 (CH2), 29.4 (CH2), 29.2 (CH_>), 29.0 (CHz), 25.5 (CH2) ppm.

ESI ToF MS [m/z]
[M+Na]* CaiHssNaiNsO2": calculated 644.4186 g/mol, found 644.4227 g/mol; [M+K]*
Ca1Hs5K1N3O2": calculated 660.3926 g/mol, found 660.3967 g/mol.

R¢ (TLC) [hexane/EA 9:1]
0.63

2f (DAP-M-Bn-9):

'H-NMR (400 MHz, CDCls)

§=7.61(t, 1H, 3Jun = 7.9 Hz, CH), 7.25 — 7.15 (m, 10H, CH), 7.10 (dd, 2H, 3Jun = 7.7 Hz,
8Jun = 1.9 Hz CH), 5.95 — 5.66 (m, 2H, CH=CHy), 5.05 — 4.83 (m, 8H, CH2 + CH,=CH), 2.24
(t, 4H, 3Jun = 7.5 Hz, CHy), 2.11 — 1.92 (m, 4H, CHy), 1.69 — 1.50 (m, 4H, CH>), 1.45 — 1.12
(m, 24H, CH) ppm.

13C-NMR (101 MHz, CDCls)

8 =173.6 (C=0), 154.1 (Cquart), 139.7 (CH=CHy>), 139.3 (Ar-C), 137.7 (Cquart), 128.6 (Ar-C),
127.7 (Ar-C), 127.3 (Ar-C), 119.0 (CH2=CH), 114.3 (Ar-C), 51.0 (CH>), 35.3 (CH,), 33.9
(CH2), 29.6 (CH2), 29.6 (CHy), 29.5 (CH2), 29.4 (CH2), 29.3 (CH>), 29.1 (CH.), 25.5 (CH>)
ppm.
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ESI ToF MS [m/z]
[M+H]" Ca3HeoN3O2": calculated 650.4680 g/mol, found 650.4434 g/mol; [M+Na]®
Ca3HsoNaiN3O-": calculated 672.4499 g/mol, found 672.4245 g/mol.

R¢ (TLC) [hexane/EA 8:2]
0.57

4.3.3 Synthesis of the urea containing monomer

4.3.3.1 Synthesis of undec-10-enamide (3)

/\Mi NH,OH, THF /\Mj\

= e 7

5 Cl 0°C 5 NH,
3

Scheme 13: Synthesis of undec-10-enamide (3).

The synthesis was accomplished according to literature.2%?"* A NH4OH solution (250 mL,
25 % in H20) was placed in a two-necked round bottom flask, equipped with a rubber septum
and a gas tap, and cooled to 0 °C. Undec-10-enoyl chloride (47.70 mmol, 9.0 g), dissolved in
THF (30 mL), was added dropwise and the reaction mixture was allowed to stir overnight. The
final product was obtained after filtration and drying in vacuum as a white solid (44.57 mmol,
8.17 g, 93 %). NMR spectra and ESI ToF MS analysis are shown in Figures A 17 and A 18.

3 (undec-10-enamide):

'H-NMR (400 MHz, CDCls)

d=5.89 - 5.72 (m, 1H, CH=CH), 5.54 (d, 2H, NH>), 5.07 — 4.85 (m, 2H, CH>=CH), 2.25 —
2.17 (m, 2H, CH), 2.10 — 1.98 (m, 2H, CH), 1.71 — 1.55 (m, 2H, CH.), 1.45 - 1.17 (m, 10H,
CHz) ppm.

13C-NMR (101 MHz, CDCl5)
§=175.9 (C=0), 139.3 (CH=CHy), 114.3 (CH2=CH), 36.1 (CH>), 33.9 (CH.), 29.4 (CH>), 29.4
(CH?2), 29.4 (CH2), 29.2 (CH>), 29.0 (CH>), 25.7 (CH.) ppm.

ESI ToF MS [m/z]
[M+H]" Ci11H2N:O:": calculated 184.1696 g/mol, found 184.1656 g/mol; [M+Na]*
C11H2:NaiN1O:™: calculated 206.1515 g/mol, found 206.1449 g/mol.

Rt (TLC) [DCM/EA 85:15]
0.20
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4.3.3.2 Synthesis of undec-10-en-1-amine (4)

AMJOJ\ LiAIH,, THF
Z I NH, 07 /\MQ\NHQ
3 4

Scheme 14: Synthesis of undec-10-en-1-amine (4).

The synthesis was carried out according to literature?’®?’* under a dry, inert atmosphere of
nitrogen. Undec-10-enamide (3) (5.91 mmol, 1 g) was dissolved in dry THF (30 mL), placed
in a two-necked round bottom flask, equipped with a rubber septum and a gas tap and cooled
to -10 °C. After the careful addition of LiAlH4 (8.86 mmol, 0.34 g) the reaction mixture was
allowed to stir overnight. The reaction was quenched by adding dry Et>O (20 mL), H20 (1 mL)
and then NaOH (2 mL, 10 % in H.0O). Afterwards, the mixture was filtered and dried over
Na2SQOgs. The final product was obtained as a white waxy solid (5.06 mmol, 0.79 g, 86 %) after
solvent removal in vacuum at 45 °C. NMR spectra and ESI ToF MS analysis are shown in
Figures A 19 and A 20.

4 (undec-10-en-1-amine):

'H-NMR (400 MHz, CDCls)

5 =5.89-5.71 (m, 1H, CH=CH,), 5.04 — 4.86 (m, 2H, CH,=CH), 2.67 (t, 2H, 3Jun = 7.0 Hz,
CH2), 2.10 - 1.96 (m, 2H, CH), 1.48 — 1.22 (m, 14H, CH2) ppm.

13C-NMR (101 MHz, CDCl5)
8 =139.4 (CH=CH,), 114.2 (CH2=CH), 42.4 (CH>), 34.0 (CH>), 33.9 (CH>), 29.7 (CH>), 29.6
(CHa), 29.6 (CH>), 29.3 (CHy2), 29.1 (CHz), 27.0 (CH.) ppm.

ESI ToF MS [m/z]
[M+H]" C11H24N1*: calculated 170.1903 g/mol, found 170.2159 g/mol.

Rt (TLC) [DCM/EA 85:15]
0.24

4.3.3.3 Synthesis of 1,3-diundec-10-en-1-ylurea (Urea-M-9) (5)

=~ + OJ\O . N J\ \
/\(\/)g\NHz Vg 130°C, 3 h g N m/\(ﬂg\
4 5

Scheme 15: Synthesis of 1,3-diundec-10-en-1-ylurea (Urea-M-9, 5).

The synthesis was carried out according to literature.?’%3%4 Undec-10-en-1-amine (4.99 mmol,
0.78 mg), ethylene carbonate (2.50 mmol, 0.22 mg) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) (0.05 mmol, 6.95 mg) were placed in a one-necked round bottom flask and heated up to
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130 °C for 3 h. After cooling the mixture to room temperature the crude product was purified
via column chromatography (silica gel 60, DCM/EA 85:15) to yield 0.73 g of a pale yellow
solid (1.99 mmol, 40 %). NMR spectra and ESI ToF MS analysis are shown in Figures A 21
and A 22.

5 (Urea-M-9):

'H-NMR (400 MHz, CDCl5)

6 =>5.88 -5.74 (m, 2H, CH=CH), 5.06 — 4.88 (m, 4H, CH>=CH), 4.23 (s, NH), 3.14 (t, 4H,
3J4n =7.1Hz, CHy), 2.12 - 1.96 (m, 4H, CHy), 1.48 (t, 4H, 341 = 7.0 Hz, CH2), 1.40-1.24 (m,
24H, CH2) ppm.

13C-NMR (101 MHz, CDCls)
5 =158.3 (C=0), 139.3 (CH=CHy), 114.3 (CH,=CH), 40.9 (CH), 33.9 (CH2), 30.4 (CH>), 29.7
(CH2), 29.6 (CHz), 29.5 (CHs), 29.3 (CH2), 29.1 (CH2), 27.1 (CHz2) ppm.

ESI ToF MS [m/z]
[M+H]" Ca3HasN201™: calculated 365.3526 g/mol, found 365.3292 g/mol; [M+Na]*
C23HasNaiN201*: calculated 387.3346 g/mol, found 387.3089 g/mol.

