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KURZFASSUNG

Polyelektrolyte sind Polymere mit ionischen oder ionisierbaren Seitenketten. Sie werden als
Flockungsmittel in der Abwasserbehandlung eingesetzt und gewinnen immer mehr an Bedeutung
in der Batterieentwicklung als Festkorperelektrolyt. Das Ziel dieser Arbeit war die Herstellung von
flexiblen und selbst ordnenden Polyelektrolyten auf Acrylamid Basis.

Dazu wurden zuerst geeignete Monomere wie 6-Acrylamidohexansaure und 6-(6-
Acrylamidohexanamido)hexansaure synthetisiert. Das Ausgangsmolekil der Monomersynthese
war stets die 6-Aminohexansaure. Fir die Synthese der 6-(6-Acrylamidohexanamido)hexansaure,
wurde die Amidbindung zwischen der 6-Acrylamidohexansaure und Methyl 6-aminohexanoat
hydrochlorid einerseits klassisch (Uber das Saurechlorid, andererseits mit Hilfe von N,N'-
Dicyclohexylcarbodiimid (DCC) als Kupplungsreagenz geknupft.

Die anschliellende Polymerisation dieser Molekule erfolgte mit N,N-Dimethylacrylamid (DMAA)
als Comonomer. Die Polymerisation wurde vor allem in Benzol mit Azo-bis-(isobutylonitril) (AIBN)
durchgefihrt. Es wurden jedoch auch Losungsmittel wie Wasser, Methanol und Dimethylformamid
(DMF) getestet, um die Polymerisation zu optimieren und das bedenkliche Benzol zu vermeiden.
Neben DMAA als Comonomer wurde auch 2-Hydroxyethylmethacrylat (HEMA) verwendet, sowie
Homopolymere hergestellt. Die gewunschten Polyelektrolyte wurden anschlieRend durch
Verseifung der hergestellten Polyamide erhalten.

Auf Grund der langen aliphatischen Kette sowie den beiden Amidbindungen, konnten bei den
resultierenden Polymeren spezielle Eigenschaften wie beispielsweise ein vom Lésungsmittel und
Gegenion abhangiges Quellverhalten beobachtet werden. Als Vergleich dazu wurde Poly(DMAA-
co-methyl 6-acrylamidohexanoat) hergestellt, bei welchen dieses Quellverhalten nicht beobachtet
werden konnte.

Die Polymere wurden mittels Kernspinresonanzspektroskopie (NMR) und Infrarotspektroskopie
(IR) charakterisiert und mittels Thermogravimetrischer Analyse (TGA) und Dynamischer

Differenzkalorimetrie (DSC) analysiert.
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ABSTRACT

Polyelectrolytes are polymers with ionic or ionizable side chains. They are used as flocculants in
wastewater treatment and are becoming increasingly important in battery development as solid-
state electrolytes. This thesis aimed to prepare flexible and self-ordering polyelectrolytes based
on acrylamide.

Therefore  suitable monomers such as 6-acrylamidohexanoic acid and 6-(6-
acrylamidohexanamido)hexanoic acid were synthesized. The starting molecule of monomer
synthesis was always 6-aminohexanoic acid. For the synthesis of 6-(6-
acrylamidohexanamido)hexanoic acid, the amide bond between 6-acrylamidohexanoic acid and
methyl 6-aminohexanoate hydrochloride was linked classically via the acid chloride on the one
hand, and with the help of N,N'-dicyclohexylcarbodiimide (DCC) as coupling agent on the other
hand.

Subsequent polymerization of these molecules was carried out with N,N-dimethylacrylamide
(DMAA) as comonomer. The polymerization was mainly carried out in benzene with azo-bis-
(isobutylonitrile) (AIBN). However, solvents such as water, methanol and dimethylformamide
(DMF) were also tested to optimize the polymerization and to avoid the harmful benzene. In
addition to DMAA as comonomer, 2-hydroxyethyl methacrylate (HEMA) was also used, and
homopolymers were prepared. The desired polyelectrolytes were then obtained by saponification
of the prepared polyamides.

Due to the long aliphatic chain as well as the two amide bonds, special properties such as solvent-
and counterion-dependent swelling behavior were observed in the resulting polymers. As a
comparison, poly(DMAA-co-methyl 6-acrylamidohexanoate) was prepared, in which this swelling
behavior could not be observed.

The polymers were characterized by nuclear magnetic resonance spectroscopy (NMR) and
infrared spectroscopy (IR) and analyzed with thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC).
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INTRODUCTION

Nowadays, due to climate change, more and more areas are looking for more environmentally
friendly alternatives. For example, renewable energies in electricity and heat generation play an
important role in reducing CO, emissions [1]. Road transport is also responsible for 19 % of global
CO; emissions [2]. Therefore, a ban on diesel and petrol cars should be introduced in the future
to reduce greenhouse gas emissions. [3]. In recent years, electric cars therefore also gained more
and more importance. The electric motor was patented already in 1837 and is used in many
common products such as washing machines, escalators, fans [4] and many other areas. In
addition to its high energy efficiency, a major advantage of an electric motor is that it is almost
noiseless and wear-resistant [5]. The first mass-produced electric car came from Tesla in 2006
[6]. Since then, they have been gaining more and more importance. One of the most important
components of an electric car is also the battery.

The first battery was developed by Volta in 1800. Since then, various battery systems have been
developed, which allowed us to use, for example, mobile phones and laptops [7]. The further
development of batteries has become increasingly important in recent years due to electric cars.
However, the biggest problem with these cars is still the battery. In order to make electric cars
more popular, batteries should be developed to have a high storage capacity and are fast to
recharge. Another important factor, however, is the cost and recycling of the batteries [8].
Nowadays, so-called lithium-ion batteries are most commonly used (Figure 1) [9]. The battery
consists of a positive electrode (e.g. metal oxide like LiCoO3), a negative electrode (Li graphite)
and an electrolyte (lithium salt in an organic solvent). During discharge, the Li ions migrate from
the negative electrode to the positive electrode. When the battery is charged, the Li ions migrate
in the opposite direction, as from the positive to the negative electrode. Advantages of such
batteries are that Li-ion batteries have no memory effect and a low self-discharge rate [9].
However, disadvantages of this battery are that lithium is expensive, there is a limitation in the life

cycle rate and often cobalt is used, which is harmful to the environment [8,9].
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Figure 1: During discharge, electrons move from the anode to the cathode. During charging, the electrons move in

the opposite direction (from the cathode to the anode). For example, Li graphite is used as the anode material and

LiCoO:2 as the cathode material. Between the electrodes, there is an organic solvent (electrolyte). The anode and
cathode are separated by a separator to prevent a short circuit [10].

Newer batteries, which are already in use, such as the lithium iron phosphate battery or sodium
ion battery, have significantly less power, which is of course not desirable for use in electric cars
[8]. The greatest hopes currently lie in the further development of so-called solid-state batteries
[8]. The idea is to produce batteries with solid electrolytes, such as the lithium-ion polymer battery
[11]. The normally liquid electrolyte is replaced by a solid polymer-based electrolyte. The
advantages are the flexibility of the polymer, which means that a wide variety of shapes can be
produced. In addition, the use of the solid electrolyte is safer, since leakage of the electrolyte can
be prevented. Another advantage is that Li-ion polymer batteries are also lighter, since no metal
coat is used. Applications include radio-controlled cars and aircrafts or e-cigarettes. However,
since Li-ion polymer batteries are currently more expensive than Li-ion batteries and also have a
lower energy density and fewer life cycles, they cannot be used in many areas [11].

Higher theoretical energy densities than with the lithium-ion battery can be achieved with the Li-
metal battery [12]. Unfortunately, the growth of lithium dendrites in these batteries poses a safety
risk (Figure 2) [13]. The dendrites are formed at the anode during the charging process by
deposition of lithium. Since they are very sharp, they can get through the separator and thus grow

to the cathode. If the dendrite comes into contact with the cathode, this causes a short circuit [13].

1526478 12
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Figure 2: Dendrites are formed at the anode by depositions. Since they are very sharp at their ends, they can break
through the separator. This poses the risk of contact being made between the anode and cathode, thus causing a
short circuit [14].

By using solid-state electrolytes, this dendrite growth can be prevented and the safety of lithium
metal batteries can be drastically increased [7]. The electrolyte here often consists of a conductive
polymer [15]. However, the problem with solid state batteries is currently still the lower conductivity
than with liquid electrolytes and the electrochemical stability [7,15]. Another way to prevent
dendrite growth is to use a polymer-based solid electrolyte interphase (SEI) [16]. This ionically
conductive interphase is between the anode and the electrolyte and protects the lithium metal.
The use of polymers is particularly advantageous, since the SEI film should be elastic due to the
volume expansion of the anode [16].

So, new batteries with high energy density are still being developed, and the lithium metal battery
is very promising. However, to enable the use of such batteries, safety must still be improved by
preventing the growth of lithium dendrites [7].

These ionic polymers, which are used as solid electrolytes in batteries, also have other potential
applications. The use of such polymers as so-called smart polymers is very promising.

Smart polymers respond to different stimuli such as pH change, temperature, electric and
magnetic fields by changing their physical or chemical properties [17] (Figure 3). As a result, they
can be used in a variety of areas, such as actuators in robotics [18], in medical fields (tissue

engineering [19], drug delivery systems [20]) or as smart textiles [21].
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Figure 3: The material reacts to various environmental influences by changing physical or chemical properties. Here,
swelling or shrinkage of the sample occurs due to influences such as pH value, temperature, electricity, magnetics
and others. Such materials are called smart materials [22].

Actuators and sensors play an important role in current research. Actuators respond to electrical
signals by mechanical movement or change of a physical quantity such as temperature or
pressure, for example [23]. When used as actuators, polymer materials have the advantage that
they have a lower density and can be shaped in various ways [24]. If polymers respond to an
electrical signal by changing their shape or size, they are referred to as electroactive polymers
(EAPs). A distinction is made between electrical EAPs (e.g. ferroelectric polymers) and ionic EAPs
(e.g. conducting polymers, ionic polymer gels) [24]. The materials used in this work belong to the
class of ionic EAPs. The application of a voltage causes ionic motion in these polymers, which
leads to a movement of the material [25]. Actuators based on ionic EAPs usually consist of two
electrodes with an ion exchange membrane between them. This membrane is often made of
Nafion. When a voltage is applied to the electrodes, the counterions in the Nafion polymer migrate
to the opposite electrode, causing the actuator to bend [25]. Due to the fact that actuators based
on ionic EAPs behave like biological muscles, they are also often used as artificial muscles [26]
and thus play an important role in the development of robots [27] or in the field of muscle tissue
engineering [28].

In addition, these materials are also used, for example, in lab-on-a-chip systems [29]. This can
affect the movement of fluids in the channels, as the EAP changes shape or size when a voltage
is applied, thereby changing the volume of the microfluidic channel [29].

The counterpart to actuators are sensors, which convert a physical parameter back into an
electrical signal [23]. lonic EAPs are also used here. They function like the actuators, but in the

opposite direction. If the polymer film is bent, the ions move and a measurable voltage difference

e1526478 14
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occurs [26,30]. EAPs-based sensors are used, for example, in the medical field as sensors for

hand prostheses [31] or sensors for blood pressure and pulse [32].

Another important possible field of application is the use of ionic polymers as self-healing
hydrogels. Hydrogels are materials that are insoluble in water. When hydrogels are exposed to
water, they swell, which leads to an increase in volume (Figure 4). An example of a well-known
hydrogel is gelatin. However, hydrogels can also be produced from synthetic polymers [33].
Hydrogels are used, for example, in medical devices [34], biosensors [35] and tissue engineering
[36]. If the solvent in which the hydrogels swell is not water but another organic solvent, they are

also known as organogels. [37].

Swelling

Shrinking

unswollen network
(colapsed state)

swollen network
(expanded state)

@ crosslinking point

Figure 4: The unswollen polymer increases its volume in water or another solvent. However, the swollen network can
also shrink again by releasing solvent [38].

Self-healing hydrogels are, for example, polymer networks with flexible side chains that can form
hydrogen bonds [36]. These bonds can be formed beyond the hydrogel interface, resulting in the
effect of "self-healing". Self-healing hydrogels are very important, especially in the medical field,
because they can act like organic tissue. Damage can be repaired and the original state can be
restored [36].

All the applications described above (batteries, actuators, sensors and self-healing hydrogels)
have polyelectrolytes as their basic material. Therefore, molecules belonging to the group of
polyelectrolytes were prepared in the scope of this work. This allows, for example, the
development of batteries or the use as actuators and sensors in lab-on-a-chip systems.
Polyelectrolytes are polymers with ionic or ionizable side chains [39]. There are natural, modified
natural and synthetic polyelectrolytes and a distinction is made between polyanions (Figure 5a),

polycations (Figure 5b) and polyampholytes (Figure 5¢) [40].
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Figure 5: Polyelectrolytes can be distinguished between anionic (a), cationic (b) and ampholyte (c) polyelectrolytes.
The corresponding counterions are marked in red in the figure.

A distinction can also be made between strong and weak polyelectrolytes [40]. The counterions
of strong polyelectrolytes are completely dissociated over a wide range of pH values. For weak
polyelectrolytes, the degree of dissociation depends on the pH value [41]. The pH value thus
determines the distribution of the charge density in the polyelectrolyte and thus also has an
important influence, for example, in the production of so-called polyelectrolyte multilayers [41].
Due to the high charge density in combination with the macromolecular character, unique
properties can be achieved and thus they can be used in many different fields [40]. Polyelectrolytes
are used as coagulants and flocculants in wastewater treatment. The water-soluble polymers
result in faster and better filtration and sedimentation [42]. As polyelectrolyte multilayers, they are
used, for example, as separation membranes [43] or self-healing coatings [44]. The fields of solid-
state batteries [15] and smart materials [17], which have become increasingly important in recent
years, are also areas of application for polyelectrolytes.

The molecules synthesized in this thesis can also be classified as brush polymers due to their long
side chains.

Polymer brushes are polymers that resemble a brush due to their structure. They are polymers
with a long chain, which is bound to a surface at one end. The long chain stretches away from this
surface [45].

These polymers are produced with the aid of grafting reactions. A distinction is made between
“grafting from”, “grafting to” and “grafting through” (Figure 6) [46]. In “grafting from”, the radical site
is located on the main chain. In “grafting to”, the polymer backbone and the side chains are
synthesized individually. Then, chemical reactions occur via functional groups between the
backbone and side chain. In “grafting through”, macromonomers are homo- or copolymerized
[46,47]. The latter method allows a high control over the length of the brushes and was therefore
used in this thesis. Macromonomers were both homo- and copolymerized. With the help of the
grafting through method, the highest grafting density can be achieved. Thus, there is one side

chain per backbone unit in the final polymer [48].

1526478 16
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Figure 6: Brush polymers can be synthesized via “grafting from”, “grafting to” or “grafting trough”.

The basic reaction of these described molecules is polymerization. In this process,

macromolecules (polymers) are synthesized from small molecules.

Polymers can be divided into two large groups, biopolymers (e.g. DNA) and synthetic polymers

[49]. Both consist of small repeating units (monomers), which together form a large molecule

[49,50].

Synthetic polymers can be made using chain-growth reactions or step-growth reactions (Figure 7).

In a step-growth polymerization, two molecules, with reactive functional groups at their ends, are

combined, resulting in a condensation reaction. In chain-growth polymerization, a monomer is

added to the reactive end (radical, anionic or cationic) of a growing chain [49,50]. In this thesis

free radical polymerization was used.

Polymerization

¥ N

Step-growth Polymerization Chain-growth Polymerization
Polycondensation Polyaddition Radical Anionic Cationic Coordination

Polymerization ~ Polymerization ~ Polymerization ~Polymerization

Figure 7: Classification of polymerization types.

1526478

17



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

In this work, monomers with a double bond were prepared, allowing the corresponding
macromolecules to be synthesized by free radical polymerization.

In free radical polymerization, the chain-growth reaction takes place with the aid of radicals. This
requires an initiator which can decompose into two radicals, such as peroxides or azo compounds
[49]. The monomers usually have a vinyl group. Radical polymerization consists of the steps

initiation, propagation, chain transfer and termination [51].