IR (KBr) [cm™]
3336 (s), 3075 (W), 2927 (s), 2851 (s), 1616 (s), 1574 (s), 1461 (m), 1248 (w), 1075 (w), 994
(w), 910 (m), 725 (w), 616 (m).

Rt (TLC) [DCM/EA 85:15]
0.27

4.3.4 Synthesis of the TEMPO containing monomer

4.3.4.1 Synthesis of diethyl-2,2-di(undec-10-en-1-yl)malonate (6)

OO0
/\O O/\\
Br o) O NaH, THF
NQ * W reflux, 48 h ~ 9 9\
O O
6

Scheme 16: Synthesis of diethyl-2,2-di(undec-10-en-1-yl)malonate (6).

The reaction was carried out analogous to literature?’®% under a dry, inert atmosphere of
nitrogen. A two-necked round bottom flask, equipped with a rubber septum and a reflux
condenser was filled with dry THF (30 mL) and NaH (41.59 mmol, 1.00 g). Diethyl malonate
(12.49 mmol, 1.90 mL), which was distilled over CaH> (10 mbar, 76 °C) prior to use, was added
to the slurry followed by the dropwise addition of 11-bromo-1-undecene (27.47 mmol,
6.03 mL). After heating the reaction mixture under reflux conditions for 48 h it was cooled to
0 °C and residual NaH was neutralized by the careful addition of H2O. The crude product was
purified by column chromatography (silica gel 60, Hex/EA 99:1) to yield 4.41 g of a pale yellow
liquid (9.49 mmol, 76 %). NMR spectra are shown in Figure A 23.
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6:

'H-NMR (400 MHz, CDCls)

8= 5.89 — 5.70 (m, 2H, CH=CH>), 5.07 — 4.85 (m, 4H, CH,=CH), 4.16 (q, 4H, 3Jn = 7.1 Hz,
O-CHy), 2.09 — 1.96 (M, 4H, CHy), 1.89 — 1.77 (m, 4H, CHy), 1.47 — 1.01 (m, 28H, CHy), 1.25
(s, 6H, CHz3) ppm.

13C-NMR (101 MHz, CDClz)

§ = 172.1 (C=0), 139.3 (CH=CH3), 114.2 (CHz=CH), 61.0 (CH2), 57.7 (Cquar.), 33.9 (CHz),
32.3 (CHz), 30.0 (CH2), 29.6 (CHz), 29.6 (CH3), 29.4 (CHz), 29.3 (CH), 29.1 (CHy), 24.0
(CHy), 14.3 (CH3) ppm.

R¢ (TLC) [hexane/EA 99:1]
0.47

4.3.4.2 Synthesis of 2,2-di(undec-10-en-1-yl)malonic acid (7)

OO0
—\
= AN
9 9

“EtOH, H,0 H,0

Scheme 17: Synthesis of 2,2-di(undec-10-en-1-yl)malonic aicd (7).

The synthesis was carried out according to literature.?’%3% Diethyl-2,2-di(undec-10-en-1-
yl)malonate (31.00 mmol, 14.41 g) and NaOH (0.16 mol, 6.2 g), dissolved in EtOH/H,0O
(140 mL, 1:1), were placed in a one-necked round bottom flask and heated under reflux
conditions for 24 h. After cooling the mixture to room temperature it was acidified with
concentrated HCI to a pH of 1 followed by the removal of the organic solvents in vacuum at
45 °C and extraction of the aqueous solution with Et,O. The final product was obtained after
drying the combined organic fractions over Na>SO4 and evaporation of the solvent at 45 °C in
vacuum and was used directly without further purification.

R¢ (TLC) [hexane/EA 98:2]
0.44

4.3.4.3 Synthesis of 2-(undec-10-en-1-yl)tridec-12-enoic acid (Acid-M-9) (8)

OO 0
HO OH 165 °C
7 Mg Yo 4p =

Scheme 18: Synthesis of 2-(undec-10-en-1-yl)tridec-12-enoic acid (8).
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The synthesis was carried out analogous to literature.?’” A one-necked round bottom flask,
equipped with a reflux condenser was filled with 2,2-di(undec-10-en-1-yl)malonic acid
(29.76 mmol, 12.16 g) and heated up to 165 °C for 4 h. After complete decarboxylation the
compound was purified via column chromatography (silica gel 60, Hex/EA 98:2) to yield 4.77 g
of a pale yellow, waxy solid (13.09 mmol, 44 %). NMR spectra and ESI ToF MS analysis are
shown in Figures A 24 and A 25.

8 (Acid-M-9):

IH-NMR (400 MHz, CDCls)

8 =5.89 — 5.74 (m, 2H, CH=CHy>), 5.04 — 4.89 (m, 4H, CH,=CH), 2.40 — 2.29 (m, 1H, CH),
2.09 — 1.98 (M, 4H, CH,), 1.70 — 1.42 (m, 4H, CH>), 1.42 — 1.19 (m, 28H, CH2) ppm.

13C-NMR (101 MHz, CDCls)
5 = 182.5 (C=0), 139.4 (CH=CHy), 114.2 (CH,=CH), 45.6 (CH), 34.0 (CH2), 32.3 (CH2), 29.7
(CH2), 29.7 (CHz), 29.6 (CH2), 29.6 (CH2), 29.3 (CHz), 29.1 (CH>), 27.5 (CH,) ppm.

ESI ToF MS [m/z]
[M+Na]* C24HasNa10,": calculated 387.3234 g/mol, found 387.3168 g/mol.

R¢ (TLC) [hexane/EA 90:10]
0.45

4.3.4.4 Synthesis of TEMPO-M-9 (9)

0

Scheme 19: Synthesis of TEMPO-M-9 (9).

The synthesis was carried out according to literature?’®2”® under a dry, inert atmosphere of
nitrogen. A one-necked round bottom flask was filled with 2-(undec-10-en-1-yl)tridec-12-enoic
acid (19.75 mmol, 7.20 g) and 4-amino TEMPO (21.72 mmol, 3.72 g), dissolved in dry DCM
(70 mL). After purging the solution with nitrogen for 30 minutes, EDC-HCI (19.75 mmaol,
3.79 g) was added and the reaction mixture was allowed to stir overnight followed by washing
twice with saturated NaHCO3 solution and brine. The organic layer was separated and dried
over MgSOs and the solvent was removed in vacuum at 45 °C. Column chromatography (silica
gel 60, Hex/EA 65:35) was used for purification of the final product to yield 6.85 g of a pale
orange oil (13.23 mmol, 67 %). ESI ToF MS analysis is shown in Figure 30.
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9 (TEMPO-M-9):

ESI ToF MS [m/z]

[M+H]" CasHe2N202": calculated 517.4728 g/mol, found 517.6012 g/mol; [M+Na]*
CssHs1NaiN20.": calculated 540.4625 g/mol, found 540.5948 g/mol.

R¢ (TLC) [hexane/EA 65:35]
0.38

4.3.5 Protection of Acid-M-9

Ao
0) OH HsPO, 0 0 0
T /\&Ivr\
= X
9 9 Et,O = 9 9\
8 10

Scheme 20: Synthesis of Acid-M-Ee-9 (10).

The synthesis was carried out according to literature.®® A two-necked round bottom flask,
equipped with a rubber septum and a gas tap was filled with ethyl vinyl ether (10.28 mmol,
1.00 mL) and phosphoric acid (cat., 1 drop), dissolved in diethyl ether (5 mL), and cooled to
0 °C. After dropwise addition of 2-(undec-10-en-1-yl)tridec-12-enoic acid (2.06 mmol, 0.75 g)
in diethyl ether (10 mL) the solution was stirred for 30 minutes at 0 °C, followed by further
stirring at room temperature for 3 days. Stirring the reaction mixture with basic alumina (~ 1 g)
for 5 minutes was used to quench the reaction. The final product was obtained after filtration,
evaporation of the solvent at 45 °C in vacuum and column chromatography (silica gel 60,
Hex/EA 98:2) as a colorless oil (1.71 mmol, 0.74 g, 83 %). NMR spectra and ESI ToF MS
analysis are shown in Figures A 26 and A 27.

10 (Acid-M-Ee-9):

'H-NMR (400 MHz, CDCls)

8 =594 (q, 1H, 3Jun = 5.2 Hz, CH), 5.87 — 5.75 (m, 2H, CH=CH>), 5.02 — 4.90 (m, 4H,
CH>=CH), 3.75 — 3.49 (m, 2H, O-CHy), 2.37 — 2.28 (m, 1H, CH), 2.07 — 2.00 (m, 4H, CH>),
1.64 —-1.39 (m, 4H, CH>), 1.38 — 1.17 (m, 34H, CH2 + CHz) ppm.

13C-NMR (101 MHz, CDCls)

5 = 176.4 (C=0), 139.4 (CH=CHy), 114.3 (CH,=CH), 96.1 (CH), 64.7 (O-CHy), 46.3 (CH),
34.0 (CHz), 32.7 (CH2), 29.7 (CH2), 29.7 (CH2), 29.6 (CH2), 29.6 (CH2), 29.3 (CHy), 29.1
(CHa), 27.7 (CH2), 21.1 (CHs), 15.2 (CHs) ppm.

ESI ToF MS [m/z]
[M+Na]" CosHs2Na;10s™: calculated 459.3809 g/mol, found 459.3723 g/mol.

R¢ (TLC) [hexane/EA 98:2]
0.43
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4.4 ADMET-Polymerization

o ﬁ 0 catalyst
45-130 °C
/\(\/)JLN Y NJLM\ — N
m & m

ethylene

%Miﬁk%
NS

NN

m 1 ! m
R R n

11a-i

R=H

R =Me

11a (DAP-uP-16): m=7  11d (DAP-uP-Me-16): m =7

R=Bn
11g (DAP-uP-Bn-16):

m
11b (DAP-uP-18): m=8 11e (DAP-uP-Me-18): m=8 11h (DAP-uP-Bn-18): m
11¢ (DAP-uP-20): m=9  11f (DAP-uP-Me-20): m=9 11i (DAP-uP-Bn-20): m

7
8
9

o Grubbs' 18 o]
130°C, 24 h
NNJ\N% N J\N
8 H H 8 8 H H 8°n
5 ethylene 12 (Urea-uP-20)
’ A
~ Grubbs' 15!
/\:IOJ,\O 45-150 °C, 24 h O "
& N
9 9 ethylene 9 9°n
10 13 (Acid-uP-20)

Scheme 21: ADMET-polymerization of the a) unprotected and protected DAP containing monomers (la-c, 2a-f), b) urea
containing monomer (5) and c) acid containing monomer (10).

The polymerizations were carried out analogous to literature®®7>224281 and previous
investigations?%®279272 ynder a dry, inert atmosphere of nitrogen as bulk polymerization. DAP-
M-Me-7 (2a) (0.11 mmol, 50.00 mg) was placed in a Schlenk tube and degassed by applying
the freeze-pump-thaw technique followed by the addition of Grubbs-Hoveyda 1% generation
catalyst (4.53-10* mmol, 0.27 mg, 250:1 monomer-catalyst ratio) under a counter flow of
nitrogen. Afterwards the reaction mixture was heated up to 65 °C and vacuum (p ~ 3 mbar) was
applied to remove the generated ethylene. To remain a consistent conversion upon increased
viscosity the temperature was increased stepwise until up to 85 °C. The polymerization was
quenched by opening the Schlenk tube after the evolution of ethylene stopped and the magnetic
stir bar was unable to move. Complete consumption of the monomer was determined by the
disappearance of the corresponding signal in TLC, wherein signal of the associated polymer
was observed at the starting line of the TLC plate. The final polymer DAP-uP-Me-16 (11d)
was obtained by dissolving the crude product in a small amount of THF and precipitation into
cold methanol as white to beige solid in a yield of 98 % (49.00 mg). All other polymers 11a-c,
11e-i, 12 and 13 were synthesized analogously to this procedure using Grubbs 1% to 3™
generation catalyst, Grubbs-Hoveyda 1% generation catalyst or Umicore catalyst with yields
ranging from 3-97 %. Polymerizations of the monomers 1a-c and 9 were carried out at 130 °C
as these compounds are present in the molten state at this temperature. The experimental details
as well as the characterization data are shown in Table 7-Table 11. Selected NMR and IR
spectra as well as MALDI ToF MS analyses are shown in Figures A 28-A 35.
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11a (DAP-UP-16):

IR (KBr) [cm™]

3300 (s), 2922 (), 2849 (5), 1670 (s), 1588 (), 1524 (s), 1469 (s), 1412 (m), 1303 (m), 1242
(W), 1179 (), 994 (w), 964 (w), 910 (m), 724 (w), 636 (m).

11b (DAP-uP-18):

IR (KBr) [cm™]

3314 (s), 2921 (s), 2849 (s), 1671 (s), 1589 (s), 1524 (s), 1470 (s), 1412 (m), 1303 (m), 1242
(W), 1179 (w), 991 (w), 963 (w), 910 (m), 723 (w), 637 (m).

11c (DAP-uP-20):

IR (KBr) [cm™]

3422 (s), 3318 (s), 2922 (s), 2850 (s), 1671 (s), 1588 (s), 1524 (s), 1467 (s), 1414 (m), 1300
(m), 1242 (w), 1177 (w), 992 (), 964 (w), 911 (m), 722 (w), 652 (m).

11d (DAP-uP-Me-16):

'H-NMR (400 MHz, CDCl5)

8 =7.75 (t, 1H, 2Jupn = 7.9 Hz, CH), 7.25 (d, 2H, 3Jun = 9.0 Hz, CH), 5.87 — 5.70 (m, 2H,
CH=CH,), 5.44 — 5.23 (m, 2H, =CH), 5.03 — 4.84 (m, 4H, CH,=CH), 3.36 (s, 6H, CH3), 2.36
(t, 4H, ®Jun = 7.5 Hz, CH>), 2.09 — 1.84 (m, 8H, CHy), 1.78 — 1.51 (m, 4H, CH>), 1.50 — 1.05
(m, 28H, CH2) ppm.

13C-NMR (101 MHz, CDClz)

8 =173.7 (C=0), 154.9 (Cquart), 139.8 (Ar-C), 130.4 (=CH), 130.0 (=CH), 117.7 (Ar-C), 35.4
(CHs), 35.3 (CHy), 32.7 (CHy2), 29.9 (CH.), 29.8 (CH2), 29.5 (CH>), 29.5 (CH2), 29.3 (CH>),
29.2 (CHy), 27.4 (CHy), 25.5 (CH>) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]" Co02H316Li11N24016": calculated 3340.480 g/mol, found 3340.368 g/mol.

11e (DAP-uP-Me-18):

'H-NMR (400 MHz, CDCls)

§=7.75 (t, 1H, 3Jun = 7.9 Hz, CH), 7.24 (d, 2H, 3Jun = 7.3 Hz, CH), 5.88 — 5.70 (m, 2H,
CH=CHy>), 5.44 — 5.24 (m, 2H, =CH), 5.04 — 4.85 (m, 4H, CH2=CH), 3.36 (s, 6H, CHz), 2.36
(t, 4H, 3Jn 4 = 7.5 Hz, CHy), 2.08 — 1.85 (m, 8H, CH>), 1.76 — 1.52 (m, 4H, CH>), 1.48 — 1.00
(m, 28H, CH2) ppm.

13C-NMR (101 MHz, CDCls)

8 =173.7 (C=0), 155.0 (Cguart), 139.8 (Ar-C), 139.3 (CH=CH), 130.5 (=CH), 130.0 (=CH),
117.7 (Ar-C), 35.4 (CHs), 35.3 (CH2), 32.8 (CH2), 29.9 (CHz), 29.8 (CHz), 29.6 (CH2), 29.5
(CH>), 29.3 (CHy), 25.5 (CH>) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]" CieaH262Li1N18012": calculated 2682.059 g/mol, found 2681.017 g/mol.
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11f (DAP-uP-Me-20):

'H-NMR (500 MHz, CDCls)

& =7.75(t, 1H, 3Jun = 7.9 Hz, CH), 7.24 (d, 2H, 3Jun = 3.9 Hz, CH), 5.88 — 5.64 (m, 2H,
CH=CHy>), 5.47 — 5.12 (m, 2H, =CH), 5.07 — 4.78 (m, 4H, CH,=CH), 3.36 (s, 6H, CH3), 2.36
(t, 4H, 3Jyn = 7.5 Hz, CHy), 2.08 — 1.84 (m, 8H, CHy), 1.71 — 1.48 (m, 4H, CH>), 1.40 — 1.04
(m, 32H, CHy) ppm.