Initiation

Initially, a primary radical is formed by the decomposition of the initiator. The initiator radical can

now react with the double bond of the monomer. A new radical molecule is formed (Figure 8) [46].
| — I

F+M —>

Figure 8: First step of a radical polymerization. An initiator molecule | decompose into the radical I*. The radical
species IM* is formed by reaction with a monomer molecule.

Usually, peroxides (e.g. dibenzoyl peroxide) or azo compounds (e.g. AIBN) are used, in which
homolytic cleavage of the covalent bond occurs even at low heating [50]. Other possibilities for
initiation include photoinitiation and redox initiation [50].

One of the most commonly used azo initiators is AIBN. Decomposition starts at about 60 °C [52].
The half-life at 63 °C is 10 h [53] decreasing to 1 h at 80 °C [54]. A homolytic bond cleavage
releases N2 and two radicals are formed (Figure 9) [46,52]. Since the subsequent polymerization
is a chain reaction, only small amounts of AIBN are needed as initiator. AIBN is readily soluble in
benzene [54]. However, for polymerization in water, another initiator, e.g. ammonium persulfate
(APS) [55], must be used due to the insolubility of AIBN.

S X )
N %/N\\N C~ 2\(:( + N2
<N II{II

Figure 9: Decomposition of the initiator AIBN. This produces two radical molecules and N2.
Propagation

During propagation, monomer units are constantly added to the growing radical polymer chain

(Figure 10). The stability of the new radical with the additional monomer unit does not change,
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since it is structurally the same as the radical before it. With increasing initiator concentration or

increasing temperature, the polymer chain length decreases [51].

Figure 10: Propagation step of radical polymerization. A radical molecule reacts with another monomer.

Chain-transfer reaction

Free radical polymerization can also lead to chain transfer reactions (Figure 11). Here, the
termination of the growing polymer chain occurs. There are inter- and intramolecular chain transfer
reactions. An intermolecular transfer reaction leads to long-chain branching and intramolecular

reactions lead to short-chain branching [51].

R R R R R R R R
+
H .
n m n m
Figure 11: The chain transfer reaction transfers a radical to another molecule. This results in long- and short-chain
branching.
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Termination

Termination refers to reactions in which no further growth of the polymer chain occurs. The reason
for this can be a recombination or disproportionation (Figure 12). Furthermore, the addition of e.g.
O2 can lead to inhibition [46].

R R R R
NS N
n m
recombin‘aV Woporﬁon
R R R R R R
IM' kW + |W
"R R T

Figure 12: The termination of free radical polymerization occurs by recombination or disproportionation.

There is also a distinction between homo and copolymers. While homopolymers contain only one
type of monomer, copolymers contain two or more different types of monomer. In copolymers, the
individual monomer units can be arranged in different orders, resulting in a classification into

random and alternating copolymers, block copolymers and graft copolymers (Figure 13) [56].
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random

alternating

u’%

Figure 13: Classification of copolymers into random and alternating copolymers, block copolymers and graft
copolymers. One monomer is represented by red colored dots and the other monomer by black colored dots [57].

The advantage of copolymers is that unique properties can be achieved through copolymerization.
Important representatives of such copolymers are, for example, acrylonitrile-butadiene-styrene
copolymer or styrene-acrylonitrile copolymer. [56].

In this work, both homopolymers and copolymers were prepared. This allowed the properties to

be specifically improved.
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OBJECTIVE

This master thesis is about the synthesis, characterization and testing of polyelectrolytes.
Polyelectrolytes have ionic or ionizable side chains and are therefore used, for example, in the
field of solid-state batteries and smart materials. Battery development has become an important
area of research in recent years. Therefore, the aim of this work was to develop and optimize a
monomer synthesis with regard to high order and flexibility in the final polymer, with the aim of
obtaining sufficiently high yields and pure products on a multigram scale.

Previous work has already been done, and in the context of a masters thesis by Leibetseder [58],

11-acrylamidoundecanoate (Figure 14) was prepared and (co-)polymerized.

0] O

%/U\N/\/\/\/\/\)LO_ x

H

Figure 14: The structure of 11-acrylamidoundecanoate.

The aim of this thesis was to synthesize structurally similar molecules as a comparison to 11-
acrylamidoundecanoate, whereby the acrylamide group is an essential component for the
subsequent radical polymerization. The idea was to synthesize molecules containing the 6-
acrylamidohexanoic acid and to attach two 6-acrylamidohexanoic acid units to each other by
different functional groups in order to obtain the desired monomer. In first considerations, the
influence of an aromatic group should be investigated by synthesizing 6-(4-(6-
acrylamidohexanamido)benzamido)hexanoate (Figure 15). Due to the additional amide bonds as
well as the aromatic group, 6-(4-(6-acrylamidohexanamido)benzamido)hexanoate has a higher
order due to additional hydrogen bonds and pi-stacking. In addition, the molecule remains flexible
due to the aliphatic chain. Furthermore, 6-(6-acrylamidohexanamido)hexanoate was selected as
monomer (Figure 16). Here, the flexible part in the molecule is again about the same length as in
11-acrylamidoundecanoate, but the aliphatic chain is interrupted by one amide bond, which allows
higher self-ordering through hydrogen bonds.

The prepared monomers should then be (co-) polymerized, characterized by NMR and IR, and
analyzed by TGA and DSC. Finally, the behavior of the prepared polyelectrolytes should be

investigated in an electric field.

\)?\ H
H H
O \©\H/N\/\/\)LO— ¥
(@]

Figure 15: The structure of 6-(4-(6-acrylamidohexanamido)benzamido)hexanoate.

1526478 22



O™ *X

Figure 16: The structure of 6-(6-acrylamidohexanamido)hexanoate.
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STATE OF THE ART

1. New types of batteries based on polymers

A major problem with lithium metal anode batteries is Li dendrite growth, which shortens battery
life [59]. In addition, this growth can also cause short circuits or even fires, which endangers the
safety [13]. To prevent this dendrite growth, additives are used in the electrolyte or protective
layers, for example [59]. To circumvent this problem, solid state batteries with comb polymer layers
can be used as described by Zhang et al. [59]. Here, polyetheramine is grafted onto reduced
graphene oxide. In experiments it was found that the ether groups can distribute the lithium atoms
evenly [59].

Zeng et al. [60] also attempts to prevent dendrite growth by using artificial polymer-based SEI
films. Conventional SEI films have the disadvantage of being brittle and also non-uniform, resulting
in inhomogeneous Li ion flux and inhomogeneous deposition. Polymer-based SEI films have the
advantage over inorganic materials in that there is no breakage of the SEI film due to its high
elasticity and flexibility. Zeng et al. [60] uses bottlebrush polymers instead of linear polymers for
the artificial SEI film, since linear polymers do not prevent dendrite growth. Bottlebrush polymers
have a linear polymer backbone with densely grafted polymer side chains. Due to the steric
repulsion of the side chain, bottlebrush polymers also have the special property that there are no
entanglements [61].

The bottlebrush polymers used in Zeng et al. [60] are prepared by grafting poly(lithium p-
styrenesulfonate) onto cellulose nanofibrils. The SOs- groups in the side chain of the polymers
offer some advantages. On the one hand, transport channels for the lithium ions are formed and
on the other hand, electrostatic repulsion also occurs between the SOs- group and the negatively

charged dendrites formed [60].

2. Polymer based actuators and sensors

Another important field of application for polyelectrolytes is the use of actuators and sensors.
These are referred to as electroactive polymers. Kruusamae et al. [62] describes how such
polymers are exposed to an electrical stimulus and thus deform mechanically, which is why they
can be used well as actuators. One example is the bending actuator which bends when voltage is
applied [62].

Browe et al. [28] describe the use of electroactive polymers as artificial muscles. The hydrogel
produced for this purpose consists of poly(ethylene glycol) diacrylate (PEGA) and poly(acrylic
acid) (PAA). Hydrogels with PAA show reversible movement behavior when voltage is applied.
Therefore, a polymer network was prepared with PEGA and PAA by free radical polymerization
(Figure 17) [28].
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Figure 17: Synthesized polymer network based on PEGA and PAA.

The hydrogels were placed in a phosphate buffer saline (PBS) solution to allow swelling. The
behavior of the samples was then tested in an electric field. For actuation testing, a strip of the
hydrogel was placed in a PBS solution between two platinum electrodes (Figure 18). A DC voltage

of 20 V was then applied. The sample bends in the direction of the negative electrode (Figure 19).

Figure 18: Design of the experiment before a voltage was applied. The polymer is placed in an PBS solution (light
blue) that it can swell. The swollen polymer (red) is between two electrodes (black).

Figure 19: After applying a DC voltage of 20 V, the swollen polymer (red) changes its shape. The polymer bends to
the negative electrode.

It was also found that the greater the proportion of acrylic acid, the stronger the movement. The
best results were obtained with a PEGA:PAA ratio of 1:8 [28].
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3. Self-healing hydrogels based on 6-acrylamidohexanoic acid

The poly(6-acrylamidohexanoic acid) produced in this work was investigated in a paper by Phadke
et al. [36] due to its fast self-healing properties. The aim here was to prepare a hydrogel network
with flexible side chains. Poly(6-acrylamidohexanoic acid) was therefore chosen because of the
presence of both hydrophilic and hydrophobic interactions, which is a prerequisite for this self-
healing. The flexible part of the side chain must not be too much to avoid steric hindrance, but
they must be long enough for the network to be deformable. The functional groups at the end can
form hydrogen bonds, which is the reason for the so-called self-healing of these hydrogels.
Polymer hydrogels based on 6-acrylamidohexanoic acid have an optimal ratio of hydrophilic and
hydrophobic interactions [36]. Hydrogen bonds between the functional groups (amide and carboxy
groups) can be formed across a hydrogel interface (Figure 20). Two connected hydrogels can also
be separated again by a higher pH value (Figure 21) or reconnected at lower pH values. This

process is reversible and the healed hydrogels are resilient and can withstand deformation.

O
......... O
H/\/\/\H/OH 0
O ......... HO
o) \ﬂ/\/\/\N
H

Figure 20: Hydrogen bonds are formed between two interfaces, which allows the material to self-heal.

o)
o OY\/\/\H
H/\/\/\H/O‘ S o
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H/\/\/\H/O (0]
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Figure 21: At higher pH values, no hydrogen bonds can be formed due to the dissociation of the carboxylic acid.
The self-healing properties depend strongly on the degree of crosslinking [36]. In addition, the
length of the side chain plays an important role, which is why hydrogels based on other molecules
were also investigated for comparison. A higher degree of crosslinking means poorer self-healing

behavior. In addition, a poorer self-healing process was observed for hydrogels with shorter side
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chains. If the aliphatic chains are too long, steric hindrance can occur and the side chains
aggregate and finally collapse due to the hydrophobic interactions. This reduces the accessibility
of the amide groups and makes the formation of hydrogen bonds more difficult [36].

Such hydrogels are used, for example, as tissue adhesives. Phadke et al. [36] investigated the
possibility of using poly(6-acrylamidohexanoic acid) hydrogels as tissue adhesives on gastric
mucosa in rabbits. Due to the low pH in such an environment, perfect conditions for the self-
healing of the hydrogels are given [36]. Due to the enteric properties of 6-acrylamidohexanoic
acid, Zhang et al. [63] also describe the possibility of using this material for devices that remain in
the stomach. The advantage over other materials is that if the material enters the intestinal tract,
no intestinal obstruction can occur due to the pH-neutral environment in the intestine, in which the
hydrogen bonds of the material are broken [63]. In vivo tests in pigs have already shown the

success of the use of these materials for applications in the stomach [63].

4. Polymers based on 11-acrylamidohexanoic acid

An earlier master's thesis dealt with polyelectrolytes that already had a flexible content due to the
defined length of the aliphatic chain.

Leibetseder [58] developed a way of synthesizing monomer 11-acrylamidoundecanoic acid from
11-aminoundecanoic acid (Figure 22). This molecule was chosen because of the carboxy group,
which can be protonated or deprotonated depending on the pH value. In addition, it is a flexible
molecule due to the aliphatic chain with 11 carbon atoms. This flexible chain allows the charge to

move more freely and thus new properties can be introduced into the final polymer.

O

(@) O
—_—>

Figure 22: The starting molecule was 11-aminoundecanoic acid. An acrylic group was added via the reaction with
acryloyl chloride. The carboxylic acid was protected with an ester group.

The amino group was converted into an acrylamide group with the aid of acryloyl chloride. The
carboxylic acid was esterified to increase solubility in organic solvents and to facilitate subsequent
polymerization. On the one hand, the tert-butyl ester and, on the other hand, the methyl ester were
prepared. Experiments showed, however, that the contacting by means of tert-butyl ester was very
time-consuming and afforded only moderate yields. Therefore, the contactor was preferably the
methyl ester. The esterification was acid catalyzed by HCI or H2SO4 in methanol. Other
compounds, such as 4-aminobenzoic acid, were also methyl esterified using HCI in order to test

the simplicity of the synthesis on other substrates (Figure 23).
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Figure 23: Protection of 4-aminobezoic acid via the methyl ester.

In addition, an attempt was made not to esterify 11-acrylamidoundecanoic acid and to react it
directly with acryloyl chloride and then polymerize it. However, the problem with this synthesis was
that the resulting monomer was only soluble in DMSO, making classical solution polymerization
difficult. Attempts were made to polymerize the monomer in water with APS/TEMED, but this was
not successful. Therefore, this synthesis route, without methyl esterification of the starting product,
was discarded. The monomer prepared in this way could now be polymerized. For this purpose,
polymerization was carried out both in solution and in bulk. An exciting effect was observed during
bulk polymerization. The polymer shows a swelling behavior in DCM. However, this effect was not
investigated in detail since only small amounts (<0.5 g) were bulk polymerized. The main mode of
polymerization in this work was solution polymerization in benzene with 1 w% AIBN. However,
other solvents such as toluene, ethanol, and a mixture of 1:1 MeOH/chlorobenzene were tested,
and polymerization in benzene worked best. The polymer was then deprotected to give the

poly(11-acrylamidoundecanoic acid) (Figure 24).

Figure 24: Structure of the target molecule poly(11-acrylamidoundecanoic acid) synthesized in the master thesis of
Leibetseder [58].

This work left some questions unanswered, both in monomer synthesis and polymerization.

1526478 28



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

RESULTS AND DISCUSSION

The polymers prepared in this thesis belong to the class of amide functionalized polyacrylamides.
The polymer backbone is built up via the acrylamide and the amide function is located in the
brushes of the polymer.

In principle, polyamides are produced by polycondensation reactions. In this process, an amine
and a carbonic acid react [56]. Due to the many hydrogen bonds that polyamides can form, these
materials have special properties, such as high mechanical stability. Therefore, they are often
used as fibers [64]. The associated monomers are e.g. based on 6-aminohexanoic acid. A well-
known representative of polyamides based on 6-aminohexanoic acid is, for example, polyamide-
6 (Perlon). However, this is produced from e-caprolactam via ring-opening polymerization and 6-
aminohexanoic acid is only an intermediate product [52].

Within this thesis, a radical polymerization was carried out. For this, the monomers must contain
a double bond. The reaction of 6-aminohexanoic acid with acryloyl chloride can introduce a double

bond, making radical polymerization easy to carry out.

1. Brush polymers with aromatic based C12 side chains

At the beginning of this thesis, the idea was to prepare a molecule that shows a comparable
molecular dimension to 11-acrylamidoundecanoic acid (1) (Figure 25) including additional

functional groups that enhance self-ordering properties.

O O

%)J\N/\/\/\/\/\)LOH

H 1
Figure 25: Structure of 11-acrylamidoundecanoic acid (1).
In first considerations, the influence of an aromatic group should be investigated by synthesizing
methyl-6-(4-(6-acrylamidohexanamido)benzamido)hexanoate (2). The aromatic compound leads

to - 11 stacking, which is expected to result in a higher order of the final polymer. In the following

the retrosynthetic considerations for the preparation of monomer 2 are discussed (Figure 26).
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Figure 26: Retrosynthesis of methyl 6-(4-(6-acrylamidohexanamido)benzamido)hexanoate (2).

For the syntheses, the use of protecting groups (for the carboxylic acid and the amide) and
activating groups (for the carboxylic acid) was essential.

The carboxylic acid can be both, protected and activated, so that a nucleophilic attack at a certain
position is prevented or preferred. If the carboxylic acid is protected, however, it is also important
to be able to remove the protective group again without problems after the reaction [65].

In this work, the protection and activation of the carboxylic acid were important for monomer
synthesis. The simplest way to protect the functional group is to convert the carboxylic acid into a
methyl ester [66]. From Leibetseder [58] it is known that the methyl ester shows good stability for
further molecular transformations and is easily cleaved at the stage of the polymer. Thus, route
was also chosen in this work. Additionally, the methyl ester does not require much steric space
and does not complicate the NMR spectra, since only one signal of the methyl group is obtained
[66].

Methylation can be carried out using thionyl chloride and methanol. Deprotection of the methyl
ester group is achieved by base-catalyzed hydrolysis in an aqueous methanolic solution. Attention

must be paid to the stability of the remaining molecule under the basic conditions, as otherwise
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unwanted decomposition reactions may occur [66]. Therefore, the phenyl ring is inserted into the
targeted molecule via amide bonds that are expected to withstand the ester cleavage reaction and

additionally possess the ability for self-ordering through hydrogen bonds.

The amide bond can be formed by activating the carboxylic acid. The activation of can be done,
for example, by converting the carboxylic acid to the corresponding acyl chloride [65]. The acyl
chloride can be prepared using chlorinating reagents such as thionyl chloride [67] or oxalyl chloride

[68]. This then reacts readily with the amine to give the corresponding amide.

In addition, protection of the amino group of aminobenzoic acid 6 has also been considered to
prevent undesirable reactions of the amino group. One possibility to protect an amine is the
trifluoroacetyl group (Figure 27). This group is stable under acidic conditions and easily removed

under alkaline conditions [66].

FJ\WH
OMe
O “
] d
N 0
0 OH + HN _~_~_J
8 HoN OMe
O 4

Figure 27: Retrosynthetic considerations for methyl 6-[(2,2,2- trifluoro-acetylamino)benzylaminolhexanoate (9). In
contrast to Figure 26, the monomer component 7 can also be prepared with the aid of a protecting group. After the
synthesis of 9, the protecting group can be removed again under basic conditions and molecule 7 is obtained.

A protecting group for amines that is also stable under acidic conditions is the 9-
fluorenylmethoxycarbonyl (FMOC) group [66]. The advantage of these two protecting groups is
that a carboxy group, which is also present, can easily react with thionyl chloride to form acid

chloride without the protecting group of the amine being split off [66].
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1.1. Monomer synthesis

1.1.1Synthesis of methyl 6-aminohexanoate hydrochloride (4)
To obtain the desired monomer 2, methyl 6-aminohexanoate hydrochloride (4) first had to be
prepared. Methylester 4 was synthesized in accordance to Gurjar et al. [69] (Figure 28). First, 2 eq
SOCI; and MeOH were mixed and cooled with an ice bath. Then 1 eq carboxylic acid 3 was added
and the solution was stirred at room temperature. After removing the solvent under reduced

pressure, 90 % of a white powder were obtained.

socl,
OH 0
HN ———> ¢ H3N+/\/\/\H/ ~
MeOH, rt, 3 h
3 ) 4 @)

Figure 28 Synthesis of methyl 6-aminohexanoate hydrochloride (4).

The product was characterized by 'H-NMR and IR. In the "H-NMR spectrum (Figure 29), the signal
of the methyl ester at 3.59 ppm is clearly visible. In addition, the signal of the carboxylic acid at
about 12 ppm has disappeared as expected. Thus, the spectrum shows all expected signals and
proofs a successful esterification. In addition, the melting point was determined using an Optimelt
device. The product was first dried well and then a melting range of 121-123°C could be
determined, which agrees with the melting point in the literature (117-124 °C) [70]. The product

was used for subsequent syntheses without further purification.
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Figure 29: "H-NMR (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of 4. The spectrum shows characteristic
signals of the compound. The signal at 3.59 ppm shows that the methyl ester was successfully formed.
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1.1.2Synthesis of methyl 6-(4-aminobenzamido)hexanoate (7)
To synthesize target molecule 2, intermediate 7 must be prepared next. The amide bond was
prepared as described in Bruice [71]. For this purpose, 1 eq aminobenzoic acid 6 was reacted with

2 eq SOCI; to give the corresponding acid chloride.

HoN
2 0
OH ¥ ClI- H3N+\/\/\)J\OMG
6 (@) 4
SOCI,, TEA
3h,rt
HoN
H\/\/\),OJ\
OMe
O 7

Figure 30. Synthesis of methyl 6-(4-aminobenzamido)hexanoate (7).

Subsequently, the amide bond could be linked, with 2 eq of amine 4, before being treated with
2 eq TEA, to give product 7 (Figure 30). The product was purified by extraction with brine and then
characterized by '"H-NMR and IR. A yield of 29 % was obtained. The '"H-NMR shows that no
complete conversion occurred and a mixture of reactant 4 and 6, an unidentified by-product and
the product was obtained.

The reason for the incomplete conversion was found in the first step of the synthesis, the formation
of the acid chloride. Attempts to optimize this reaction showed the dimerization of 6 under harsh
conditions. The protection of the aromatic amine by the formation of the hydrochloride did not work
as desired. Milder conditions did not achieve an acceptable conversion and caused by the required
prolonged reaction time still formed the dimer.

Hereinafter, the synthesis was tried under protection of the amino-functionality in aminobenzoic
acid 6. A comparison should be made whether better conversions can be obtained by the

protective group.

1526478 33



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.1.3Synthesis of 4-(2,2,2-trifluoro-acetylamino) benzoic acid (8)
Now, an attempt was made to prepare amide 7 with the aid of an additional protecting group on
the amino group of benzoic acid 6. The first step in this multistep synthesis was to protect benzoic

acid 6 with a protecting group on the amino group (Figure 31). The synthesis was carried out

TFA TFAA *1/
OH 1h rt

Figure 31: Synthesis of 4-(2,2,2-trifluoro-acetylamino) benzoic acid (8).

following Steiner et al. [72].

HoN

6 O

Therefore, 1 eq of starting material 6 was reacted in trifluoroacetic acid (TFA) with 1eq
trifluoroacetic anhydride (TFAA) to the protected benzoic acid 8. The product was obtained by
precipitation in cold water. After drying in vacuo, a yield of 63 % was obtained and a 'H-NMR of
the product was recorded.

Educt 6 and product 8 differ in the '"H-NMR spectrum only by the number of H atoms on the
nitrogen. To fully characterize the structure of product 8, for example, a *C- or ®F-NMR spectrum
should have been made. Nevertheless, work was continued with this intermediate 8 to prepare

amide 9 in the next step.

1526478 34



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

1.1.4Synthesis of methyl 6-((2,2,2- trifluoro-acetylamino) benzylamino)
hexanoate (9)
The previously synthesized protected amine 8 can now react with hydrochloride 4 to methyl 6-
((2,2,2- trifluoro-acetylamino)benzylamino) hexanoate (9) via a common amide synthesis as
described in Bruice [71] (Figure 32).

FTH
e 0
* - H NW\)L
0 OH CI Hs OMe
8 O 4

SOCIy, TEA
DCM,rt, 1h

) 9 OMe
@)
Figure 32: Synthesis of methyl 6-((2,2,2- trifluoro-acetylamino)benzylamino) hexanoate (9).

This is done in a two-step synthesis. First, the acid chloride of 8 is prepared to activate the carbonyl
group (Figure 33). Here it is important that the amino group of 8 is previously protected by a
protecting group that is stable under the conditions of SOCI,, which is the case with the TFA

protecting group.

F
F
LR F H
F SOCl, - N
_—
O OH DCM. 1t 1h o) Cl
8 O 10 o)

Figure 33: Synthesis of 4-(2,2,2-trifluoro-acetylamino) benzoyl chloride (10).

To prepare acid chloride 10, 1.5 eq of SOCI, is added to a solution of 1 eq carboxylic acid 8 in
DCM under cooling. The solvent is then removed under reduced pressure, thus removing any
remaining SOCI,. The pungent odor of SOCI, should now no longer be detected in product 10.
Subsequently, the amide bond between acid chloride 10 with hydrochloride 4 (1 eq) can be formed
with the aid of 3 eq TEA in DCM to product 9. The reaction solution was then extracted using HCI
and the remaining solvent was removed. Product 9 was obtained in a yield of 46 % and
characterized by "H-NMR.
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Figure 34 shows the "H-NMR spectrum of carboxylic acid 8 (blue), hydrochloride 4 (green) and
product 9 (red).
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Figure 34: "H-NMR spectra (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of carboxylic acid 8 (blue),
hydrochloride 4 (green) and product 9 (red). The amide signals at 11.53 ppm and 11.44 ppm for product 9 (red) show
different intensities because there is an overlap of the amide signal of reactant 8 (blue). In addition, the signals 7.98
ppm and 7.81 ppm show that there is still unreacted reactant 8 (blue) in the product. In addition, the signals of
hydrochloride 4 can also be found in the range of 1.63-1.21 ppm in the product. Based on the signal intensities, the
quantity of each substance in the final product can be calculated. There are about 27 % carboxylic acid 8, 26 %
hydrochloride 4 and 47 % product 9 in the final mixture.

The 'H-NMR spectrum shows that a mixture of reactants and product was obtained. The amide
signal (11.52 ppm) as well as the signals of the aromatic H atoms (7.98 ppm and 7.81 ppm) of
reactant 8 can also be found in the NMR spectrum of the product. At 3.57 ppm and in the range
of 1.63-1.21 ppm, there is also superposition of signals from the product and hydrochloride 4.

Based on the "H-NMR spectrum, it can therefore be said that 47 % conversion has occurred.

Summarizing the above-discussed three-step synthesis of intermediate 9 a low overall yield of
13 % was obtained. With regard to the following synthesis steps to obtain the final product 2 the
attempts to synthesize monomer 2 were stopped at that point.

In addition, the amide linkage can be done using coupling reagents instead of the acid chloride
which can also lead to a more successful synthesis. However, parallel to these attempts, work
was also already being done on the synthesis of 6-(6-acrylamidohexanamido)hexanoic acid (11)
and the formation via a strategy using coupling reagents was not further followed. The synthesis
of 11 seemed more promising at that time, so it was decided to continue working on this molecule
and to optimize the syntheses. The development of the synthesis of monomer 2 was terminated
with this last step, since the goal was to develop a simple monomer synthesis, with the requirement
not to be too complex and to obtain product in multigram scale. In addition, molecule 2 would be
probably unsuitable as a monomer, due to its likely high melting point and difficult solubility.

Therefore, it makes more sense to focus on aliphatic monomers with amide groups.
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Optimizing both monomer syntheses would not have been possible in terms of time. Therefore, it
was attempted to focus on one monomer and to optimize the synthesis route up to the final

polymer.
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2. Brush polymers with amide based C6 side chains

In contrast to acrylamide 1 with 11 aliphatic carbons, 6-acrylamidohexanoic acid 5 and methyl 6-
acrylamidohexanoate 12 with only 6 carbons were also prepared in order to investigate the
influence of the length of the aliphatic chain. These monomers with 6 aliphatic carbon atoms are
actually intermediates in the synthesis of monomer 11, but they were also considered to be

interesting independent monomers, which is why they are described here.

2.1 Monomer synthesis

2.1.1 Synthesis of 6-acrylamidohexanoic acid (5)
This synthesis is based on the nucleophilic attack of the amine on the carbonyl group of acryloyl

chloride. The synthesis was carried out according to D'Souza et al. [73] (Figure 35).

0
N82C03

\)J\ vj\ .
/\/\/\ﬂ/ Ho0/ dloxane rt,2h H/M]/
5 0]

Figure 35: Synthesis of 6-acrylamidohexanoic acid (5).

Therefore, 1 eq of amine 3 was reacted with 2 eq of sodium carbonate in water. Then 1 eq acryloyl
chloride in dioxane was added to obtain product 5. The major difficulty in this synthesis was the
following workup, more precisely the complete separation of acrylic acid. Most of it could be
removed by putting the sample in a vacuum drying oven for 48 h at 45 °C. Due to the pungent
smell of acrylic acid, it can be quickly determined whether residues are still present in the product.
The "H-NMR (Figure 36) shows that most of the acrylic acid was removed in the vacuum drying

oven. There was a residue of 1 wt% acrylic acid still left in the product.
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Figure 36: "H-NMR spectrum (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of 5. The spectrum shows alll
characteristic signals of the product. There are also some weak signals which are caused by residual acrylic acid.
Most of this could be removed by drying in a vacuum drying oven at 45 °C.

Particularly in the range of 6.3-5.8 ppm, acrylic acid can still be detected (Figure 37). Although
there was still a small amount of acrylic acid in the product, it was used for polymerization without
further purification.

In addition, it was later determined by HPLC that the dimer of amide 5 is also formed during the

synthesis, which is why additional signals appear in the NMR spectrum.
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Figure 37: Comparison of product 5 before and after 48 h at 45 °C in a vacuum drying oven. '"H-NMR spectrum of 5
before drying (blue): Signals can be clearly seen in the range of 6.3-5.8 ppm, which can be assigned to acrylic acid. 'H-
NMR spectrum of the final product after drying (red): The peaks caused by acrylic acid are clearly smaller here. There is

still a residue of 1 wt% (2 mol%) acrylic acid in the product (normalized to the CH2-group next to the amide bond at

3.10 ppm).

Product 5 was identified via IR and "H-NMR. The IR spectrum shows characteristic signals for the
compound (Figure 38). The broad signal between 3460-2280 cm™ is caused by an OH-stretching

vibration and thus indicates a carboxylic acid. The sharp signal at 3286 cm™' is assigned to the
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amide. The CHa-stretching and CH-stretching vibration signal are at 2940 cm™ and 2850 cm™'. The

CO-stretching vibration leads to a signal at 1690 cm™.
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Figure 38: FTIR-ATR spectrum of 6-acrylamidohexanoic acid (5). 3460-2280 cm'(OH-
stretching, carboxylic acid), (a) 3286 cm™' (amide), (b) 2940 cm' (CH2-stretching,
alkene), (c) 2850 cm' (CH-stretching), (d) 1690 cm™' (C=0O-stretching), 1651 cm™"

(secondary amide).

2.1.2 Synthesis of methyl-6-acrylamidohexanoate (12)

The synthesis was carried out according to D"Souza et al. [73] (Figure 39).

\)OJ\ (0] NazC0s i
NS + - ~ — %)k o~
cl CIHN /M( H,O/dioxan, 1t, 2 h H/W\f(
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Figure 39: Synthesis of methyl-6-acrylamidohexanoate (12).
NaxCOs (2 eq) releases the amine of 4 (1 eq) and a nucleophilic attack of the amine of 4 on the
carbonyl group of the acryloy! chloride (1 eq) occurs. Released HCI is bound by Na,COs. Monomer
12 was characterized by 'H-NMR. Consequently, the corresponding homopolymer as well as

copolymers (with DMAA and HEMA) were synthesized.
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2.2 Polymerization

Based on the previously prepared monomers 5 and 12, various homo- and copolymers

could now be synthesized.

2.2.1Synthesis of poly(6-acrylamidohexanoicacid) (13)

The homopolymer of 5 was prepared to compare its properties with those of the copolymers.

/ 1wt% AIBN n
o benzene 0
— >
HN 80°C,20h HN
S 13
0 (@]
OH OH

Figure 40: Synthesis of poly(6-acrylamidohexanoicacid) (13).

Therefore, acrylamide 5 was polymerized in benzene with 1 wt% AIBN (Figure 40). The obtained
homopolymer 13 was very hard and brittte and was characterized via 'H-NMR and IR
spectroscopy. The missing protons of the acrylic group in the "H-NMR spectrum of 13 indicates a

high conversion in the polymerization.
2.2.2Synthesis of poly(6-acrylamidohexanoicacid) copolymers (14, 15)

The copolymers of 5 were also prepared. N,N-Dimethylacrylamide (DMAA) and
hydroxyethylmethacrylate (HEMA) were used as comonomers to influence the properties
of the final polymer. Due to its properties such as, adhesion to glass and metal surfaces
[74], DMAA is a popular comonomer, therefore it was also used here. In comparison,
HEMA was also used, as it has already been used in the past as a comonomer for

hydrogels in biomedicine due to its swelling properties in water [75].
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Figure 41: Structure of poly(6- Figure 42: Structure of poly(6-
acrylamidohexanoicacid-co- acrylamidohexanoicacid-co-
DMAA) (14). HEMA) (15).