13C-NMR (126 MHz, CDCls)

5 = 173.7 (C=0), 155.0 (Cquart), 139.8 (Ar-C), 139.3 (CH=CHy), 130.5 (=CH), 117.7 (Ar-C),
114.3 (CH2=CH), 35.4 (CHs), 35.3 (CH2), 33.9 (CHz), 32.8 (CH2), 29.9 (CHs), 29.8 (CH>), 29.6
(CHz), 29.6 (CH2), 29.6 (CH2), 29.5 (CHz), 29.5 (CH2), 29.3 (CH2), 25.5 (CHz) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]" C176H286Li1N18012": calculated 2850.247 g/mol, found 2850.383 g/mol.

11g (DAP-uP-Bn-16):

'H-NMR (400 MHz, CDCls)

§=7.60 (t, 1H, 3Jun = 7.9 Hz, CH), 7.24 — 7.14 (m, 10H, CH), 7.14-6.99 (m, 2H, CH), 5.89 —
5.71 (m, 2H, CH=CHy), 5.41 — 5.26 (m, 2H, =CH), 5.01 (s, 4H, CH) 4.98 — 4.85 (m, 4H,
CH>=CH), 2.35-2.15 (m, 4H, CH>), 2.06 — 1.86 (m, 8H, CH>), 1.69 — 1.51 (m, 4H, CH>), 1.38
—1.12 (m, 28H, CH2) ppm.

13C-NMR (126 MHz, CDCls)

8 = 173.6 (C=0), 154.1 (Cquarr), 139.7 (CH=CHy), 137.7 (Ar-C), 130.4 (=CH), 130.0 (=CH),
128.6 (Ar-C), 127.7 (Ar-C), 127.3 (Ar-C), 119.0 (Ar-C), 114.3 (CH,=CH), 51.0 (CHy), 35.3
(CHz), 32.7 (CH2), 29.9 (CHy), 29.8 (CH2), 29.5 (CHa), 29.4 (CHy), 29.4 (CH>), 29.3 (CHy),
29.2 (CH2), 29.1 (CH2), 25.5 (CHz) ppm.

11h (DAP-uP-Bn-18):

'H-NMR (500 MHz, CDCl5)

8 =17.60 (t, 1H, 3Jnn = 7.9 Hz, CH), 7.24 — 7.14 (m, 10H, CH), 7.10 (d, 2H, 3Jun = 6.7 Hz,
CH), 5.87 — 5.72 (m, 2H, CH=CH}), 5.42 — 5.27 (m, 2H, =CH), 5.08 — 4.86 (m, 8H, CH2 +
CH=CH), 2.23 (t, 4H, *Jupn = 7.0 Hz, CHy), 2.04 — 1.88 (m, 8H, CHy), 1.68 — 1.52 (m, 4H,
CHy), 1.37 — 1.10 (m, 28H, CH,) ppm.

13C-NMR (126 MHz, CDCls)

8 = 173.6 (C=0), 154.1 (Cquarr), 139.8 (CH=CHy), 137.7 (Ar-C), 130.5 (=CH), 130.0 (Ar-C),
128.6 (Ar-C), 127.3 (Ar-C), 119.0 (Ar-C), 50.9 (CHs), 35.3 (CH2), 32.8 (CH2), 29.9 (CH2), 29.8
(CH2), 29.6 (CHz), 29.5 (CH2), 29.5 (CH2), 29.5 (CH,), 29.3 (CHz), 29.2 (CH2), 27.4 (CH2)

ppm.
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11i (DAP-UP-Bn-20):

IH-NMR (500 MHz, CDCls)

8 =17.60 (t, 1H, 3Jnun = 7.9 Hz, CH), 7.24 — 7.16 (m, 10H, CH), 7.10 (d, 2H, 3Jun = 6.5 Hz,
CH), 5.91 — 5.68 (m, 2H, CH=CHy), 5.46 — 5.21 (m, 2H, =CH), 5.10 — 4.79 (m, 4H, CH,=CH),
2.23 (t, 4H, 3Jun = 7.0 Hz, CHy), 2.07 — 1.88 (m, 8H, CHy), 1.70 — 1.43 (m, 4H, CH>), 1.38 —
1.11 (m, 32H, CHz) ppm.

13C-NMR (126 MHz, CDCls)

§ = 173.6 (C=0), 154.1 (Cquart), 139.7 (CH=CHs), 137.7 (Ar-C), 130.5 (=CH), 130.0 (=CH),
128.6 (Ar-C), 127.7 (Ar-C), 127.3 (Ar-C), 119.0 (Ar-C), 51.0 (CH2), 35.3 (CHz), 33.9 (CH_),
32.8 (CHz), 29.9 (CH2), 29.8 (CHz), 29.6 (CH3), 29.6 (CHz), 29.6 (CHz), 29.5 (CHy), 29.4
(CH>), 29.4 (CHy), 25.5 (CH>) ppm.

12 (Urea-uP-20):

IR (KBr) [cm™]

3342 (s), 3136 (w), 2926 (s), 2852 (s), 1624 (s), 1578 (s), 1463 (M), 1255 (w), 1073 (w), 965
(m), 723 (w), 647 (m).

13 (Acid-uP-20):

'H-NMR (400 MHz, CDCls)

0 =5.44-5.28 (m, 2H, =CH), 2.30 — 2.18 (m, 1H, CH), 2.08 — 1.91 (m, 4H, CH>), 1.64 — 1.39
(m, 4H, CH), 1.40 — 1.20 (m, 28H, CH2) ppm.

13C-NMR (101 MHz, CDCl5)
5= 177.3 (C=0), 131.3 (=CH), 130.7 (=CH), 46.4 (CH), 33.7 (CH2), 30.8 (CH>), 30.8 (CHy),
30.7 (CH2), 30.7 (CH2), 30.3 (CH,), 28.6 (CH>), 28.2 (CH>), 26.0 (CH2) ppm.

The monomers 1a-c and 9 were polymerized using Grubbs® 1 generation catalyst, which was
added in a monomer-catalyst ratio of 250:1. The polymerizations were carried out at 130 °C for
24 h and yielded polymers (11a-c, 12), which were insoluble in any tested solvent (n = 41-
64 %).
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Table 7: Experimental details for the synthesis of DAP-uP-Me-16 (11d) and corresponding molecular weight data.

entry catalyst M:cat. T time M (GPC) PDI M. (NMR) yield?
[°C] [h]  [g/mol] [9/mol] [%]
1 G1?9 250:1 50 144 13980 16 - 22
2 G1» 250:1 50 144 15380 16 - 14
3 G19 250:1 50 144 21060 1.8 - 30
4 G19 250:1 100 24 41340 1.8 - 7
5 G19 250:1 100 24 76220 1.3 - 12
6 G29 250:1 65 24 1670 21 - 75
7 G39 250:1 65 24 680 1.7 15040 3
8 GH19 250:1 65 24 5770 1.9 16780 93
9 u19 250:1 65 24 2330 20 11950 83
10  GH19 370:1 65 48 3360 1.7 5114 92
11 GH19 250:1 65 48 4250 1.6 20520 98
12 GH19 250:1  65-85 24 4570 24 41070 75
13 GH19 250:1  65-85 24 14930 1.4 43051 85
14 Gl 250:1  65-85 24 8940 1.4 7821 63

3 catalyst was added as stock solution in THF/HCI(0.1M) 50/50; Pcatalyst was added as stock solution in toluene/HCI(0.1M)
50/50; 9catalyst was added as stock solution in dry toluene; 9catalyst was added as stock solution in dry DCM; ©determined
by GPC analysis in HPLC-grade THF using polystyrene calibration; Pcalculated from the ratio of signals assigned to the
terminal olefins at 5.91-5.64 ppm as well as 5.10-4.78 ppm and the signals of the newly formed internal double bond at 5.47-
5.12 ppm in the 'H-NMR spectrum; isolated yields after purification.