Copolymerization of acrylamide 5 was carried out with DMAA (Figure 41, polymer 14) as well as
with HEMA (Figure 42, polymer 15) for comparison. Therefore, 1 eq of monomer 5 and 1 eq of the
comonomer were polymerized in benzene with 1 wt% AIBN. Homopolymer 13 is very hard and
brittle, but by using comonomers, a white, softer powder is obtained as product. By using DMAA
as comonomer, the polymer loses brittleness . The DMAA homopolymer constitutes a very tough
and sticky polymer. Therefore, the polymer also becomes softer and less brittle by using 50 mol%

DMAA as comonomer.

Figure 43 shows the IR spectra of homopolymer 13, DMAA-copolymer 14 and HEMA-copolymer
15. The black und blue graph show the amide signal at 3640 cm™ (Figure 43, a). The green graph
generally has lower intensities across the spectrum, therefore this signal is not apparent here. The
broad signal at 3590-3100 cm™ (Figure 43, b) is caused by the OH-stretching vibration from the
HEMA-copolymer (blue graph), All three graphs show the CHz-stretching (2980 cm™, Figure 43,
c), CH-stretching (2890 cm™, Figure 43, d) and the C=0 -stretching vibration signal (1720 cm™,
Figure 43, e).
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Figure 43: IR spectra of homopolymer 13 (black), DMAA-copolymer 14 (green) and HEMA-copolymer 15 (blue). (a)
3640 cm™ (amide), (b) 3590-3100 cm™" (OH-stretching), (c) 2980 cm™" (CHz-stretching), (d) 2890 cm-' (CH-stretching,

alkane), (e) 1720 cm™ (C=0O-stretching).
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2.2.3Synthesis of the lithium-salts of poly(6-acrylamidohexanoicacid)
copolymers (16, 17)

Finally, the lithium-salts (Figure 44, Figure 45) were produced in accordance with Leibetseder

[58].
n m
n m
HN _N\ HN 02
OH
16 17
O o)
O~ Li* O Li*

Figure 44: Structure of Figure 45: Structure of
poly(DMAA-co- lithium 6- poly(HEMA-co- lithium 6-
acrylamidohexanoate) (16). acrylamidohexanoate) (17).

Therefore, 1 eq of the lithium salt of polyacid 14 and 15 was prepared by the reaction with 1 eq of

a methanolic lithium hydroxide solution. Polymer 16 (Figure 44) was characterized via "H-NMR in
D.O and 17 (Figure 45) in CD3OD. The spectrum of HEMA-copolymer 17 differs from DMAA-
copolymer 16 by the additional peaks caused by HEMA at 4.06 ppm, 3.80 ppm. and in the area
1.72-0.85 ppm. The DMAA-copolymer has additional peaks in the area 3.25-2.81 ppm. Both

polymers were hard, brittle and insoluble in DMSO.
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2.2.4. Synthesis of methyl-6-acrylamidohexanoate copolymers (18, 19)

The corresponding methyl esters 18 (Figure 46) and 19 (Figure 47) were also prepared to
compare the properties of these polymers with those of the salts (Polymer 16 and 17) and

carboxylic acids (Polymer 14 and 15).

n m n m
(0] o e} ()
OH
18 19
o 0
OMe OMe

Figure 46: Structure of Figure 47: Structure of
poly(DMAA-co-methyl-6- poly(HEMA-co-methyl-6-
acrylamidohexanoate) (18). acrylamidohexanoate) (19).

For polymerization, benzene was always used as solvent and 1 wt% AIBN as initiator. HEMA was
used as comonomer in addition to DMAA to investigate the influence of different comonomers.
The main difference between the two copolymers was solubility. The HEMA copolymer 19 is less
soluble than the DMAA copolymer 18. DMAA copolymer 18 is a sticky polymer that is highly
soluble in acetone, DCM, DMSO, and benzene, but not in water. HEMA copolymer 19 is a yellow
sticky polymer, insoluble in DMSO, DCM and benzene.

The TGA thermogram shows that the decomposition of methyl ester 18 starts at about 350°C. The
polymer was also characterized via '"H-NMR (Figure 48). Compared to monomer 5, the protons of
the acrylic group are no longer visible in the NMR spectrum of polymer 18, indicating a high

conversion in the synthesis of the polymer.
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Figure 48: "H-NMR (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of monomer 5 (blue) and the
corresponding copolymer 18 (red). The missing protons of the acrylic group in the spectrum of the polymer

indicates a high conversion in the polymerization.

The next step is to produce comparable polymers with 12 carbon atoms in the side chain instead

of 6 carbon atoms. The additional amide bond to be introduced in the longer side chains is also

special. Similar polymers as described above are to be prepared by using the same comonomers

and counterions.
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3. Brush polymers with amide based C12 side chains

Already at the beginning of this thesis it was decided to prepare monomer 11, since it has the
same number of aliphatic carbons compared to monomer 1, but has an additional amide bond,
which may have an influence on the polymer order. First retrosynthetic considerations suggested

synthesizing this molecule via acrylamide 5 and the hydrochloride 4 (Figure 49).
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Figure 49: Retrosynthesis of 6-(6-acrylamidohexanamido)hexanoic acid (11).

The amide bond formation was the most important reaction during monomer synthesis. To form
this bond, the carboxylic acid had to be activated. This can be done by making the more reactive
acid chloride. Another possibility is linking the amide bond by using coupling agents. These two

options are discussed in the following chapters.
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3.1 Monomer synthesis

3.1.1Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11)
3.1.1.1 Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate via the
acid chloride route
Acid chlorides are usually prepared from the corresponding carboxylic acid using thionyl chloride
[71]. Other popular possibilities for this synthesis would be, for example, the reaction with another
chlorination reagent like oxalyl chloride (milder conditions in contrast to thionyl chloride) or via

phosphorus chlorides [76].

NH3R2+ Cl

NH,R,
0 0 /

M+ NHR, —> ]| g+ Hel

R Cl Ri N N)*yridine
)

N cr

Figure 50: Synthesis of the amide bond with the help of acid chloride. The amine must either be added in excess or
additional TEA or pyridine must be added to the reaction solution to ensure complete conversion. The HCI formed
during the reaction is bound by pyridine (or TEA). Otherwise, HCI reacts with the amine, which is used as reactant.

For the amide bond formation the acid chloride must be reacted with twice the amount of amine
since the resulting hydrochloric acid (HCI) will protonate the unreacted amine, which therefore can
no longer react to the amide. Another possibility is to add pyridine (or TEA) to the reaction mixture.

Then pyridine reacts with the HCI in place of the reactant (Figure 50) [71].

3.1.1.1.1 Stepwise synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate
(11)

The desired monomer 11 can be prepared by using 1 eq carboxylic acid 5 and 1 eq hydrochloride
4 (Figure 51). The synthesis was carried out via the intermediate acid chloride of 5 (Figure 52) as
described in Bruice [71]. First 3 eq TEA is added to form the free amine of 4. After formation of
the acid chloride of 5 with 1 eq SOCI,, which leads to an activation of the carboxylic acid, the

amide bond can be formed.
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Figure 51: Reaction of 4 and 5 via the intermediate acid chloride to 11. By using TEA, the free amine can be
synthesized. Then the amine attacks the activated acid chloride and 11 is formed.

SOCl,
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Figure 52: Carboxylic acid 5 reacts with thionyl chloride to form acid chloride 20. Thus, the carboxylic acid is
activated, allowing synthesis with hydrochloride 4 to form monomer 11.

Since yields were always low, attempts were made to optimize the synthesis by varying the
reaction parameters (Table 1). Different solvents and bases were used. In addition, the influence
of a stabilizer and different amounts of thionyl chloride were tested. EtsN and pyridine were used
as bases. Better results were obtained with EtzN. DCM, DCM/DMF, chloroform and pyridine were
used as solvents. Since only reactant 4 and the product dissolve in DCM, a few drops of DMF
were added to enhance the solubility of acrylamide 5. However, only the experiments with DCM
as solvent were successful. Furthermore, 4-methoxyphenol (MEHQ) was added as a stabilizer
(No.4 and No.5), due to the rapid polymerization of such acrylamides. However, no significant
difference could be observed compared to the synthesis without MEHQ. In addition, higher yields

were obtained when using an excess of thionyl chloride during the synthesis (No.1).
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Table 1: Varying synthesis parameters in the acid chloride activated formation of monomer 11.

No. SoCl./eq 4/eq 5/eq solvent base stabilizer yield/ %
1 1.5 1 1 DCM EtsN - 24

2 1 1 1 DCM EtsN - 16

3 1 1 1 DCM/DMF  EtsN - -

4 1 1 1 DCM EtsN MEHQ 16

5 1 1 1 DCM pyridine  MEHQ 2

6 1 1 1 chloroform EtsN - -

7 1 1 1 pyridine pyridine - -

The experiments described in No. 1, 2, 4 and 5 led to the desired product. However, only 2 % of
product could be observed when using pyridine as base (No.5). The experiments described in
No. 3, 6 and 7 were not successful. The best result was achieved when using EtsN as base and
DCM as solvent. No increase in yield could be observed after the addition of MEHQ. The yield
could only be influenced by different amounts of thionyl chloride. Compared to No.2, there is an
increase of 50 % in yield when using 1.5 eq SOCI; (No.1).

Product 11 was identified via "H-NMR (Figure 53).
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Figure 53: "H-NMR (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of 11. The spectrum shows all characteristic
signals of the compound.
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Figure 54: Comparison of the "H-NMR spectra (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of reactant 4
(green), 5 (red) and product 11 (blue). In the spectrum of the product all signals are assignable to the substance-
specific groups. The two amide signals at 8.03 ppm and 7.71 ppm indicate the formation of 3. The amide signal at 7.71

ppm corresponds to the newly formed amide bond during the synthesis.

The amide signal at 7.71 ppm corresponds to the new formed amide bond. Since there is an

overlap of the amide peaks of product 11 and reactant 5, the integrals can be used to determine

whether residual reactant is still present (Figure 54). If the conversion is complete, the two amide

signals of the product are present in a ratio of 1:1. If this is not the case (Figure 55), any reactant

still present can be separated from the final product by additional extraction steps (Figure 56).
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Figure 55: Section of the "H-NMR spectrum (300 MHz, DMSO-ds = 2.50 ppm) of 11 before

further workup. The two amide signals are not in the same ratio. Therefore, it can be

concluded that there is still residual reactant 5 in the final product.
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Figure 56: Section of the "H-NMR spectrum (300 MHz, DMSO-ds = 2.50 ppm) of 11. After
further extraction steps, the remaining reactant 5 was successfully separated. The two
amide signals are now present in a ratio of about 1:1. It is assumed that there is no more
reactant in the product.

The two NMR spectra from Figure 55 and Figure 56 differ due to different workup procedures of
the product. After recording the NMR spectrum of the crude product 11 (Figure 55), the product
was dissolved in DCM again. The solution was then extracted three times with Na,COs (20 g/L)
and the remaining solvent was removed on the rotary evaporator. Then the NMR spectrum of the
purified product was recorded (Figure 56). Due to the additional extraction, the ratio of the amide
peaks is almost 1:1. Therefore it can be concluded that the residual reactant is completely

separated.

3.1.1.1.2 One-pot synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate

(11)

According to Leggio et al. [77] secondary and tertiary amides can be prepared via one-pot
synthesis (Figure 57). This type of synthesis was used in the reaction of 4 with 5, whereby the

acid chloride is also formed first before the amide bond can be formed.

\)OJ\ o ©
N NWOH + H3N+/\/\/\H/ ~N
H o]
(0]
5 4
EtaN, DCM
SOCl, | rt, 40 min
0 0
N/\/\/\[( O/
H

11

Figure 57: Reaction of 4 and 5 via a one-pot synthesis. Amide 4 and carboxylic acid 5 react to product 11 via the
intermediate acid chloride.
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The yield increased as expected in contrast to the yield obtained by the classical synthesis via the
acid chloride. Due to the convenience of this one-pot synthesis, this procedure was chosen for the
formation of monomer 11. In contrast to reference [77], the reaction time was extended from
20 min to 40 min as this maximized the yield.

However, since maximum yields of 24 % were achieved via the acid chloride, another synthetic
route was chosen for the monomer. Another possibility to synthesize monomer 11 is by the usage

of coupling agents.

3.1.1.2 Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11) via
coupling agent
The aim of this synthesis was to produce the same molecule as described before via the acid
chloride route. However, the yield was desired to be drastically improved in order to be able to
easily produce enough material for polymerization. N,N'-dicyclohexylcarbodiimide (DCC) is often
used in peptide synthesis and is used as a carboxyl activating agent [71,78]. The resulting reactive
ester then reacts with an amine to form the corresponding amide. DCC must be used in
stoichiometric amounts and the reaction produces N,N"-dicyclohexylurea (DCU) as a by-product
[71]. In addition, 4-(dimethylamino)pyridine (DMAP) is used in catalytic amounts [79]. By contact
with water, DCC reacts to form the urea DCU [80]. With the help of DCC, the amide bond can be

formed under milder conditions than via the acid chloride (Figure 58) [81].

T
I=z
=

Figure 58: Preparation of the amide bond with the aid of the coupling agent DCC. First, the carboxylic acid reacts with
DCC. The reaction with an amine results in the formation of the amide and the urea DCU is formed as a by-product.

As an alternative to DCC, benzotriazole-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP) or the water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) could also be used [80]. One of the main advantages of EDC is that the urea formed can

be separated more easily [82].
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Figure 59: Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11) via DCC
as coupling agent.

DCC activates the carboxylic acid, making it more reactive to form the desired amide with the
amino group of 4 (Figure 59). The reaction was carried out in accordance with Neises and Steglich
[79]. Therefore, 1 eq DCC was reacted with 1 eq acrylamide 5. In addition, 1 eq of the
hydrochloride 4 reacted with 3 eq of TEA. After the carboxylic acid, activated with DCC, and the
free amine were obtained, the amide bond could be formed. The urea DCU formed during the
reaction is mostly insoluble in DCM and can be separated by filtration after the reaction. Therefore,
the product was purified by extraction with HCl and a Na,COj3 solution (20 g L"). A white solid was
always formed at the phase interface. NMR analysis was used to determine if it was the product.
The signals in the "H-NMR spectrum indicate that it is a mixture of product, reactants and DCU
(Figure 60). The signals at 8.21 ppm and 1.81-1.56 ppm can be assigned to DCU. At 8.03 ppm
the signals of the product and reactant 5 and at 5.56 ppm and 1.56-0.95 ppm the signals of DCU,
product and reactant are superimposed. Therefore, increasing the solvent volume during the
extraction step significantly reduced this interface and increased the overall yield of the purified

product 11.
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Figure 60: '"H-NMR (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of the isolated solid between the organic
and aqueous phase during extraction. This is a mixture of product, reactants and DCU (8.21 ppm, 1.81-1.56 ppm).
The signal at 8.03 ppm is assigned to the product 11 and reactant 5 and the signals at 5.56 ppm and 1.56-
0.95 ppm to DCU, product and reactant.

Usage of dry DCM showed an increase in yield by over 10 %. While using non-absolute DCM the
yield was around 58 %, working completely anhydrous increased the yield to over 70 %. This is
caused by the water sensitivity of DCC. Therefore, all experiments were conducted water-free by
heating out the flasks and using dry solvents. The monomer 11 was fully characterized by 'H-

NMR, *C-NMR, COSY, HSQC, HMBC and IR spectroscopy.

Comparing the final products of the synthesis of monomer 11, which was prepared on the one
hand by using DCC and on the other hand, via the acid chloride, additional signals in the "H-NMR
spectrum are found (Figure 61). The incomplete separation of the DCU results in additional signals
in the range of 1.81-0.95 ppm and 8.21 ppm in the spectrum. Otherwise, the products do not differ
either in spectra or in their appearance.

The by-product DCU, which is formed during the coupling reaction with DCC, can be separated
by filtration. However, DCU is always a bit soluble in most organic solvents, therefore, residues of

DCU can still be found in the final product and its NMR spectrum.
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Instead of DCC, other coupling agents such as EDC could have been used for activation. One
advantage of EDC over DCC is the easier separation of the by-product. The urea formed in the
reaction with EDC is for example soluble in water and can therefore be completely removed from
the product by dissolution. Regarding the high cost difference between DCC and EDC this thesis

focused on the use of DCC.

[rei]
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Figure 61: Comparison of the synthesized monomer 11 using DCC (red) and thionyl chloride (blue). The products do
not differ in their appearance. The NMR spectrum shows additional signals in the range 1.81-0.95 ppm and at 8.21 ppm.
These signals are caused by the DCU formed during the reaction. Most of the DCU can be separated by filtration, but
residues of it still remain in the product.
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The melting point of product 11 was measured on the Kofler hot stage microscope. Most of the

sample melts at 55 °C, but there are small grains still visible in the melt (Figure 62).

Figure 62: Image of the melt of product 11. The sample was heated on the Kofler hot stage
microscope. Most of the product melts at 55 °C. However, up to 150 °C small not
melted particles still remained in the melt. Therefore, it was assumed that these were
residues of DCU (melting point 232-233 °C ).

It is assumed that these particles were residual DCU. The assumption is confirmed, since even at

temperatures above 150 °C small not melted particles were still visible. The melting point of DCU

is 232-233 °C [83]. However, the sample was not heated to such a high temperature as the

remaining sample began to decompose and made a reliable measurement impossible.
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Figure 63: FTIR-ATR spectrum of monomer 11. (a) 3288 cm™' (amide), (b) 2939 cm' (CHo-
stretching), (c) 2852 cm™' (CH-stretching, alkane), (d) 1736 cm™' (C=0 stretching, ester),
1643 cm™ (secondary amide), 1626 cm™ (monosubstituted alkene), 1164 cm™ (C-O-
stretching, ester).
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In the IR spectrum, all signals are assignable to the substance-specific groups (Figure 63). The

sharp signal at 3288 cm™ is indicative of an amide. In addition, the CH; stretching vibration at 2939

cm™ proofs the methylene-chains. The signal at 1736 cm™ is caused by the C=0 stretching

vibration of the ester. In addition, the signal at 1643 cm™' indicates a secondary amide.

Compound 11 was fully characterized with "H-NMR, "*C-NMR (APT), HSQC, HMBC and COSY.

Figure 64 shows the "*C-NMR and Figure 65 the corresponding COSY.
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Figure 64: APT "C-NMR (75 MHz, DMSO ds = 40.0 ppm) spectrum of monomer 11.
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Figure 65: H,H COSY-spectrum of monomer 11.
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Figure 66: TGA of monomer 11. The two-stage decomposition of the product takes place in the
range of 160-475 °C.

The TGA thermogram shows that the product does not contain any water or volatile solvent
residuals (Figure 66). Otherwise, there should be a decrease in the graph at about 100°C.
Additionally, decomposition starts at about 160 °C and at 475 °C the sample has lost 95.3 % of its
mass. Also visible is the step in the decomposition curve at 313 °C. This indicates that at this

temperature, a part of the molecule splits off before decomposing further.
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3.1.2 Synthesis of methyl 6-(11-acrylamidoundecanamido) hexanoate (21)
Instead of acrylamide 5, an attempt was also made to link acrylamide 1 and hydrochloride 4 via

an amide bond (Figure 67).

EtsN, DCM
SOCI, | rt, 40 min

Figure 67: Synthesis of methyl 6-(11-acrylamidoundecanamido) hexanoate 21 via the acid
chloride activation.

The procedure is identical to the one used for the synthesis of monomer 11 via the one-pot
synthesis. 1 eq of acrylamide 1 and 1 eq of hydrochloride 4 were mixed. Then 3 eq of TEA were
added and finally 1.5 eq of SOCI, were dropped to the reaction mixture. Noticeable was the
obtained higher yield of 46 % under the same reaction conditions. However, the ratio of the amide
signals in the NMR spectrum revealed that there is still about 50% reactant 1 in the product.
Comparable to the workup of monomer 11, the crude product 21 can be purified by additional
extraction steps.

Nevertheless, yields higher than 46 % could not be achieved and no further optimization was
performed on this synthesis pathway as the focus lay on the production of monomer 11 and its

polymers.
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3.2 Polymerization

3.21 Polymerization of methyl 6-(6-acrylamidohexanamido) hexanoate

/
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Figure 68: Synthesis of poly(DMAA-co-methyl 6-(6-
acrylamidohexanamido)hexanoate) (22).

Polymerization experiments with acrylamide 1 are already described in a master’s thesis [58]. The

polymerization of these materials works best in benzene. Therefore, benzene was chosen as the

solvent for the synthesis of poly(DMAA-co-methyl 6-(6-acrylamidohexanamido)hexanoate) 22

(Figure 68). Attempts were also made to carry out the polymerization in water, methanol and DMF

to avoid the harmful benzene.

During the polymerization of monomer 11, various reaction parameters were varied. Different

solvents, initiators, concentrations and reaction times were chosen (Table 2).

Table 2: Synthesis of polymer 22 with different reaction parameters.

No. n11/ nDMAA"/ solvent/ Initiator/ time/ temperature yield/
mmol mmol 20 mL 1 wt% h /°C %
1.6 1.5 DMF AIBN 20 80 -2)
1.6 1.5 Methanol AIBN 20 64 -
1.6 1.5 Water 3%APS 20 75 78
20 uL TEMED
1.6 1.5 Benzene AIBN 2 80 59
5 1.6 1.5 Benzene AIBN 20 80 81

) DMAA: N,N-dimethylacryl amide

2) Yield was not determined
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By varying the parameters, it was possible to determine what was best for the preparation of
polymer 22.

3.2.1.1 Polymerization in DMF
Polymer 21 was obtained by polymerization in DMF followed by precipitation in 0.5 N HCI. The
yield was not determined in this experiment because only very small amounts of polymer were

obtained. Polymerization with DMF as solvent is therefore not suitable for monomer 11.

3.21.2 Polymerization in water
With water as solvent, a different initiator had to be used due to the insolubility of AIBN. Instead,
3 wt% ammonium persulfate (APS) and 20 uL tetramethylethylenediamine (TEMED) were used.
The main problem with polymerization in water was the insolubility of monomer 11. During
polymerization, it could be seen that the polymer had trapped unreacted monomer. This prevented
the remaining monomer particles from reacting to form the desired polymer. To solve this problem,
the solubility of the monomer in water must be increased. Further research was conducted on this
topic as part of a bachelor's thesis. The aim of this work was to optimize the polymerization of

such monomers in water.
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Figure 69: "H-NMR spectrum (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm) of 22 synthesized via
polymerization in water. The spectrum shows that the DMAA concentration in the polymer is higher than the
concentration of monomer 11.

The "H-NMR spectrum (Figure 69) shows, that the intensities of the signals in the range of 3.17-
2.63 ppm and 1.82-0.93 ppm are too high because more DMAA is present in the polymer. The
DCU signals also overlap with these signals and DCU is additionally responsible for the signal at

5.57 ppm. In this thesis, the polymerization in water was not further investigated.
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3.2.1.3 Polymerization in benzene

The highest yield was obtained with polymerization in benzene. Different concentrations of
monomer and initiator were tested. The polymerization time was always around 20 h at 80 °C.

A special feature of polymer 22 was the different properties when using different monomer
concentrations during polymerization. The polymerization was carried out as described in Table 2
No. 5. However, it was also attempted to perform the polymerization under the same conditions
but with only 10 mL benzene, providing polymers with very special properties. In water they are
insoluble and in most other solvents, such as DCM, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO) or benzene, a reversible swelling behavior can be observed. After drying, the polymer
was white, hard and brittle. In benzene, for example, it became transparent and increased
significantly in size and weight. In addition, the polymer was now gel-like. Afterwards, the polymer
could be completely dried again and the swelling process can be repeated. This special property

allows these substances to be used, for example, as solvent-dependent actuators.
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Figure 70: "H-NMR spectrum of (300 MHz, DMSO-ds = 2.50 ppm, H20 = 3.33 ppm, benzene = 7.37 ppm) 21
synthesized via polymerization in benzene. The spectrum shows an additional peak at 7.37 ppm caused by
benzene. The DMAA concentration in the polymer is not as high as after polymerization in water.

In the "H-NMR spectrum (Figure 70), the signals in the range of 3.17-2.63 ppm and 1.82-0.93 ppm
can be assigned to DMAA. In the spectrum of the polymer prepared in benzene, the DMAA signals
are not as intense as the DMAA signals in the spectrum of the polymer prepared in water.
Therefore, it can be concluded that three times more DMAA is incorporated into the polymer during
polymerization in water. In this spectrum also an additional peak can be detected at 7.37, which

is caused by residual benzene.
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With TGA, the thermal stability was investigated (Figure 71). Decomposition starts at 160°C. The

two-stage decomposition is again clearly visible. At 320° the inflection point is reached, and the

ester is split off.

In the IR spectrum, all signals are assignable to the substance-specific groups (Figure 72).
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Figure 71: TGA thermogram of polymer 22. Decomposition takes place in the
temperature range of 160-490 °C.
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Figure 72: FTIR-ATR spectrum of Polymer 22. (a) 3290 cm™' (amide), (b)
2927 cm™' (CHaz-stretching), (c) 2858 cm™' (CH-stretching, alkane), (d) 1735
cm! (C=0-stretching, ester), 1626 cm™' (secondary amide), 1437 cm™' (CH-

bending, methyl group), 1165 cm™' (C-O-stretching, ester).
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In summary, the desired polymer 22 could be synthesized with benzene, water and DMF as
solvents,. For synthesis with DMF, the conversion was so low that no yield of the product was
determined. The synthesis in methanol was not successful. However, the best yield was obtained

with polymerization in benzene.

3.2.2 Saponification of poly(DMAA-co-methyl 6-(6-
acrylamidohexanamido)hexanoate)

After polymerization, saponification of the methyl ester was carried out in accordance with
Leibetseder [58].

(0] 0 (0]
HN - —N HN  —N
\ \
0.5 M methanolic KOH
0 65°C,24h o 23
NF 22 N
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Figure 73: Synthesis of poly(6-(6-
acrylamidohexanamido)hexanoic acid-co-
DMAA) (23).

Therefore, methanolic KOH was used to produce poly(6-(6-acrylamidohexanamido)hexanoic acid-
co-DMAA) (23) (Figure 73). After basic deprotection, the polymer was protonated in HCI acidic
water and precipitated. The carboxylic acid was obtained, which was verified by NMR. The attempt
to saponify the monomer before polymerization was unsuccessful due to monomer decomposition.
Therefore, saponification followed polymerization. Polymer 23 also showed interesting properties

and swells in various solvents.
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3.2.3 Synthesis of lithium- (24) and TBA-salts (25) of poly(6-(6-
acrylamidohexanamido)hexanoic acid-co-DMAA)

In accordance with Leibetseder [58], finally, poly(DMAA-co-lithium 6-(6-
acrylamidohexanamido)hexanoate) (24) and poly(DMAA-co-tetrabutylammonium  6-(6-

acrylamidohexanamido)hexanoate) (25) were synthesized.

LiOH or TBA-OH
in MeOH

L
>

0] room temperature, 24 h o
NH NH
23 24: Li*
25: TBA"

HO o-

Figure 74: Structure of poly(DMAA-co-lithium 6-(6-
acrylamidohexanamido)hexanoate) (24) and poly(DMAA-co-
tetrabutylammonium 6-(6-acrylamidohexanamido)hexanoate) (25).

Therefore, carboxylic acid 23 reacts with a methanolic lithium hydroxide (or tetrabutylammonium
hydroxide) solution (Figure 74). These two counterions were chosen because lithium is a small
ion and tetrabutylammonium (TBA) is a much larger ion. These counterions therefore occupy
different amounts of space in the polymer, which could lead to a different arrangement and thus
to different properties. Again, the swelling behavior of both polymers 24 and 25 was noticeable. A
difference between the lithium and TBA salt could be observed especially in the dry state. The
lithium salt was white, hard and brittle after drying, whereas the TBA salt was still deformable and

soft when dried. This property is due to the significantly larger TBA counterion.
Figure 75 shows the thermogram comparing the two-stage degradation process of the methyl

ester 22 and the lithium salt 24. The DSC thermogram shows the glass transition temperature of
polymer 25 at -16 °C.
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Figure 75: TGA thermogram of polymer 22 (free acid, red) and 24 (Li-salt, blue). Both
polymers show a two-stage degradation process. In the case of 22, decomposition starts
earlier at about 160 °C. In the case of 24 (blue line), decomposition starts at 225 °C. It is

possible that water is still present in the sample of polymer 22 (red), which could explain the
early weight loss of the sample. From sample 24 (blue), 1.2 mg is left at the end of the
measurement (carbon and lithium is left). In comparison, only carbon (and therefore less) is
left from the other sample (0.2 mg, red).

1526478

67



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4. Characterization
The synthesized polymers were characterized by IR, NMR, DSC and TGA and compared with

each other. The aim was also to investigate the swelling behavior of the polymers. In the following
chapter, the polymers 18 (C6 methyl ester) (Figure 76), 22 (C12 methyl ester) (Figure 77), 23 (C12
carboxylic acid) (Figure 78), 24 (C12 lithium salt) (Figure 79) and 25 (C12 tetrabutylammonium

salt) (Figure 79) will be discussed in more detail.

N

Figure 76: Structure of poly(DMAA-co-methyl-6-acrylamidohexanoate) (18).
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Figure 77: Structure of poly(DMAA-co-methyl 6-(6-acrylamidohexanamido)hexanoate) (22).
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Figure 78: Structure of poly(6-(6-acrylamidohexanamido)hexanoic acid-co-DMAA) (23).
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Figure 79: Structure of poly(DMAA-co-lithium 6-(6-acrylamidohexanamido)hexanoate) (24)

and poly(DMAA-co-tetrabutylammonium 6-(6-acrylamidohexanamido)hexanoate) (25)
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4.1 Main differences of the synthesized brush polymers

In the following, the differences between comb polymers with C6 and C12 side chains will be
discussed.

In contrast to C12 methyl ester 22, C6 methyl ester 18 has a shorter side-chain length (6 aliphatic
carbon atoms instead of 12) and a missing amide bond, therefore different properties were
expected. Polymer 22 can form hydrogen bonds due to the additional amide bond and thus self-
order. Swelling behavior could also only be observed with the polymers with 12 carbon atoms in
the side chain (methyl ester 22, carboxylic acid 23, lithium-salt 24 and TBA-salt 25).

Figure 80 shows the TGA thermogram of the C12 lithium-salt 24 compared to the C6 methyl ester
18. The main difference is that polymer 24 decomposes in two steps due to the longer side chain.
However, it should also be noted that the decomposition of polymer 18 is very similar to the second
step of the decomposition of polymer 24.

Figure 81 and Figure 82 show the different appearance of C12 methyl ester 22 and C6 methyl
ester 18. Figure 83 shows the swollen polymer 22. Polymer 18 shows no swelling behavior.

Therefore the swelling behavior should be investigated in more detail.

weight / mg
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Figure 80: TGA of polymer 18 (blue) and 24 (red). The two-stage decomposition is
clearly visible in polymer 24. This indicates that the middle amide bond of polymer
24 is broken first during decomposition. Polymer 18 (shorter side-chain) is
therefore also thermally more stable and decomposition starts at about 350 °C.
Polymer 24 decomposes already at 210 °C.
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Figure 81: Polymer 18 is a Figure 82: Polymer 22. In the Figure 83: Polymer 22. After
white powdery polymer. dry state, this polymer is very the polymer is placed in DMF, it
hard and brittle. increases in size and becomes
soft and malleable.

4.2 Swelling behavior tests

Swelling is the term used to describe the increase in the volume of a polymer after liquid absorption
[51]. During the dissolving process of polymers, such polymer gels are always formed first. If the
polymer is not dissolved, the solvent molecules are nevertheless present in the polymer matrix,
resulting in a larger swollen polymer. This process occurs mainly in polymer networks. These are
formed by inter- and intramolecular crosslinking. The polymer concentration has an important
influence on crosslinking, with intramolecular reactions occurring at low concentrations and
intermolecular reactions at high polymer concentrations [51].