Table 8: Experimental details for the synthesis of DAP-uP-Me-18 (11e) and corresponding molecular weight data.

entry catalyst M:cat. T time M. (GPC) PDI M2 (NMR) yield”
[°C] [h]  [g9/mol] [9/mol] [%]

1 GH1? 250:1 65-85 48 3090 2.3 3902 61

2 GH19 250:1 65-85 24 3640 1.6 5222 97

39 GH19 250:1  40-50 24 - - - -
4P) GH19 250:1  40-50 24 - - - -

50) GH19 250:1 40 24 - - - -
6% GH19 250:1 60 24 3640 1.5 4606 93
7 Gl 250:1  65-85 24 4720 14 4354 58

daddition of SnCl2 (20 eq.)**; Paddition of SnBr2 (20 eq.)*; 9addition of 2,6-dichloro-1,4-benzoquinone (1 eq.)%; Yaddition of
phenylphosphoric acid (5mol%)%; ®catalyst was added as stock solution in dry DCM; ddetermined by GPC analysis in HPLC-
grade THF using polystyrene calibration; 9calculated from the ratio of signals assigned to the terminal olefins at 5.91-5.64 ppm
as well as 5.10-4.78 ppm and the signals of the newly formed internal double bond at 5.47-5.12 ppm in the *H-NMR spectrum;
Misolated yields after purification.



Table 9: Experimental details for the synthesis of DAP-uP-Me-20 (11f) and corresponding molecular weight data.

entry catalyst M:cat. T time M (GPC) PDI M (NMR) yield?
[°C] [h]  [g/mol] [g/mol] [%]

1 GH1¥ 250:1  65-85 24 19270 1.8 12670 70

2 GH1¥ 250:1  65-85 24 8980 1.8 8661 83

3 GH1¥ 50:1 65-85 24 16280 16 - 64

4 GH1¥ 100:1  65-85 24 17000 19 - 75

5 GH1? 250:1  65-85 24 13140 1.8 - 90

6 GH1? 500:1  65-85 24 9460 21 - 87

7 GH1? 1000:1  65-85 24 8050 21 - 72

8 Gl 250:1  65-85 24 6170 15 11134 83

Icatalyst was added as stock solution in dry DCM; PYdetermined by GPC analysis in HPLC-grade THF using polystyrene
calibration; ©calculated from the ratio of signals assigned to the terminal olefins at 5.91-5.64 ppm as well as 5.10-4.78 ppm
and the signals of the newly formed internal double bond at 5.47-5.12 ppm in the H-NMR spectrum; Yisolated yields after
purification.

Table 10: Experimental details for the synthesis of the N-benzyl protected DAP containing polymers (11g-i) and corresponding
molecular weight data.

M entry catalysty M:cat. T time My (GPC) PDI M (NMR) yield?¥
[°C] [h] [g/mol] [g/mol] [%]
2d 1 GH1 250:1 65-85 24 3210 1.6 6645 98
2 GH1 250:1 65-85 24 2720 2.2 7211 85
2¢ 1 GH1 250:1 65-85 24 6410 1.6 - 95
2 GH1 250:1 65-85 24 4370 2.1 32225 65
2f 1 GH1 250:1 65-85 24 8720 1.8 28915 87
2 GH1 250:1 65-85 24 9890 2.1 20305 62

dcatalyst was added as stock solution in dry DCM; PYdetermined by GPC analysis in HPLC-grade THF using polystyrene
calibration; ©calculated from the ratio of signals assigned to the terminal olefins at 5.91-5.64 ppm as well as 5.10-4.78 ppm
and the signals of the newly formed internal double bond at 5.47-5.12 ppm in the *H-NMR spectrum; Yisolated yields after
purification.

Table 11: Experimental details for the synthesis of Acid-uP-20 (13) and corresponding molecular weight data.

entry catalyst M:cat. T time M@ (GPC) PDI M.” (NMR) yield®
[°C] [h] [9/mol] [g/mol] [%]
1 G1 250:1 65-85 24 16270 21 76681 96

ddetermined by GPC analysis in HPLC-grade THF using polystyrene calibration; Pcalculated from the ratio of signals assigned
to the terminal olefins at 5.91-5.64 ppm as well as 5.10-4.78 ppm and the signals of the newly formed internal double bond at
5.47-5.12 ppm in the *H-NMR spectrum; 9isolated yields after purification
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4.5 Hydrogenation

a)
e} = o} O = o]
| TsNHNH, DMF |
= [E— —- =
m NNy 150 °C, 6h NN
R R n R R n

11a-i 14a-i

R=H R = Me R=Bn
14a (DAP-sP-16): x= 16 14d (DAP-sP-Me-16): x =16 14g (DAP-sP-Bn-16); x = 16
14b (DAP-sP-18): x = 18  14e (DAP-sP-Me-18): x =18  14h (DAP-sP-Bn-18): x = 18
14c (DAP-sP-20): x =20 14f (DAP-sP-Me20): x=20 14i (DAP-sP-Bn-20}: x = 20

b)
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9 9 n 20'n
13 16 (Acid-sP-20)

Scheme 22: Hydrogenation of the a) unprotected and protected DAP containing polymers (11a-i), b) urea containing polymer
(12) and c) acid containing polymer (13).

The hydrogenation reactions were carried out analogous to literature?'”28228 and previous
investigations?%®27% under a dry, inert atmosphere of nitrogen. DAP-sP-Me-16 (14d) (3.35-10°
® mol, 0.30 g), TSNHNH. (2.89 mmol, 539.88 mg, 4 eq. according to the amount of double
bonds), DIPEA (9.05-107° mol, 15.38 pL) and DMF (10 mL) were placed in a one-necked round
bottom flask. The reaction mixture was flushed with nitrogen for 30 minutes and heated to
150 °C for 6 h while stirring vigorously. After cooling to room temperature the solvent was
removed in vacuum at 45 °C, followed by the addition of THF in order to dissolve the crude
product. The final polymer DAP-sP-Me-16 (14d) was obtained by precipitation into cold
methanol as beige solid in a yield of 70 % (0.21 mg). All other polymers 14a-c, 14e-i, 15 and
16 were synthesized analogously to this procedure with yields ranging from 33-99 %. The
characterization data are shown in Table 12-Table 14. Selected NMR and IR spectra as well as
MALDI ToF MS analyses are shown in Figures A 36-A 45.

14a (DAP-sP-16):

IR (KBr) [cm™]

3313 (s), 2920 (S), 2849 (s), 1671 (S), 1589 (S), 1524 (S), 1469 (S), 1412 (m), 1301 (m), 1242
(m), 1176 (m), 996 (w), 802 (m), 723 (m), 640 (m).

14b (DAP-sP-18):

IR (KBr) [cm™]

3312 (s), 2920 (s), 2849 (s), 1671 (s), 1589 (), 1524 (s), 1468 (s), 1412 (m), 1304 (m), 1242
(m), 1175 (m), 801 (m), 723 (M), 641 (m).
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14c (DAP-sP-20):

IR (KBr) [cm™]

3316 (s), 2920 (s), 2849 (s), 1672 (s), 1588 (s), 1525 (s), 1468 (s), 1412 (m), 1301 (m), 1242
(m), 1176 (m), 802 (m), 723 (m), 625 (m).

14d (DAP-sP-Me-16):

'H-NMR (400 MHz, CDCls)

&="7.75 (t, 1H, 3Jun = 7.9 Hz, CH), 7.25 (d, 2H, 3Jun = 4.2 Hz, CH), 3.36 (s, 6H, CH3), 2.36
(t, 4H, 3Jupn = 7.6 Hz, CHy), 1.63 (t, 4H, 3Jnn = 7.1 Hz, CHy), 1.34 — 1.10 (m, 36H, CH,), 0.86
(t, 6H, 3Jun = 6.7 Hz, CH3) ppm.

13C-NMR (126 MHz, CDCls)
§ = 173.7 (C=0), 155.0 (Cquarr), 139.8 (Ar-C), 117.6 (Ar-C), 35.4 (CHs), 35.3 (CHy), 32.0
(CHz), 29.8 (CH>), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH,), 29.5 (CH), 25.5 (CHy),
22.8 (CH2), 14.2 (CHs) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]* C1s52H252Li1N18012": calculated 2527.981 g/mol, found 2527.168 g/mol.

14e (DAP-sP-Me-18):

'H-NMR (400 MHz, CDCls)

§="7.75 (t, 1H, 3Jun = 7.9 Hz, CH), 7.24 (d, 2H, 3Jun = 7.7 Hz, CH), 3.36 (s, 6H, CH3), 2.36
(t, 4H, 34 n = 7.6 Hz, CHy), 1.64 (t, 4H, *Jun = 7.6 Hz, CHy), 1.35 — 1.15 (m, 40H, CHy), 0.87
(t, 6H, 3Jun = 6.8 Hz, CH3) ppm.

13C-NMR (101 MHz, CDCls)
5 = 173.7 (C=0), 155.0 (Cquart), 139.8 (Ar-C), 117.7 (Ar-C), 35.4 (CHy), 35.3 (CH,), 32.0
(CH2), 29.9 (CH2), 29.9 (CHy), 29.8 (CH2), 29.8 (CHa), 29.7 (CH2), 29.5 (CH2), 25.5 (CHs),
22.8 (CH2), 14.3 (CH3) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]" Ci6aH276Li1N18012": calculated 2696.169 g/mol, found 2696.283 g/mol.

14f (DAP-sP-Me-20):

'H-NMR (400 MHz, CDCls)

§=7.74 (t, 1H, 3Jun = 7.9 Hz, CH), 7.23 (d, 2H, 3Jun = 7.7 Hz, CH), 3.35 (s, 6H, CH3), 2.34
(t, 4H, 3Jun = 7.5 Hz, CHy), 1.71 — 1.55 (m, 4H, CH>), 1.22 (bs, 48H, CH,), 0.86 (t, 6H, 3Ju 1
= 6.8 Hz, CH3) ppm.

13C-NMR (126 MHz, CDCls)

8 = 173.7 (C=0), 154.9 (Cquarr), 139.8 (Ar-C), 117.6 (Ar-C), 35.3 (CHs), 35.3 (CH,), 32.0
(CH2), 29.8 (CHz), 29.8 (CH,), 29.8 (CH2), 29.8 (CHy), 29.7 (CH2), 29.6 (CH2), 29.6 (CHo),
25.4 (CH2), 22.8 (CH2), 14.2 (CH3) ppm.

MALDI ToF MS [DCTB, LIiTFA, 25:5:1] [m/z]
[M+Li]* C176H300Li1N18012": calculated 2864.356 g/mol, found 2863.460 g/mol.
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14g (DAP-sP-Bn-16):

'H-NMR (400 MHz, CDCls)

& =7.60 (t, 1H, 3Jupn = 7.9 Hz, CH), 7.24 — 7.12 (m, 10H, CH), 7.09 (d, 2H, 3Jun = 6.5 Hz,
CH), 5.01 (s, 4H, CHy), 2.23 (t, 4H, 3Jun = 7.1 Hz, CHy), 1.66 — 1.49 (m, 4H, CHy), 1.21 (bs,
40H, CHy), 0.86 (t, 6H, 3Jun = 6.8 Hz, CH3) ppm.

13C-NMR (101 MHz, CDCls)

8 =173.6 (C=0), 154.1 (Cquart), 139.8 (Ar-C), 137.7 (Cquar), 128.6 (Ar-C), 127.7 (Ar-C), 127.3
(Ar-C), 119.0 (Ar-C), 51.0 (CH2), 35.3 (CHz), 29.8 (CH2), 29.8 (CHz), 29.7 (CH2), 29.6 (CH>),
29.5 (CH2), 25.5 (CH2), 21.2 (CH,) ppm.

14h (DAP-sP-Bn-18):

IH-NMR (400 MHz, CDCls)

8 =17.60 (t, 1H, 3Jun = 7.9 Hz, CH), 7.24 — 7.14 (m, 10H, CH), 7.10 (d, 2H, 3Jun = 6.3 Hz,
CH), 5.01 (s, 4H, CH), 2.23 (t, 4H, 2Ju = 7.2 Hz, CH2), 1.66 — 1.50 (m, 4H, CHy), 1.44 — 1.06
(m, 40H, CH), 0.95 — 0.77 (m, 6H, CHs) ppm.

13C-NMR (101 MHz, CDCls)

8=173.6 (C=0), 154.1 (Cquart), 139.7 (Ar-C), 137.7 (Cquart), 128.6 (Ar-C), 127.7 (Ar-C), 127.3
(Ar-C), 119.0 (Ar-C), 51.0 (CH2), 35.3 (CHz), 29.9 (CH2), 29.9 (CHz), 29.8 (CH2), 29.7 (CH>),
29.6 (CH2), 29.5 (CH2), 25.5 (CH2) ppm.

14i (DAP-sP-Bn-20):

IH-NMR (500 MHz, CDCls)

8=7.60 (t, 1H, 3Jnpn = 7.9 Hz, CH), 7.25 — 7.15 (m, 10H, CH), 7.14 — 6.98 (m, 2H, CH), 5.01
(s, 4H, CH2), 2.23 (t, 4H, 3Jn 1 = 7.2 Hz, CHy), 1.64 — 1.49 (m, 4H, CHy), 1.34 — 1.09 (m, 48H,
CHy), 0.92 — 0.76 (m, 6H, CHs) ppm.

13C-NMR (126 MHz, CDCls)

5 =173.6 (C=0), 154.1 (Cquart), 139.7 (Ar-C), 137.7 (Ar-C), 128.6 (Ar-C), 127.7 (Ar-C), 127.3
(Ar-C), 119.0 (Ar-C), 51.0 (CHz), 35.3 (CHz), 29.9 (CH2), 29.9 (CHz), 29.9 (CH2), 29.8 (CHy),
29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CHy), 25.5 (CH2), 21.0 (CH2), 14.3 (CH3) ppm.

15 (Urea-sP-20):

IR (KBr) [cm™]

3344 (s), 3051 (w), 2921 (s), 2850 (s), 1617 (s), 1574 (s), 1468 (m), 1237 (w), 809 (w), 721
(w), 618 (m).

16 (Acid-sP-20):

'H-NMR (400 MHz, THF-d8)

5=2.26—2.15 (M, 1H, CH), 1.62—1.32 (m, 4H, CHy), 1.33 — 1.05 (m, 36H, CH), 0.82 (t, 6H,
3Jun= 6.6 Hz, CHs) ppm.

13C-NMR (126 MHz, CDCls)
5= 178.0 (C=0), 46.4 (CH), 35.6 (CH2), 33.5 (CH>), 30.7 (CHz), 28.5 (CH2), 19.3 (CH3) ppm.




Table 12: Molecular weight data of the N-methyl protected DAP containing polymers (14d-f).

precursor entry M@ (GPC) PDI M (NMR) yield”
[g/mol] [g/mol] [%0]

11d (entry 11) 1 3880 1.4 2909 73
(entry 13) 2 6090 2.2 2493 76
(entry 14) 3 8730 14 6234 70
11e (entry2) 1 3140 1.6 3407 92
(entry6) 2 4320 1.3 2497 98
(entry7) 3 4940 1.4 3997 86
11f (entryl) 1 2170 14 - 74
(entry2) 2 6380 1.8 8344 99
(entry3) 3 2070 1.4 - 83
(entry4) 4 1120 16 - 68
(entry5) 5 7120 18 - 77
(entry6) 6 6720 20 - 79
(entry7) 7 6760 19 - 85
(entry8) 8 4720 1.4 6042 61

3 determined by GPC analysis in HPLC-grade THF using polystyrene calibration; ®calculated from the ratio of signals assigned
to the terminal methyl groups at 0.95-0.76 ppm and the signal of the aromatic unit at 7.75-7.60 ppm in the *H-NMR spectrum;
9isolated yields after purification.