During the synthesis of methyl ester 22, carboxylic acid 23, lithium-salt 24 and TBA-salt 25, the
swelling behavior of these polymers was observed. Therefore, an experiment was carried out for
three different polymers to determine the degree of swelling (Table 3). The optical change, as well
as the weight gain, was determined. Since all three polymers show good swelling behavior in
DMF, the experiments were conducted in DMF. Polymers 22, 23 and 24 were weighed and then
submerged in DMF for 20 hours. Then excess DMF was wiped off and the weight of the polymer
was determined. Likewise, it was determined how quickly the polymers released the solvent and
thus returned to their original state.

Equation 1 describes the swelling ratio of the swollen polymer of mass a and the original non-

swollen polymer of mass b [84].

Q= (1)

Polymers 22 and 23 (ester and corresponding free carboxylic acid) exhibited very similar behavior
and showed an almost identical degree of swelling. The swelling degrees of the polymers are

shown in Table 3.
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Table 3: Swelling behavior of different polymers.

No. Polymer Original weight / Final Swelling
mg weight / degree Q
_mg
1 22 13.1 215.2 15.4
2 23 11.6 188.7 15.3
3 24 1.2 8.8 6.3

Lithium-salt 24 has a significantly lower degree of swelling. However, this may be because
significantly less polymer was used for the test, which results in a measurement inaccuracy,
making comparison with methyl ester 22 and carboxylic acid 23 erroneous.

Figure 84 shows the weight loss of swollen polymers 22, 23 and 24. During this experiment, the
polymers were also photographed to record the visual change (Figure 85-88). The fully swollen

polymer (Figure 85) is much larger, colorless and transparent.
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Figure 84: Polymers 22 (green), 23 (grey) and 24 (red) were submerged in DMF
for 20 h. Starting point constitutes the fully swollen polymer. The polymers were
then dried in air and the weight was determined once per hour. After about 4 h,

almost all the solvent evaporated and the polymers showed their original weight
before treatment with DMF. The ester 22 (green) and the correlated free acid 23
(grey) show similar behavior. The Li-salt 24 (red) is difficult to compare because
less polymer was used. Nevertheless, it is also visible here that the polymer can

swell in DMF.
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Figure 85: Polymers 22, 23 and 24 swollen in
DMF for 20 h. Significantly less polymer was used
for polymer 24. All 3 polymers are now colorless
and deformable.

Figure 87: Polymers 22, 23 and 24 swollen in
DMF after 3 hours drying time. The polymers are
already smaller and are no longer as soft and
deformable as before.

Figure 86: Polymers 22, 23 and 24 swollen in
DMF after 2 hours drying time. The polymers

were left in air on a glass slide and the drying
progress was then determined by weighing.

Figure 88: Polymers 22, 23 and 24 swollen in
DMF after 5 hours drying time. The polymers have
reached the original weight and have thus
released almost all of the DMF.
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4.3 Compounding

The properties of TBA-salt 25 were special because it was rubbery, soft and formable without
solvent. Nevertheless, the polymer showed after synthesis an inhomogeneous macroscopic
morphology. Thus, the idea was to additionally introduce a high-boiling solvent and distribute it
homogeneously in the polymer. The solvent should act as internal softener and should allow the
polymer to self-order. Subsequently, the homogeneous polymer was to be formed into a strand
by extrusion.

Pre-tests showed that the polymer also swells in tetraethylene glycol (TEG). Since the boiling point
for this solvent is about 327 °C, the evaporation of the solvent from the polymer can be kept low.
Therefore, polymer 25 was mixed with 20% TEG and then put into the twin-screw extruder
(Figure 89).

Figure 89: Extrusion of polymer 25 . The polymer
was mixed with tetraethylene glycol at 60 °C for
40 min. However, extrusion could not take place

because too little material was used. The polymer

could be mixed well with TEG, but remained stuck
in the extruder.

After a compounding time of 40 min at 60 °C, the polymer was extruded. However, no extrusion
occurred but after the extruder was opened, it was evident that the polymer was well mixed. One
reason for failed extrusion is that probably too little material was used. Another reason, however,
are the properties of the polymer. It was very sticky and adhered strongly to the walls of the

extruder, which also made extrusion difficult.

However, it was possible to produce a homogeneous polymer mixed with TEG, which is easily
formable. The material was characterized visually and showed a very homogeneous structure.
The inhomogeneous structure (as after synthesis) was no longer recognizable. In the future,
material should be produced according to the synthesis routes in this thesis, so that different

compounds can be produced and tested.
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4.4 Influence of an electric field

The properties of TBA-salt 25 were also tested in terms of behavior in an electrical field. For this
purpose, polymer 25, which contains a carboxy group on the side chains, was swollen in DMF. A
template was covered with aluminum foil, then a layer of polymer and DMF was placed on top,
followed by another layer of aluminum foil (Figure 90). The polymer was then allowed to swell
between the two aluminum layers which acted as electrical contact. The test strip was removed

from the template and then cut as shown in Figure 91.

Figure 90: Polymer 25 was swollen in DMF between Figure 91: After the polymer has swollen, the test strip
two aluminum foils in a mold. is removed from the mold and any excess aluminum foil
is cut off.

The test setup can be seen in Figure 92. An electrical voltage between 5V and 20 V was applied
to the aluminum contacts with a laboratory power supply. As described in Browe et al. [28], the

material was then to be bent (Figure 93).

Figure 92: The test strip was fixed by two
aluminum clamps and a voltage between 5-20 V
was applied.
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5-20V

Figure 93: By applying the voltage, bending
should be observed due to ionic motion in the
polymer (blue).

This was a first attempt to investigate such materials in an electric field. Unfortunately, the
experiment described in Browe et al. [28] could not be reconstructed and no bending of the
material could be detected. This could be due to the fact that the aluminum foil, which adhered
directly to the swollen polymer, was too heavy to move it. In addition, as shown in Figures 92 and
Figure 93, the test strip was very small, which made handling difficult. Another problem was that
the polymer layer was very thin and there was a risk of short circuits, especially on the edges of
the test strip. Nevertheless, such tests to use these materials as an actuator should continue to

be carried out in the future, with optimization of the test setup.
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EXPERIMENTAL PART

1. Brush polymers with aromatic based C12 side chains
1.1 Monomer synthesis
1.1.1Synthesis of methyl 6-aminohexanoate hydrochloride (4)

SOCl,

OH 0
HoN —>  CI" H.N* ~

0] 0]
4

Target molecule 4 was synthesized according to Gurjar et al. [69]. Therefore, 29.81g
(250.6 mmol) thionyl chloride was added dropwise to 110 mL cooled methanol and the reaction
mixture was stirred for 20 min. Afterwards, 16.43 g (125.3 mmol) of 6-aminohexanoic acid (3) was
added and the ice bath was removed. The reaction mixture was stirred for 3.5 h at room
temperature. Then the solvent was evaporated under reduced pressure. A white solid was

obtained and the product was identified via "H-NMR.

Yield: 45.54 g, (90 % of theory, 94 % of lit. [69])
mp.: 121-123 °C (lit.: 117-124°C [70])

HPLC-FTMS + cAPCI (m/z): calc.: 146.1176 [M+H]*, found: 146.1174 [M+H]*

'H NMR: (300 MHz, DMSO-ds, 25 °C, 5): 8.01 (s, 3H, - NHs+Cl- ), 3.58 (s, 3H, -COOCHs), 2.76-
2.69 (m, 2H, Cl-H3N*-CHy-), 2.30 (t, 2H, J=7.7 Hz, -CH2-COOCHs), 1.54 (m, 4H, CI'HsN*-CH2-CHo-
CH2-CH2-CH-COOCHS3), 1.35-1.25 (m, 2H, CIH3N*-CH2-CHa-CH2-CH2-CH,-COOCHSs) ppm.

IR (ATR, v): 2929, 1724, 1581, 1473, 1313, 1072, 885 cm"".
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1.1.2 Synthesis of methyl 6-(4-aminobenzamido)hexanoate (7)

H-oN
? 0
OH ¥ ClI- H3N+\/\/\)J\OMG
O 4
SOCl,, TEA
3h,rt
HoN
H\/\/\)CJ)\
OMe
O] 7

Target molecule 7 was synthesized as described in a general synthesis procedure in Bruice [71].
Therefore, a solution of 0.50 g (3.6 mmol) 4-aminobenzoic acid and 20 mL DCM was cooled with
ice and then 0.86 g (7.2 mmol) SOCI; was added dropwise. The solution was stirred for 1 h and
then the solvent was removed under reduced pressure and 4-aminobenzoyl chloride was
obtained.

To a solution of 4-aminobenzoyl chloride in 20 mL DCM, a solution of 1.32 g hydrochloride 4
(7.2 mmol) and 0.73 g (7.2 mmol) TEA in 20 mL DCM was added at 0 °C. The solution was stirred
for 2 h at room temperature and then the solution was extracted with 50 mL brine. The organic
phase was dried with Na,;SO., filtered and afterwards the solvent was removed under reduced
pressure. Methyl 6-(4-aminobenzamido)hexanoate (7) was obtained as white powder and
identified via "H-NMR and IR.

Yield: 0.28 g (29 % of theory)

'"H NMR: (300 MHz, DMSO-ds, 25 °C, 6): 7.94 (t, J = 5.6 Hz, 1H, C(O)-NH), 7.57 (dd, J=8.65 Hz,
19.22 Hz, 2H, Ar-H), 6.53 (dd, J= 5.39 Hz, 8.69 Hz, 2H, Ar-H), 5.55 (s, 2H, Ar-NH2), 3.57 (s, 3H,
C(O)-O-CH3), 3.17 (q, J= 6.87 Hz, 12.81 Hz, 2H, -NH-CH2-), 2.30 (t, J=7.36 Hz, 2H, -CH2-COO-
CH3), 1.59-1.42 (m, 4H, CH2-CH2-C=0, NH-CH2-CH2-), 1.33-1.24(m, 2H, -CH2-CH2-CH2-COO-
CH3) ppm.

IR (ATR, v): 3344, 3224, 2942, 2867, 1720, 1309, 1106, 769 cm™".
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1.1.3 Synthesis of 4-(2,2,2- trifluoro-acetylamino) benzoic acid (8)

TFA TFAA *(
OH 1h rt

Target molecule 8 was synthesized according to Steiner et al. [72]. Therefore, 1.01 g (7.3 mmol)

HoN

4-aminobenzoic acid was dissolved in 9 mL TFA and cooled with an ice bath. Then, 1.80 g
(8.6 mmol) of TFAA was added with a syringe. The milky white solution is stirred for 1 h at room
temperature. The reaction solution is poured into cold water to thus precipitate the desired product.
The product was filtered off and washed with water and n-hexane. 4-(2,2,2- trifluoro-acetylamino)-
benzoic acid (8) was obtained as a powdery white solid, dried under high vacuum and
characterized by 'H-NMR.

Yield: 1.25 g (62.19 % of theory)

'H NMR: (300 MHz, DMSO-ds, 25 °C, 5): 12.96 (s, 1H, -OH), 11.53 (s, 1H, -NH), 7.98 (d, 2H, J=
8.56 Hz, -CH-), 7.81 (d, 2H, J=8.56 Hz, -CH-)ppm.
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1.1.4 Synthesis of methyl 6-((2,2,2- trifluoro-acetylamino)benzylamino)

hexanoate (9)

FH
F>|\H/N o
* - H NML
O OH CI” Hs OMe
8 O

4
SOCl,, TEA
DCM, rt, 1h
OMe
O 9

Target molecule 9 was synthesized in accordance with Bruice [71]. Therefore, a solution of 0.96 g
(4.2 mmol) benzoic acid 8 and 20 mL DCM was cooled with ice and then 0.72 g (6.1 mmol) SOCI,
was added dropwise. The solution was stirred for 1 h and then the solvent was removed under
reduced pressure and 4-(2,2,2- trifluoro-acetylamino)-benzoyl chloride (10) was obtained.

Acyl chloride 10 was dissolved in 20 mL DCM and cooled with an ice bath. Then a solution of
0.78 g (4.3 mmol) hydrochloride 4 and 1.33 g (13.1 mmol) TEA in 20 mL DCM was added and the
mixture was stirred for 2 h at room temperature. The solvent was removed under reduced pressure
and afterwards dissolved in DCM again. The solution was extracted with 1 N HCI for three times,
then dried over Na>,SO4 and the solvent was removed under reduced pressure. A white powder

was obtained and characterized via "H-NMR.

Yield: 0.69 g (45.95 % of theory)

'"H NMR: (300 MHz, DMSO-ds, 25 °C, 6): 11.54 (s, 1H, -NH), 11.44 (s, 1H, -NH), 7.87 (d, 2H, J=
8.60 Hz, -ArH-), 7.75 (d, 2H, J=8.60 Hz, -ArH-), 3.57 (s, 3H, -CH3), 3.24 (m, 2H, J=8.8Hz, -CH.-
CH2-CH2-CH2-CH2-COOCHS3), 2.31 (t, 2H, J=8.8 Hz, -CH2-COOCH3)1.62-1.45 (m, 4H, -CH2-CH>-
CH2-CH2-COOCH3), 1.37-1.20 m, 2H, -CH2-CH2-CH2-COOCHS3) ppm.
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2. Brush polymers with amide based C6 side chains
2.1 Monomer synthesis
2.1.1 Synthesis of 6-acrylamidohexanoic acid (5)

N32CO3

0
0
OH —_— %)’k OH
VJ\ + HZNW . N/\/\/\ﬂ/
Cl H,O/ dioxane, rt, 2 h H
3 0 5 o)

Target molecule 5 was synthesized according to D’'Souza et al. [73]. Therefore, 13.13 g
(100.1 mmol) of amino acid 3 and 21.25 g (200.5 mmol) sodium carbonate were dissolved in
150 mL water and the solution was cooled with ice/NaCl. Then 9.88 g (109.2 mmol) acryloyl
chloride was dissolved in 25 mL dioxane and dropwise added to the reaction mixture. After
removing the cooling bath, the mixture was stirred at room temperature for 2 h. Afterwards, the
reaction mixture was cooled again and conc. HCI| was added to achieve a pH of 2. The solution
was extracted with ethyl acetate three times. The combined organic layers were dried over NaxSO4
and the solvent was evaporated. To remove the remaining acryloyl chloride, the product was dried

at 45 °C under vacuum overnight. A white powder was obtained and identified via "H-NMR.

Yield: 13.54 g (73 % of theory, 73 % of lit. [73])

mp.: 89-90 °C (lit.: 89 °C [87])

HPLC-FTMS + cAPCI (m/z): calc.: 186.1125 [M+H]", found.: 186.1122 [M+H]*

'H NMR: (300 MHz, DMSO-ds, 25 °C, 5): 12.00 (s», 1TH, COOH), 8.04 (t, 1H, J=4.7 Hz, -NH), 6.20
(dd, 1H, J1=17.1, J>=9.9, CH,=CH-CO-NR), 6.05 (dd, 1H, J1=17.1 Hz, J,=2.5 Hz, CH,=CH-), 5.55
(dd, 1H, J1=9.9 Hz, J,=2.5 Hz, CH,=CH-), 3.15-3.05 (m, 2H, -NH-CHy-), 2.19 (t, 2H, J=7.3
Hz, -CH2-COOH), 1.56-1.45 (m, 2H, -NH-CH,-CH,-), 1.45-1.35 (m, 2H, -CH2-CH,-COOH), 1.31-
1.23 (m, 2H, -NH-(CH,)2-CH,-) ppm.

IR (ATR, v): 3460-2280, 3286, 3062, 2945, 1691, 1651, 1623 cm'.
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2.1.2Synthesis of methyl 6-acrylamidohexanoate (12)

Q N82C03

V‘I\ + - + O\ \)J\
c cI HaN /\/\/\”/ HzO/dloxan rt,2h /\/\/\ﬂ/

4 0

Target molecule 12 was synthesized according to D’Souza et al. [73]. Therefore, 2.01g
(11.1 mmol) of hydrochloride 4 and 2.33 g (21.9 mmol) sodium carbonate were dissolved in 25 mL
water and the solution was cooled with ice/NaCl. Then 1.11 g (12.3 mmol) acryloyl chloride was
dissolved in 2.75 mL dioxane and dropwise added to the reaction mixture. After removing the
cooling bath, the mixture was stirred at room temperature for 2 h. Afterwards, the reaction mixture
was cooled again and conc. HCI was added to achieve a pH of 2. The solution was extracted with
ethyl acetate three times. The combined organic layers were dried over Na.SO4 and the solvent
was evaporated. To remove the remaining acrylic acid, the product was dried at 45 °C under

vacuum overnight. A white powder was obtained and identified via "H-NMR.