Table 13: Molecular weight data of the N-benzyl protected DAP containing polymers (14g-i).

precursor entry M\ (GPC) PDI My (NMR) yield”
[g/mol] [g/mol] [%6]
11g (entry 2) 1 4430 16 8204 68
11h (entry2) 1 7460 1.4 8634 33
11i (entry2) 1 10000 19 5278 53

3 determined by GPC analysis in HPLC-grade THF using polystyrene calibration; ®calculated from the ratio of signals assigned
to the terminal methyl groups at 0.95-0.76 ppm and the signal of the aromatic unit at 7.75-7.60 ppm in the *H-NMR spectrum;
%isolated yields after purification.

Table 14: Molecular weight data of Acid-sP-20 (16).

precursor entry M (GPC) PDI M.” (NMR) yield®
[g/mol] [g/mol] [%]
13 1 18250 1.9 5606 48

3 determined by GPC analysis in HPLC-grade THF using polystyrene calibration; ®calculated from the ratio of signals assigned
to the terminal methyl groups at 0.95-0.76 ppm and the signal assigned to the proton next to the carboxylic acid functionality
at 2.26-2.15 ppm in the *H-NMR spectrum; 9isolated yields after purification.
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4.6 Post-functionalization of Acid-sP-20

4.6.1 Chlorination of Acid-sP-20

O~__OH
PPh; CCly_ g
ho T socc 4/
n
16

Scheme 23: Synthesis of Acid-Cl-sP-20 (17).

The reaction was carried out analogous to literature??” under a dry, inert atmosphere of nitrogen.
A one-necked round bottom flask, equipped with a reflux condenser was filled with Acid-sP-
20 (0.02 mmol, 0.30 g) and PPh3 (0.02 mmol, 6.47 mg), dissolved in CCl4 (5 mL). The reaction
mixture was heated to 80 °C and was allowed to stir overnight, followed by the removal of the
solvent in vacuum at 45 °C. After the addition of hexane, the mixture was filtered and the filtrate
was concentrated in vacuum at 45 °C to yield Acid-Cl-sP-20 (17), which was directly used
without further purification.

4.6.2 Synthesis of TEMPO-sP-20 (18)

o)

I
N
O Cl N @) NH
M . pyridine, DIPEA R
20| | 80 °C, 6h @j/
HH
17

n
18

Scheme 24: Synthesis of TEMPO-sP-20 (18).

The synthesis was carried out analogous to literature.?’”” A one-necked round bottom flask was
filled with Acid-Cl-sP-20 (0.02 mmol, 0.29 g), 4-amino-2,2,6,6-tetramethylpiperidine 1-oxyl
(0.02 mmol, 3.10 mg) and DIPEA (100 pL), dissolved in pyridine (5 mL). The reaction mixture
was stirred at 80 °C for 6 h, followed by pouring the mixture into an HCI-solution (10% in
H20). After the addition of ethyl acetate (30 mL) the organic phase was separated and washed
twice with saturated sodium bicarbonate solution and dried over MgSOa. The final product was
obtained after passing the mixture through a neutral alumina column using DCM and removing
the solvent in vacuum at 45 °C as orange solid. (0.01 mmol, 0.17 g, 59 %). Determination of
the molecular weight via GPC was not possible as the compound gave no signal during the
measurement. The MALDI ToF MS analysis is shown in Figure 34.
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5. Summary

The aim of this thesis was the synthesis of precision polymers bearing different supramolecular
groups via ADMET polymerization and their crystallographic characterization to determine the
influence of various constraints on the crystallization of polyethylene analogues. 2,6-
Diaminopyridine (DAP) and urea were chosen as supramolecular moieties as they are able to
interact via hydrogen bonding and/or =-mn-stacking. Furthermore, these groups exert a
conformational constraint on the polymer chain as they are planar and thus display hindered
rotation.

The designed, symmetric monomers were synthesized via multiple step syntheses. Starting
from 2,6-diaminopyridine and alkenoic acid chlorides with variable methylene spacer length
(m =7, 8 and 9), the DAP containing monomers were synthesized using a Schotten-Baumann
reaction. Protection of the amide moieties was achieved using methyl iodide or benzyl bromide
respectively to sustain the solubility of the products after polymerization.

The synthesis of the urea containing polymer was accomplished by the reaction of undec-9-
enoyl chloride with ammonium hydroxide, followed by the reduction with LiAIH4 and
subsequent conversion with ethylene carbonate under use of TBD to yield the final product.
Similarly, a monomer bearing a TEMPO moiety was synthesized via reaction of 11-bromo-1-
undecene with diethyl malonate, followed by hydrolysis and decarboxylation. Further
conversion with 4-amino-TEMPO led to the desired product, planned for investigation of the
final polymer via EPR spectroscopy. The reaction schemes for all of the above mentioned
syntheses are shown in Scheme 25.
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Scheme 25: Synthetic route for a) the preparation of the unprotected and protected DAP containing monomers (la-c, 2a-f), b)
the preparation of the urea containing monomer (5) and c) the preparation of the TEMPO containing monomer (9).

Successful conversions and the purity of the resulting compounds was proven via NMR and IR
spectroscopy as well as ESI ToF MS.



All polymerizations were carried out as bulk polymerizations as the used monomers (1a-c, 2a-
f, 5 and 9) were either viscous liquids or present in the molten state at the chosen polymerization
temperature. Different Grubbs’ type and Umicore catalysts as well as various temperatures and
reaction times were tested, whereby the reaction with Grubbs’ 1%t generation catalyst at 65-85 °C
(for monomers 2a-f and 9) or at 130 °C (for monomers la-c and 5) for 24 h turned out as the
best method, yielding polymers (11a-i, 12 and 13) with molecular weights ranging from
1700 g/mol to 76000 g/mol and polydispersity indices between 1.3 and 2.4. Attempts to
polymerize the TEMPO containing monomer (9) using Grubbs® 1%, Grubbs’ 3" or Grubbs’
Hoveyda 1% generation catalyst did not produce any polymer, wherefore the preparation via
post functionalization of Acid-sP-20 (16) was chosen. Subsequent hydrogenation was achieved
by the reaction with TSNHNH2 and DIPEA in DMF at 150 °C for 6h and yielded the fully
saturated polymers (14a-i, 15 and 16). All polymers were characterized via NMR and IR
spectroscopy, GPC and MALDI ToF MS and the corresponding reaction schemes are shown in
Scheme 26.
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Scheme 26: Polymerization and hydrogenation of a) unprotected and protected DAP containing polymers (11a-i), b) urea
containing polymer (12) and c) acid containing polymer (13).

The thermal properties of all polymers (11a-i, 12, 14a-i and 15) were investigated via DSC
analysis whereby all benzyl protected polymers (11g-i and 14g-h), except 14i, are amorphous,
showing no melting point but only a glass transition in the range of -10 to -2 °C. In these
polymers the crystallization is hindered due to the sterically demanding benzyl protection
group, which can be only compensated in the hydrogenated polymer with a methylene spacer
length of x = 20 (14i). Exchanging the benzyl with a methyl protection group leads to semi-
crystalline polymers (Xc = 17-33 %), which exhibit melting temperatures ranging from 60 to
96 °C. The unprotected DAP containing polymers (14a-c) show melting temperatures, that are
above the Trm of pure ADMET polyethylene (Tm= 134 °C),??° explainable by enhanced thermal
stability due to hydrogen bonds. Similar melting temperatures are observed for the saturated
urea containing polymer (15) also caused by hydrogen bonding.

Furthermore, the crystallization behavior was examined via WAXS analysis, whereby a
lamellar morphology was determined for all precision polymers (14a-f, 15 and 16).
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Investigations on the saturated DAP containing polymers with methyl protection group (14d-f)
indicate the formation of a mixture of orthorhombic and triclinic crystal structures. Based on
the DSC results and the calculated lamellar crystal thicknesses the at least partial incorporation
of the functional groups into the crystalline lamella and their parallel arrangement herein was
proposed. The unprotected DAP (14c) and urea containing (15) polymers are assumed to exhibit
triclinic crystal structures and the estimated unit cell structures are visualized in Figure 47.

a) b) Tt b ©)

o

1 ;
o M s

': = A \.Q‘H
Q‘ Y (VI

Figure 47: Estimated unit cell structures of the a) N-methyl protected DAP containing polymer (14f), b) the unprotected DAP
containing polymer (14c) and c) the urea containing polymer (15).

That means, despite the introduction of the DAP or urea moieties, the precision polymer is able
to form crystallites, whereby the defects are partially incorporated into the crystalline lamella.
In the case of the N-methyl protected DAP containing polymers the orthorhombic crystal
structure is retained but due to the increased space requirement of the defect an expansion of
the unit cell compared to pure ADMET PE can be observed. Due to the supramolecular
interactions between adjacent DAP units (n-n-stacking) they adopt a parallel arrangement
forming an ordered substructure within the crystal. Changing the supramolecular interactions
from n--stacking to hydrogen bonding by using unprotected DAP or urea moieties leads to the
change from the orthorhombic to a triclinic crystal structure, wherein the defects adopt a ladder-
like arrangement.

Moreover, the behavior of the saturated, N-methyl protected DAP containing polymers (14d-f)
in solution was analyzed via DLS measurements. The formation of single-chain polymer
nanoparticles and bigger aggregates with sizes ranging from 2-4 nm or 40-60 nm, respectively,
which are not changing significantly with time, also confirmed via TEM measurements. The
methylene spacer lengths as well as the choice of solvent does seem to have no influence on the
particle size. Decreasing the polarity by addition of hexane leads to the unfolding of the polymer
chain due to the good solubility of the oligoethylene segments. The addition of methanol and
thus an increase in polarity resulted in the precipitation of the precision polymers.

Finally, the influence of the polydispersity on the melting and crystallization behavior was
determined by separating the saturated N-methyl protected DAP containing polymer with a
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methylene spacer length of x = 20 (14f) via preparative GPC. The fractionation yielded 14
different fractions with molecular weights ranging from 19500 g/mol to 960 g/mol, which
exhibit melting points ranging from 51 °C to 56 °C. WAXS measurements of three chosen
fractions yielded diffraction patterns that resemble the pattern of the precursor polymer.
Although, the signals become broader with decreasing molecular weight due to the elevation of
the amorphous fraction, an orthorhombic crystal structure was assumed.
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7. Appendix

7.1 IR- and NMR spectra and ESI ToF MS of the DAP containing monomers (1a-c)
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A 1: 'H-NMR spectra of the DAP containing monomers (1a-c).
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A 2: BC-NMR spectra of the DAP containing monomers (1a-c).
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7.2 NMR spectra and ESI ToF MS of the N-methyl protected DAP containing monomers
(2a-c)
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A 7: 'H-NMR spectra of the N-methyl protected DAP containing monomers (2a-c).
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A 8: 8C-NMR spectra of the N-methyl protected DAP containing monomers (2a-c).
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A 10: ESI ToF MS analysis of DAP-M-Me-8 (2b).
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A 11: ESI ToF MS analysis of DAP-M-Me-9 (2c).
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7.3 NMR spectra and ESI ToF MS of the N-benzyl protected DAP containing monomers
(2d-f)
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A 12: *H-NMR spectra of the N-benzyl protected DAP containing monomers (2d-f).
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A 13: 13C-NMR spectra of the N-benzyl protected DAP containing monomers (2d-f).
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A 14: ESI ToF MS analysis of DAP-M-Bn-7 (2d).
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A 15: ESI ToF MS analysis of DAP-M-Bn-8 (2e).
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A 16: ESI ToF MS analysis of DAP-M-Bn-9 (2f).

7.4 NMR spectra and ESI ToF MS of undec-10-enamide (3)
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A 17: H- and 3 C-NMR spectrum of undec-10-enamide (3).
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A 18: ESI ToF MS analysis of undec-10-enamide (3).

7.5 NMR spectra and ESI ToF MS of undec-10-en-1-amine (4)
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A 19: 'H- and 3C-NMR spectrum of undec-10-en-1-amine (4).
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A 20: ESI ToF MS analysis of undec-10-en-1-amine (4).
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A 21: 'H- and 3 C-NMR spectrum of Urea-M-9 (5).
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A 22: ESI ToF MS analysis of Urea-M-9 (5).

7.7 NMR spectra of diethyl-2,2-di(undec-10-en-1-yl)malonate (6)
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A 23: H- and 3 C-NMR spectrum of diethyl-2,2-di(undec-10-en-1-yl)malonate (6).
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7.8 NMR spectra and ESI ToF MS of 2-(undec-10-en-1-yl)tridec-12-enoic acid (Acid-M-

9) (8)
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A 24: 'H- and 3C-NMR spectrum of Acid-M-9 (8).
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A 25: ESI ToF MS analysis of Acid-M-9 (8).
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7.9 NMR spectra and ESI ToF MS of Acid-M-Ee-9 (10)
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A 26: 'H- and 3C-NMR spectrum of Acid-M-Ee-9 (10).
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A 27: ESI ToF MS analysis of Acid-M-Ee-9 (10).
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7.10 IR spectra of the unsaturated DAP containing polymers (11a-c)
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A 28: IR spectra of the unsaturated DAP containing polymers (11a-c).

7.11 NMR spectra and MALDI ToF MS of the unsaturated
containing polymers (11d-f)
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A 29: 'H-NMR spectra of the unsaturated N-methyl protected DAP containing polymers (11d-f).
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A 30: 13C-NMR spectra of the unsaturated N-methyl protected DAP containing polymers (11d-f).
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A 31: MALDI ToF MS analysis of DAP-uP-Me-16 (11d).
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A 32: MALDI ToF MS analysis of DAP-uP-Me-20 (11f).
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IH-NMR spectra of the unsaturated N-benzyl protected DAP containing polymers (11g-i).

137



80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

A 34: 3C-NMR spectra of the unsaturated N-benzyl protected DAP containing polymers (11g-i).

7.13 NMR spectra of Acid-uP-20 (13)
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A 35: 'H- and *C-NMR spectra of Acid-uP-20 (13).
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7.14 IR spectra of the saturated DAP containing polymers (14a-c)
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A 36: IR spectra of the saturated DAP containing polymers (14a-c).

7.15 NMR spectra and MALDI ToF MS of the saturated N-methyl protected DAP
containing polymers (14d-f)
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A 37: 'H-NMR spectra of the saturated N-methyl protected DAP containing polymers (14d-f).
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A 38: 13C-NMR spectra of the saturated N-methyl protected DAP containing polymers (14d-f).
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A 39: MALDI ToF MS analysis of DAP-sP-Me-16 (14d).
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A 40: MALDI ToF MS analysis of DAP-sP-Me-18 (14e).
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A 41: MALDI ToF MS analysis of DAP-sP-Me-20 (14f).
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7.16 NMR spectra and MALDI ToF MS of the saturated N-benzyl protected DAP
containing polymers (14g-i)
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A 42: *H-NMR spectra of the saturated N-benzyl protected DAP containing polymers (14g-i).
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A 43: 3C-NMR spectra of the saturated N-benzyl protected DAP containing polymers (14g-i).
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7.17 IR spectra of Urea-M-9 (5), Urea-uP-20 (12) and Urea-sP-20 (15)
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A 44: Comparison of the IR spectra of Urea-M-9 (5), Urea-uP-20 (12) and Urea-sP-20 (15).
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A 45: H- and *C-NMR spectra of Acid-sP-20 (16).
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7.19 DSC analysis of the N-unprotected DAP containing monomers and polymers (1a-c,

1la-c and 14a-c)
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A 46: DSC thermograms of DAP-M-7 (1a), DAP-uP-16 (11a) and DAP-sP-16 (14a).
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A 47: DSC thermograms of DAP-M-8 (1b), DAP-uP-18 (11b) and DAP-sP-18 (14b).
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A 48: DSC thermograms of DAP-M-9 (1c), DAP-uP-20 (11c) and DAP-sP-20 (14c).

7.20 DSC analysis of the N-protected DAP containing polymers (11d-i and 14d-i)
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A 50: DSC thermograms of DAP-uP-Me-20 (11f) and DAP-sP-Me-20 (14f).
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A 51: DSC thermograms of DAP-uP-Bn-16 (11g) and DAP-sP-Bn-16 (14g).
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7.21 DSC analysis of the urea containing polymers (12 and 15)
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A 54: DSC thermograms of Urea-uP-20 (12) and Urea-sP--20 (15).
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A 55: DSC thermograms of the individual fractions of DAP-sP-Me-20 (14f).
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