Yield: 1.53 g (69 % of theory, 75 % of lit. [73])

'"H NMR (300 MHz, DMSO-ds, 25 °C, 6): 8.07 (t, 1H, J=4.5 Hz, -NH-), 6.20 (dd, 1H, J1=17.1 Hz,
J2=9.7, CH,=CH-CO-), 6.06 (dd, 1H, J1=17.2 Hz, J>,=2.4 Hz, trans CH,=CH-CO-), 5.56 (dd, 1H,
J1=9.9 Hz, J,=2.4 Hz, cis CH,=CH-CO- ), 3.57 (s, 3H, -COOCH3), 3.10 (m, 2H, acryloyl-CONH-
CH2-), 2.29 (t, 2H, J=7.6 Hz, -(CH)4-CH2-COOCH?3), 1.59-1.19 (m, 6H, -CO-NH-CH2-(CH2)3- ppm.
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2.2 Polymerization

2.2.1 Synthesis of poly(6-acrylamidohexanoic acid) (13)

/ 1wt% AIBN n
o benzene 0
HN 80°C, 20 h HN
5 13
0 (@]
OH OH

For the synthesis of polymer 13 5.01 g (26.9 mmol) of acryl amide 5 was dissolved in 30 mL
benzene and purged with argon. Then 1 wt% AIBN was added and the solution was stirred under
reflux overnight. The solvent was removed under reduced pressure and the final polymer was

dried in vacuum.

Decomposition (TGA): 402 °C

'"H NMR (300 MHz, DMSO, 25 °C, 8): 11.99 (s, 1H, -OH-), 8.04 (s, 1H, -NH-), 3.02 (m, 2H, -NH-
CHz-), 2.22 (m, 2H, -CH2-COO- ), 1.67-1.08 (m, 6H, -NH-CH>-(CHz2)3-) ppm.

IR (ATR, v): 3617-3033, 2919, 2859, 1701, 1637, 1390, 1172 cm™" .
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2.2.2 Synthesis of poly(6-acrylamidohexanoic acid) copolymers (14, 15)
n m
0] (0]
HN  —N

\

14
o)
OH

n m
0 (0]
HN 02
OH
15
(@)
OH

For the synthesis of copolymer 14, 3.56 g (19.1 mmol) of acryl amide 5 and 1.93 g (19.4 mmol) of
DMAA were weighed in and 30 mL benzene was added. The mixture was purged with argon and
1 wt% AIBN (related to 5) was added. Then the reaction mixture was stirred under reflux overnight
and the solvent was removed under reduced pressure. The final polymer was dried at 40 °C in

vacuum overnight. Polymer 15 with HEMA as comonomer was synthesized via the same route.

Analytical Data for 14:

Decomposition (TGA): 403 °C

'"H NMR (300 MHz, D,0, 25 °C, 8): 3.25-2.81 (m, 8H, -CO-N(CHs), and -NH-CH-), 2.18 (t, 2H,
J=7.1Hz, -CH2-COO- ), 1.65-1.41 (m, 4H, -CH2-CH>-COO- and -NH-CH2-CH3-), 1.40-1.24 (m, 2H,
-NH-(CH3).-CHz-) ppm.

IR (ATR, v): 3617-3033, 2919, 2859, 1637, 1400, 1141 cm™ .

Analytical Data for 15:
Decomposition (TGA): 424 °C
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2.2.3Synthesis of the lithium salts of poly(6-acrylamidohexanoic acid)
copolymers (16, 17)

n m
n m

mo %o

—N

HN \ HN 02
OH

16 17

O o)
o o Lir

The synthesis of the lithium salts 16 and 17 was carried out as described in Leibetseder [58].
Therefore, 0.49 g (1.7 mmol) of the deprotected polymer 14 was weighed in and 0.07 g (1.7 mmol)
LiOH*H,O was added. Then 15 mL MeOH was added and the solution was stirred at room
temperature overnight. The solvent was removed under reduced pressure and the polymer was
dried at 40 °C in vacuum overnight. Polymer 17 with HEMA as comonomer was synthesized via

the same route.

Analytical data for 16:

Decomposition (TGA): 398 °C

'"H NMR (300 MHz, D20, 25 °C, 8): 3.25-2.81 (m, 8H, -CO-N(CH3), and -NH-CH>-), 2.18 (t, 2H,
J=7.1 Hz, -CH2-COO- ), 1.65-1.41 (m, 4H, -CH2-CH>-COO- and -NH-CH2>-CH2-), 1.40-1.24 (m, 2H,
-NH-(CHz)-CHz-) ppm.

IR (ATR, v): 3617-3033, 2919, 2859, 1637, 1400, 1141 cm™ .

Analytical data for 17:

Decomposition (TGA): 438 °C

'H NMR (300 MHz, CD30D, 25 °C, &): 4.06 (m, 2H, -CO-O-CH>-), 3.80 (m, 2H, -CO-O-CH-CH,-
), 3.25-3.00 (m, 2H, -NH-CHz2-), 2.18 (t, 2H, -CH2-COO- ), 1.72-0.85 (m, 9H, -CH2-CH>-COO-, -
NH-CH2-CH2-, -NH-(CH2).-CH2- and -CO-C-CHs) ppm.
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2.2.4Synthesis of methyl 6-acrylamidohexanoate copolymers (18, 19)
n m
0 (0]
HN - —N
\
18
0
OMe

n m
'e) (0]
HN 02
OH
19
0
OMe

For the synthesis of copolymer 18 1.41 g (7.1 mmol) of 12 and 0.71 g (7.1 mmol) of DMAA were
weighed in and 30 mL benzene was added. The mixture was purged with argon and 1 wt% AIBN
(related to 12) was added. Then the reaction mixture was stirred under reflux overnight and the
solvent was removed under reduced pressure. The final polymer was dried at 40 °C in vacuum
overnight. Polymer 19 was synthesized via the same route but with the same molar amount HEMA

as comonomer instead of DMAA.

Analytical Data for 18:

Decomposition (TGA): 401 °C

'"H NMR (300 MHz, DMSO, 25 °C, &): 7.59 (s, 1H, -NH-), 3.57 (s, 3H, -O-CH3), 3.10-2.66 (m, 8H,
-CO-N(CH3)2 and -NH-CH>-), 2.28 (t, 2H, -CH2-COO- ), 1.61-1.15 (m, 4H, -CH2-CH>-COO- and -
NH-CH2-CHz2-), 1.40-1.24 (m, 2H, -NH-(CH2)>-CH2-) ppm.

IR (ATR, v): 3288, 2916, 2837, 1740, 1637, 1450, cm™.

Analytical Data for 19:

Decomposition (TGA): 444 °C

'"H NMR (300 MHz, DMSO, 25 °C, &): 7.62 (s, 1H, -NH-), 4.87 (m, 2H, -CO-O-CH_-), 3.90 (m, 2H,
-CO-0O-CH2-CHz2-), 3.57 (s, 3H, -O-CH3), 3.18-2.70 (m, 2H, -NH-CH2-), 2.28 (m, 2H, -CH2-COO-),
2.11-0.64 (m, 9H, -CH2-CH>-COO-, -NH-CH2-CH2-, -NH-(CH2)>-CH2- and -CO-C-CHs) ppm.
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3. Brush polymers with amide based C12 side chain

3.1 Monomer synthesis

3.1.1Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11)

3.1.1.1 Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11) via
the acid chloride route

3.1.1.1.1 Stepwise synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate

(11)
\)i o ©
A NWOH * H3N+/M( ~
H (0]
5 © 4
EtsN, l DCM
SOCI, [ rt, 40 min
O (0]
H
(0]
11

Target molecule 11 was synthesized according to Bruice [71]. Therefore, 0.49 g (2.6 mmol) of
acrylamide 5 was mixed with 15 mL DCM. Then the reaction mixture was cooled with an ice bath
and 0.35 g (2.9 mmol) SOCI; in 8 mL DCM was added dropwise. The solution was stirred for 1.5 h
at room temperature. In a second flask 0.49 g (2.7 mmol) of hydrochloride 4 were mixed with
20 mL DCM. Then 0.92 g (9.1 mmol) EtsN was added and the solution was stirred for 1.5 h at
room temperature. Afterwards, both reaction solutions were combined and stirred for 2 h at room
temperature. Finally, the residue was filtered, and the solvent was evaporated under reduced
pressure. The residues were dissolved in 50 mL DCM and the solution was extracted with 1 N HCI
and a 20 g/L Na;COs; solution. The organic phase was dried over Na;SO. and the solvent was

removed under reduced pressure. A white powder was obtained.

Yield: 0.16 g (20 % of theory)

The analytical data are summarized in chapter 3.1.1.3
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3.1.1.1.2 One-pot synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate

(11)
\)OJ\ o ©
NS N/\/\/\H/OH + H3N+/\/\/\l.( ~N
H
0 4 o]
5
EtsN, l DCM
SOCl, | rt, 40 min
0] (0]
(e
11

Target molecule 11 was synthesized according to Leggio et al. [77]. Therefore, 0.25 g (1.3 mmol)
of acrylamide 5 and 0.19 g (1.1 mmol) of hydrochloride 4 were mixed with 20 mL DCM. Then
0.31 g (3.1 mmol) EtsN was added and the reaction mixture was stirred at room temperature.
Afterwards, 0.18 g (1.5 mmol) SOCI; was dropped into the solution and the mixture was stirred for
40 min at room temperature. Then the residue was filtered, and the solvent was evaporated under
reduced pressure. The residues were dissolved in 10 mL DCM and the solution was extracted
with 1 N HCI and a 20 g/L Na;COs solution. The organic phase was dried over Na,SO4 and the
solvent was removed under reduced pressure. The final product was a white powder, soluble in

chloroform, DCM and pyridine.

Yield: 0.083 g (24 % of theory)

The analytical data are summarized in chapter 3.1.1.3
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3.1.1.2 Synthesis of methyl 6-(6-acrylamidohexanamido) hexanoate (11) via
coupling agent
o)

CI-
O
VJ\N/\/\/\[(OH * H3N+/\/\/\ﬂ/ ~N
H

5 O 4 ©

DCC, | DCM
DMAP | rt,20h
O O
N/\/\/\ﬂ/ O/
H
o 1

The synthesis of monomer 11 was carried out in accordance with Neises and Steglich [79].
Therefore, 4.00 g (21.6 mmol) of acrylamide 5, 4.55 g (22.1 mmol) DCC and 0.45 g (3.7 mmol)
DMAP were weighed in and 100 mL dry DCM was added. In a second flask, 3.98 g (21.9 mmol)
of hydrochloride 4 and 6.53 g (64.5 mmol) EtsN were mixed with 50 mL dry DCM. Both flasks were
stirred for 2 h at room temperature. Then the two reaction mixtures were combined and stirred for
20 h at room temperature. Afterwards, the solution was filtered and the solvent was evaporated
under reduced pressure. The residue was solved in DCM and extracted with 1N HCI twice. Then
the organic phase was extracted twice with a 20 g/L Na,COs3 solution. The organic phase was
dried over MgS Q4 and the solvent was evaporated under reduced pressure. The final product was

a white powder and was identified via "H-NMR.

Yield: 4.72 g (70 % of theory, 94 % of lit. [79])

mp.: 55-57 °C

HPLC-FTMS + cAPCI (m/z): calc.: 313.2122 [M+H]", found: 313.21191 [M+H]*

'"H NMR: (300 MHz, DMSO-ds, 25 °C, &): 8.04 (t, 1H, J=4.8 Hz, CH,=CH-CO-NH-), 7.72 (t, 1H,
J=5.4 Hz, -CH2-CO-NH-), 6.19 (dd, 1H, J1=17.1 Hz, J»=9.9, CH,=CH-CO-), 6.04 (dd, 1H, J1=17.1
Hz, J,=2.5 Hz, trans CH,=CH-CO-), 5.54 (dd, 1H, J1=9.9 Hz, J,=2.4 Hz, cis CH,=CH-CO- ), 3.57
(s, 3H, -COOCH3), 3.09 (m, 2H, acryloyl-CONH-CH2-), 2.99 (m, 2H, -CH>-CO-NH-CH>-), 2.28 (t,
2H, J=7.4 Hz, -CH2-CO-NH-(CH2)s-CH2-COOCH3), 2.03 (t, 2H J=7.3 Hz, acryloyl-CO-NH-(CH2)s-
CH2-CO-NH-), 1.56-1.43 (m, 4H, acryloyl-CO-NH-CH,-CH2- and -CH2- CO-NH-CH2-CH3-), 1.43-
1.30 (m, 4H, acryloyl-CO-NH-(CH)3-CH2- and -CH>-CO-NH-(CH2)3- CH2-), 1.30-1.20 (m, 4H,
acryloyl-CO-NH-(CH2).-CHz- and -CH2>-CO-NH-(CH>).-CH2-) ppm.

APT BC NMR (75 MHz, DMSO-dg, 25 °C, &): 173.3 (C15), 171.8 (C9), 164.4 (C3), 131.9 (C2),
124.7 (C1), 51.14 (C16), 38.43 (C4), 38.16 (C10), 35.35 (C8), 33.22 (C14), 28.85 (C5), 28.83
(C11),26.12 (C6), 25.87 (C7), 25.06 (C12), 24.15 (C13) ppm.

IR (ATR, v): 3288, 2939, 2852, 1736, 1643, 1626, 1164 cm™.
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3.1.2Synthesis of methyl 6-(11-acrylamidohexanamido)hexanoate (21)

Q Q cr .

vJ\N/\/\/\/\/\)J\OH * H3N+/\/\/\ﬂ/ ™~
H

1 4

EtsN, DCM
SOCI, [ rt, 40 min

The synthesis of 21 was carried out in accordance with Leggio et al. [77]. Therefore, 0.25¢g
(0.9 mmol) of acrylamide 1 and 0.19 g (1.1 mmol) of hydrochloride 4 were mixed with 20 mL DCM.
Then 0.31 g (3.1 mmol) EtsN was added and the reaction mixture was stirred at room temperature.
Afterwards, 0.17 g (1.5 mmol) SOCI> was dropped into the solution and the mixture was stirred
40 min at room temperature. Then the residue was filtered and the solvent was evaporated under
reduced pressure. The residues were dissolved in 10 mL DCM and the solution was extracted
with 1 N HCI and 1 N NaOH. The organic phase was dried over Na,SO, and the solvent was

removed under reduced pressure. Monomer 21 was obtained as a white powder.

Yield: 0.16 g (46 % of theory)

'"H NMR (300 MHz, DMSO-ds, 25 °C, 6): 8.03 (t, 1H, J=5.2 Hz, CH,=CH-CO-NH-), 7.71 (t, 1H,
J=4.9 Hz, -CH,-CO-NH-), 6.19 (dd, 1H, J1=16.9 Hz, J»,=9.5, CH,=CH-CO-), 6.04 (dd, 1H, J1=16.7
Hz, J,=2.2 Hz, trans CH,=CH-CO-), 5.55 (dd, 1H, J1=9.9 Hz, J,=2.4 Hz, cis CH,=CH-CO- ), 3.57
(s, 3H, -COOCH3), 3.09 (m, 2H, acryloyl-CONH-CH32-), 2.99 (m, 2H, -CH2-CO-NH-CH>-), 2.28 (t,
2H, J=7.7 Hz, -CH2-CO-NH-(CH2)s-CH2-COOCHj3), 2.02 (t, 2H J=6.5 Hz, acryloyl-CO-NH-(CH2)e-
CH2-CO-NH-), 1.60-1.13 (m, 24H, acryloyl-CO-NH-(CH2)e- and -CH2-CO-NH-CH (CHz)3-) ppm.
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3.2 Polymerization

3.2.1Polymerization of methyl 6-(6-acrylamidohexanamido) hexanoate (22)

/ n m
o) / 0 o)
1wt% AIBN, N
o benzene \
22

+ _ _—
\ 80°C,20h

HN  —
Oj
NH 11 NH
éo
o
\

For the synthesis of polymer 22 4.50 g (14.4 mmol) of monomer 11 and 1.34 g (13.5 mmol) of
DMAA were weighed in a 250 mL round-bottom flask and 100 mL benzene was added. The
reaction mixture was purged with argon and 1 wt% AIBN (related to 11) was added. The mixture
was stirred for 20 h under reflux. Afterwards, the solvent was evaporated under reduced pressure
and the polymer was dried at 40 °C in vacuum overnight. Polymer 22 was obtained as a white,
brittle solid and analyzed via "H-NMR and ATR IR. The crude product was used in the following

step without purification. The polymer was purified in the saponification step by precipitation.

Decomposition (TGA): 244 °C

'H NMR (300 MHz, DMSO-ds, 25 °C, &): 7.73 (sb, 1H, -(CH2)s-CO-NH-), 3.57 (s, 3H, -COOCHj3),
3.13-2.70 (m, 10H, -N(CH3)2, R2-CH-CO-NH-CH2- and -(CH2)s-CO-NH-CH3-), 2.27 (t, 2H, J=7.3
Hz, -CH2-COOCH3), 2.03 (t, 2H, J=6.3 Hz, R2-CH-CO-NH-(CH2)4-CH2-), 1.55-1.45 (m, 4H, R>-CH-
CH2-CO-NH-CH2-CH.- and -(CH2)s-CO-NH-CH2-CH>-), 1.45-1.31 (m, 4H, R2-CH-CO-NH- (CH2)s-
CH2- and -CH2-CH2-COOCH3), 1.31-1.15 (m, 4H, R2-CH-CO-NH-(CH2)2-CH2-(CH)>-COand -NH-
(CH2)2-CH2-(CH2)2-COOCH3) ppm.

IR (ATR, v): 3290, 2927, 2858, 1735, 1626, 1437, 1165 cm™".
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3.2.2Saponification of poly(DMAA-co-methyl 6-(6-acrylamidohexanamido)
hexanoate)

]

n m
o] e} o
HN  —N —N
\ HN \
0.5 M methanolic KOH
0 65°C,24h o
NH NH
22 23
(0] (o]
0 HO
\

The saponification was carried out in accordance with Leibetseder [58]. Therefore, 6.81 g

(15.7 mmol) of polymer 22 was added to 200 mL of a 0.5 M methanolic KOH and the solution was
stirred under reflux overnight. Then the polymer was precipitated in 6 N HCI, filtered off with a
Blchner funnel and washed with water. Finally, the polymer was dried at 40 °C in vacuum

overnight.

Decomposition (TGA): 239°C

'H NMR (300 MHz, DMSO-ds, 25 °C, &) 7.79 (s, 1H, -(CH2)s-CO-NH-), 3.13-2.70 (m,
10H, -N(CHs)2, R2-CH-CO-NH-CH:- and -(CH2)s-CO-NH-CHz-), 2.18 (t, 2H, J=7.3 Hz, -CH2-COO-
), 2.03 (s, 2H, R2-CH-CO-NH-(CH:);-CH2-), 1.56-1.43 (m, 4H, R2-CH--CO-NH-CH2>-CH:-
and -(CH2)s-CO-NH-CH2-CHs-), 1.43-1.30 (m, 4H, R2-CH-CO-NH-(CH2)3-CH2- and -CH2-CHa-
COO- ), 1.30-1.15 (m, 4H, R2-CH-CO-NH-(CH2)2-CH2-(CH2).-CO- and -NH-(CH2)2-CH2-(CH2)2-
COO-) ppm.

IR (ATR, v): 3608-2362, 2935, 2814, 1631, 1402, 1041 cm™ .
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3.2.3Synthesis of lithium- (24) and TBA- (25) salts of poly(6-(6-
acrylamidohexanamido) hexanoic acid-co-DMAA)

LiOH or TBA-OH
in MeOH

L
>

0 room temperature, 24 h o

NH NH

23 24: Li*

@) . +
G L O 25TBA

The lithium- and TBA- salts were synthesized in accordance with Leibetseder [58]. Therefore,
2.02 g (4.8 mmol) of polymer 23 and 0.21 g (5.0 mmol) of LiOH*H20 were stirred in 65 mL MeOH
at room temperature overnight. Afterwards, the solvent was removed under reduced pressure and
the polymer was dried at 40 °C in vacuum overnight. Polymer 25 was synthesized via the same

route but with tetrabutylammonium hydroxide instead of LiOH.

Analytical Data for 24:

Decomposition (TGA): 264 °C

'H NMR (300 MHz, DMSO-ds, 25 °C, &) 7.79 (s, 1H, -(CH2)s-CO-NH-), 3.13-2.70 (m,
10H, -N(CH3)2, R2-CH-CO-NH-CH:- and -(CH2)s-CO-NH-CH2-), 2.18 (t, 2H, J=7.3 Hz, -CH2-COO-
), 2.03 (s, 2H, R3-CH-CO-NH-(CH.)s-CH2-), 1.56-1.43 (m, 4H, R2-CH--CO-NH-CH2-CH.-
and -(CH2)s-CO-NH-CH2-CHz-), 1.43-1.30 (m, 4H, R2-CH-CO-NH-(CH2)3-CH2- and -CH2-CHa-
COO- ), 1.30-1.15 (m, 4H, R2-CH-CO-NH-(CH2)2-CH2-(CH2)2-CO- and -NH-(CH2)2-CH2-(CH2).-
COO-) ppm.

IR (ATR, v): 3608-2362, 2935, 2814, 1631, 1402, 1041 cm™" .

Analytical Data for 25:
Tg:-15°C
Decomposition (TGA): 246 °C
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SUMMARY AND CONCLUSION

Electric cars represent the future in the automotive industry. Therefore, a lot of research is being
done in the field of battery development, since batteries are the biggest problem in this area. So-
called solid-state batteries are very promising. Therefore, polyelectrolytes are used.
Polyelectrolytes are also used in many other areas such as actuators and sensors, in lab-on-a-
chip systems or as so-called self-healing hydrogels.
The aim of this work was the synthesis of 6-aminohexanoic acid based monomers as precursor
for polyelectrolytes. Two units were to be linked by different functional groups in order to obtain
different properties of the molecules. In addition, the monomers should contain an acrylic group
to enable free-radical polymerization of the monomers. In this master’s thesis, the monomers
methyl 6-(4-(6-acrylamidohexanamido)benzamido)hexanoate 2 (Figure 94) and methyl 6-(6-
acrylamidohexanamido)hexanoate 11 (Figure 95) were synthesized and subsequently

polymerized and tested.

V?\ H
N/\/\/\ﬂ/ \@(H 0] 2
O N\/\/\)J\O/
O

Figure 94: Structure of methyl 6-(4-(6-acrylamidohexanamido)benzamido)hexanoate (2).

S YU TS U
NS \/\/\)J\
(@]

Figure 95: Structure of methyl 6-(6-acrylamidohexanamido)hexanoate (11).

The synthesis of acrylamide 2 (Figure 94) soon proved unsuccessful in the course of this work, so
the focus was on the synthesis of acrylamide 11 (Figure 95). The monomer synthesis of monomer
11 was initially carried out via the corresponding acid chloride, resulting in a yield of 24 %. Since
the monomer synthesis via the acid chloride could not be further optimized in terms of yield, the
amide bond was prepared using a coupling agent. For this purpose, DCC with DMAP as catalyst
was used and a yield of 70 % could be achieved.

After monomer synthesis, (co-)polymerization followed. In the polymerization of acrylamide 11 ,
the best results were obtained with benzene as the solvent and 1 wt% AIBN as the initiator.
Polymerization in DMF and methanol did not work. For polymerization in water, APS/TEMED was

used as initiator. Polymerization in water resulted in an increased incorporation of the co-monomer
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DMAA, due to the insolubility of methyl 6-(6-acrylamidohexanamido) hexanoate . As a result, three
times more DMAA was incorporated than during polymerization in benzene.

By using different monomer concentrations of acrylamide 11 during polymerization in benzene,
different properties were achieved. At higher monomer concentrations, the swelling behavior of
the resulting polymers was observed. As a result, the polymers became very poorly soluble and
swell in various solvents such as DMF.

After the saponification of poly(DMAA-co-methyl 6-(6-acrylamidohexanamido)hexanoate) (22) ,
different counterions were used to study their influence. On the one hand, lithium was used,
resulting in a rather hard, brittle polymer - on the other hand, tetrabutylammonium (TBA) was used,
making the polymer very flexible.

Compounded with tetraethylene glycol, poly(DMAA-co-TBA 6-(6-acrylamidohexanamido)
hexanoate) (25) was to be extruded into a strand. Although too little material was used for
extrusion, the polymer could still be obtained well homogenized. The idea behind this was to
produce a deformable strand based on polyelectrolytes and to increase the order of the molecules.
Finally, the behavior of TBA salt 25 in an electric field was to be tested. However, only preliminary
tests were carried out and no positive results could yet be obtained.

For comparison with poly(DMAA-co-lithium 6-(6-acrylamidohexanamido)hexanoate (24) (Figure
96) , poly(DMAA-co-lithium 6-acrylamidohexanoate) (16) (Figure 97) was also prepared.

NH 0
o Lt

Figure 97: Structure of
poly(DMAA-co-lithium 6-
acrylamidohexanoate) (16).

o 24 L
o 25: TBA*

Figure 96: Structure of poly(DMAA-co-lithium 6-(6-
acrylamidohexanamido)hexanoate) (24) and poly(DMAA-co-
TBA 6-(6-acrylamidohexanamido)hexanoate) (25).
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Due to the missing amide bond and the shorter aliphatic chain, no swelling behavior was observed
here. These polymers are hard, brittle polymers that are poorly soluble in DCM, benzene and
DMSO. The influence of DMAA as a comonomer was also investigated here. Comparing poly(6-
acrylamidohexanoic acid) (13) with copolymer poly(6-acrylamidohexanoic acid-co-DMAA) (14),
the copolymer is no longer as brittle as the homopolymer due to the incorporation of DMAA. In
addition, HEMA was also used as a comonomer.

Various polyelectrolytes were synthesized and exciting properties such as swelling behavior were
observed. This results in the desired properties of the final polyelectrolyte and enables the use in
e.g. battery development or as self-healing hydrogels. However, polymerization in water can still
be improved by overcoming the poor solubility of methyl 6-(6-acrylamidohexanamido)hexanoate
(11), because waterwould probably be the better choice due to the more environmentally friendly
solvent. In addition, the behavior of such materials in an electric field should be investigated in

more detail.
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CHEMICALS

All chemicals used in this Master thesis were purchased from standard chemical suppliers in

reagent quality or better and used as received, unless specified otherwise.

AIBN was purchased from Sigma-Aldrich and recrystallized in EtOH before use. The crystals were

dried under vacuum and then stored at 4 °C.

INSTRUMENTS

Dry solvents were received from the MB-SPS-7 solvent purifier by MBRAUN. The solvents were

filled into dry flasks under N> atmosphere. They were always used immediately.

The solvents were evaporated using a Blichi Rotavapor RIl with a water jet pump.

Melting points were determined with OptiMelt from SRS Stanford Research Systems at a heating

rate of 1 °C min™.

Dialysis was carried out by dissolving 2 g of the crude polymer in 25 mL acetone and filling it into
Spectra Por 3 dialysis membranes with a MWCO of 3.5 kDA. The membrane was closed and
placed in a tall large beaker also filled with acetone (500 mL). The acetone from the beaker was
changed after 1h, 2h, 3h and after 24h. Finally, the membrane could be opened and the acetone
contained therein was removed under reduced pressure. Thus, the purified polymer could finally

be obtained.

A vacuum drying cabinet by Heraeus with an AEG AMEB high vacuum oil pump was used to

completely dry the samples and prepare them for further analytical methods.

Extrusion was performed with Haake Minilab Rheomex CTW5 by Thermo Scientific with a twin-
screw compounder. 2.5 g of the polymer was mixed with 20% TEG and then added to the extruder

through a funnel. The compounding time was 40 min at 60 °C.

All NMR spectra were recorded on a Bruker Avance spectrometer at 300 MHz for 'H and 75 MHz
for 13C using standard pulse programs as provided by the manufacturer. Deuterated chloroform
CDCls, deuterated D,O or deuterated de-DMSO were used as NMR- solvents. Signals were
referenced to the solvent signal at 7.26 ppm ('H, CDCl3), 4.79 ppm ('H, D20), 2.50 ppm ('H,
DMSO) and 40.0 ppm (*C, DMSO). For the 'H spectra, about 10-15 mg of dried sample was
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weighed and dissolved in the desired solvent; for the 3C spectra, about 15-30 mg was used. All

spectra were analyzed using the software TopSpin 3.6.3 by Bruker.

Fourier-transform infrared spectroscopy was performed on a Thermo Fisher Nicolet 5700
spectrometer with a Specac Golden Gate Attenuated Total Refectance (ATR) sampling unit. The
samples were dried before measurement. Data were analyzed by the operational software

supplied by the manufacturer and using the software OriginPro 2022 by OriginLab.

TGA was performed with TGA 4000 by Perkin Elmer for thermal analysis. About 5-10 mg of dry
sample was weighed in and the sample temperature was held at 30 °C for 4 min. Then, the
temperature program started at 30 °C and the sample was heated at 20 °C/min up to 800 °C under
nitrogen flow. Data were analyzed by the operational software supplied by the manufacturer and

using the software OriginPro 2022 by OriginLab.

DSC was performed with DSC 8000 by Perkin Elmer for thermal analysis. About 30 mg sample
was weighed in a pan and heat-cool-heat cycles between -50 °C and 100 °C under nitrogen (20
mL min"') were performed with a heating rate of 10 °C min~". Data were analyzed by the
operational software supplied by the manufacturer and using the software OriginPro 2022 by
OriginLab.

Purity and MS analysis from the monomer samples were obtained from HPLC-MS analyses using
a Finnigan Surveyor HPLC by Thermo Fisher with a Zorbax SB-C18 column (2.1*150 mm). The
sample was dissolved in a mixture of acetonitrile and water (4:1, 1 mg mL"). Mass spectra were
recorded on a LTQ Orbitrap Velos by Thermo Fisher with atmospheric pressure chemical
ionization (APCI).

With a Laboratory Power supply PS-302A an electrical voltage between 5 V and 20 V was applied

to the aluminum contacts, between which the swollen polymer sample was located. By visual

inspection it was checked if there is any movement or bending of the polymeric material.
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NOTATION

6-AHS
AIBN
APCI
APS
APT

BOP

calc.
conc.
COoSsY
DCC
DCM
DCU
DMAA
DMAP
DMF
DMSO
DNA
DSC
EAP
EDC
Exp.
FMOC
FTMS
HCI
HEMA

HMBC

6- aminohexanoic acid
azo-bis-(isobutylonitril)

atmospheric pressure chemical ionization
ammonium persulfate

attached proton test
benzotriazole-1-yloxytris (dimethylamino)phos phonium
hexafluorophosphate

calculated

concentrated

correlated spectroscopy
N,N'-dicyclohexylcarbodiimid
dichloromethane

N,N"-dicyclohexylurea
N,N-dimethylacrylamide
4-(dimethylamino)pyridine
dimethylformamide

dimethyl sulfoxide

deoxyribonucleic acid

differential scanning calorimetry
electroactive polymer
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
experimental part
9-fluorenylmethoxycarbonyl

fourier transform mass spectrometry
hydrochloric acid
hydroxyethylmethacrylat

heteronuclear multiple bond correlation
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HPLC high performance liquid chromatography
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HSQC heteronuclear single quantum correlation
IR infrared spectroscopy

Li lithium

lit literature

MEHQ 4-methoxyphenol

MS mass spectrometry

NMR nuclear magnetic resonance
PAA poly(acrylic acid)

PBS phosphate buffer saline
PEGA poly(ethylene glycol) diacrylate
Res. results and discussion

rt room temperature

SEI solid electrolyte interphase
TBA tetrabutylammonium

TEA triethylamine

TEG tetraethylene glycol

TEMED tetramethylethylenediamine
TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride

Ty glass-transition temperature
TGA thermogravimetric analysis
THF tetrahydrofuran
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